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Theoretical study of Auger-photoelectron coincidence, Auger-electron,
and x-ray emission spectra of Ni metal and related systems
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The Auger-photoelectron coincidence spectrosc@dECS spectrum is formulated in a one-step model,
using the real-time nonequilibrium Green’s-function method. The APEGSVV spectra of Ni metal and
alloys are analyzed, using a semiempirical configuration intera¢@nmodel approach. For Ni metal and
alloys, theL,-L 3V Coster-Kronig(CK) decay rate ratios are obtained from the coincidence spectra. The ratio
increases upon alloying due to more localized valence holes. The initial shakeoff-préc@t&tVV transi-
tion contributes significantly to thé,-L;V-VVV APECS spectra of Ni metal and j¥g, (x=80%, y
=20%) but not for NjFg, (x=y=50%). The shakeoff intensity is most likely shifted towards smaller
shakeoff energy in the latter system. The satellite intensity variation il $k&/V Auger-electron spectros-
copy (AES) andL,5V x-ray emission spectroscogiXES) spectra of Cu metal, Cu halides, and Cu oxides
(including highT, superconductojss explained in terms of the,-L3;V-VVV andL,3V-VVV decays and the
final-state interaction. The initial shakeup state does not relax to the lowest-energy state before the core decay
starts.[S0163-182608)00643-2

[. INTRODUCTION the selected initial excited states the AECS will show the
spectral lines at the final states which are available only for
Nonadiabatic photoionization induces not only a relaxedhe decay from the relaxed state. The PEBECS) inten-
state but also a number of excited states. When the exciteglty is given in terms of the “relaxation” rate ratio so that
states such as shakeup states cannot “relax” to the relaxeshe can estimate the “relaxation” time from the excited
state of the same symmetry before the core decay starts, thetates to the relaxed state. Such a study is possible also by
can decay independently. Then the analysis of deexcitatioohanging the photoionization energy.
spectra such as the Auger-electron spectroscopy spectrum Bennettet al® measured the Ni;-VV AES of Ni metal
(AES) becomes complicated. By changing the photoionizaand alloys. With increasing dilution of Ni, th&G term nar-
tion energy, one can select a particular initial state and derows, and the pronounced bulge to higher kinetic energy in
compose the spectrum according to the initial states, whethe Ni metal spectrum changes to a concave shape, more
the initial states are well separated. The shakeoff intensitpronounced for electropositive partner metals. This is corre-
depends on the photoionization enefgyear the photoion- lated with the fact that the Ni bands become narrower and
ization threshold, the shakeoff probability approaches zergpull away from the Fermi level. The spectral feature below
Thus the initial shakeoff-preceded decay rates could be mucie G term is interpreted as a result bf-L;-V CK pre-
reduced compared to those at higher incident energy. TheededL;V-VVV decay>® Whitefield et al. investigated the
other method is to use coincidence spectroscopy such as tigechanisms that lead to states with three and falih8les
Auger-photoelectron coincidence spectroscépPECS.>* following L-shell photoionization of Ni metal with synchro-
By the Auger electron coincidence spectry®ECS) one  tron radiation. They obtained the relative spectral intensities
measures the Auger electron in coincidence to a particulasf Ni Ls-VV Auger satellites from three-and four-hole final
initial state so that one can identify the final statecorre-  states to the two-hole final state. They interpreted the three-
sponding to the selected initial state. The spectrum is ndfole final state in terms df,-L;V-VVV decay and initial
influenced by the initial-state lifetime broadening and essenshakeup/off precedet;V-VVV decay. Recently, Thurgate
tially consists of the final-state spectral functions, weightecet al®® studied the origins of three- and four-hole final states
by the Auger decay rate ratios. By the photoelectron coinciof Ni metal and NiFe alloys, using APECS. The
dence spectruniPECS one measures the photoelectron inL,-L3V-VVV andL3zV-VVV Auger energy coincide almost
coincidence to a particular final state so that one can identifyvith the L3-VV Auger energy. For NiFe alloy the bandlike
the initial statés) corresponding to the selected final state.final state disappears. The satellite below tgeterm is due
The spectrum is the initial-state spectral functieng., XPS to the final-state shakeup/off. In Ni alloy the
initial core-hole spectrupmultipled by its decay rate ratio to L3V(shakeup)VVV decay is more likely to occur than the
the selected final state and the spectral function of the sd-=,-L3V-VVV decay. ThelLj;V(shakeoff)VVV decay is
lected final state. When the “relaxation” time from the ex- much larger than theL;V(shakeup)vVV and the
cited states to the relaxed state is comparable to or faster than-L;V-VVV decay.
the decay time, one selects a particular final state available In the present paper using a simple configuration-
only for the decay from the relaxed state. Then the PECSteraction(Cl) model approach, the AES and APECS of Ni
will show the spectral lines at the initial excited states. Formetal and alloys are analyzed, in particular to obtain the
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L,-L3V/L, decay rate ratios of Ni metal and alloys. In Sec.

Il we formulate the APECS by the real-time nonequilibrium

Green’s-function method, including the case when the “re-weighted by the decay rate ratia,
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The AES is a superposition of the initial-state spectral func-
tion A; convoluted by the final-state spectral functidn,
V¢l?/Im =¢. Thus the

laxation” time is comparable to or faster than the decayinitial- and final-state many-body effects cannot be sepa-
time. We describe the Cl model approach and how we obtairated. If eitherA; or A; is replaced by thé function, one can
the parameter values for Ni metal and alloys. In Sec. Ill weseparate the initial- and final-state many-body effects. The

discuss the results. In Sec. IV we report thegr-VV AES
(XES) satellite/main line intensity ratios for different decay
channels and corresponding decay energies and e,V

AECS is given by replacing\; by |.8(s —w—7¢.), where
I.=A.(s.). . is the core-hole energy of the selected initial
state,

decay rate ratios of Cu metal, Cu halides, and Cu oxides,

including the highT . superconductors. They are semiempiri-

cally evaluated. We discuss the origins of the satellite inten-

sity variations in the_,5-VV AES andL ,5-V XES spectra. In

the Appendix we formulate the competition between the “re-
laxation” and decay of a two-state system, using the density_—l_

matrix formalism.

Il. FORMULATION OF THE APECS
A. Theory

Using the nonequilibrium real-time Green’s-function
method®~12 which is suitable to describe the photoioniza-
tion processes, the AES intensity(e,) for decay from the
initial core-hole state to the final state$ is given by

l(en= e S | 1Ze(e) 268 (e w)
27 T

XVei(ea)Gf (e +ep— o)

XV3(ea)G, (e—w)de, (1)
-1

G§+(8—w)=(8—w—8c_2 (e—w)| i)
G, (e—w)=[G; (e~ w)]*, ()

Gf (et+ep—w)=2i Im G (e +ep—w)

=2iImletep—w—g;¢

-1

—Z (s+sA—w)> . (4)

Here,Z. is the dipole matrix elemenG. is the initial-state
Green'’s functionV; is the Auger decay matrix element, and
G; is the final-state Green'’s functiof+) denotes the for-
ward leg of the scattering procegs~ to «) and (—) the
return leg(+« to »). 3 is the self-energy of the core hole

ande,, &, and w are Auger-energy, photoelectron energy,

and photon energy, respectively, and ¢ are the unper-

7 Vei(en)|?

Im X, (50)

|w(sA)=|zc(Ec+w)|ZZ e Ai(Zctep).

