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Using group theory we derive a general model for spin polarization and magnetic dichroism in photo-
emission in the presence of atomic interactions between the hole created and the valence holes. We pre-
dict strong e6ects in the photoemission from core levels and localized valence levels of transition metal
and rare-earth compounds. In the presence of electrostatic interactions between the created hole and

magnetically polarized valence electrons, we can distinguish eight fundamental spectra: the isotropic
spectrum, spin spectrum, orbit spectrum (magnetic circular dichroism), spin-orbit spectrum, spin-orbit
magnetic-quadrupole spectrum, anisotropic spectrum (magnetic linear dichroism), anisotropic spin
magnetic-dipole spectrum, and anisotropic spin magnetic-octupole spectrum. Examples are given for
the 2p, 3s, 3p, and 3d photoemission from divalent Cu, Co d, and Fe d .

I. INTRQDUCTIGN

There is a widespread belief among solid-state physi-
cists that the spin polarization in core-level photoemis-
sion is uniquely determined by optical-spin orientation,
the so-called Fano effect. ' This is because the atomiclike
core level and free-electron-like photoelectron state are
not directly influenced by a polarized valence shell, leav-
ing the core-hole —spin-orbit coupling as the remaining
interaction. Until recently, it was also believed that
core-level photoemission hardly depends on the linear or
circular polarization of the incident photon, except in the
near-threshold region. However, these impressions are
wrong when there are electrostatic interactions between
the spin and orbital momenta of the valence state and
core hole. In transition-metal, rare-earth, and actinide
compounds, the core hole interacts strongly with the
valence d (or f) electrons, which may result both in a
strong spin polarization and in a magnetic dichroism in
photoemission.

It is well known that core-hole spectroscopy can be
used to determine essential properties of the electronic
structure of the valence band in localized materials. ' In
3d and 4f materials the appearance of multiplet and sa-
tellite structure indicates the presence of electrostatic in-
teractions and hybridization. It is the purpose of this ar-
ticle to show that these structures can be further separat-
ed into spin and orbit information using spin-polarized
detection. So far only a few experiments have been per-
formed on core levels. Since spin-polarization measure-
ments require the use of synchrotron radiation as a
powerful and tunable source, they are most easily done in
the vacuum ultraviolet region ((40 eV), which covers the
valence bands, but not the deeper core levels. However,
the recent progress in synchrotron-radiation instrumenta-
tion has also made the soft-x-ray region accessible.
Plane-polarized radiation can be obtained by using the

paraxial radiation from the synchrotron-radiation source,
and a high degree of circularly polarized radiation can be
obtained by a helical or crossed undulator, a quarter-
wave plate, a Goedkoop filter, or most commonly, an
inclined-angle view of the tangent point of the stored
electron beam.

Although a connection between x rays and magnetic
structure had already been searched for much earlier,
experimental observation was made only in 1986 in mag-
netic x-ray dichroism. This discovery was followed by
research in related phenomena where the cross section
for x-ray scattering depends on the polarization of the x
rays, such as magnetic resonant scattering, ' magnetic
Kerr effect, ' and Faraday rotation. ' Also, polarization
effects were found in core-hole photoemission. Hille-
brecht, Jungblut, and Kisker' and Carbone et ah. '

observed spin polarization in Fe 3s and 3p core-level pho-
toemission and Baumgarten et al. observed magnetic
circular dichroism in the Fe 2p core-level photoemission
of ferromagnetic iron. ' ' We may expect a rapid further
development in core-level photoemission using polarized
x rays and spin detection.

Because of its close relation to core-hole emission, this
paper would not be complete without a summarization of
the rapid development which has been made in the last
two decades in the field of spin-polarized valence-band
photoemission from solids with spin orbit and exchange-
split bands. ' Research in this area has produced a
wealth of information on the electronic and magnetic
properties of ferromagnetic metals, alloys, thin films, and
adsorbates and has had an important impact on the de-
velopment of modern theories of magnetism, such as,
e.g., in the field of surface magnetism. The calculations
by Fano' on the spin orientation of photoelectrons from
Cs vapor, produced by circularly polarized light and the
detection of spin-polarized photoemission from ferromag-
nets, have contributed largely to this development. The
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spin polarization in valence-band photoemission from
solids has been explained with band-structure calcula-
tions, where each electron moves independently in a rela-
tivistic potential, which takes into account spin-
dependent exchange and spin-orbit interaction. ' In fer-
romagnetic 3d transition metals the valence band is
oriented by exchange interaction, and since the photo-
electrons retain their spin orientation during the excita-
tion process, spin-polarized photoemission rejects the
majority- and minority-spin density of states. In 4d and
5d transition metals the valence band is split by spin-orbit
interaction, and a polarized optical excitation gives polar-
ization of the orbital momentum which is coupled to the
spin. This phenomenon, which is sometimes called opti-
cal spin orientation or Fano effect, allows one to do a
symmetry-resolved band mapping of the valence bands.
Even with linearly polarized or isotropic radiation, exci-
tation from level which has spin-orbit interaction can be
spin polarized in the angular-dependent emission due to
interference between the two different final-state wave
functions with hl =+1. ' Thus spin polarization of
the total photoemission in the one-electron model re-
quires either spin-orbit coupling or exchange splitting of
the valence levels, because the electric vector does not act
directly on the electron spin.

A related effect in valence-band photoemission, but
where the spin polarization is not measured, is magnetic
circular dichroism. Here the polarization of the electric
light vector and spin orientation in magnetic materials
are coupled by the spin-orbit interaction. In nonmagnet-
ic materials with negligible spin-orbit interaction, the
angle-integrated photoemission is independent of the
light polarization, but in a chiral sample or chiral
geometry, there can be circular dichroism in the angular
distribution (CDAD) of photoelectrons. 9 The distri-
bution depends on the radial dipole matrix elements and
phase difference between the final-state wave functions.

In this paper we give a general formulation of spin po-
larization and magnetic dichroism from localized states
and core levels which have electrostatic interactions.
These effects can be analyzed using angular momentum
coupling. In order to exclude additional effects, we take
into account only one final-state channel and a constant
radial matrix element for electron excitation from the
core level to the continuum, which has zero spin-orbit
and electrostatic interactions. For photoemission far
above the continuum onset, the Al =+1 channel dom-
inates and the error in these approximations will be

small. We do take into account the hybridization in the
ground and final state, although in the group theory only
spherical hybridization will be treated.

The paper is organized as follows. First, we derive
group-theoretical results for spin-resolved photoemission
from a core level and from the valence band. A compar-
ison is made with x-ray absorption. In Sec. III the results
are explained in physical terms. We show that there are
eight fundamental spectra, each describing a specific cou-
pling between photon, photoelectron, and magnetic mo-
ment. Finally, using calculated spin-polarized photo-
emission spectra of 3d transition metals, we discuss the
main features of the s core hole, the deep and shallow p
core hole, and the d-valence-shell photoemission, which
all have strongly different features.

