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Magnetic circular dichroism in angular distributions of core-level photoelectrons
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Magnetic circular dichroism in angle-resolved, core-level photoemission from surfaces is reinterpreted
by comparing it to circular dichroism in angular distributions of photoelectrons in nonmagnetic systems.
The analogy highly recommends the use of the terminology magnetic circular dichroism in angular dis-
tributions of photoelectrons for the former effect, since it emphasizes both the role of the photoelectron
wave vector k, and the use of an experimentally induced chirality. Two phenomena are predicted in ex-
perimental geometries that do not have spatial mirror symmetry: first, the dichroism that results from
reversal of the light helicity is not equivalent to what results from reversal of the sample magnetization;
second, a linear dichroism exists upon reversal of the sample magnetization. The latter effect, termed
"magnetic linear dichroism in angular distributions, " is a pure interference term, which disappears in an
angle-integrated experiment, and may greatly simplify the study of magnetic-exchange effects at core lev-
els.

I. INTRODUCTION

Over the last five years, there has been a remarkable
growth in the use of circular dichroism to study mole-
cules and crystal surfaces using synchrotron radiation.
Originally, these experiments were performed in the gas
or liquid phase, in analogy with classical analytical chem-
istry experiments, and it was the high brightness and
linear polarization of the synchrotron light in the plane
of the synchrotron that was exploited to study chiral mol-
ecules. Since a magnetic field is an axial-vector field,
and introduces a chirality of its own, applied magnetic
fields allowed the study of nonchiral molecules using
magnetic circular dichroism (MCD). However, the tech-
nique became widely used for studies of magnetic sur-
faces only after the development of monochromators
which operated in the soft x-ray region. These photon
energies are matched to the absorption thresholds of core
transitions in many magnetic solids, and allow the use of
magnetic circular dichroism to characterize the magnetic
properties of crystals, surfaces, and films. The first exper-
iments were performed using linearly polarized radia-
tion, but the further development of monochromators
which operated above and below the synchrotron plane,
and produce light with a large component of circular po-
larization, has made MCD a more straightforward mag-
netic probe.

In a typical core-level MCD experiment, the absorp-
tion is monitored using the fluorescence yield, the secon-
dary electron yield, or even the sample neutralization
current. The absorption spectra are collected as a func-
tion of photon energy for either each light helicity (and
constant magnetization) or for two reversed sample mag-
netizations (and constant light helicity). The difference in
the two spectra is the MCD, and it is related to the ex-
istence and geometry of magnetization, and the interac-
tion of spin-orbit coupling and exchange splitting in the
conduction bands. This experiment is very practical, as

the large count rates in total absorption allow short data
acquisition times ( —10 min), information about magnetic
orientation and/or domains is obtained by inspection of
the data, and (due to sum rules ) the orbital and spin
contributions of the magnetic moment may be deter-
mined simply. Related angle-integrated photoemission
experiments, often termed partial-yield experiments, can
be analyzed in a similar manner using sum rules. '

An alternative MCD experiment is MCD in angle-
resolved (and energy-resolved) core-level photoemis-
sion. ' This method introduces the wave vector k of the
photoelectron as an experimental variable and allows ac-
cess to a different set of information than absorption ex-
periments. It is related to magnetic exchange effects in-
volving core states, as opposed to valence states. ' '" The
introduction of angular resolution invalidates both the
sum rule and the simple geometric interpretation of the
angular variation of the dichroism that is found for MCD
in absorption. The characteristic shape of the dichroism
curve is changed, a complicated dependence on the exper-
imental' and crystalline geometry is introduced, ' and
even the sign of the dichroism cannot be interpreted at a
glance. Angular resolution also greatly reduces the count
rates and increases the experimental times (-2 h). These
complications bring with them the potential to recover
more (and different) information, since it is not integrated
away.

