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The x-ray photoemission spectrum of a core level in Ni metal is calculated and compared to experimental results.
The model is based upon a local interaction of the 3d bands with the core hole. The strength of the interaction U is
taken to be 4 eV, which gives a satellite binding energy approximately 6 eV greater than that of the main line. The
Ni band structure is described by a linear combination of atomic orbitals method, and hybridization of the 3d bands
with the 4s-4p bands is included. The resulting spectrum is a convolution of single-band spectra (one for each 3d |
orbital: xp, yz, etc.). Comparison of our essentially exact numerical results to asymptotic theory is made.

I. INTRODUCTION

The core x-ray photoemission (XPS) spectrum
of a narrow-band metal consists of two parts: a
main line and a satellite at higher binding energy.
Hiifner and Wertheim' have measured the 2p, ,,
2p5p, 3s, and 3p core spectra in Ni and in each
case found satellite structure at ~6 eV from the
main line. Kowalezyk® found similar, but general-
ly weaker, satellite features in other 3d transi-
tion metals. The asymmetry of the main line in
Ni is large, indicating that final-state interactions
are important.® Hiifner and Wertheim have in-
terpreted the satellite structure as being due to
the creation of a localized 3d hole on the site of
the core hole. In Cu, on the other hand, the main-
line asymmetry is small* and the satellite struc-
ture is negligible.? The important difference be-
tween Cu and Ni in this regard is the filling of
the 3d bands: In Cu, there are essentially no 3d
holes to interact with the core hole.

Kotani and Toyozawa® have reproduced these
features qualitatively with a model in which a
localized d level, close to the Fermi energy, is
pulled down by the core hole. This level interacts
via the s-d interaction with the s electrons, giving
rise to a main-line asymmetry of the type de-
scribed by Doniach and Sunjic.® The d level is
occupied in the final states which make up the
main line but is unoccupied in the satellite.

It is our view that this model is only partially
correct. Pulling down a d level (by the core hole)
which is occupied in the main line, but unoccupied
in the satellite, is reasonable. However, we
believe the s-d interaction does not play such a
direct role. In this paper, we analyze a model
based upon the interaction of partially filled, nar -
row bands interacting with the core hole. The
s -d interaction plays only a minor role in this
model: hybridization of the bands and the re-
sultant modification of the d density of states. A
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more crucial factor is treatment of the occupancy.
of the d bands in the ground state, which is omit-
ted from the Kotani-Toyozawa model.

Recently, Tersoff, Falicov, and Penn”® have
proposed a model which is similar to that dis-
cussed here. The physical mechanism is, in fact,
the same but the analysis differs in some impor -
tant aspects. Their work is based upon a {-matrix
approximation, whereas ours is based upon exact
numerical calculations. Owing to an error in
their calculation, the binding energy of the satel-
lite relative to the main line is roughly twice as
large (for the same strength of interaction) as we
find. In addition, we discuss the asymmetry of the
main line and the applicability of asymptotic

~ theory (Doniach-Sunjic form).

The approach we take (as opposed to the model)
is based upon numerical evaluation of finite sys-
tems and is similar to that first used by Kotani
and Toyozawa.® Dow and collaborators® have ap-
plied these methods to the x-ray edge singularity
(absorption and emission) as well as photoemis -
sion. In that work, the emphasis was primarily on
free-electron metals and the validity of the asymp-
totic theory of Noziéres and de Dominicis.'®
Combescot and Noziéres' have discussed the
threshold behavior for potentials strong enough
to bind an electron, which is closely related to
the present work. A prior paper of ours'? treated
a model consisting of one narrow band interacting
with a core hole, in conjunction with an analysis
of the Hubbard model. The present work is a °
generalization and extension of that treatment.

The relevance of the core spectra to the va-
lence -band photoemission from Ni has been dis-
cussed by us'*!? and by Treglia ef al.’* It has
been shown that the presence of a large 3d satel-
lite (similar to the satellite in the core spectra)
implies a strong hole-hole interaction which, in
turn, implies correlations that narrow the 3d
bands in Ni. Understanding the core problem is
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a prerequisite to understanding the electronic
structure of the valence bands. Eastman et al.'®
have summarized the results of extensive experi-
mental and theoretical investigations of the elec-
tronic structure of the 3d metals; in Sec. IV of
Ref. 15, Wendin presents an essentially atomic
description of various core-level spectroscopies,
including photoemission. '

In Sec. II, the formalism for the interaction of
multiple bands with a core hole is derived. Nu-
merical results and comparison to experiment
are presented in Sec. III. Our conclusions and
discussion of other metals and related Auger
experiments are presented in Sec. IV.

