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Core hole polarization in resonant  photoe emission 
, 
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% Material Science Center, University of Groningen, 9747 AG Groningen, The Netherlands 

Received 11 August 1995 

Abstract. A theory is presented for core hole polarization probed by spin polarization and 
magnetic dichroism in resonant photoemission. The resonant photoemission is considered as 
a two-step pracess, starting with an excitation from a core level to the valence shell, &er 
which the core hole decays into two shallower cort holes while an electron is emitted. The 
two core holes form well defined states which can be selected by the energy of the emitted 
electron. The non-spherical core hole and the selected final state cause a specific angle and spin 
distribution of the emitted electron. The experiment is characterized by the magnetic and non- 
magnetic moments being measured, the palarbtion and direction of the light and the spin and 
angular distribution of the emitted electron. The intensity is a sum over ground state expectation 
values of tensor operators multiplied by the probability of creating a polarized core hole using 
polarized lighr multiplied by the probability for decay of such a core hole into the final state. 
Using diagra”a(ic methods we derive general expressions for the angle and spin dependent 
intensity in various regimes of Coulomb and spin-orbit interactioion, LS, LSJ and j j  I coupling. 
This core polarization analysis generalizes the use of sum rules in x-ray absorption spectroscopy 
where the integrated peak intensities give ground state expectation values of operators such as 
the spin and orbital moments. The photoemission decay m&es it possible to measure new linear 
combinations of operators. The general formula for second-order processes shows that in the 
presence of corevalence intemtions the two-step model may break down due to interference 
terms between intermediate states separated by more than their lifetime width. We present 
tables for the resonant p core hole decays in 3d transition metals. The 2pg~3p3p decay in 
ferromagnetic nickel is calculated using Wee-Fock values for the radial maitix elements and 
phase factors. Recent measurements show an effect which is smaller in the 3P final state but 
stronger in the ID, ‘S peak. Spin polarization is due to odd moments of the core hale. W e  
discuss and plot angular distributions and suitable geometries for spin polarized detection. 

1. Introduction 

Core level photoemission is important for the study of the electronic and magnetic properties 
of 3d transition metal, rare earth and actinide compounds. Due to the electrostatic core- 
valence interactions the final state configurations of these materials display characteristic 
features that contain information on the ground state. Recent progress in devices for 
circularly polarized synchrotron radiation have made it possible to explore also the 
polarization dependence of the core excitations. Polarized photoemission from core levels 
is due to the alignment of the valence band orbital and spin moments with the moments of 
the core hole created. In a series of three papers we have treated the spin polarization and 
magnetic dichroism in photoemission from core and valence states in localized magnetic 
systems. In paper I [l] we defined fundamental spectra directly conne%ed to ground state 
operator expectation values. In paper II [2] we showed that emission from an incompletely 
filled localized shell obeys sum rules which relate the integated intensities of e.g. the 
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magnetic circular dichroism and spin spectrum to the ground state orbital and spin magnetic 
moment. In paper III [3] the geometry was separated from the physical properties and the 
angular dependence was shown to exhibit higher magnetic moments. The interference term 
between the 1 - 1 and 1 + 1 emission channels allows us to meamre the odd magnetic 
moments with linearly polarized light in a chiral geometry. 

Apart from photoemission we can also use x-ray absorption spectroscopy (XAS) to 
study the magnetic properties in the ground state [41. In XAS a core electron is excited 
into a polarized valence state and the dipole selection rules together with the Pauli principle 
result in a difference in absorption probability for left and right circularly polarized light. 
We can consider XAS as a method which simply counts the number of core holes produced 
in the absorption irrespective of their kind. In total electron yield detection each core 
hole will mainly be filled by autoionization or Auger decay emitting electrons which are 
then measured. In transmission mode simply all photons absorbed are counted which is 
supposed to give the same result. There are simple sum rules for the integrated signals 
in XAS which give the orbital and spin magnetization, the spin-xbit operator 1 . s and 
the quadrupole moment of the ground state [S-lo]. However, instead of merely counting 
the emitted electrons we can also detect their direction, spin and energy. Because each 
type of core hole emits electrons in different directions and with different spin polarization 
decaying to different final states we can obtain more detailed information on the core hole 
produced by the absorption step and this gives improved knowledge of the original valence 
shell polarization. 

Resonant photoemission combines absorption and emission. This technique has been 
widely used to enhance the valence band photoemission by a super-Coster-Kronig decay 
after photon excitation at a shallow core level absorption edge, such as the 3p edge in 3d 
transition metals 111-131 or the 4d edge in rare earths [14-171. At these edges the direct 
and resonant photoemission are of the same order of magnitude, resulting in complicated 
interference effects [18-211. At deeper core levels the ratio ofthe cross-section for x-ray 
absorption to that of direct photoemission is much larger, producing an enhancement by a 
factor of 1&100. The interference between the two channels is then negligible allowing a 
much more striightforward analysis. Such a strong photoemission enhancement was found 
at resonance with the 2p absorption in 3d transition metal compounds [22-291 and the 3d 
absorption in rare earth materials [3&32]. These studies have helped to clarify the decay 
mechanisms and the assignment of charge-transfer satellites, e.g. in transition metal oxides 
r33.341. 

Tjeng et a1 I351 have measured the 2p3d3d decay from the 2 p 3 ~  absorption edge 
of ferromagnetic nickel using circul&ly polarized light. The magnetic circular dichroism 
confirmed the localized character of the final states in XAS. In that study the angular 
dependence of the emission was not taken into account. The magnetic dichroism in the 
photoemission decay is then simply determined by the difference in the amount of holes 
created with left and right circularly polarized light in the XAS process. The decay rate 
does not depend on the polarization of the valence shell because in the intermediate state it 
is in a d’O configuration, nor on that of the core hole because this polarization does influence 
the direction of emission but not the~integrated photoemission per hole created. Therefore, 
just as in x-ray absorption using total electron yield in this case only the monopole of the 
core hole was measured. 

The decay to fipl states with one or two core holes also gives strong resonance structures 
[24-27,361. Recently, Thole et a1 [37] measured a magnetic circular dichroism signal of 
9% in the 2p3p3p decay of ferromagnetic nickel in a geometry where the circular dichroism 
in the 2p XAS is forbidden, i.e. with the helicity vector of the light perpendicular to the 
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magnetization direction. The magnetic dichroism in the angle integrated photoemission 
is then zero; however the magnetic dichroism in the photoemission along a non-collinear 
direction is not zero but provides a direct probe for the quadrupole moment of the core hole 
state. This has the effect that with resonant photoemission we can meisure combinations 
of the,ground state multipole moments other than those obtained from XAS. 

Autoionization  and^ related phenomena, such as two-photon excitation and Auger 
coincidence spectroscopy, have already been studied extensively in atomic physics [38-55] 
where the main aim was to perform 'complete experiments' and to use known polarizations 
of the initial state in order to determine the radial matrix elements and phase shifts of the 
interfering decay channels 1441. As in the case of non-resonant photoemission in paper JII 
ow approach for the solid state is the opposite. We assume that the radial matrix elements 
and phase factors for photoemission from deep core levels are known, e.g. from atomic 
Haaree-Fock calculations [56]. We use this complete knowledge of the decay process to 
study the polarization in the ground state caused by solid state interactions, such as the 
molecular field (exchange interaction). 

In the present paper we will treat resonant photoemission as an absorption step followed 
by a decay. In the absorption step the ground state polarization and the polarization of the 
light produce a polarized core hole. The emission step can be considered as a tool to explore 
this 'core hole polarization'. It is advantageous to study the decay from the deep-core-hole 
state into a shallower-double-core-hole state. In this case there is no duect photoemission 
and moreover the double-core-hole state is highly localized having a well defined wave 
function. Decay processes involving open shells, such as core-core-valence and core- 
valence-valence decays, are more complicated and will not be discussed in this paper. In 
Ni d9 however the absorption step produces a p5di0 configuration, so that we may consider 
d'O as the core level to use as a detector of the p core hole polarization. 

The simplest example of core hole polarization has already been used to analyse the 
classic experiments on the 3p3d3d decay of ferromagnetic nickel considering only the spin 
[57,58]. In the 3p3d3d decay most intensity goes to a 'G final state, where the two spins 
are paired. Since the spin is conserved in both the absorption and decay processes, the 
measurement of the photoelectron spin reveals the spin of the intermediate 3p core hole and 
therefore of the initial hole in the 3d valence band. 

We will consider here excitation from core levels deeper than 3p, which have a large 
spin-orbit splitting. This gives the possibility of studying spin properties by measuring 
angular distributions without spin detection: Our approach in terms of a two-step process 
[59-61] neglects interference effects due to electrostatic core-valence interactions. This will 
cause deviations from the simple behaviour presented here. On the other hand the deviations 
contain information on the core-valence interactions which can he used to test the validity 
of the one-electron model. There is also an.obvious third step, viz. the transmission of 
the excited electron to the detector. Since the scattering of the photoelectron in the solid 
has already been quite successfully treated [62-65] we will not discuss this last step here. 
However, especially in the case of forward scattering non-negligible effects may be present. 

The outline of this paper is as follows. In section 2 we give.a simple presentation 
of core hole polarization and show how extra information about the ground state operator 
expectation values can be extracted by detecting resonant photoemission instead of total 
electron yield. The general theory is presented in section 3, where we show how the 
process can be decomposed into an excitation and a decay step. Results are given for 
three different types of coupling scheme: LS, L S J  and j j J .  We discuss the validity of 
this decomposition into two steps and the interference between the continuum channels 
in section 4. The characteristics of some special final states are discussed in section 5. 
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The angle dependence and symmetry properties of the experiment including spin detection 
are given in section 6. In order to enable the use of core hole polarization analysis of 
experiments we present in sections 6 and 7 tables of the coefficients for creation of a core 
hole with specific multipole moments and coefficients for the decay into the states LS (or I ) ,  
in terms of the multipole Coulomb operators and the angle dependent functions including 
spin polarization. As an application and to practise the use of the tables we analyse the 
measured Ni Zp3p3p decay data and predict the 2p3p3d and 2p3d3d decays. Conclusions 
are given in section 8. Appendix A has been added to define coupled tensors and appendix B 
derives general properties of angle dependent functions, especially concerning parity. 

G van der Laan and B T Thole 

2. Basics 

We will introduce here in simple terms the principle of core hole polarization using the 
example of the 2p3/2 core hole in a transition metal with holes of 3d5/2 symmetry. The 
core level j' = has sublevels my which in the initial state are all occupied. The valence 
level j = 2 has sublevels mj which are partly occupied. We will use (mj)  to indicate 
the expectation value of the number of holes in each mj sublevel of'the valence level. In 
second-quantization notation this would be (mi) = (aj,,,Ja;,,,l). 

