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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 process, starting with an excitation from a core level to the valence shell, after
which the core hole decays into two shallower core 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 polarization 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 multipiied by the probability of creating a polarized core hole uvsing
polarized light, multiplied by the probability for decay of such a core hole inte the final state,
Using diagrammatic methods we derive general expressions for the angle and spin dependent
intensity in various regimes of Coulomb and spin-orbit interaction, LS, L8J and jjJ 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 makes it possible to measure new linear
combinations of operators. The general formula for second-order processes shows that in the
presence of core—valence interactions 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 2p;,3p3p decay in
ferromagnetic nickel is calculated using Hartree~Fock values for the radial matrix elements and
phase factors. Recent measurements show an effect which is smaller in the 3P final state but
stronger in the 'D, IS peak. Spin polarization is due to odd moments of the core hole. We
discuss and plet 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 1] we defined fundamental spectra directly connected to ground state
operator expectaticn values. In paper I [2] we showed that emission from an incompletely
filled localized shell obeys sum rules which relate the integrated 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 IIT [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 I — 1 and { + ! emission channels allows us to measure 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 [4]. 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—orbit operator { . s and
the quadrupole moment of the ground state {5-10]. 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 [11-13] or the 4d edge in rare earths [14-17]. At these edges the direct
and rescnant photoemission are of the same order of magnitude, resulting in complicated
interference effects [18-21]. At deeper core levels the ratio of the cross-section for x-ray
absorption to that of direct photoemission is much larger, producing an enhancement by a
factor of 10-100. The interference between the two channels is then negligible allowing a
much more straightforward analysis. Such a strong photoemission enhancement was found
at resonance with the 2p absorption in 3d transition metal compounds [22-29] and the 3d
absorption in rare earth materials [30-32]. These studies have helped to clarify the decay
mechanisms and the assignment of charge-transfer satellites, e.g. in transition metal oxides
[33,34].

Tjeng et al [35] have measured the 2p3d3d decay from the 2psp absorption edge
of ferromagnetic nicke] using circularly 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'° 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 uvsing total electron yield in this case only the monopole of the
core hole was measured,

The decay to final states with one or two core holes also gives strong resonance structures
[24-27,36]. Recently, Thole et al [37] measured a magnetic circular dichroism signal of
9% in the 2p3p3p decay of ferromagnetic nickel in 2 geometry where the circular dichroism
in the 2p XAS is forbidden, ie. 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 measure combinations
of the ground state multipcle 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 [44]. As in the case of non-resonant photoemission in paper I
our 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
Hartree-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 direct 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 d° however the absorption step produces a p*d'® configuration, so that we may consider
d'9 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
measuremnent of the photoelectron spin reveals the spin of the intermediate 3p core holc 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: Qur approach in terms of a two-step process
[58-61] 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 be used to test the validity
of the one-electron model. There is also an, obvious third step, viz. the iransmission 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, LSJ and jjJ. 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 3.
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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 J),
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 2p3p3p 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.

2. Basics

We will introduce here in simple terms the principle of core hole polarization using the
example of the 2ps/» core hole in a transition metal with holes of 3dsp symmetry. The
core level j* = 2 has sublevels m; which in the initial state are all occupied. The valence
level j = % has sublevels m; which are partly occupied. We will use {m;} to indicate
the expectation value of the number of holes in each m; sublevel of the valence level. In
second-quantization notation this would be {m;) = {ajmjajfm}}.

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 rmultipole moments or state multipoles [66], formally

defined as
. . . |
Zy E Ar_yi—m J Z J J z J
)_' o (mj)( )J ! (_mj 8] m_]) (_j 0 j) - (1)

Evaluation of the 3 j-symbols results in a simple set of orthogonal operators containing 7;
to the power z

W) = Z(mﬂ = {n) @
Jz
=L m) L M ®)
3mf—j(+1)  (3J2-T1%

A . £ = z 4

2 = = Jer=D @
Smi—m3iG+D—11 (573 = J,(3J% — 1))

— . - = Z 5

Z( ! JG-D2ji-b JG=D@2j—-1) ©)

o =S 35m} — SmI(6j(j + 1) — 51+ 3¢ — Di(G+ DG +2)
o 2jG=1Ej -2 -3)
_ (357} = 5J2(6J% — 5) + 371 ~- 2))
- 2j(J =D - DEj=3)
where J2 = j(j + ).

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

(6)
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probabilities with left circularly (g = —Am; = 1), Z linearly (g = —Am; =0) and right
circularly (g = —Am; = —1) polarized light are given by the squared 3 j-symbol

. 2
Jor g )
. 7
_(mj’ g mj . N
The intensities for the allowed dipole transitions from j’ = £ to j = 3 are given in figure 1.

We are interested in the intensities /2 which are linear combinations of the intensities with
different g. The isotropic intensity (@ = 0) is the sum for ¢ = +1, 0, —1. The MCD

{a =1) is the g = 1 minus g = —1 intessity and the linear dichroism (@ = 2} is the sum
of the g = +1 and ¢ = —1 intensities minus twice the ¢ = 0 intensity. We thus obtain for
the intensities from each of the mj sublevels

10( ) ( ﬁﬂ< 2}+ 0{_—)

$)+
HCHE D(— )+ a3+ G
') = F(-3) + S+ + S+

'+ = -‘—(+-§-) + g+ + g +3) 7 ®)
' =-8D+ &

1(--)-—@(—-} +3(+1)

P+ =—&-5+ 50(-!- } ,

‘(+2)———<+ )+ g(+3) ®

(-3 = g(=3) - aa<—a> +(—1)
P9 =&-H-Ji-+F0+D)
PO = &(1) — G + ()

P = g+ _E.( )+ 848} (10)
Jj=5/2
m; = —5/2 =3/2 =1/2 1/2 32 512

ma= 1-32| _172 12| . | a2

Figure 1. Dipole transitions for x-ray abscrption from a j* = 3/2 core level to an open shell

J = 5/2. The components »1; of each level are shown as boxes. The transition probabilities
(encircled numbers) for excitation with left circularly (Am, = —1), Z perpendicularly (An; =
) and right circularly (Am, = +1) polarized light of an electron from the filled level to the
incompletely filled level are indicated by dotted, full and dash—dotted lines, respectively,

In x-ray absorption we cannot resolve the different mji sublevels and we measure only
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the sum of the intensities, designated by the superscript r = 0
1U=0 = pr—2y 4 (=0 + 1PED + 14+, (11)

Because each absorbed photon creates a hole in the core level we may say that each spectrom
I¢ creates a distribution of holes in the m1;r 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 (8)-(10) into (11) gives

M= D TR ECH @D T RUD T =30h - aD
P00 = _Bef - S-H - F-D+HEED HEED H B =t @)
P = 188y - 203y By - 60(-}72) Z(+3) + 60(+2)—1(w} (14)

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

Ia(r-——O) — _llg(wa) (15)

which is the equivalent of the XAS sum rules for the j = g— 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

mp+m, =my+my . (16}

where m, and my are the magnetic moments of the two final state holes. Now the value
of mp + my 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 m, 4 m; = 0. Further the
absolute value of m, can be determined from the angular distribution of the photoemission.
This means that mj: = &3 can be separated from my = =1 and we see that we can now
measure the quadrupole moment r = 2 of the core hole defined as

10D = =3y — (=1 — (R + 1D (17)
Substitution of (8)—(10) into (17) gives
=D = 100 5y 20 3y %<_l) — 3 - D + B3y = Lwh (18)
10 = B+ H-DF S0 — G — 5D + g
= htw') + ¥ & w) (19
P = B = B+ BeP+ Borp) — Berd + Berd)
= —’-{w Y+ 4w+ S, | 20)

This shows that we have obtained information on {w?} and {w?).

If we measure the spin of the emitted electron we can also separate m; and —m;
and so obtain odd core hole multipoles, which give again different combinations of 3d shell
multipoles. Thus with core polarization we obtain additiona) information about the moments
of the ground state.