The purpose of the present paper is to develop a strong
analogy between MCD in angle-resolved photoemission,
and a related technique for studying nonmagnetic materi-
als: circular dichroism in angular distributions of photo-
electrons (CDAD). This latter technique can be traced to
theoretical speculations 10—15 years ago, ' and has been
reviewed by Schonhense. ' It depends on an experimen-
tally induced chirality to study circular dichroism in
solids or surfaces which are not in themselves chiral or
magnetic, and does not require an applied magnetic field.
CDAD has recently been observed in core-level photo-
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emission from carbon. ' The analogy between the two
techniques is so strong and productive, that it is useful to
abandon the terminology MCD in angle-resolved photo-
emission, and to use instead magnetic circular dichroism
in angular distributions of photoelectrons (MCDAD).
This leaves the abbreviation MCD for absorption experi-
ments, thus avoiding confusion and emphasizing the
different information contained in absorption and angle-
resolved photoemission experiments. By exploiting the
analogy with CDAD, the present paper restates several
results which have been observed experimentally, and
predicts new magnetic effects, among them a new type of
magnetic linear dichroism. This latter result may greatly
simplify MCDAD and make it more widely accessible.

The remainder of this paper is divided into three sec-
tions. In Sec. II, CDAD is reviewed brieAy in order to
define notation and to present intermediate results which
will be used in Sec. III to discuss MCDAD. The final
section summarizes the results, and discusses experimen-
tal questions related to testing the predicted effects in
MCDAD. h=+ q

II. CIRCULAR DICHROISM
IN ANGULAR DISTRIBUTION (CDAD)

Circular dichroism in angular distributions in photo-
emission is the change in the intensity of the angle- and
energy-resolved photoelectron distribution when the cir-
cular helicity of the exciting radiation is reversed. It is
assumed that spin-orbit coupling is not important in the
system. CDAD may be denoted as D —"(k,q, n), where'

D +—(k, q, n)=~(%'&(k) 0 (q) 4;(n)&
—~(%'&(k) 0 (q)~+;(n)&l'.

In this expression ~%&(k) & is the photoelectron state with
wave vector k, which is ultimately detected as a plane
wave far from the sample under study, 0"(q) is the di-
pole operator for the monochromatic light of wave vector
q and circular helicity h =+, which is incident on the
sample, and ~%;(n) & is the initial electron state oriented
according to the vector n. In the original formulations of
CDAD, the initial states were orbitals of molecules which
were oriented by adsorption onto a surface with normal
vector n. ' More recently, it has been shown that n need
not be formally associated with the initial state alone.
For UV photoemission from a semi-infinite solid, both
the initial and final states carry the electron wave vector
k, and it is symmetry relations of both states with respect
to the surface normal n which are important. ' It should
be understood that an energy-conserving delta function
and an index for possible degeneracy of the initial state
has been omitted from Eq. (1). Since spin-orbit coupling
is ignored, the degenerate states with spin

~ 1 & and
~
1 &

have the same spatial wave function, and the sum over
spin states has been factored out of Eq. (1).

Various photoexcitation geometries are shown
schematically in Fig. 1. The XYZ coordinate axis in this
figure is attached to the dipole operator, such that Z is
parallel to q, and the YZ plane could represent the plane
of the synchrotron. Most of the essential physics and

FIG. 1. Illustration of the CDAD geometry. The XYZ coor-
dinate system of the dipole operator for circularly polarized
light of helicity h, has the photon wave vector q along the Z
axis. The normal to the crystal surface n is in the mirror sym-

metry plane R, which coincides with the XZ plane. The photo-
electron wave vector k is in the mirror symmetry plane in part
(a), and outside the mirror symmetry plane in part (b).

(q'~(k)~0 (q) ~+;(n) & =(0'~(k) ~R '0+(q)R ~V;(n) &,

and it is necessary to consider the effect of the reAection
operators on the wave functions. Figure 1(a) illustrates a
situation where all three of k (electron wave vector), q
(light wave vector), and n (surface normal) are coplanar.
When this plane is a mirror symmetry plane of the sys-
tem (for example, for a polar molecule upright on a sur-
face, or a crystalline mirror plane), then

R
I
q q(l ) &

=+
I +q(k) &,

R
I
q';(n) &

=+
I q;(n) &,

(4a)

(4b)

and substitution into Eq. (1) shows that there is no circu-
lar dichroism.

The situation of Fig. 1(b) is much different. Here k is
not coplanar with q and n. The detected photoelectrons
are not in states of definite parity, but have both sym-
metric (s) and antisymmetric (a) parts with respect to
reAection in the mirror plane of the system:

qualitative behavior can be derived through a simple ar-
gument presented by Dubs, Dixit, and McKoy. ' If R is
an operator corresponding to reAection in the XZ plane
of Fig. 1 (i.e., containing q), then

R '0 (q)R =0 (q) .

