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Effect of hole-induced shakedown in the Auger spectrum of lanthanum
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Department of Physics, Seoul National University, Seoul 151, Korea
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Solid State Physics Laboratory, University of Groningen, 1 Melkweg, NL-9718 EP Groningen, The Netherlands
(Received 10 August 1987)

It is shown from the M, sN, s X (X =0,,0,,3,N¢ ;) Auger emissions of La metal, La,0;, and LaF,
that the 4f hole pulled down below the Fermi level by the 3d core hole in La metal is significantly
populated before Auger decays take place. This extra relaxation mechanism by the N, sVV Auger
process from conduction electrons gives important contribution to the intensity of the M, s N4 sN¢ -
Auger emission. The amount of this contribution can be calculated by existing theories on the
shakeup or shakedown satellites on the La 3d core-level x-ray photoemission spectra (XPS) of these
La compounds, and the results are found to be consistent with our experimental data. The criterion
for the importance of this hole-induced shakedown process in the initial state of Auger spectra is
determined, and the implications of this finding on other spectroscopies are discussed.

I. INTRODUCTION

Auger-electron spectroscopy (AES) has been tradition-
ally used as a tool for element analysis, but recently at-
tempts have been made to obtain chemical information as
well. That is, Auger spectra involving valence levels
(CVV or CC'V) are known to exhibit different line shapes
depending on the bonding states of valence electrons, and
these line shapes, if properly analyzed, can give informa-
tion on the chemical bonding state of the atom. Consid-
erable progress has been made lately in understanding
these Auger line shapes involving valence electrons. Fac-
tors influencing Auger line shapes are usually classified
into two categories' —initial-state effect and final-state
effect. The most important among these various factors
are the screening effect in the initial core-hole state of the
Auger process and the hole-hole Coulomb repulsion in
the final state. The effect of the hole-hole interaction on
the line shape of the Auger spectrum is now well under-
stood.>3 This final-state effect can distort the two-hole
density of states or can give rise to a completely localized
spectrum even though the valence electrons themselves
are delocalized. The issue we are addressing here is the
screening response of valence electrons in the initial state
of Auger process where a core hole exists.

In the case of simple metals* and transition-metal car-
bonyls,® extensive theoretical calculations and experi-
mental efforts have now established that the initial state
of the Auger process is a fully screened state where the
core hole is neutralized by extra screening valence elec-
trons. This is reasonable in view of the fact that the final
state of the main peak in the core-level x-ray photoemis-
sion spectroscopy (XPS), which becomes the initial state
of Auger process in the x-ray excited Auger spectrosco-
py, corresponds to the fully screened states.® However,
for rare-earth elements with localized 4f electrons, there
are two competing screening mechanisms”? for the deep
core-hole created in the XPS. One is the screening by
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delocalized (5d,6sp) conduction electrons as in simple
metals, and the other is the filling of the extra 4f level
which was empty initially. Since the 4f level is more lo-
calized than 5d, 6sp orbitals, the latter screening mecha-
nism usually gives a lower energy state than the former,
and hence is called a “well screening” state as opposed to
the “poorly screened” state of the former configuration.
The principal energy gained by the 4f screening mecha-
nism is the electrostatic Coulomb attraction energy be-
tween the core-hole and the 4f electron, and it is usually
described as the “pulling-down” of the 4f level below the
Fermi level E by the core hole.

Although this well screened state has the lowest energy
in the presence of a core hole, it is an entirely different
question whether this state is realized in the photoemis-
sion process when a core hole is created. The 4f level is
quite localized and an electron in the conduction band
has to be transferred to this localized 4f state to realize
the well screened state. The probability for this process
depends on the degree of hybridization between the 4f
level and conduction-band states,” ! and it is in fact the
case that this probability is small for most rare-earth ele-
ments because the 4f wave function is quite localized.
Hence the core-level XPS spectrum is usually dominated
by the poorly screened peak, and the well screened peak
shows up only as a small “shakedown satellite” in the
lower binding-energy side!! even in light rare-earth ele-
ments where the hybridization between 4f and conduc-
tion states is expected to be largest. The question then
naturally arises whether the initial state of the Auger pro-
cess in these systems is the poorly screened peak, which
gives the “main peak” with strongest intensity in XPS
spectrum, or the well screened peak which has the lowest
energy. The question can be rephrased in terms of time
scale as follows. Does the poorly screened state created
in the photoionization process relax into the well
screened state before Auger deexcitation process occurs?
We shall show in this paper by comparing M, sN, sN 4
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Auger spectra of La metal with those of La,0; and LaF,
that this relaxation indeed takes place and contributes
significantly to the initial state of the Auger process in
lanthanum metal.