II. THEORY

A. General theory
of spin-polarized dipole transition spectra

Consider photoemission from a core level in an atom
with an open shell, say, a transition-metal ion. We con-
struct a complete basis (tp; I

for the open-shell electrons.
This basis may contain states from more than one
configuration, thus taking into account hybridization.
Without loss of generality we assume that yo is the
ground state. In order to avoid explicit use of fractional
parentage coefficients, we add a shell with one hole to the
ground state, with angular momentum l and spin momen-
tum 0.. This represents the l, continuum state to which
the core electron is excited. In the final state this shell is
filled and there is a hole in a core level with angular
momentum p. The result is the same as when we use an
empty l shell in the initial state or any other incompletely
filled l shell. We denote the Z component of orbital and
spin momentum by m and o., respectively. Thus the
ground state is

and the final state is

i, k

where p denotes a core hole. The dipole matrix element
between these states is, considering only transitions from
core p to continuum l„

m m&

q
=&gIT If &=pc,k(goo, ImoIT Iq;;pm'kok')=pc, .kn, .o

i, k i, k

1/2

where T is the dipole transition operator and where we have used the graphical representation of the 3-j and 2-j sym-
bols. ' ' In the following we will suppress the radial integral ( 1IIrIIp ). The spin-polarized transition probability is



12 426 B. T. THOLE AND G. VAN DER LAAN

qg Q I mq~ I g Ok Ok'

k, k'
1/2 1/2

X X COk COk'
x k, k'

i~&i

P~+
g 1/2

a
(4)

where we have used theorem 2 of Yutsis, Levinson, and Vanagas (YLV2). ' ' The graph with four free lines and the
square represent a 4-j and 6-j symbol, respectively. From Eq. (4) we can derive the essential symmetry aspects of the
analysis of the spectra. In many cases the coeKcients Cok have a special form, e.g. , when y; and p are coupled by
Coulomb interaction in a spherical system. Moreover, in high symmetry the ground state and excited states are degen-
erate, and we have to sum over the transition probabilities involved. As will be shown in four important examples, in
such cases the summations together produce a recoupling coeKcient which we will denote abstractly by a rectangular
box in order to inspect the general properties of spin-polarized dipole spectra of ordered systems. In the derivations we
will use the graphical techniques of Yutsis, Levinson, and Vanagas. ' ' In order to suppress group-theoretical detail in
favor of physical clarity, we omitted arrows in the graphs. In the few cases that matter we have added the correct signs
into the equations. Further we suppressed dimensional factors. When there is a summation over a momentum, e.g., x,
y, z, I., S, or J, we implicitly assume the summant to be multiplied by 2x + 1, 2y +1, etc.

1/2

1/2

~J +J

l/2

x,y, z

1 1/2

~~I+/+1/2
z

X)y) Z

1(1/2)J~p11~~p(1/2) J

Here J is added to the box to show explicitly the magnet-
ic moment created in the ground state. It is the total an-
gular momentum when there is spin-orbit coupling and it
denotes S in the absence of spin-orbit coupling in the
ground state. Such a total J or S is implicitly assumed in

We do not consider the case of an exchange or crys-
tal field strong enough to mix different J or S values. We
feel that important parts of our analysis remain valid in
this case because most of the group theory can also be ap-
plied to point groups. But the subtle changes which are
needed have to be analyzed in the future. Further, we as-
sume that exchange field splitting in the final state is not
resolvable experimentally and that we can sum the inten-
sities over the degenerate final states involved. If these

splittings could be resolved, the diagrams in Eq. (5) would
have two additional free lines for the final state J or S,
and then much more information could be extracted by
an analysis analogous to the one presented here. The
same applies to the measurement of the orbital angular
momentum, but here we will assume that angle-
integrated emission is measured.

Equation (5) reformulates the separation of I as a
sum of terms where three physical effects are separated.
The factor I' contains all the free lines and thus describes
all polarization dependence of the spectra. g contains all
I dependence. This means that if we know the spectra for
transitions to one value of t'„we can obtain the spectra
for the other l, value in a trivial way, discussed in Sec.
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III. The factor R contains the information on the cou-
pling of the magnetic moment, photon, and photoelec-
tron spin depending on the final state considered.

We can now define the six fundamental spectra I"».
I

These are meant to be linear combinations of the primi-
tiUe spectra I that are especially powerful because they
extract the essential data and each fundamental spectrum
measures its own physical effect:

I »= g( —1)
q, o

1 x 1
( 1 )1/2 —n—

q 0 q

3'1 1

—o. 0 o. I

q, o.

I Ix,y, z

/J QJ

~p 1l @11/2)J
zp &yz

&p11 p(1/2) J

0-

~p 1 1~~p (1/2)J

Because of the triads I 1 x 1 j and I
)

y —,
' I, the values of x can be 0, 1, and 2 andy can be 0 and 1. Thus there are six in-

dependent spectra. The use of 3-j symbols in the definition of I " is for reasons of elegance. For the interpretation of
the spectra, constant factors are of little importance. The essential property is their proportionality to q and 3q —2:

1 x 1
1)1—

q —
q 0 q

(x =0)1

V3

347
(x =2),

&30 (7)

1 )1/2 —cr

1 l3'2 2

&3/2 (y =1) .

We write out explicitly all I"»=g I"»', where the eight fundamental spectral I" ' will be defined in Eq. (17) and
tr = —

—,', —,
' is denoted by $, 1:

=(I,t +Ipt +I,t +I, ) +Ip)+I, ) )/(2V'3),

=(Iit+Ipt+I it I, i
—Ipi I,i )/(3v'2—), —

=I' '=(I) t I,t +I)1 —I,i )/(2V'—6),
I 11 I11P+I112 (I I I +I )/3

I =I =(I)t 2Ipt +I )t +I) i 2Ipi +I ) i )/(2V 30)

I '=I "+I ' =(I)t —2Ipt+I, t
—Iii+2Ipi —I,t)/(3v'5) .

(12)

(13)

(14)
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The sum over z is from Ix —
yI to (x +y), but x +y +z

must be even because
Our situation would clearly be perfect if we would be

able to measure

Iqo.M+1q+(1/2)o+JM (17)

x =0 (x+y+z=odd) . (15)

FJM=
,

—=(—1)'
M 0 M

0

This factor is proportional to the Z component of the zth
moment of the ground-state magnetic moment. For z =0
the factor is

I JI ', independent of M: therefore, a z =0
term does not depend on the polarization of the ground
state. For z =1 the factor is M/[J(J+1)(2J+1)]'
proportional to M. Such a term is proportional to the
magnetic moment of the ion.

In the same way F~~ is proportional 3M —J(J+1),
the Z component of the electric and magnetic quadru-
pole. It can be interpreted as the deviation from spherici-
ty because it is (3J, —J ). This term can be present
when (Fz~ ) =0, as in antiferromagnets, or when the ion
is polarized by a crystal field, which keeps M and —M
degenerate. It is required that J 1. I"JM measures a still
higher moment of the atom: SM —3MJ(J+ 1).

When we need a distribution over different M values,
because of temperature effects or in antiferro- or ferri-
magnets, we can treat this effect by taking the expecta-
tion value of the 3-j symbol, because it contains all M
dependence. Whenever needed, we can read (FJM ) in-
stead of FJM

The possible values of z for each I"~ show what
ground-state polarization is needed to obtain a nonzero
spectrum: I needs no polarization. I ' and I ' need
z =1, i.e., a magnetic moment. I needs z =2, i.e., a20

quadrupole moment. I" needs no polarization (z =0),
but a quadrupole moment (z =2) gives an extra contribu-
tion. I ' needs z = 1 or z =3 (octupole).