The foregoing explanation was given in a simple jj 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 af [67-69], using essentially the same approach, to determine the
expectation values of coupled tensor operators {w*} as defined in appendix A from the
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intensity and spin distributions of final state peaks in various regimes of Counlomb and spin-
orbit interaction, LS, LSJ and jjJ coupling. We will obtain an expression for the angle
and spin dependent intensity as a sum over the tensor operators w***, multiplied by ¥,
which is the probability of creating a core hole with moment r for a given ground state xyz
using @ polarized light, muitiplied by B, 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 disiribution of the emitted electron.

We will consider the resonant photoemission process consisting of a @-pole absorption
from a ground state [g} to a set of intermediate states |{) followed by the decay into final
states |f) plus a continuum electron. The state |g} has all core levels filled and has a
localized shell [ 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 [{} treated here have one electron transferred
from a deep core level c, say 2p, to the 3d level. The ¢ level has a large spin—orbit splitting
and we will consider transitions from the two levels j = ¢+ % separately. The final states
[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 2p3;3p3p and
2p3,23p3s 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 LS terms of the pd configuration.
These terms are smeared out somewhat by the presence of the / shell but we will assume
that this effect is small enongh to consider the core hole LS 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 jpjsJ coupling such as in
the 2p3p3p decay of rare earth ions. ,

The electric Q-pole transition mairix element from the ¢; level to the [ level is given
by

2

t j - i
> il jale) 2—< FRINE D)
12 ! -

where we have used 1, 2, ... to denote the components m; 5 and oy 5, of the momenta
I, j, etc. Whether m, o or both is meant is always clear from the context. A line on
a graph without a moment specified refers to s = % Finally [a, b, ...] is shorthand for
(2a + 1)(2b + 1}.... To obtain elegant tables we have omitted the radial integral and a
coefficient n.p; defined in (AS).

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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e —O0— - ——

Cj-—.—i-"— —‘o— —0—

| g> excitation |i) decay [ f>

Figure 2. The autoicnization or resonant photoemission process. In the x-ray absorption process
a core electron in the level ¢; is excited into an open shell /. The resulting intermediate state
|#} decays by Coulomb interaction to a two-hole final state under emission of a photoelectron
into the continuum state e. |

electron measured in direction £ leaving behind the ion in state | f} is

> (FlildapelidYe (@)

3456ke

[icpdel(—Y ¥ n o py RE, 4o € (22)

where RY _are the radial integrals, 3, is the phase shift of ¢, and ¥¢ . is a spherical harmonic.
(22) should also contain exchange terms with p and & 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 of the core operators

Taking the square of the product of (21) and (22} we obtain for the creation/annihilation
part of the intensity

> (elghli | pidlisl £ dapslid il alg) 23)
#£11234612345

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

(fl,rs Chlgy = ({fl...18)82 (24)
and obtain

(gl pld]| )£ |dapell|g)323823. 25)
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In this way we have restricted our intensity to excitation and decay via the selected ¢; states.
‘We may say that we have disposed of the presence of the open [ shell in the intermediate
states by summing over all structure in the ¢; edge caused by ¢f Coulomb interactions. So
after being inspected by the Pauli principle the { 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 { shell. For this we sum over all |/} which have pd holes in states belonging to
this term. These |f) can be written as .

1 8 1 8
[FLMLSMs) = ﬁﬁ s [L81%dy ps| fo} (26)
78 M, M

where we let | fo) run over all states without any holes in p or 4. 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 |g} also contains no core holes we have

(folPididapel|g) = desbar(follalg) @7
and we obtain

3 (eludlle) ‘k( Y Y Y [LS]
MLM_;
= (eliutlig) >_< >_< ILS]. @8)

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

v £

& I D /ﬂ(

Sl L) 0mi0 1
{glhiy|g} ¢ cpdechde gl % ~—[jclLSjcpdeg"In,kpndkcnckdnpkg.
1 s \ S / 5
E—— —1
1 i ¢ € — 1
I 0 0 ]
{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 Py, we multiply by 5, z(PS) and r%" (P) defined in paper IlI, equation (5)

as
& § : - a b Q

and vse
4

_ i Blese. 31)
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The result is

JFHLS; PPgg) = — ZZ{g[lll I RE g R, €680
115 kkeg
] —
11—
I
P
x[jel LSjcpdeebng, negparcPogdpkeNebelyy, - (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 @ to j in the graph, expresses the dipole excitation from the
ground state to the states with c; 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.

decy

i o= (33
-5
‘cxcﬁaﬁon
The excitation part gives
> eliatlle) = > (eluflla)
i1 xyz11
4
= (Wi ng, )\k crr, (34)
xyzt P " P

This tells us that given a grouad 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 nen-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 /, it must have an appropriate orbital part, i.e. parallel or antiparallel to the spin for
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J = c+1/2 respectively. This produces the anisotropy of the hole orbital. The coefficient C
can be decomposed by introduction of an extra summation variable ¢, the orbifal multipole
of the core level.

xyzar J d 'I x ¥y Z € @ <
CjJ’Z (IcQ):E[s ¥ S}Irﬁ a]{l X [}
a le o ¢ g a Q

><[a:jclxyz]n,xnsynxyznmrn'él nj',l. - (35)

3.4. The decay step

3.4.1. LS 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 spm s0 that together the remaining holes form the
required LS level.

(36)

) The total expression for the angle and spin dependent emission intensity JJ?” from the
edge with total angular momentum j using polarized light of moment ¢ and detecting the
photoelectron spin of moment % for transition from a core state to the LS term of the
two-core-hole state can be written as -

JE(LS; PPge) = —Z{Z( x”z}Cx"’z”’}UZ‘"“’(PPSE)B"’”(LS) 37
rbe
where the angle dependence is
. & e
Urh (P Pse) = " —~ rgngy (38)
l:'S

and from (36) the coefficient B for the probability that a core hole with moment r decays
into the state LS and a photoelectron with orbital moment & and spin moment £ is

c b ¢ 5
B;M’(LS)={S h s}is S}

. . s 8§ s
A |
e (8, —8e) RE P ok ek
XZ{C i ,;} ¢ E{ } m’ezk:{c L d} cpde
X{=Y*S[LSjrepdeebIn nopharchepan pggnebgn;} Tohr- (39

Each summation of & in this expression is understood to contain also the term where p
and d are interchanged together with a sign (—)***. One minus sign is needed because
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the annihilation operators in (22} also have to be interchanged, (—)**+5%% because the final
state definition in (26) differs by this sign if we interchange p and .

Because the 9 j-symbol has two equal columns &+ + r must be even. The expression
is symmetric under interchange of ¢ and g except for the phase shift factor which is complex
conjugated. So the total is real and ¢/®~*? may be replaced by cos(s, — &.).

(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.

3.4.2. LSS 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

== YW >2LL< | (40)
_— T N

and so we obtain

41

r

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

L ¢ e e b e eg ¢ L Foe i
B}'hb(LS‘])=ZZ[S K3 S}[S h S}[; j‘ i}{}i 7 ;ﬁ]el(ﬁ,-ﬁr)

e jie VT j e Je T Je

e k h
XZ{d L Iz}Ri‘(pde
k
k e L.
xz{*‘c’ I 5}Rf,,dgc—)’f”[Lsnwicpdegb]
k
X7 Pl gep o Mckd PpieThebe g, Moy (42)

Interchange of e, j, with ¢, j. changes the product of the three 9 j-symbols by (—)*+#+7.
So for &+ k + r even we may replace the exponential by cos(3; — 8;). For b+ h +r odd
this is —isin{d, — &.). The —i is cancelled by the i in z,,,. This means that b + A +r odd
is allowed in LSJ coupling provided there are terms with e 7 ¢ 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 jjJ states

A (43)

(44)

which again can be decomposed by coupling to j, and j,, yielding

e b e . .
rhby: - . - J r j
B (jpjad) =) §:{§ A H} . je}

€€ Jafe =

Je T Je ‘ )
i(Ge—8,) vle k plld k clji k J
X&) ) R {jp s i fli s wJi I i

%
«gefe & p}{a_l koclli & {e_}
T Jp 5 Je J o5 T iJ Ja
X (=) IR [, jad e JeCpdeebn naphakohckdt pkePebe R Ty, (45)

L

Interchange of e, j, with g, j, changes the 9 j-symbol together with the factor (=)
again by (—=)**"+ and so the same situation occurs as in LSJ coupling with respect to
interference. In the summation over k there are again exchange terms where p and d are
interchanged and the term js 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

- TN EVIAUIVINGITg) B _
I(Q'Eb)_;(Eiz—Eg-—w—}—iF,-:/E)(E;—Eg—w—iFf/2)5(Ef BB 08

where Ep = w — E, is the binding energy, E, is the energy of the emitted electron, 7 and
S denote the intermediate and final states with energies £; and E; 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 E; — Ey <T;. The §-factor does not enter our discussion and we remove it by
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considering the intensity integrated at constant « over an Ej 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 My, Ms or M levels.

