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With the use of many-particle theory general equations are derived for the six fundamental spectra,
which are special linear combinations of the spin-polarized photoemission spectra measured with left-,
Z-, and right-circularly polarized radiation. These fundamental spectra, which are the isotropic spec-
trum, spin spectrum, magnetic circular dichroism, spin-orbit spectrum, anisotropic spectrum, and aniso-
tropic spin spectrum give the correlation between the spin, orbital, and quadrupole momenta in the
ground state and spin and orbit of the hole created after photoemission. For emission from an incom-
pletely filled shell the integrated intensities of the fundamental spectra are proportional to the expecta-
tion values of the number of electrons, spin magnetic moment, orbital magnetic moment, the alignment
between orbital and spin magnetic moment, the quadrupole moment, and the correlation between quad-
rupole and spin magnetic moment, respectively. This can be used to study the magnetic anisotropy of lo-
calized magnetic systems. We calculated the fundamental spectra for the 4/ photoemission of the rare-
earth ions and show that the multiplet structure displays a strong polarization dependence in agreement
with our analysis in terms of correlations of moments and the rules for the integrated intensities. Finally
we present the relation between the polarization effects in inverse photoemission and normal photoemis-
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sion and we discuss the magnetic dichroism in metallic iron, cobalt, and nickel.

I. INTRODUCTION

The understanding of the magnetic anisotropy in mag-
netic bulk materials, multilayers, thin films, and surfaces
is of great technological importance.! An example is the
application of magnetic films for magnetic and magneto-
optical recording with in-plane and perpendicular magne-
tization direction, respectively. These materials display a
large magnetostriction, which is connected to the orbital
magnetic moment of the unpaired electrons. Conse-
quently, there has been a major interest in the separation
of the orbital and spin contributions to the magnetic mo-
ment. Using neutron scattering the spin and orbital con-
tributions can be separated by fitting the measured form
factors to a suitable model.>® Using x-ray scattering in
an antiferromagnet the magnetic superlattice reflections
can be decoupled from the structural Bragg peaks.*> In
ferro- and ferrimagnets the charge and magnetic Bragg
peaks coincide, so that the latter are swamped, but a
first-order interference term exists if the structure factor
is complex, or if the radiation source is circularly polar-
ized. The key to the separation of the spin and orbital
magnetization lies here in the different dependence on the
Bragg angle, which can be tuned by the photon energy.®’
However, attempts to implement a quantitative analysis
experimentally have been, so far, inconclusive.®°

Recently, it has been shown that the spin and orbital
magnetic momenta can be separated using circular mag-
netic x-ray dichroism (CMXD). Thole et al.!° derived a
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sum rule which states that the integrated circular di-
chroism signal is proportional to the orbital magnetic
moment per hole. This sum rule has been demonstrated
on ferromagnetic nickel.!! The Ni 2p CMXD spectrum
consists of two structures corresponding to excitations
from the 2p;,, and 2p,,, levels into the unoccupied 3d
states above the Fermi level which are mainly of minority
spin character. Without 3d spin-orbit interaction the
2p;,, and 2p,,, peaks have equal intensities with oppo-
site signs, thus the integrated signal is equal to zero. In
the presence of the 3d spin-orbit interaction, the valence
holes have predominantly 3d5,, character and the 2p;,,
peak increases and the 2p,,, peak decreases in absolute
intensity resulting in an integrated intensity which can be
related to an orbital moment of 0.053ug,'>!® in good
agreement with neutron-diffraction'* and local spin-
density calculations.!® There are also sum rules which re-
late the branching ratio of the isotropic spectrum and the
circular dichroism to the ground-state expectation values
of the spin-orbit interaction'® and the spin magnetic mo-
ment,!” respectively. Depending on the character of the
state to which the core electron is excited, the spectral
shape of the magnetic x-ray dichroism can be calculated
either by a one-particle or by a many-electron approach.
Local-density-functional theory, such as a relativistic
Korringa-Kohn-Rostoker Green’s-function method'® %!
as well as multiple-scattering theory,?>?* give a good
agreement for rare-earth L edges and transition-metal K
edges. However, a many-electron approach is required to
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explain the multiplet and satellite structures, which are
observed in the rare-earth M edges and the 3d transition-
metal L edges.!>!32473

After the experimental proof of magnetic x-ray di-
chroism in 1986,%° a surge of interest in related phenome-
na in the x-ray region arose, such as resonant magnetic
x-ray scattering,’® magnetic Kerr effect,*! and Faraday
rotation.*? In 1990 Baumgarten et al. observed circular
dichroism in x-ray photoemission (CDXPS) in the Fe 2p
level of ferromagnetic iron.* In photoemission the excit-
ed electron has no interaction with the remaining system
and the dichroism requires, apart from core or valence
spin-orbit interaction, an electrostatic interaction be-
tween the core level and the polarized valence levels.**
This is a fundamental difference with CMXD where not
only electrostatic interaction gives dichroism, but large
effects occur also because the excited electron is subjected
to the Pauli exclusion principle. The different electrons
produced by the left- and right-circularly polarized light
have different probabilities for excitation into the valence
shell.