(6)

he AECS is a superposition of the final-state spectral func-
tions, weighted by the decay rate ratios. When the final-state
interaction is negligible, the spectral intensity ratio is the
decay rate ratio. Compared to the AES, in principle, the
AECS isnot broadened by the initial-state lifetime broaden-
ing. One of the important final-state interactions is the hole-
hole interaction. Switching on the effective hole-hole inter-
action U for the two-hole Green’s function within the
framework of the Ladder approximation, the two-hole spec-
tral functionA,,, is given by

B N(e)
[1-1(e)UP+[7UN(e)]*"
™

I and wN(e) are the real and imaginary part of the unper-
turbed two-hole Green’s function, respectivelN(e) is the
density of two-hole states neglecting the electron-electron
interaction and is therefore a convolution of the calculated
one-particle density of states for a single ho{en). The
singularities ofG as a function ofe occur when +1(g)U

=0. If the strength of perturbatiot were such as to put
g[1=1(g,;)U] well inside the band, then the resonance
would be broadresonance state in the banés ¢, moves
toward either edge of the ban#li(¢,) decreases and the
resonance becomes sharper. As we go outside the band,
N(e,) vanishes ands, has become the energy of a true
bound state. The localization of the final two-hole state was
theoretically studied by Sawatzky and ClAi* The only en-
ergy preventing the degeneration of the localized hole state
into a purely delocalized hole state is the binding energy of
the hole to its associated hole of the final two holes. By
freeing the hole from another hole at the same site, we gain
an energy of order-Zb [hereZ is a number of atoms at the
nearest neighborhoodb, is the transferhopping integral,
thusZbis the bandwidth but we lose the enerdy and have
only a second-order energyZb?/U gained by allowing vir-
tual transitions of the hole away from its site. Thus we may

1
Ain(2)= = Im Gy (e)

turbed core-hole energy and the unperturbed final-state hofgStimateZb~U as a reasonable value of the transition point

energy, respectively. Equatidd) can be rewritten as
7T|ch(8A)|2

|w(8A):§f: J 1Z(&)|PAc(e — @) 5
Im (e—w)

XA¢(e+ep—w)de.

(5

from the delocalization of the two-hole state. Whbnis
large, dielectric screening becomes a problem @nsl natu-
rally smaller. This is actually quite analogous to the exciton
mechanism which changes from the localized @Reenkel
exciton to the delocalized onéWannier excitoh with the
ratio between the bandwidth atdl (hereU is the electron-
hole attraction'® The localization is also analogous to that
of the impurity stat®® and to the ill behavior of the matrix



PRB 58 THEORETICAL STUDY OF AUGER-PHOTOELECTRM. .. 12 797

of the normal state with respect to the Cooper pairing in theThe PECS is the initial-state spectral functi@ng., the ini-

presence of an attractive two-body potentfal. tial XPS core-hole spectrunmultipled by its decay rate ratio
For the PECS, instead of integration by photoelectron enand the final-state spectral function. When the final-state

ergy in Eq.(1), we replace the Auger energy, by the  spectral function width is narrower than the initial-state spec-

selected one,, tral function width, the PECS width becomes narrower than
V(G2 the latter width. We consider the case of a two-step decay
1 ,(8)=|Zs(&)|PAc(e— ) Vet e Al(e+84— o). process such ak,-L3;V-VVV decay. The AES for the
Im 2 (e—w) —j—f decay process is given by
8

—i
Iw(SA):E; f|Zi(8)|ZGi++(8_w)vij(sl)Gr+(81+8_w)vjf(sA)G?—_(sl_’_sA_’_S_w)v?f(sA)

(81+8—w)V (e1)G; (e—w)de de;. 9

Here,Z;, Gi, V;j, Gj, V,-f, and G; are the dipole matrix element, the initial-state hole Green’s functionj tbg decay
matrix element, the intermediate-state Green'’s functionj te decay matrix element, and the final-state Green’s function,
respectivelye,, g5, €, andw are thei to j decay energy, thgto f decay energy, photoelectron energy, and photon energy,
respectively. Equatiof®) becomes

. 2 ) 2
|w(8A):Z f|Zi(8)|2Ai(S_w)MAj(Sl_I—S_w) 7T|VJf(8A)| Ai(e1tepte—w)de deq, (10
b Im E (e—w) Im 2 (e1te—w)
i J
Im Z (s—w)zg Wf |Vij(81)|2Aj(s—w+sl)d81, (11
Im 2_ (81+8—w)=2 wJ IVit(ea)|?As(e1+ e~ w+ep)den. (12)

HereA;, A;, andA; are the initial-state, intermediate-state, and final-state spectral functions, respemtjveli,?/ Im Z; and
7-r|VJf|2/ Im E are the decay rate ratios foendj states, respectively. The AES can be interpreted as a convolutlon” of AES
for each transmor(l toj andj to f). We note that the self-energies for the single-hole stared the-two-hole stateare not
simply given by the second-order Golden Rule formula anynmBgs. (11) and (12)]. The XPS spectrum is given by

lo(8)=1Zi(e)|*Ai(e — ®). (13
The AECS and PECS are given by
\V2 2
JENEDY J|Z<s v, T gy TR et ey, (14
Im 2 (5c) Im 2 (81175
B 2 =2
Iw(s)Zz f|Zi(8)|2Ai(£—w)MAj(slﬁ-s—w) Vii(e)l Ai(e1+tepte—w)de;. (15
. ImE (e—w) ImE (e1+te—w)
i J

The formulas derived so far are valid when the “relaxation” time from the excited states to the relaxed state is much longer
than the decay time so that each initial state decays by its own decay channels. Now we consider the case when the
“relaxation” time is comparable to or faster than the decay time, particularly when a shakeup state “relaxes” to the relaxed
state and then decays. The AES intensity increase for the decay from the relaxed state by the “relaxation” from the shakeup
state is given by

—i B o ,
l‘"(SA):ZEf f|ZS(5,‘)|ZG,S++(8—(L))VS,\/|G,\J;|+(8-f—e’—w)V,\/”(sA)Gf+ (et+e'—wtep)Vyi(ea)Gy (e+e' —w)

XViuGs (e—w)de de’. (16)
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HereZg, Gg, Vsum: Gu, Vmi, andG; are the dipole matrix element, the initial-state Green’s function, the “relaxation”
matrix element, the intermediate-state Green’s function, the Auger decay matrix element, and the final-state Green’s function,
respectivelye’, €5, w, ande are the “relaxation” energy, Auger energy, photon energy, and photoelectron energy, respec-
tively. Equation(16) can be rewritten as

7|Vl 7| Ve(en)|?

fAM(s-i-s’—w) Ai(e'+e—wte,)de’ | de.
Im E (e—w) Im 2 (et+e'—w)
s M

Iw(SA):Zf j |Zs(8)|2As(8_w)

17

The AES intensity increase is given by a convolution of the “extra” AES of the intermediate state with the XPS spectrum of
the initial shakeup state, weighted by its “relaxation” rate ratio. In contrast to the “normal” AES for the relaxedAsate,
the integrated spectral intensity of the intermediate state is 1.0, not equal to the XPS spectral intensity of the relaxed state
because the former is not an interacting state anymore. Thus when the final state is not interacting and the energy dependence
of the imaginary part of the self-energy is negligible, the AES intensity increase is given by a superposition of the
intermediate-state spectral function, weighted by its Auger decay rate ratios, the initial-state spectral intensity, and the “re-
laxation” rate ratio.

So far we considered only one initial shakeup state. However, when several shakeup states can “relax” to the relaxed state,
the AECS or PECS will be much more useful. When we select the initial shakeup state and study the final states of the decay
channel availablenly for the relaxed state, the AECS is given by

- 7| Va2 . VNG ~
ONEDY |Zs(8c+w)|2|s—|m| LY PWCRS UL Sy WIRHE SN (19
f

Zs(ec) Im Y, (3c+e’)
M

When the final state is not interacting and the energy dependence of the imaginary part of the self-energy is negligible, the
AECS is given by a superposition of the spectral function of the intermediate state, weighted by its Auger decay ratios, the
spectral intensity of the initial state, and the “relaxation” rate ratio. When we select the final state available only for the decay
from the relaxed state, the PECS is given by

7| Vsl ® 7|Vi(Ea)|?

fAM(s-I—s’—w) Ai(e'+e—w+e,) |de’. (19
Im% (e—w) Im% (ete'—w)

l,(e)=|Zs(e)|*’As(e — w)

When the selected final state is not interacting and the energyons in the Nid band both configurations contribute to the
dependence of the imaginary part of the self-energy is negground state. The core-hole statecjs), wherec annihilates
ligible, the PECS is given by the initial-state spectral func-a core electron and the indicésefer to various possible
tions, weighted by its “relaxation” rate ratio and the Auger configurations. The only influence of the core hole is to in-
decay rate ratios for the intermediate state. Once the Augedroduce a potential which changes the energetics of the vari-
decay rate ratio of the relaxed state and the XPS spectralus possible configurations relative to the energies in the
intensities of the initial states are known, from either PECSground state. Then the valence electron configurations de-
or AECS one can obtain the “relaxation” rate ratios for the scribing the core-hole states are determined by a linear com-
initial excited states. So far the experimental study of com-bination of the same valence electron configurations as those
petition between the “relaxation” and decay is very limited. describing the ground state. We thus write the initial main
The synchrotron study of th@ (core level-VV AES spectra line statem) and the satellite stats) as
of adsorbates such as CO on a Ni metal surface was made. 0N o 1
However, this study is focused on the fast relaxation from |m)=cos f|cd®’) —sin fclcd™), (22)
the resonantly core-level excited state to the core-level ion-
ized state by the delocalization of the resonantly excited
electron to the metal substrate before the decay starts. We In the sudden approximation, the spectral intensity is
refer to Refs. 18 and 19 for details. given by the overlap between the ground state and the core-
In the present approach, we write the ground-state corkole states. We consider the decay channel starting from
figuration of Ni metal as a linear combination of atomic Ni |cd®) (|cd'®)), where a state likdd’) (|d®)) is reached.