II. FORMAL THEORY

In this section, we present the formal theory
for the interaction of a core hole with the va-
lence -band electrons of a narrow-band metal,
such as Ni, including the computation of the core
photoemission spectrum.

A. One-electron wave functions

A hole in a core level produces a change 8V in
the self-consistent potential of the valence elec-

trons. This change includes not only the Hartree
and exchange-correlation potentials due to the
hole, but also the change due to the relaxation
of the valence-band electrons towards the hole.
Because of screening, we expect it to be large
only in the unit cell containing the hole.

The Bloch functions describing the ground state
can be written in a linear combination of atomic
orbitals (LCAO) basis!® for either spin'” as

lbg,,(-f) =N-1 /2 E e iﬁ‘ii E ay (En)w-y(; _ﬁi) ’ (1)
i k4

where N is the number of lattice sites R,, w, )

is an atomiclike basis function (3d,4s,4p), and

a, (kn) is a coefficient which depends on wave vec-
tor k and band index n (nth band at k). This form
allows hybridization of the 3d bands with the 4s-4p
bands. The w, (¥) are orthonormal on a given

site

(w, @) |w, () =0, , (2)
but there is some overlap between functions on

different sites.
The matrix elements of 6V are of the form

Wgn| OV |dge ) =N Z exp(ik’- R, -k R,) Z ax(&n)a,. (K'n’) o, -R,)|6V|w,. -R,)). (3)
ij rr’

Taking 8V to be spherically symmetric, we have
for R, =R; =0 (core-hole site)

(w,(@)| 6V |w,.(F)) =0, y+y'. " (4)

(If 4d functions, for example, had been included
in the basis set, (w,|5V|w,.) would not necessar-
ily be diagonal.) The largest and most important
matrix elements involve the 3d functions. Let
y=1,2,..., b refer to the five 3d functions (three
of ¢,, symmetry, xy, yz, and zx; two of e, sym-
metry, x%-9% and 322 —7?). In principle, the
interaction for y =y’ =t,, can be different from
v=y =e,. However, this is a small effect which
is neglected here for simplicity. Also, we ne-
glect on-site interactions for y,y’ >5. Therefore,
we have

-U, v=1,2,...,5 5
G, @®| V] w, @) ={ " " (%)
0, ¥>5. (5b)

U can be regarded as a parameter which deter -
mines the strength of the interaction.

Matrix elements involving ﬁi and/or ﬁ, #0 in
(3) are small and are neglected except for func-

r

tions which overlap a 3d on the origin. For ex-
ample, 4p functions on adjacent sites slightly
overlap the 3d functions. We assume that it is
the projection of the 4p function w,,( -R,) on
w4, (T) that determines the strength of the inter -
action. A convenient form for 6V which accounts
for this overlap is

ov= —Ug |00, @) - OF
Substituting- (6) into (3) gives
Wgal OV [dgeaed == (U/N) ;: ar@na, &), (1)
where ) ’
dy(kn) = Y 04, ®)a, (kn) 8)
and '

0,,(®) = ; exp(ik - R,)w, (F) |w, & -R,)).  (9)

The matrix O(K) is the Fourier transform of the

overlap matrix. (Note that 2,- »+is a sum over

all basis functions 3d, 4s, and 4p, whereas
g.1**+ is over the 3d functions only.)
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The orbitals in the presence of a core hole can
be expanded as

V@) = 2 Agdia(®). (10)
kn
From (7), we find the eigenvalue equation to be

(€gn—w)Ag, = U/N)Z; ax( kn)z dg(k k'n')Ag

1)

where €3, is the energy of the Bloch function iz, .
Let us first consider solutions of (11) for which
w is not equal to any €z,. Then (11) can be written

as

Ag, = = N; ax(&n )Z a,®&n)Agy . (12)
Multiplying by @, (kn), summing over kn, and de-
fining