From spectroscopy we can extract information about the valence shell which may be 
expressed by giving all the hole occupation numbers. Normally we do not obtain them all 
but only acquire statistical information. This however is often exactly what we need. This 
statistics is most properly expressed in multipole momnts or state multipoles [66], formally 
defined as 

Evaluation of the 3j-symbols results in a simple set of orthogonal operators containing mj 
to the power z 

(2) ( W O )  = C ( m j )  = (n) 

- (35J: - 5Jz(6J2 - 5) + 3J2(J2 - 2)) - 
Z j ( j  - 1)(2j - l ) (Zj  -3) 

where J z  = j ( j  + I). 
Before treating the core hole polarization we will first show that in x-ray absorption 

using polarized radiation we can measure the moments with z = 0, 1,  2. The transition 



Core hole polarizution in resonant photoemission 99s 1 

probabilities with left circularly (q = -Am+ l), Z linearly (q = -Amj =~O) and right 
circularly (q = -Amj = -1) polarized light are given by the squared 3j-symbol 

The intensities for the allowed dipole transitions from j' = to j = 2 are given in figure 1. 
We are interested in the intensities I" which are linear combinations of the intensities with 
different q. The isotropic intensity (a = 0) is the sum for q = +1, 0, -1. The MCD 
(a = 1) is the q = 1 minus q = -1 intensity and the linear dichroism (a = 2) is the sum 
of the q = +l and q = -1 intensities minus twice the q = 0 intensity. We thus obtain for 
the intensities from each of the mjr sublevels 

3 - 1 0  5 4 3 1 1  "(-2) - 6oc-z) f =(-?) f z(-T) 
1 - L  3 6 1°(-2) - 60(-1) + &$+ &(+;) 

IO(+$) = &e++, + &e+$, + $(+$) 

TI(-;) = -=(-z) + =(-5) 

I (-;I = -&) +F(+?) 
11(+4) =-E(--?) + Z(+?) 

I ] ( + ; )  = -&{+f) + $ e + $ ,  
I 2 C z )  - 60(-2) - E(-?) + =(-$ 
IZ(-L) - a 3 1 2 1  3 1  

2 - 6 0 ( - I )  - =e-?)  + z j j ( + T )  
IZ(+$) .= & e - ? )  t - %e+$ + &(+$) 

r 2 ( + ; )  = &e+;) -~ $+$) + $(+$,. 

IO(+$) = &(-f) + & c + f r  + G(+i.) 6 3  

1 0 5  1 1  

1 6 3 1  

3 1  6 3  

3 - 1 0  5 8 3 1 1 

(9) 

j=Y2 
m. = 

I 

i / 

mi.= -312 -112 

 figure 1. Dipole transitions for x-ray absorption from a j '  = 312 core level to an open shell 
j = 512. The components mj pf each level are shown as boxes. The Vansition probabilities 
(encircled numbers) for excitation with left circularly (Am, = -I) ,  Z perpendicularly (Ami = 
0) and right circularly (Am, = +1) polarized light of an electron from the filled level to the 
incompletely filled level %e indicated by dotted, full and dash-dotted lines, respectively. 

In x-ray absorption we cannot resolve the different mjr, sublevels and we measure only 
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the sum of the intensities, designated by the superscript r = 0 

I+O) = ~y-;) + r y - f )  + I"(+') 2 + I Q ( + ? )  2 '  (11) 
Because each absorbed photon creates a hole in the core level we may say that each spectrum 
I" creates a distribution of holes in the my levels which again can be described in a statistical 
way in terms of multipole moments r of the core hole. So in x-ray absorption we detect 
r = 0 which is the monopole or the spherical part of the core hole or simply the number 
of core holes, cf (2). Substitution of (&(lo) into (11) gives 

Summarizing, when we measure the monopole of the core hole produced by a polarized 
light we measure a ground state multipole expectation value 

(15) 
which is the equivalent of the XAS sum rules for the j = 2 edge [7,8]. 

This paper deals with the higher multipole moments of the core hole, which can be 
measured if we consider an autoionization process where the deep core hole decays to a 
shallower two-hole state under emission of an electron into the continuum state e. The 
Coulomb matrix element which is responsible for the decay conserves the total magnetic 
moment so that 

I4-0)  = 
6 

myfm,=m,+md (16) 
where mp and md are the magnetic moments of the two final state holes. Now the value 
of mp + md is restricted by the final state term of the ionic configuration which, as we 
assume, can be resolved in energy. E.g. for a J = 0 final state mp + md = 0. Further the 
absolute value of m, can be determined from the angular distribution of the photoemission. 
This means that mj, = =lc; can be separated from my = if and we see that we can now 
measure the quadrupole moment r = 2 of the core hole defined as 

I"('=*' = p ( 2 )  2 - 1 y - L )  2 - I Y ( + L )  2 +Iy+1) 2 '  

- a(-?) -E(-?) -E(-?) - S(+l) - &(+2) + g(+;) = i (w2) 

- -a(-?) + a(-?) + %(Ti:) - a(+l) - a(+;) + %(+%, 

(17) 
Substitution of (€+(lo) into (17) gives 

(18) 

= A ( w 9  + &J3) (19) 

(20) 

IO(r=2) - 10 5 2 3 8 1 8 I 

11(r=Z> - 10 5 6 3 4 1 4 I 6 

p r = z )  = q - 2 )  - E ( p )  + g p ,  + %(+i) - 14 a(+z) 3 + 10 E(+5) 5 60 2 60 2 

= &(WO) + &J', + &4,. 

This shows that we have obtained information on ( w 3 )  and (w4). 
If we measure the spin of the emitted electron we can also separate mjc and -mjz 

and so obtain odd core hole multipoles, which give again different combinations of 3d shell 
multipoles. Thus with core polarization we obtain additional information about the moments 
of the ground state. 

The foregoing explanation was given in a simple j j  coupling language. In order to 
treat core hole polarization in a general way we will in  section 3 apply the diagrammatic 
methods of Yutsis et al [67-693, using essentially the same approach, to determine the 
expectation values of coupled tensor operators (wxYz) as defined in appendix A from the 
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intensity and spin distributions of final state peaks in various regimes of Coulomb and spin- 
orbit interaction, L S ,  LSJ and j j J  coupling. We will obtain an expression for the angle 
and spin dependent intensity as a sum over the tensor operators wxY:, multiplied by Cxyzar ,  
which is the probability of creatlng a core hole with moment r tor a given ground state xyz  
using a polarized light, multiplied by 5, which is the probability of decay of a core hole 
with moment r into the final state, multiplied by the angular distribution U, by which we 
can recognize the outgoing electron. 

3. Theory 

3.1. Decomposition in excitation and decay 

Our approach in this paper is to decompose the core-core-core resonant photoemission 
intensity in such a way that it can be interpreted as a process in which first an excitation 
is made from a core level to the valence shell, leaving behind a non-spherical core hole. 
After this the core hole decays to two shallower core holes in a specific state, which can be 
selected by the energy of the emitted photoelectron. The non-spherical nature of the core 
hole together with the properties of the selected final state then cause a specific spatial and 
spin distribution of the emitted electron. 

We will consider the resonant photoemission process consisting of a Q-pole absorption 
from a ground state 1s) to a set of intermediate states l i)  followed by the decay into final 
states I j )  plus a continuum electron. The state lg) has all core levels filled and has a 
localized shell 1 only partly filled, such as the 3d level of transition metal compounds or 
the 4f level of rare earth materials (see figure 2). In the text we will for brevity often refer 
to 3d transition metal compounds. The states li) treated here have one electron transferred 
from a deep core level c,  say Zp, to the 3d level. T h i c  level has a large spin-orbit splitting 
and we will consider transitions from the two levels j = c i 4 separately. The final states 
I f )  have the deep core level filled and two holes in other, shallower core levels, such as 
both in 3p or one in 3p and one in 3s. We can designate these processes as 2p3p3p3p and 
2pa/z3p3s decay, respectively. In transition metal ions the shallow core levels, designated 
in the following by p and d .  have a large Coulomb interaction and so the final states are 
split into well separated groups corresponding to different L S  terms of the p d  configuration. 
These terms are smeared out somewhat by the presence of the 1 shell buFwe will assume 
that this effect is small enough to consider the core hole L S  character as approximately 
pure. In heavier atoms the final state core levels can also have large spin-orbit splitting and 
may be described more properly by LSJ coupling or even by j n j d J  coupling such as in 
the 2p3p3p decay of rare earth ions. 

The electric Q-pole transition matrix element from the c j  level to the I level is given 
by 

where we have used 1,2,. . . to denote the components m1.2 .... and a1.2 .__, of the momenta 
1 ,  j , .  etc. Whether m, a or both is meant is always clear from the context. A line on 
a graph without a moment specified refers to s = t. Finally [a, 6, ...I is shorthand for 
(2a + 1)(2b + 1). . .. To obtain elegant tables we have omitted the radial integral and a 
coefficient ncnl defined in (A5). 

The decay matrix element is due to Coulomb interaction with a continuum level. The 
k-pole Coulomb matrix element for decay to a continuum level with symmetry e,  with the 
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y -O-e 

cj ,i -04- 

excitation Ig) - l i )  .-!%L If) 
Figure 2. The autoionization or resonant photoemission process. In the x-ray absorption process 
a core electron in the level cj is excited into an open shell I .  The resulting intermediate sme 
li) d w y s  by Coulomb intenclion to a two-hole final sale  under emission of a photoelectron 
into the continuum stnte e. 

electron measured in direction E leaving behind the ion in state I f )  is 
5-6 

where R&de are the radial integrals, 6, is the phase shift of e, and Y& is a spherical harmonic. 
(22) should also contain exchange terms with p and d interchanged. The behaviour of these 
terms is exactly analogous in the derivation so we will leave them out but include them in 
the end result. 

3.2. The removal ofrhe core operators 

Taking the square of the product of (21) and (22) we obtain for the creatiodannihilation 
part of the intensity 

where as a convention the moments 1,2, . . . in the Hermitian conjugate part correspond to 
1.2, . . .. Here li) denotes only states with a cj hole but we can extend the summation over 
i to all states in the Hilbert space and use the closure relation because states without a cj 
hole give only terms that are zero. In the total expression for the intensity there is an energy 
denominator involving i and i‘. The consequences of neglecting this will be discussed in 
section 4. We can now use 

(W ( f l j j . .  . jz lg) = (fl.. . W E  

(g Il&ilf) _ _  ( f l d 4 ~ d !  lg ) 6 d g .  (25) 

and obtain 
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In this way we have restricted our intensity to excitation and decay via the selected cj states. 
We may say that we have disposed of the presence of the open I shell in the intermediate 
states by summing over all structure in the cj edge caused by cl Coulomb intepctions. So 
after being inspected by the Pauli principle the 1 shell is treated as a spectator in the rest of 
the process. In a similar manner we can restrict the intensity to that of all final state levels 
belonging to e.g. a selected LS term of the pd configuration, irrespective of the state of the 
spectator 1 shell. For this we sum over all which have pd holes in states belonging to 
this term. These I f )  can be written a% 

where we let ]fa) run over all states without any holes in p or d. But, again we can include 
the p and d hole states in the summation after substitution into (25) because the hole state 
terms give zero. Furthermore, because 18) also contains no core holes we have 

The result is a one-electron expectation value for [g), taking the place of the density ma’uix 
or statistical tensor in atomic theory. Completing the expression and connecting the graphs 
by the summation over 246246 using the 6 factors gives 

F 

1 
t R‘C eitSc-6J- [ jc lLSjcPde~n,kpndk,ncxdnp~.  

