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Magnetic X-Ray Dichroism in Core-Level Photoemission from Ferromagnets
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We report on the novel effect of magnetic x-ray dichroism in core-level photoemission from ferromag-
nets with circularly polarized radiation. Depending on the relative orientation of photon spin and sample
magnetization (parallel or antiparallel), a single emission line may be resolved into two lines, due to ex-
change splitting of the core level. The mechanism is explained in terms of spin-selective dipole transi-
tions in the presence of spin-orbit coupling. Possible applications of magnetic x-ray dichroism in photo-

emission from magnetic samples are pointed out.

PACS numbers: 79.60.Cn, 75.50.Bb, 78.20.Ls

The transmission or reflection of circularly polarized
light interacting with magnetic matter may depend on its
helicity, i.e., the sense of rotation of the electric vector of
the electromagnetic wave. A familiar example for this
“magnetic dichroism” is the magneto-optic Kerr effect.
The coupling between the aligned electron spins (s = 3 )
and the photon spin (s=1) is in this case, as well as in
all others to be discussed below, provided by the spin-
orbit interaction of the electronic states—either in the
initial or in the final state, or in both. A counterpart to
the optical polar Kerr effect was recently reported in the
x-ray region."? It was found that the absorption cross
section for x-ray photons at core levels of ferromagnets
depends on the relative orientation of the photon spin
and the sample magnetization. This was successfully in-
terpreted in terms of the spin-split density of states at
and above the Fermi level.> As shown earlier by van der
Laan et al.,* magnetic x-ray dichroism may in special
cases even be observed with linearly polarized radiation.
A general theoretical treatment of linear and circular di-
chroism in absorption was very recently given by Carra
and Altarelli.’

The new phenomenon we report on here is distinct
from all the above in that it occurs in emission of elec-
trons from core levels into free-electron states, rather
than absorption of photons at core-level edges. The basic
observation is that a single core-level emission peak from
a ferromagnet may be resolved into two energetically
separated lines, if excited by circularly polarized x rays
with the photon spin aligned with the sample polariza-
tion. The relative intensity of these lines reverses when
the magnetization of the sample or the helicity of the
photons is reversed. Since the final energy of the elec-
trons is far above the Fermi level, we basically probe the
spin-split electronic structure of the core levels, rather
than the spin-split empty density of states in the valence

band. ‘“Magnetic x-ray dichroism in photoemission”
may find wide application in the study of the element-
specific local magnetic structure on the atomic scale in
ferromagnets, ferrimagnets, and antiferromagnets in the
near-surface region. Our observations also shed new
light on a long-standing issue of the interpretation of ex-
change splittings in the x-ray photoelectron spectrum of
iron.

A number of proposals for the production of circularly
polarized light have been made,®® but up to now no cir-
cular polarized light in the soft-x-ray region was avail-
able. In this Letter we report on the first use of the high
degree of circular polarization of off-plane synchrotron
radiation in combination with a grazing-incidence mono-
chromator. This technique has before only been exploit-
ed in the normal-incidence regime, at photon energies
< 35 eV,” where depolarization due to the optical com-
ponents is known to be negligible, and where the separa-
tion of the polarization components is easier due to the
larger vertical divergence of the radiation. The circular-
ly polarized radiation was provided by the monochroma-
tor SX-700-3 at BESSY,'® which is equipped with a
movable premirror to accept the synchrotron radiation
above or below the plane of the electron orbit. Its posi-
tion was set according to extensive calculation of optical
ray tracing and of polarization properties of the optical
elements, using known optical constants and the known
emission characteristics of the bending magnet. The pre-
cise degree of circular polarization is not known, but the
good agreement between predicted and measured photon
intensity behavior for different mirror settings gives us
confidence in estimating the circular polarization as
60%-80%.