Ag= Z a,&n)Ay,, (13)

we find the equation

4,- % 22 ay(kn)ay &n) ,

g1 En €, —w

B=1,2,...,5.
(14)

Symmetry requires the sum over kn to be zero
if B’ #B8. Hence, the eigenvalues w are given by

UZ IaB(l«m)l2

€, — W

. B=1,2,...,5. (15)

Equation (15) represents the solution of (11) by the
Koster -Slater technique.!®

For a given B, there are some kxn for which
a, (kn) vanishes and €3z, does not appear in (15).
Of those kxn which actually contribute to (15) for a
given B, let {¢, <€, <*** <¢,} be the set of M dis -
tinct values of €;,.'* For each ¢, there is a solu-
tion w'’ of (15) which lies between ¢,_, and ¢,
(assuming U>0). The lowest solution, w!#,
occurs below ¢,.

From (12) and (13), we see that the correspon-
ding normalized eigenvector is (note A% ™ =0,

B’ +8)

a'*(En) | (E’n’)lz <1/2
Afpm =& @)(Z — m)z) . (16)

€, —w T (5;.",

These solutions will be called the perturbed so-
lutions and are written in real space as

PO (F) = }: ALmy. (). am

Each solution transforms like a t,, Or an e, func-
tion. Also, w( =¥ =) and W'

(x2-y2) _ (3;2~r2)
Wi .

The remaining solutions of (11) occur when w
equals some €;,. These solutions satisfy

2 a& )AL, =0, ' (18)
k'’
€k n' *gn
where the sum is only over states with the same
energy €;,. These are called the unperturbed
solutions, which are the same for all values of
U (including zero). They can be eliminated from
the problem since they are passive orbitals,
having the same occupancy in all excited states
of interest as in the ground state. Note that the
unperturbed orbitals are merely linear combina-
tions of degenerate i, and thus are eigenfunctions
of the ground-state one-electron Hamiltonian. .
All purely 4s-4p eigenfunctions (such as I';) fall
into this category.
Returning to the perturbed solutions, we note

that as U~0, w'®’~¢ . From (16), we see that
A$™ -0 unless €z, =¢,, in which case

AL~ g (kn)/ (D)2 (19)
where
DB = 3 |a,(&n)|? (20)
o En*m

The orbital associated with (19) (whose energy is
€,) is

Ve E) =) A 30 ax Eniy, @) , (1)
kn
ei"=em

which is a linear combination of degenerate
Jg,(F). The '8 (¥) along with the unperturbed
orbitals form a complete, orthonormal set re-
lated to the Bloch functions by a unitary trans-
formation.

From (16), (17), and (21), we find that

P83 = Zw‘ﬂ)lw‘ﬂw‘ﬁ’(r (22)
where
W vy =t (T ) .
(23)

From (1), 8), and (9), we find that
a,(kn) = N2 (w (F) |93,@)) - (24)

Thus, we see from (20) that

DE =N 25 |, (B | 95, ) |2

kn”m




For m >1, the orbitals »®(F) correspond to
scattering states. We can define a phase shift
by '

® € —w®
0. =g B—otl (26)
m € —~€ :

m

(D{® and €, - €,,., must vary smoothly and rea-
sonably slowly with m for this definition to be
sensible.) It can be shown that this phase shift
evaluated at the Fermi energy € gives the asym-
metry parameter [x-ray photoemission spectro-
scopy (XPS) singularity index] for a single band®
A=(5/7)? (denoted by « in Hiifner and Wertheim?).
For large enough U, w{® corresponds to an
orbital split off from the bottom of the band (bound
state). The criterion is that there exists a so-

lution w{® to the equation
1= [ £ M‘) : @)

where w{® is below the bottom of the 3d bands.
The Bth partial density of states is given by [from
(15) and (24)]

@ T a o) o
kn
= 20 [, |9, () | 26 (e - €5, | (28Db)

Note that [den,(€)=1. The phase shift 5.
=8, (¢,,) is related to n,(€) by the formula®

tand ,(€) =1rnB(€)U/ (1 -UP f ngl€)de’ (e’ - e)) :

(29)

where P denotes the principal value. In the limit
U-w», w®~%,-U, where €,= [ en,(e)de, and
from (16) and (24) we have

WP F) ~w,(F) . ' (30)

In this limit there are five orbitals 8=1,2,...,5
(for each spin) split off from the bottom of the 3d
bands; these approach the 3d basis functions on
the core-hole site.

