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Resonance photoemission for f-electron systems
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We develop a theory for resonance photoemission and apply it to Ce compounds and UO2 de-
scribed in a modified Anderson impurity model. For Ce (UO2) the model takes into account decay
processes involving two 4f (5f) electrons, one 4f (5f) electron, and a core electron. Starting from
the quadratic response formalism, we derive general formulas for the photoemission spectrum as a
function of photon energy. The 1/N& expansion is then used to obtain explicit results for the An-
derson model. All terms of order (1/N&) and some terms of order (1/N&)' are included. The
theory is used to explain the different photon-energy dependence for the two peaks in the Ce 4f
valence and the UOz 4f core spectra. We find that interference between different intermediate
configurations plays a crucial role.

I. INTRODUCTION

[core]4d ' V "4f"~[core]4d V "4f"+ '

~[core]4d' V "4f" 'el,

where V represents conduction states and el the continu-
um states. The final state in Eq. (1.1) is the same as for
the "direct" process

[core]4d ' V "4f"~[core]4d ' V "4f" 'el, (1.2)

and the amplitudes of the two processes have to be add-
ed. The total cross section shows a resonance at
Ace —122 eV, since this is close to the energy required for
the 4d~4f transition in Eq. (1.1). There are several
other processes competing with the second transition in
Eq. (1.1), leading to 5p, 5s, 4d, and conduction-band
emission. For UO2, the resonance in the 4f core spec-
trum due to a 3d~5f transition has been studied.

The valence photoemission spectra of Ce compounds
have greatly contributed to our understanding of these
systems in general and the role of the f electrons in par-
ticular. ' The separation of the 4f and conduction-band
contributions to the valence spectrum is, however, by no
means trivial. One method uses the different photon-
energy dependencies of the 4f and conduction-band
emission in the range 20 —80 eV. ' A second method
uses the fact that the 4f cross section shows a resonance
for the photon energy Ace —122 eV. ' The second
method has been widely used, in particular for the fre-
quently studied compounds with late transition ele-
ments, ' for which the d-band emission tends to dom-
inate the spectrum for photon energies in the range
20—80 eV. Recently, resonance photoemission has also
been used for U compounds. ' In particular the 4f core
spectrum of UOz has been studied.

For Ce the resonance in the cross section occurs due
to the transition 4d ~4f which is followed by an Auger
decay. The 4f emission results from the "resonance"
process

4d94f n+i 4d104f n —i (1.3)

Since this process can go in either direction, it implies an
interaction between the emitted electron el and the
(X —1)-electron system. This leads to transitions of the

Valence photoemission spectra of Ce compounds typi-
cally show two structures, one at —2 eV and one close
to the Fermi energy cF ——0 eV. The constant-initial-
state (CIS) spectra for these two features show somewhat
different photon-energy dependencies, ' suggesting that
they may have different characters. Later work has pro-
vided much evidence that both structures have a sub-
stantial amount of 4f character, " but it has remained a
puzzle why the two structures have different photon-
energy dependencies.

After resonance photoemission had been observed for
Ni, ' there were several theoretical studies of resonance
photoemission focusing on the mechanism for the reso-
nance and its application to, in particular, the 3d corn-
pounds. ' ' In spite of the great practical importance of
resonance photoemission for the study of Ce compounds,
there has been little theoretical work for these systems.
Zangwill and Soven' used the density-functional formal-
ism in a study of the photon-energy dependence of the
total and partial cross sections. Sakuma et al. ' studied
resonance photoemission for a generalized Anderson
model' in the limit of an infinite 4f 4f Coulomb in--

teraction U. They calculated the CIS spectra of the two
structures in the Ce 4f spectrum and found that these
can be different. We have found, however, that for the
U= ao limit, different photon-energy dependencies can
be obtained only on the energy scale of the so-called
Kondo temperature Tz, and that it is important to take
into account that U is finite. '

Most theoretical work on photoemission has used the
so-called sudden approximation, which neglects the in-
teraction between the emitted electron and the (N —1)-
electron system left behind. ' One then only needs to
study the (X —1)-electron system. In resonance photo-
emission we include the Auger transition
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type

[4d' 4f" '] el~[4d 4f +'] ~[4d' 4f" '] e'I,
(1.4)

where the index m refers to different states. In the for-
malism below we only include interaction with the emit-
ted electron of this type. We can then use a projection-
operator formalism developed for the description of in-
complete relaxation in Auger electron spectroscopy. It
is possible to express the spectrum in terms of

(N&b —11 eV) is larger than the multiplet splitting and
comparable to the energy separation between the
different configurations. We therefore expect that the
different multiplets will be mixed into the ground state
(see also Appendix A in Ref. 21). In a first approxima-
tion we can then neglect the multiplet splitting. Some
aspects of this work were presented in Ref. 18.

II. MODEL

We use the Anderson impurity model in the form

N~

Ho ——g fdEEP„P, + te1(,1(„
PI(& ~)= (Eo(~)

l
&(&—Eo(N)+~)

l
Eo(~) ~, (1.5) v=1

where
l
Eo(oi)) does not contain the emitted electron

explicitly. The state
l
Eo(co) ) is co dependent due to the

resonance effect, and the resonance is broadened and dis-
torted due to the interaction with the emitted electron.
In (nonresonance) photoemission this state is replaced by

l
Eo(N) ), where P, annihilates an f electron and

Eo l
(N) ) is the ground state. Once the state

l
Eo(N) )

has been calculated, the problem is reduced to a calcula-
tion equivalent to the (nonresonance) photoemission cal-
culation using the sudden approximation. The latter cal-
culation can be performed by one of the methods
developed earlier. '

As a model for the Ce compounds, we have used a
generalized Anderson model. ' This model includes the
degenerate 4f level, the conduction states, and the hop-
ping between these states. Furthermore the Coulomb in-
teraction U between the 4f electrons is included. This
model has been demonstrated to give a good description
of Ce compounds. ' The model is generalized by in-
cluding the appropriate Auger decay terms and the
Coulomb interaction between the core levels and the 4f
level.