ToieVier Ve T
i@ = [ 1w B = L :

v {£1 {%; (Er — Ey — w4+ iTyw/2)(E; — E; —w —il';/2)
where we have used shorthand for the matrix elements in the numerator. In core level
spectroscopy the varjation in E; can be neglected with respect to E; — E,; and therefore to
remove the denominator we would like to replace Ey by E; and obtain

Toit Ve r Vi T
i (i — Eg — @) +T7/
This is a good approximation if in the summation over i’ the only large numerators oceur
for terms with E; — E; much smaller than I'; and ;. We may say that there is path from
g to f viai when Ty; and Viy are both large. Then (48) is a good approximation when
there are no two paths from g to f with energy difference larger than I'. If there are such

paths (48) will contain cross-terms that are absent in reality. If (48) holds we can integrate
ev over a range containing a set of states {i} well separated from other peaks and obtain

2x
lpa =) Ip(@ydo =Y = TwVisVaTy. (49)
(1 (e 'y

(47)

i)

I; 4 i)

energy

Figure 3. The two-step model breaks down when the intermediate states [{} and |i"} can both
be reached in the absorption step from the same ground level and decay to the same final state
| F}, having an energy separation larger than their natural width ;.

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 I

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 MMz or M, levels.

(48) is also exact in one-particle theory, where { denotes states with a core hole and
with an extra valence electron in level v;. Then the levels i are not degenerate but Vig Vi
connects only states with the same energy because the v level has no interaction with
the core holes in i or f and so is a pure spectator in the decay: v; = up. Therefore,
deviations from (48) may be wseful in the study of the validity of the one-particle theory in
the presence of core—valence interactions. The presence of valence—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

We consider here characteristics of final states that simplify the interpretation of spectra.
We designate a general decay channel by [i/2f3e. The intermediate state only has a hole
in /; and so its total orbital moment is /. The final state consists of two holes in £, and
I3 coupled to L and together with the continuum electron the total orbital moment has the
possible values L;,, = L@e = |L —¢|--- L+e. The decay is only possible when L,,, = I,
or equivalently

e=L@L=|L—1|---L+1. : ' (50)

The final state L values are Ip ® I3 = |l — I3]--+ Iz + [5 but there is an extra restriction on
e: due to the parity of the Coulomb interaction /; + I; + /3 -~ ¢ must be even. The possible
values of e are therefore

e=h+hbh+hLL+bL+hL-2,...,max(li —b—l,l—1 _ll,l3—'}-’27_“!1p0)- (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 possibie
value of e from (51), then with {; = 0 obviously by (50) those L can only be reached in one
decay channel: e = L. But also with {; = I only ¢ = L will contribute, because ¢ == L — 1
and e = L - | have the wrong parity. Another case occurs when I; = Iz where we have a
term with L =0, which means ¢ = I; only.

~ For jjJ coupling the only case with one continuum channel seems to be 7 = 0. Because
of the triad {jj,J) we must have j, = jand e = f. £ % 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 jjJ
coupling the Coulomb interactions have to be large enough to split the J levels but this will
probably be true due to the large Conlomb interactions between deep core levels. Of course
in order to measure with odd % + 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 [24,25]. This is important in transition metal ions where the configuration
3p*d”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 ID is present in both configurations, leaving P 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.

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*¥) for p to d excitations with « polarized light
and core hole moment r. For even r the corresponding angle dependent function is U%% which
implies spin unpolarized measurement. For odd r spin polarized measurement Is necessary, with
angle dependent functions et withb=r—1landb=r+1, Inthe presence of spin—orbit
coupling in the final state and interference between continunm channels, even » can also be
studied by measurement of /%71,

zar X, Gy w™ T Cipp w™
000 zw[)()(l + w!]l’) w(]()() - wll(]
011 %(5}2““0 +4EII.[)) %(Hrm — l’rl“u)

022 L™+ 2wl
101 %(10_@_”“ + 1510¢ +2_u_)_2“)
110 %@(Jil +61“,—lu[+2!3|1)
112 %(SEUH + 3-&301 +y_’_2”]
121 %@Dl] o+ 15"12101 + 111221[) %(_y_}ﬂll +3E].D] __,_21__”'2]1)
123 _335(72()“ +2-w.211)

202 2wl? 4 w22

a1l 325'(172’.-1 12 5 25_,‘?.2[)2 + 32312) _%{__2?_”_!12 +- 522(!2 — 32312) .
213 %(141_[)-[12 +£312)

220 é_(zﬂl 12 + 10‘&202 +§E.312) %(_221 12 + 52202 — 33}'312)
) 525'(73112 +5E2(]2 + 3£312)

303 3w?i®

312 %(23213 + _12303)

321 %(24&213 + 35—19.3“3 + 4'&4[3) %(_3£213 +71.[J_393 _ 4_w_413j
323 %(622!3 +_U_J413}

%(_Eﬂl-l i 331(}1 _ zl_u_llll)
%(_wl)ll + 32101 _ 2_12211)

a3 Byt
427 _;% (21_3-3 44 _u_)4()4)
523 Wypts

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 7 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 7 is in the range 0...2j. We have two 9j-symbols in (35) which require
x4 a4+« and r +y+ « both to be even which means x 4y + a +r is even. We assume
that only moments with even x + y + ¢ are present in the ground state, and so for brevity
we will often say that z + 2 4+ r must be even. Odd z means a magnetic moment, e.g. L, §
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
appendixz A). Even a means isotropic (2 = 0) or linearly polarized light (¢ = 2) and odd a
means circular polarization (¢ = 1). This 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 {¥*} 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 {1w**) but these combinations depend on the values of z, @ and r. Formally we may
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say that the values of z, a, r, & and & 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 U/#4r% in (37) and then selecting the combination desired.
Assuming the coefficients B to be known, we can determine the linear combinations of
{w*?) for a given z In table 1. When we know a sufficient number of these combinations
we can solve for the (w™*) separately.

Table 2. The linear combinations of moments {w*F*} for d to'f excitagons with a polarized
light and core hole moment r. Cf. table 1.

ar L, C’S‘}'ZZ‘" W T 3}’;‘" ¥z

000 3w+ 2110 2(w0 — 1179

011 1/15(140M 11 1w““) 2/3(w0 — il

022 1/25(123?.‘”) + 1321 [0) 2/5Lom 11[))

101 1/5(7u® + 1410190 4 4!ty 2/3(=wt 4 30t — 2021
110 1/3(2£011 + 9221[)1 4+ 4221 l) 2/3(_ whit - 3wlﬂl 21:)2”)
112 2/75(2321_.0” n 36_&“” + 11_11)_211) 4/15(_—‘011 + 321131 2E2ll)
121 2725020 4 14wt 4 9wthy 4/15(—w0 - 30 — 2271y

123 9707501201 & 9! + 4!y 6/35(— % + 3w — 2521y
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314 4763270 £ 7w + w3y
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323 47525932 + 63w + 1917 8/105(—3P + 70 — 4wt
325 1072310330 + 2uw1%)
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413 43150130514 4 g1w®™ 4 5%y 863(— 4wt 4 Q5w
415 5/99(44w’4 + wSlh ‘ .
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424 2072310 ™™ + 3w*™ 4 ™4
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624 5/11(4w " + w596
725 315/143w507

The sum rules for x-ray absorption spectroscopy appear in these tables in the guise of
sum rules for » = 0.. XAS measures the total number of core holes created, imespective
of their polarization, and this is exactly what r = 0 (monopole} means. For ¢ = 0 we
see from table 1 that the sum of the C for j = 2 and j = 3 gives 3(w") = 3nh
and Cspp — 2C12 = 3(w!'% = —3{-s). Fora =1 we get 3(w'") = -(L } an
™) + 2(w*) = 2(S,) + 7{T,) and for @ =2 we have 3{w*?) and $(»'"?) + 5@3”).