B. System states and photoemission

The system states in the presence of the core
hole are products of wave functions, each of which
represents a particular spin o and basis function

<¢{ |¢(B)> <¢(B) IZ!)(B)>
<¢(B) | ¢(B)> (Z[)(B) |¢(B)
((I>(0y3)l¢(‘7v5)> _ 20 my 20

(B) I zp(B)) <ZP(B) l w(B)

.o <¢{ lw(ﬁ)
e (wé I‘p(B)

(B) l d)(B)
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B:

1/2 5

l&y= I1 II |s@®), (31
o==1/2 g=1
where |¢©#) stands for a Slater determinant of
L orbitals y# () with spin 0, m=m ,m,,...,m,.
The total energy E, associated with |<I>) is
1/2 5

Z EE«:,B), (32)

’

o=-1/2 B=1
where
L
E© 8 - Z w;ﬁ) ) (33)
i=1

To avoid unnecessarily complicated formulas, we
have not included a spin index on w!®’ or a (o, 8)
index on L. Also, it is always understood that the
set {m,, m,,...,m,}, whichwe denote by a‘#, can
be different for each (o, 3). Hence, each system
state @ is specified by ten sets a‘”#, We have
eliminated the unperturbed orbitals since they
are passive.

The ground state (no core hole) can be written
in a similar fashion as follows:

1/2 5

loy= IIII |oe#y, (34)
g==1/2 B=1

where |®.\"#) represents a Slater determinant
of L orbtials $!8(F) with spin 6. Let these or-
bitals be denoted by m=1,2,...,L. Of course,
€,<€pform=1,2,...,L and €,>¢€, for m >L.*°
If, as assumed here, the ground-state orbitals
with the same energy are either all occupied or
all empty (never partially occupied), the present
description of the ground state is equivalent to the
usual procedure in which the occupancy of Bloch
orbitals 3, is specified. The ground-state energy

is
5
E =€+ Z S E&®, (35)

o=~1/2 B=1

where €, is the energy of the core level and
L
E&®9= €, . (36)
m=1

In the sudden approximation, the probability of
excitation of ® in photoemission is
1/2 5

c,=_III/ZIB:! |<¢:¢,B)|¢(u,ﬂ)>l2‘ (37)

It is straightforward to show that

|(@gl<1>>|2=

(38)



3648 L. A. FELDKAMP AND L. C. DAVIS 22

The elements of the determinant can be evaluated
using (23). Conservation of energy requires that

E +E,=hv+E,. (39)

where E is the kinetic energy of the photoelec-
tron and sv is the photon energy. Hence, the
photoemission intensity is proportional to the
spectral density function

p°e)= Y (3, ]8)|%6(e - E, +E,), (40)
[

where the sum is over all excited states and the
binding energy € is given by

€=hv—-E,. (41)
Equation (40) can be evaluated upon substitution of
Eqgs. (32), (35), and (37). We note that p°(€) is a

multiple convolution of individual spectral den-
sity functions, one for each (o, B):

PO B (x) = Z I(q,;a,s)|¢(o,s)>lzﬁ(x_E<u,e)+Eéa,a)),

a(f’v 8)
(42)
where the sum is over all sets a™#

={m,,m,,...,m .}, with (o, B) fixed.
1 2 L

C. Sum rules

It is useful to derive sum rules for the spec-
tral density function;p°(€). Let the nth moment
about —€_= |¢,| be (recall that, in p°(€), € is a
binding energy)

M,= fd€ po(e)e+e)". (43)
From (40), we have
M,= 3 (@, |®)|2(E, +e, - ). (44)
[

From (32) and (35), we find for =0, 1, and 2
Mn=<<1>g|H'i1ntid)g> ’ (45)

where H, , is a one-body operator of the form
(in second quantized notation)
1/2

Hlnt = Z Z Z (d)ina ! 6Vl l,bf(: n'o>clxmoci’ n'c?