II. EXPERIMENTAL PROCEDURES

The samples studied were La metal, La,03, and LaF,.
X-ray photoemission spectra and x-ray excited Auger
spectra were obtained with Mg Ka or Al Ka x-ray
sources. The data on insulating La,O; and LaF; com-
pounds were taken with the Perkin-Elemer ESCA 560
system equipped with the cylindrical mirror analyzer at
Seoul National University. These samples were commer-
cially obtained powder (Johnson Matthey Inc., purity
better than 99.99%) pressed into pellet form, and the
pressure during the measurement was ~1X107% torr.
No flood gun was used, and the data presented below are
aligned so that carbon ls line has a binding energy of
284.6 eV as a reference. The spectrum on La metal was
taken with the AEI ES 200 spectrometer of the Universi-
ty of Groningen. The La metal sample was a thin film
thermally evaporated in situ from an ingot. The base
pressure during the measurement was ~1X 107! torr,
and no detectable oxgyen contamination was found. All
the spectra presented below were, unless stated otherwise,
corrected for the x-ray satellites, the analyzer transmis-
sion, and the inelastic electron background by the usual
method, 12 which assumes that the amount of inelastically
scattered electrons is proportional to the number of pri-
mary electrons with higher kinetic energy.

III. DATA AND INTERPRETATION

Figure 1 shows La 3d core-level XPS spectra of LaF,
and La,0;. We see two pairs of peaks corresponding to
the 3d,,, (a,b) and 3d5,, (a’,b’) core hole, where the
peaks at lower binding energy (b,b’) are traditionally
called the “main peaks” and the higher binding energy
peaks (a,a’) are called the ‘“shakeup satellites.” The ori-
gin of the occurrence of these two peaks, main and shake-
up satellite, is now well understood'? to arise from the
pulling-down of the La 4f level in the presence of the 3d
core hole, and the resulting hybridization between this 41
level and valence electronic states. Because of the rather
strong hybridization in these insulating compounds, the
assignment of one peak to the |3d4f°) final state and
the other to the |3d4f!L ) shakeup state (here the un-
derline denotes the hole and L means the ligand state) is
not proper, and we should think of each peak as a super-
position of both states with approximately equal
weights. !> Hence the final states of La 3d core level XPS
contain appreciable amount of 4f electrons (about
0.5e —see next section for details) induced by the core
hole, and we expect to find Auger electrons emitted when
the 3d core hole is filled by the 4f electron (e.g.,
M, sN,sNg ), although 4f electrons did not exist in the
ground state of these compounds.

This expectation is indeed confirmed by the M, sN, s X
region of the Auger spectrum shown in Fig. 2. These
spectra were taken with an Al Ka source since the oxy-
gen ls peak overlaps in the region for spectra taken with
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Mg Ka source. We see there are four peaks labeled as a,
b, ¢, and d in both LaF; and La,03, and the unknown lev-
el X can be deduced from the energy position of each
peak. By assuming reasonable values of the electron
correlation energy U.4(N,s,X) between the level X and
4d level (U .;~7-10 eV) we identified the level X by its
energy position using the relation'?

EK(M4’5N4’5X)=EB(M4,5)—EB(N4’5)
—Ep(X)—Ug(N, 5,X) ,

where Ex and Ep denote kinetic energy of the Auger
electron and binding energy of the core hole, respectively.
The assignment of each peak as determined above is as
follows: peak a, M;N,;0,; peak b, MN,s0,;,
M,N,s0,; peak ¢, MsN,sN¢;, M,N,s0,; peak d,
M N, sN¢ ;. This assignment of peaks is also consistent
with the expected intensity ratio from the theoretical
Auger transition-rate calculation'* (see next section for
details). Here we neglected Auger processes involving
delocalized valence levels largely made of oxygen 2p elec-
trons, because being interatomic in nature and involving
a delocalized level, this Auger peak is expected to be
quite weak.!* What is remarkable in these spectra is the
fact that we can see clearly identifiable peak d, which
comes from th M,N, N¢, Auger transition. The 4f
electron in this Auger process comes from the hybridiza-
tion in the final state of 3d XPS as discussed above.