A clean Fe(110) single crystal was irradiated by circu-
larly polarized x rays of about 800 eV energy. Photo-
electrons were excited from the iron L, (2py2) and Ls
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(2p32) shells. These were chosen because of their high
photoionization cross section and the large spin-orbit in-
teraction in the initial state. The electrons were ana-
lyzed by a hemispherical analyzer with a transport lens.
The crystal was held remanently in a single-domain state
by a soft iron yoke with a current winding. We used
grazing incidence of the photons with respect to the sur-
face, such that photon spin and magnetization were
nearly parallel. For a given photon helicity, photoelec-
tron spectra were recorded alternatingly with reversed
sample magnetization, and added up in a computer. The
experiment was repeated for the opposite photon helicity
and at different photon energies.

Some typical experimental results are shown in Fig. 1,
taken at hv=850 eV. The angle of incidence of the pho-
tons was 10° with respect to the target surface; the elec-
tron takeoff angle was 55°. Figure 1(a) shows the total
intensity curve [ in the region of the spin-orbit-split 2p
lines of iron, averaged over the two magnetization states
of the sample. The inset displays, on enlarged scales, the
peaks of the partial intensities /¥ and 7~ for the two
magnetization states separately. Figure 1(b) shows the
asymmetry A of the partial intensities, being defined as
the difference of the intensities for the sample spin orien-
tation parallel and antiparallel to the photon spin divided
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FIG. 1. The effect of magnetic x-ray dichroism in photo-
emission. (a) The upper part shows the total intensity spec-
trum in the region of the spin-orbit-split Fe 2p levels. The
lower curves show, on enlarged scales, the partial intensities in
the peak regions for photon spin parallel (solid lines) and anti-
parallel (dashed lines) to the sample magnetization. Note the
apparent energetic peak shift in opposite directions (intensity
zero suppressed). (b) Asymmetry A4 of the measured intensity
for photon spin and sample magnetization parallel (/ *) and
antiparallel (/ 7). A=U*—I17)/(I*+17). The asymmetry
curve was obtained from two separate runs with opposite pho-
ton helicity.

by the sum of the two intensitiess A=*—17)/
(IT+17). Coming from low binding energy, the asym-
metry is seen to show a plus-minus feature at the 2p3/
line, and a weaker and broader minus-plus feature at the
2p12 line. We found experimentally that reversing the
helicity reverses the asymmetry curve, but not an instru-
mental background due to slight intensity changes upon
reversing the magnetization. This instrumental back-
ground may consequently be removed by measuring the
asymmetries for the two helicities separately and taking
their difference. The result is shown in Fig. 1(b). The
partial intensities in Fig. 1(a) have been obtained from a
separate measurement at twice the monochromator reso-
lution over limited energy ranges. They were formed
from the corresponding asymmetry according to / =7
x(1 £ A4)/2. We show them on enlarged energy and in-
tensity scales with zero suppression to emphasize the en-
ergetic splitting. The peaks are split by 0.3 +0.2 and
0.5 0.2 eV for the 2p,/; and the 2p3; lines, respective-
ly. Comparing the intensity curves in dashed and solid
lines we note that the apparent energetic shift goes in op-
posite directions for the two components of the 2p spin-
orbit doublet. This is explained below. To see whether
the final state plays a major role, we varied the kinetic
energy of the photoelectrons from 80 to 180 eV by
changing the photon energy. We did not find significant
changes of the asymmetry except the trivial one of de-
creasing asymmetry with increasing secondary-electron
background. The-essential result of the experiment is
that the shape and intensity of photoelectron spectra
from core levels excited by circularly polarized x rays de-
pend on the relative orientation of photon spin and sam-
ple magnetization.