|sy=sin 6;cd®)+ cos 6.|cd™®), (22

d® andd*® wave functions, These states, however, cannot be directly identified as the
final states, since they are coupled. The final stdtesand
|g) =cos 6,|d®) —sin 6,|d*0). (20 |[fs) are given by
|fm)=cos 6;|d") —sin 6;|d®), (23)

The|d") includes the appropriateelectrons and must be
nearly degenerate in the ground state because with 9.4 elec- |fs)=sin 6;|d")+ cos 6;|d®). (24
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To calculateVj; [i=|m(s)), j=[fm(fs))], we introduce TABLE I. The ionized statel population, the. ,-L ;V decay rate
<Cd10|V|d8>=Vm and<Cd9|V|d7)=VS. So far the final-state ratio, and thelL,-L3V-VVV/L,-VV AECS intensity ratio of Ni
interaction is neglected. In the present cafse), (|fs)) state is ~ metal.

dominated by théd®) (|d”)) configuration. Thus the final-

state interaction is approximately described also by E2§3. State d population
and (24) by approximating|fm) (|fs)) by |d®) (]d7)). We ground state 04

consider only thgm) to |fm) and|s) to |fs) decay channels initial main line state 9.911(;) 9.93 (L,)
because the rest of the decay channels, including the intefitial satellite state 9.00L(;) 9.07 (L,)
ference terms, are very small. We neglect the energy depefinal main line state 7.84

dence of the decay rates. final satellite state 7.16

B. Numerical procedure .
Theory Experimen{Ref. 8

1. Metal Ni
he Ni | q g ation i _ L,-L3V-VVVIL,-VV AECS 1.62 4.0
The Ni metal ground-statd population is 9.4 and, is VJV,, ratio 1.02

qbtained from Eq(?O). T'he L, and L; XPS 'satell'it'e/main L,-LsV/L, decay rate ratio 0.63
line spectral intensity ratios of Ni metal semiempirically ob-
tained by Whitefieldet al.” are 0.49-0.05 and 0.420.04,
respectively, while those obtained by Hillebreettal 2° are
0.39+0.02 and 0.4%10.02, respectively. We use the former

I i h llite i ity i X . - )
values to obtaird. because the satellite intensity is expectedIS obtained by calculating theoV-VVV/Ly-VV PECS in-

to be smaller for thd 5 level?! The L,3-VV AECS of Ni ‘v ratio and . o th imental ™
metal consists of the bandlike state, the two-hole bound :statﬁ,"nSI y ralio and comparing wi € experimental one. 1he

: JT'>-LsV decay rate ratio is obtained by calculating the
and the three-hole shakeup state, whose relative spectral ifiZ -3 . i .
tensity ratios are not reportédhe ratios estimated from the 3V-VVVILo-L,V-VVV PECS intensity ratio and compar-
spectrum are 0.45, 1.0, and 0.267, respectivélyis ob- ing - with the expenmentgl one. We calculate the
tained from Eqs(23) and(24) by using the third ratioZ is Ltz'tLév'VV\I//:TZ'V.V AECS dlntterlljsny.trhatloé Jhe ggersound—
given by the cross sections calculated by Scofféldo stated popufation 1s assumed 1o be €ither 3.4 or 9.5.

evaluate thd ;-VV andL;V-VVV AES intensity, the decay (i) Ni,Fe,(x=y=50%).’ The estimated relative spectral
widths of L; and L,V are assumed to be thé same Theintensity of the three-hole shakeup state to the two-hole state

. : : ; ) is 0.259, while the one for Ni metal is 0.267. There is hardly
Vd/V ratio is obtained by calculating thesV-VVVILs-VV any change in the final-state shakeup probability on alloying.

AES intensity ratio and comparing with the experimental oneThe estimated_; XPS satellite intensity increase from Ni

(0.419+0.04)." Then theL,-L;V decay rate ratio is ob- ; . .
. : i v . metal is about 20%. For a comparison of the XPS satellite
tained by calculating thésV-VVVIL,-LaV-VVV AES in intensity with the Ni metal one, Thurgatet al® used the

tensity ratio and comparing with the experimental one :

(1.44." We calculate thé ,-LV-VVV/L,-VV AECS inten- tLhi"\A/L/g\’ef”g:gé;’vb':aigﬁinzperc;%”; of Nimetal. Unless |
. - _ _ . l y

sity ratio. For theL,-LsV-VVV transition, the cd™) LaV-VVVILs-VV PECS intensity ratio isiot equal to the

(lcd®) (c=L,) decays tolcd®) (Jcd®)) (c=Lgz) by , s : ; \
. 7 6 - XPS satellite/main line intensity ratio. When the final-state
L-L3V decay and then decays|uf) (|d°)). As the mixing interaction is negligible, the ratio is equal to the

betweenld’) (|cd®)) and|d®) (Jcd®)) (c=Lj) is small, the : . : .
intermediatgfinal) state can be assumed to be dominated b%e":/l';v_l\_/r/]!‘fv}l A;‘ES |ntenst|tybrat[[<;]. Then the rta;?o )I(SPS
|cd® (|d”)). Then only|cd!® of the initial main line state tellite/ 1S rla 10 tappins t_o 4e T?w satms_ as ¢ €
will contribute to decay tdd’) and theL ;V-VVYV transition satetiieimain fine Intenstty ra @' 2) en taxing Info ac- - -
rate will be given by|V, sin 6,2 (sin 6, is the weight of count the estimated XPS satelhtg intensity increase from Ni
Icd™® in the initial L holse statcaa ¢ metal(about 209%, the XPS satelh_te/mam line |nte_nS|ty ratio
2 is 0.504. However, a rough estimate of the ratio from the
spectrum is about 0.75. We consider also this ratio. The ratio
is assumed to be same for botly and L5 levels. The
Thurgateet al. measured the PECS and AECS of two L,-L3V-VVV/L3-VV AECS andL3V-VVV/L,-LgV-VVV
kinds of Ni alloy®® PECS intensity ratios are not available. Only the
(i) Ni,Fe (x=80%, y=20%)% The L,-LsV-VVV/  L,-LyV-VVVIL,-VV AECS intensity ratio is availabléot
Ls-VV PECS intensity ratio is 0.370.05(see Sec. Il B for  reported but estimated from the spectjufhus we assume
how this ratio is obtained The L3V-VVV/IL,-L3V-VVV V.=V, and calculate thé ,-L;V-VVV/L,-VV AECS in-
PECS intensity ratio is 1:60.2. The ratio doesotinclude tensity ratio to obtain the ,-L;V decay rate ratio. The
the L3V-VVYV decay from the 3V shakeoff state. The XPS ground-statel population is assumed to be either 9.4 or 9.6.
satellite/main line intensity ratio is not reported. The ratio
estimated from the spectrum is about 0.6. We use this ratio to
obtain .. The ratios for the_, andL 5 levels are assumed to Ill. RESULTS AND DISCUSSION
be the same. Foé; the final-state shakeup intensity is as-
sumed to be the same as that forg, (x=y=50%). The
L; and L3V total decay rates are assumed to be the same. In Table | we summarize thed populations of ionized
The product of the_,-L3V-VVV/L;-VV PECS intensity ra- states, thé_,-L3V/L, decay rate ratio, and thé./V,, ratio.

tio and theL3V-VVV/L,-L3V-VVV PECS intensity ratio is
theL;V-VVV/L3-VV PECS intensity ratio. Th¥/V,, ratio

2. Ni alloy

A. Metal Ni
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As the ionized state approximately consists of a single consity is determined by the weight of the unoccupied density of
figuration, we denote the initial main line and satellite statesstates of Ni 3 character in the presence of an extra fgle
simply asL and LV, respectively. The calculateld,-L3V  and its position above the Fermi level into which the elec-
decay rate ratio is 0.63, while the semiempirical ratio for Cutrons scatter. The Ni—state density at the Fermi level drops
metaf®is 0.63. The Auger decay rate is fairly independent ofas the Ni concentration is reduced. When the gand is
Auger energy and the final-state potential because the Augeiled, the contribution due to an unoccupied Ni 8haracter
energy is large. Thus the presence of an extra valence ho|g other bands becomes more import&htThe localized
does not affect the decay rate and ¥gVy, ratio becomes  5iomiclike VV and VVV final-state energies are given by
nearly 1.0. Then the Auger decay branching ratios are |ndeQEd+U and E4+3U, respectively. Her&, andU are the
pendent of the presence of an extra hole and th(?/alence hole energy and the effective hole-hole interaction,
LaV-VVVL4-VV AES intensity raiio becomes equal to the respectively. The “self-energies” of the renormalized va-

LsV/Ls XPS intensity ratio. As .the_ sh_akeoff Intensity ap- lence hole in th&/V andVVV states aréJ/2 andU, respec-
proaches zero near photoionization threshold, the.