LOF3
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FIG. 1. La 3d core-level XPS spectra of LaF; and La,0;.
Both 3d,,; (a,b) and 3ds/, (a’,b’) are shown, and peaks a,a’ are
traditionally called the shakeup satellites and b,b’ the main
peak.
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FIG. 2. X‘ray“excited M4,5N¢’5X (X =O|, 02,3, and N6.7 lev-
els), Auger spectra of LaF; and La,0;. The assignments of
peaks are @, MsN,s0,; b, MsN,s0,; and M ,N,s0O; c,
MsN,sNg;and M(N, 50, 3;d, MyN,sNe ;.

In the case of La metal, the 3d core-level spectrum
shows only a small intensity of shakedown peak contain-
ing 4f electron, as can be seen in Fig. 3. This spectrum is
consistent with those reported earlier,'"!> and unlike the
La,0; or LaF; case the main peak a and the shakedown-
satellite peak b correspond to the almost pure |3d°4f°)
and |3d 94 f 11 ) final state, respectively, since the hybrid-
ization between f and li§and levels is much smaller in
metal than in insulators.!> The amount of 4f electron in
this final state of La 3d XPS, judging from the intensity
of the shakedown satellite is about 0.1e (see next section),
much less than La,0; and LaF, cases. Hence without an
additional relaxation mechanism the M, sN, s N¢ ; Auger
peak, in particular the one corresponding to peak d of
Fig. 2, should become much smaller in La metal com-
pared with La,0; and LaF;. However, the Auger spec-
trum of Fig. 4 for La metal shows that this expectation is
not realized, and peak d is almost as strong as in La,0,
or LaF; spectra, judging from its intensity compared to
peaks a and b, which should be the same in all three com-
pounds because they do not involve valence or 4f elec-
trons. This is an indication that extra relaxation mecha-
nism exists in the initial state of the Auger process for La
metal, and that even though the shakedown satellite in-
tensity is weak in the 3d XPS spectrum, it nevertheless
contributes significantly to the Auger intensity. We will
show in the next section that the intensity of peak d ob-
served in Fig. 4 can be accounted for quantitatively by
existing theories on 3d XPS satellites and the estimated
4f lifetime width of light rare-earth elements.

The fact that the 4f level which is pulled down by the
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FIG. 3. La 3d core-level XPS spectra of La metal. Peaks a,a’
are called the main peak and b,b’ the shakedown satellite.

3d core hole in La metal is significantly populated before
the Auger decay takes place can also be seen by the
M, sN, sN, s Auger spectra. It is well known that Auger
emissions starting from the deep core holes can be
influenced by multiple-step decay processes.!” For in-
stance, the intensity ratio of L,M,s;M,s; and
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FIG. 4. X-ray-excited M, sN, sX Auger spectra of La metal.

The assignments of peaks are the same as in LaF; and La,0;
cases (see Fig. 2).



6148

L3M, sM, s Auger peaks of Cu metal is not the expected
statistical ratio of 1:2 due to the conversion of the L,
hole into the L; hole by the L,L,M, s Coster-Kronig
process.'® The same kind of Coster-Kronig process
M M;Ng; can occur in La compounds between the M,
hole and M holes, and the degree of this conversion will
also depend on the number of 4f electrons. But compar-
ison of M, sN,sN,s Auger spectra of La metal with
those of LaF; and La,0, (data not shown here) reveals
that the degree of this conversion is quite similar in all
three compounds. This fact again suggests that the num-
ber of 4f electrons in the initial state of the Auger pro-
cess is not much different for all three La compounds,
even though they have quite different 4 f electron occupa-
tion numbers in the 3d XPS final states.