I"~ contains one z value when x or y is 0; else it contains
the sum over two values of z, i.e., z =x —1, x+1, be-
cause z =x is forbidden.

Inspection of the linear combinations for I ~ shows
that we need all six Iq to obtain all I . But each indivi-
dual I"~ can be obtained in a simpler way. The spectra
with x =0 can be obtained with isotropic light or an iso-
tropic sample; x = 1 only needs the difference spectrum of
left and right circularly polarized light and x =2 mea-
sures the difference between Z- and XF-linearly polarized
light or between Z- and isotropically polarized light.
Likewise, y =0 does not need spin-polarization measure-
ment, and y = 1 measures the difference between up and
down spin. Finally, instead of reversing the polarization
of the light or spin polarization, we can also reverse the
magnetization because, in an obvious notation,
IqoM I—

q
—o —M

The intensity I in Eq. (6) contains the factor

The simplest case is obtained when there is no core or
valence spin-orbit interaction. We will take, for the
ground state,

and, for the final state,

If ) = g cl. s ls I(&'s'pz )I's )
L'S'

where the L'S' are the complete set of valence-shell
states. They are coupled with the core hole p —,

' to a total
LS state. Because of the triangular relations, L' can only
be L —1, L, or I.+ 1, and S' can be S—

—,
' and S+—,'.

The dipole matrix element is (omitting the radial ma-
trix element)

& g I T~ If ) =cl.sc,s
S 1/2

(20)

For the total intensity we have to sum the square of the
matrix element over m, ML, M&, and ML, where the M
denote Z components of the quantum numbers in the
subscript. The sum over rn is needed because we measure
all photoelectrons, irrespective of their I value. We sum
ML because in the ground state the spin S is split by the
exchange field, but the sublevels of L remain degenerate.
Finally, ML and Mz label the degenerate final-state sub-
levels of L, and S.

in which case all eight spectra I ~' could be separated,
but it clearly requires I M to be measured for all M,
which we consider impractical because we would have to
populate those M levels specifically. Therefore, we chose
I"~ with the small disadvantage that in two spectra z is
summed over two terms.

It is clear that the linear combinations I ~ separate
different ground-state effects in a meaningful way. But
inspection of the symmetry and physics of the interac-
tions that couple the ground-state moment, the photon
spin and the photoelectron spin give even more meaning.
For reasons of space a full derivation will only be shown
in two cases. In the other cases only the result is shown.
The derivations take into account spherical hybridization
because no use is made of any single-configuration for-
malism.

Sections II 8 and II C treat shallow and deep core-hole
level x-ray photoelectron spectroscopy (XPS) of
transition-metal compounds without spin-orbit coupling
in the ground state. Sections II 0 and II E apply to shal-
low and deep core-level XPS of transition metals and
heavier atoms with spin-orbit coupling in the ground
state. Section IIE discusses various cases of valence-
band XPS.

B. Ground-state I.S—+ final-state LS
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Iqo CLSLS
2

—~2
~LSLS

ized and a transition is made to a state where S and s are
aligned, then s is also polarized, and because s is equal to
the spin of the photoelectron, we measure a difference be-
tween t' and $ spin, which is I'. Note that the final-
state-type matrix element is not really an expectation
value in the excited state, because CI s Ls I(L'S'p ,' )LS—)
is only a part of the final-state wave function. Therefore,
XPS measures only a part of the final-state wave function
and the I' intensity is given by the correlation of core
and valence spin in that part.

The 6-j symbol in I is simple and interesting enough
to be written out explicitly:

The photon spin has disappeared, and therefore we have
no value for x in this case. The spectrum is independent
of the polarization of the photon. Without spin-orbit
coupling, the photon, which acts only on the orbit, is not
sensitive to the ground-state spin and cannot polarize the
photoelectron spin. The latter spin is polarized directly
by Coulomb interaction with the polarized ground state:

S(S+1)—S(S+1)——,
'

I
6S (S + 1 )( 2S + 1 ) ]

'/2

S (S=S+—,')
—S —1 (S=S—

—,') '

(25)

I =CI.SLS
SAYS

0

=c's s(s,"') ((s-,')sII(yy)OII(s-,')5)
C2 (S(y) ) (Sg().s(y) ) (22)

The last two steps have no completely defined meaning.
They only reexpress the 3-j and 6-j symbols in a matrix-
element-type fashion, to show that I is determined by
expectation values of operators with a specific symmetry.

The isotropic spectrum can be denoted by I =I
&
+I

&

without specification of q:

So we see that high-spin final states (S=S+—,') give a
positive peak (S) and low-spin states give a negative peak
( —S —1). Also the low-spin peak is stronger by a factor
(S + 1)/S.

There are two useful and equivalent ways of interpret-
ing the I' spectrum. For the first we look at Eq. (25) and
see that high- and low-spin final states give different
peaks. For the second we look at Eq. (22) and see that
when Sd and s are parallel (antiparallel) we have a posi-
tive (negative) peak. The equivalence lies in the fact that
in the high- (low-) spin state the spins are parallel (anti-
parallel). This duality of interpretation also arises in oth-
er cases.

0 2
LSLS (23) C. Ground-state LS —+ 6nal-state J

I'=c,'„,&s, &, &s, S, &f . (24)

We see that I' is proportional to the ground-state mag-
netic moment (S, ). The final-state-type matrix element
has the symmetry of a spin-spin coupling operator. It
measures the inner product of the d-shell spin S and the
core-hole spin s. Thus, when the ground state S is polar- &gI = &Ls;lmo I, (26)

In order to get dependence of the photoelectron spin
on the photon spin, there has to be spin-orbit coupling.
First, we treat the case that there is spin-orbit coupling in
the final state (in the core hole). For this we couple L and
S to a total J and sum over I. and S:

If ) = g CLsLs I (Lsp 2 )LSJ ) = g CLsLs I (LSp 2 )LS ) (27)
L,S,L,S L,S,L,S

&g I T~ If &
=&CLsLs

1 p L. .S' 1/t'2

1 I J S
(28)

M(, M~, MJ
I &g IT, If &I'= g CLsLsCLsL s,

]LSL S

1 P L S ~S
l~/2

i/2

Li -' S

(29)
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Ixy
z, L,S,L&,S&

LSLS LSL ]S&

(30)

R P(f~z)s
= g CLsLSCLsr ~ ((LSp ,' )LSJ—II(Ozxy)xxOII(LSp ,' )L)S—)J &

LSL

CLsLsCLsL(s(&[[ d sp ] p ] &f & d sp p &f
L,S,Ll, S)

(31)

This shows what kind of correlation is needed to ob-
serve a term z in I ". The definition of the "triple scalar
product" in Eq. (31) is given to express that the correla-
tion is symmetrical in the three moments. The xth mo-
ment of the core orbit, the yth moment of the core spin,
and the zth moment of the valence spin must be correlat-
ed. The names of the operators are only to indicate at
what orbital or spin they operate. Thus Sd' is an operator
of symmetry z acting on the spin of the d shell. The actu-
al values of the matrix elements are given by Eq. (30). Sd,
s, and l may be seen as unit operators. We are not in-
terested in their magnitude, but only in the amount of
correlation between their components.

