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Strong x-ray magnetic circular dichroism in a “forbidden geometry” observed via photoemission
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A strong magnetic circular dichroism has been observed in core-level photoemission in a geometry
where it is considered to be forbidden—that is, when the x-ray wave vector and the sample magnetiza-
tion vector are perpendicular. This observation is in sharp contradiction to existing models of circular
magnetic dichroism. Recent experiments studying the 2p levels of iron indicate that a consistent inter-
pretation of all the results is obtained when the final-state-selection effects of angle-resolved photoemis-

sion are taken into account.

Over the past few years, x rays have become an in-
creasingly important probe of the magnetic properties of
materials. There are a number of experimental arrange-
ments where the cross section for the interaction of x rays
and a solid depend on its local or global magnetic
state.!~3 Measurements of the relative changes in these
cross sections, as the x-ray polarization or the sample
magnetization is changed, produces an intensity asym-
metry which can give insight into the presence, size and
orientation of the magnetization. This effect is called
magnetic dichroism. A subset of these experiments are
performed using circularly polarized x rays, and display
magnetic circular dichroism. Thus far, most of these ex-
periments have been measurements of transmission,
fluorescence, or total electron yield at absorption edges.
In itinerant ferromagnets,> % an independent electron
model of absorption has proved adequate to understand
magnetic circular dichroism at the K and L absorption
edges. In localized magnetic systems, a correlated-hole
model with explicit many-particle interactions is more ap-
propriate.”® Recently, x-ray magnetic circular dichroism
has also been observed in core-level photoemission into
unbound states far above the Fermi level.>'* The present
understanding of this effect is also based on absorption
models™ 12 which calculate the total yield as a function
of the photoelectron energy.

All these experiments are similar in that the magnetic
circular dichroism is dependent on the interaction of
spin-orbit coupling and a magnetic exchange field. The
exchange field defines an axis of spin quantization, and is
accompanied by a spin-dependent, energetic splitting of
states that would otherwise be degenerate. Each result-
ing state thus has a preferred spin orientation. The circu-
larly polarized light defines a preferred orbital orientation
through the dependence of the photoexcitation probabili-
ties on the x-ray helicity. The role of spin-orbit coupling
is to link these two independent, orientations. Magnetic
circular dichroism arises from the difference in the pho-
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toexcitation probabilities when these two mechanisms
‘“agree” or “disagree” on which is the preferred orienta-
tion along a common quantization axis. The important
differences between the various experiments lie in wheth-
er the principal effects of the spin-orbit coupling and/or
exchange field are manifest at the core energies, at the
valence energies, or at both.

In all cases, the circular dichroism should disappear if
the quantization directions selected by the exchange field
and light helicity are orthogonal. Thus, in a ferromagnet,
some component of the helicity (or, equivalently, the unit
vector § in the direction of light propagation) must be
along the magnetization direction M,>% 11713

q-M=0 . m

Despite this, recent experiments show a strong x-ray
magnetic circular dichroism in core-level photoemission,
even in the “forbidden” geometry when Eq. (1) is an
equality. These experiments were performed at the
BESSY synchrotron ring using the SX-700-II monochro-
mator.'* The x-rays provided by this monochromator are
elliptically polarized, and can have a high degree of circu-
larity if only a portion of the synchrotron beam is accept-
ed, but it is not possible to reverse the sense of ellipticity.
Measurements of the beam position in the monochroma-
tor indicate that a large component of circularly polar-
ized light with negative helicity is present, but it is
difficult to estimate the degree of ellipticity. The experi-
mental geometry is illustrated in Fig. 1. The sample was
a (110)-oriented iron single crystal that was remanently
magnetized along the [001] direction in the crystal sur-
face. The light was incident normal to the crystal surface
and the magnetization, so that the angle 6—p in Fig. 1,
was 90°. (0 is the angle between q and the emission direc-
tion.) The photoelectrons were collected at an angle
B=45° from the direction of magnetization, in the plane
containing q and M. This direction is close to the [111]
crystalline direction. A hemispherical electron energy
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FIG. 1. The geometry of the experiments, and the subsequent
calculations. The coordinate system x”,y”,z”, is fixed to the
crystal, with the polar axis determined by the direction of the
magnetization, M. The coordinate system for the incident light,
x’,y’,z’, has its polar axis defined by the light wave vector q.
The coordinate system Xx,y,z has its polar axis defined by the
direction in which the photoelectrons are detected. 6 is the an-
gle between the light wave vector and emission direction, and 8
is the angle between the magnetization and emission direction.

analyzer with angle-resolving input optics was used. The
data were obtained using a constant photon energy of 886
eV, and scanning the final state kinetic energy. The pho-
toelectron intensity asymmetry was formed from two
spectra taken with opposite senses of magnetization.