R,d, cpdg 4n 
C(gll1llls) 11 $ E I 5 

c c 
I 1 

(29) 
The double bars denote normalized spherical harmonics. In order to obtain the expression 
for the intensity of the fundamental spectra for light polarized along P and spin polarization 
measured along 9, we multiply by r&(Ps) and r$(P) defined in paper III, equation (5) 
as 

(30) 

- 

rqq, Qu (P)  = neu 1 Qy = Cn,:cz(P)(-)Q-q ( -q e a a q’ ’) 
a 

and use 
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The res& is E 

x [ j  cl^ sj c p d e e b ~ n ~ ~ n , k ~ n ~ k ~ n ~ ~ ~ n ~ ~ n ~ b ~ n ~ ' .  (32) 

3.3. The excitation step 

At this point we see that the problem can be divided naturally into two separate pieces. 
The first part, going from Q to j in the graph, expresses the dipole excitation from the 
ground state to the states with cj holes; the other part gives the decay into the final states 
by Coulomb interaction. This separation can be made by summing over an extra quantum 
number r ,  the multipole of the core hole. 

The excitation part gives 

This tells us that given a ground state with moment xyz the dipole transition creates a core 
hole with moments r with probabilities C .  The origin of this effect is the Pauli principle 
which allows the core electron to go into a valence level only if it is empty. Thus the 
absorption step probes the occupation of the valence levels and, depending also on the 
polarization of the light a, it can create only specific core holes, leaving a non-spherical 
core shell. The spin of the ground state ( y  = 1) comes in through the spin-orbit coupling 
of the core level. This has the effect~that in order to excite an electron with a certain spin 
into 1, it must have an appropriate orbital part, i.e. parallel or antiparallel to the spin for 
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j = cr t l f 2  respectively. This produces the anisotropy of the hole orbital. The coefficient C 
can be decomposed by introduction of an extra summation variable 01, the orbital multipole 
of the core level. 

3.4. The decay step 

3.4. I .  U coupling. The upper part of the diagram in (32) gives the probability distribution 
for emission of an electron by the decay of the core hole with moment r to a state with two 
other core holes forming a state LS. The distribution is caused by the fact that one electron 
has to fall into the polarized core hole while the emitted electron has to leave behind a 
core hole of the right type of orbital and spin so that together the remaining holes form the 
required L S  level. E 

c c 
k ek;; j = y  E p s k f l  i h j ' (36) 

c 

Ps h j 

I 

The total expression for the angle and spin dependent emission intensity Jj"h from the 
edge with total angular momentum j using polarized light of moment a and detecting the 
photoelectron spin of moment h for  transition^ from a core state to the LS term of the 
two-core-hole state can be written as 

JY"(LS; PPS&) = - 1 [ . C ~ ~ ~ ) C ~ j U ; " ' h b ( P P S & ) ~ ~ h l ( L S )  (37) 
4n irbt ~ XY 

where the angle dependence is 

and from (36) the coefficient E for the probability that a core hole with moment r decays 
into the state L S  and a photoelectron with orbital moment b and spin moment h is 

B;hb(LS) = { s h s 1 Is h s  } s s s  

c b c  

i r . i  

(39) 
Each summation of k in this expression is understood to contain also the term where p 
and d are interchanged together with a sign (-)L+s. One minus sign is needed because 

C L C  

x ( - ) L + S [ ~ ~ j r c ~ d e e b ~ n , m e k p n ~ k ~ n ~ ~ ~ n p ~ n ~ ~ ~ n ~ l ~ ~ ~ .  
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the annihilation operators in (22) also have to be interchanged, (-)L+SfZs because the final 
state definition in (26) differs by this sign if we interchange p and d. 

Because the 9 j-symbol has two equal columns b + h + r must be even. The expression 
is symmetric under interchange of e and except for the phase shift factor which is complex 
conjugated. So the total is real and eics*-'c) may be replaced by cos(& - &). 

(37) together with (35), (38) and (39) is our main result for LS coupling and can also 
be expressed in other couplings as shown in the remainder of this section. 

G van der Laan and B T Thole 

3.4.2. LSJ coupling. When one or both of the two final state holes have appreciable spin- 
orbit coupling it may be possible to separate the different J levels of the LS term. The 
result is derived in the same way but in (36) we replace 

L 

S 1 +X[JI 
I 

and so we obtain 

(40) 

This graph is decomposed naturally by introducing the extra moments j. and j,, effectively 
coupling the orbital and spin of the outgoing electron to a total moment 

x n j m , k p n d k c n , ~ ~ n p ~ = n ~ ~ % n ~ ~ ' ~ h ~ .  (42) 

Interchange of e,  j, with e, j ,  changes the product of the three 9j-symbols by (-)b+h+r. 
So for b + h + r even we may replace the exponential by cos(& - 8%). For b + h + r odd 
this is -i sin(& - Q. The -i is cancelled by the i in $hr. This means that b + h + r odd 
is allowed in LSJ coupling provided there are terms with e # g in the summation, in other 
words there is interference between the continuum channels e and e. 

3.4.3. jjJ coupling. When both final state core holes have a spin-orbit coupling larger 
than their Coulomb interaction the observed final states may be described more appropriately 
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as j j J  states 

We now obtain for the decay graph 
I' 

(44) 

which again can be decomposed by coupling to j ,  and je, yielding - 
e b g  

x ~ R ~ ( !  k ~ } ( d  k c ] [ $  k j 5 }  
J,, s j ,  j s j d  J j d  

(-)c+J+=+.y+j< [ j ~ j d J j r j , i g c p d e e b l n j ~ n ~ ~ p ~ ~ k ~ ~ ~ ~ d ~ p ~ ~ ~ b ~ n ~ ' ~ ~ ~ .  (45) 
Interchange of e ,  j ,  with e, j ,  changes the 9j-symbol together with the factor (-)eh+i* 

again by (-)b+h+r and so the s&e situation occurs as in L S J  coupling with respect to 
interference. In the summation over k there are again excbange terms where p and d are 
interchanged and the term is multiplied by (-)', 

4. Interference 

In order to discuss the validity 'of our approach in section 3 we will study the general 
formula for second-order processes. We are especially interested in the interference effects 
that influence our results. We will not have to treat interference with direct photoemission 
which is not possible for a two-core hole final state. 

The general formula is 

where Eb = w - E, is the binding energy, E, is the energy of the emitted electron, i and 
f denote the intermediate and final states with energies Ei and Er respectively, T is the 
dipole operator and V is the Coulomb operator responsible for the decay (see figure 3). The 
denominator prevents independent summation over i and i' because it allows only terms 
ii' where Ei - EL. 5 ri. The &factor does not enter our discussion and we remove it by 
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considering the intensity integrated at constant cu over an Eb  range containing a set of states 
{f) of interest to us, preferably well separated from the rest of the spectrum, because the 
intermediate states are the degenerate ML, Ms or M I  levels. 

G van der Laan and B T Thole 

where we have used shorthand for the matrix elements in the numerator. In core level 
spectroscopy the variation in E; can be neglected with respect to Ei - Eg and therefore to 
remove the denominator we would like to replace Ei, by E; and obtain 

This is a good approximation if in the summation over ii‘ the only large numerators occur 
for terms with E; - Ei, much smaller than ri and rip. We may say that there is path from 
g to f via i when Tgi and g are both large. Then (48) is a good approximation when 
there are no two paths from g to f with energy difference larger than r. If there are such 
paths (48) will contain cross-terms that are absent in reality. If (48) holds we can integrate 
o over a range containing a set of states {i) well separated from other peaks and obtain 

Fig- 3. The two-step model breaks down when the intermediate states li) and li‘) can both 
be reached in the absorption step f” the same ground level and decay to the same final state 
I f ) ,  having an energy separation larger than their natural width Pi. 

We can now state our basic assumption more precisely: (48) is a good approximation 
if in the range [i] there are no states i and i’ forming a path from g to the same f and 
having energies differing by more than r. 

The interference problem is absent from gas phase experiments where atomic theory can 
be used, if we can find an intermediate LS or LSJ term which is well separated from rest 
of the spectrum, because the intermediate states are the degenerate MLMS or MJ levels. 

(48) is also exact in one-particle theory, where i denotes states with a core hole and 
with an extra valence electron in level vi .  Then the levels i are not degenerate but KfVfp 
connects only states with the same energy because the U level has no interaction with 
the core holes in i or f and so is a pure spectator in the decay: vi = vi,. Therefore, 
deviations from (48) may be useful in the study of the validity of the one-particle theory in 
the presence of core-valence interactions. The presence of salence-valence interactions has 
no consequence because without core-valence interactions the whole many-electron valence 
shell is still only a spectator to the purely core decay. 
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5. Final state characteristics 

9961 

We consider here characteristics of final states that simplify the interpretation of spectra, 
We designate a general decay channel by llhl3e. The intermediate state only has a hole 
in 11 and so its total orbital moment is 11. The final state consists of two holes in lz and 
13 coupled to L and together with the continuum electron the total orbital moment has the 
possible values L,,, = L 8 e = IL -e l  . . L +e .  The decay is only possible when L,,, = Il , 
or equivalently 

The final state L values are 12 8 13 = 112 - l 3 I t . .  12 + 13 but there is an extra restriction on 
e: due to the parity of the Coulomb interaction 11 + 12 +.13 + e  must be even. The possible 
values of e are therefore 

e = 11 + 12 + 1 3 , h  + 12 + 13 - 2, . . . , max(l1 - 12 - 13,12 - 13 - 11,  13 - 12 - 11~0).  (51) 
Let us now consider whether there are decays involving L values that can only be 

reached for one e.  In those decays there are no interference terms arising as cross-terms 
between different e channels. If we consider first those L values that are equal to a possible 
value of e from (51), then with 11 = 0 obviously by (50) those L can only be reached in one 
decay channel: e = L.  But also with l 1  = 1 only e = L will contribute, because e = L - 1 
and e = L + 1 have the wrong parity. Another case occurs when 12 = l3 where we have a 
term with L = 0, which means e = I 1  only. 

For j j J  coupling the only case with one continuum channel seems to be J = 0. Because 
of the triad ( j j J )  we must have j ,  = j and e = je  z!z 4 but only the value with the right 
parity is allowed. 

These simple cases will only be of  any value if the peak with the desired L or J value 
is sufficiently separated from the rest of the final states. When the Coulomb interactions 
are not very large this will only be so for a high-spin state with a high L value, because 
such a state is often split off at the low-energy side of the configuration. Likewise, in j j J  
coupling the Coulomb interactions have to be large enough to split the J levels but this will 
probably be true due to the large Coulomb interactions between deep core levels. Of course 
in order to measure with odd h + r (cf section 6) we have to avoid these non-interfering 
states. 