The operator in Eq. (31) looks complicated, but when
one or two of the moments x,y, z are zero, the interpreta-
tion is easy. I does not measure any coupling between
Sd, s, and l~.

I' ' measures (Sd lp &, which is the alignment of the

induced moment with the core orbit. For such a correla-
tion we need p-d interactions, i.e., p-d Coulomb and ex-

change interactions plus spin-orbit interaction in valence
or core shell to correlate spin and orbit. We see that the
group theory only tells us what moments must be corre-
lated. The physics of the problem tells us how this is

achieved. Section III discusses the possible ways of cou-

pling in detail. We will give here a short explanation of
the other spectra.

I "measures &Sd.sp &, the alignment of the core-hole
spin with the induced valence moment. It is positive
(negative) in high- (low-) spin final states. In the final

state the total spin is not a good quantum number, but we
can say that I' ' measures the spin character.

When we designate a peak as positive or negative, this
refers to the channel 1,= l —1. In the channel l, = l + 1,
the spectra with odd x are reversed (cf. Sec. III).I" measures (s l &, i.e., the core-hole spin-orbit en-

ergy. It is positive for 2p3/2 where l and s are parallel,
negative in 2p, ~2.I measures (1' 'Sd '&, the correlation between the
anisotropies of core orbit and induced moment. These
higher-moment correlations are difficult to interpret, but
we can still determine what interactions are needed to
cause such correlations.

I ",I ', and I" require Sd, l, and s to be all corre-
lated with each other. However, it is generally sufficient

that, e.g., Sd is aligned with s, by Coulomb interactions,
and that s is aligned with l, by core spin-orbit interac-
tions, to have Sd be aligned with l . In the following cou-
pling cases we will see two other slightly different ways to
couple the three momenta.

D. Ground-state L,SJ~ final-state LS

Spin-orbit coupling in the valence band couples L and
S immediately to the induced polarization of J:

& g I

= (LSJ;lm o
I

=
& LS; lrn cr I (32)

If &
= X CL,'s'Lsl«'S'p ,')LS&-

L', S'
(33)

&gIT, If &=c„„
p L S

L J s

(34)

Ml, ML, ,MS
1&g I T, If & I', (35)

Rp(f~i)J=Crscs( [Ld"'Sg']"&g

X ( [L(x) l(~)][S/() s(y)] (36)

The interpretation here is that Ld"' and Sd(p) are coupled
to a total moment z.

Now, when l'"' is coupled to Ld"' and sp
' to Sd"', they

are automatically coupled to the induced moment. The
coupling in the ground state is determined by spin-orbit
coupling. Thus, for x =0, y =1, the ground-state expec-
tation value in Eq. (36) measures (Sd &. Multiplied by the
factor FzM, the intensity I ' thus measures (Sz &g, the
component of the spin parallel to the total moment. This
is always negative because the exchange field acts on S
(and )M~ is negative), but for less than half-filled shells
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& Lz )g
is positive in the Hund's rule ground state because

the spin-orbit coupling directs L antiparallel to S. For
the same reason & Ld Sd ) is negative. For more than
half-filled shells &Lz) is negative and &Ld.s&) is posi-
tive. The values of these and higher-moment ground-
state correlations are given by angular algebra (9-j sym-
bol) when L and S are good quantum numbers.

It is interesting to note that, for x =0, Eq. (36) is the
same as Eq. (22). Thus, without spin-orbit coupling in
the final state, the isotropic spectrum and spin spectrum

I

are not sensitive to (a small) spin-orbit coupling in the
ground state. The other spectra xAO do need spin-orbit
coupling in the ground or final state.

E. Ground-state I.SJ—+ final-state J
Here we analyze the case where there is both valence

band and core-hole spin-orbit interaction. The ground
state is the same as in Eq. (32), and the final state is taken
from the L,S~Jcase:

(37)

L', S',J',j

CL S J,J IL'S'p ,'LS )—
L,S,L', S',J',j

(38)

&glT If &= & CLSJjJ
~JL S

P 1/2

HS

QCLSJJJ
J 1/2

(39)

(40)

+ ((J2)J=XC, C, & Jq' ~' 'S'~') j .
J J)

We see the same type of expression as in the case LS—+J.
This time J is polarized and the effects arise from correla-
tion of the core spin and orbit with this moment.

F. Valence band

g xjz —
& [L (x)Sg() ](z) ) & [L (x) $(A) ][Sf() g() ] )

(42)

and for LSJ~J (lanthanides and actinides), we obtain

In valence-band XPS an electron is ejected from the
open shell. This complicates the derivation of formula a
bit. For space reasons we will not give them here. The
final results are formally the same as for core-hole XPS.
For instance, without spin-orbit coupling there are only
the y =0, 1 spectra. The first is the isotropic spectrum;
the second measures the total spin of the final state.
Likewise, with spin-orbit coupling in the ground state,
but neglect of it in the final state, we obtain the LSJ~LS
result

&d() J2)J —
& Jo )s & Jd' ld" sg )f (43)

which is analogous to the core XPS case. We have omit-
ted the coeKcients C appearing in Eqs. (36) and (41) be-
cause they contain inessential complicated parentage in-
formation. The interpretation here must be in terms of
holes. L,d, Sd, and Jd are the total moments of the holes
in d ", which are polarized, and ld and sd are the moments
of the extra hole after photoemission. ld and s& are cou-
pled to Ld, Sd, and Jd by Coulomb and spin-orbit interac-
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tion, but also by the Pauli principle. For example, when
there is only one electron in the ground state, i.e., it is al-
most completely filled by holes, the extra hole must have
its moments antiparallel to the others. In a full shell this
effect is absent. Note again that in ( )f of Eq (.43) the
expectation value is taken only on that part of the final
state to which the ground state is a parent.

(y)

G. Comparison
between XPS and x-ray absorption spectroscopy

The Pauli principle gives a few interesting differences
between x-ray absorption spectroscopy (XAS) on the one
hand and core hole and valence band XPS on the other.
In XPS an electron is ejected into a shell which has no in-
teractions. Such a shell is completely isotropic, even if it
is considered partly filled, because all levels are degen-
erate. When a shell does have interactions, at each ener-
gy the levels may be polarized, but the integrated intensi-
ty is isotropic. Thus the continuum level has no prefer-
ences for accepting any specific orientation of the elec-
tron and the total intensity is independent of any polar-
ization. This implies that the integrated intensities of all
I ~ spectra, except I, are zero.

In XAS the core electron has to find an unoccupied
place in the open valence shell. When the valence-shell
holes are polarized, the core electron has more possibili-
ties to enter when it has the same polarization. The first
consequence of the Pauli principle is that the total inten-
sity of L3 and L2 is proportional to the number of holes
in the valence shell. The second is that the intensities of
both L3 and Lz are dependent on the number of vacant —,

'
and —', levels, because p3/2 and p, zz have different proba-
bilities to change into d5&z or d3/g Because the total
spin-orbit interaction of the valence shell is linear in the
number of —', and —,

' electrons (or holes), the branching ra-
tio is linear in the spin-orbit energy per hole.