The second matrix element in Eq. (1) may therefore be
written as
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I
q'f (k) &

=
I
q f, (k) & +

I qIf. (k) &,

R lq f(k) &
= lq f(R -'k)

&
= lq f, (k) &

—lq f.(k) & .

(5a)

(5b)

Substitution of this result into Eqs. (3) and (1) yields a
nonzero circular dichroism:

are primarily I 1 ) ( I l ) ), but have an admixture of the op-
posite spin state due to the spin-orbit coupling. For the
case of Fig. 1(a), where both k and n lie in a mirror sym-
metry plane, the situation is essentially unchanged. The
action of the reAection operator gives

D —"(k,q, n)=4Re[&@;(n)IO (q)lqf, (k) &

X(+f,(k) 0+(q)IV, (n))] . (6)

Rlq;(k))=~I~ (k)),
Rle";(n) & =~lqI, '(n) &,

(Sa)

(8b)

This is purely an interference effect. It changes sign as k
moves through the mirror plane because the antisym-
metric part of the photoelectron state changes sign.
Equation (6) can be interpreted in terms of an experimen-
tally induced chirality. ' The three vectors k, q, and n
can be used to define a three-dimensional coordinate sys-
tem which has a definite handedness. Then the system
has a type of chirality, even though the sample under the
study does not, and circular dichroism can arise when it
is probed by circularly polarized light of opposite helici-
ties. When all three vectors are coplanar in a mirror
symmetry plane, they cannot define a three-dimensional
coordinate system, and there is no chirality, and no circu-
lar dichroism.

CDAD has been observed in a number of molecules
adsorbed on crystalline surfaces, ' from the clean graph-
ite surface, ' and from core levels of carbon. ' The di-
chroic intensity asymmetry A, which is the normalized
dichroism, is given by

=[I(0 )
—I(0 ) ] /[I (0+ )+I(0 )],

where I(0 ) is the angle-resolved photoemission intensi-
ty for light of helicity h. It is not uncommon to find a di-
chroic asymmetry of 40—60% in CDAD.

CDAD is a more general phenomenon than the argu-
ment based on experimentally induced chirality would
predict. For example, suppose that the reAection plane in
Fig. 1(a) is not a mirror symmetry plane of the system.
Then, even though Rk=k, Eq. (5) still holds (since sym-
metric and antisymmetric parts with respect to reAection
in any plane can be defined). A comparable condition
will, in general, hold for the initial state, so that CDAD
can persist even in a coplanar geometry. This situation is
discussed in detail by Chandra.

III. MAGNETIC CDAD

A. Inclusion of spin-orbit coupling

CDAD is a type of circular dichroism which exists
even in the absence of spin-orbit coupling. A magnetical-
ly ordered solid, on the other hand, requires the presence
of spin-orbit coupling to link the spin orientation to a
specific crystalline direction of spontaneous magnetiza-
tion. A discussion of magnetic CDAD should distinguish
between circular dichroism which arises due to the mag-
netization and that which exists because of spin-orbit
coupling in the absence of magnetization.

In the presence of spin-orbit coupling, the spin func-
tions no longer factor out of Eq. (1), and they must be ex-
plicitly included. Thus the photoelectron states, for ex-
ample, are

I Vf (k ) ), where s = + (
—

) are states which

where a is +1 or +i, depending on the orientation of the
axes. ' Substitution shows that CDAD disappears.

For an emission direction out of the mirror symmetry
plane, as in Fig. 1(b), the situation is more complicated.
Because of the lack of inversion symmetry in a semi-
infinite system, there is no general relation between the
spatial parts of the wave function multiplying the

I 1 )
and

I $ ) portions of the states for s =+ and —.Thus,
the diagonal matrix elements of the symmetric and an-
tisymmetric parts of the spatial wave function, which get
cancelled out in a sum over I'Pf(k)l 1) and Iq'f(k)l & &

when spin-orbit coupling is absent, do not cancel out in
the sum over l+f+(k)) and lqIf (k)) in the presence of
spin-orbit coupling. As a result, there are diagonal terms
in the circular dichroism in addition to the interference
terms which appear in Eq. (6). Because

Rlqf(k)) =~lqf '(k') &,

where k'=Rk, still holds, the circular dichroism contin-
ues to change sign as k passes through the mirror plane.