Forj= % we see fisst of all that  can only be zero of one and secondly that for each
z the linear combination of w operators measured for fixed z but different 2 and  is the
same, except for a constant factor. Further we note that only values of z up to 3 are preseat.
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The operators with x 4+ y +z odd can only be observed for j = % but normally in more
than one way. The fact that they are not present for j = ¢ — % when ¢ = [[ — @[ and for
J=c+ % when ¢ = [ 4  is not due to triangle relations but to special values for 6~ and
9 j-symbols for stretched angular momenta [70].

6.2. The decay process

The second step in the process converts the core multipole inte 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 /s -+ 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 parity of & 4-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, P; and ¢ are varied. The total set of functions £/ can describe any angle dependence,
but each function has very particular properties. The most important properties are the
parities of the morents z, @, r, i 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 B, especially by
parity rules for their allowed values. For C these dre z +a -+ r is even and for B we have
b is even and in the case of LS coupling of the final states r 4+ 4 + & 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;y %y. As usual we will restrict ourselves
to a sample of cylindrical symmetry where the fact that (w?’z) must be totally synumetric
simply means ¢ = 0. In that case we may multiply &’ by C;E(M), which is dro when
M is along the Z-axis, and when we formally sum over ¢ we obtain a new function
Uit (M P Pge) which is now totally symmetric. This means that it does not change if
we rotate M, P, P; and £ 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 unresoived measurements. Figure 4 shows the essential features of the angular
distributions U#¢(M Pg) = UM PPss) involved when spin polarization is not
detected. The U/%® are the same functions as already defined [3] for off-resonance
photoemission. However, for resonant photoemission z + @ + b can only be even. The
plots only show coplanar geometries with M, P and £ in one plane. We see that the
value of & determines the number of nodes going around the circle while @ 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, 2 = 2, the intensity does depend on P, and so the circles become different. The same
holds for circularly polarized light, @ = 1.

6.3.2. Spin polarization: even functions. First we will consider the case where r +- A + £
is even, Because bisevenand h=1,7 hastobe odd and either b =r—lorb=r+1.
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Fignre 4. The intensity distributions U727 (M Pg) = U (M PPse) with even r. The values
of zar are shown in the middle of each plot. They are the fiest 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 npward.
The polarization direction P of theé light is at an angle fp in the X Z plane and the emission
direction ¢ is at &;. The intensity distribution is shown for five values of 91?.-w'z, 0°, 22.59, 45°,
67.5° and 90° corresponding to the five circles, going outward. Each circle has short lines in
the radial direction with lengths proportional to the intensity for the corresponding value of 8;.
So each circle shows the intensity distribution for a fixed value of 6p. The line at the top of the
inner circle has length b (RINI AT ) which is unity (for £ - a + r even, which is the case for
resonant photoemission).

Because z+a-+r is even z+4+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 ail relevant properties of I/ can be 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 £ and Py 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 ¢ are coplanar the polarization vector of Py
(defined formally in appendix B) is also in the plane, because if Py were perpendicular fo
it the signal would be zero because z +a -+ & is odd (rule 1 in appendix B). Due to these
simplifications we are 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, @ = 1.. We see that the polarization can be perpendicular to ¢,
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Figure 5. The spin polarization distributions U297'% for linearly polarized light, « = 0 and 2,
and for r odd and b even. These distributions are needed for J9! and J?! 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 €). A line pointing outward means polarization along £. The intensity
pzerli (AT P Pss) of the signal obtained with a given spin detection direction Pg is the inner
product Py - Q. The values of zar1¥ 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 & = r 4 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 # = r + 1 points to the right. The magnitudes of the transverse components for
b=r-1and b =r — 1 can be shown to be related as —r/(r 4+ 1). A consequence is that
both distributions have the same geometries in which the spin polarizations are purely radial
or purely transverse and antiparaliel. Because in (37) the signal is always a sum over two
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Figure 6. The spin polarization distributions U2 for circularly polarized light, & = 1 {cf
figure 5). These distributions are needed for J 1L ip table 3.

values of & with coefficients B™*?, we do not actnally have two distributions 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 Py is along
&, we have generally, using (B4), U*"8(M Peg) = U™ (M Pg), independent of . So,
we may say that in resonant photoemission we have to measure distributions U%*" (M Peg)
for both even and odd r. For even r we detect the total intensity; for odd 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 T¥",

6.3.3. Spin polarization: odd functions. The case when r+A-+b is odd is similar. Note that
due to the fact that b must be even & can only be equal to » and so r is also even. Further,
Py is polarized perpendicularly to & because the geometry Ps|le is forbidden by rule 6 in
appendix B. It seems that again a geometry with M, P and ¢ 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 + £ + r even. Again the distributions U**'* (M P Pse) and
U3 (M Pg) are strongly connected.

2 4
U¥ (M P Pse) = (- )’+12 — d;a (M Pe) o 52)

where ¢ denotes a rotation of & around Fj. So the derivative gives the change in intensity
when ¢ is rotated around Ps keeping M and P fixed. When P is parallel to ¢ the
derivative in (52) is of course zero which gives us another way to see that the polarization
cannot be along £. In figure 7 the. perpendicular spin polarization is plotted as the length of
a line in the radial direction. We see indeed that each circle for zar 17 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 bAr = 212, there being



0068 G van der Laan and B T Thole

no such possibility as 010, the analysis of the signal is simpler than for the total intensity
measurement.

2000
ofole

Figure 7. The spin polarization distributions U/%"!* for even r (cf figures 5 and 6), These
distributions are needed for the second group of /%, J2! and J!! in table 3. In this case the
direction of the spin polarization is perpendicular to the plane of M, P and . Its magnitude
is plotted as the length of a line in the radial direction. A line pointing outward means that @
is upward out of the paper.

There is no indication that in geometries other than coplanar for M, P and ¢
fundamentally different possibilities are present, but experimentally such geomeftries 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 geometries. '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 -+ i + r is even. Because b is always even £ + r has to be even. This means that
even r can only be measured in a spin unresolved measurement (4 = 0) and that for odd r
spin detection is needed (£ = 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 geometry. 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 A + r 1s no longer restricted. So, with even & we could measure odd r values if not
unfortunately the only even value of k available is £ == O which means r = b, which is
even, so this possibility is excluded. On the other hand it is possible to use £ = 1 to
measure even r. Although even r can already be studied with # = 0O, the special properties
of angular distributions with odd & + r can make the # = 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 combinations of zarhb for z up to 3. Considering only @+ z +r = even (no
axially coupled tensors): if r + i+ & = even and & = 0 then r = » = even and a + z = even; if
r+h+b =evenand & = 1 then r = odd and ¢+z = edd; if r+ A-+& = odd (spin—orbit coupling
in final state and interference between continuum channels) then A = 1 and r = b = even and
# 0 and g + z = even. This table can be used together with (53) to find all terms in the
summations for given  and 7 and z up to 3. For any application » can be limited to r < 2.
The ultimate test for the presence of a term is a non-zero entry for zar in table 1 for € and for
rkb in table 4 for #. Table 1 for C automatically gives the corresponding values of x and y.