o=-172"fn i 6
4

ci, is a creation operator for the orbital ¥;,,,
and 8V is the hole-valence band interaction (6).
For n=0, (45) gives
M,=1, (47)

i.e., p°(€) is normalized to unity. The mean
(n=1) can be found from (7) to be

M,==(U/N) 35 22 |ay(kno) |, (48)

B=1 g

where f;,, =1 (0) for orbitals occupied (empty) in
the ground state. From (28), we find that

’ 5 1/2
M1=—UE Z Nﬁo’ (49)
B=1 g=-1/2

where the fractional filling N, is given by

€F
Ng = f g (€)dE, (50)
and we have given nﬂ(e) an explicit spin index.

In a similar manner, one can show that for
each (o, 8)

fp“’"”(x)dx:l, (51)
and

fxp“”“(x)dx:—UN&,. (52)

III. NUMERICAL RESULTS

A. Equivalent eigenvalue problem

The perturbed solutions are éiven by (15) and
(16). The quantities «'® and Ag;m) can be deter-
mined numerically from these equations. How-
ever, sometimes we have found it convenient to
solve directly an equivalent eigenvalue problem.
Let us rewrite (15) using (20) (again suppressing
the o index),

U D®
1=5 > . (53)
m m

Consider the eigenvalue problem [for a given

©,8)]

z; H(rgzn'Rm’ =me) (54)
m

where
H(rEZn' :emémm’ - (U/N)(D(rE)D(rE)’)I/Z . (55)

(Note that H') , is a matrix of order M.) Using
the Koster-Slater technique,’® it is straightforward
to verify that the eigenvalues of (54) are identical
to those of (53). Furthermore, the mth eigen-
vector is [from (23)]

RO™ = (o ole) - (56)

Therefore, (38) becomes

R(lﬁ,ml) R(lﬁ.mz) P R(lﬁ,mL)

R(ZBJM) R(zﬂ:"'z) . e

((I)éo'ﬁ) |¢(0,B)> = (57)

oo . DR DECEEY e

R(,‘f*"'l’ R(]‘_i.mz) . R(Ifj,mL)
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For this method to be tractable in actual prac-
tice, we must have M < 10?2, Equations (53)—(57)
along with (20) provide a method by which to
choose the mesh, i.e., to choose the €,’s. For
each (0,8), we imagine dividing the energy range
over which ng(€) is nonzero into intervals Ae,,
m=1,2,...,M. All €3, falling into the mth in-
terval are replaced by the same energy €,. Hence,

" all but one level in the interval can be eliminated
from the problem since they can be treated as
passive orbitals which give unperturbed solutions.
The remaining level gives a perturbed solution.

The quantity D® has the entire “weight” of the
interval. According to (20) and (28), we take

f nsle)de =D® /N . (58)
A

€m

Also, we choose

‘/;6 ens(e)de/fAe ngle)de =€, . (59)

The evaluation of the determinant can be ac-
complished by noting from (23), (56), and (57)
that [omitting the (o, 8) superscripts]

.|
L (€1 =wn)™ (ey=wp)™ v (€1-wp)™?
1 D;,/z (e, — wm1)-1 (€, - wmz)-l R me)q
(Q‘I¢> - L “ o . DY . (60)

(% 2

i=1

To the determinant in (60), we may apply the fol-
lowing algorithm given by Pbélya and Szegd®:

L2,...,L
L €;—€ - W,
1 i ,I>Ik (€; = €x) (Wp, = wp)) e
€)\_wm“ 1 1,2,...,L
II (ex—wm“)

Xp

B. Application to Ni metal core levels

The simplest application of the present theory
has been presented in Sec. II of Ref. 12. In that
paper we considered only a single band of spin ¥
(i.e., B=1,0=¥). The density of states n,(c) was
taken to be uniform for |e| <W /2, where W is the
bandwidth. The resulting spectrum p°(e) consists
of two parts, a main line and a satellite. The
threshold for the main line corresponds to the
lowest L of the w, being occupied. The satellite
threshold is at a binding energy € which is higher
" by wg,, —w,, that is, the bound state is not oc-
cupied. On the high-binding-energy side of each
threshold is a tail due to the creation of electron-
hole pairs. The approach to threshold of p°(e)
is described by asymptotic theory.S: 1011

In the case of multiple bands, the spectrum p°(e)
is a convolution of individual p‘>® (¢), each of
which has a form similar to that described above.
However, the individual spectra 0% (¢) differ in
one respect from that obtained in Ref. 12. Due
to the s-d interaction, the ng(e) do not have an
abrupt lower edge but tail off gradually. Conse-
quently the satellite is spread out and does not
have as sharp a threshold as in the simple model.