The third Pauli effect appears with polarized light,
which creates polarized electrons which cannot go freely
into a polarized d shell. Therefore, apart from the fine
structure, the total intensity and branching ratio are also
polarization dependent even in the absence of Coulomb
and exchange interactions between core and valence
shells. Thus circular dichroism in XAS can be present
without core-hole interaction, as has been shown for the
transition Cu d ~2@ 3d' . The number of indepen-
dent spectra in XAS is three, for which we can either
take the AJ = —1,0, + 1 spectra or the isotropic, magnet-
ic linear dichroic (MLD) and magnetic circular dichroic
(MCD) spectrum.

FICr. 1. Schematic picture for spin-polarized photoemission
with spin-orbit interactions (dotted lines) and electrostatic in-
teractions (dashed lines). L„(,) and S„(,) denote the orbital and
spin momenta of the valence (core) state, respectively; x, y, and
z are the polarizations of the electric vector q, spin o, and mag-
netic moment m. For a polarization spectrum to be observable,
we need interactions connecting the nonzero values of x, y, and
z. The various possibilities are summarized in Table I.

valence state with momenta L, and S, and a core state
with L, and S„denoting orbital momenta and spin mo-
menta, respectively. In a localized model there are ex-
change interactions between S, and S, and Coulomb and
exchange interactions between L, and L„which are indi-
cated in Fig. 1 by dashed lines. The mornenta L and S
have spin-orbit interaction as indicated by the dotted
lines. The valence spin S„ofthe ground state has a mag-
netic polarization m, the electric polarization vector q
acts on the core orbital momentum L„and the spin po-
larization o is measured in S, . We indicate the polariza-
tion by 0, 1, 2, 3 and for isotropic, dipole, quadrupole,
and octupole moments, respectively. We may consider x
and y to be determined by the experimental setup, i.e.,
use of polarized light and of a spin-polarization detector
with recording of the linear combination of signals
defined by I ~. According to Sec. II the magnetic mo-
ments needed to measure a q cr~ spectrum are m', where
z =~x —

y~
. x+y (x+y+z is even). For a spectrum

to be observable we need interactions connecting the
nonzero values of x, y, and z in Fig. 1. The various possi-
bilities I are summarized in Table I.

A. I~: Isotropic spectrum

III. FUNDAMENTAL SPECTRA

In Sec. II we derived that the spin-polarized photo-
emission process for a given Al channel is described by
eight fundamental spectra I ~', but only the six
I"~=+,I ~' can be measured in practice. Here we will
give a simple description of these spectra, which will en-
able us to understand their nature and the interactions in-
volved. The atomic photoemission process is given pic-
torially in Fig. 1. It shows a system consisting of a

The first fundamental spectrum is trivial. This is the
isotropic spectrum with no polarizations.

B. I '. Spin spectrum

The electric vector q is isotropic, but m and o. are po-
larized. It gives the situation with a magnetic dipole mo-
ment in the valence band and spin-polarized total emis-
sion from the core level excited with isotropic radiation.
To couple the m and o. polarization requires at least elec-
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TABLE I. Eight fundamental spectra of spin-polarized pho-
toemission in odometer order. x =0, 1,2 denotes isotropically,
circularly, and linearly polarized radiation, respectively.

y =0, 1 denotes without and with spin-polarization measure-
ments, respectively. z =0, 1,2 denotes a nonisotropic value for
(M'), where M is the magnetic moment of the ground state.
The columns s.o. and U,„ indicate whether spin-orbit and core-
valence electrostatic interactions, respectively, are needed to ob-
serve I ~'.

Photoemission spectrum

Isotropic spectrum
Spin spectrum
Orbit spectrum (MCD)
Spin-orbit spectrum
Spin-orbit magnetic quadrupole spectrum
Anisotropic spectrum (MLD)
Anisotropic spin magnetic dipole spectrum
Anisotropic spin magnetic octupole spectrum

x y z s.o. U,„

000 0 0
011 0 1

101 1 1

110 1 0
112 1 1

202 1 1

211 1 1

213 1 1

trostatic interaction between S, and S,. Thus, from Fig.
1, we can read that with isotropic radiation the total
emission from a core level which has electrostatic interac-
tion with the exchange-split valence levels is spin polar-
ized, even in the absence of spin-orbit interaction. The
exchange interaction couples the spin of the core and
valence holes; neither spin-orbit coupling nor circular po-
larization is needed.

We have proven in Sec. II that the photoelectron spin
polarization depends on the spin in the final state. In the
I ' spectrum high- (low-) spin final states give positive
(negative) peaks (cf. the remark about signs at the end of
this section). The intensity of a transition between a
pure-spin ground state and a pure-spin final state is the
isotropic intensity times a factor

s -' s'
2

C. I': orbit spectrum or magnetic circular dichroism

No spin polarization is measured, but m and q are po-
larized. MCD requires both spin-orbit and electrostatic
interactions (see Fig. 1). In the presence of spin-orbit in-
teraction, the total emission from a core level, which has
electrostatic interaction with the exchange-split valence
levels, depends on the helicity of the light. The photon
spin acts on the orbital rnornentum of the core electron,
which is coupled by electrostatic and spin-orbit interac-
tions to the spin of the valence electrons.

D. I":spin orbit
and spin-orbit magnetic quadrupole spectrum

Both q and o. are polarized; the magnetic polarization
must be 0 or 2. It is clear from Fig. 1 that at least core-
hole spin-orbit interaction is required, but no interaction
with the valence electrons is needed in the z =0 contribu-
tion. With circularly polarized radiation the total emis-
sion from a noninteracting core level with spin-orbit
splitting is spin polarized. The photon spin acts on the
electron spin via the spin-orbit coupling. In the I" spec-
trum final states with high (low) core-hole j value give
positive (negative) peaks. The spin-orbit spectrum is
sometimes called "optical spin orientation. " Since no in-
teraction is needed between the core and valence levels,
this spectrum can also be obtained in nonmagnetic atoms
or in the one-electron model. The value z =2 (magnetic
quadrupole spectrum) also gives a contribution. In prin-
ciple, the I&io and Iii2 spectra could be measured sepa-
rately by measuring with, e.g., zero and maximum polar-
ization. The difference is the I" spectrum. We will not
treat this further until it comes within reach of experi-
mental possibilities.

—M o M' (44)
K. I:anisotropic spectrum or magnetic linear dichroism

where o. is the Z component of the photoelectron spin.
The values of the intensities are given in Table II for
M= —S. The transition to low spin is forbidden for
o.=+—,

' and multiplied by 2 for o.= —
—,'. For the high-

spin final state the effect is reversed and smaller by a fac-
tor S/(S+1). The relatively simple formula of Eq. (44)
still describes I' (but not the other spectra) when the
ground state has spin-orbit interaction, as long as it does
not mix terms of different spin; in the final-state spin-
orbit interactions must be smaller than the experimental
resolution.

TABLE II. Factors by which the isotropic intensity of a
transition o.=+

2 has to be multiplied to obtain the intensity in

the spin spectrum for a ground-state S(M = —S) to a final-state
S'M' in the absence of spin-orbit coupling.

Since z =2 (quadrupole polarization), this efFect is
present both in ferro- and antiferromagnets, where
(M ) =0 but (M ) —J(J + 1)/3%0 when J or S )—,'. In
the latter case it measures a many-electron effect. A
quadrupole can also be induced by a low-symmetry crys-
tal field (keeps M and —M degenerate) together with
spin-orbit coupling. The crystal field polarizes at the
point L„ in Fig. 1. The effects can be separated by also
measuring a magnetically isotropic sample.