The same model is also applied to UOz. While multi-
plet effects are important for some properties of Ce,
many properties are dominated by the f and f '

configurations, which have no multiplet effects. For U,
on the other hand, the important configurations are 5f
and 5f and we expect multiplet effects to be important,
in general. For UOz, however, the hybridization

+ f d E[ V( E )P,",itj„+H. c. ]

+U g n„n„,
V(P

(2. 1)

where the first term describes the conduction states, the
second the f level, the third the hopping between these
two types of states, and the fourth the Coulomb interac-
tion. Here c& is the f-level energy, V(c. ) is a hybridiza-
tion matrix element, and U is the f-electron Coulomb in-
teraction. The f level has the degeneracy N& and the in-
dex v describes the spin and orbital indices. The con-
duction states have been transformed to the same repre-
sentation v. ' Equation (2.1) only includ'es the states
which couple to the f state after this transformation.
The other states do not inhuence the calculations and
are therefore not included. Equation (2.1) is an impurity
model, i.e. , only the f level on one Ce atom is treated ex-
plicitly. This model has been used frequently for the
description of Ce compounds, as reviewed in Refs. 2 and
23, for instance, in the work of Gunnarsson and
Schonhammer, ' Wuilloud et al. , Delley and
Beck, Sakai et al. , and Bickers et al. Following
Herbst et al. , it is assumed that the f fCoulomb in--
teraction U is the essential one, and that other interac-
tions can be included implicitly as a renormalization of
U. ' The model has been discussed extensively in Ref.
23.

We further include a term describing the 4d level and
its interaction with the 4f level

H4d=&4d g fdA'd + N& —g pz„pd„g (eM' nU&, )P„+ f—de(CM —1)V(e)p„p,„+H.c.
V V n

(2.2)

The 4d level, with energy c4d, is, for simplicity, assumed
to have the degeneracy N&. In view of the simplicity of
the model, e.g. , the neglect of multiplet effects, the extra
effort in taking into account the different degeneracies of
the 4d and 4f levels does not seem justified. The opera-
tor P„projects out states with n 4f electrons. The
second term in (2.2) is zero if the 4d level is filled. This
term describes how the 4f configurations are shifted in
the presence of a 4d core hole. In core-level x-ray pho-

toemission spectroscopy (XPS) the f configurations are
assumed to be lowered by UI„due to the core hole at-
traction. ' ' The dipole transition 4d ~4f, however,
gives most of the weight for multiplets which are shifted
upwards in energy. Since we neglect multiplet effects,
Eqs. (2.1) and (2.2) only allow one energy for each
configuration. We therefore introduce eM'~ U&, to de-
scribe the upward shift of the most important multiplets.
Due to this upward shift of the 4f level, one may expect
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the 4f orbital to expand. This increases the coupling to
the conduction states, as is described by the last part of
the second term. In the presence of a 4d core hole, the
hopping matrix element is thus assumed to be CM V(E).
We also include a term describing a core level, e.g. , a Sp
level, and its coupling to the 4f state

5p
=

5p Q WpA'p. + f, ' f —g Pp„i/ip„g n

work in Ref. 18. The Hamiltonian is written as

Hr H„——+T+ V f(t),
where

H~ ——Ho+H4d+H5 + V~ —=H+ V~

and

f (t)=fe"'(e' '+e '"') .

(3.1)

(3.2)

(3.3)
(2.3)

—= Vd&+ Vd~+ V~ . (2.4)

The first term describes the direct emission from the 4f
level into the continuum states

I

k 1 ), the second the
emission from the Sp states, and the third the transitions
4d~4f. r'k' and r, are dipole matrix elements. Since
the 5p and 4f levels have different symmetries and
different energies, we assume that V couples these states
to different continua. Because of the different symmetry
and different energies of the 4f and 5p states, the transi-
tions from these states are assumed to be two different
continua,

I

k 1 ) and
I

k 2 ), respectively. The kinetic en-

ergy of these states is given by

where we have assumed also the 5p level, with energy
c5, to have the degeneracy Xf.

To describe the photoemission process we introduce
the dipole operator

Vp —g g rk Qk 1A'v+ g Tk Nk2vkpv+rcWvfdv
v k

I
Eo(N) ) =0, i = 1,2 . (3.4)

The effect of V f (t) can be treated to lowest order, since
the external field is too weak to give rise to nonlinear
eff'ects in the situations we are interested in. Using
lowest-order time-dependent perturbation theory we ob-
tain the correction to the ground-state wave function

I
c/i(t)) =fe"' V

I
Eo(N)),

Eo(N)+co H„—T—+ill
(3.5)

where we have only considered processes annihilating a
photon [f—exp( —icot)] and where we have suppressed
an irrelevant phase factor. The number of electrons
emitted to the states

I
kiv) (v= 1, . . . , Nf ) per time unit

is then

The time dependence of f (t) corresponds to an adiabatic
switching on of the external electromagnetic field with
the frequency co. In the absence of the term V f (t), the
ground state satisfies

g Eki ski vicki v
i =-1 k, v

(2.5) pk; (~)=Nf &4(t)
I ski—v4kjv I

4'(t) &,
dt

(3.6)

Finally we include the Auger decay terms

Va ——U
& g ( t/ik, A'd, f,g, +H. c. )

k, v, v'

+ 2 rf ( ~k 2ved v'~v'0p v + (2.6)

where we have used (3.4). We introduce the states

I +kiv) —= Aiv E N H T . Vp I
Eo(N))

1

Eo N +~—H~ —T+tg
(3.7)

k, v, v'

where v& and U& are Auger matrix elements. The first
term describes the process 4d 4f"+'~4d' 4f" 'el and
the second 4d 5p 4f"+'~4d' 5p 4f"el. In the
Coulomb matrix elements describing these processes, one
can expand

I

r —r'
I

' in terms of the type
r 'r' Yi (r) Yi (r'). For both the transitions con-
sidered, the term I =0 does not give any contribution.
The leading contribution is therefore the l = 1 term,
which leads to operators of the type
peak, „+„"gd, „-p„p, with

I

v"
I

& 1. For simplicity we
only allow v"=0. For the 5p transition, one could also
consider terms pk2 gd .p .g . Since, however, the 4f
orbital has a larger overlap with the 4d orbital than the
5p orbital, we neglect this term.