IV. QUANTITATIVE ANALYSIS

We will give the qualitative arguments of the preceding
section a quantitative footing in this section with some
simple calculations. First let us calculate the intensities
of the M, N,sN¢; Auger emissions expected when
there is no extra relaxation mechanism between the
creation of the 3d core hole in the photoionization pro-
cess and the decay of this hole by the M, N, N,
Auger process. Let us take the wave function of the
ground state to be (in the cluster approximation)

| Y )=a|4f°)+B|4f'L) , (1)

where L denotes the hole in the valence band, and a,B
are determined by the energy separation and hybridiza-
tion between 4f and valence-band states. The two final
states (main and shakeup) of the 3d core-level photoemis-

sion process can be taken as
[¥))=a’'|3d°4f°)+pB | 3d°4f'L) ,
(2)
|¥,)=B"|3d°4f%) —a'|3d%f'L) .

The intensities of the core lines in the sudden approxima-
tion are then

I, <(aa’+BB'),
I, (af —Ba’)? .

From the energy separation and intensities of these two
peaks, we can get the parameters of the following model

(3)

Hamiltonian describing electron spectroscopic
data:’%10.13
szaLnL+5f2nm+Uff 2 n,y, Ny
L m m,m’
(m'>m)

+en.+(1=n)Up 30, +V Y (a,I,aL +a}:am) ,
m m,L

4)
where m and L denote quantum indices for the 4f and
ligand states, respectively, Us, and Uy, are Coulomb in-
teractions between 4f-4f or 4f-core levels, and V is the
hybridization between the 4f and ligand state. Here we
shall assume that hybridization is the same as in the
ground state, but o', are different from «a,8 because the
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energy separation changes in the final state due to the
pulling-down of the 4f level by the 3d core hole. These
parameters of the model Hamiltonian (4) have been deter-
mined for La metal, La,0;, and LaF; in Ref. 13 from
core-level XPS along with valence-band XPS and Brems-
strahlung isochromat spectroscopy (BIS) data. The mod-
el used there was the Anderson impurity Hamiltonian
taking into account the band nature of ligand or conduc-
tion bands, but we shall adopt instead the simpler cluster
model Hamiltonian [Eq. (4)] for our analysis here. We
list in Table I the parameters of our Hamiltonian [Eq. (4)]
consistent with the values determined in Ref. 13. Here ¢
(4f level position), Uy, (correlation energy between 4f
electrons), and Uy (Coulomb attraction between core
hole and 4f electron) values were taken from Ref. 13,
while the V' N I V(N I is the number of degeneracy, which
is 14 in this case) value was determined to get the same
ground-state 4f occupation number (n,) as in Ref. 13.
(n;);=PB?* and (n;),=a'® are 4f electron numbers in
the | ¢,) and |¢,) XPS final states, and I,,I, are their
intensities calculated from Eq. (3). If there is no extra re-
laxation of these XPS final states before Auger emission
takes place, the M, sN, sN¢,; Auger intensity would be
proportional to the sum of 4f electron numbers in these
two final states because both |,) and |v,) can decay
by this Auger process. This total number of 4 f electrons,
which is given by (n; ), =1I,{n;)+I1,{n;),, is listed
in the last column of Table I. We see that this total 4/
electron number in the 3d XPS final states is about 5
times larger in LaF; and La,0; than La metal. However,
the comparison of the experimental Auger data in Figs. 2
and 4 shows that M, ;N, ;N , Auger emissions have
similar intensities in La, LaF;, and La,0;. This is an in-
dication that extra relaxation mechanisms exist in the ini-
tial state of the Auger decay process.

What could be the extra relaxation mechanism? One
obvious possibility is the N¢ ; V'V Auger process involving
conduction electrons, which fills the empty 4f level
pulled down below Ex. In fact this process was found to
be the dominant decay mechanism for the 4/ holes of the
rare-earth hexaborides!” created by photoionization.
This decay probability becomes larger for light rare-
earths because (1) the overlap of 4f electron with conduc-
tion electrons is larger since the 4/ wave function is less
localized and (2) the number of 4f holes is greater (larger
degeneracy factor of the 4f level N,). This N ; V'V decay
process is not possible for LaF; because the 4f level in
the presence of the 3d core hole is still above the valence
band (see Table I), whereas it is certainly operative in La
metal since the 4f level is pulled down 3.5 eV below E
by the core hole. In the case of La,0;, the 4f level in the
XPS final state lies about 1 eV below the upper valence-
band edge, but because of the shape of the insulator
valence band and the shallowness of this 4f-level posi-
tion, the contribution from this relaxation mechanism is
expected to be small. Hence we will compare here the
cases of LaF; and La metal.