The anisotropic spectrum is not spin polarized and de-
pends only on the difference in photoemission with light
parallel and perpendicular to the magnetization direc-
tion, (~~

—I) which is proportional to Z-polarized minus
isotropically polarized emission. The importance of this
spectrum is that it is relatively simple to measure.

bS —+2

S'=S+
2

S=S
2

g —+—1

2

2S+1
S+1

cr= ——1

2

1

S+1

F. I ': anisotropic spin magnetic dipole
and octupole spectrum

The valence band has a magnetic dipole moment, and
spin polarization is obtained with linearly polarized light.
Spin-orbit as well as Coulomb interactions are needed.
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The spectrum represents the spin difference for photo-
emission with light parallel and perpendicular to the
magnetization direction (~~

—l)(f —1). Thus this may be
called the anisotropic magnetic spin polarization. In
principle, this spectrum contains an I " and I ' contri-
bution which can be determined separately with different
magnetic polarization, giving information on the magni-
tudes ofboth (M) and (M ).

G. Relation between the two h, l channels

The formulation in terms of our fundamental spectra
has the advantage that if we know the spectra from core c
to one of the continuum states l =c+1, we know them
also for the other value because they differ only in the
factor

1 1 x
Qx —

( 1)x+/ t c
c c I (45)

Because of the triad I c c x I, the values x = 1 and 2 are
forbidden for s core holes (c =0). From Eq. (45) we can
calculate that the lower I, channel always has the largest
spectra for x%0. For x = 1 the factors between c —1 and
c +1 are always negative, being —2, —

—,', and ——', for c is

p, d, and f, respectively. For x =2 they are 10, 3.5, and
2.4, respectively. Our statements about signs of peaks in
this section and in Sec. II all refer to the c —1 channel.
For x =1 the signs in the c +1 channel are reversed. At
high photon energy the l =c +1 channel is strongly dom-
inant and this simple relationship is of little relevance ex-
perimentally, except near the Cooper minima. The ad-

vantage is mainly in the calculation and analysis of
theoretical spectra where we can use the more simple low
value of I. Furthermore, the small intensity of the x =2
spectra, because of the factor of 10, means that for both
spin polarizations the intensities with Z-polarized and
isotropic light are almost the same and Io& and Io& do
not have to be measured. This means that I, I ', I',
and I" can be determined approximately in a collinear
arrangement with light, sample magnetization, and spin
polarization measurement along one axis.

IV. CALCULATIQNAL DETAILS

HO Hligand +Hmetal +Hmix +Hexchange +Hcontinuum

(46)

where

Hligand XEk i cryo (47)

In this section we describe the calculation of the photo-
emission spectra for Cu, Co, and Fe. The ground state of
a divalent Cu ion is a mixture of configurations d and
O' L, where L denotes a ligand hole. X-ray photoemis-
sion excites a metal c core electron to an / continuum
state with no spin-orbit and electrostatic interactions.
The corresponding Anal-state configurations are cd I and
cd' L/. The configuration interaction in the initial and
final states is taken into account using a cluster mod-
el. ' The Hamiltonian Ho can be written as

Hm«»=+Ed dg +gE, c c + g (viv2~Q, d ~v3v4)d d„c„c,
V V

1 2 3 4

+ g &v, v, lU,„lv3v4)d d, d d, +/de(v, ll s~v, &d', d, +g, y&v, ~i s~v, )c'. c. ,
1234 V1 V2 V1 V2

(48)

H;„=+V„(d+ +LP„),

H,„,„,„„= gp, Hy& v~S, ~v &m.—,d~g„, (50)

Hcontinuum
=&Ek i o Io (51)

where L~, d, c~, and I are creation operators for the
ligand valence, metal valence, metal core, and continuum
holes with energies El, Ed, E„and E&, respectively.
The index v labels all orbital and spin quantum numbers.
The Hamiltonian Hi;g, „d describes the ligand states,
which are hybridized with the metal d states as described
by H;„where Vis the transfer integral. The Hamiltoni-
an H „,i describes the metal states, which are split by
spin-orbit interaction l s with parameters gd and g„and
electrostatic interactions with matrix elements Q,d given
by the Slater integrals I', G', and G, and Udd given by

~i. & =a.~3d'(v) &+P.~3d "L,(v) )

=( dt+P )io), (52)

where ~0) is the vacuum state, i.e., the state without
valence holes.

the Slater integrals I' and I' .
The Hamiltonian H,„,h,„, gives the (super)exchange

interaction, which can be treated as a magnetic field act-
ing on the spin only. ' This exchange field lifts the de-
generacy, making the energy of the MJ sublevels equal to—gp&HMJ, where only the level MJ= —J is populated
at T =0 K. It is noted that the exchange splitting cannot
be resolved in the Anal state. Its inhuence on the spec-
trum comes from the lifting of the degeneracy in the ini-
tial state. H„n„nuu describes the continuum state with
o labeling its spin and orbital components.

The initial state is given as
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The spectra for the ground state of divalent Cu were
calculated with an energy separation between the
configurations d and d' L equal to 1.35 eV. ' The hy-
bridization is given by a transfer integral V(b,s)=2 eV
and

p'(b) ) p (g( )..p (b~ ):p'(e )=1:v'1/3:1/2:1/2v'2,

for D4& symmetry. ' This results in a ground state 8,~
with 67%%uo d and 33% d' I. character.

The spectra for the ground state of Co d and Fe d
were calculated with spin-orbit coupling and without hy-
bridization.

The transition-matrix elements were calculated using
the chain of groups approach exposed by Butler. This
approach starts with the calculation of the reduced ma-
trix elements of the necessary operators in the spherical
group using Cowan's atomic multiplet program. The
Wigner-Eckart theorem is applied to obtain the reduced
matrix elements in the desired point group, where the re-
quired isoscalar factors are obtained from Butler's point-
group program. The values of the parameters for each
configuration are given in the figure captions.

The spherical symmetry 03 is reduced according to
03 DO& 3D4h 3D43C4, and its irreducible representa-
tions are projected onto representations of the lower
group. A magnetic field along the Z axis reduces the
symmetry from D4& to C4 and lifts the Kramer's degen-
eracy. The exchange field is included by a term gp&HS
in the Hamiltonian with —gp~H =10 eV. The repre-
sentation for the dipole operator (J= 1) splits in C4 sym-

metry into q = —1, + 1,0, which corresponds to right and
left circularly Z-polarized radiation, respectively.

The core-hold lifetime is taken into account by a con-
volution of the lines with a Lorentzian.

V. DISCUSSION OF THE CALCULATED SPECTRA

G'(ns, 3d)x(2S+1)/(21+1). Neither the 3d spin-orbit
nor the d-d interactions influence the spectrum. Figure 2
shows the calculated spectrum for the configuration Fe
d ( D4). The spin spectrum I' consists of two peaks
with separation G' and, as can be derived from Table II,
intensity ratio 1:—1 for the core-hole spin parallel and
antiparallel to the spin of the valence band.

The fact that the spectrum consists of only two lines
without multiplet structure is true only when the final-
state energy parameters are equal to those in the ground
state. In that case the final-state eigenfunctions are given
by the ground-state eigenfunctions plus the added core
hole with their spins coupled parallel and antiparallel.
This is so because Coulomb interactions with an s elec-
tron do not mix different valence states. Transitions are
only possible to the two states deriving from the ground
state.