III. GENERAL FORMALISM

In this section we develop a formalism for resonance
photoemission, generalizing the work of Ref. 20 on
Auger electron spectroscopy. We essentially follow the

Since pk;„commutes with H we obtain

1
/

1
kiv Y'kiv +)= ~i 1 V

z z —H„—T

x V, IE,(N))

1

z —H —Ek;

(
I 4k. &d+

I dk, .&.»1

z —H —c.k;
(3.9)

where z=Eo(N)+co+i'. With the use of Eq. (3.8) we

and use the identity

1 1 1 1+
z —Hz —T z —H —T z —H —T z —H~ —T

(3.8)
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Q=H WdA'd. (3.11)

which projects out states with no 4d core hole. Its com-
plement is

(3.12)

which projects out states with 4d core hole(s). In the
ground state there is no core hole and no continuum
electron [see Eq. (3.4)]. The application of Vz to the
ground state leads to a state with either a continuum
electron or a 4d core hole. This remains true even after
repeated application of H„. Thus gk;, V„gives a
nonzero result only if it is applied to a state with a 4d
hole, and we can insert the operator P to the right of V„
in

I pk, )„. In the same way we can insert operators P
and Q to the left of Vp

—= V„+Vd, + Vd2,

1
I 4kiv)r 0kiv A H T

X(PV„+QVd, +QV„)
I
E,(1V) & . (3.13)

have rewritten
I @k;„)so that the Auger term V„enters

in two places. First, V~ enters explicitly in the numera-
tor. It describes the Auger processes connecting an in-
termediate state with a final state containing an electron

I
kiv). This term is treated exactly. Second, V„enters

in H ~ in the denominator. This term leads to a
broadening of the core level and contributes to the width
of the constant initial-state spectra discussed in Sec. V.
This term is treated approximately below [Eqs.
(3.11)—(3.17)]. The spectrum is then written as' '

Pk (io) +ff '27)e'"'& c'k I+k'i

=&f2rrf e "'&iiik
I
~(&o+~o H —Ek ) l(t'k

(3.10)

To calculate
I pk; )„we introduce the projection opera-

tor

both a 4d hole and a continuum electron
I
ki ). There-

fore we obtain a contribution only if k =k', v=v&, and
i =j. If we further assume that the density of states for

I

ki ) is a constant p; and that the band is very broad we
find

2

0= —i

where

tr
V, V, V

(3.16)

I;=~p;v; (3.17)

The complicated broadening operator I in (3.15) now
has been simplified to a form where its effect can be ex-
pressed in terms of the number of f electrons in the sys-
tem. This is discussed in Secs. IV and V. We further-
more need

1 1P Q=g (z)PH„Q
A

(3.18)

where

(3.20)y ]
———,o ) ), y2

———~Xfp2V 2Z2

and ~k' ——~; is assumed to be a constant. From Eqs.
(3.9), (3.14), (3.16), and (3.19) we obtain

I Wk;. &= r;0;.+o, g0d. 0.&;X,(z)V, l&o(»&

(3.21)

where l(i, was defined below Eq. (3.15), gp(z) in Eq.
(3.14),

Using arguments similar to those above we obtain

( Vd i+ Vdz)
I
&o(» &

1

z —H —T
= ir i g 0 gd 0 0 +iX2 gWA'd

I
Eo(&) &

V, V

(3.19)

The technique of Ref. 20 yields V„=(7., +i@inf +i)r2) y i', ,1//d, , (3.22)

gp(z) =P P = P1 1

z H„—T z —H —I (z) —T—
with

(3.14) and nf ——glii, ,p, . The processes contributing to the
diff'erent terms in Eqs. (3.21) and (3.22) are shown
schematically in Fig. 1. Using Eq. (3.10)

2 2

O;'A'. 4d. 4k;.
Pk;(~)-&4k;.

I
o(F-o+~ H sk)

I 4k;. &— —(3.23)

I =1 j=1 k, k' V, V', VI, VZ

V;Vj

T 0k'Jvildv24vpfJvi

(3.15)

together with (3.21) and (3.22) we can now calculate the
spectrum using one of the methods developed earlier for
nonresonant photoemission. '

IV. 1 /Nf TREATMENT

where itii, ——g, and P2 ——P „. We have now transformed
(z H„—T) ' in Eq. (3.9) in—to a form suitable for mak-
ing approximations. We use the fact that the operator I
only acts on states with a 4d hole, due to the operator P
to the right in Eq. (3.14). Due to the structure of Hz.
and since V is treated to lowest order, no state can have

The Anderson model is very hard to solve for the pa-
rameter range appropriate for Ce, since U is so large
that a Hartree-Fock solution is a bad starting point for a
many-body treatment of the problem. Instead we use
the idea ' that 1/Nf can be treated as a small parame-
ter, where Nf is the degeneracy of the f level. The
treatment below is a generalization of our earlier
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Direct and the f states

5p

4d

(~))

4d excitation

N/ N/ —1

(4.4)

where c (cF, c.
' & c~. In (4.4) c ~ c' to avoid a linear

dependence. The states (4.2) —(4.4) give the contributions
of order (I/N/) to, e.g. , the ground-state energy. We
also consider the state

41

5p g
(& )

Auger
cd

4f
(v )~2

(Y, )