1/2
—w,,.,.)z) (€r=wn)™! (€ —wm)™ =0 (€L =wu,)™?

Since the 3d% bands are essentially full in Ni,
their contribution to the core line shape can be
neglected. Likewise, since the core-hole inter-
action with the 4s-4p bands has been neglected in
our calculation, they too make no contribution to
the_»line shape [aside from contributing to
a4(kn)]. We consider only the spin ¥ ¢y and e,
partial densities of states. The final spectrum
p°(€) is a convolution of three identical p't*#2¢) (¢)
with two identical p'*°¢ (¢). To generate the partial
densities of states ntx(e)'and g, (€), we used the
LCAO model of Dempsey et al.,*® parametrized
to fit the bands of Wang and Callaway?!' (von
Barth-Hedin potential). The parameter U was
chosen to be 4 eV, which resulted in the satellite
being ~6 eV higher in binding energy than the
main line. Each n,(¢) was divided into 76 levels,
i.e., M =16, most of which had weight D® /N
= &. The resulting spectrum is shown as a
histogram in Fig. 1. The resolution in binding
energy is 0.1 eV. Each p"*'*)(¢) includes all
single electron-hole pairs and all significant
double pairs, giving a total intensity of 0.988 (out
of 1.0). The remaining intensity is in triple (and
higher-order) pairs. The main line contains
about 75% of the intensity.

The main line corresponds to a local configura-
tion of core hole plus d*°; that is, with s-d inter-
action neglected, there are five ¥ bound states
at the core site which are filled, in addition to
the five 4 electrons from the filled 3dt bands.
For large enough U, a bound state is the same
as an atomic basis function [see (30)] and Ni is
close to this limit. The satellite corresponds
to a core hole plus d®° since one of the bound
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16 14 12 10 8 6 4 2 o
BINDING ENERGY (eV)

FIG. 1. Computed spectral density function of a core
level in Ni metal as a function of binding energy relative
to threshold. The interaction strength U was chosen to
be 4 eV.

levels is unoccupied. Presumably the 4s-4p
charge density adjusts to maintain charge neu-
trality in a volume of the order of the unit cell.
At ~12 eV above the main line, a weak satellite
appears in Fig. 1 corresponding to two bound lev-
els unoccupied, i.e., the d® configuration. In
fact, all configurations d", n=5 to 10 are repre-
sented. The energies of these higher-order satel-
lites are not given correctly here, since the 3d
hole-hole repulsion has been neglected. Further,
the multiplet structure of the satellite has been
omitted. For example, if the core hole were 3p,
one would expect to see the 3p°3d° multiplets.

In Fig. 2, the spectrum of Fig. 1, convoluted
with a Lorentzian of full width at half maximum
(FWHM) =2I'=0.94 eV, is compared to the 2p,,
core photoemission data of Hiifner and Wertheim*
and that of Kowalczyk.? The value of I chosen is
that given in Ref. 1 and represents the effects of
the core-hole lifetime. The experimental curves
contain background intensity which has not been
removed. The qualitative features are in good
agreement with the calculation. Although it is
difficult to judge how much of the tail is back-
ground and how much intrinsic, the calculated
strength of the satellite appears to be consistent -
with the data. The satellite is broader than cal-
culated, perhaps due to multiplet effects which
have been omitted. Comparison of experimental
and calculated asymmetry of the main line is best
assessed in Fig. 3.