To make an estimate on this extra relaxation contribu-
tion to the M, sN, sN¢; Auger emission intensity, we
need to know the transition rate of the N¢ ; V'V process by
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TABLE I. The parameter values of the model Hamiltonian (4) for LaF;, La,;0;, and La metal determined from electron spectro-
scopic data. The meanings of symbols are as follows: €/, 4f-level energy position relative to the upper valence-band edge (LaF; and
La,0;) or the Fermi level (La metal); U/, correlation energy between 4f electrons; U/, Coulomb attraction between the core-hole
and 4f electron; N, the number of degeneracy for the 4f level; V, hybridization between the 4/ level and delocalized valence electron
levels; {n/)g, 4f occupation number in the ground state; {n;),,{n,),, 4f electron number in the |¢,) and |¢,) 3d XPS final
states; I,,1,, intensities of | ¥;) and | ¢,) final states; and {n, ) =1,{n; ) +1,{n,),.

Compound VN,V (eV) € (eV) Uy (eV) Uy (eV) (np)g (n;), (n;), 1, I, (ny o
LaF,; 2.5 14.5 8 —13.5 0.02 0.40 0.60 0.73 0.27 0.45
La,0, 2.5 10.7 8 —12 0.05 0.37 0.63 0.42 0.58 0.52
La 0.6 5.5 8 -9 0.01 0.03 0.97 0.92 0.08 0.10

which the 4f hole in the presence of the 3d core hole is
filled by the conduction electrons. To measure this tran-
sition rate directly for La metal would be quite difficult, if
not impossible, at present. However, we can estimate its
magnitude from the lifetime width of the 4f hole of
neighboring elements Ce or Pr. Here it is necessary to
separate out the 4f level width due to the hybridization
with conduction electrons, because the hybridization
effect is already taken into account in the final states of
3d core-level XPS [Egs. (1)-(3)]. For Ce compounds, the
4f-level width is probably dominated by the hybridiza-
tion,'® but for Pr compounds the Auger lifetime widths
of the 4f hole have been determined separately.'®!?
They were found to be in the range 1.1-1.4 eV for PrAl,,
Pry¢Thy ;, and PrRu,. For La compounds the 4/ hole
width is expected to be larger due to the less localized 4f
wave function and the larger degeneracy, but it will also
vary from compound to compound. Considering all these
uncertainties, we will take I'(N4 ;VV), the 4f hole life-
time due to the N ; V'V Auger process of La metal, as the
difference between the experimental lifetime of the 3ds,,
XPS core line and the lifetime expected from the total
calculated Auger transition rates'* originating from the
M hole. The difference is found to be small for Ba
(~0.1 eV) but quite large for La (~1.2 eV), and was
speculated to arise from the filling of the empty 4f level
below Er by N¢;VV Auger process.'! Since the magni-
tude of this difference 1.2 eV [[(expt)=1.9 eV
I'(theor)=0.7 eV] is in the range expected from the Pr re-
sults, this supposition seems reasonable.

To compare experimental data of Figs. 2 and 4 with
theoretical estimates, we also need transition rates of the
individual Auger decay processes M, sN, ;X of M, and

M holes. Unfortunately these rates have not been calcu-
lated to our knowledge for La, but results are available
for the Nd atom.!* We list in Table II the theoretical
lifetimes (# times the inverse of the transition rates) of
various Auger transitions of Nd relevant for our discus-
sions here. To use these numbers for La we have to
correct for the different number of 4f electrons (atomic
Nd has four 4f electrons) and the difference in the total
lifetime width of M,,Ms holes of Nd and La. These
corrected numbers for La with one 4f electron are also
listed in Table II. (Radiative transitions from M, s holes
in La are negligibly small'*).

Now that we have relevant parameter values, we can
get quantitative estimates of the M, sN,sN¢, Auger
emission intensities for LaF; and La metal as follows.
First, let us consider LaF;, where there is no extra relaxa-
tion mechanism in the initial state of the Auger process.
The percentage R (M N, 5N, ;) of the M, hole decay by
the M,N, sN¢ ; Auger process is given by

R(M N, sNg;)=R (from |¢,) XPS final state)
+R,(from |¢,) XPS final state) ,

(5)
where
(M ,N,sNg;)
_ 02 , y
R,=I1, |B ——-_F(M4) (6a)
and
(M N, sNg,)
2 8 BT 6077
Ry=1 r(M,) (65)

TABLE II. Theoretical transition rates of various Auger processes from the M, or M hole of a Nd atom (from Ref. 14), and cor-
responding values for a La atom with one 4f electron. The values for La were obtained from Nd values by (i) dividing by 4 if the
Auger process involves 4f level and (ii) multiplying by the ratio of total theoretical lifetime width between La and Nd for the M, or

M hole.