(~p)

(Y2)

(4.5)

IE,(N)&=a Io&+ f dca(c) Ic&

+ dE dc'6 Ec' cc'
—B —B

+ f dE f dcc(E, c)
I

Ec. &

0 —B
(4.6)

X O'A, .l
0&,

N/

which is one of several states of order (I/N/)'. The
ground state is then written as

FIG. 1. Schematic representation of the processes contribut-

ing to the terms in Eqs. (3.21) and (3.22). The direct processes
correspond to the first term in Eq. (3.21) and the combination
of a 4d excitation and an Auger decay gives a resonance pro-
cess represented by the second term in (3.21). The diA'erent

4d-excitation processes are described by V„ in Eq. (3.22). The
figure on the left shows the 4d~4f transition. The following

figures illustrate how the same state can be obtained by a

4f~cg transition followed by a 4dcg~4f Auger process, or

by a 5p~cd transition followed by a 4dcd ~5p4f Auger pro-
cess.

& 0A'd. I
0&

NJ

& tr'.OdA'. 0,. I
o&

N/(N/ —1 )

I

cc'1&= 1

QNg (N/ —1 )(N/ —2 )

(4.&)

To perform the calculations we now also introduce basis
states for the intermediate states

work
We introduce

x 2 tt A„,,ti'..0,.0', 0,.„ l
o&,

V+V QV

(4.9)

V( e ) =QN/ V( c ) (4.1)

(4.2)

in which all conduction states below the Fermi energy
cF ——0 are filled and the f level is empty. This couples to
the f ' states

vA
(4.3)

and require that V(c) is independent of N&.
' The con-

tribution to the spectra can then be classified in orders of
(1/N&). We consider all terms of order (I/N&) and
some terms of order ( I/N/)'. Furthermore we allow for
configurations with at most two f electrons in the initial
and final states and three f electrons in the intermediate
states (with a 4d hole).

The ground state is calculated variationally, and we
therefore introduce a basis set. The starting point is a
Fermi-sea state.

g tr A' .I
o &,

QN/

2 WA'dA'". &,. I
0&,

QN/( N~ —1 ),~„

I

Ec2&= g WAd. fz. ir,. I
o& .

QN/(N/ —1 )

(4.10)

(4.1 1)

(4.12)

The states (4.7) —(4.9) give contributions of order
(1/N&) and the states (4.10)—(4.12) contributions of or-
der (1/N/)'. These states are consistent with the
ground-state basis functions (4.2) —(4.5). A state of the
type of (4.11) and (4.12) but with all v indices equal has
been neglected, since it does not contribute to order
( I /N/ ) '. These are the first few states needed in a
theory, describing Mahan —Nozieres —De Dominici edge
singularities. The accuracy was discussed in Ref. 23 for
core-level photoemission.

We can now evaluate V„
I
Eo(N) & entering in Eq.

(3.21),

V,
I
E,(N) &=~ r, ~N/ I

1&+fdca(c)(r, +iy, )QNI —1
I
cl &

+ fdc fdc' ( b, c)(c+r2iy t)QN/ —2
I

cc'I &+ fdE fdcc(E, c)r, +N/ —1
I

Ecl &, (4 13)
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where 7, =w, +i y2. The nonzero matrix elements of the operator I are given by

(1
~

f'~1)= —Nfr, ,

(sl
~

f
~

E 1)= —l(Nf —I)(r, +r, )5(s—s')

(EE 1
~

f
~
Eiszl ) = —l(Nf —2}(21,+I )5(s —e, )5(E' —E )

(Es 1
~

f'
~

E'c, '1 ) = (N—f'—1)1 5(E E'—)5( s—E'),

(4.14}

(4.15)

(4.16)

(4. 17)

where I i ——I
&

and I z
——Nf I 2. All other matrix elements of I are zero.

We further have to calculate g (z) in Eq. (3.14). This involves the inversion of the matrix H(co)=z H ——1 (z),
since T gives no contribution for the states of interest. The calculations are simplified and the physics becomes more
transparent, if the blocks of H(z) corresponding to the states (4.11) and (4.12) are "folded" (using the Lowdin parti-
tioning technique), followed by a "folding" of the states (4.10). We then have to invert the matrix

V(E)
H»(co) =co —z, —CM K (E) dE,

V(E) dEH, , (co)= co —zz+E —CM
co —z] +c—E

Cz y
V(E) dE

6) —Z
1 + ~

(4.18)

V(E—CM V(s) V(c,')(Nf —1)f K (E)(co E E —z—, )(c—o+ E,
' E —z, )—

(4.19)

H„, , (co)=(co—z3+E+s')5lE —s, )5(s' —Ez) . (4.20)

The nonzero, nondiagonal matrix elements Hi, (co) and
H. .. (co) are not shown here. The notations 1, E, and
se' refer to the states (4.7), (4.8), and (4.9), respectively.
We have used the notations

z Qf lNf r, +~"'+z,
1)(r,+ rz)+E~z'+z, ,

z =3Ef+3U i(Nf ——2)(2I, +I )+s' +z

(4.21)

(4.22)

(4.23)

K (E)=co zo E (Nf——1—)CM—
V(s) dc

Q) —z )
—E +c

V. RESULTS FOR RESONANCE VALENCE
PHOTOEMISSION

We here focus on the constant-initial-state (CIS) spec-
trum,

P, (E,co)= QPk;(co)5(s —ok+co)
k

(5.1)

which shows how probability for emission from states

(4.24)

where of ——of —Uf„zo = —hE —c4d, and
bE=E0(N) —(0

~

H
~
0). We have also used the nota-

tions zI ——z, +i I z and zi ——zi+i(Nf —1)I z. For the nu-
merical treatment it is convenient to fold the block (4.20)
into the rest of the matrix. The resulting matrix can
easily be inverted. Using "backfolding" we obtain the
full matrix gz(z). Combining this with Eq. (4.13), we ob-
tain g~V„~ ED(N)) needed in (3.21). It is then straight-
forward to calculate