Another point is configuration interaction of the two-core-hole final state with nearby 
configurations 124,251. This is important in transition metal ions where the configuration 
3p4d"e is close enough to 3s'd"-'e to complicate the analysis. In such cases there may 
however be LS terms that are not present ,in the undesired configuration. In the example 
only 'D is present in both configurations, leaving 3P and 'S free from both interference 
and configuration interaction. In those cases the polarization and angle dependence does 
not depend on any parameters such as Coulomb matrix elements and phase factors. This 
situation is desirable if we are not interested in the final states themselves but only in their 
use as a probe of the-intermediate state core hole polarization which in turn probes the 
valence shell. 

e = L 8 11 = / L  - l l l . .  . L + l l .  (50) 

6. Analysis 

6.1. The excitation'process 

The important characteristics of the experiment are which -type of moment, magnetic or 
non-magnetic, is being measured, whether linearly or circularly polarized light and/or spin 
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Table 1. The linear combinations of moments W y z )  for p to d excitations with a polarized light 
and core hole moment r .  For even r the corresponding angle dependent function is U'" which 
implies spin unpolarized measurement. For odd I spin polarized measurement is necessary, with 
angle dependent functions Uw'll' with b = r -~ 1 and b = r + 1. In the presence of spin-orbit 
coupling in the final stale and interference between continuum channels, even r can also be 
studied bv measurement of UW"'. 

detection are needed and which type of geometry is required. The analysis contains two 
steps. In the first step an electron is excited to the valence shell by absorption of a photon. 
The coefficients C give the probability that a moment r is created in the core hole given 
the moments xyz  in the ground state and using a polarized light. We may here consider 
the light to be polarized along the Z-axis. When it is polarized along another direction the 
effects are incorporated into the angle dependent function U of (38). The value of a can 
be 0, 1, 2, and r is in the range 0. .  .Zj. We have two 9j-symbols in (35) which require 
x + a  + LY and r f y  +LY both to be even which means x + y + a  + r  is even. We assume 
that only moments with even x + y f z are present in the ground state. and so for brevity 
we will often say that z +a + r must be even. Odd z means a magnetic moment, e.g. L, S 
or T and even z denotes non-magnetic moments, such as charge multipoles (e.g. monopole 
and quadrupole) and couplings of odd x and y to an even z, such as spin-orbit coupling (cf 
appendix A). Even a means isotropic (a = 0) or linearly polarized light (a = 2) and odd a 
means circular polarization (a = 1). Thii tells us what values of r are induced in the core 
hole, especially whether they are even or odd. Even r again means a non-magnetic moment 
and odd r denotes a magnetic moment. Table 1 gives the values of C for a p to d excitation 
in the form of the coefficients of (wxyz) in the sum over x and y in (37). Table 2 gives the 
values of C for d to f excitations. We see that naturally we measure linear combinations 
of the (wxYz) but these combinations depend on the values of z, a and r. Formally we may 
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say that the values of z, a ,  r ,  h and b can be chosen by, the experimentalist by performing 
measurements in a number of geometries sufficient to determine all the coefficients of 
the angle dependence functions Urarhb in (37) and then selecting the combination desired. 
Assuming the coefficients B to be known, we can determine the linear combinations of 
(w"Y') for a given z in table 1. When we know a sufficient number of these combinations 
we can solve for the (wxJz)  separately. 

Table 2. The linear combinations of momenis I$") for d to f excitations with n palariled 
light and core hole moment r. Cf. table 1. 

zar C , C 5 ,  w . ZYZ"' xy- 

000 
011 
022 
101 
110 
112 
121 
123 
202 
21 1 
213 
220 
222 
224 
303 
312 
314 
321 
323 
325 
404 
41 3 
415 
422 
424 
505 
514 
523 
525 
615 
624 
725 

4x314 + g41" 
4/315(139g3" + 81g4'" + 5g5") 8/63(-4x3l4 + 9g4'* -~51.514) 

The sum rules for x-ray absorption spectroscopy appear in these tables in the guise of 
sum rules for r = 0 . ~  XAS measures the total number of core holes created, irrespective 
of their polarization, and this is exactly what r = 0 (monopole) means. For a~ = 0 we 
see from table 1 that the sum of the C for j = 1 and j = gives 3 b m )  = 3nh 
and c3/2 - 2C1j2 = 3 ( d I 0 )  = -3(1 . s). For a. = ,1 we get 3 { ~ ' ~ ' )  = i(L,) and 
(golO") + 2(g2I1) = 2(&) + 7(TJ and for a = 2 we have 3 { ~ * 0 2 )  and ${g"') + 9{g3"). 

For j = $ we see first of all that r can only be zero or one and secondly that for each 
z the linear combination 'of w operators measured for fixed z but different a and r is the 
same, except for a constant factor. Further we note that only values of z up to 3 are present. 
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The operators with x + y + z odd can only be observed for j = but normally in more 
when c = (1 - Ql and for 

when c = 1 + Q is not due to triangle relations but to special values for 6 j -  and 
than one way. The fact that they are not present for j = c - 
j = c + 
9j-symbols for stretched angular momenta 1701. 

6.2. The decay process 

The second step in the process converts the core multipole into final states together with 
angular distributions and spin polarization of the emitted electron. From (39) we see that if 
the final states are LS coupled states, i.e. their spin-orbit splitting is not resolved, we have 
b + h + r even. Because b is always even h + r has to be even. If the spin-orbit splitting 
in the final state is resolved and at the same time there is interference between different 
continuum channels the panty of h + r is no longer restricted. 

6.3. Geometry and spin dependence 

The angle dependent function describes the behaviour of the intensity when the directions 
of P, Ps and E are varied. The total set of functions U can describe any angle dependence, 
but each function has very particular properties. The most important properties are the 
parities of the moments z ,  a, r ,  h and b. The symmetry properties of the total experiment 
are of course not due to these mathematical entities but due to the physical properties of 
the system, which are expressed by the values of the coefficients C and E ,  especially by 
parity rules for their allowed values. For C these are z + a  + r is even and for B we have 
b is even and in the case of L S  coupling of the final states r + h + b is even. 

The properties of the functions U in (38) are too complicated to treat in a general way 
because we have to take into account the symmetry properties of the sample. These are 
expressed as symmetry restrictions for non-zero (w;"). As usual we will restrict ourselves 
to a sample of cylindrical symmetry where the fact that ( w y )  must be totally symmetric 
simply means t = 0. In that case we may multiply U by Cf(M) ,  which is Sp when 
M is along the Z-axis, and when we formally sum over 5 we obtain a new function 
UiUrhb(MPPs&) which is now totally symmetric. This means that it does not change if 
we rotate M ,  P,  PS and E together, or equivalently, if we rotate the coordinate axes. This 
totally symmetric U has simpler properties than the original one. They are described in 
appendix B. 

6.3.1. Spin unresolved measurements. Figure 4 shows the essential features of the angular 
distributions UZUb(MP&) = UTnbnb(MPPss) involved when spin polarization is not 
detected. The Pub are the same functions as already defined [3] for off-resonance 
photoemission. However, for resonant photoemission z + a + b can only be even. The 
plots only show coplanar geometries with M ,  P and E in one plane. We see that the 
value of b determines the number of nodes going around the circle while a determines the 
difference between the circles. For a = 0 the circles are identical because isotropic light 
has no direction and so the emission intensity cannot depend on P.  For linearly polarized 
light, Q = 2, the intensity does depend on P ,  and so the circles become different. The same 
holds for circularly polarized light, a = 1. 

6.3.2. Spin polarization: even functions. First we will consider the case where r + h + b 
is even. Because b is even and h = 1, r has to be odd and either b = r - 1 or b = r + 1. 
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Figure4. The intensity distributions U z n r ( M P ~ )  = Umrk(MPPs&) witheven r .  The values 
of zar are shown in the middle of each plot. They are the first ten combinations in table 3, 
needed for spin unpolarized measurements. The plots only show coplanar geometries with M ,  
P and E in one plane. The magnetization M is along the Z-axis which is vertically upward. 
The polarization dkection P of the light is at an angle Bp in the XZ plane and the emission 
direction E iS at 8,. The intensity distribution is shown for five values of Bp.~via OD, 22.9, 4S0, 
61.5- and 90' corresponding to the five circles, going outward. Each circle has short lines in 
the radial direction with lengths propoaianal to the intensity for the corresponding value of 0,. 
So each circle shows the intensity distribution for a fixed value of Sp. The line at the top of the 
inner circle has length Uwb(MMM) which is unity (for z +a + r even, which is the c s e  for 
resonant photoemission) 

Because z+a+r is even z+a+h+b is even. Therefore, according to rule 3 in appendix B, 
U will be non-zero in general when all vectors are in the same plane. We will assume that 
in this case all relevant properties of U can tje observed in coplanar geometries. From 
inspection of plots of the complete behaviour of these functions this appears to be certainly 
true for z = 0 and z = 1 where, if we take E and Ps out of the plane of M and P 
the intensity varies in a very predictable way. For higher z the behaviour becomes more 

.~ complex, but for simplicity 'we will here, only consider coplanar geometries. The most 
important fact here is that when M ,  P and E are coplanar the polarization vector of P. 
(defined formally in appendix B) is also in the plane, because if PS were perpendicular to 
it the signal would be zero because z f a  + b is odd (rule I in appendix B). Due to these 
simplifications we &e able to plot these angle dependences and study many of their features. 
Figure 5 gives the plots needed for linearly polarized light, a = 0 and 2, and figure 6 those 
for circular polarization, a = I . ,  We see that the polarization c& be perpendicular to E,  
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Figure 5. The spin polarization distributions PrLb for linearly polarized light, a = 0 and 2, 
and for r odd and b even. These distributions are needed for Jo' and Jz' in table 3. The plots 
are essentially the same as figure 4 but now each line gives both magnitude and direction of the 
spin polarization vector Q. A line pointing outward means polarization along E. The intensity 
Uz"'l"(MPP~~) of the signal obtained with a given spin detection direction Ps is L e  inner 
product PSI Q. The values of rnrlb are shown in the middle of each plot. 

but it is always in the plane. It is striking that the functions appear in strongly resembling 
pairs zarlb with b = r - 1 and b = r + 1. This is due to the fact that they have the radial 
component of the spin polarization the same and that the transverse component has opposite 
sign, so if in a geometry the distribution with b = r - 1 points, say, to the left of the radial 
direction b = r + 1 points to the right. The magnitudes of the transverse components for 
6 = r 4- 1 and 6 = r - 1 can be shown to be related as -r/(r + 1). A consequence is that 
both distributions have the same geomehies in which the spin polarizations are purely radial 
or purely transverse and antiparallel. Because in (37) the signal is always a sum over two 
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Fsure 6. The spin polarization distributions UW'lb for circularly polarized light, a = 1 (cf 
figure 5). These distributions are needed for 3" in table 3. 

values of b with coefficients BrIb, we do not actually have two distriljutions but only one, 
if we consider the ratio of the two to be fixed by the values of the Coulomb radial integrals. 
The composite distribution does however depend on the final LS state being studied. The 
overall pattern of geometries with transverse and radial polarization is determined by zar.  
Actually for the radial component of the polarization, which is measured when PS is along 
E,  we have generally, using (B4). U z U ' l b ( M P ~ ~ )  = U2"'(MP&), independent~of b.  So, 
we may say that in resonant photoemission we have to measure distributions Uzu' (MP~)  
for both even and odd r .  For even r~ we detect the total intensity; for odd r we detect the 
radial component of the spin polarization. Although we do not show U"' for odd r ,  the 
features of these functions can be easily deduced from those of 

6.3.3. Spinpolarization: oddfuncrions. The case when r+h+b is odd is similar. Note that 
due to the fact that b. must be even b can only be equal to r and so r is also even. Further, 
PS  is polarized perpendicularly to E because the geometry PS I I E  is forbidden by rule 6 in 
appendix B. It seems that  again^ a geometry with M ,  P and E coplanar may be sufficient. 
In this case PS is always perpendicular to the plane and the signal is thus automatically 
separate from signals with b + h + r even. Again the distributions U""'(MPPSE) and 
U2"'(MP~)  are strongly connected. 

where 'p denotes a rotation of E around Ps. So the derivative gives the change in intensity 
when E is rotated around PS keeping M and P fixed. When Ps is parallel to E the 
derivative in (52) is of course zero which gives us another way to see that the polarization 
cannot be along E .  In figure 7 the.perpendicu1ar spin polarization is plotted as the length of 
a line in theradial direction. We see indeed that each circle for z a r l r  is the derivative of the 
corresponding circle in figure 4 for zar. Effectively we have therefore an alternative way to 
detect a given zar with even r :  in addition to measuring the total intensity we may measure 
the spin polarization perpendicular to the plane and obtain essentially the same information. 
Because for a p intermediate core hole the only possibility for this is bhr = 212, there being 
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no such possibility as 010, the analysis of the signal is simpler than for the total intensity 
measurement. 
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Figure 7. The spin polariwtion disuibutions lJwr'r for even r (cf figures 5 and 6). These 
distributions are needed for the second group of Jol, J z l  and J l l  in table 3. In this case the 
direction of the spin polviwtion is perpendicular to lhe plane of M ,  P and c. Its magnitude 
is plotted as the length of a line in the rad& direction. A line pointing outward means that Q 
is upward out of the paper. 