Although these effects of spin-orbit coupling have just
been presented in the framework of CDAD, and although
they alter the qualitative results seen in CDAD only by
the addition of diagonal terms in the noncoplanar
geometry, they are not included in the conventional un-
derstanding of the name CDAD. The acronym CDAD is
restricted historically to the effects which persist in the
absence of spin-orbit coupling. ' The effects noted above
in the presence of spin-orbit coupling have been termed
"surface transmission effects" instead. This distinction
arose from consideration of the three-step model of pho-
toemission, where photoexcitation in the bulk of the crys-
tal, transport to the surface, and transmission into vacu-
um are considered separately. In this point of view, pho-
toexcitation in the bulk creates no circular dichroism,
since Eq. (8) holds even for k outside a mirror symmetry
plane if the system is infinite and therefore has inversion
symmetry. The inversion symmetry is broken in the
transmission step, and the circular dichroism is ascribed
to spin-dependent transmission at the surface. It there-
fore depends only of the presence of spin-orbit coupling
in the unbound photoelectron states. These interesting
effects have been studied experimentally. For the
present purposes, it is only necessary to understand that
they exist, that they have been historically excluded from
CDAD, and that they should be excluded from a discus-
sion of what would be conventionally understood as mag-
netic CDAD.

In order to focus on purely magnetic effects, it is neces-
sary to choose photoelectron states with negligible spin-
orbit coupling, such as might well approximate the condi-
tions in 3d ferromagnets for energies well above the Fer-
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mi level. It is then impossible for spin-dependent
transmission to cause circular dichroism. If a spontane-
ous magnetization M exists, it plays an important role as
an orienting vector itself, and can lead to new types of
angle-resolved circular dichroism which should be called
MCDAD. M defines the axis of spin quantization and,
through spin-orbit coupling in the bound states, the natu-
ral polar axis of the spatial wave functions. For angle-
resolved photoemission from core levels, a number of
simplifications may be made. The core states are well lo-
calized, so it is not necessary to consider their depen-
dence on k. They take the form of atomiclike eigenfunc-
tions of the total electronic angular momentum J and its
projection p onto the quantization axis defined by M.
The electron states can therefore be denoted

b)

I+;(n, M) & . (10)

Since Eq. (1) calculates the energy-resolved circular di-
chroism, the core states are overdefined. This is because
the photoelectrons excited from each core sublevel p
emerge with a different kinetic energy, due to exchange
splitting of the core sublevels' (independent electron pic-
ture) or due to interaction of the core hole with the
exchange-split valence bands" (interacting electron pic-
ture). In either formalism, only the initial states
~%";(n,M)& and ~%', "(n, —M) & produce photoelectrons
of the same energy, and one index M is sufficient to dis-
tinguish between them. Finally, assuming again that the
photoelectrons are sufficiently above the Fermi energy, it
is permissible to neglect the magnetic exchange splitting
in the photoelectron states (but not in the bound states).
Thus, for a simplified model appropriate to core-level
photoemission, the MCDAD is given by

FIG. 2. Illustration of the MCDAD geometry. The XYZ
coordinate system of the dipole operator for circularly polarized
light of helicity h, has the photon wave vector q along the Z
axis. The normal to the crystal surface n, and the sample mag-

netization M, are in the mirror symmetry plane R, which coin-
cides with the LZ plane. The photoelectron wave vector k is in

the mirror symmetry plane in part (a), and outside the mirror
symmetry plane in part (b).

D +—'(k, q, n, M) =
I & +q(k) I

o+(q)
I +;(n, M) & I'

(q)l+;(n, M) &I'.

&q~(k) o-(q)l+, (M) &

=
& %~(k) ~R '0+(q)R %';(M) &

=&+~(k)lo+(q)l+, (
—M) &, (12)

In what follows, the surface normal will always be in a
mirror reAection plane, such that n~n under reflection,
and it will therefore be dropped from the notation. In the
vacuum ultraviolet (VUV) regime, where very few experi-
ments have been reported, Eq. (11)will not be adequate,
since it would probably not be permissible to neglect the
spin-orbit coupling and exchange splitting in the photo-
electron state, or the electron wave vector in the initial
state. The circular dichroism would then have contribu-
tions from both MCDAD and from spin-dependent sur-
face transmission of photoelectrons, and it would be
diflicult to separate them (except, perhaps, for emission 111

a mirror plane).