Representative data are shown in Fig. 2(a). The solid
line is the sum of intensities for both magnetization direc-
tions as a function of photoelectron energy. The intensity
asymmetry is plotted below, without any correction for
background or the mixed polarization of the light. In
Fig. 2(b), the data of Baumgarten et al.’ are reproduced.
This experiment on the same crystal had f=55°, and the
light was incident at a glancing angle of —B=10". Thus
q had a large component along M and the emission direc-
tion was almost exactly along [111]. The similarity be-
tween these curves is clear. Bemarkably, the data taken
at normal incidence,with §-M =0, show a peak-to-peak
asymmetry of 10% at the p;,, feature, which is more
than twice as large as that observed in the earlier reports,
when §-M was large."®

The origin of the contradiction to Eq. (1) is found in
the difference between angle-integrated and angle-
resolved photoemission. In the following, an independent
electron model is used, although a similar calculation
could be made using a correlated-hole model with many-
particle interactions.’> Much may be learned by refining
the original calculation of magnetic circular dichroism in
core levels by Erskine and Stern.'® Since only photoelec-
trons emitted in a certain direction are detected, more at-
tention must be given to specifying the final electronic
state. The important observation is that in the photoex-
citation matrix elements

M= (¥ (Q)|0,(Q)|¥,(Q)SE;—hv—E,) )

the coordinate systems (denoted by the different solid an-
gles 2, ', and Q") in which the dipole operator O, and
wave functions W are naturally expressed, are different.
These coordinate systems are illustrated in Fig. 1. Be-
cause of the strong spin-orbit coupling in the localized in-
itial 2p states, these electronic states can be represented
by atomic states whose angular variation is given by!’
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XUQ)=3C(LL,jsmu—m)Y, () |u—m) .

(3)

Here « is a collective index for both / and j. k=1 for the
D1, state and k= —2 for the p;,, state, and p is the az-
imuthal quantum number m;. The Pauli spinor o) has
its axis of quantization along the sample magnetization,
and the spherical harmonic has it polar axis along z”,
parallel or antiparallel to M. To first order, these states
have an energy splitting proportional to u in the ex-
change field M.'® Thus the energy of the state denoted by
1 in a field M, is equal to the energy of the state denoted
by —pu in a field —M. The photoexcitation probabilities
with circularly polarized light, however, are different for
+p. This is the origin of the dichroic asymmetry.!!

The dipole operator O,(Q’) for circularly polarized
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FIG. 2. (a) The upper curve shows the energy spectrum for
photoexcitation of the 2p;,, and 2p,,, core levels of iron as a
function of the binding energy. The light is normally incident
on the (110) crystal face, and has wave vector q perpendicular to
the sample magnetization M (which is along [001]). Photoelec-
trons are collected at 45° to the surface normal, in the plane
defined by q and M. The spectrum is the sum of two spectra
taken with M in opposite directions. The lower curve is the in-
tensity asymmetry obtained by taking the difference of the spec-
tra for £M and dividing by their sum. (b) As in (a), except that
the data is reproduced from Ref. 9. The light now has a glanc-
ing angle of incidence on the crystal, but the crystallographic
direction of electron emission is very nearly the same.
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light of helicity # =m is represented by the spherical har-
monic'” —mY, ,,(Q'), where the polar axis is along z’,
parallel to q. For the final states in the three-step photo-
emission model, band states with a polar axis along the
emission direction, z, are used. This is because, in an
angle-resolved experiment, it is the symmetry operations
with respect to the emission direction which determine
which wave functions are coupled to the plane-wave
states at the detector. The three-step model is adequate
in the present case, since surface transmission effects can-
not give rise to an intensity asymmetry for emission in a
mirror plane."’