~ P„; ). The Pk;(co) in (3.10) can
then be evaluated using one of the methods developed
earlier for nonresonant photoemission. '

with binding energy c depends on the photon energy
co. This dependence is dominated by the Fano effect.
This results from the interference of the two terms in
Eq. (3.21) corresponding to a direct process (first term)
and a resonance process (second term). The most impor-
tant contributions to gz in the second term behave ap-
proximately as

Q) —Z2
(5.2)

which can be obtained from Eq. (4.19). For simplicity
we neglect the terms [ —CMV(E) ] of order (1/Nf).
Fquation (5.2) is negative for small values of co and posi-
tive for large values of co. With the sign of ~, used in
Fig. 2, this leads to destructive (constructive) interfer-
ence far below (above) the resonance energy E„= Rezz, if
yi ——yz ——0 (top curve). This interference displaces the
maximum of the curve from co=c„. In general y, and

yz are nonzero. As can be seen from Eqs. (3.13) and
(3.18)—(3.22) the corresponding terms in (3.22) result
from processes where a 4f electron or a 5P electron is
first emitted. In a following ("reversed") Auger process
it falls back into its level and a 4d ~4f excitation takes
place. This is followed by an Auger process and the
emission of an electron.

Since this chain of processes involves an intermediate
state with a 4d hole, it contributes to the resonance am-
plitude. The terms containing y& and y2 give„however,
a complex phase to the resonance amplitude also far
away from cu=c.„. For y, , yz»~, it is therefore not
meaningful to talk about constructive or destructive in-
terference and the photon-energy dependence is strongly
modified. This is illustrated in Fig. 2, which shows re-
sults to lowest order in 1/Nf. To keep the relative irn-
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V) y„/x,

UJ

l I I

0 10 20
@co(eV)

FIG. 2. The CIS spectrum for c= —0.2 eV (solid line) and
e= —2. 2 (dashed line) as a function of r, and y, [see Eq.
(3.22)]. All curves are renormalized to their maximum value.
Here and in the following, the zero of the photon energy co is
arbitrary. The parameters are cf ———2 eV, Nfl=0. 88 eV,
U=6 eV, Uf, ———8 eV, B =6 eV, (Nf —1)I,=2.75 eV, I 2

——0,
y2 ——0, ~I ——0.75, cM' ——0, c~'=20 eV, and c~ ——18 eV.

portance of the direct and resonance processes fixed, the
value w, +y] ——0.29 is kept unchanged. As y] is in-
creased the line shape becomes increasingly symmetric.
The parameters are chosen such that the lowest inter-
mediate f and f configurations are degenerate. If
there is only one decay process, I is not independent of
the other parameters. In general, however, there are
several decay processes and we have therefore not relat-
ed I to the other parameters. For V(s) we use the
model

spectively. This quantity depends strongly on the num-
ber of f electrons. In particular it is 0 for f ' states,
since the Auger process under consideration is not possi-
ble for these states. The Auger process
4d 5p 4f" + ' ~4d '

5p 4f "Eg gives the contributions
Nf I 2 (Nf —1 )I 2, and (Nf —2)I 2 for f ', f, and f
states, respectively. This process has a weak dependence
on the number of f electrons and it is possible also for
f' states. Finally there is a contribution due to an f
electron hopping to a conduction state. This term is
proportional to CM V(E) and 2CM V(E) for the f ' and
f states, since either of the two f electrons can hop
from the f states. There is no such term for the f
states in our treatment, since we have not included the
corresponding basis states. For the f' states the struc-
ture would, however, be more complicated, since there
would be both a contribution to the diagonal
[—3CM V(E) ] and to the nondiagonal matrix elements.

In Fig. 3 we illustrate the dependence on I t (Auger
process involving two 4f electrons) and 1 2 (Auger pro-
cess involving one 4f and one Sp electron). The calcula-
tion is to lowest order in 1/Nf, and there is, therefore,
no broadening due to the hopping of an f electron into
the unoccupied conduction states. In the figure we keep
the total imaginary part (Nf —1)(I &+I 2) [see Eqs.
(4.19) and (4.22)] for the (most important) f states fixed.
The Fano line shape of the curves is therefore similar in
the different cases. Since, however, we vary I, and I 2

individually, the broadening for the f states is different
in the three cases studied in Fig. 3. The deviation be-
tween the CIS curves for c= —0.2 and 2.2 eV is there-
fore different in the three cases. Nevertheless, the
c.= —0.2 eV CIS spectrum is found to resonate at a
lower energy in all the cases studied, and the qualitative
result is therefore rather independent of the relative size
of I, and I z.

In Fig. 4 we finally illustrate the effects of the hopping
of f electrons into the unoccupied conduction band. For

—B(K&06[1 (E/B ) ]'—
nV(s) = 'b, , 0&E&B'

0, otherwise,
(5.3)

where 8 and B' are the bottom and the top, respectively,
of the conduction band. This relatively structureless
form of V(s) is often used for general considerations,
since it is not unreasonable and since it does not intro-
duce any peculiar structures in the spectra. In the dis-
cussion of specific systems, one should, however, use a
more realistic V(c, ). ' In the following we assume that
y& ——y2 ——0, since we have no reliable estimates of these
parameters.