For the explanation of these results we make reference
to Fig. 2, which shows in a highly schematic way the
energy-level splittings and the expected photoemission
intensities when using circularly polarized light. First,
consider the spin-orbit-split 2p,/, and 2p3/; core levels in
a paramagnet, being occupied by two and four electrons,
respectively. Exciting these electrons by completely cir-
cularly polarized light into free-electron states leads to
preferential emission of up electrons from 2p,,; and
down electrons from 2p3/; due to spin-orbit interaction.
This is well known from atomic physics.!! The assump-
tion of free-electron final states is justified since the ki-
netic energy is some 100 eV above the Fermi level (the
photon energy is well above the binding energy). If the
light helicity is reversed, electrons with opposite spin are
excited. The emitted intensity is exactly the same in
both cases (i.e., no asymmetry), but the emitted elec-
trons are highly polarized along the photon spin orienta-
tion. Neglecting spin-orbit interaction in the final states,
the polarization is +100% for 2p;, and —50% for
2p3s.'? This is indicated by the length of the arrows in
the respective Lorentz-type lines. Now we consider a
ferromagnet and introduce an exchange splitting Acx
<A, of the core levels, which means that the spin-
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FIG. 2. Schematic explanation of the origin of magnetic x-
ray dichroism in photoemission. The effect comes from the in-
terference of spin-orbit interaction in the core levels and ex-
change interaction with the 3d valence electrons, together with
the dipole selection rules for circularly polarized light. From
top to bottom the figure shows the expected relative intensities
of Lorentz-type photoelectron lines when excited by circularly
polarized light in the presence of spin-orbit splitting only (top),
and with additional exchange splitting (bottom). The low-
intensity satellite in the 2p3 is not resolved in the experiment.
For details see text.

orbit-split 2p levels are further split into minority and
majority states. If we now send in circularly polarized x
rays of positive helicity, the same dipole operator works
as above in the nonmagnetic case, exciting preferentially
majority electrons from 2p,;; and minority electrons
from 2p3;,. The essential condition is that the spin
orientation of the sample must be aligned with the pho-
ton spin—hence our glancing-incidence geometry. Re-
versing the helicity reverses the spin orientation, as be-
fore, but now the energetic positions of minority and ma-
jority electrons in the emission spectrum are inter-
changed. If we now form the asymmetry function
A=*—=17)/U*+17) from the two intensity curves
(Fig. 2, bottom), we end up with a plus-minus feature at
p3/2 and a minus-plus feature at p,/,— as observed in the
experiment. For reasons of simplicity we reversed the
helicity in the argument, but the same result is obtained
if the magnetization is reversed instead. In our modeling
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we included a lifetime broadening of the p,/; level 50%
larger than that of the ps;, level, guided by the x-ray
photoemission spectroscopy (XPS) line-shape analysis by
Fuggle and Alvarado,'® and a small satellite of opposite
spin direction in the 2p3/; level, which is not resolved in
the experiment, to reproduce the net spin polarization of
—50% in the atomic picture. The broadening is seen to
reduce the amplitude of the asymmetry, which partly ex-
plains why in the experiment the asymmetry features at
the py; level appear smaller. Another, and perhaps
more important, reason is that this peak is of low intensi-
ty and rides on a larger background than the p3/,; peak.
The large background reduces the asymmetry substan-
tially, but since we do not yet have a good knowledge of
the background, we refrain from calculating anything
like an “effective asymmetry.” However, considering the
peak-to-background ratio, the incomplete light polariza-
tion, and instrumental broadenings, we expect the net
asymmetry effects to be roughly a factor of 5 larger than
measured here.

In conclusion, the effect of magnetic x-ray dichroism
in core-level photoemission may be explained qualitative-
ly by the combined action of preferential excitation from
a particular spin state by circularly polarized light
(mediated by spin-orbit interaction in the core states)
and the energetic splitting of a particular core level due
to exchange interaction with the valence-band d elec-
trons. Unlike in x-ray absorption, the density of empty
states plays no essential role since the excited electrons
are far above the Fermi level. For a quantitative inter-
pretation, though, our reasoning is certainly too simplis-
tic. This concerns, in particular, the origin and magni-
tude of the exchange splitting of the core levels, which
we introduce ad hoc.