B. Circular dichroism

The relevant geometry is illustrated in Fig. 2. It is
essentially unchanged, except that now the axial vector
M also represents an important direction of orientation
of the initial wave function. In Fig. 2(a) all the vectors q
(light wave vector), k (photoelectron wave vector), n (sur-
face normal), and M (magnetization), are coplanar and in
a mirror symmetry plane. Thus,

where the reAection properties of an axial vector have
been used for M. Substitution into Eq. (11) yields

(k, q, M) =
& +~(k) I

o+(q)
I
+;(M) & I'

—
I & +q(k) I

o+(q)
I +;(—M) & I' . (13)

D —"(k,q, M)= D —(k, q, —M) . — (14)

Recalling that ~qI;(M) & and ~qI, (
—M) & have opposite

values of p and correspond to a different combination of
spherical harmonics, it is clear that MCDAD is nonzero
in a mirror plane. The diagonal matrix elements which
cancel in CDAD do not cancel in MCDAD. This is the
same effect which has been previously studied experimen-
tally ' ' ' and theoretically' ' under the name of
MCD in angle-resolved core-level photoemission. Equa-
tion (13) already contains many features which have been
observed for MCDAD in a mirror symmetry plane.
First, it is clear that in this geometry MCDAD may be
measured equivalently by keeping a constant direction of
magnetization and reversing the light helicity, or by
keeping a constant light helicity and reversing the direc-
tion of magnetization. Next, for this geometry,
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Hence, the circular dichroism measured at the energies
corresponding to the initial sublevels p (for +M) and
—p (for +M) are equal and opposite. If the core level of
angular momentum J is suKciently well separated from
other core levels by the spin-orbit coupling, the energy-
resolved MCDAD will have the form of a plus/minus
feature with equal and opposite lobes. ' '" Finally, the
explicit dependence on k implies a dependence of the
MCDAD on the emission direction' and, to the extent
that ~%&(k)) samples the semi-infinite crystal [as an in-
verse low-energy electron diffraction (LEED) state or,
equivalently, as a result of photoelectron diffraction], a
dependence on crystalline symmetry. ' These depen-
dences will be different in detail than those observed in

conventional angle-resolved photoemission intensities.
For this reason, it is usual to collect the "white line"
spectrum [i.e., the sum of the matrix elements in Eq. (11)]
as well as the MCDAD. Alternatively, it can be useful to
normalize the circular dichroism, as in Eq. (7).

The noncoplanar geometry in Fig. 2(b) yields several
new phenomena. Here q, M, and n remain in the mirror
symmetry plane, but k is not. Now the photoelectron
state can be divided into symmetric and antisymmetric
parts with respect to reAection in the mirror plane, as in
Eq. (5). Since ~%';(M) ) and ~'0, ( —M) ) are distinct
states, the diagonal matrix elements do not cancel (as
they do in CDAD), and the two interference terms are
different. For MCDAD,

D —(k, q, M) =
~

& %&,(k) ~O+(q) ~%;(M) )
~

—
~ & %&,(k) ~O+(q) ~%;( —M) )

~

+
I & q'z. (k) IO+(q) q';(M) & I' —

I & q'q. (k) IO+(q&
I
q';( —M » I'

+2Re[&%;(M))O (q) %&,(k)) &%'&, (k)(O+(q) 4;(M) ) ]

+2Re[&'0, (
—M))O (q) 4'&, (k)) &O'J, (k)(O+(q)(%';( —M)) ] . (15)

Letting M~ —M immediately yields

D —(k, q, M)W+D —"(k,q, —M), (16) D™(k,q, h)W+D™(k,q, —h) . (18)

since the diagonal terms in Eq. (15) change sign, but the
interference terms do not. It is not clear, a priori, what
the relative size of the diagonal and interference terms is,
but since Bansmann et al. ' observe strong interference
terms in CDAD from core levels, they probably cannot
be neglected. Therefore, in this geometry, the energy-
resolved MCDAD will continue to consist of plus/minus
features, but of unequal opposite lobes. More fundamen-
tally, it is no longer an equivalent experiment to keep the
light helicity constant and reverse the direction of magne-
tization. This is due to interference terms, and is a result
unique to MCDAD that will. not be observed in angle-
integrated MCD.