There is no indication that in geometries other than coplanar for M ,  P and E 

fundamentally different possibilities are present, but experimentally such geometries may 
still be interesting, especially with all vectors collinear or perpendicular (cf the examples in 
appendix B). 

6.4. Experimental combinations 

6.4.1. Even geomerries. We can now given an overview of possible experimental 
combinations of polarizations. All the possibilities for z up to three are shown in table 3 
and the following statements can be easily checked. First, for LS coupled final states we 
have b + h + r is even. Because b is always even h + r has to be even. This means that 
even r can only be measured in a spin unresolved measurement (h  = 0) and that for odd r 
spin detection is needed (h = 1). These signals can be measured in a coplanar geometry, 
meaning that magnetic moment, light polarization, emission direction and spin detection 
direction are in one plane, or even in a collinear geome'uy. In order to measure odd z either 
the light has to be circularly polarized or the spin of the emitted electron has to be detected. 

6.4.2. Odd geometries. If the spin-orbit splitting in the final state is resolved the parity 
of h + r is no longer reshicted. So, with even h we could measure odd r values if not 
unfortunately the only even value of h available is h = 0 which means r = b, which is 
even. so this possibility is excluded. On the other hand it is possible to use h = 1 to 
measure even r .  Although even r can already be studied with h = 0, the special properties 
of angular distributions with odd h + r can make the h = 1 measurement attractive, e.g. 
because it may measure exactly one value of r ,  simplifying the analysis. This would be the 
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Table 3. Allowed combinalions of zorhb for z up to 3. Considering only a + z + r  = even (no 
axially coupled tensors): if r +h+b = even and h = 0 then r = b = even and U + L  = even; if 
r + h + b = e v e n a n d h = l t h e n r  =oddanda+r=odd;ifr+h+b=odd(spin~~itcouplin% 
in final state and interference between continuum channels) lhen h = 1 and r = b = even and 
# 0 and n + L = even. This table wn be used together with (53) to find all terms in the 
summations for given o and k and z up to 3. For any application r can be limited to r < 2j.  
The ultimate test for the presence of a term is a non-zero e& for zar in table 1 for C and for 
rhb in table 4 for 8. Table 1 for C automatically gives the corresponding values of x and Y. 

I + h + b =even + + + + +  
J(" 0 0 0 0 0 

2 0 2 0 2  
3x1 2 2 0 ~0 0 

0~ 2 2~ 0 2 
2 2 2 0 2  
2 2 4 0 4  

+ + +  
J'" I I 0 0 0 

1 1 2 0 2  
3 1 2 0 2  
3 1 4 0 4  
- + - - +  

J o ' l  0 1 I O  

- -  

1 0 1 1 2  
3 0 3 1 2  

- 3  0 3 1~ 4 
3 2 ' 1  2 I 1  0 

1 2 1 1 2  
3 2 1 1 0  
3 2 1 1 2  
1 2 3 1 2  
1 2 3 1 4  
3 2 3 1 2  
3 2 3 1 4  
3 2 5 1 4  
3 2 5 1 6  
+ - - -  + 

3 ' 1 0  1 1  1 0  
0 1 1 1 2  
2 1 1  I ~ O  
2 1 1 1 2  
2 1 3 1 2  
2 1 3 1 4  

r + h + b =odd 
+ + + - i -  

3 0 ' 2  o 2 1 2  
32' 0 2 2 - 1  2 

2 2 2 1 2  
2 2 4 1 4  
- - + - +  

J " 1  1 2  1 2  
3 1 2 1 2  
3 1 4 1 4  
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case of a ppp decay with different p levels for the final state core holes. Here the 3Dl,2.3 
states, which only give an ‘odd’ signal for bhr = 212 (the only possibility here because 
r = 4 cannot be reached in a p core hole), would allow pure measurement of r = 2. If 
we choose P ,  M and E to be coplanar and take PS perpendicular to the plane we measure 
r = 2 with still freedom to vary P ,  M and E .  So it would seem that use of spin-orbit split 
final states in order to measure with odd h + r can be useful for our purpose as a probe of 
the ground state. Moreover it is still useful as a method to obtain knowledge on the final 
states, which is ultimately needed for their use as a probe. 

C van der Laan and B T Thole 

7. Application 

T I .  Decay following p -+ d absorption 

As an illustration for the use of the theory we consider here the decay of a 2p core hole 
to a two-core-hole state in a 3d transition metal. We want to know the intensities Jah for 
the spin integrated (h = 0) and spin polarized (h = 1) photoemission using isotropic light 
(a = 0), circular dichroism (a = 1) and linear dichroism (a = 2). 

In cylindrical symmetry (37) can be written as 

where we must fill in the values of the moments allowed by the triangle conditions, of 
which the most important ones are summarized in figure 8. For convenience the allowed 
combinations of zarhb are given in table 3. The next most important condition is r < 2 j .  
So we have for the j = 4 edge only r = 0 and 1. For example, for ah = 10 we find from 
table 3 the entry zarhb = 11 OOO and then for tar  = 110 we find E,, C;””’&Y2 from 
table 1. The result is 

4n JF2 = bW - g”’) UwW B E  
4nJIl2 IO - - ~ ( - g  I 011 +3w101 -zw21’)u11WB~~ - 

(54) 

(55) 

(56) 4j7JIl2 2o - - 1 5 ( -  2 ~ ” ’  - + 5gZo2 - 3g3’*)UUWBE. 

For the j = edge r < 3 so that 

4n Jy2  = (2gm + g “ o ) U m B 3 ~  + (2g1” + g202)U202n2B$Z (57) 

68) 

(59) 

~‘“‘o‘(MPp~E) = Ur“(MPE).  (60) 
Some UZu‘(MP&) are given in table 1 of 1711 in the form UurZ(P&M); we add here U3I2, 
and find for the U functions in the circular dichroism 

U’IW = M .  P (61) 
(62) 

U31202 = - ‘M.  2 P - ( M .  E ) ( & .  P )  + &‘)(E. M)’. (63) 

47rJ:,0, = fbo” + 6gIo1 +2g211)-U1’WBg + &(5g0I1 + 3gIo1 + g2u)U”202B202 31 2 
+1. ~ ~ 2 1 3  + , 3 0 3 ) ~ 3 l 2 0 2 ~ 2 0 2  

5 (  - - 312 
110 ~ 0 2 2 0 2 p 2  + logzm + 3g31t)U22WBg + $hm +2g ) 312 

20 - 1 2wl12 
4j7J312 - :( - 

For the U functions we use 

+4(7g112 + 5gm2 +~3g3‘2)UUM2B202 312‘ 

u ” 2 M  - --$W. P +  ;(M . & ) ( E .  P) 
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These functions are plotted in figure 4. It is natural that J,'Pz has a P . M dependence 
exactly as the XAS signal. since for r = 0 the core hole is not polarized. The angular 
dependence of J$. is more interesting and by changing angles between P,  E and M we 
obtain different values from the U functions so that in principle we can separate the three 
different linear combinations of g x Y z .  For P . M = 0  the^ terms i n J $  containing Em are 
zero. 

8 

Figure 8. A schematic pichtre to illustrate the most impomnt triangle conditions in (S3) for the 
multipole moment W, the angle dependent function U, the excitation strength C and the decay 
strength B .  

The U functions in the isotropic spectrum and linear dichroism are 

u ~ = 1  (64) 
uoz2m = p. E ) 2  - 4 

u22m - - T(M. 3 P)' - 

(65) 
(66) u20202 - 3 

(67) 

~ z z m z =  1 -3(E.M)2-$(M.P)2-q(P.E)Z+q(P.E)(&.M)(M.P) .  2 (68) 
To remove the dependence on Bow one should measure under the magic angle, where 

- z ( E .  M)' - 

M-P=fA, 

7.2. Decay strength in LS coupling 

(54)-(59) are valid for decay processes following p + d excitation, where the final state 
dependence is contained in B .  For further evaluation the expression for E is decomposed 
in a manner already apparent from (39). 

Ejhb(LS) = t Bj*b(LSe~R(LSe)R(LS~ei (* ' -a~)  (69) 
ee 

with 

R(LSe)  = ErkR&, +ekEZpd, (70) 
Y 

'&de E Rtdne. (71) 
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Table 4, The non-zero coefficients @$(LSed for LS final states in a ppp process. The values 
for rhb m indicated at the top of each column. Note that the values for singlet and triplet 
differ by a factor of 3 for h = 0 and -I for h = I. The values for e< = pf and fp are equal. 
together producing B phase shift factor in (39) of 2cos(6,, - 6,). The corresponding R(LSe) 
r e  in oble 5. 

000 110 112 202 312 

5/2 -5/6 1/30 -1/4 1/20 

271125 -¶/I25 36f3125 -541625 5413125 
3/2 -112 - M O  314 -3/20 
In -1/6 1/15 -I&! 1/10 
5/6 5/6 -U30 -U12 -ID0 

91125 9/125 -36/3125 -181625 -54/3125 
112 1R 1/10 1/4 3/20 
116 116 -1115 -1/6 -U10 

9/125 -27/50 37/250 

-9/125 -9/50 -27050 

r = 1 for final state holes in different shells and 1/2 for final state holes in the same shell. 
The possible values of k in R&de are 

(72) 
where c + d and p + e must be both even or both odd. For k in E&, we have (72) with 
p and d interchanged. 