In a previous paper*® (referred to as paper I), we
presented a general analysis of magnetic dichroism and
spin polarization in core level and valence-band photo-
emission. It was shown that circular dichroism in core-
level photoemission requires a correlation between the
spin S, of the valence band, on which the magnetic field
acts, and the orbital momentum L, of the core hole, on
which the photon polarization acts. For deep core levels
the core-valence exchange interaction couples S, with the
core-hole spin S, and the core-hole spin-orbit interaction
couples S, with L.. The spin-orbit interaction aligns S,
and L. parallel in the j=I/+1 and antiparallel in the
j=1—1 core level. Except for the sign change between
these two edges, the CDXPS spectrum will be similar to
the spin-polarized core-level photoemission, which gives
the correlation between S, and S,.*~*® The circular di-
chroism of a deep core level can also be obtained by a
one-electron model.* However, for a shallow core level,
where the core spin-orbit interaction is small compared
to the core-valence Coulomb and exchange interactions, a
many-electron approach is essential using Coulomb in-
teractions to couple L, to L, and the valence spin-orbit
interaction to couple the latter to S,. The CDXPS spec-
trum is then strongly dependent on the valence-band
spin-orbit coupling to produce the orbital magnetic mo-
ment.>°

In this paper we will treat the emission from an open
shell, specializing to the 4f shell in the rare earths. In an
open shell the electrons are subjected to the Pauli ex-
clusion principle and have mutual Coulomb repulsion.
We can consider the photoemission from the open shell
as the particle-hole partner of x-ray absorption where the
core shell is replaced by a continuum shell. Therefore,
photoemission with polarized radiation offers advantages
similar to x-ray absorption, such as the possibility to
determine the expectation value of the orbital and quad-
rupole momenta in the ground state.!° Contrary to the
core level, the continuum state has no spin-orbit interac-
tion. However, the spin magnetic moment which in

CMXD is obtained from the spin-orbit split core-level
branching ratio,'” can in photoemission be obtained by
resolving the spin of the photoelectron.

This paper is organized as follows. In Sec. II, we
derive general results for spin-photon polarized photo-
emission spectra. We give equations for the integrated
intensities of the fundamental spectra as well as for the
individual peak intensities in LS coupling. We discuss
the consequences of the symmetry breaking by, e.g.,
spin-orbit and crystal-field interaction and treat the
dependence on the emission angle. To illustrate the
theory we give in Sec. III the calculated spin-photon po-
larized 4f photoemission of the rare earths, which are an
ideal example because the 4f wave function is strongly lo-
calized and its photoemission displays a clear multiplet
structure due to the strong Coulomb interactions between
the 4f electrons. The spectral trends in the fundamental
spectra are discussed and the integrated intensities are re-
lated to the expectation values of the spin, orbital, and
quadrupole moment. In Sec. IV, we treat the spin-
photon polarization of inverse photoemission, and in Sec.
V we give some prospects for the study of 3d and 5f ma-
terials. Conclusions are given in Sec. VL.

II. THEORY

We will derive the expressions for the polarized photo-
emission under very general assumptions. The main re-
strictions are that we take into account only one final-
state channel (Al =+1 or —1), and a constant radial ma-
trix element for electron excitation to the continuum.
For photoemission far above the continuum onset the
Al=+1 channel dominates and there are only minor
variations of the radial matrix elements with energy, thus
the error in these approximations is small. Further we
assume that the emission from one valence shell can be
separated from other emissions in the spectrum.

Consider any state {/| containing electrons in a shell
with angular momentum /, such as a partly filled / band
or a mixture of [", 1" "1y, 1" *2y2 where v denotes a hole
in any shell that has no dipole matrix element with the
continuum shell ¢ =/+1. (y| may have any other open
spectator shell, but has no continuum electrons in ¢. The
dipole matrix element for transition from a ground state
(| to a final state |¢y'cm’'c’) is

D,y =3¢ YIIL cpor W em'a’ ) Imal|rc{Vlem’a’)
mo

=3l v imalrcPlem's’) , (1)

where Cqm is a normalized spherical harmonic, and
g=—1, 0, +1 denotes right-circularly, Z-, and left-
circularly polarized radiation, respectively. The I,tu, and
¢, denote the creation and annihilation operator for an /
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shell and ¢ continuum electron, respectively. The quanti-
zation axis to which g and the orbital components m and
m' refer is the z axis, whereas the spin components o and
o’ refer to the axis z’ with respect to which the spin po-
larization is measured and which need not be equal to z.

A. Integrated photoemission spectra

The integrated intensity p for a fixed value of ¢’ can be
derived by summing the square of Eq. (1) over all ¢’ and
m':

pqa,=wzl|pm,qo,|2=2 > (1/;[1,110|1/J’)(1p’|lmg|1/1)(lmaeré”Icm'a’)(cm’o’er‘_lzzllmg)

Ym' momg

=2(¢|1Lglm0|¢v)2 I(lmalrcé1)|cm'g:)|z:2 (Moo ) Pmogor s

where in the last step we extended the summation over ¢’
to all states, including those with ¢ electrons, because
these states give no matrix elements.’! Therefore, this
summation can be removed using the closure relation.
Thus, the integrated intensity p,, is the sum over each
mo sublevel of its occupation number n times the total
transition probability p from that sublevel to the c shell.
Apart from the radial integral, the intensities
Imo —cm'o’ are given by the Wigner-Eckart theorem as
a squared 3-j symbol times a Kronecker delta for the
spin, 5

I 1 c

—q+m] 8,00 - (3)

Using a recoupling, this can be written in a way that al-
lows one to separate the operators measured using
different light and spin polarizations:

pqa'=2<nma>{%A0+%Alqm
mo

+1d,(g2—D)[m*—HI+D]}(E+200") . @

Inspection of Eq. (4) shows that its terms have orthog-
onal dependencies on g and ¢’ and therefore we can, just
as in paper I, define six fundamental linear combinations
p™ of the primitive integrated intensities p,, that select
out terms with simple dependency on m and o:

pmaqo"z —-m gq

PO=pirtporte-11tpitpotooyy s (5)
P =p11tporto_11—PiL—PoL P -1, » (6)
PO=pii—p-11tpi—p 11 s ™
Pl=pi—pon1—pi P11 ®)
PP=pir—2p01 +p_11FP1L =201 FP -1y 5 ©)
P =p11 =201 +p_11 P11 F2p01 =P 11 5 (10)

I, (LS)=|{LS||IT||LS ) |?

where 1 and | means o’==x1. Thus, x=0, 1, and 2
denotes the isotropic spectrum and the circular and
linear dichroism, respectively, and y =0 and 1 denotes
without and with spin polarization, respectively.