LsV-VVVIL5-VV AES intensity ratio obtained at 868 eV ively. The ra“‘;h"f "Se'ff”erg]}’"ﬁvl(w Is the ba”d"‘#]th "
photon energyexcludes a large part of the shakeoff contri- Increases as the number Of nholes Increases. en the
bution. TheV/V,, ratio and theL,-L;V-VVV/Ls-VV AES L,-LsV-VVYV final state is more localized than the-VV

intensity ratio should be independent of incident energy be@n€- This explains why on alloyingwith localization the

cause the Auger energy is independent of incident energy:2-L3V-VVV AECS width decreases more than thg-VV
Then theL,-L,V decay rate ratio determined from the AECS width does. We note that the AECS width is in prin-
L,-L3V-VVVILs-VV AES intensity ratio, using th&/(/V,,  Ciple due to the final-state lifetime broadening.
ratio obtained from thé.3V-VVV/Ls-VV AES intensity ra- The L;V(shakeoff) VVV at theL, state energy can con-
tio, should be incident energy independent. Wheg=V,,  tribute to thel,-L3V-VVV AECS intensity. For NiFe, (x
and thelL3V-VVV decay rate is approximated b2, the  =80%, y=20%), thel 3V (shakeoff)VVV PECS intensity
L,-L3V-VVVIL,-VV  AECS intensity ratio is the atthel, state energy is as large as thgV/(shakeup)vVV
L,-L3V/L; decay rate ratio and the,-Li;V-VVV/L3-VV  PECS intensity and is 1.6 times larger thanlthel ;V-VVV
AECS intensity ratio is about half of the,-L;V decay rate PECS intensity. Unfortunately, the L,-LgV-VVV and
ratio (1/2 comes from the approximate ionization cross-L,V-VVV PECS of Ni metal are not available. Comparing
section ratig. Thus the ratios are independent of the/L the L;V-VVV andL,-L3V-VVV PECS profile of Ni alloy
intensity ratio. Thet,-L3V-VVV/L,-VV AECS intensity ra-  with the L,-LgV-VVV AECS profile of Ni metal, it would
tio can be used to obtain approximately thg-L;V decay  pe reasonable to assume that th&/(shakeoff) VVV decay
rate ratio. For Cu metal the ratio estimated from theconpripytes to the rest of thie,-L;V-VVV AECS intensity.
Lo-LaV-VVV andL,-VV AECS reported by Haakt al. is 1t 5o the | V-VVVIL,-L3V-VVV PECS intensity ratio at
about 1.6. Then we obtain the,-L;V decay rate ratmééf L, state energy is 1.47, while that for [fig, (x=80%, y
8\'/62’ (\jN?]'g? ?glre;asd'wgltlh\év_lth_\t/he_ aforemen'tmned Vt € =20%) is 1.6. The,V shakeoff intensity ak , state energy
assdanet al. - studie 23V X-Tay EMISSION SPECUUM 4y i metal is as large as in Fg, (x=80%,y=20%). The

XES of Cu metal using photon excitation energy close to an . ; .
above the ionization thresholds. From their data we obtaify-2"-3V-VVVTLsV-VVV)/(L-VV) AECS intensity ratio

theL,-L3V decay rate ratio of 0.69. The Auger decay width IS approx!ma_tely given b%Y(Z+_1)TLZ' Here,_X IS Fhe

of Cu metal reported by Wassdagl al?® is 0.37 eV. This Ls/Ly |on|zgt|orj cr(_)ss—se_cuon ranO(, is the _relgtlvg initial

gives thel ,-L;V decay width of 0.83 eV, while the authors shakeoff/main line intensity ratio at, level ionization en-

of Ref. 23 reported the Auger decay width of 0:38.05 eV~ €r9y, andZ is theL,-L3V/L 5 decay rate ratio. For Ni metal

and theL,-LzV decay width of 0.56 eV. From the XPS We obtain 0.44 for the relative initial shakeoff/main line in-

measurements thie,-L 3V decay width is determined to be tensity ratio at., level ionization energy.

0.68 eV?® The theoretical Auger decay width for a Cu atom  ThelL3VV double shakeoff state is observed at 12.5 eV by

is 0.61 eV?7 If we use the experimental,-L;V decay width ~ Boschet al** Their “rough” estimate of thel 3VV/L 3 in-

and the Auger decay width, we obtain the L,V decay rate  tensity ratio is as small as 2-3%. Thus the authors of Ref. 7

ratio of 0.65. The ratios for Cu metal obtained from the AESneglected theL3VV-VVVV decay and concluded that the

and XES data are within 5% deviations from the experimenVVVV state is mainly created by the,V-L3VV-VVVV de-

tal one. The theoretical Auger width for a Ni atom is 0.53cay. TheL3VV double shakeoff intensity is suppressed at

eV .2’ Scaling the experimental width of Cu metal, the esti-868 eV photon energy. THe;VV-VVVVdecay can contrib-

mated Auger width for Ni metal is 0.32 eV. Then we obtain ute to the smaller Auger-energy region where the final-state

the L,-L3V decay width of 0.55 eV for Ni metal. shakeoff is considered to dominate. The background inten-
The calculated_,-L3V-VVV/L,-VV AECS intensity ra- Sity increase in thé,-L3V-VVV AECS of Ni metal com-

tio (1.62 of Ni metal is quite close to the experimental Cu pared to NiFe could be due to thgVV-VVVV decay. The

metal ratio(1.6) but much smaller than the estimated experi-L,-L3V-VVV or L3V-VVV PECS intensity of NiFg, (x

mental one(4.0.° There is a large background in the =80%,y=20%) includes thé.3VV-VVVV decay because

L,-L3V-VVV AECS spectrum of Ni metal compared to the the selected final state includes ¥ V'V state.

spectra of NiFe and Cu metal. The background is due to the If the L3V state “relaxes” to thd_; state before the decay

final-state shakeoff. The relative final-state shakeoff intensitystarts, thel;V-Ls-VV decay channel opens and thg-VV

in the L3-VV(L,-L3V-VVV) AECS of NiFe is reduced to AES intensity increases by a factor of {R), while the

about one-half{one-third of Ni metal. The shakeoff inten- L3V-VVV AES intensity decreases by a factor of{R).
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TABLE II. The ionized stated population, thel,-L;V decay TABLE Ill. The ionized stated population, theL,-L;V decay
rate ratio, and.,-L3V-VVV/L,-VV AECS intensity ratio of NjFe, rate ratio, the L,-L3V-VVVIL,-VV AECS and
(x=80%, y=20%). L3V-VVVIL,-L3V-VVV PECS intensity ratios of NFg, (x=y

=50%). An asterisk denotes thgV initial shakeup state.
State d population
State d population
ground state 9.4 9.6
initial main line state 9.95 10.0 ground state 9.4 9.6
initial satellite state 9.05 9.0 initial main line state 9.93 10.0
final main line state 7.84 7.95 initial satellite state 9.07 9.0
final satellite state 7.16 7.05 final main line state 7.84 7.95
. final satellite state 7.16 7.05
Experiment ratio
Theory (Ref. 8 d=94 d=96
L,-L3V-VVV/L,-VV AECS 7.10 6.27 7.0 L,-L3V-VVV/L3-VV AECS 0.36 0.38
V/V,, ratio 0.991  0.993 L3V-VVV*/L,-L3V-VVV PECS 1.40 1.33
L,-L3V/L, decay rate ratio 0.74 0.70 L,-L3V/L, decay rate ratio 0.73 0.72