The changes in the matrix element due to the radial
part of the wave function are ignored, since they are ex-
pected to be small and regular. Transitions to s-like
states are also neglected in comparison to those to d-like
states. This results in a series of angular matrix elements
of the form

M =Y, ()Y Q)Y e () (4)

Transformation matrices are used to express all quanti-
ties in terms of the final-state reference frame. The ma-
trix elements can be evaluated using Clebsch-Gordan
coefficients and the appropriate sums are made over the
initial spin states in Eq. (3), and the spherical harmonics
in the final states (to obtain the correct spatial symmetry).
The square modulus of the matrix elements is evaluated
for emission angles 8 and B+ to represent a reversal of
magnetization, and the (u,k)-resolved (i.e., energy-
|

A5 (p, D) =sgn(p)[4(§-M)—6(q-2)(2-M)]/[2+3 5in%6]

for u=+1. In the present experimental geometry, this
gives —0.86, whereas for the previous experiment at
glancing incidence® (the emission direction with respect
to the crystal differs by only 10°), the predicted asym-
metry is —0.56. This ratio of approximately 1.5 between
the two geometries is maintained, even if broadening is
applied to the calculation. The results for the p;,, peak
give essentially the same ratio of asymmetries in the two
geometries?! (however, the sign of both asymmetries is re-
versed). Because of background corrections, and the un-
certainty in the relative degrees of circular polarization,
these calculated dichroic asymmetries cannot be com-
pared directly to the experiments, but it is significant that
an asymmetry of the same (correct) sign and of
significantly larger magnitude is predicted for the situa-
tion where G-M =0, as is seen experimentally. This
comes about because the second term in Eq. (6) is large
and negative (even though the first term is zero), whereas
in the experiment at glancing incidence, the first term is
large and positive but the second term is also positive and
must be subtracted off. It is therefore clear that the sign
of the dichroic asymmetry must be interpreted with care,
as it is not always given by the relative alignment of the
photon helicity and sample magnetization. Other predic-
tive and explanatory aspects of this simple model are the
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resolved) intensity asymmetry is calculated.

Explicit calculation shows that the numerator of the
expression for the dichroic asymmetry, 4, for any linear
combination of final states derived from d wave func-
tions, can be expressed as a sum of two terms:

A~qG-M+(G2)(2-M), (5)

where numreical prefactors have been omitted. Thus it is
clear that the emission direction plays an important
“transference” role. Using as an analogy a phenomenon
seen with linearly polarized light, the emission direction 2
in the second term of Eq. (5) acts like an intermediate
linear polarizer between crossed linear polarizers—it al-
lows some light to pass due to a mutual projection along
an intermediate axis. As a result, the present angle-
resolved photoemission experiments continue to show a
dichroic asymmetry even when the light is incident per-
pendicular to the magnetization. In an angle-integrated
experiment, such as an absorption or total-yield measure-
ment, the second term in Eq. (5) sums to zero, so that Eq.
(1) is recovered.

As a semiquantitative application, consider the mag-
netic circular dichroism 4. (u,x), for the p,, peak,
when circularly polarized light of negative helicity is
used. For emission in the [111] direction in a mirror
plane, only the final states transforming as A;~Y, ,(Q2)
have the proper reflection symmetry in the three-step
model.?® Using only the transition probabilities, without
appropriate lifetime or instrumental broadening, yields a
maximum asymmetry of

(6)

[
subject of a forthcoming publication.?

In conclusion, there are important differences between
circular magnetic dichroism in x-ray core-level photoab-
sorption and angle-resolved photoemission. The absorp-
tion experiment is easier to perform, but, since it mea-
sures an integrated quantity, it yields less information
than the angle-resolved photoemission experiment. The
extra term in the magnetic circular dichroism can be ex-
ploited in a number of ways. Most fundamentally, it
must be included to properly interpret the sign of the ob-
served dichroism. Next, it makes it possible to search for
an experimental geometry with a large asymmetry, so
that further applications of the technique will be simpler.
The present experiments show an increased magnetic di-
chroism in the favorable geometry of normal light in-
cidence, where complications involving light depolariza-
tion at the surface and definition of the light spot on the
crystal are minimized. The extra term can also provide
sensitivity to both planar components of the magnetiza-
tion (as well as any normal component). A fine discrim-
ination between the behavior of the two terms in Eq. (5)
can be made by simultaneous measurement of the di-
chroism in the angle-resolved photoemission and the total
photocurrent. This technique could be used to determine
the magnetization direction in the crystal plane without
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the need for sample rotation. These capabilities are of
particular utility for studying magnetic orientation in
thin films, the magnetic coupling between a thin film and
a substrate, or in imaging ferromagnetic domains with a
photoemission microscope.
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