Hiifner and Wertheim were able to fit their data
with a function consisting of three parts. The
first was of the Doniach~Sunjic form® for the

Hiifner 8 Wertheim

Kowalczyk

PHOTOEMISSION INTENSITY

Theory

e SN I
14 12 10 8 6 49 2 0O -2 -4 -6
BINDING ENERGY (eV)

FIG. 2. Computed spectral density function (shown in
Fig. 1) convoluted with a Lorentzian (2I'=0.94 eV) ver-
sus binding energy. Experimental 2p;,, core-level x-
ray photoemission spectra of Hiifner and Wertheim (Ref.
1) and Kowalczyk (Ref. 2) are shown for comparison. No
background has been subtracted from the data.

main line given by asymptotic theory:

I(e)~ cos[+mA + ©6(€)]/(e? + T2)2-2/2 (62a)
where

O(e)=—(1=-A)tan"/T), (62b)
z
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FIG. 3. Computed main-line intensity (solid curve)
compared to the Doniach-Sunjic form (Ref. 6). The
dashed curve is the fit to data obtained by Hufner and
Wertheim (Ref. 1). A (denoted by « in Ref, 1)=0.24 and
2I'=0.94 eV. The dotted curve is a better fit to the
computed intensity: A=0.15 and 2I'=1.14 eV.
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and € is measured relative to threshold (in the
absence of broadening). The asymmetry pa-
rameter A was found to be 0.24 for 2p,/, and

2p,,, (0.22 for 3s, 0.18 for 3p,/,, and 0.23 for
3p;,,)." The second part was a Lorentzian repre-
senting the satellite, and the third was a linear
background.?? In Fig. 3, we compare just that part
given by (62) to our calculated main-line intensity
folded with a Lorentzian with I'=0.47 (solid line).
The main line is defined as all intensity in Fig. 1
with binding energy € <5.6 eV. In Fig. 3, the form
(62) is multiplied by a constant such that the peak
values agree, and the origin is adjusted so that
the peaks occur at the same €. The dashed curve
is for the parameters that Hifner and Wertheim
found from their data. The dotted curve is for
A=0.15 and I'=0.57, which fits the calculated
spectrum somewhat better. Hence we see that our
calculated curve gives less asymmetry than mea-
sured, but still a reasonable amount. If the other
bands (such as 4s-4p) had been included, the
asymmetry would have been larger. The phase
shifts at the Fermi level are calculated to be

8, =0.497 and d,, = 0.267 for U=4 eV and the Ni
band structure. The value of A from asymptotic
theory is 3(0,,,/7)?+2(5,,/7)?=0.86+0.03. For

the interaction and band structure used in this
paper, the asymptotic theory holds for only a
small region, so that the effective A (~0.15) is
much different.

However, the physical significance of our cal-
culated A is questionable. From the Friedel sum
rule, the charge induced around the core hole is
384, /T +20,,/7=2.0 electrons. This implies that
the 3d bands overscreen by one unit of charge.

No more than ~0.9 of the induced charge can occur
at the site of the core hole in our model, since
the 3d+ bands contain ~4.1 electrons per site and
the local charge configuration corresponds to five
3dV¥ electrons. The remaining 1.1 electrons are
on neighboring sites. The magnitude of U is not
the primary source of the difficulty; for U=2.5
eV, the induced charge is still ~1.8. Some of the
excess induced charge is probably compensated
by the 4s-4p bands (negative phase shift giving an
induced charge of the opposite sign). An additional
explanation is that the neighboring sites have
slightly repulsive potentials due to the pileup of
3d charge. This has the effect of reducing the
phase shift at the Fermi level and consequently
the screening without significantly altering the
position and strength of the satellite. Although
the detailed line shape changes at threshold, the
effect away from threshold should not be ex-
tremely large. We have performed simple one-
dimensional calculations which support these con-
clusions.

Tersoff et al.”*® have used a {-matrix approach
to analyze a model which is quite similar to ours.
Their intraband interaction parameter V, is
roughly equivalent to U in our calculation. How-
ever, they must assume a value V,=10 eV for
the satellite binding energy to be 5.1 eV larger
than the main line, whereas we find that U=4 eV
gives 6 eV. The discrepancy can be traced to
an expression for the energy of the bound state.
Equation (27) gives w=w® in terms of U and the
density of states. The analogous equation in
Tersoff et al. erroneously contains a factor (which
is 0.4) representing the occupancy of the bands.