B. Photoemission spectra in LS coupling

It is illustrative to give, in addition to the integrated in-
tensities, the derivation of the complete linear and circu-
lar dichroism and the spin polarization in pure LS cou-
pling for a single configuration. In the ground state we
assume that the Hund’s-rule ground LS term is not mixed
with other terms. The results will be given in a form that
remains valid when small spin-orbit, crystal-field, and ex-
change interactions split the ground-state LS term.
These results apply directly to the rare earths if the spin-
orbit splitting of the final-state terms is smaller than the
Coulomb splitting between the terms. The case of ob-
servable spin-orbit splitting is treated in Sec. II D.

Take (¢|=(I"LSM; Mg| and {¢'|=(I1""'LSM; M|
in Eq. (1), then we have, using the graphical representa-
tion of the 3-j symbols,>? >4

L L S S
Witk )y =sfiLs) Y, Y. . an

where the reduced matrix element of the creation opera-
tor is connected to the fractional parentage coefficient:*!

(LS||IT||LS )
=(—1)"[n(2S+ 1)L+ 1D ]VALS{|LS). (12)

After substitution of Eq. (11) into (1) and summation of
the squared matrix element over M; and M we obtain,
apart from the radial dipole matrix element,

=[(LS||1T|1Q>|2lE [x] L:EL @ @] ‘2 ] sjzs ] (13)
x T 1 ! v ! Y n ' 7
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1,,(LS)=|{LS|I"|LS ) 1*{+ Aoao(L)++ A a,(ILL)M, g ++ Aya,(ILL)(g*—2)[ M} — LL(L +1)]}

X {%GO(S)+201(%§S)MSO"} ,

where
aO(L)=2—LlI—1~ , (15)
LLAD+II+1)—L(L+1)
s L) == L+ 1) ’ (16)
_ 6[3K(K—1)—4l(I+ DL(L +1)]
UL = o G+ )L+l +3) * 7
K=L(L+1)+I(I+1)—L(L+1), (18)
and
Ag=ay(D) , (19)
A,=a,(1c]) , (20)
A,=a,(lcl) . 21

The values of A4 are given in Table I for various transi-
tions.

We can again define six fundamental spectra 1™ which
are linear combinations of the primitive spectra I, that
select our terms with simple dependency on M; and Mg
and associated dependency on L and S:

I=1y g+ +1y o 1y, (22)
IN=1 A+ T+ =1 —Ig —1_,, , (23)
IY=1,—1_+I,,—I_,, 24)
=1, —1_—I+I_,,, (25)
IP=T1 =2l +I_y+1,, =21y +1_,, , (26)
I'=I =200+ —1 +21 —1_y, . Qmn

C. Fundamental spectra

In this section we explain that the integrals of the fun-
damental spectra give the expectation values of the
ground-state moments, and that the intensity to a final
state measures the alignment in that final state of the
ground-state moment with the moment of the core hole
created.

We define 1,, s, and g,, =1?—11(1+1) as one-electron

TABLE 1. The values of 4, defined in Egs. (19)-(21) for the
transitions / —c in photoemission, where / is the valence shell
and c is the continuum shell in XPS (or the core shell in XAS).

1 1 1 1 1 1

4o 3 3 5 5 7 7
1 —1 1 — L 1. — L

4, 3 3 10 15 211 128
1 1 1 1 1

4, 1 10 10 35 35 84

—

operators acting only on /-shell functions. L,, S,, and Q,,
are sums of these over all electrons, and measure only
properties of I-shell electrons. When the ground state
<1/J| is a linear combination of sublevels of an LS term
with different M; and My then in Eq. (14) the cross terms
are zero, just like they are for L, and Lf. Therefore, we
can replace M with (L, ) and M? with (L?2) to make the
result valid for any state within the LS term.

1. Isotropic spectrum, I%

The spectrum is obtained with unpolarized light
(x =0) and without spin detection (y =0). Substitution
of Eq. (4) into Eq. (5) gives, for the integrated intensity,

pOOZAOE <nmu>=A0<n> ’ (28)

which is proportional to the number of electrons » in the
I shell, i.e., the monopole moment. Note that the isotro-
pic spectrum [Eq. (5)] is defined as the sum over all polar-
izations and not as the average. Because normally we
cannot perform absolute intensity measurements, we can
only obtain properties per electron, by dividing the polar-
ized signals discussed below by the isotropic signal.

The intensities for LS peaks in the isotropic spectrum
is obtained by substitution of Eq. (14) into (22):

I®(LS)=1 Agao(L)ao(S){LS|IT|LS)I?, (29)

which measures the parentage of the ground state to the
final states.

2. Spin spectrum, I1°’

In this spectrum the electrical vector g is isotropic
(x =0) and it cannot sense the polarization of the valence
orbitals. Substitution of Eq. (4) into (6) gives the integrat-
ed spin spectrum, which measures the expectation value
of the spin magnetic moment:

p°'=24,3 (n,,)0=24,(S,) . (30)

The intensities for LS peaks are obtained by substitu-
tion of Eq. (14) into Egs. (22) and (23):

01 a,(1Ss)
Lo == (s . 31)

ay(S)
The coefficient a,(1SS) gives the alignment of .S with the
spin 4+ moment of the hole when they combine to give S.
A negative a; means that S is large and that S and 1 are
parallel. For positive @, they are antiparallel. So in I°!,
peaks for final states of high and low spin have opposite
signs. The whole spectrum is proportional to {S,.).
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3. Magnetic circular dichroism, I'°

In this spectrum no spin polarization is detected
(y =0), but the difference in photoemission for right- and
left-circular polarization is measured (x =1). The in-
tegrated circular dichroism p'° is obtained by substituting
Eq. (4) into (7):

p°=4,3{n,,)m=4,(L,), (32)

which measures the expectation value of the orbital mag-
netic moment, just as in x-ray absorption,'® which is a
particle-hole analogue of valence XPS replacing the con-
tinuum shell by a core level.

The intensities for LS peaks is obtained by substitution
of Eq. (14) into Egs. (22) and (24):

I'(LS) Aqa(ILL)

O(LS) Agag(L) T F
_ AL+ +Id+)— (L+1)<L y .
T4, 2L(L+1)

(33)

In LS coupling the spectrum is proportional to {L, ) and
measures the L value of the final states.