As an example we will evaluate the B values for the pyzpp decay. The values of ,!3 
for this decay are given in table 4. The expressions for R(LSe) are in table 5. Together 
they contain the expressions for the B for j = for a p3ppp process in terms of the radial 
integrals A. From table 4 we see 

k = max(jc - dl,  Ip - el), . . . , min(c + d, p + e )  step 2 

B z ( 3 P )  = ?jR(3Pp)2 (73) 
B:7i(3P) = ;RCPp)’ (74) 

B z ( l D )  = ;(‘Dd)’+ &R(’Df)’ (75) 

B z ( ’ S )  = &R(’Sp)’ (77) 

B3/2 ~0 ’  ( ID) = -LR(’Dp)’- 12 &R(’DP)R(’D~)COS(~~ - 6,) - sR(IDf)’  (76) 

B3/2 2 0 2 ~ l S )  ( = -1R ( ’S PY. (78) 
Using from table 5 

(79) 

(80) 

(81) 

(82) 

with the Hartree-Fock values [56] R: = 0.070 19 ,VI/’, R,’ = 0.045 24 eV1/’, R$ = 
0.08003 eV1/’, 6, -8 ,  = 2.45 rad, and for two holes in the same shell E: = R: and 5 = 1 2 

we obtain for B( x 1 04) 

= 112.15 B;g(3P) = 56.08 (83) 

B?;(’D) = 95.62 B:;;(’D) = 19.53 (84) 

R(3Pp) = R i  + E; - $R,” - +E; 
R(~DP)  = R; + E; + &R; + &E; 
R(‘Df) = R? + E; 

R(’Sp) = R; + E; + ;R; + $E,” 
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Table 5. R(LSe) expanded into R'(cpde) and E'(cpde) = R'(cdpe) for cdp = ppp. R: is 
shorthand for R'(pppe). When p and d (i.e. the final two p shells in this case) are equivalent 
elect" only terms with L + S even have to be considered, the E integrals should be omitted 
and afterward the total intensity has to be multiplied by two. Alternatively R and E may simply 
be substituted after which the total intensity has to be multiplied by I = 4. and, because for 
equivalent electrons Rx = E', States with odd L + Shave zem intensity. Note that the envies 
for singlet and triplet are equal for R integrals and have opposite sign for E integrals. Further 
R' and E' have the same coefficient when L + S is even and opposite sign when L + S is odd. 

LS e R," E," R i  E; R j  E; 

3D p 1 - I  1/75 -ID5 

3P p 1 1 -U5 -U5 
3S p 1 -1 2 5  -2/5 
ID p 1 I 1/25 1/25 

f 1 -1 

f 1 1  
IP p 1 -1 -1/5 1/5 
'S~ p 1 1 2 5  2/5 

BT;(I ,S)  = 25.98 BiYi('S) = -25.98. (85) 
Since E," = R: we see immediately from table 5 that B*b = 0 for the Pauli forbidden 
states 3D, 3S and IP. 

As is apparent from (73), (74), (77) and (78) for 'S and 'P the ratios BZo2/BW0 are fixed 
numbers, independent of the value of the radial integrals. In fact the ratios of all B values 
can be found using only a single row of table 4. As discussed in section 5 this situation 
occurs for states that can be reached in only one continuum channel. ID can be reached in 
the p and f channels &d so the radial integrals and phase difference are important. 

7.3. Spin detection 

For r + h + b is even we obtain 
01 - 1 lowoll loll0 110 loll2 I12 2 1 3 ~ 3 0 3 l 2 ~ ~ ~ ~  (86) 

4 ~ J 3 1 2  - F (  - + 1 5 ~ ~ ' ~ '  + 2 ~ ' ~ l ) ( U  By2 + U  B 3 p )  + 3 g  ~. 
I I  - 1 ~wouo+4wllo)(uollloBllo+ ~ 0 1 1 1 2 ~ 1 l 2  

4 ~ J 3 1 2  - q( - 312 312 
+&(,7gl12 + 25gm + 3g312)(u21110Bllo + ~ Z I I I Z ~ I I Z  

+&(14g"2 + g 3 1 2 ) ( U 2 1 3 1 2 B 3  (87) 
312 3/2 ) 

B 3 / 2 ) ,  4 1 r J ~ ~ ,  21 - - W&oll~+ 2 15g"l +22gzt')(U'211,0B~)2" + U'2't2 
+&(24~",~ + 35g303 + 4g413)(U32110Bd:20 + U32"2B1i2 3/21 

+$(7g0" + 2g2L')U1u'2B~,2 + 4 35(  6w2I3 - + g413)U3n'2B$,2 (88) 

where we used from table 4 that B3I4 = 0. The U functions are plotted in figures 5 and 6. 

7.4. Decoy strength in LSJ coupling 

For L S J  coupled final states the procedure is quite similar. We use table 6 together with 
table 5. The sum over all J levels belonging to an LS term gives the L S  entry in table 4. 
For L = 0 or S = 0 the entries in these tables are therefore the same. The omitted entries 
in table 4 are zero by straightforward triangular relations that can be read from the formula 
or from the graphs. The zeros in the 212 column are due to the antisymmetry of (45) or 



9974 

r -C h odd. Non-zero elements can only occur in spin-orbit split LS levels in interference 
channels and are purely imaginary, giving a phase factor of -2sin(& -&). The zeros in the 
314 column are due to the fact that b = 4 can only be reached in the presence of spin-orbit 
coupling in the final states. Therefore 314 is zero for L = 0 or S = 0 states. The zeros in 
other columns are accidental. 

G van der Laan and B T Thole 

Table 6. flh6(LSJe$. Rows with e # g have been given only for g > e. The row with g < e 
is the complex conjugate. This means that for a real enhy for e # g (r + h even) (he phase 
factor in (42) gives 2ms(S, - SL) and for an imaginary entry (r t h odd) it is -2 sin(& - SJ 
whicll includes the i factor in lhe table entrv. The comspondinr! R(LSe) are in table 5. - .  . 

LSJ ee 000 I10 112 202 212 312 314 

3~~ pp 118 I 1/120 i7jiso 1/10 0 1/50 

3D2 pp 5/8 1/8 -112. 0 0 0 

Pf -27/625 -271500 3i140 171/17500 -181875 
ff 81/1250 -24316250 97215625 -362i3125 0 486/109 375 -32417.1 875: 

Pf 0 -300 U8 391700 61175 
ff 21/250 -39/1250 -12/625 -6/125 0 1U4375 IOU4375 

3Di OD 714 -21120 21/50 -7RO 0 3/100 .. 
Pf 72625 -42125 -U5 186/4375 -12l875 
ff 42625 -68125 -492/15625 42/3125 0 9541109375 -216/21875 

3P0 pp 1112 1/12 -MO -VI2 0 -1120 
3 P ~  pp 3/8 -1/8 1/2 0 0 0 
'P2 pp 25/24 -1lR4 --17/30 5/6 0 -1110 
3sI DD 1/2 -116 1115 -112 0 1/10 .. 
I D 2  pp 5/6 5/6 -U30 -1/12 0 -ID0 

Pf -91125 -9/50 0 -27i250 0 
ff 9112s 9/125 -368125 -1W625 0 -548125 0 

'P1 DD 1/2 I12 1/10 U4 0 3/20 .. 
'So pp 116 116 -VI5 - 116 0 -U10 

For r + h -t b is odd the intensities are 

(8% 

-(go) 

(91) 
For the decay to a p4 final state B212 = 0, but for a final state with holes in two different p 
shells B2"('D) is proportional to RCDP)R(~D~) sin(+ -a,,). The U functions are plotted 
in figure 7. 

7.5. Decay strength in j j J  coupling 

For completeness we have also tabulated the case of j j  J coupling for the final states. The 
separation of terms in j j J  coupling is less complete than in LS coupling, which makes the 
use of the formulae a little more tedious. Tables 7 and 8 can however be used in much the 
same way, only more rows have to be added for each state. The separation into two tables 
is possible according to the following formula: 

(92) B, ( J p J d J )  = f i j  ( J , J d J e j ~ , ) R ( i p j d J e j ) R ( j ~ j ~ J ~ ~ ) ~ " ~ - ' ~ .  

01 - 2wl12 + w202)u20212 212 
47~JTlz - ( - - '312 

11 - z wotl  101 wzll p l 2 B 2 1 2  
4 7 ~ J ~ ~ ~  - 15(L + 3x +- ) 312 

+&(24gZL3 + 35g303 + ~ w ~ ~ ~ ) U ~ ~ ~ ~ ~ B ~ ~ ~  312 

4xJ$ = i(w-m + 21(?L10)U022'2Bz~~ + &(7g1"+ 5gZm +3g312)Uzu12B~~~ .  

rhb . . rhh . . 
ejs& 
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For r + h + b odd, terms with e = g but j ,  # je have a zero phase factor because 6, - S. is 
zero. So these terms do not 'have to be consid&d. They will only contribute if the phke 
shift depends on j , .  

7.6. BLhb spectra 

For comparison with measurements it is most useful to plot the BTU spectra of the different 
decay channels. We will do this here for the decay from the 2p3p level in Ni d9, since for 
the intermediate state p5d'" we can also evaluate the B spectra of the psd, ppd and pdd 
decays, similarly as for the ppp decay. 

The B spectra of the ppp decay are shown in figure 9. As a slight complication the 3p4 
final state has a strong intra-atomic configuration interaction (CI) with the 3s'd9 final state, 
which is split into a ID and a 3 D  state. The B values and R integrals for the psd decay are 
given in tables 9 and 10, respectively. The CI has a large matrix element R1(3p, 3p; 3s, 3d) 
which pushes the ' D  peak of the 3dd9 structure toward the 'D peak and the ' D  of b e  3p4 
structnre toward the 'S peak. This means that the spectra for the ppp decay are essentially 
split in a 'S + ID peak and a 3P peak. The CI mixes the two ID states by 17%. so that 
intensity is transferred between the two states. We estimate the order of magnitude of this 
effect by assuming that the B values of the states can be obtained by taking the sum over 
the pure states weighted by the mixing coefficients. In the isotropic spectrum the 3s'd9 
gains intensity. The ' D  to 3D separation in the psd smcture is no longer a good measure 
for the exchange interaction. In fact, the experimentally observed peak splitting of - 6 eV 
[24] is due to the separation of the 3s1d9 and 3s'd'" configurations. For simplicity we have 
omitted the 3s'd'O configuration, which is only accessible by direct photoemission from the 
d'" configuration in the initial state and not by resonant photoemission. 

The .isotropic spectrum Bwo shows a triplet and a singlet peak with comparable 
intensities in agreement with experimental results and previous calculations [24, U]. The 
B"" spectrum gives the angle integrated spin spectrum. Singlet states and triplet states 
have spin polarizations (= B1l0/Bwo)  of unity and -1/3, respectively (cf table 4). The 
spectra with b # 0 can only be observed in the angle dependence and they will vanish in the 
angle integrated emission. In LS coupling the B3" spectrum is qual to the B"' spectrum 
multiplied by 3/2. Thus in this coupling the angle dependence (i.e. b = 2) can be fully 
described by a  spin^ integrated spectrum BzM and a spin difference spectrum B"* + B3" 
or, if preferred, a spin-up and a spin-down spectrum. 

Spin-orbit coupling in the final state splits the 'P peak. This peak will display additional 
fine structure in the B"" and BzM spectra as is clear from table 6 for L S J  coupling which 
shows opposite signs for the 'P2 and 3P0 levels. Spin-orbit coupling also inwoduces a 
difference between the B"' and B3I2 spectra. However, for the 3d metals the 3p spin-orbit 
coupling is small compared to the 3 p 3 p  electrostatic interactions, so that the sum over the 
J levels, i.e. the LS coupling result, is a reasonable approximation. 