IV. CONCLUSIONS AND DISCUSSION

In Sec. III, we compared our results to the
2p4), core line of Ni. Except for differences due
to I or to multiplet splittings, other core lines
should be similar according to our theory because
U, the only free parameter, must be roughly the
same for all. That U must be the same follows
from the observation that the satellite binding
energy is ~6 eV higher than the main line in all
cases.’ Hiifner and Wertheim® found similar val-
ues of the asymmetry parameter A for all lines
in Ni, which also indicates that U is about the
same, since A depends only upon U and the density
of states. The data show that, apart from back-
ground, the 2p,,, line is similar to 2p,,, but with
a larger I'. The 3s line is also similar, but with
an even larger I'.

The 3p lines are interesting in that the satellite
shows the multiplet splitting appropriate to the
3p53d° configuration. This is evident from a com-
parison to the L,M,,M,; Auger spectrum of Yin
et al.?® on Ni metal. The L M,, M, transitions
result in final states with the 3p°3d° configuration.
The satellite, like the Auger spectrum, consists
of two peaks. The peak at the higher binding en-
ergy is due to 3p53d° (*F, 'P) and the peak at lower
energy is due to 3D and 3P. The 'D and *F multi-
plets are weak in Auger. In XPS, these final
states are not necessarily weak but they overlap
the main line. The energies of the states agree
between the two experiments and confirm the in-
terpretation. The 2p multiplets are split less
than the 3p since the relevant Slater integrals are
less.?* In addition, the multiplet structure in jj
coupling (2p) is different from that for LS (3p,
where the spin-orbit interaction is much weaker)
and not so spread out for a given j. Hence, no
multiplets are resolved in the 2p satellite.

In Ni metal, we conclude that the simple model
presented in this paper gives an adequate de-
scription of core photoemission. The physical
picture is also consistent with the L ;M3 M,
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Auger spectrum.

In the metals with higher Z (Cu, Zn,...), the
model presented here also applies. The satellite
is, however, very weak since the 3d bands are
essentially full, and the requisite d-band shake-up
transitions are improbable. However, the two-
hole bound state (3p53d° configuration) is a well-
defined excitation and it is the preferred final
state for Auger processes. Sawatzky?® and Cini?®
have demonstrated how it is possible to have two
bound holes in metals with filled narrow bands.
They specifically considered the 3d® configuration,
but the arguments also apply to 3p%3d®°. In this
limit, our model is equivalent to theirs, apart
from the consideration of multiple bands and multi-
plets.

For the transition metals with lower Z (Co,
Fe,...) the situation is less clear. Since U ap-
parently becomes smaller®*'?” and the bands be-
come wider, the splitoff level at »® may no
longer be bound. This is consistent with the satel-
lite generally being much weaker or nonexistent.
The L;M,;M,; spectra of Co, Fe,... tend to over-
lap the two-hole continuum (one hole in the 3p
level and one free hole in the 3d band whose en-
ergy can be anywhere from € to the bottom of
the band), which indicates that the two-hole bound
state is only weakly bound or becomes a reson-
ance. A puzzling feature of the spectra is that
for Fe, and to a greater extent Co, there are two
peaks as in Ni, although the peaks are broader
and less well defined. One would not expect to

see the 3p°3d° multiplets in Fe (whose ground
state is ~3d74s?). One explanation, which seems
unlikely; is that the main line in Co XPS is
roughly 3p°3d*° with no 4s-4p screening, while
the satellite and Auger peaks are 3p°®3d° with some
4s-4p screening. None of the 2p or 3p XPS main
lines show any multiplet splitting other than spin-
orbit. Conceivably the two peaks in the Co and Fe
Auger spectra are not due to multiplets, but in-
stead represent a band-structure and/or matrix-
element effect. Another possibility is that the
peak at lower binding energy corresponds to the
continuum and the other peak is a bound (or re-
sonance) two-hole contribution. An accurate
measurement of the binding energies would be
helpful in this regard.

To further complicate the situation, the 2s and
3s XPS lines have what appear to be satellites
(or at least shoulders).? The satellite is well

_defined in Fe and is still evident in Cr. It has

been suggested that the two peaks represent ex-
change-split main lines modified by correlation
effects. Kowalczyk? has discussed this interpre-
tation, but did not reach a definite conclusion as
to its validity. For Ni, we would regard our
model as being more applicable.
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