4. Spin-orbit spectrum, I'"!

This spectrum, which is sometimes called the optical
spin orientation, is measured using both circular polar-
ization (x =1) and spin detection (y =1). The integrated
intensity is obtained by substituting Eq. (4) into (8):

p''=24,3 (n,,)mo=24 (El (s, (D)) . (34)

mao

It measures the correlation of the z component of / and
the z' component of s. For this effect magnetic polariza-
tion is not required. For example, for isotropic ions and
z=2z"1it is simply one-third of the spin-orbit coupling.

The intensities for LS peaks is obtained by substitution
of Eq. (14) into Egs. (22) and (25):

1'vLs) _ 4a;(LL)a,(3SS)
IOLS)  Agag(L)ag(S)

(L,S.,) . (35)

z

In the ground state L, and S, have to be correlated,

which is possible by having (L, ) and (S, ) both nonzero
but when this is not the case spin-orbit coupling can still
make {L,S, ) nonzero.

5. Anisotropic spectrum, I%°

The anisotropic spectrum or (possibly magnetic) linear
dichroism measures the difference in photoemission using
perpendicular and parallel linearly polarized light (x =2).
The spin is not detected (y =0). This spectrum is present
in both ferromagnets and antiferromagnets but also in
low-symmetry crystal fields. The integrated linear di-
chroism p®° is obtained by substituting Eq. (4) into (9):

p°= 2<nm [m2=11+1)]=4,(Q,) , (36)

where

=3 AD—41U+1), (37)

which is (proportional to) the quadrupole moment.
The intensities for LS peaks is obtained by substitution
of Eq. (14) into Egs. (22) and (26):

I°(LS) _ 3A42a,(ILL)
I°(LS) Agay(L)

[MZ—1L(L+1)]

_ 42 2[3K(K—1)—8I(I+1)]
o (2L —1)(2L)(2L +2)(2L +3)

X(L}~1L(L+1)), (38)

where K was given in Eq. (18).

6. Anisotropic spin spectrum, I*!

In this spectrum we measure spin polarization (y =1)
using linearly polarized light (x =2). The integrated in-
tensity is obtained by substituting Eq. (4) into (10):

p!'=24,3 (n,,)m*—1l(I+1)]o
=24,(3 q,, (s, (i) . (39)

Like p'!, it has a value if both S,  and Q,, are nonisotro-
pic, but when S is unpolarized there is still a contribution
if spin-orbit coupling gives the spin a different value when
the electron is along the Z axis or in the XY plane.

The intensities for LS peaks is obtained by substitution
of Eq. (14) into Egs. (22) and (27):

I1(LS) _ 7424,(ILL)a,(3SS)
I™LS) Aoao(L)ao(S)
X{[L2—1L(L+1)]S,) . (40)

D. Symmetry breaking

In LS coupling one of the great advantages of the
analysis in terms of fundamental spectra is that the shape
of these spectra is independent of small crystal and ex-
change fields and temperature effects. So, e.g., the spec-
trum I'° has the same shape [i.e., the L dependence in
Eq. (33)] in any crystal or exchange field. Only the total
intensity changes proportional to (L, ) as it should in or-
der to obey the sum rule, Eq. (32). So once the shape of a
fundamental spectrum is known (e.g., by our calculations
or by experiments) we only have to measure part of the
spectrum in order to know the accompanying moment.
Note that the shape of, e.g., I'! remains the same even
when the directions of the light polarization and spin-
polarization detection are varied independently. Another
symmetry is that I(:)I*°*I% /I®. These properties are
a consequence of the high symmetry of the problem.
When the symmetry is broken the number of fundamen-
tal spectra increases and the analysis becomes more com-
plex.

The most important source of breaking of LS symme-
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try in 4f systems is spin-orbit coupling. In the late rare
earths the spin-orbit coupling is so large that different LS
terms overlap and the spectrum differs considerably from
the pure LS coupling case. In that case those spectra I
that have x and y both different from zero (i.e., I!! and
I*') are no longer invariant but change depending on the
crystal and exchange field. The origin of this can be
shown by a derivation of the intensities in LSJ coupling.
For Eq. (11) we obtain

(LSIMI|I} | LSIM Y=< LS| IT|LS)

Substitution into Eq. (1) and summation over M then
gives

I, =|(LS||IT|LS) >3 [xyz]

xyz

b o

In the same way as in paper I, we see that IV=T7 I
where the sum over z is from |x—y| to (x +y) with
x+y+z even. This means that I''=J'04712 4pd
I?'=1M1+ 1213 50 these spectra become a sum of two
fundamental spectra which have a shape (L, S, and J
dependence) independent of the crystal and exchange
field and an intensity proportional to {(J§ ), which is the
Z component of the monopole, dipole, quadrupole, and
octupole moment for z=0, 1, 2, and 3, respectively. The
monopole moment is a constant but the other moments
depend on the fields.

For simplicity we have not plotted I'9, 1112 12! and
I*13 separately but they can be calculated and so the ex-
perimental I'! and I?! spectra may be decomposed to
determine the associated multipole moments.

Considering the effects of small crystal fields in the LS
or LSJ coupling limit it may be surprising that there is,
e.g., only one circular dichroism I'° whereas there should
be three when the symmetry of the fields is low enough.
The solution is that there are indeed three different I'°
spectra (e.g., in the X, Y, and Z directions) but when the
crystal field is small the shape of these spectra is the same
within the experimental resolution and only their intensi-
ty is different. When the crystal field is large enough to
mix different J levels in the ground state or to give ob-
servable splittings in the final state the shape of the three
spectra becomes different. Mathematically we obtain
these effects when in the case of small splittings we sum
over the final-state M values, whereas each M state (or
rather each point group representation) has its individual
intensity when the splittings are observable. This is the
same kind of mechanism that increased the number of
fundamental spectra going from LS to LSJ coupling
when spin-orbit splitting becomes observable. When the
crystal-field splitting becomes observable the situation
grows more and more complicated, but the sum rules still
hold because they hold for all f electron states with ei-
ther integer or fractional occupation.