z a r h b

r+h+b=e¢ven
+ 4+ 4+ o+
M on 9 0 0 0
2 0 2 0 2
a5 2 0 0 0
0-2 2.4 2.
2 2 2 0 2
2 2 4 0 4
- - 4+ 4+ +
J o 1 0 0 ¢
P12 0 2
3 1 2 0 2
3 1 4 0 4
-+ - - 4+
o 1 80 11 0
| 0 1 1 2
3 0 3 1 2
-3 0 3 1 4
P2 T S S
1 2 1 1 2
3 2 1 1 0
3 02 1 1 2
1 2 3 1 2
1 2 3 1 4
3 02 3 1 2
3 2 3 1 4
3 02 5 1 4
3 2 5 1 6
+ = - = o+
JU o 1t 1 0
0 1 I 1 2 .
2 1 1 1 -0
2 1 1 1 2
2 1 3 1 2
2 1 3 I 4
r+h+E=odd
+ + 4+ - o+
Ot 2 g 2 1 2
2o 2 2 1 2
2 2 2 1 2
2 2 4 1 4
- - 4+ - 4+
JUo1 1 2 01 2
i 1 0z 1 2
3 01 4 1 4
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case of a ppp decay with different p levels for the final state core holes. Here the *Dj 23
states, which only give an ‘odd’ signal for bhr = 212 (the only possibility here because
r = 4 capnot be reached in a p core hole), would allow pure measurement of » = 2. If
we choose P, M and £ to be coplanar and take Ps perpendicalar to the plane we measure
r =2 with still freedom to vary P, M and £. So it would seem that use of spin~orbit split
final states in order to measure with odd / + r can be useful for our purpose as a probe of
the ground state. Moreover it is still nseful as a method to obtain knowledge on the final
states, which is ultimately needed for their use as a probe.

7. Application

7.1. Decay following p — & 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 J9* for
the spin integrated (h = 0) and spin polarized (k& = 1) photoemission using isotropic light
{a = O}, circular dichroism (¢ = 1) and linear dichroism (z = 2).

In cylindrical symmetry (37) can be written as

Az JER(LS; MPPse) = { Z@%cj”*‘”}UW"*’(MPPSE)B;‘*"(L Y (53)
zrb xy

where we must fill in the values of the moments allowed by the triangle conditions, of
which the miost important ones are summarized in figure 8. For convenience the allowed
combinations of zarhb a.re given in table 3. The next most important condition is r < 2).

So we have for the j = — edge only r = 0 and 1. For example, for ak = 10 we find from
table 3 the entry zarhb = 11000 and then for zar = 110 we find }°, G w™* from
table 1. The result is

4 I3 = (W™ — w11°)U°°°°°B, v (54)
4 10 = H(—w®™ + 3™ — 2pM U 1R I (55)
Ar 1Y, = L(—2w"? + 5w™ — 3w HU=0 g, (56)
For the j = 2 edge r < 3 so that
431.‘];./02 = (zwﬂm -+ wl!G)UOOOOGBgUG_i_ (zwll?. + QQOZ)UEOZ'GZB%??Z' (5‘7)
47.:}31/02 —_ l(__()ll + 6w101 + szH)UIIOGUBwZ + 1_25(52)-0“ o+ 312101 + LU‘Z!l}ullZDZBg?%

+5 (2w213 + w3ﬂ3) U312023202 (58)
411,]3/2 (zwll?. kR 10w202 1 3w312)U2200033/2 i (_000 + 2&] IO)U02202332.?§.

+2&(Tw''? 4 50 + 3uP P U2 B2, (59)
For the U functions we use

U (M P Pge) = U (M Pe). (60)

Some U4 (M Pé¢) are given in table 1 of [71] in the form U*"*(PsM); we add here U*'?,
and find for the U functions in the circular dichroism

U11000=M,p (61)
U2 = NP+ (M - e)e - P) (62)
31202 _']iM'P”" (M - £){(s - P) + 3(M - P)(z - M)*. (63)
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These functions are plotted in figure 4. It is natural that J[mz has a P - M dependence
exactly as the XAS signal, since for r = 0 the core hole is not polatized. The angular
dependence of Jyz is more interesting and by changing angles between P, £ and M we
obtain different values from the U functions so that in principle we can separate the three
different linear combinations of w™%. For P+ M = 0 the terms in J] containing B% are
zero.

Figure 8. A schematic picture to illustrate the most important triangle conditions in (53) for the
multipole moment W, the angle dependent function I/, the excitation strength C and the decay
strength B.

The U functions in the isotropic spectrum and linear dichrojsm are

[ooond . ¢ (64)
U2 = 3(P-e)’ -} (65)
UZDZOZ 3 (E M)Z (66)
B = %(M : P)2 -3 : (67)
U2 =1—3(c- MY — (M- Py — (P £)* + (P &)z - M)(M - P). (6%)

To remove the dependence on B one should measure under the magic angle, where
M-P =13

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 B is decomposed
in a manner already apparent from (39).

BM(LS) = ¢y B (LSec) R(LS)R(LSe)C% (69
with ,

R(LSe) = Zr"chde et B, (70)

EF =R (71)

cpde cdpe-
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Table 4. The non-zero coefficients JB_;%’ (LSee) for LS final states in a ppp process. The values
for rkb are indicated at the top of each column. Note that the values for singlet and triplet
differ by a factor of 3 for 4 = 0 and ~1 for & == . The values for ee = pf and fp are equal,
together producing a phase shift factor in (39) of Zcos(d, — 8¢). The corresponding R({LSe)

are in table 5.

LS e 000 1o 112 202 312

iID pp 52 =56 1/30 14 1220
pf 9125 2750 27)250
ff 27125 —9/125  36/3125 —54/625  54/3125

3 pp 2 12 =T10 34 —320

33 pp 12 -6 Vs =12 /10

In pp 56 5/6 —130 —1112  —1/20
pf —9/125  —9/50 =27/250
ff 9125 9125 —36/3125 —18/625 —54/3125

P pp 12 12 1110 1/4 3/20

s pp Us e =115 =16  =UI0

7 = 1 for final state holes in different shells and 1/2 for final state holes in the same sheli,
The possible values of k in R}, are

k=max(jc —4d|,|p—el),...,min{c +d, p+e) step 2 (72)

where ¢ + d and p 4+ ¢ must be both even or both odd. For % in Efpde we have (72) with
p and & interchanged.

As an example we will evaluate the B values for the pajopp decay. The values of 8
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 ps2pp process in terms of the radial
integrals R. From table 4 we see

BY®(P) = 2R(Pp)* (73)
Bi3CP) = RCPp)? (74)
BIY('D) = 1('Dd)? + 13z R('DEY (75)
BY2('D) = —FR('Dp)* — £ R('Dp)R('Df) cos(dy — 8,) — g5 R('DH? (76)
BIR(S) = gR('Sp)® (17
BIZ('S) = —; R(*Sp)™. (78)
Using from table 5 _
RCPp) = R)+ E, — 1R. — LE} (79)
R('Dp) = R} + Eg + %= R2 + LE2 (80)
R('Df = R} + E} (81)
R('Sp) = R) + ES + 3R> + 2E2 (82)

with the Hartree—Fock values [56] Rg = 0.07019 eV'/?, RZ = 0.04524 eVvir2, R} =

0.08003 eVY/2, §5 —§, = 2.45 ad, and for two holes in the same shell E¥ = R and 7 = 1
we obtain for B(x10%)

BYS(P) = 112.15 BI2(P) = 56.08 (83)
BYP('D)=95.62  BI3('D)=19.53 (84)
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Table 5. R{LSe} expanded into R*(cpde) and E*(epde) = R*(cdpe) for cdp = ppp. RY is
sharthand for R*(pppe). When p and d (i.e. the final two p shells in this case) are equwalent
electrons only terms with L 4 § even have 1o be considered, the E integrals should be omitted
and afterward the total intensity has to be multiplied by two. Alternatively R and £ may simply
be substituted after which the total intensity has to be multiplied by = 2, and, because for
equivalent electrons R* = E*, states with odd L + § have zero intensity. Note that the entries
for singlet and triplet are equal for R integrals and have opposite sign for E integrals. Further
RF and E* have the same coefficient when L 4- § is even and opposite sign when I + S is odd.

o 0 2 2 22 2
LS e R, Ep K E; Rf Ef

‘Dop 1 -1 1/25 —1/25
f 1 -1
3 p 11 -15 -5
is p 1 -1 25 25
Ip p 1 1 125 125
£ 11
I p 1 -1 =15 15 -
s p 1 1 25 25
Byp(8)=2598  BA('S)=-2598. (85)

Since E¥ = R we see immediately from table 5 that B¥# = () for the Pauli forbidden
states ?D, S and 'P. ‘

As is apparent from (73), (74), (77) and (78) for 'S and 3P the ratios B2°2/B%0 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 sitvation
occurs for states that can be reached in only one continuum channel. D can be reached in
the p and f channels and so the radial integrals and phase difference are important.