The L3V-VVV/L3-VV AES intensity ratio decreases by a pang, the Auger decay rate is fairly independent of the final-
factor of (1-R)/(1+R). Ris the L3V spectral intensity gtate potential change and the decay energy. The Auger en-
multipled by thel 3V-L; “relaxation” rate ratio[Eq. (17)].  ergy decrease is smalibout 1 eV or legs Thus upon alloy-
Judging from the present results, we can conclude that thﬁ]g, the Auger decay rate may decrease slightly due to the

“relaxation” does not occur. The APECS spectrum of Ni fing|-state potential change. The state widths of a large

is one of the methods to study the “relaxation” tinhEgs. (about 5-10%° Then the aforementionet,-L,V decay
(17)—(19)]. This is a very important issue for the systems e decreases only by about 5-10%. Theand L level
where the core-hole screening mechanism is governed by thgqihs obtained by high-resolution XPS are desirable.
charge-transfe(CT) screeninge.g., adsorbates, Cu halides, o 4=9.4 and 9.6, the calculatdd,-L 3V-VVV/L,-VV

and oxides It would be interesting to measure tVV  AECS intensity ratios are 2.73 and 2.41, respectively. If we
PECS of CO adsorbed on Cu metal in coincidence with the, ude the LV(shakeoff)VVV decay, the ratios become
“backbonding peak” to study whether all three initial states 7 10 anq 6.27, respectively. The experimental ratio is about
will contribute to the decay. The “backbonding peak™ is the 7 g (it is not reported but estimated from the AECS spec-
final state of Auger decay involving the electron occupied iy m)  The final-state shakeoff is much suppressed in the
the core-hole CT screening orbital and can be reached °n|l¥2-L3V-VVV AECS as in NiFe but it is slightly more en-
from the initial core-hole shakedowfrelaxed state. If all  5nced in the.,-VV AECS than in NiFe. The present good
three initial states contribute to the decay, then the Othebrediction of theL,-L5V-VVVIL,-VV AECS intensity ratio

initial states relax to the shakedown state before the decay,,\vs that the. V/(shakeoff)VVV decay contributes to the
starts. The study contributes to understanding the characte[s_L3V_VVV A3ECS intensity. Thus the AECS ratio it

of initial states. APECS can be used to classify the charactergéu

S - al to the_,-L3V/L 45 decay rate ratio. The conclusion that
of both initial and final states. 2 =37 =3 y ra us|

the L,-L;V decay rate decreases from Ni metal to NiFe be-
cause the L,-L3V-VVV/L,-VV AECS intensity ratio
B. NixFe, (x=80%, y=20%) decreasésappears to be incorrect. The-VV PECS inten-

In Table Il the present results are summarized. Bor Sity for the main line state can be obtained by multiplying the
=9.4 and 9.6, theL,-L;V decay rate ratios are 0.74 and L3-VV PECS intensity for the selected final state by the ratio
0.70, respectively. The ratios are larger than that for Ni metaPf L3-VV AECS intensity at the main line state to that at the
(0.63. If the Auger decay rate does not change from theselected final state. From the,-L3V-VVV/L;-VV PECS
metal case, then we obtain the-L 3V decay rate of 0.91 and  intensity ratio one can obtain approximately theL 3V de-
0.75 eV, respectively. The-LV decay rate increases from cay rate ratio.
the metal case by 65% and 36%, respectively. Upon alloy-
ing, the valence band narrows and the valence (Rokre
more localized than in metal. As a result, the final-state po-
tential becomes more attractive. The-L;V decay rate is The results are summarized in Table lll. The calculated
very energy dependent near threshold. As the potential bé-,-L3V-VVV/L3;-VV AECS intensity ratio ford=9.4 is
comes more attractive, the decay rate becomes larger ne@r360.38), while that ford=9.6 is 0.380.39. TheL,-L3V
threshold. ThelL,-L3V energy is smallabout 10 ey and decay rate ratios fod=9.4 and 9.6 are 0.78.79 and
given byAE-E4-U.4 (hereAE is the spin-orbit-splitting en- 0.720.71), respectively. The values inside the parentheses
ergy for theL ,5 levels andU 4 is the L3 hole—valence hole are obtained when thie;V/L 5 intensity ratio of 0.75 is used.
interactior). As the valence hole becomes more localized, TheL,-L3V-VVV/L3s-VV AECS and thd.,-L3V decay rate
the CK energy becomes smaller. Thusthel ;V decay rate ratio are fairly independent af population and thé;V/L;
is expected to increase upon alloying. On the otheintensity ratio. The ratios are similar to those of,Ng, (x

C. NiyFe, (x=y=50%)
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TABLE IV. SemiempiricallL ,-L 3V decay energies and rate ratios, ang VV (L,3-V) AES (XES) satellite/main line intensity ratios of
Cu metal and Cu compounds. An asterisk indicates that the initial satshisddeup/offfmain line intensity ratio is assumed to be 0.18. For
Cu metall ,3V-VVV(L,3V-VV) satellite intensity is calculated for 1100 eV photon excitation energy.

L,-VV AES Ls-VV AES

(L,-V XES) (Ls-V XE9

Lo-L3V initial states initial states

element energy ratio L,V Li-L,V LV L-LgV Li-LgV
Cu 4.8 0.63(0.69 0.36 0.22 0.13 0.33 0.05
CuCl 0.65 0.51 0.23 0.18 0.33 0.05
CuBr 0.58 0.43 0.19 0.18 0.30 0.05
Cu,0 0.68 0.56 0.25 0.78 0.35 0.05
CuBrn, 4.4 0.57 1.06 0.19 0.45 0.30 0.05
CuCh, 4.1 0.49(0.48 1.16 0.16 0.60 0.25 0.04
Cuk, 3.2 0.32(0.28 1.18 0.12 0.80 0.17 0.03
CusqQ, 0.25 0.88 0.11 0.66 0.13 0.02
Cu(acag, 0.46 1.75 0.15 0.94 0.24 0.04
Cu(Po 0.36 0.62 0.13 0.40 0.18 0.03
CuO 5.0 0.62 1.18 0.21 0.45 0.32 0.05
YBCO 55 0.55(0.59 0.78 (0.8H 0.18 0.35 0.28(0.30 0.05

=80%), y=20%)[0.37+0.05 and 0.7@.70]. Judging from  L3V-VVV decay, in addition to thé,-L3V-VVV decay?®

a substantial background expected belowlthestate energy  According to Ramakeet al?** the satellite intensity re-
(unfortunately the reported XPS spectrum of NiFe is limitedmains approximately constant in the Cu halides, while the
only for theL 3 leveP), it would be reasonable to assume thatXPS satellite intensity increases sharply as one progresses up
theL3V-VVVdecay contributes to some extent. Thel 3V the series Br, Cl, and F. The satellite intensity also increases
decay rate ratio of NiFe is unlikely to become smaller thanas one progresses from Cu, £y CuO, LSCO (Lags

that for Ni metal. We take the,-L3V decay rate ratio of Ni  Sp, o CuQ,_,) to YBCO (YBaCu0,_,), generally in the
metal as the  minimum value. Then the opposite direction to the XPS satellite intensity increase.
L3V-VVV/L,-L3V-VVV PECS intensity ratio dt, state en-  They considered that theV(shakeup)VVV decay is not a
ergy will be in the range of 0.50.45 to 0.630.48. The cause of the satellite increase because the AES satellite in-
values inside the parentheses are obtained wheh4¥él ;  tensity variation is opposite to that of the XPS satellite in-
intensity ratio of 0.75 is used. The shaked#t L, state  tensity. They considered also that thgV(shakeoff)VVVV
energy/main line intensity ratios for Ni metal, e, (X andL,-L3V-VVV decay rates are independent of environ-
=80%, y=20%), and NjFg, (x=y=50%) are 0.44, 0.56, mental changes because the decays are localized. Thus they
and 0.17, respectively. From Ni metal to NiFe, the shakeoftoncluded that the satellite intensity increase is due to the
intensity around thé , state energy decreases substantially final-state interaction.