However, final states with different parentage do mix
when the energy parameters in the final state are different
from those in the ground state. The Slater integrals F
and F with the core hole present are both about 20%%uo

larger than without the core hole and give only small
changes in our calculation (Fig. 2). But hybridization in
the final state should be different from the hybridization
in the ground state and could therefore give structure to
the spectrum. The Fe 3s photoemission has recently been
observed by Hillebrecht, Jungblut, and Kisker' and Car-
bone et al. ' ' Their spectra are in accordance with our
local model, but the up-spin peak is much broader than
the down-spin peak. A possible explanation would be
that the up-spin states have a stronger hybridization with
the exchange-split band states. If this explanation is
correct, the s core-hole spin spectrum is an ideal tool to
study hybridization effects because other effects are ab-
sent. Of course, a localized model is not the best way to
describe these Anal-state effects in a metal.

This section discusses the main features of the calculat-
ed s and p core-hole and d valence-shell photoemission
spectra. These spectra have strongly different features.

A. Core-hole s level

For an s level (c =0) the only polarization effect is
found in the spin spectrum I'=I '. This is necessarily so
for c =0 because x has to obey the triangular relation
Iccx I in Eq. (45). I" and I ' are zero, which means that
left, right, and Z-polarized light make no difference; the
orbital of an s state cannot be polarized and it cannot be
sensitive to light polarization. In Fig. 1 the connections
L,-L, and L, -S, are absent. This also shows that the
only possible polarization effect is the propagation of the
ground-state spin polarization to the core-hole spin by
core-valence exchange interaction.

According to the analysis in Secs. II and III B for the
spin spectrum we may disregard spin-orbit coupling in
the ground state when there is no spin-orbit coupling in
the final state and we need only to consider spin. For a
ground-state spin S the isotropic spectrum consists of two
lines with statistical intensity ratio S + 1:S and an ener-
gy splitting equal to the electrostatic interaction

0. 1

0.1

0.
I

-10 10

RELATIVE BINDING ENERGY (eV}

I

-10 0 10
RELATIVE BINDING ENERGY (eV)

FIG. 2. Fe coresspin-polarized photoemission: (a) the f and

$ spectrum and (b) the isotropic spectrum I and spin spectrum

I ' for the transition Fe 3d ( D4 )~ns 3d ep. The Slater in-

tegral 6'(ns, 3d) is 4.1 eV. Broadened with a Lorentzian of
I =1 eV.
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B. Noninteracting p level

Before discussing the emission of an interacting level,
we will first look at a noninteracting p level as realized in,
e.g., a d or d' ground state. In this case there is only anI"spectrum, where the polarization of the photoelectron
is caused by the spin-orbit coupling of the core hole. The
spectrum consists of two lines (j =

—,
' and —,') and is there-

fore completely determined by the branching ratio, since
the total intensity is constant. Table III gives the branch-
ing ratio both for p —+s, and p~d, transitions of all
primitive spectra: ll' (= —l l, ), 01' (=0$), and —lT
(=1/) with dipole component (

—1,0, 1) and spin (f, J, ).
Linear polarization gives a statistical ratio. For p —+s,
the p1/2 transition is forbidden with right circular light
(b,m =+1), which makes its branching ratio equal to l.
For transitions p~d, the efFect is reversed and half as
large. This large anisotropy in the spin polarization will
appear in any XPS from a deep core hole with large
spin-orbit coupling. Coulomb interactions between p and
d cause deviations from these branching ratios, but the
order of magnitude is correct.

C. Core-hole 2p level

Figures 3, 4, and 5 show the 2p XPS of Cu d, Co d,
and Fe d, respectively. Although the Cu calculations
are in D4h, we will see that most of our spherical analysis
is still valid. We show the fundamental spectra for the
Al= —1 channel because the eAects are larger in this
channel, providing a natural scaling factor. Also, for this
channel the sign of the peaks is as described in Sec. II.
For the Al = + 1 channel the spectra with x = 1 must be
divided by —2 and those with x =2 by 10.

The I ' spectrum shows the spin of the final states. In
Cu with a ground state b, the large p d' I. peaks show a
small signal because in this configuration there are no
Coulomb interactions separating triplet and singlet peaks.
The satellites do have Coulomb interactions, and we see
on each satellite a positive low-energy side (triplet) and a
negative high-energy side (singlet) according to Hund's
rule. Here the mutual alignment of core-hole spin and
polarized valence-band spin is parallel and antiparallel,
respectively. In the I' spectrum we see the alignment of
the core l vector with respect to the polarized valence
electron. Because of the core spin-orbit interaction, l is
parallel to the core spin in p3/2 and antiparallel in p»2.
Therefore, I' and I ' are very similar, only changing the
relative sign between p3/2 and p, /2. This is a feature
common to all deep core holes. In ferromagnetic Fe
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Baumgarten et al. observed an I ' Fe 2p spectrum
which shows an antisymmetric shape for both edges, but
with opposite signs. This structure has been discussed
elsewhere. '

In Co and Fe we see more clearly than in Cu the im-
portance of the spin spectrum when there is Coulomb in-
teraction in the final state. The p3/2 peak generally starts
with a large high-spin peak followed by a smaller low-
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3/2 ~2 l P3d
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FIG. 3. Cu 2p spin-polarized photoemission: (a) primitive
spectra and (b) fundamental spectra (see Table I) for the transi-
tion Cu a3d +P3d' L~a'2p 3d ed+P'2p 3d' Led. For 3d,
(,d =0.13, b, =1.35, and Q =7.95 eV; see Sec. IV for further de-

tails of the ground state. The 2p '3d configuration has

(&~=13.60, g,d=0. 13 eV, and Coulomb interactions Q2p3d
given by I' =7.74, G'=5. 62, and G =3.21 eV. Broadened
with a Lorentzian of I =0.5 eV. The given fundamental spec-
tra are as defined by Eqs. (9)—(14), but without the constant fac-
tors.

TABLE III. Branching ratio p3n/(pl/2+p3/2) in the Iq
spectra for the transition p ('S)—+p,'cl, with l =s,d, dipole com-
ponent q = —1,0, + 1, and spin o.= f, $.
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RELATIVE BINDING ENERGY (eV)
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Iq

II) (=I Ig)
Iot (=Iog)

Iy (=Ilg)

Branching ratio

pj Es

1

2/3
1/3

Branching ratio

pj cd

1/2
2/3
5/6

FIG. 4. Co 2p spin-polarized photoemission: (a) primitive

spectra and (b) fundamental spectra for the transition

Co 3d ( D9/z)~2p'3d c,d. Co3d: F =9.28, I =5.77, and

g,d =0.066 eV. Co 2p'3d F (dd)=10. 74, F (dd) =6.71, (3d
=0.092, gz~ =9.75, F (pd)=6. 32, 6'(pd)=4. 76, and

G (pd)=2. 71 eV. Broadened with a Lorentzian of I =0.5 eV.
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FIG. 5. Fe 2p spin-polarized photoemission: (a) primitive
spectra and (b) fundamental spectra for the transition
Fe 3d ('D4)~2p'3d cd Fe .3d: F'=8.77, F = 5.45, and-g,„
=0.052 eV. Fe 2p 3d: F (dd)=10. 25, F (dd)=6. 42,
=0.074, gz~ =8.20, F (pd) =5.94, 6 '(pd) =4.44, and
G (pd)=2. 52 eV. Broadened with a Lorentzian o:f I =0.5 eV.