In Eq. (5.2) we assumed that the imaginary part of the
denominator, which determines the width of the Fano
line shape, is just a complex number. As can be seen
from Eqs. (4.18)—(4.20) this c-number has to be replaced
by an operator, which gives different results depending
on the number of f electrons in the state it is applied to.
Thus there is an imaginary part due to the Auger pro-
cess 4d 4f" + 4d' 4f"sg, which is 0, (Nf —1)1,, and
(Nf —2)21, for f ', f, and f intermediate states, re-

2.75
UJ

1.38;

0;

10
ken (eV)

20

FICx. 3. The CIS spectrum for c= —0.2 eV (solid line) and
c= —2.2 eV (dashed line) as a function of I, and I 2. The
numbers at the curves show the values of (Nf —1)I

&
and

(Nf —1)I 2, respectively. All curves are renormalized to their
maximum values. We have used ~, =0.29 p& =&2=0, and oth-
erwise the same parameters as in Fig. 2.
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k(u (eY)

I

20

FIG. 4. The CIS spectrum for c= —0.2 eV as a function of
I, and cM [see Eq. (2.2)]. The curve for s= —2. 2 eV is identi-
cal to within the plotting accuracy. Initial and final f' states
and intermediate f' states are suppressed. We have used the
parameters ~, =0.29, y&

——y& ——I 2 ——0, and otherwise the same
parameters as in Fig. 2.

10
hu) (eY)

15

FIG. 5. The CIS spectrum for c= —0.2 eV (solid line) and
c= —2.2 eV (dashed line) as a function of E~' —c~'. We have
used the parameters y&

——y& ——0, c.'M' ——20 eV, and otherwise the
same parameters as in Fig. 2. The values of cM(' —c ' are
chosen such that the energy separations of the intermediate f
and f states are 3, 0, and —3 eV.

this purpose we have included the state (4.5) in the
ground-state calculation and the states (4.10)—(4.12) in
the calculation of g&. Contributions of the order
(I/N&)' are therefore included. Since we have not in-
cluded the states of order (I/N&)' necessary to give a
broadening of the intermediate f states, we suppress
these states as well as the initial and final f states. As
we illustrate below, the intermediate f ' states are crucial
for the difference between the CIS curves for c= —0.2
and —2.2 eV. In Fig. 4 these two CIS curves are there-
fore identical. In the figure we vary I, (Auger process
involving two 4f electrons) and CM (determining the
hopping strength in the intermediate state) in such a way
that the imaginary part of Eq. (4.19) (the broadening of
the f states) stays fixed. The CIS curves are then found
to be independent of the mechanism for the broadening.
It should, however, be observed that the intermediate f
states obtain a different broadening from hopping and
Auger decay. If these were included in the theory, we
would expect quantitative deviations between the three
CIS curves, in analogy with Fig. 3. The situation would,
however, be somewhat more complex in this case since
the hopping into the unoccupied conduction band could
also couple different f states (but not f states) to each
other, giving a nondiagonal imaginary part in Eq. (4.20).

As discussed in the Introduction, it has been found ex-
perimentally that the maximum in the CIS spectrum is
shifted to a lower photon energy for the structure at
c.=O than for the peak at c.= —2 eV. In Fig. 5 we show
calculations of the CIS spectrum to lowest order in
1/N& and neglecting the 5p Auger decay. The Fano line
shape is then determined by the 4f Auger decay. As
discussed in the context of Figs. 3 and 4 the neglect of

other broadening mechanisms influences the quantitative
results. For the qualitative discussion of why the c=O
peak resonates at a lower photon energy, the neglected
mechanisms are, however, probably not decisive. We
have used cM'=20 eV and since we have no estimates of
cM —EM, we have used the values —5, —2, and 1 eV for(3) t2)

this quantity. The results depend quantitatively on
cM —c.M, but the maximum of the c. =O-eV curve is dis-
placed to lower photon energies for all the values con-
sidered. The figure also shows results (EM' —HAMI'= oo ) for
the case when the initial and final f configurations and
the intermediate f configurations are suppressed. In
this case the CIS curves for c =0 and —2 eV are practi-
cally identical, in disagreement with experiment. This il-
lustrates the importance of including the initial and final

f configurations and the intermediate f configurations.
The E= —2 eV peak corresponds to final states of mainly
f character, while the E=0 eV structure corresponds to
final state with a large f ' character. Thus the inter-
mediate f states couple strongly to the e= —2 eV peak,
since two f electrons are removed in the Auger process.
The structure at c. =O, on the other hand, couples to
both the intermediate f and f states. One may then
expect the relative energy of the intermediate f and f
states to be decisive for which curve resonates at a lower
energy. Figure 5 shows that this expectation is in-
correct. Below we give a qualitative explanation' for
the different photon energy dependences.

To simplify the discussion we only consider the reso-
nance term (r, =O). This changes the line shape and
shifts the peak positions, but the difference between v=0
and c= —2 eV remains. Since the c.= —2 eV peak cor-
responds to final f states it is convenient to introduce
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(5.4) dependence of f (co, O) is approximately given by

f(s,O)— 1
(5.5)

where the index s of gz refers to the states (4.8), the in-
dex i to any of the states (4.7)—(4.12) and C; refers to
the coefficients in (4.13). For instance, C,
= Aa(s)(r, +iy, )QNf —1. The function f(co, s) de
scribes the coupling to final f states, because two f
electrons are removed in the Auger process. Since a(s)
is large only for s close to 0, we consider f (co, O). The co

co —z2

In the calculation the whole matrix (4. 18)—(4.20) must be
inverted to obtain q and other coefficients C, must be
included. For the parameter range considered, Eq. (5.5)
is nevertheless a fair approximation.