In the noncoplanar geometry, it is necessary to intro-
duce a new quantity which is not strictly MCDAD, but
corresponds to the intensity change when the light helici-
ty is held constant and the magnetization direction is re-
versed. This is

D™(k,q, nh)= &V&(k)~O "(q)~%';(n, M))
~

—l&q'&(k) O"(q)le';(n, —M)) ',
where, in the following, the dependence on n is again
dropped. Since this quantity is equivalent to MCDAD in
the coplanar geometry, it too will be referred to as
MCDAD, with the qualification "under magnetization
reversal" where ambiguity exists. It is clear from the
definition itself that letting M —+ —M merely changes the
sign of this dichroism, so the energy-resolved circular di-
chroism has equal and opposite plus/minus lobes. Ex-
panding Eq. (17) shows that D ™(k,q, h = + ) and
D "(k,q, M) differ only by the sign of the last interfer-
ence term in Eq. (15). Letting h~ —h in Eq. (17) and
comparing the result to using Eq. (2) in Eq. (17) shows

Thus, the energy-resolved dichroism taken with negative
helicity light continues to have plus/minus features
which are equal and opposite, but of different size and op-
posite sign to those found for positive helicity light.
These relations have important consequences in Sec.
III C.

A final noncoplanar geometry of interest is illustrated
in Fig. 3. Here k, q, and n are coplanar in a mirror sym-
metry plane, but the magnetization is normal to this
plane. Earlier studies' of iron 2p —+3d photoemission in
the coplanar geometry [Fig. 2(a)] found that, in this
specific circumstance, MCDAD disappeared only when
(q.M) =0 and (q k)(k M) =0 simultaneously. This
suggested that the circular dichroism will also disappear
in the noncoplanar geometry of Fig. 3. Using Eq. (2) and

—Y

FIG. 3. Illustration of an alternate MCDAD geometry. The
XYZ coordinate system of the dipole operator for circularly po-
larized light of helicity h, has the photon wave vector q along
the Z axis. The normal to the crystal surface n, and the photo-
electron wave vector k, are in the mirror symmetry plane R,
which coincides with the XZ plane. The sample magnetization
M, is normal to the mirror symmetry plane.
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the reAection properties of an axial vector gives

& ~,(k) lo-(q) l~, (M) &
=

& ~,(k) lo+(q)l~, (M) &,

where 0' (I =x or y) is the dipole operator for linearly
polarized light. A linear dichroism upon changing from
x- to y-polarized linear light can be defined as

D —(k, q, M)=0,
confirming this suggestion.

C. Magnetic linear dichroism
in angular distributions (MLDAD)

(19a)

(19b)

L"~(k, q, n, M)=1&%'f(k) 0 (q)l'0;(n, M) &I'

—I&ef(k)lo&(q) 0', (n, M) &I', (21)

and is, in general, nonzero. Because of the nonzero diag-
onal matrix elements, it survives in an angle-integrated
experiment. Use of Eq. (20) shows that

L ~(k, q, M)=L" ~(k, q, —M), (22)

R '0 (q)R =0 (q),
R '0 (q)R = —0 (q),

(20)

Magnetic linear dichroism (MLD) in absorption has
been studied at absorption edges for a number of years,
and was in fact the first magnetic dichroism in core-level
photoexcitation to be observed experimentally. In these
experiments, the dichroism appears as a change in the ab-
sorption spectrum as the linear polarization vector is first
parallel and then perpendicular to the magnetization.
This type of effect appears as well in an angle-resolved
core-level photoemission experiment. In Fig. 4(a), the
light is polarized linearly along either the X or Y axes,
and k, q, n, and M are in a mirror symmetry plane. For
these two particular directions of linear light polariza-
tion,

indicating that the energy-resolved dichroism has the
same sign for the p and —p core sublevels, and therefore
is not a plus/minus feature, but rather a plus or minus
feature within a core level of given J (which is well
separated from other core levels). It can be shown that
similar effects result for a constant linear polarization and
rotation of the magnetization by 90. This type of linear
dichroism in angle-resolved photoemission is an interest-
ing effect which is not simply related to MCDAD, since
it does not involve reversal of light helicity or sample
magnetization. It is mentioned here to distinguish it
from what follows.