7.3. Spin detection

For r + h + b is even we obtain
A I3y = 310w + 15w' + 20 YUOBY + U2 B2 + 3w U30312 B32 (86)
47;13/2 = (5_,11000 +42110)(U011103§/1g < U°”‘2331}22)
+2 2 (I7wuz +25w%%2 1+ 3w312)(U2“1°B§/12° + Uzszuz
+35(14w“2 + w312)(U21312B312) - (87)
47TJ3 y = (—0“ + Iswlﬂl +22w2“)(U12110B1[0 + U]ZIIZBUZ)
/ s + (24221.3 + 35E303 +4‘1£413)(U321103110 + U321]231E2 )
+_2_(72011 + zﬂzn)ylzstng}% L (6w213 + w413)U323123312 (38)

where we used from table 4 that B3!% = 0. The U functions are plotted in figures 5 and 6.

7.4. Decay strength in LSJ coupling

For LSJ 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 LS entry in table 4.
For L = 0 or § = 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
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r + k 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(§, —3d.). The zeros in the
314 column are due to the fact that & = 4 can only be reached in the presence of spin—orbit
coupling in the final states. Therefore 314 is zero for L = 0 or § = 0 states. The zeros in
other columns are accidental.

Table 6. 8™*(LSJee). Rows with ¢ ¢ have been given only for ¢ > e. The row with ¢ < e
is the complex conjugate. This means that for a real entry for e 7 e (r -+ & even) the phase
factor in (42) gives 2cos(8, — &,) and for an jmaginary entry (r + & odd) it is —2sin(3, — &;)
which includes the i factor in the table entry. The comresponding R(LSe) are in table 5.

LS e 00O 110 112 202 212 312 314
3 PP 18 11/120 17/150 1710 0 1/50

pf —27/625 ~27/500 340 17117500 —18/875

ff 8171250 -243/6250  972/15625 —162/3125 0 486/100375  —324/21 875
;0. pp 5/8 178 —1/2 0 0 0

pf 0 =320 i8 39/700 6175

ff 21250  —39/1250 —12/625 —6/125 0 18/4375 10874375
5Dy pp 74 —21720 2150 ~7/20 0 3/100

pf 721625 —421125  —if5 186/4375 —12/875

ff 420625 ~6/3125 —492/15625  42/3125 0 9547109375 -216/21875
3p, P /12 1/12 -1/30 =112 0 -1/20
p PP 38 ~1/8 112 0 0 0
3p, pp 25724 —11/24 —17/30 5/6 0 ~1/10
35 PP 1/2 ~1/6 /15 —12 0 110
D, pp 5/6 516 -1/30 —1/12 ] -1720

pf —9/125 —9/50 0 —~27/250 0

ff 6/125 9/125 ~36/3125 —18/825 0 —~54/3125 0
1p, PP 172 12 /10 14 0 3/20
184 PP 1/6 16 —~1/15 —1/6 0 —1/10

For r + h -+ b is odd the intensities are
431“‘]:2/12 = (22112 "|‘ﬂ202) U?UZIZB:%/I% (89)
4_:‘.5.‘]31/12 — %(52011 + 3__@10' + EZHJU]IZHB%/I%
+%(24_U_J,213 + 352303 + 4&413)U312123§'}§ (90)

431,.]5'2/12 - %@_000 -+ 21_0_110)U02212.B§}22‘ + %(7&112 + SQZDZ + 3&312)[]2221233}22. (91)

For the decay to a p* final state B2 = 0, but for a final state with holes in two different p
shells B#12(3D) is proportional to RCDp)RED) sin(8y — 8,). The U functions are plotted
in figure 7.

7.5. Decay strength in jjJ coupling

For completeness we have also tabulated the case of jjJ coupling for the final states. The
separation of terms in jjJ 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:

By jad)y =3 B™ (pjadeieie) RUpiad e))RUpJaT eie @,
ejgfe

(92)
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For r + A+ & odd, terms with e = ¢ but j, # j, have a zero phase factor because 8, — &, is
zero. So these terms do not have to be considered. They will only contribute if the phase
shift depends on j,.

7.6. B spectra

For comparison with measurements it is most useful to plot the B*** spectra of the different
decay channels. We will do this here for the decay from the 2pass level in Ni d®, since for
the intermediate state p°d'® 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 3p*
final state has a strong intra-atomic configuration interaction (CI) with the 3s'd final state,
which is split into 2 'D and a >D state. The 8 values and R integrals for the psd decay are
given in tables 9 and 10, respectively. The CI has a large matrix element R'(3p, 3p; 3s, 3d)
which pushes the !D peak of the 3s'd® structure toward the *D peak and the D of the 3p*
structure toward the 'S peak. This means that the spectra for the ppp decay are essentially
split in a 18 + 'D peak and a *P peak. The CI mixes the two 'D 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'd’
gains intensity. The 'D to D separation in the psd structure is no longer a good measure
for the exchange interaction. In fact, the experimentally observed peak splitting of ~ 6 &V
[24] is due to the separation of the 3s'd” and 3s'd'® configurations. For simplicity we have
omitted the 3s1d!° configuration, which is only accessible by direct photoemission from the
d'® configuration in the initial state and not by resonant photoemission.

The -isotropic spectrum B®® shows a triplet and a singlet peak with comparable
intensities in agreement with experimental results and previous calculations [24,25]. The
B0 spectrum gives the angle integrated spin spectrum. Singlet states and triplet states
have spin polarizations (= B'!%/B%%) 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 equal to the B2 gpectrum
multiplied by 3/2. Thus in this coupling the angle dependence (i.e. b = 2) can be fully
described by a spin-integrated spectrum B2 and a spin difference spectrum BU1? + B312
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 B0 and B2%2 spectra as is clear from table 6 for LSJ coupling which
shows opposite signs for the P, and Py Jevels. Spin—orbit coupling also introduces a
difference between the B!!2 and B3!2 spectra. However, for the 3d metals the 3p spin—orbit
coupling is small compared to the 3p-3p electrostatic interactions, so that the sum over the
J levels, ie. the LS coupling resnlt, 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 B%? contribution vanishes. The J'@ value is then proportional
to Bfs which according to (83)-(85) gives P : (‘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 —48, = 1.1 rad BZOZ(ID) in (84) changes from 19.53

to —18.8, so that the J'® signal of 'D + 'S gives about the same value as the >P 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 ™0 JnJatejeeie) in (92) for jjJ coupled final states of a ppp process.
Rows with ¢j, # gj, have been given only once; the row with ¢f, and ¢, interchanged is
the complex conjugate. This means that for a real entry for efe # €/, (r + 2 even) the phase
factor in (42) gives 2 cos{§, — 5.) and for an imaginary entry (» + & odd) it is —2sin{é. — §,)
which includes the i factor in the table entry. The table entries for (31)./ and (12)7 are equal.
Therefore only (33)J is given. The final expressions for the intensities of (31} and (33)/
are the same except that R and E integrals are interchanged. The R(j,jzJej.) corresponding
to this table are in table 3.