1 1

(42)

E. Angular dependence

The integrals of the six spectra provide six independent
moments of the distribution of the occupation numbers
(n,,,). If we could do absolute measurements of the p
this would be sufficient to determine all {#,,,) for a p
shell. For a d or an f shell more information is needed to
determine all occupations. It is instructive to see that
this can be obtained from the angular dependence of the
photoemission. In Eq. (2), we took the angle-integrated
signal by summing over m’. For the angle-resolved sig-
nal we omit this summation:

pqm'ﬂ':E <nma >pmcrqm’a’ ’ (43)
mo

where p,,,, is the probability of producing a cm’c’ con-
tinuum electron. p,,., are the coefficients when we ex-
pand the angle dependence of the integrated spectrum in
squares of spherical harmonics |Y,,, |%. (This analysis in
cylindrical symmetry implies effectively an integration
over ¢. More appropriate information can be obtained
using the ¢ dependence when there is, e.g., a crystal
field.) Knowing the coefficients p,,,,nc We can deter-
mine all n,,, by solving Eq. (43). Because only the square
of the wave function can be measured we determine
effectively pg,o'+pg—mo» Which means that n,, and
n_,,, cannot be separated by isotropic light only. By
measuring the dichroism, however, they can be separat-
ed, and by measuring the spin of the photoelectron we
can separate n,,; fromn,, |.

Thus, a complete measurement allows one to determine
all {n,,,) with respect to the chosen quantization axis.
Integration over the angle or the spin or light polariza-
tion gives only “statistical” information, such as (L, ) or
(S,). A more complete analysis of the angle dependence
of the fundamental spectra is a subject of research for the
near future.

III. SPIN-PHOTON POLARIZED
4f PHOTOEMISSION

A. Calculational details

In order to illustrate the theory given above we have
calculated the spin-photon polarized photoemission from
the localized 4f levels in rare-earth ions with spherical
symmetry in a magnetic field. The results of these calcu-
lations, which are presented in Fig. 1, are given for emis-
sion to the d continuum (A/=—1). The fundamental
spectra for emission to the g continuum (A/ = +1) can be
obtained by multiplying those for d emission by a factor
1, —3, and 3 for x =0, 1, and 2, respectively (cf. Table
I). Thus, for the fundamental spectra the dependence on
c is only a scaling factor.

The photoemission process is given by a transition
from the ground state of a configuration f” to a final
state with a configuration " ! plus an electron in the
continnum level c¢. The initial- and final-state
conﬁgurations are split by the Coulomb interactions
F2%8(£f) and by spin-orbit interaction £(f),>* ¢ but all
interactions which involve the shell ¢ are zero. The
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FIG. 1. The fundamental spectra I for the 4f—ed photoemission of the rare earths, calculated using Cowan’s code (Ref. 59)
with the Slater integrals and spin-orbit parameters given in Table II.
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TABLE II. The Hartree-Fock values (eV) of the Slater and spin-orbit parameters for the initial and
final states in the 4/ photoemission of the trivalent rare-earth ions, obtained by Cowan’s code (Ref. 59).
[(XPS) is the experimental value for the Lorentzian broadening of the linewidth (eV) (Ref. 61).

4fn 4fn -1
R¥ n F? F* F® £ F? F* F° &) T(XPS)
Ce 1 0.087 0.35
Pr 2 12.228 7.670 5.443 0.102 0.114 0.35
Nd 3 12.726 7.985 5.688 0.119 13.749 8.678 6.221 0.131 0.37
Pm 4 13.199 8.281 5.898 0.136 14.184 8.951 6.427 0.149 0.20
Sm 5 13.650 8.566 6.147 0.155 14.606 9.216 6.609 0.169 0.16
Eu 6 14.085 8.391 6.309 0.175 15.017 9.472 6.781 0.190 0.20
Gd 7 14.507 9.103 6.508 0.197 15.418 9.723 6.966 0.212 0.18
Tb 8 14.917 9.360 6.708 0.221 15.809 9.966 7.082 0.237 0.17
Dy 9 15.318 9.611 6.804 0.246 16.195 10.207 7.270 0.263 0.17
Ho 10 15.709 9.855 6.997 0.273 16.574 10.443 7.449 0.291 0.12
Er 11 16.094 10.094 7.182 0.302 16.946 10.674 7.622 0.320 0.12
Tm 12 16.471 10.330 7.360 0.333 17.314 10.903 7.795 0.352 0.12
Yb 13 0.366 17.679 11.128 7.934 0.386 0.20

atomic values for the Slater and spin-orbit parameters are
given in Table II. Transitions with g=—1 (AM=+1)
are excited with right-circularly polarized light (R), and
qg=-+1(AM=—1) with left-circularly polarized light
(L).5" The ¢ =0 (AM =0) transitions are excited by radi-
ation that is linearly polarized along the z axis. Accord-
ing to Egs. (22)-(27) the isotropic spectrum (x =0) is
defined as L +R +Z, the circular dichroism (x =1) as
L —R, and the linear dichroism (x =2)as L +R —2Z.

The transition probability for photoemission from a
ground state with M = —J and other approximate prop-
erties given in Table III have been calculated in inter-
mediate coupling using the programs of Cowan’®>° with
the Slater integrals scaled to 80% of the atomic values to
account for intra-atomic relaxation effects.’* The calcu-
lated spectra were convoluted using a Lorentzian width '
as given in Table II for XPS and 0.8 eV for BIS and a
Gaussian of 0 =0.085 eV.%! The results for the isotropic
spectra agree well with earlier calculations® ~% as well as
with experimental results.®!

TABLE III. The spin and orbital momentum and the z com-
ponents of the total angular momentum, spin, and orbital mag-
netic moment and the quadrupole moment for the Hund’s-rule
ground state f" (LSJM) of the rare earths in pure LSJ coupling.