The fina states contributing to the spectrum close to
c=O are

I

~

Ev& =q,„~ Eo(N)& =A
~

Ev&+ f ds'a(s')
~

s'Ev&+ f ds' f ' ds" b(E', s")
~

E'e"Ev&
—8 —B —B

(5.6)

where
~

Eo(N) &, a(s), and b(s, s') were defined in Eq. (4.6) and
~

sv& =f, 0& is an f final state. The f ' and f
final states

~

s'ev& and
~

e's"v& were defined in Ref. 22. The intermediate f states with the amplitudes f(co, s), cou-

ple to the final f states
~

sv & and the intermediate f states
~

ss'I & couple to the f ' states
~

s'sv &. Using the folding

technique we obtain the amplitude

2rcb s~s g V(s)f(cu, s')+ V(s')f(cc), s)
I

co —Z3+ E, +E CO —Z3 +C+ E.
(5.7)

where z3 was defined in Eq. (4.23) and we have, for simplicity, set y, =yz ——0. Then the spectral weight at e=O is pro-
portional to

Q(Nf —1)Nff (O, co)

1/2
Xf —1

Xf
(Nf —2)a(s)[A br(c, ,O)+QNf V(c, )f(O, co)+QNf V(0)f(s, co)]

ds—8 LU —Z3+ C
(5.8)

+ ~ +
CO —Zi (CO —Z2 )(CO —Z3 ) Q7 —z3

Combining (5.5) and (5.8) we obtain the semiquantitative approximation
2

(5.9)

where a, P, and a can be estimated from the quantities
in (5.8). Similar results are obtained by using the zero-
bandwidth limit, discussed in Sec. VI for the core spec-
trurn. The relative signs are such that all three terms in-
terfere constructively for co « Rez2 and m « Rez3 ~ For
the parameters considered here, the first and third terms
have approximately the same phases also for larger
values of cu. The phase of the second term, however, in-
creases by 2m. when co grows from small values to large
values, while the phases of the other two terms only in-
crease by m. The result is a constructive interference for
small photon energies and a partly destructive interfer-
ence for larger photon energies. This displaces the rnax-
imum of Eq. (5.9) to lower photon energies than the
maximum of Eq. (5.5), at least for the parameters we
have considered. This results from the presence of both
intermediate f and f states and from the interaction
between these.

In Fig. 6 we show spectra for different photon ener-
gies. The photon-energy zero is the energy where the
Fermi energy structure has its maximum and the curves
are normalized to the c.= —2 eV peak. For %co=15 eV

and Ace= —15 eV the curves are weakly influenced by
the resonance. For A~= —3 eV, somewhat below the
resonance, the c=O peak is enhanced, while the other
curves show rather small differences.

VI. RESULTS FOR RESONANCE CORE-LEVEL
PHOTOEMISSION

The theory developed in Sec. III can also be applied to
the emission from core levels. For the Ce 4d resonance
the core levels of interest are 5s and 5p. Because of the
large multiplet coupling in the final states between the
4f and Ss or Sp electrons, the comparison of our theory,
which neglects multiplet effects, with experiment is not
straightforward. Instead we study U02, where the 3d
resonance photoemission spectrum from the 4f core lev-

el has been measured. A study of the 4f core-level
spectrum has provided estimates of the parameters for
UO2. This leads to a picture where the initial state is a
linear combination of 5f and Sf configurations, with

most of the weight in the 5f configuration. The hy-
bridization 6 is found to be very large (Nfb, —11 eV),
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FIG. 6. The spectrum P; ' (c,co) for different values of cu.

The maximum of P; '
( —0.2, co) as a function of co defines the

zero of co. The parameters are cI ———2 eV, U =6 eV,
%ID=0.7 eV, and 8=6 eV. A Lorentzian broadening of 0.6
eV (FWHM) was introduced. The intermediate f ' and f
configurations are degenerate.

E(n&) =n&e&+ —,
'

Un&(n& —1), (6.2)

where n& is the number of f electrons. We introduce
An& ——nI —n and obtain

E(nI ) =6 n&EI+ —,
' U bn&(An& —1)+E0(n), (6.3)

where eI ——E&+ Un and E0(n) is independent of b, n&.
For UOz we are interested in the 5f, 5f, and 5f
configurations. By putting n =2 we map the problem
onto Ce, since we then consider An& ——0, 1, and 2. This
approach neglects that the matrix elements connecting

and in the presence of a core hole the Sf configuration
is only slightly higher than the Sf configuration. The
4f core spectrum has a satellite at about 7 eV higher
binding energy than the main peak. Because of the large
hybridization these peaks cannot be assigned to final
states consisting of mainly one configuration. Instead we
find that the main peak (the satellite) corresponds to a
bonding (antibonding) linear combination of the 5f and
5f configurations, with a comparable weight of both
configurations. The basic resonance process in this
case is

3d 104f 145f 2 3d 94f 145f 3 3d 104f 135fzeg

Since both the main line and the satellite correspond to
final states containing comparable amount of 5f char-
acter, one may expect both to have similar CIS spectra,
in contrast to the experimental results.

To test these arguments we have performed calcula-
tions for UO2. For this purpose we map the U prob-
lem on the Ce problem. The energy of the f-electron
system is

different configurations have n-dependent prefactors.
This approach also neglects multiplet effects, which may
be important for U compounds in general, but are prob-
ably less important for UOz because of the strong hy-
bridization.

In the choice of model for the decay process in Sec. II
we neglected terms of the type gkz gd g~„.p„where pv'
now would stand for a 4f level. For UOz these terms
would be strongly favored by the matrix elements, be-
cause of the 4f wave function has a larger overlap with
the 3d wave function than the 5f wave function. Devel-
oping a theory including these decay terms instead of the
ones included in Sec. II, we obtain a theory with a simi-
lar structure as above. We find, however, that in (3.19)
the contribution ( —yz) from the 4f core decay term is
reduced by a factor -X&. In a similar way the corre-
sponding contribution ( —1 z) to 1 is reduced by a factor

Xf . This makes it less obvious which terms should be
included to describe the decay involving a 4f electron.
At the present level of sophistication, where the parame-
ters (e.g. , I, and 1 2) describing the decay are treated as
adjustable, the choice of the model for decay appears
less crucial, in particular since the discussion below only
uses the fact that the decay gives a broadening. For sim-
plicity, we therefore use the model discussed in Sec. II
also for UOz. At the bottom of Fig. 7 we show the CIS
spectra for the main peak and the satellite. The results
are in fair agreement with experiment. ' The figure il-
lustrates that contrary to the simple arguments present-
ed above, the two CIS curves are quite different. We
find that as in the case of the 4f valence spectrum for
Ce, interference effects play a very important role also
here.