As high-resolution XPS spectra of NiFe alloys are not avail- As the L,-VV/L3-VV AES main line intensity ratio is
able, it is difficult to conclude about the initial shakeup/off given approximately by the, /L 5 level ionization cross sec-
intensity variation. We tend to consider that the shakeoftions multiplied by theL;/L, decay width ratio, one can
intensity is shifted towards smaller shakeoff energy in NiFegptain approximately the,-L,V decay rate ratio. Except for
compared to Ni metal. This explains the shakeoff intensityCu metal, the AES intensity ratios are not reported. Thus
reduction atL, state energy and the “satellite” intensity they have to be estimated from the spectra. Thel ;V

increase. Between Ni metal and ,Rg, (x=80%, y  decay rate ratios obtained for Cu metal, CyyBEuCh, Cuf,
=20%), it is difficult to draw any conclusion from the avail- and YBCO are 0.63, 0.57, 0.49, 0.32, and 0.55,

able experimental data. respectively’! The estimated. ,-L;V decay energies for Cu

metal, CuBj, CuCl, Cuk, and YBCO are 4.8,4.4,4.1, 3.2,

IV. LysVV AES AND L,V XES OF Cu HALIDES and 5.5 _eV, respectiyely. Near the thre_:shold tthel 5V de-_ _
AND HIGH- T, SUPERCONDUCTORS cay rate increases with the CK energy increase. The variation

of theL,-L3V decay rate ratios cannot be explained only in

In Tables IV and V we list thé.,-L 3V decay rate ratios, terms of the CK energy variation. For the Cu halides and
the L,3-VV AES satellite/main line intensity ratios for dif- YBCO the final-state potential becomes less attractive com-
ferent decay channels, and the Auger and radiative transitiopared to the Cu metal case because of more delocalared
energies of Cu halides and Cu oxides. They are semiempirscreene final-state holés). Thus the CK decay rate ratio
cally evaluated. The satellite at about 5 b®lowthelL3-VV ~ becomes smaller in spite of the larger or similar CK energy.
main line of Cu halides, CuO, and YB2u;0;_ 5 (YBCO) is  The calculated-,-L3V-VVV/L;-VV intensity ratios for Cu
much more intense than in CuCl and Cu metal. For Cu metalmetal, CuBg, CuCl, Cuk, and YBCO are 0.33, 0.30, 0.25,
the L,-L3V-VVV decay is attributed to the satell®®?®  0.17, and 0.28, respectively. For Cu metal, the experimental
Thus the enhanced satellite is interpreted as due to theatio obtained at the, level ionization energy, where a large
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TABLE V. Experimental and semiempirical Auger and radiative decay energies of Cu metal, Cu halides, and Cuimxales c
denotesL; core hole.L denotes a hole in the ligand. For tad'%L —d°L? and cd®L —d®L? decays of the Cu halides, the energies are
evaluated, assuming (ligand hole—hole interactigr-10 eV. The values inside of the parentheses are obtained, assUmsiBgeV. The
semiempirical energies are evaluated by using the Anderson Hamiltonian model approach summarized in Table | in Ref. 29. The intersite
interations are neglected for the present results.

Auger decay Cuf CuCl, CuBr, CuO YBaCu0O,_5
cd'L —d8L 914.6 915.8 917.% 918.% 918.5
cd®L—d°L2 910.6 (915.6 913.3(918.3 915.4 (920.4 914.5 916.4
cd®L—d’L 894.1 895.3 897.7 899.3 899.5
cd’L—d’L 910.7 911.0 913.1 913.1 914.0
cd’L—d8L? 913.0 (918.0 915.9 (920.9 919.0 (924.0 917.9 919.5
cd’—d’ 909.2 910.F 911.¢ 910.5 910.9
cd®—d8L 921.8 924.3 927.1 927.2 927.3
cd?0—d8 918.3 919.1
cd?0—d°L 927.9 928.7
cd—d’ 899.3 900.1
Radiative decay CuO YBEUO;_5 Radiative decay Cu metal
cdOL—d°L 929.7 929.7 cd1—g° 929.F
cd0—d19. 2 930.2 930.7 cd®—d® (shakeup 929.7
cdoL —d8L 918.3 918.5 cd®—d® (shakeoff,CK 932.9
cd°L—d8L 933.1 932.8
cd’L—d°L? 926.7 927.6
cd®—d? 929.5 929.9
cd®—d’ 910.5 910.9
cd¥—d° 931.2 931.1

8Reference 28.
bReference 35.
‘Reference 36.
dreference 38.
®Reference 25.

part of the shakeup/off is suppressed, is G3Zhe agree- approximately constant. For Cu metal, theV-VVV decay
ment is excellent. The;-L3V-VVV/L;-VV decay rate ratio  is predominantly attributed to the satellife. The
is estimated using the theoretical-L;V decay rate ratio L,;V-VVV/L3-VV intensity ratio is approximately given by
which is available only for Zi? If the L; main line intensity  the Ly XPS satellite/main line intensity ratio, while the
is the same as that of the, level, we obtain 0.05 for Cu | ,V-VVV/L,-VV intensity ratio is approximately given by
metal. As the authors of Ref. 33 often overestimate the Ckne |, XPS satellite/main line intensity ratio multiplied by
decay rates by a factor of 2-3, thg-L3V-VVV decay is (1 -R)~1 Here,Ris thel,-L5V decay rate ratio. The latter
most 'Ilkely small. The satellite intensity variation cannot be;s anhanced by a factor of (AR) ~* compared to the former
explained only by thé,-L3V-VVV decay, although the [at- eca 56 the Auger decay branching ratiolfgV cannot be

ter changes even among the Cu halides. approximated by that fot, due to the presence of the

For Cu metal the_3-VV AES satellite/main line intensity . . o
L L,-LsV decay for the latter. This explains why the satellite is
ratio is as large as 0.45 at 1100 eV photon enéfdghus the much more enhanced in the-VV than in theL s-V'V. For

initial satelhlte/maln line intensity ratio (0.130.45— 0.32) Cu metal, CuBs. CuCh, CuF,, and YBCO (L-R)-* are
at 1100 eV is not small at all. When thg-V-VVV decay is i
taken into account and the-L ;V-VVV decay rate is scaled 2.73, 2.35, 1.94, 1.48, and 2.22, respectlvely. At 1OQO eV
by theL,-LsV-VVV decay rate variation, the AES satellite/ Ph0ton energy, thésV-VVV/Ls-VV ratio for Cu metal is
main line intensity ratios for Cu metaht 1100 eV photon about 0.08 £0.4-0.32). The calculatetl ,V-VVV/L,-VV
energy, CuBr, CuCh, CuR, and YBCO are 0.51, 0.80, intensity ratios for Cu metafat 1000 eV, CuBr, CuCl,
0.89, 1.00, and 0.68, respectively. The AES satellite intensityoUF, and YBCO are 0.22, 1.06, 1.16, 1.18, and 0.78, re-
increase is much smaller than the XPS satellite intensity inspectively. The experimental ratio for Cu metal at 1000
crease. The experimental intensity ratios are not available. 4970 eV photon energy is about 0.4®.20,% while the
substantial part of the satellitelowthe L3-VV main line is  experimentalL,V-VV/L,-V XES satellite/main line inten-
due to the initial shakeup/off. Thus the initial shakeup statesity ratio for Cu metal measured at 970 eV is 0°49ve note
does not relax to the main line state before the decay. a good agreement between the experimental AES and XES
The satellite intensity at about 5 éd¢lowthe main line in  ratios. TheL-L,V-VVV/L,-VV intensity ratio is approxi-
the L,-VV AES of Cu halides and YBCO seems to remainmately obtained by using the theoreti¢al-L,V decay rate
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ratio>® The ratios for Cu metal, CuBr CuCh, Cuf, and +U, 11.3+U, and 7.7 U, respectively. Herel is the
YBCO are 0.22, 0.19, 0.16, 0.12, and 0.18, respectivelyligand hole-hole interaction. In order to interpret the satellite
They are much larger than the-L3V-VVV/Ls-VV ratios  as d°L2, U must be nearly equal to zerdl is expected
because of the (2R) ! factor. They could be much over- around 10 eV. Then the® 13d1% — d°L? transition energy
estimated as in the case bf-L;V-VVV decay rates. The lies around the satellitbelowthe main line. It is unreason-
satellite/main line intensity ratios for Cu mefalt 1100 eV,  able to interpret the satellitabovethe main line asd®L2.
CuBr,, CuCh, CuF, and YBCO are 0.58, 1.25, 1.32, 1.30, Most likely, d°L? will be degenerate witl®L so that the
and 0.96, respectively. Thie,-VV AES satellite/main line  broadening of the two-hole bound statif) arises from its
intensity ratios of the Cu halides remain constant, but muchnixing with delocalized band stateslqL?). This is analo-
more enhanced compared to Cu metal. A large part of thgous to the “dissociational broadening” proposed to explain
satellite intensitybelowthe main line in theL,-VV AES is  the final-state broadening of Ni alloysThen the shoulder on
due to the initial shakeup/off. Thus the initial shakeup statehe larger kinetic-energy side of the main line which origi-
does not relax to the main line state before the decay. nates from the®F multiplet should be broadened. We note