An entirely new effect, which does not exist in angle-
integrated experiments, is suggested by Eq. (18). The
acronym MLDAD is proposed for the predicted di-
chroism in an angle-resolved photoemission experiment
which results for constant linear polarization of light, and
reversal of the magnetization M —+ —M:

L +— (k, q, n, i)=
I
&+f(k)lo'(q)lqi;(n, M) &

—
I & +f(k) Io'(q) I+;(n, —M) & I', (23)

where I =x or y. Use of Eq. (20) shows that this eifect
disappears in the coplanar geometry of Fig. 4(a). Howev-
er, in Fig. 4(b), where the photoelectron wave vector is
not in the mirror plane, it does not disappear. Expressing
the photoelectron state as a symmetric and antisym-
metric parts under reAection in the mirror plane yields

L ™(k,q, l) =4 Re[ & +, (M) Io'(q) I+f, (k) &

x & of. (k )
I
0 '(q)

I q, (M) & I . (24)

FIG. 4. Illustration of the MLDAD geometry. The XFZ
coordinate system of the dipole operator for linearly polarized
light has the photon wave vector q along the Z axis. The nor-
mal to the crystal surface n, and the sample magnetization M,
are in the mirror symmetry plane R, which coincides with the
XZ plane. The photoelectron wave vector k is in the mirror
symmetry plane in part (a), and outside the mirror symmetry
plane in part (b).

This is a pure interference effect whose origin may be
traced to the inequivalence of the circular dichroism re-
sulting from the reversal of light helicity and that result-
ing from the reversal of magnetization. From its
definition, it reverses sign upon letting M —+ —M, and
therefore the energy-resolved dichroism has the equal
plus/minus lobes characteristic of MCDAD. It also
changes sign upon k passing through the mirror plane.
Since it is an interference effect, detailed calculations are
needed to estimate its magnitude, but, again, the observa-
tion of large interference effects in CDAD from core lev-
els is encouraging. ' In fact, Eq. (24) bears a striking
resemblance to Eq. (6) for CDAD for nonmagnetic ma-
terials in the same geometry. MLDAD will not, in gen-
eral, be equal and opposite for polarization vectors along
X and K Since unpolarized light is an incoherent super-
position of these two linear polarizations, MLDAD
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should exist even for unpolarized light.
It is appealing to try and understand MCDAD and

MLDAD in terms of chirality arguments analogous to
those used for CDAD. There appears to be a surfeit of
chiral entities: the helicity of the light, the axial magneti-
zation vector, and the "handedness" of the coordinate
system established experimentally by the polar vectors k,
q, and n. The situation is clarified by distinguishing be-
tween the "natural" chirality of light helicity and magne-
tization, and the "artificial, " experimentally induced
chirality. For MCDAD in a mirror symmetry plane,
there is no experimentally induced chirality; only the two
natural chiralities exist. Circular dichroism results when
the senses of these two natural chiralities agree of
disagree, and leads to nonzero diagonal matrix elements.
These effects persist even in angle-integrated photoemis-
sion and in MCD in absorption, where the absence of k
ensure the absence of experimentally induced chirality.
In CDAD, there is no magnetization, so it is the experi-
mentally induced chirality which is probed by the helici-
ty. This leads to interference terms. In MLDAD, there
is no light helicity, so it is the experimentally induced
chirality which is "probed" by the magnetization, and
which again leads to interference terms. This concurs
with the ex', stence of MLDAD even for unpolarized light,
and strengthens the analogy between CDAD and
MLDAD. The intermediate case of MCDAD in a non-
coplanar geometry is complicated by the simultaneous
presence of three chiral entities. This results in Eq. (15),
where there are diagonal terms (which can be traced to
the interaction of the two natural chiralities), and two
distinct interference terms (one term resulting from the
interaction of the light helicity and the experimentally in-
duced chirality, for each sense of magnetization).