To discuss these results we consider a simple model
where the conduction-bandwidth is assumed to be zero.
We further neglect the initial Sf configurations. We
are then left with a two-level model, where the two levels

l

1 ) and
l

2 ) correspond to the initial 5f and 5f
configurations. These levels are assumed to couple with
a strength —V. The ground state can then be written as

l
Eo(X) ) =a, 1) +az

l
2), (6.4)

where a, and a 2 are appropriate coefficients. In the
presence of a core hole (intermediate states) we consider
states of the type PA„, li ), where i =1 or 2. The func-
tion g can now easily be calculated [see Eqs. (4.18) and
(4.19)] and we find

(g )» ——[n1 —z1 —V /(co —zz)] (6.5)

(g~ ),2
= (g~ )z, ——(g~ )» V/(r0 —zz ),

(g )22 ——[c0—zz —V /(co —z, )] (6.7)

Finally the appropriate final states, in the presence of a
3d core hole, can be written as

l
E0(% —1))=C1

l
1)+Cz

l
2), (6.8)

l
E, (N —1) ) =Cz'

,

1)—C1
l
2) . (6.9)

Combining Eqs. (3.10), (3.21), (4.13), (6.8) and (6.9) we
obtain the weights for the main peak (Io) and the satel-
lite (I, ) as



DTCLINN~RSSON &ND4

2
) ]+(N —1 )cz 2 gp~ ( )22] l

),+ciaz(gp 'zN (N —I )[cziz i (gp "Xf

9498

)+r UzINf'i ' g'(g )ii+

2

(C0)

(N 1)(gp zz) c,a, (gp)zi) + f I )[czti 2(gpN c,~i(gp»gzci)+r. Uz

These formulas

Ii (co ~ 2 a, C2 —
2

js the resonan ce term. ese
ed. To under-

ro ortional to &, »
tions are neglecte

and the one p p
t 5f config«at'

()) From Eq .

the direct te
if intermediate

ortional to &2 i

the CIS spectra,
5 character

term prop«d
scription of t

d tate has o»y

e
i uantltative e

at the groun s
rovide a semiqu

p st assume thatstand these results, we rs at t e

2

(6.10) and ( .6.11) we obtain

0 = Iz r+r, vzNf +1+Io(ru)=
i c,

w +~ U2NfI, (ni) = cz

N —1 cz V/c,f
gp 11N CO —Z2f

2
Nf —1 c, V/c,

N a —z,f

(6.12)

(6.13)

-10 0 10
k(u (eV)

l

20 30

4 core spectrum.for the UOz cCIS spectrum fo
tron. For the mth f ll Ic lation m

fi 15fd' 5f,
he initial 5f

ial 5f, interme
curve t eF

We have used t eere in addition supp We
ressed. or

ressed. We t e

a Bl Ef =

I
'b

V with its max-
in eV. The va

Oand —4eding betweenshape exten in
e normalize soTh cur s are nat —1 eV.

h eso cidentical far fro mt er

as follows. Thee understood as o . e

h econd termit contributes t e s
1 contribution vah' as the ony

o CIS
Ift isw

ould avthird term) the two

only differ in termms of
trong hybridiz tionte intensity.
intermedia ealso anis however,

1) its amplitu e i

roportion-(6.12) and (6.13) yb the term pr
—Rez « Imzz

and in
the 5For

hase, antions have
osite phase.h h th o

of the system a
co —Rez2 »

by thinking o
ding state,r an anti on'1 a bonding or

S th 1h hoto
1 bonding corn

'
i r

onthep o

4e e interme i
corresponds

at resonance
unt but less en aration is ta en

'

llite, whic cF h& Imz2. o
eff'ect is t e

u —Rez2 &
ibonding na

the top of Fig.
htth f t

trated at
or of (grs are such t a

ce and the sate ine ative c ose
d I th dd

ofi to
somew

t transition
t is term adds

now t r
u

' '
. At resonance t is

the satellite and a r'""""""'"..„.....,. ,hee

he bottomth addi
bove are t ere

Comp

ns ottom curv leads to a i

three intermedia ete
g

e reason is
e different intermco

states, and t e sa

VII. SUMMARY

malism we havehe quadratic resp
hotoemission.f r resonance p oa theory or

erson mode u
'

d to the Andwas applie
Both the emissio

core leve
ex ansion. o

is studie . e
or

level (f le vel) an a
strongly influ enced y

ndence [see
endence is s

state depenhihhI [Eq. (3.16)], whic



36 RESONANCE PHOTOEMISSION FOR f-ELECTRON SYSTEMS 9499

Eqs. (4.14)—(4.17)]. We have considered the contribu-
tions to this operator due to the Auger decay of two 4f
electrons as well as the decay of one 4f electron and one
core electron. We have further considered the broaden-
ing due to the tunneling of an f electron into the con-
duction band [—V(E) in Eqs. (4.18)—(4.20)]. These
different broadening mechanisms lead to quantitative
differences (see Fig. 3), although in the case of the tun-
neling mechanism, where we consider only two
configurations, our calculation does not illustrate this
effect. Nevertheless, the results are qualitatively similar
for the different mechanisms, so that we can discuss
some experimental results qualitatively, without any pre-
cise knowledge of the relative importance of the different
mechanisms. We have studied the 4f valence spectrum

of Ce and the 4f core spectrum of UOz. In both cases
the spectra have two structures (neglecting the 4f spin-
orbit splitting) which have different CIS curves. In both
cases we provide similar explanations, based on the in-
terference between different intermediate states. We find
that it is crucial to consider the 4f and 4f
configurations for Ce and the 4f, 4f, and (to a lesser
extent) the 4f' configurations of UO2. We expect simi-

lar effects to be important also for other applications.
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