The L,-V/L3-V XES total intensity ratio can be used to that the satellite enhancement occurs in bbthVV and
estimate thd_,-L;V decay rate ratio. For the,-V XES the L3;-VV AES. The final-state shakeup/off leads to
L,-V andL,V-VV decays occur, while for thez-V XES  2p~13d°L—3d’L. The decay energies range from 894 to
thelL;-V, L3V-VV, andL,-L3V-VV decays occur. Then the 898 eV. The final-state shakeup/off is not large. The energy
L,; XES intensity ratio is approximately given by (1 of the 2p0~13d°—3d8L decay, which involves the final-state
—IR)/(X+IR). Here, X is the L3/L, ionization cross- charge-transfer screening of the initial shakeup™ 23d°
section ratios| is the core XPS main line intensity, ailis ~—3d’ decay, coincides with the satellite above the main
the L,-L3V decay rate ratio. From the experimental dta, line. However, the 8’ —3d8L splitting energy is too large
the L,-L3V decay rate ratios obtained for CugO (13 to 15 eV to induce the mixing. The CK decay preceded
Cu(ll)acetyleacetonat€u(acagd;],  Cu(ll)phthalocyanine- 2p~13d°L—3d’L—3d®L? decay will not explain the satel-
[Cu(pc)], CuCl, Cuk, and CuO are 0.25, 0.46, 0.36, 0.48, lite unless theJ is less than 5 eV.
0.28, and 0.62, respectively. The ratios for Cu@hd Cuk Ramakeret al?** interpreted the intensity “variation”
agree well with those obtained from the AES data, nhamelof the satellite at about 6 eWelow the main line in the
0.49 and 0.32, respectively. We note that the ratio from the ,-VV AES of CuO and highT, superconductors also as
AES s obtained without the presence of satellites, while thgne final-state interaction betwedfL andd®L2. The experi-
ratio from the XES is obtained in the pzrfsence of satellitesmentald8L energies for CuO and YBCO are 15.2 and 14.6
From the XES data 'by Wassdakt al™" we obtain the V, respectively, while the present predic@tL? energies
L,-L 3V decay rate ratios of 0.69 and 0.59 for Cu metal andSlre 19.0 and 16.7 eV, respectively. The intensity will in-
YBCO’ respectively. The ratios agree well with those de'crease from CuO to YBCO with the expected increase in the
rived from the AES data. The calculated;-VV AES . . 9 2 1
satellite/main line intensity ratio for CuO by thgV-VVV mixing because of the decrease in . andd°L” split-

y y ting. The L-VV AES of YBCO by Ramakeet al2>% re-

and L,-L,;V-VVV decays is 0.77, while that for YBCO is
0.63 ((2).6§). These ratiog are expected to be the same for thgembles the spectrum of Ref. 35. However, both spectra are

L;-M,V AES. According to Ramakeret al.2%% the con5||deral|33I%/ dlgfe:centfrom the spectrum rﬁportedtt))yvgn dedr
L3-M,3V satellite intensity remains constant from CuO to Marel et al.”” The former spectra are muc more broadene

3 23 : : compared to the latter so that the satellite is somehow
YBCO. They interpreted the satellite as due to thesmeared out, while the latter spectrum greatly resembles the
L,;V(shakeoff)MVV and L,-L3V-MVV decay because ' b 9 y

they considered that the two decay processes are Iocalizezgecna of CuO and the Cu halides. There is no significant

. . tellite intensity variation from CuO to YBCO. The
and the decay rates are independent of environmentl\; /v andL,-L,v-VVV decay energy falls in the satel-
changes. However, the expe_rlmental satelllt_e Intensity del"te region and the relative intensity to the main line intensity
creases from CuO to YBCO, in agreement with the presen ecreases from Cu@®.82 to YBCO (0.70. The final-state
prediction. For the Cu halides the satellite intensities for. ’ o

CuF, and CuC} are larger than that for CugrThe initial interaction increases the relative satellite to the main line

L intensity more for YBCO so that the intensity may not
shakeup state does not relax to the main line state before t (F\ange from CuO to YBCO.

gﬁga&l) tsrtlzrﬁit?;c:#;fe;he satellite change is predominantly The satellite at about 7 esbovethe main line of the Cu
van der Laaret al® intz'r reted the satellite at about 7 ey N21d€S exists also in CuO and YBCO. There seems to be a
R P ) very close resemblance between CIXBCO) and CuBjy.
abovethe main line in the_5-VV AES of the Cu halides as . L 9
The satelliteabovethe main line could bel®L due to the

) o o o e
theg final state @°L*" reached by covalent mixing with the cparge transfer screening of th final state reached by the
3d°L (L denotes a hole in the ligandThey considered that  yecay from the resonantly core-level excitqu23d° state.

the observed satellite intensity decrease from{I0FCUBL,  The [atter state lies about 2 eV below the core ionized main
is consistent with the expected decrease in the mixing bgjne state and can be reached from the latter by the “shake-
cause of the increase in tléL andd®L? splitting. The latter  down.” The former state, which is the “best” screened core-
is caused by the decrease in the ligand hole energies. F@ple state, could be created upon core-level ionization so that
CuR,, CuCl, and CuBj the experimental two-hole bound we do not need to talk about the “relaxation.” The
state @°L) energies are 22.0, 19.1, and 16.0 eV, respecap~13¢10.3d83d°L decay coincides with the satellite at
tively, while the one-hole stated?L?) energies are 16.0 about 6 eVabovethe main line, which cannot be explained
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only in terms of theL ,V-VVV initial shakeup/offL,-VVV  L3-VV/L,-VV AES spectral intensity is significantly larger
final shakeup/off, and @ 13d°-3d8L decay. The third de- than 2, suggesting that,-L;V CK decay occurs in metallic
cay which involves the final-state screening is negligible be+e. They suggested that the occurrence gt 3V CK decay
cause of a large energy separation bETM_anddBL- The and the absence of Auger satellites can be reconciled if the
2p~'3d'%—3d® decay energy coincides with the 3d hole hops away prior to the decay of thg core hole.
2p~*3d'°L—3d®L decay energy so that both processes canThis spectral study is confirmed by Unswomhal*! Un-
not be distinguished in the normal AES. ~ sworthet al. studied the_,5-VV AES of FeAl with synchro-

For Cu metal using thé,-V XES satellite/main line in- 1o radiation. For FeAl thé ;V-VVV satellite is observed
tensity ratio(0.19) obtained at 970 eV photon enef@yand 6 16 the localized @ hole in theL,-L5V CK decay. The

the L,-L3V decay rate ratio of 0.69, we obtain the initial L.-L.V CK d . -
. I . ; . 2-Ls ecay rate is expected to decrease in the absence
satellite/main line state intensity ratio of 0.06. At 970 eV, theOf an extra 3 hole (when the 3 hole delocalizes before the

L3-VV AES satellite/main line intensity ratio is 0.37As L5 hole decaysbecause of the less attractive final-state po-
the L,-L3V-VVVIL3-VV intensity ratio is 0.32, we obtain 3 Y P
tential and small CK decay energy. Moreover, the

.05 for theL3V-VVV/L3-VVi i io. Th
0.05 forthel 5 /Lg-VV intensity ratio. The agreement L,-L3V-VVV decay can be the,-Ls-VV decay because of

is good. The calculatet;-V XES satellite/main line inten- o 4 .
sity ratio is 0.41, while the experimental one is 0.43. ;astfad hc;:e deI0ﬁgI|zatlck)]n. Thgsl_the _spectral méensny tra?s-
Kawai and Maed¥ interpreted the main lines of they-V er from the satellite to the main line is expected to occur for
P ey (_I)he L3-VV AES of metallic Fe. The fast delocalization is