R n S L J(=-J) s, L, 0.
Ce 1 05 3  —25 03576 —2.857  4.285
Pr 21 5 —4 0.8 —4.38 4411
Nd 3 15 6  —45 12276 —5727  1.736
Pm 4 2 6 —4 1.6 —56  —1.620
Sm 5 25 5  —25 1786 —4.286 —3.095
Eu 6 3 3 —0 0 0 0

Gd 7 35 0 —35 —35 0 0

™ 8 3 3 —6 -3 -3 5

Dy 9 25 5 —75 —25 -5 5

Ho 10 2 6  —8 -2 —6 2

Er 11 15 6 —75 —15 —6 -2
Tm 121 5 —6 —1 -5 -5

Yb 13 05 3 —35 —05 —3 —5

B. Integrated intensities

The integrated intensities of the fundamental spectra
are given in Table IV. By using Egs. (28) and (30), we can
obtain (S,) and (L,) from p° and p'° respectively.
Their values are not exactly equal to the values given by
the Landé formulas because of the spin-orbit coupling in
the ground state. The values for a pure LSJ ground state,

(LSJ)
(Lz)=(Jz>f;oT
=<Jz>J(J+1)+12:](f]_:_11))_S(S+1) i (44)
(SLJ)
<Sz>=<Jz>i‘a—o(J—)
:<Jz>J(J+1)+§J(.(S‘J—+:'-ll))—L(L+l) ’ 45)

are given in Table III for (J,)=—J. Whether
(J,)=—J or +J is the actual ground state depends on
how J is directed by exchange interaction and the exter-
nal field. For a ground state {J, ) =J the spectra I with
x +y odd change sign.

Table III shows that L, is always negative and S, is
positive (negative) for a less (more) than half-filled shell.
This is a consequence of the coupling between L and S as
given by the third Hund’s rule, which has to result in a
value J,=—J for our choice of the magnetic ground
state. For n <5, L is larger than S, and the antiparallel
coupling of L and S results in a negative value for L, and
a positive value for S,. Therefore, the occupied one-
electron states have mainly spin-up and negative [,.
Eu’™ f% has J,=0 and the only polarized spectrum
which is nonzero is I''. Gd** f7 has L,=0 and
S,=—1, and all one-electron states with spin down are
occupied. For n =8 the parallel coupling of L and S
makes L, and S, both negative. Thus, the vacant one-
electron states have mainly spin-up and positive /,.

The integrated intensity of the spin-orbit spectrum, p'!,
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TABLE 1IV. Integrated intensities p* of the fundamental spectra in Figs. 1 and 2 for the 4f —&d (in-
verse) photoemission.

R Configuration p%® p% p'° p!! p%° p*
XPS Ce f' ?Fs, 0.142 86 0.10204 —0.13605 —0.10884 0.122 45 0.122 45
Pr f* °H, 0.28572 0.21996 —0.22714 —0.19555 0.12205 0.13847
Nd £ ‘I, 0.428 57 0.34215 —0.27131 —0.24185 0.047 00 0.069 36
Pm f* °I, 0.57143 044972 —0.26544 —0.23984 —0.04746 —0.02537
Sm f3 6H5/2 0.71428 0.49918 —0.20224 —0.19673 —0.08905 —0.08296
Eu f¢ 'F, 0.857 16 0.00000 0.00000 —0.14151 0.000 00 0.00000
Gd f7 %S,, 1.00000 —0.99008 —0.00165 —0.00060 —0.00037 —0.00292
T (% 7F 1.14285 —0.84088 —0.14557 —0.14061 0.14135 0.13696
Dy f° 6H15/2 1.28570 —0.69028 —0.24209 —0.23172 0.138 89 0.13325
Ho f'° °I 1.42857 —0.54730 —0.28973 —0.27598 0.05130 0.048 88
Er f" I, 157143 —0.41913 —0.28729 —0.27988 —0.06064 —0.05730
Tm [ 3Hq 1.71429 —0.28313 —0.23853 —0.23594 —0.14415 —0.14156
Yb £ F,, 1.85715 —0.14285 —0.14286 —0.14286 —0.14286 —0.14285
BIS Pr f* °H, 1.71428 0.21996 —0.22713 0.19555 —0.12205 0.13847
Er f" %I, 0.42857 —0.41912 —0.28729 0.279 88 0.06065 —0.05730

which is proportional to the expectation value of [-s, is
always negative because the spin-orbit interaction couples
Il and s antiparallel.

The quadrupole moment can be obtained from the in-
tegrated intensity of the linear dichroism, p2°, by using
Eq. (36). For the pure Hund’s-rule LSJ ground state we
can prove, using the same approach as in Ref. 66, that

_20Q1+1—n)EQI+1)
32L—1)

X (2J +1)ay(LSH[M?*— 1T (J+1)]

QZZ
(46)

with the negative (positive) sign for less (more) than half-
filled shells. The values of Q,, are given in Table III, and
it is clear that they change sign for quarter-filled shells.
A positive value of Q,, means that high values of |m | are
occupied which makes the ion flat in the XY plane. A
negative value corresponds to an elongation along the Z
axis. Thus, Q,, is nonzero in ferro- and antiferromagnets
as well as in anisotropic crystal fields.

C. Peak intensities

The peak intensities in the multiplet structure of the
fundamental spectra give information about the correla-
tion of the momenta LS in the ground state with the mo-
ments of the ejected electron (or of the hole left behind)
when a transition is made to a final state LS. The spin
spectrum gives the alignment of S with the spin 1 mo-
ment of the hole created. From Eq. (31) we see that the
final states with low spin (S=8§—1) and high spin
(§=8+1) have intensities proportional to S+1 and
— S, respectively, times (S, )I%. For n <6 there are only
low-spin final states, therefore the spin spectrum will be
proportional to the isotropic spectrum, where all peaks
have a positive intensity. This proportionality may make
it hard to ensure that the spin spectrum has been mea-
sured instead of the isotropic spectrum. For n =7, the
sign of (S, ) is reversed, and the low-spin final states have

negative intensities, whereas the high-spin final states
have positive intensities. So, in the spectra from Tb f 8 to
Yb £ (Fig. 1) the high-spin Hund’s-rule state gives a
positive peak at the low binding energy side of the spin
spectrum.