This scheme is a very useful construct for qualitative
understanding of these angle-resolved circular dichroism
measurements. However, it must be recalled that they
are sufficient, but not necessary, conditions. Just as
CDAD exists in a coplanar geometry provided that the
plane is not a mirror symmetry plane, it is straightfor-
ward to show that MLDAD persists under the same cir-
cumstances.

IV. CONCLUSIONS AND DISCUSSION

The description of circular dichroism in angular distri-
butions in photoemission (CDAD) has been extended to
magnetic systems (MCDAD). In the simplified case of
photoexcitation from localized core states to photoelec-
tron states with negligible spin-orbit coupling and ex-
change splitting, MCDAD is seen to correspond to the
experiments formerly called "MCD in angle-resolved
core-level photoemission. " Since the photoelectron wave
vector k plays such an important role in this experiment,
and because the CDAD formalism emphasizes this role,
it is preferable to use the abbreviation MCD only for
angle-integrated experiments (such as absorption experi-
ments), and to adopt MCDAD for the angle-resolved
magnetic circular dichroism experiments. For MCDAD

in a mirror symmetry plane, past experimental and
theoretical results have been confirmed. When k is out-
side the mirror symmetry plane, two new predictions are
made. The first is that the dichroism upon reversal of the
light helicity is not equivalent to that upon reversal of the
magnetization direction. The second is that an intensity
difference upon reversal of the magnetization exists even
for linearly polarized or unpolarized light. The latter
effect is termed MLDAD. It is a pure interference effect
and will not occur in angle-integrated experiments.

In order to observe these effects, soft x-ray synchrotron
experiments on a magnetic surface or film should be ex-
tended to a noncoplanar geometry, as in Fig. 4(b), where
only k is not in a crystalline mirror plane. The most use-
ful experiment is to search for MLDAD, since the other
predictions must exist to support MLDAD, and because
the new effects in MCDAD involve comparisons of the
absolute dichroism and are more sensitive to experimen-
taI artifacts. The experiment should measurement the
normalized dichroism, or dichroic asymmetry [compare
Eq. (7)j upon magnetization reversal, since normalization
will remove the effects of changes in the light intensity,
and the effects of overall changes in the photoexcitation
cross section with emission geometry. The difficulty will
be to establish the condition of linearly polarized light.
For this purpose, angle-resolved Auger electrons involv-
ing the same core state can be used. Angle-resolved
Auger electron emission is, to a good approximation, an
angle-integrated measure of the photoexcitation. Thus,
the angle-resolved Auger electrons show essentially the
same MCD as angle-integrated absorption. ' ' It will
disappear when the light is linearly polarized, or when
q.M=O. If the sample surface and magnetization vector
are tipped, as in Fig. 4(b), then q.MAO. In a series of
measurements of both MCDAD in photoemission and
MCD in angle-resolved Auger electrons, taken as the
monochromator slits are moved through the synchrotron
plane, the Auger electrons will indicate when (ifl the light
is linearly polarized, and the MLDAD should then be
present. Using the same electron optics, sample posi-
tions, and magnetization procedure for both sets of mea-
surements (they could be interleaved) will guard against
experimental artifacts.

The use of MLDAD to study ferromagnet surfaces and
films could greatly ameliorate MCDAD experiments.
Monochromators or insertion devices which provide
high-intensity circularly polarized light would not be re-
quired. The high Aux in the synchrotron plane would
reduce measurement times, and, unlike conventional
MLD in absorption, no sample manipulation would be
required. The experiments would be simple, and comple-
mentary to conventional MCD, as they emphasize mag-
netic exchange effects at the core (or core hole) and phase
information in the photoelectron state, whereas MCD
emphasizes magnetic exchange information near the Fer-
mi level.

Rote added in proof. Recently, the experimental obser-
vation of a form of MLDAD was reported by Ch. Roth,
F. U. Hillebrecht, H. B. Rose, and E. Kisker, in Phys.
Rev. Lett. 70, 3479 (1993). These authors investigated
the geometry with k, n, and M in a mirror plane and q
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out of it, rather than the geometry treated here. The situ-
ation is comparable, since there is still an experimentally
induced chirality. MLDAD results from interference be-
tween matrix elements of the symmetric and antisym-
metric parts of the dipole operator, rather than of the
photoelectron state.
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