FIG. 6. Cu 3p spin-polarized photoemission: (a) primitive
and (b) fundamental spectra for the transition
Cu a3d +P3d' L~a'3p'3d cd+P'3p'3d' Lcd Cu. 3d:
=0.13 eV. Cu 3p'3d: g, =1.50, g,d=0. 13 eV, F =14.6,
G'=18.0, and G =11.0 eV. Broadened with a Lorentzian of
I =0.8 eV.

spin part. In the pi/2 peak there is only a low-spin peak.
The absence of a positive peak in p1/2 is not understood.
Apparently, the high- and low-spin regions overlap com-
pletely with low spin always in the majority. The spin-
orbit spectrum I" invariably shows a positive p 3/2 and a
negative pi/2 peak, as expected. However, in Co and Fe
the second main peak of p3/2 is strongly suppressed as
compared to the first. Of course, j =

—,
' is not an exact

quantum number, but apparently the consequences of
this are concentrated in the second peak. The spectra I
and I ' are much weaker (in the p ~d channel) than the
others and are more dificult to interpret. A free-atom
configuration Cu d ( D) has no I spectrum because
S =

—,
' only gives z =0 and 1; the weak structure in Fig.

3(b) is induced by the anisotropic hybridization.

D. Core-hole 3p level

of this spectrum to localized systems.
The orbit spectrum I' shows that l is aligned antipar-

allel to the d spin in the P, D and 'P, F peaks and parallel
at the low-energy side. This may be explained as follows:

Ld is aligned with Sd. In F states, lz is aligned with Ld
and thus with Sd IEq. (36)]. In D states, l and Ld are not
aligned and in P states they are antiparallel. In the pd ' L
peak Ld is not aligned.

K. Valence band

In Fig. 7(b) we show the Cu valence-band photoemis-
sion spectrum. ' As in the 3p spectrum, the spin spec-

(b)

The Cu 3p spectra are shown in Fig. 6 in the same
manner as described in Sec. V C. The 3p3d' spectrum is
split by p-d Coulomb interactions, and near its low-

energy side there is the 3p3d L configuration. The
spin assignment is immediately clear in the spin spectrum
I ', which clearly shows the 'P, 'F and P, L~ peaks. The
d' L peak gives a structure with high spin at the low-

energy side.
The spin-orbit spectrum I" shows that 'P, F and P, D

have only small spin-orbit interactions. The strongest
effect is seen in the low-energy structure. p d' L has no
Coulomb interactions of itself; spin-orbit coupling can
show its full effect. By the mixing with F, 'D, this effect
is spread over the whole low-energy structure. The 3p
spin spectrum of Fe metal has been measured already. '

It has no apparent multiplet structure. The present in-
completeness of the theory of core-hole interactions in
metallic systems precludes a discussion of the relevance
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FIG. 7. Cu valence-band spin-polarized photoemission: (a)

primitive spectra and (b) fundamental spectra for the transition

Cu a3d +P3d' L~a'3d'cf+P'3d'OLcf Cu 3d': g, d =0. 1. 3

eV. Cu 3d: F =11.11, F =6.94, and $3d =0.13 eV.
Broadened with a Lorentzian of I =0.8 eV.
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trum I ' gives very direct and clear information on the
Anal-state spin. The other spectra need detailed analysis
to determine the origin of their structure. The I spec-
trum must originate from the hybridization (making the
symmetry D4I, ) because the S=

—,
' ground state cannot

have z =2. Also, part of the I" spectrum probably
comes from a z =2 contribution. This also holds for the
Cu 2p and 3p spectra, of course. In the valence-band
photoemission the I spectrum is relatively strong; in the
figure we show the fundamental spectra for d~p„but
the d ~f, spectra for x =2 are only a factor 3.5 less in-
tense (cf. Sec. III).

VI. CONCLUSIONS

Measurement of the spin polarization in photoemission
of localized magnetic systems greatly increases the
amount of information on the magnetic moment of the
ground state and on the interaction of this moment with
the spin and orbit of the hole created. This is equally val-
id for deep and shallow core-hole XPS and valence-band
XPS. In this paper we show some spectra of Cu, Co, and
Fe and give an analysis which also applies to rare-earth
ions and to the experimentally observed spin polarization
in Fe 3s XPS and the magnetic circular dichroism in Fe
2p XPS.

The analysis of the spectra acquires great precision by
a unified description which includes all polarized XPS
techniques with and without circularly or linearly polar-
ized light, spin-polarization detection, and magnetic po-
larization of the sample, but excluding emission-angle-
dependent measurement. Suitable sum and difference
spectra produce eight fundamental spectra which contain
very specific information. Although, by varying the po-
larization of the incident light and detected spin only six
spectra of these eight can be separated, the full set can be
obtained by preparing different magnetic ground states.

The unified analysis has the following features.
(i) It systematizes all polarized XPS techniques, pro-

vides an overview over the complex of possibilities, and
makes it easier to choose the right method for the prob-
lem at hand, given the technical possibilities.

(ii) It shows why the spectrum with light polarization
parallel to the magnetic moment is almost equal to the
isotropic spectrum for p~d, transitions. This makes it

possible to obtain the most important fundamental spec-
tra in a collinear experimental arrangement with the
light, magnetic moment, and spin-polarization measure-
ment along one axis.

(iii) It shows that the b, l = —I spectra can be obtained
in a simple way from the El=+1 spectra. The spectra
contain exactly the same information. This also implies
that theoretical analysis is simplified because we only
have to do the more simple AI = —1 calculations.

(iv) It derives what information is contained in each
fundamental spectrum about the interaction between the
polarized valence shell and the hole created.

The analysis further shows that in order to measure all
effects both circularly and linearly polarized radiation is
required (see Table I). With linear polarization one can-
not measure magnetic circular dichroism and spin-orbit
effects, whereas with circular polarization one cannot
measure the anisotropies. Only the "spin spectrum" uses
isotropic light. Without spin detection information about
the magnetic ground state can be obtained from magnet-
ic dichroism. Again, circular and linear polarization are
complementary. The former gives the expectation value
of the magnetic moment; the latter gives the absolute
value of the magnetic moment, allowing one to measure
antiferromagnetic materials.

Spin-polarized core-hole photoemission is complemen-
tary to other magnetic techniques. Unlike magneto-
optical effects in optical spectroscopy, it probes the mag-
netic moment of only those electrons which have electro-
static interaction with the core hole; and contrary to neu-
tron diffraction, paramagnetic resonance, susceptibility
measurements, and Mossbauer spectroscopy, it provides
information about the loca/ magnetic structure. The
well-defined wave function of the core hole offers an ap-
proach different from optical spectroscopy, because it
gives element and site selectivity. The spectra can be an-
alyzed using an atomic calculation including crystal field,
hybridization (mixing), and configuration interaction.
The analysis can be applied generally to transition-metal,
rare-earth, and actinide compounds with localized
valence electrons with their large variety of magnetic
structures. Compared to magnetic x-ray dichroism, the
added information from the spin polarization allows a
deeper analysis.
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