XES spectra of the Cu halides, CuO, and YBCO as due t : :
h ~13419 _,3d°L hile the h 4 oy ©xpected because of bandlike behavior of the VV AES.
the 20" 3d L —3d’L decay, while the hump at about 4 e With localization of the 8l hole in theL ;V state, the spectral

above the main line as due to thp 2'3d*(shakeup)-3d® intensity of the main line will be transfered back to the sat
decay. However, the above two emissions ove(legble V). o C . . :
Y. HOWEV ve W 1SS! ve( v &Ihte line. TheLs-VV/L,-VV main line intensity ratio seems

The hump is also interpreted as due to the charge-transfet”. : N ;
screened final sta@!® 2 3 The 4 eV satellite is seen also in to increase from metallic Fe to FeAl, indicating the increase
9. of theL,-L3V CK decay rate from metallic Fe to FeAl. The

the Cu metal spectruri.The present semiempirical radiative . o
o ) L, AECS of metallic FgRef. 4 shows a significant spectral
transition energies of Cu metdlable V) show that the sat- intensity in thel 3-VV main line region. There should be two

ellite must be due to thie;V(shakeoff)VV andL,-L3V-VV o0 ) } )
. S ... contributions to this structure: One is the-L;V-VVV
decays. Thd;V(shakeup)V'V decay energy coincides with which is essentiall\L,-L;-VV) decay and the other is the

the main line energy. This is also the case with CuO an .
YBCO. TheL;-V XES of Cu halides and Cu oxides tends to sV(shakeoff) VVV. The. IatFer can be interpreted ajso as
L5-VV when the delocalization of the valence hole is very

show a hump at about 1 eV above the main line. This spec-

tral feature coincides with the Qu, absorption peak whose effective. The PECS study should resolve this puzzle. The
. ; . s b P APECS will be useful when a competition between the de-
intensity will be very sensitive to self-absorption effetts.

10 10 9 10 2 o localization of a valence hole and decay is involved.
The energy of p~-3d*"L-3d°L-3d*"L“ decay which in-

volves the final-state charge-transfer screening coincides
with the 1 eV satellite. The energy of thep2!3d%-3d° VI. CONCLUSION
transition from the “best” screened core ionized state coin-  The APECS spectra are formulated in a one-step model

cides also with the 1 eV satellite. Kawai and co-worRers using the real-time nonequilibrium Green’s-function method.
studied the correlation between the core XPS satellite intenrpe competition between the relaxation from the initial ex-

. . \ N
sity and the full width at half maximunFWHM) and ats  Gjteq states to the lowest-energy relaxed state and the core-
maximum of thel 5-V XES main line. However, the widths oje gecay is discussed. The possibility of obtaining the re-
are larger than tho_se of the spectra in Ref. 38_ by a factor ofyation time by using the APECS is discussed. Using a Cl
2—-4. The former widths are ungsua}ly broad. Finally we notey,qqel approach the APECS spectra of Ni metal and alloys
that thel ,-L5V decay rate ratio will not be affected even gre analyzed. Because of a lack of complete experimental
when the decay from the “best” screened core ionized statg|atq it is difficult to draw any definite conclusion. However,
overlaps with that from the “better” screened core ionized e analysis indicates that the-L;V CK decay rate ratio
state because their Augeand radiativg decay branching  jncreases about 10-20% from Ni metal to Ni alloy due to the
ratios are similar. " more localized valence holes on alloying. The CK decay rate
Ramakeet al.™"argued that the initial shakeup does notariation is analyzed in terms of both decay energy and final-
produce satellites in the AES or XES spectra because thggie potential changes. The-LsV-VVVIL,-VV AECS in-
shakeup state generally “relaxes” to the primary states Of,tensity ratio does not necessarily reflect theL,V decay
the same symmetry before the decay. Such a relaxation {Se ratio because of a large contribution by the initial shake-
expected when the shakeup energy is larger than the COrgt nraceded ,V-VVV decay. The initial shakeoff intensity
level width. However, the present analysis of the APECS ok, 'Ni metal is as large as in NFe,(x=80%y=20%)
Ni metal shows that this is not the case. It is not the Shakeuﬁowever in NjFe,(x=y=50%) the intensity is much r.e-

energy but the coupling strength between_the shakeup stafg ced. TheL 5V-VVV andL,-LV-VVV PECS of Ni metal
and the lowest energy state which determines the reIaxauognd NiFe,(x=y=50%) are desirable. In the latter system

time (see the Appendjx the shakeoff intensity appears to be shifted towards smaller
shakeoff energy, compared to the former. The high-
resolutionL ,3 XPS spectra of the systems of current interest
For metallic Fe, Sarmaetal®® concluded that the are also desirable. THe,;-VV AES (L,s-V) XES satellite/
L,V-VVV satellite intensity is negligible, while the main line intensity ratios by different decay channels and

V. THE L,sVV AES OF Fe METAL AND FeAl
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corresponding decay energies, and thel ;V decay rate ya+g

ratios of Cu metal, Cu halides, and Cu oxides, are semiem- Pob=T T +g(T.+Ty) P, (A9)
pirically evaluated. To provide a consistent explanation of atb a’’h

the satellite intensity variations of both AES and XES, it is

necessary to take into account the initial shakeup/off pro- IH'|2

cesses. In these systems the initial shakeup state does not 9= 7.

relax to the lowest-energy state before the decay starts. The 7T ha
lowest-energy main line state may consist of the “best”

screened state®2 ! 3d'° and the “better” screened state Tq obtain Eq.(A10), we used the resonance conditian

2p~* 3d*L. The APECS study will provide very useful and —,, and neglected the nonresonant term. From EA8)
significant information about the relaxation and decay of theyng(Ag) we obtain

charge-transfer systems. Such experimental studies are really
necessary for the further understanding of the decay and
charge-transfer screening mechanism. IapaatTopop=P. (Al11)

(A10)

APPENDIX .
Equation(A11) shows that all atomfP=N (number of at-

We consider a two-state system. The density-matrix eleems] become either stata) or |b). Wheng is large(i.e., the

ment is defined as coupling between statda) and |b) is large,
(=2 pon )0 (A1) P
mn Paa:Pbb:Fa+ Fb . (Alz)

The equation of motion for the density matrix element is
given by
The populations of states) and |b) become the same and
dp 1 H ap A2 the system saturates. This is because of inherent effect of
ot in eIt o . (A2)  getailed balance” in Eqgs(A3)—(A5). On the other hand, if
ree we assume that the transition from stal® to |a) is not
The last term is the relaxation term which describes the inpossible(we assume/>1—y and statdb) is a lower-energy

teraction between heat bath and the electronic system. Thgnized statg we setp,,=0 in Eq.(A6). Then we obtain
equations of motion fop,,, paa, andpyp are

) ) i 1-
Pba~= ~ 1 ®baPba~ 7 Hba(Paa—Pop) ~T'bapba,  (A3) Paa= 7 ' (A13)
g+,
. i ,
Paa=(1—Y)P—Tapaa— % (HapPpa— PapH ba)7 (Ad) _ (14_ (1-v)g i} 5 (A14)
PobIT, " (g+Ta) Tp)

: i
Pob=YP=Thpop— 7 (Hpapab—ppaHap)-  (AD)
The meaning of EqgA13) and(A14) is that statda) decays

Here,H' is the interaction between stat@ and|b). We  with the increased widtly+1I", (g describes the relaxation
assume that the ionized states and|b) are created by the from statela) to |b)). In the case of statid), the first term of
ratios of (1- y)P andyP, respectively:y corresponds to the Eq.(A14) describes the decay of stab® independent of the
spectral intensity of statiy). I', andT',;, are the diago- decay of statéa) and the second term describes the decay of
nal and nondiagonal parts of the dedaglaxation rates of  state|b) reached by relaxation from sta@ [g/(g+1T',) de-
state|a) (|b)), respectively. By adiabatic approximation, the scribes the partial decay rate ratio of state sateto |b)].
nondiagonal parpy, is given by Wheng is very large,

H kl)a(paa_ Pbb)

P02 (= wpat ) (A8 pas=0, (A15)
ﬁwbaE Eb_Ea' (A?)
P
We consider the case where the observation time is much Pob=T - (Al6)

longer than the decay time of stajes and|b). Then setting
Paa= Ppb=0, we obtain quasistationary solutions fgy, and

Pbb> All of state |a) relaxes to statéb) before it decays by ,. In
(1= )Tt the system wherg is very large, the system relaxes to the
Pan= Yiv™9 , (A8) lowest-energy state before the system decays and the deex-
Fal'y+g(Ig+ ) citation (decay process is entirely activated from stda.
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