In [37] the circular dichroism in the Ni ppp decay was measured for a geometry with 
P .  M = 0, so that the Bwo contribution vanishes. The J'" value is then proportional 
to B::: which according to (83)<85) gives 3P : ( I D  + 'S) = 1 : (-0.12). With CI this 
ratio changes to 1 : (-0.19). However, the experiment showed a smaller triplet peak but 
a larger singlet peak than the theory. In [37] this was accommodated by using the phase 
difference to fit the experiment. For 8, - 8 ,  = 1.1 rad B:E('D) in (84) changes from 19.53 
to -18.8, so that the J L o  signal of 'D + IS gives about the same value as the 3P signal 
with opposite sign. However, there seems to be no reason to assume that the Hartree-Fock 
value is so much in error because atomic calculations with different numbers of electrons, 
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Table 7. Coefficients p r k 6 ( j p j d 3 e j & , )  in (92) for j j 3  coupled final states of a ppp process. 
Rows with ej, # ei, have been given only once: the IOW with ej. and 4 interchanged is 
the complex conjugate. This means that for a real entry for cj, jL 9; (r + h even) the phase 
factor in (42) gives 2cos(S. - SJ and for an imaginary entry (r  + h odd) it is -?sin(& - SJ 
which includes the i factor in the table entry. The hble entries for (4;) J and (2 f )  J are equal. 
Therefore only ( 4 f ) J  is given. The final expressions for the intensities of ( # f ) J  and ( f $ ) 3  
are the same except that R and E inlegrals are interchanged. The RCi,jdJej,) corresponding 
to this table are in table 8. 

hh3ej&ic 000 110 112 202 212 312 314 

i t o p q p q  1/50 1/50 -1/125 -1/50 0 -3/250 
f f l p f p i  3050 11/1250 -11/3125 -3/1250 0 ~ 2716250 

plfl -54/3125 -6/625 U50 48/21 875 2414375 
f$f$ 61125 -1W625 144i3125 -24/625 0 72/21 875 -48l4375 

1 2  

$ # l P t p i  3/4 - 114 1 
PTP? -2N -105 - 3 N  -3nO 
P a d  -3/LOO U40 3/700 4 1 7 5  
pIpp5 31125 111625 -2V.3125 -31625 0 27/3125 
P4fI  27i3125 31625 -i/IOO -24i7.1875 -124375 
f$f$ 3/500 -9/2500 l8/3125 -3/625 0 ~ 9/21875 -6/4375 

4;2p4p; 5/4 114 -1 
P f P i  2/25 I N  - I N  -no 
P f f i  -21/100 7U40 - W O O  U175 

-144/1225 -24/1225 

P I f i  -63/3125 -3/625 i/LOO, ~24/21875 -12/4375 
2f' -7214375 -12i1875 -216i30625 48/30625 

"fff 211500 -390500 78i3125 3625 0 - 8 1 1  875 54/4375 
f$ff 14414375 724375 724375 6d125 -288i30625 -216i30625 
f;fz 721875 194400625 -1296i30625 -7211225 0 -2376,214375 864/214375 

11125 1/625 -213125 3/625 0 , -3i3125 

. i f o p f p f  114 114 -U10 -114 0 -300 

PTPi f 3  -2125 -1f25 -3/25 -3ii20 
p?.fl 2 2  3/625 -U250 -314375 24/4375 
p:pq 3/4 11/20 - Ill50 -3/20 0 271100 
p 3 f l  2 2  -27/625 -3/125 i120 24/4375. , 12/875,, , ,  

fZf$ 3/625 -9l3125 W15625 -1213125 0 36/109375 -24/21875 

i-i lp-pi-  31125 -VI25 4/125 

3Zp'pk 11125 11625 -41625 
2/25 105 - 1 m  -no 

-3/625 U250 -3/30625 24/30625 
-144i30625 -24/30625 

IT PIP! 
Pffi- 

2 2  
P p ;  9 4  114 - i m  314 a -3/20 
PZfZ -9/125 -3/175 in8 -24/6125 -I211225 

-18/175 -3a5 -54/1225 12/1225 '"' 31875 -3900625 312/153 I25 1230625 0 -3W1071875 2161214375 
fZfI f2f$ 144130625 723067.5 7Z30625 62875 -288/214375 -216iZ14375 
f l f l  18/875 486130625 -324/30625 -1W1225 0 -594/214375 216/214375 

333p;pj 7/4 -21/20 21/50 -7i7.0 0 31100 
I 5  p$f$ 721625 -24/875 2 i 5  -48/30625 -24/6125 

Pqff -%/I75 -9M5 5411225 -12/1225 
f$f$ 24/4375 -24/153 125 192t76.5625 528/153 125 0 12961535 937 5-8641107 1875 
f S f l  -432130625 -216/30625 -72130625 -6U875 -57U214375 -432i7.14315 
f 2 f s  54/875 16216125 -IOW6125 18/1225 0 594/42 875 -2W42875 $ 1  
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or even different core holes, do not change the value of the phase difference by more than 
a few hundredths [72]. This discrepancy is one of the problems that remains to be solved. 

Figure 10 shows the B spectra for the ppd decay. Tables 11 and 12 give the p-values 
and R-integrals, respectively. The p5d9 final state of the ppd decay shows a splitting into 
a 'F + 'P and a 3D + 3P peak. Interference terms appear for the F and P final states. 
Similar observations concerning the B spectra can be made as for the ppp decay. Figure 11 
shows the pdd decay. Tables 13 and 14 give the p-values and R-integrals, respectively. 
Interference terms appear for the 'G and 'D final states. The 'G is the dominant state in 
the B spectra of the ds final state. 

: : L h b !  

!.Aw .. ~ - l l o ' .  

ID 3D 

112 
v -  

-&=-2 :I -312- 

8. Conclusions 

We have decomposed the resonant photoemission intensity in such a way that it can be 
interpreted as a process in which first an excitation is made from a core level to the 
valence shell, leaving behind a polarized core hole. After this the core hole decays into two 
shallower core holes in a specific state, which can be selected by the energy of the emitted 
photoelectron. The non-spherical nature of the core hole together with the properties of the 
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Table 8. RCip jdJe j , )  expanded into R'(cpde) and Ek(cpde) = Rk(cdpe) for cdp  = ppp, 
where R: is shonhand for Rk(pppe). When p and d (i.e. the final two p shells in this case) are 
equivalent we have Rk = E' with as in (69) r = 112. For states with j,, jd (312, 312 and 
1/2, In) only even J will have intensity. For states with j, i; j d  there are no WO different 
states j,,j,,J and hi,, I but only one state which is an antisymmetric combination. The intensity 
for this state will be obtained by adding the intensities of ( ; $ ) I  and ( $ $ ) J ,  which are equal. 
however, when Rk = E'. 

jpjr lJejc RE E: Rf Ef R? E: 
~- 

;;op; 1 1  
I1 ZI I p q  1 -1 

fI 1 - I  

P i  I -1 
f5 1 -1 

i22p4 I -lN 
P3 1 1  

f?  i -3n 
f f  I 

P t  1 -1 

f; 1 -1 

Pi I 1  f: -3/7 1 
f: I 

i f 1 p 4  1 -1/5 

: i l P 4  -i 115 

; t2P:: 1 -112s 

I lOpf  I 1 l/5 1/5 
;qlpf  1 -1 

$$;?pi 1 1  

p; 1 -1 1125 -105 
f$ 1 -1 

3 I 1 -3m -3m 3 I 1  
f; 1 1  

f5  I -I 
f: I -1 

gt3pq 1 -1 105 -1125 

selected final state then cause a specific spatial and spin distribution of the emitted electron. 
The basic assumption underlying this type of analysis is that core-valence interactions 

do not introduce interference between intermediate states which are in the same edge but 
separated by more than their lifetime width. This is correct in single-particle theory. 
Therefore, deviations from our results may be useful in the study of the validity of single 
particle theory in the presence of core-valence interactions. In metals single-particle theory 
should be a good approximation. This is corroborated by the fact that the measured 2p 
absorption spectra of 3d transition metals have nmow j = 2 and 4 peaks, so that in the 
intermediate state the interactions between the core hole and the valence electrons are small. 
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Table 9. @(LSed for the LS final states in a psd decay (cf the caption to table 4). The 
corresponding R(LSe) are in table IO. 

LS ee 000 110 112 202 312 

3D pp 1/3 -119 ID25 -U30 11150 
Df 1/25 -310 3/50 
ff 112 -116 2/75 -1/5 1/25 

fP -1/25 -U10 -360 
ff I16 116 -2n5 -1115 -1#5 

ID pp 1/9 1/9 -U225 -1190 -1/150 

Table 10. R(LSe)  expanded into Rx(cpde) and E'(edpe) for cdp = psd (cf the caption to 
table 5). 

)D p 1 --I 

ID p ~1 1 
f 1 -3i7 

f 1 3/7 

Table 11. @(LSed for the LS find states in a ppd decay (cf the uption to table 4). The 
correspondina R(LSe) are in table 12. 

LS e6 000 110 112 202 312 

3F dd 
dg 
gg 

'D dd 
3P ss 

sd 
dd 

'F dd 
d% 
gg 

'D dd 
'P ss 

sd 
dd 

7/2 -716 1/15 -ID 1/10 

54/175 -18/175 W1225 -27/245 27/1225 
~ 5 / 2  -5/6 . -1/6 5/4 -1/4 

l8/175 -27/35 27/175 

li3 -1/9 
-1115 1/2 -1110 

3/2 -1/2 1/10 -314 3/20 
716 7/6 -U15 -116 -1110 

W175 18/175 -1811225 -9/245 -27/1225 
-181175 -9B5 -27/175 

516 5/6 1/6 5/12 U4 
1/9 1/9 

1/15 1/6 1/10 
1/2 1/2 -U10 -1/4 -3/20 

In localized compounds the 2p absorption lines display a multiplet structure over several 
electron volts due to the core valence interactions and interference between the decays from 
different intermediate states can be expected. 

The emission can be calculated~using tables for the decay probabilities of final states. 
The angle and spin dependence of the p3ppp decay is contained in five independent spectra 
(or four, if spin-orbit coupling is neglected). The resonant photoemission spectrum which 
is measured at an arbitrary angle is a linear combination of these spectra and can therefore 
show strongly different peak ratios, which up to now may have been ascribed to 'background 
effects'. 

The first experimental results for the circular dichroism in the 2 ~ 1 2 3 ~ 3 ~  decay in 
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:~:Au:: 
... - ;::Aw 3 110,: 

IF 'P 3D 3p 'D3F C@J 

d a 
2 
3 c .- 

112 

.. + 312 

. Y'' 
0 4 8 12 16 20 

Table 12. R(LSe) expanded into Rk(cpde) and E'(cdpe) for cdp = ppd (cf the caption to 
table 5). 

LS e E,: R,: R! E: R: E: R i  E: 
~ 

)F d 1 -2/5 2/35 -31245 

3D d I 115 -11.5 -305 
3P s 1 -315 

'F d 1 U5 2/35 31245 

'P s -1 -315 

g I -5n 

d 1 -U15 115 -9/35 

g 1 517 
ID d I -115 -1/5 3/35 

d 1 1/15 1/5 9/35 

ferromagnetic nickel and iron 1371 show an effect three times smaller than expected in 
the 3P final state but a too large effect in the 'D + 'S  peak. The latter could only be 
obtained theoretically by assuming a phase shift which strongly deviates from the Hamee- 
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202 
- .  