Auger process Theoretical lifetime (eV) Auger process Theoretical lifetime (eV)
(M, shell) Nd La (M shell) Nd La
M,N, 50, 0.012 0.010 MN, 50, 0.012 0.010
M N, 50, 0.032 0.027 MN, 50, , 0.032 0.027
M N, sN¢, 0.098 0.020 M N, 5N, 0.098 0.020
M,N,sN, s 0.40 0.33 MN,sN,s 0.40 0.33

M MN,, 0.37 0.077
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Here I'(M,) and I'(M N, 5N ;) denote the total lifetime
of the M, hole and the lifetime due to the M N, 5N,
Auger process, respectively, and I,=(aa’+BB')?,
I,=(aB'—Ba’)* are intensities of |¥,) and |¢,) XPS
final states. We can rewrite this expression as

T(M Ny sNg ;)

R =<nf)tot F(M4) s

where (n; ), is the total number of 4f electrons in the
XPS final state, which is listed in the last column of Table
I. The percentage of decay to other Auger processes not
involving a 4f electron, R(M N, s0,) for example, is
simply given by

F'(M4N,s0,) F(M4N,s0,)
RMNosO=h—r0 5 L1,
_ [(MyN,50,) o
=" 1M,

The Auger intensities originating from the M hole are
also given by similar expressions, but should be multi-
plied by 1.5 to account for the degeneracy ratio between
M, and M holes.

For La metal there is the extra contribution from re-
laxation processes, and the decay probability of the M,
hole by the M,N, sN¢, Auger process is the sum of two
contributions:

R(M,N,sN¢;)=R¥ (M N, sNg ;)

+R™=(M,N, sN¢ ;) , (8)
J

R(M N, 50,)=RY(M,N,0)+R™*M,N,0;)
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where R4"(M N 4,5V¢ 7) is the direct probability utilizing
4f electrons in the final state of the 3d XPS and
R (M N, sN¢ ) is the contribution after the 4f level
is filled by the extra relaxation process Ng,VV.
Rdi'(M4N4,5N6’7) can be calculated by an expression
similar  to Eq. (6), whereas to  calculate
R™**(M,N, sN¢ ;) we consider the following two-step
process:

M, hole —— filling of the empty 4/ hole by N ,VV
process —— decay by M,N, s N¢ ; Auger process.

The probability for this process is given by

R™*(M,N, sN¢ ;)
,, T(Ng,VV) D(M N, sMq ;)
- rM,) I'(M,)—T(Ng,VV)
1 g [(Ng,VV) (M N, sNe-)
+th TM,) T(M,)—T(N,VV) |

9)

The reason for subtracting I'(N ; ¥'V) in the last denomi-
nators is because N ;VV decay is not possible once the
4f hole is filled. (Double occupation of 4f hole would be
energetically forbidden.) The decay probabilities to other
Auger processes not involving a 4f electron can be calcu-
lated similarly, hence R (M,N, sO,) for example is given
by

[(M N, s0,)

F(M4)_F(N6,7 VV)

T(M,N, 50,) TN, VV)

- (M) ! r'(M,)
1 g Ter?¥) T(MN,;0,)
th (M, ||T(M,)—T(Ng,VV)

Using the values of (M N, sX), T(MsN, sX) listed in
Table II corrected for La and I'(Ng,VV)=1.2 eV, we
can now calculate decay probabilities for all states X
shown in the experimental Auger spectra of Figs. 2 and 4.
There is one more correction we have to make before
comparing with experimental data—the Coster-Kronig
conversion of the M, hole into the M hole'® by the
M M N ; Auger process discussed earlier. This proba-
bility can be calculated by equations similar to Egs. (8)
and (9) by simply substituting I'(M,N,sN¢;) by
N(MyM;Ng,), and we find that about 4%(LaF,
case)-5%(La metal case) of the M, hole is converted to
the M hole. We list in Table III the results of our calcu-
lations for decay probabilities to various Auger final
states in LaF; and La metal including Coster-Kronig
conversion corrections. Strictly speaking, M,MsNg,
Auger-preceded MsN, X final states are different from