Jpiadejeet, 000 110 112 202 212 312 314
11op3pd  ws0 1/50 V25 -1/50 0 -3/250
s3lpdpd 3250 111250 -1U3125  -¥1250 O - ZU6250
pif3 —-S4/3125  —6/625 /50 48/21875  24/4375
£2f3 6125 —18/625 144/3125  —24/625 0 72/21875  —48/4375
13pipi 34 -1/4 1
p%p% —2125 1125 —3p5 =3i/20
pifd 37100 M0 3700 —6175
p%l p% 3125 114625 -22/3125  -3/625 0 2713125
pafs 273125 3/625  —if100  —24/21875  —(2/4375
£3f2 3500 —9/2500 18/3125  -3/625 0 9121875 —6M4375
t32pipd 514 i/4 -1
p%p% 225 1/25 —125  -~if20
pify —21/100 7140 ~3/700 6/175
pif] —144/1205  —24/1225
pipd 11125 1/625 —2/3125 625 0 ~3/3125
p—if-% —63/3125  -3/625 1100 2421875  —12/4375
p%f% —724375 —12i/875 —216/30625  48/30625
f2f3 21500  —39/2500 78/3125 625 0 -81/21875 544375
262 144/4375 724375 724375 6U/125 -—288/30625 ~216/30625
fifL 72875 1944/30625 —1296/30625 —72/1225 O —2376/214375  864/214 375
%%t)p%lp% 4 14 —1/10 —~1/4 0 ~3/20
33 lp?pg 31125 —U125 4125 .
pipd ~2/25 -1/25 -3/25  -3i/20
pif3 3625 —i/250 —3/4375 2474375
p3p: 34 11720 —11/50 —3/20 o 27/100
pifs —27/625 —3125 20 24/4375. | 12/875.
[3f3 3625 —9/3125 7215625 ~12/3125 0 36/109375  —24/21875
ggzp%pé 123 14625 —4/625
P2P3 2125 1125 -125 -0
pifs ~3/625 250 ~3/30625  24/30625
pifl ~144/30625  —24/30625
pips 54 14 110 34 0 ~3/20
pifd —9/125 30175 /28 —24/6125  —12/1225
pifs —181175  =3¢35  —54/1225 1211223
f%fs 3/875  —39/30625  312/153125 12/30625 O —32471071875 2161214375
365 144/30625  72/30625  72(30625 6i/875 —288/214375 ~216/214375
f2f1 18/875  486/30625 -324/30625 —18/1225 0 ~504/214375  216/214375
3 %313%313% 4 —21/20 21/50 -7120 0 3/100
p3f3 72625  ~24/875  2U35  —48/30625  -24/6125
p3ifs ~54175  —9if35 3471225 —12/1225
f2f2  24/4375 —24/153125 192765625 528/153125 0 1296/535 937 5-864/107 1875
f3£L ~432/30625 —216/30625 —7T2/30625 -6i/875 —576/214375 ~432/214375
f% fz- 54/875 1626125  —108/6125 181225 0 594/42875 ~216/42875
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Figure 9. Calculated B;?zb spectra for ppp and psd decay in LS coupling for Ni d* using
Cowan's code [56] with Hartree-Fock values of the Slater integrals G*(3s,3d} = 12.880
and F2(3p,3p) = 15.911 eV, which are reduced by ¥ = 0.8, and radial matrix elements
RY(2p, 3p: 3p, £,) = 0.07019, R2(2p, 3p; 3p, &) = 0.04524, R2(2p, 3p; 3p, &) = 0.08003,
R'(2p, 35; 3d, gp) = 0.002915, EL(2p, 3s; 3d, £,) = —0.03500, R!(2p, 3s; 3d, &) = 0.01783,
E3(2p, 35:3d, &1} = 0.08649 eV1/2, R1(3p,3p;3s,3d) = 18.801 eV, & — 8p = 2.44 rad,
BE(3p) — BE(38) = 20.5 eV. The spectrum is convoluted with I' = 2 eV,

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 i1 and 12 give the S-values
and R-integrals, respectively. The p°d® final state of the ppd decay shows a splitting into
a'F+ 'P and a *D + °P 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 S-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 d® final state.

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 ghell, 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 emitied
photoelectron. The non-spherical nature of the core hole together with the properties of the
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Table 8. R(j;juaJej.} expanded inte R (cpde) and E*(cpde) = R*{cdpe) for cdp = ppp,
where RY is shorthand for R*{pppe). When p and 4 (i.e. the final two p shells in this case) are
equivalent we have R* = E* with as in (69) ¥ = 1/2. For states with j, = j; (3/2, 3/2 and
1/2, 1/2} only even J will have intensity, For states with jp # ju there are no two different
states jp, fyJ and jyjp J but only one state which is an antisymmetric combination. The intensity
for this state will be obtained by adding the intensities of (% %)J and (% %)J , which are equal,
however, when R* = £¥,

jpjadei. RS EN RZ EL p2 E}

P P f i
L1pa3 T
f? I -1
13
filpi 1 -1/5
p% 1 -1
£3 1 -t
3nnl
p% 1 1
f3 1 =37
£ 1
3 1
i%lpi -1 1/5
p% 1 -1
i) 1 -1
2
212pl 1 ~—125
pd 1 1
£3 =37 1
7 {
330p3 1 1 1A 15
33 1
iilp'i ] '-1
pE 1 -1 125 —1/25
f3 1 -1
23204 1 1
p 1 <3725 <375
f5 11
£ 11
333
53397 1 -1 1f25 —~1/25
£2 -1
t3 1 =1

sclected final state then cause a specific spatial and spin distribution of the emitted electron.

The basic assumption undeilying 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 narrow j = 2 and 1 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. 85 ;’f(LSe_) for the LS final states in a psd decay (cf the caption to table 4). The
corresponding R(LSe) are in table 10.

LS e 000 110 112 202 312

3D pp U3 —1A 1225 —1/30 1150
pf 125 —3/10 ° 3/50
£ 12 -16 275 =15 125 -

ID pp 1/ 18 ~1225 ~1/90 —1/150
fp —125 —1/10 —3/50
£ U6 U6 -5 =115 —1/25

Table 10. R(LSe) expanded into R* (cpde) and E* (cdpe) for cdp = psd (cf the caption to

table 5).
LS e R, E, R E}
53D p 1 -1

f T =37
Ip p 1 1

f 1 37

Table 11, ﬂ;}’zb (L Seg) tor the LS final states in a ppd decay (cf the caption to table 4). The
comesponding R(LSe) are in table 12. -

LS ez 000 110 112 202 312
3F add —~7/6 1715 —-i/2 1410
dg 181175 2735 27175
g 54175 —18/175 181225 —27/245 27/1225
35D ad  sn -5 . -6 5/4 —1/4
5 g 13 -1
sd —1/15 72 —1/10 -

dd 32 -1 110 34 320
IF dd 6 76 —i/15 -6 =110

dg —18/175 —9/35 27175

sz 18/175  18/175 —18/1225 =9/245 =27/1225
Ip dd  5/6 5/6 1/6 512 /4
Ip 55 19 19

sd 115 /6 1710

dd 12 172 =110 —1/4 =320

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 calcuiated using tables for the decay probabilities of final states.
The angle and spin dependence of the ps/zpp 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 2ps/>3p3p decay in
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intensity (arb. units)

112

/N 202

312
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0

elements R2(2p, 3p; 3d, 5;) = —=0.026 37, £1(2p, 3p; 3d, £;} = —0.06726, R2(2p, 3p; 3d, e4)
0.04568, R2(2p, 3p; 3d, &4) = 0.041 91, EL(2p, 3Ip; 7d, £2) = 0.09728, E¥(2p,3p: 3d, &)
0.041 80, R%(2p,3p; 3d, 5,) = —0.08491, E3(2p, 3p; 3d, &) = —0.01042 V12, 5; — §;

4

8

12

relative kinetic energy (V)
Figure 10. Calculated B;%’ spectra for ppd decay in LS coupling for Ni d” using Cowan’s code

[56] with Hartree-Fock values of the Slater integrals F(3p, 3d) = 13.632 eV, G'(3p, 3d) =
16,900 eV, and G3(3p.3d) = 10.227 eV, which are reduced by « = 0.8, and radial matrix

T 4 T

20

3.046, 8; — &y = L.514 rad. The spectrum is convoluted with I" = | V.