312 

* : . : . : . : . : . ;  : . :  
0 4 8 12 

rela~ve kinetic energy (eV) 
Figure 11. Calculated B$! spes for pdd decay in LS coupling for Ni d9 using Cowan's 
code [56] with Hartree-Fock values of the Sloter inlegnls F2(3d.3d) = 12234 eV and 
F4(3d.3d) = 7.598 eV, which are reduced by K = 0.8, and radial matrix elements 
RL(2p, 3 d  3d. q,) = -0.04892. R'((2p. 36: 3d. sP) = -0.040 17, R'(2p. 3d: 3d. c f )  = 0,1789, 
R3(Zp,3d:3d.ef) =0.1119, R3(Zp.3d:3d,~~)=0.06539eV1/2,Sh -Sf =0.868, S f - 6 ,  = 
2.316 nd. The spectrum is wnvoluted with r = 1 eV. 

Fock value. These'effects need not be entirely due to interference between intermediate 
states because scattering of the photoelectron and experimental difficulties cannot be ruled 
out as causes of apparent deviations from the core hole polarization model. 

Apart from the quantitative aspects the core hole polarization analysis also has a 
qualitative value, because at least it allows us to understand the origin and order of magnitude 
of effects, and suggests suitable experiments to measure them. They can then be calculated 
afterwards using the full expressions. 

From the point of view of the analysis all decay processes into two-core-hole final 
states contain the same information: they measure the moments of the core hole after 
absorption. The choice of the best edge for a certain application will depend strongly on 
the instrumental possibilities. Especially for the very deep core holes, e.g. in the rare earth 
materials, a diversity of decay processes is available where the two-core-hole states may be 
in various regimes of Coulomb and spin-orbit coupling. The intensity of the decay and the 
splitting of the peaks of interest from the rest of the spectrum also determine its  value^ as a 
probe of core hole polaiization. 

Measurement of the spin polarization can be useful to~find the gound state expectation 
values of all possible oneelectron operators, even though spin-orbit coupling in the initial 
core hole already allows determination of spin properties from the angle dependence of 
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Table 13. p'$(LSe~ for the LS final states in a pdd decay (cf the caption to table 4). The 
corresponding R(LSe)  are in table 14. 

LS e$ OW 110 112 202 312 

3G f€ 27/35 -9/35 31175 -9nO 91350 
fh 2/49 -15149 3/49 
hh 751343 -257343 10/1029 -23343 51343 

3F ff 115 -1115 -l/75 1/10 -1150 
3D pp 7/30 -7190 7/2250 -71300 7/1500 

Pf 12475 -18/175 18/875 
ff 14411715 -48/1715 192f42875 -288/8575 288/42875 

3P pp 3/10 -1110 -1150 3/20 -31100 

' G  ff 9/35 9/35 -31175 -3/70 -9/350 
fh 4 /49  -5149 -3149 
hh 25/343 25/343 -1O/I029 -25l1029 -51343 

3s pp 2/15 -U45 41225 -2/15 2/75 

'F ff 1/15 1/15 1/75 1/30 1150 
'D pp 7/90 7/90 -7D250 -71900 -711500 

Pf -12f875 -U175 -181875 
ff 4811715 4811715 -19U42875 -96/8575 -288/42875 

IP pp 1/10 1/10 1/50 1RO 3/100 
1s pp 2/45 2/45 -4D25 -?.I45 -2/75 

Table 14. R ( L S e )  expanded into Rk(cpde) and E'(cdpe) for cdp = pdd (cf the caption to 
table 5). 

LS e RL E; R: E; R) E )  R: E; RZ E: 

3G f 
h 

3F f 
3D p 1 -1 

f 
3P p 1 1 
3s p 1 -1 
'G  f 

h 
tF f 
' D D 1  1 

1 -1 ID1 -1m 

I 1 -3n -3n 

7/12 -7112 1 - 1  

1 -1 

9/49 -9149 

-3n -3n 
9/14 -9114 

1 1 1/21 1/21 

1 - I  -3/7 317 
1 1  

9/49 9/49 
i 7/12 7/12 1 1 

IP 0 1 -1 - 3 r  3/7 
1s p 1 1 9/14 9/14 

spin integrated experiments. At first sight the general angle dependence is very complicated 
when spin polarization is measured. However, most or all of the possibilities can be 
realized in simplified geometries with the polarizations of the sample and the light and 
emission direction all coplanar and the spin polarization in the same plane or perpendicular 
to it. Also higher-order moments such as (w3)  and (w4)  can be observed, which are not 
accessible by other techniques, except nuclear quadrupole resonance. These higher-order 
moments are gaining new interest as the main microscopic actors in theories for the unusual 
ordering phenomena in heavy-fermion systems [73]. 

The core polarization analysis resembles the use of sum mles in x-ray absorption 
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spectroscopy, in that only an overall feature of the spectrum is used, whereas the whole 
two-dimensional spectrum of course contains much more information, especially due to the 
splitting caused by core-valence interactions. Hopefully it will be possible to understand 
what is contained in the polarization of resonances at different peaks in absorption edges, 
including also the LS coupled intermediate states of shallow core levels and finally decays 
involving valence electrons, which seem appealing because they contain information on 
two- and three-electron properties. 

Appendix A. Coupled tensors 

In order to treat any moment of a level 1 containing one or more holes we define the coupled 
tensors 

where are the uncoupled operators with x and y the orbital and spin moments 

Here s is used to denote the spin momentum of 4: Substitution of (AZ) into (Al) and using 
the graphical representation for the 3j-symbols grves 

4 
The normalizations, which remove the square roots, are defined as 

(21)! 
nrx = d(21 - X ) ! ( 2 1 +  1-+ x)! 

(-46) 
g! !  

( g - Z a ) ! ! ( g - B ) ! ! ( g - Z x ) ! !  
(g - Za)!(g - Zb)!(g - ZX)! 

%bx = is ( 
(g + I)! 

with g = a + b + x .  When g is even and a ,  b and c are integers we have llobX = nobx, but 
when g is odd nabx = 0. The  can also bewed for half integer arguments. 

The tensors with low values of x y z  have a simple meaning: 

is the number of holes, 
wlol - wlo - L 1-1 4 --4- 5 

= -woI = s s-l 

is the orbital magnetic moment, 

--? -a ‘1 

is the spin magnetic moment 
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is the spin-orbit coupling, and 
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wZ1l - T (U + 3) /1  4 - I  
is the magnetic dipole operator. 

The gzoz with z. even describe. the, shape (the 22-p01e) of the charge distribution and 
the &Iz describe spin-orbit correlations. The moments with x + y + z odd describe axial 
couplings between spin and orbit, such as E"' = Zl-'(l x s). 

for holes, which contain 111; in (M),  we define the operators 
w for electrons, which contain lilt. The difference between the two operators is a factor 
of -1 except for the number operator woo for which we have that the number of electrons 
plus the number of holes is 41 + 2. 

Similar to the operators - 
- 

w g  + g$; = (41 + 2)SxoSyo. ( A 1 3  
The operators S, L, 1 . s, Q and T in (A8)-(All) ?e already electron operators. 

Appendix E. 

B.I. General properties of angle dependentfunctions 

We consider here angle dependent functions U constructed from sphetical harmonics coupled 
to a totally symmetric spherical function. This function has the form of a sum of products 
of normalized spherical harmonics C~,(PI)C~,(P~). . . with such coefficients that the total 
does not change when we rotate all the unit vectors 8. An example are the angle dependence 
functions for resonant photoemission in cylindrical symmetry 

I / L u r h b ( M P P s E )  = Ci(kf)Ct (P)c: (Ps)cj(E) 

a r ) ( r  b )  
-5 --a! -P P -Y -B t=pPYa 

Xnzornrhb (31) 

Upon inversion of a single vector P with associated moment 1 we obtain C!,,(-P) = 

Rule 1. General theorem A totally symmetric spherical function U of a set of vectors 
with associated moments is zero, if a part of these vectors is perpendicular to the plane 
containing all the other vectors, the sum of whose moments is odd. 

This can be shown by inverting all the vectors in the plane. Each inversion of a vector 
with moment 1 gives a factor (-)'. The function U will thus change sign if the sum of 
the inverted moments is odd. But this geometry can also be obtained by a rotation of 180' 
around the axis perpendicular to the plane and so U in this geometry must have the same 
value as before rotation. Thus U must be zero. 

-1 -1 (-)r-t+n-a+r-p+h-y+b-p 

(-)'C!,,(P) and so the whole function U changes by a sign (-)'. 

B.2. Special cases 

Rule 2. All vectors collinear. The sum of the moments of the vectors in the plane 
perpendicular to them is then zero, because there are no such vectors, and so with 
respect to this the geometry is allowed but we may consider the collinear vectors to 
lie in a plane with zero vectors perpendicular to it. Then U is zero if the sum of the 
moments is odd. 
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Figure B1. Geometries in which the direction of Q (the polarization vector of Ps) is fixed 
by the general properties of the angle dependent functions. The intensity goes as Q . Ps. The 
moments L and a of the magnetization M(z)  and the light polarization PI") are given in the 
pictures, forthe photoemission direction E the moment b is even. (a) M(O) -+ QIlP("; (b) ell 
o r 1  M(') ,  P(') + Q I M .  P (c) M(l)IlP(') L E  + Q = 0; (d) M(')IIP(" I E --f QliM; 
(e) M(I) 1. P(l) I e --f QIIM: (0 MC2) & P(l) -+ QIIP. 

Rule 3.  All vectors coplanar. The sum of the moments of the vectors must be even. 
Rule 4. Two sets of collinear vectors perpendicular fo each other. Both sets must be 
even. 
Rule 5. Three mutually perpendicular sets. All three sets must be even or all must be 
odd. 

8.3. Moments zero and one 

Vectors with zero moment can be disregarded. Vectors with moment one are often special. 
If a totally symmetric finction contains a vektor with moment 1 it can be written as a 
normal inner product of two vectors 
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where 

033) 

so that Q, is a function of Pa, Pb and Pd. 
We may call Q the polarization vector of P. Given the value of Q we know the whole 

angle dependence of the function on P, being U = P . &, a simple cosine dependence. 
Now suppose that for some choice of values for the vectors the function is zero. Then 
we know that the polarization vector of P must he perpendicular to P (or be zero). This 
information may help to fix Q completely and then we have the total dependence on P.  

Special case: when we have a vector P of moment 1 and further two even sets, set, 
and set2 of vectors perpendicular to each other the function is zero for all directions of P.  
This occurs e.g. in figure Bl(c). Proof: consider the case where P is in the plane of set, 
and set*. U is then zero because the total sum is odd. So Q must be perpendicular to the 
plane. On the other hand, if P is perpendicular to the plane, setl is perpendicular to the 
plane of P and set2, which are together odd and U is again zero. So Q must be in the 
plane. This is only possibIe if Q = 0 and so the whole function is zero for any P (keeping 
the other vectors constant). Note that if the moment of P is not 1 but e.g. 3 then U is 
again zero for P either in the plane or perpendicular to it, but not necessarily in any other 
direction. 

Figure B 1 gives some examples of geometries with special consequences for the spin 
polarization vector that can be understood from the discussion in this appendix. 

There is one important extra rule which also includes ‘internal moments’ such as c in 

Rule 6. Collinear reduction. When two vectors Pa and with moments a and b are 
coupled to c the expression is zero when Po and p b  are parallel and a + b + c is odd. 

This is due to the relation 

W). 

I 
where &bc is zero for a + b + c odd (cf (A5)). 
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