The circular dichroism gives the alignment of L with
the orbital momentum / of the created hole when they
combine to give L. Thus, the dichroism is determined
only by the orbital momenta L and L and we see from
Eq. (33) that high L values give a peak opposite to that of
low L values. From Eq. (33) we also see that, in theory,
in this pure LS coupling case we do not need the integral
over the whole spectrum to calculate (L,) but if we
know L and L the integral over one LS peak is sufficient
if it is clearly separated from other peaks.

In the spectra from Ce f! to Pm f* (Fig. 1) all peaks
have a negative intensity because L > L for n <4. For f°>
the intensity to °I is zero according to Eq. (33), but the
transition is split into a positive and a negative peak by
spin-orbit coupling.

Even when the integrated signal is small, a fundamen-
tal spectrum can have large positive and negative peaks,
e.g., in Tb f3 In Gd f7, where the integral is zero
(L,=0), the circular dichroism shows a strong disper-
sivelike structure due to the J dependence (Fig. 1).

Figure 1 shows that the spin-orbit spectra and the cir-
cular dichroism spectra have a similar appearance. With
small spin-orbit interaction we have I!(:)I'*1° /1%,
and when there are only low-spin final states (n <7) the
spin-orbit spectrum is proportional to the circular di-
chroism. There are larger differences for n >7 because
the high- and low-spin states have opposite signs and be-
cause the spin-orbit interaction increases along the 4f
series.

The linear dichroism gives the alignment of the quad-
rupoles of L and / when they couple to a total L. The
value is positive when L and [/ are parallel or antiparallel
(high and low values of L) and negative when they are
perpendicular (intermediate L ).
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If the spin-orbit coupling is small, the anisotropic spin
spectrum resembles the linear dichroism in the same way
as the circular dichroism resembles the spin-orbit spec-
trum. Thus, if we would measure the spectra with the
aim to determine the symmetries of the final states then,
for vanishing spin-orbit splitting, it is only necessary to
measure 1%, 10 1?°, and I°'. The spectra I'! and I?!,
both photon and spin polarized, are simply products of
these, I*1(:)I*** 191 /1% and contain no new information.
However, the absolute (integrated) intensities of these
spectra do contain independent information on the
ground state.

IV. SPIN-PHOTON POLARIZED
INVERSE PHOTOEMISSION

In inverse photoemission or bremsstrahlung iso-
chromat spectroscopy (BIS), the sample is irradiated with
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FIG. 2. The fundamental spectra I™ for the ed —4f inverse
photoemission of Pr and Er, calculated using Cowan’s code
(Ref. 59) with the Slater integrals and spin-orbit parameters
given in Table II.

a monochromatic beam of electrons which can decay into
the incompletely filled valence band under emission of a
photon.®” The photon helicity can be analyzed using a
polarimeter,®® a Goedkoop filter,*® an x-ray phase plate,”
or a multilayer device.”"?

The formulas for BIS are obtained in a way analogous
to those for XPS but give the properties of the holes in-
stead of the electrons and g and ¢’ have opposite signs
and so p™ (and I*™) change sign when x +y is even, ex-
cept for p® (and I%), which is proportional to the num-
ber of electrons in XPS and the number of holes in BIS
(cf. Table IV). With respect to the number of peaks and
the magnitude of the effects, the BIS spectra of f” are
much like the XPS spectra of f!*7" because of their
particle-hole equivalence. They do, of course, differ in
the J value of the Hund’s-rule ground state. It is interest-
ing to note that if we know L, per electron from XPS and
L, per hole for BIS we can obtain L, and the number of
electrons in the ground state, without an absolute intensi-
ty measurement.

To calculate the inverse photoemission we included in
the initial state an electron in the continuum state ¢
whereas the final-state configuration is £” *!. The results
for the fundamental spectra are shown in Fig. 2 for the
two examples Pr f2? and Er f!! and the integrated inten-
sities are given in Table IV. The analysis of these BIS
spectra is the same as for photoemission, bearing in mind
the particle-hole equivalence. For example, in Er f!!
only low-spin states are possible and L > L, which results
in a completely negative spin spectrum and magnetic cir-
cular dichroism, respectively.

V. PROSPECTS

Circular magnetic dichroism in valence-band photo-
emission has been observed in Fe (Ref. 73) and Co,” al-
though these elements are relatively unfavorable. As we
have seen, XPS is more suited for less than half-filled
shells and BIS for more than half-filled shells. Circular
dichroism in 4f photoemission has been reported in Gd,
where it is in agreement with atomic multiplet calcula-
tions.”” In spin-resolved photoemission much effort has
been devoted to Ni and Fe metals, alloys, and over-
layers,’®7" and also to Gd metal, where the (anti)parallel
coupling between bulk and surface spins has been stud-
ied.”® % Thus, so far polarized photoemission experi-
ments have been restricted to specific model compounds
due to the low count rate and cumbersomeness of spin
detectors and the lack of suitable sources for circularly
polarized x rays. However, this situation is changing rap-
idly. High photon fluxes have become available from in-
sertion devices, such as wigglers and undulators, compact
spin detectors have been developed,®® and a high degree
of circular polarization can be obtained by using the off-
plane synchrotron radiation from bending magnets or by
using helical or asymmetric undulators.®* Beam lines are
now specially optimized for circular polarized soft x
rays.®> It is therefore expected that the importance of
both spin polarization and circular dichroism in the
study of magnetic properties will increase strongly over
the next few years.
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TABLE V. The expectation values of the number of d elec-
trons, spin, and orbital magnetic moment for Fe, Co, and Ni
metal (Refs. 15 and 94). The integrated intensity predicted for
the spin spectrum and the magnetic circular dichroism normal-
ized to the isotropic signal for a 3d —ed transition. For the
3d — &g transition p'° has to be multiplied by — 2.