Table 12. R(LSe) expanded into R*(cpde)

and E*(cdpe) for edp = ppd (cf the caption to

table 3).
Ls e E! R RY E} R: E3 R: E?
Spod T =25 235 3745

g . 1 -51
5;p d 1 /5 —15 =335
BPos 1 =35

d 1 =115 15 —~5/35
g 4 1 US WIS 3P4

£ 1 57
Ip 4 I 155 -5 335
Ip 5 ~1 =35

d 1 115 15 935

ferromagnetic nickel and iron [37] show an effect three times smaller than expected in
the 3P final state but a too large effect in the 'D 4 'S peak. The latter could only be
obtained theoretically by assuming a phase shift which strongly deviates from the Hartree—
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\-l/ 312
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relative kinetic energy (&V)
Figure 11. Calculated ng‘é’ spectra for pdd decay in LS coupling for Ni i using Cowan’s

code [56] with Hartree-Fock values of the Slater integrals F2(3d,3d) = 12.234 eV and
F43d,3d) = 7.598 eV, which are reduced by ¥ = 0.8, and radial matrix elements
R(2p,3d; 3d, &) = —0.04892, R*(2p, 3d; 3d, £,) = —0.04017, R'(2p, 3d; 3d, &) = 01789,
R3(2p,3d; 3d, 7)) = 0.1119, R3(2p, 3d; 3d, £3) = 0.06539 eV"/2, 3, — 55 = 0.868, 6y — 8, =
2.316 rad. The spectrum is convoluted with " =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. Thcy 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 regime$ of Coulemb 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 polarization.

Measurement of the spin polarization can be useful to find the ground state expectation
values of all possible one-electron 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. B;*(LSee) for the LS final states in a pdd decay (cf the caption to table 4). The
corresponding R{LSe) are in table 14.

LS ee 000 110 112 202 312
36 F 2135 -9/35 375 —5/70 9/350
th 2/49 —15/49 3/49
hh  75/343 257343 1071020  —25/343 5/343
S ff 5 —1/15 -1/75 110 ~1/50
D pp 730 =790 72250 =7/300 71500
pf 124875  ~18/175 18/875
ff  M41TI5 —481715  192/42875 —288/8575 28842875
P opp 30 —110 ~1/50 320 —3/100
33 215 —2/45 44225 —2115 275
G f 9/35 9735 ~3/175 —3/70 —9/350
fh 2149 —5/49 —3/49
hh 25343 25343 —10/1029  -25/1028  —5/343
lp if V15 1/15 1175 1/30 1/50
D pp 7/90 7/90 ~7/2250 =7900  —7/1500
of —12/875 —6/175  —18/875
ffi 4871715 48/1715 —192/42875 —96/8575 —28%/42875
P pp 1710 1710 1/50 1720 3/100
IS pp 245 2445 —4/225 —2/45 —2/75

Table 14. R(LSe) expanded into R"(cpde) and E*(cdpe) for cdp = pdd (cf the caption to

1 -1 =377 r
1 1 o/49  9/49

W12 w2 1 1
1 -1 =37 37

1 1 914 9/14

table 5).
L5 e R, E) R} E} R E} R B} R E}
g f 1 -1 121 —121
h 1 -1
IF ot 1 1 =37 317
3D p 1 -1 9/49 —9/49
f M2 =72 1 -1
3 p 11 37 =37
3 p 1 -1 14 —9/14
g f 1 1 2t 2
h 1 1
£
P
f
P
P

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 {w?} and (w*) can be observed, which are not
accessible by other technigues, 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 rules 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
gplitting 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 fensors

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

x z ¥y —Ey—n —1
E:fyz = gzﬂg; (_§ : _n) (~Y £ty ’?Qxyz Al
n
where w*¥ are the uncoupled operators with x and y the orbital and spin moments.
- l x 5— s -y § -1 1
Wy = leli(—)l e (_ml £ my ) (=)™ (—Cﬁ " al)nb, ny. (A2)
11 £ <

Here s is used to denote the spin momentum of -’2- Substitution of (A2) into (Al} and using
the graphical representation for the 3 j-symbols gives

1yt (A3)

sy —xyz*

The normalizations, which remove the square roots, are defined as
2n!

B T A4
ARV T RS e (Ad)
nabcE(g g 8) (AS)

— _ _ 1/2
ﬁabx:ig((g 2a)!(g — 2b)¥(g 2x)!) 2! 6
‘ (¢+ D! (2 —2a)!1(g — 2)!1(g — 20)!!

with g = @ + b + x. When g is even and a, b and ¢ are integers we have #,,. = nap, but
when g is odd nys; = 0. The n,,, can also be used for half integer arguments.
The tensors with low values of xyz bave a simple meaning:

w® =% = 21111511 =My ) ) (AT
TR .
is the number of holes,
Qéﬂl —_ _Eéo — L;:l_l (A.S)
is the orbital magnetic moment,
. an = ___Egl = S,,S—l (A9)

is the spin magnetic moment,
=7 ks (A10)
i
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is the spin—orbit coupling, and
wit = Ty (2 +3)/1 (A1)
is the magnetic dipole operator.

The w™ with z, even describe the shape (the 2%-pole) of the charge distribution and
the w*! describe spin—orbit correlations. The moments with x -+ y + z odd describe axial
couplings between spin and orbit, such as w!!! = 2071 x 5).

Similar to the operators w for holes, which contain [ III_ in (A2), we define the operators
w for electrons, which contain lIll. The difference between the two operators is a factor

of —1 except for the number opc_rator w% for which we have that the number of electrons
plus the number of holes is 4/ - 2.

wyy + wiy = (4 +2)8x080. (A12)
The operators S, L, /-5, ¢ and T in (A8)~(A11) are already electron operators.

Appendix B.

B.1. General properties of angle dependent functions

We consider here angle dependent functions I/ constructed from spherical harmonics coupled
to a totally symumetric spherical function. This function has the form of a sum of products
of normalized spherical harmonics Cf,',] (Pl)Cf;z {P,) ... with such coefficients that the total
does not change when we rotate all the unit vectors F. An example are the angle dependence
functions for resonant photoemission in cylindrical symmetry

U (M P Pge) = CH(M)CL(P)CH(Ps)Ch(e)

g z a r)(r h b)
%;,,(—c —a —pf\p —y —B

-1, -1 —tha—atr—pth—y b=
xnzarnrhb(_)z ShamakropFhoytb=p, (B1)

Upon inversion of a single vector P with associated moment ! we obtain CL (—P) =
{(—)}CL(P) and so the whole function U changes by a sign (—)".

Rule 1. General theorem. A totally symmetric spherical function I/ 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 ! 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.

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 Bl. Geometries in which the direction of @ (the polarization vector of Pg) is fixed
by the general properties of the angle dependent functions. The intensity goes as @ - Py. The
moments z and & of the magnetization M@ and the light polarization P®) are given in the
pictures, for the photoemission direction ¢ the moment b is even. (2) M©@ — QEPW; () |
or LMD, PO 5 @ LM, P {MYPY Le— Q=0; ) MY PR L e - QIM;
@ M®E 1L PA | gy QM MDD & PO 4 Q)P .

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

B.3. Moments zero and one

Vectors with zero moment can be disregarded. Vectors with moment one are often special.
If a totally symmetric function containg a vector with moment 1 it can be written as a
normal inner product of two vectors

P, Pg Py Py P
d - d
Py b 1 P m Py, boINm m
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where

On= ) Or (B3)
50 that Q,, is a function of P,, P, and P;.

We may call @ the polarization vector of P. Given the value of ¢ we know the whole
angle dependence of the function on P, being IV = 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 be perpendicular to P (or be zero). This
information may help to fix £} completely and then we have the total dependence on P,

Special case: when we have a vector PP of moment 1 and further two even sets, set;
and sety of vectors perpendicular to each other the function is zero for all directions of P.
This occurs e.g. in figure B1(c). Proof: consider the case where P is in the plane of set;
and sety. U is then zero because the total sum is odd. So @@ must be perpendicular to the
plane. On the other hand, if P is perpendicular to the plane, set; is perpendicular to the
plane of P and sety, which are together odd and U is again zero. So @ must be in the
plane. This is only possible if £ = 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 Bl 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 ¢ in
(B2).

Rule 6. Collinear reduction. When two vectors F, and F, with moments a and & are
coupled to ¢ the expression is zero when P, and B, are parallel and & 4 b + ¢ is odd.

This is due to the relation
P, Py=P, Py

' =. T Pave (B4)

<

where ngpe 1s zero for a 4+ b + ¢ odd (cf (AS)).
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