. (10)

ordinary MsN, X Auger final states. However, the
difference in energy is small and in our broad experimen-
tal Auger data we cannot clearly distinguish between
them. Therefore we added them in the experimental in-
tensities listed to the right of the theoretical values of
Table III. These numbers in the “Expt.” column are not
absolute decay probabilities of the M, or My holes be-
cause we cannot accurately calibrate the number of M,
or M holes. Instead these numbers were calculated from
relative intensities of peaks a, b, ¢, and d in the spectra
and requiring that the total probability should be equal to
the theoretical total probability in the left column.
Therefore only the relative intensities are meaningful.

We note from Table III that the agreement between
theory and experiment is reasonable, especially consider-
ing the uncertainty of the I'(N¢ ;VV) value. In particu-
lar, the experimental intensity ratios among peaks a, b, c,
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TABLE III. Decay probabilities to M, sN, sX (X =0,, O, ;, and N, ; level) Auger processes for LaF; and La metal. Theoretical
values were determined as described in the text, and experimental values were obtained from spectra shown in Figs. 2 and 4.

Material LaF, La metal

Auger process Theory Expt. Theory Expt.
M;sN, 0O, 0.020 (Peak a) 0.020 0.017 0.020 0.020 0.024
M,N, 0, 0.012] 0.013}

MN, 0,4 0.055 (Peak b) 0.067 0.063 0.055 0.068 0.065
MN,s0;; 0.034 0.034]

M N, N , 0.018 (Peak ¢) 0.052 0.059 0.026 0.060 0.056
M N, sNg; 0.011 (Peak d) 0.011 0.013 0.016 0.016 0.017

and d are as expected from theoretical calculations, justi-
fying our assignment of these peaks by energy positions
alone. Secondly, theory now predicts that the
M N, sN¢; Auger emissions (peak d) have similar inten-
sities for LaF; and La metal, in agreement with experi-
mental data. Without an extra relaxation contribution
from N¢,VV Auger process in the initial state of Auger
decay, theory would predict that this peak in La metal
has only 20% of the intensity compared with that in
LaF,;. This analysis proves the importance of extra relax-
ation contribution in the Auger decay process.

V. SUMMARY AND DISCUSSIONS

We  have shown by studying M, ;N,sX
(X =0,0,3,N¢ ;) Auger intensities of La metal, LaF;,
and La,0; that if the 3d core hole pulls down the 4/ hole
below the conduction band as in La metal, this empty 4/
level is significantly populated to give a well screened ini-
tial state before the Auger decay processes take place.
This can be understood quantitatively from existing
theories on the 3d core-level XPS shakeup and shake-
down peaks, and we have estimated the lifetime of this
extra relaxation N ; V'V Auger process in La metal to be
~ 1.2 eV. Qualitatively, the extra relaxation contribution
becomes important when the lifetime of the 3d core hole
is not too short compared with the lifetime of the empty
4f hole. Since, as we go to heavier rare earths the 3d
hole lifetime rapidly decreases, whereas I'(N;VV) be-
comes small due to the more localized 4f wave function

and the reduced number of 4/ holes, this extra relaxation
contribution will become less important. It will be in-
teresting to determine at which element this contribution
becomes insignificant.

Our finding here is consistent with the earlier report on
the hole-induced shakedown effect in the M, 5 fluores-
cence emission spectrum of La metal.2’ This is also a
direct consequence of the lifetime due to the N¢,VV
Auger process being comparable to I'(M,) or ['(Ms). A
similar extra relaxation mechanism has been found to be
operative in the decay of the core hole of adsorbed mole-
cules. Chen et al.?' found by studying the kinetic energy
distribution of the electrons emitted by the radiationless
decay of the carbon 1s hole of CO adsorbed on Cu(110)
that all excited core-hole configurations created by the in-
itial photoionization process decay to the fully screened
core-hole state before the core hole decays. This relaxa-
tion effect should be taken into account when interpret-
ing some spectroscopic data, for example, when using ap-
pearance potential spectroscopy (APS).?
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