XPS BIS
<n ) <Sz> <Lz) pOl/p()O pIO/pOO pOI/pOO pIO/pOO
Fe 73 —2.13 —0.08 —0.584 —0.0055 —1.58 —0.015
Co 84 —152 —0.14 —0.362 —0.0083 —1.90 —0.044
Ni 94 —0.57 —0.053 —0.121 —0.0028 —1.90 —0.044

The 3d, 4f, and 5f materials form three classes with
distinctly different magnetic properties. In the 4f com-
pounds, where the crystal-field interaction is small, S and
L can be combined to a total J value as given by Hund’s
rule, and the spin and orbital magnetic moment are both
large. In 5f compounds the crystal-field and spin-orbit
interaction are of comparable magnitude, and mixing of
different J. levels becomes important.?” Hybridization is
larger than in 4f systems, but the valence-band photo-
emission still shows distinct multiplet structure.®® In the
3d transition metals the spin-orbit interaction is relatively
smaller than in 5f systems and it is therefore easily
quenched by crystal fields and hybridization, which re-
sults in a large reduction of orbital magnetic moment.
Probably spin-photon polarized spectroscopy is impor-
tant in all three classes but our present analysis applies
most directly to 4f systems. For the analysis of 3d
transition-metal systems one may use either a one-
electron band-structure model or an Anderson impurity
model,*"*® which is a localized approach that includes a
set of configurations of the type d" ~ Udn, d"t!, etc. The
one-electron model reproduces the band structure of the
spin-resolved photoemission,”! but fails to explain the sa-
tellite structure in the Ni 2p and 3p CMXD.”? The local-
ized approach gives a good agreement in this case,!>!3
and also for the Ni 2p and 3p CDXPS,° and the resonant
photoemission decay from the 2p level of Ni metal.®?

The equations for the integrated intensities are in-
dependent of the choice of the wave function. Thus, they
provide the expectation values of the orbital, spin, and
quadrupole moments without a detailed analysis of the
spectrum. Conversely, if the expectation values of the
angular momenta (per electron/hole) are known, they can
be used to predict the integrated intensities of the funda-
mental spectra. As an example, Table V shows the values
of (S,), {L,), and (n) for Fe, Co, and Ni metal'>** to-
gether with the resulting integrated spin spectrum and
magnetic circular dichroism. It is clear that the integrat-
ed 3d spin signal is large and increases from Ni to Fe.
The circular dichroism is small because the orbital
momentum is quenched. Table V gives also the predicted
values for BIS which are much larger than for XPS.

VI. CONCLUSIONS

We have shown that the valence-band photoemission
of correlated materials can be fruitfully analyzed in terms

of six fundamental spectra. The interpretation of these
spectra is relatively simple in the case of a small spin-
orbit interaction (LS coupling). Then, the spin spectrum’
is determined by the alignment of S and S, and shows
high- and low-spin final states with opposite signs. For
less than half-filled shells the final states can have only
one spin value, and the spin spectrum is proportional to
the isotropic spectrum. The circular dichroism is deter-
mined by the alignment of L and L, and the peak intensi-
ty increases with L. The linear dichroism measures the
alignment of the quadrupoles. When the spin-orbit in-
teraction is small compared to the Coulomb interactions
the shape of the spin-orbit spectrum and the anisotropic
spin spectrum are similar to the circular and linear di-
chroism, respectively, except that high- and low-spin final
states have opposite signs, which are given by the spin
spectrum. Different relations, but of the same type, were
found in deep core-hole photoemission (paper I). There,
the spin spectrum resembled the circular dichroism but
with opposite signs for the spin-orbit split edges, but the
anisotropic spin spectrum was not similar to the linear di-
chroism.

We have derived general expressions for the integrated
intensities of the six fundamental spectra, which relate
them to the expectation values of the spin and orbital mo-
ments in the ground state. Each fundamental spectrum
measures a distinctly different operator. These sum rules
provide a powerful tool in the analysis of the photoemis-
sion from an open shell because they give the values of
physical quantities, independent of theoretical models
such as the localized or the delocalized approach. In the
core-level spectra the integrated intensities are zero be-
cause the expectation values of these operators are zero
for a closed shell.

We have illustrated the theory with calculated funda-
mental spectra of the rare earths, where the multiplet
structure of the 4f photoemission shows a strong polar-
ization dependence. These fundamental spectra for
spherical symmetry at T=0 K provide a useful basis for
future analysis because the fundamental spectra at finite
temperature and in weak crystal field maintain the same
shape and only change intensity proportional to the ex-
pectation values of the ground-state moments. In 3d and
5f materials the fundamental spectra lose their property
of having a constant shape and then their importance is
the fact that their integrals are proportional to the expec-
tation value of simple operators, at least if the 3d and 5f
emission can be separated from the emission from other
bands.

We have discussed the particle-hole analogy between
XPS and BIS. The former measures L, and S, per elec-
tron, whereas the latter measures L, and S, per hole [just
as in x-ray-absorption spectroscopy (XAS)]. The com-
bination of both techniques yields the total values, XPS
gives a larger effect for less than half-filled shells, whereas
BIS give a larger effect for more than half-filled shells.

Interesting applications may include the determination
of the orbital and spin magnetic moment of surface layers
because photoemission is more surface sensitive than,
e.g., x-ray absorption. The strong circular dichroism sig-
nal in rare earths and actinides combined with the recent
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availability of intense sources of polarized x rays, such as
helical and crossed undulators, make it possible to study
samples with a short lifetime, small size, or dilute concen-
tration. The 4f or 5f partial yield, which can be ob-
tained by collecting all high kinetic-energy electrons
above a certain threshold value, can be applied in photo-

electron microscopy to measure the spatial resolution of
the magnetic domain structure of ferro- and ferrimagnet-
ic materials.

Note added in proof. Very recently the concept of the
orbital momentum sum rules has been elegantly applied
to resonant x-ray scattering.’’
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