We cannot decide experimentally whether this ex-
change splitting should be a ground-state property or
whether it is due to exchange interaction of the pho-
tohole with the polarized conduction d bands in the ex-
cited state, since we observe the excited state only.'*
However, there is evidence for substantial exchange in-
teraction from the existence of spin-polarized Auger
electrons from Fe of the type LM M, where only core lev-
els are involved.'®> Other evidence comes from a recent
spin-polarization analysis of photoelectrons from Fe 3p
core levels'® (spin-orbit splitting not resolved; excitation
by linearly polarized light). In these latter experiments
an exchange splitting of 0.45 eV was found, with the
minority electrons shifted to smaller binding energy.
Analyzing the Auger-emission results of Landolt and
co-workers, '’ Mizuta and Kotani'” assumed the core lev-
els not to be exchange split in the ground state, but the
core hole to interact with the valence d electrons. They
estimated a revised (2p-3d) exchange parameter J
=0.35 eV, assuming a magnetic moment of 2up for the
d electrons, and found good agreement with the experi-
ment. On the other hand, magnetic hyperfine fields are
known to exist at the nucleus, which have their origin in
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an inhomogeneous spin density of the core electrons.
Thus, a ground-state exchange splitting should be ex-
pected as well. Ebert!® recently treated core states of
ferromagnets in a fully relativistic theory and calculated
core-state eigenvalues. For iron 2p,/; he found two lev-
els split by ~0.3 eV, while for ps/; he found four levels
distributed over a width of ~0.8 eV. The lowest and
highest level are pure spin states (|m;| =3 ), while the
two intermediate states (|m;| =1%) are mixed spin
states. Thus, from a point of view completely opposite to
that of Mizuta and Kotani (i.e., exchange splitting deter-
mined by ground state; no exchange interaction with the
core hole) one would arrive at about the same values for
the exchange splitting in the photoelectron lines as the
experiment. Obviously, neither of the two limiting cases
can be completely correct, but both lead to the same con-
clusion of substantial exchange splitting in the core
levels—which is what we had to invoke to explain our
experimental findings.

Our results also resolve the issue of abnormal broaden-
ing of core lines in the 3d transition series, at least for
Fe. A decade ago, Fuggle and Alvarado'® conjectured
that the unusually broad L, and L; lines were due to un-
resolved exchange-split lines rather than to very short
core-hole lifetimes. We can now confirm this view by
stating that the 2p,/; and 2pj/; lines of Fe both contain
(normally unresolved) exchange-split doublet (py/;) or
multiplet (ps3/2) lines, which looks like an “anomalous”
broadening.

We wish to add a few words on the potential applica-
tions of magnetic x-ray dichroism in photoemission.
First, the method is surface sensitive, with tunable depth
of information via change of the photon energy. It is
therefore ideally suited for studies of magnetism at sur-
faces, at interfaces, and in thin films. The method is ele-
ment specific and probes the local magnetic properties on
an atomic scale. Ferromagnetic and ferrimagnetic sam-
ples can obviously be studied by switching the magneti-
zation, as we did here. Even binary antiferromagnets
with the two components carrying opposite magnetic mo-
ments may be investigated by switching the light helici-
ty. The only condition is that the area illuminated by
the photon beam must be in a single-domain state
aligned with the photon momentum. This can, e.g., be
accomplished by cooling the sample down to below the
Néel temperature in the presence of a magnetic field,
which then is removed.

In many instances an explicit analysis of the electron-
spin polarization is desirable (such as for 2s and 3s
states, for example), but in many other cases the present
technique of magnetic x-ray dichroism in photoemission
is likely to replace it for many reasons. Relative to an
ordinary intensity measurement, spin-polarization anal-
ysis costs typically 3 orders of magnitude in count rate.
Using the off-plane circular polarization from a bending
magnet costs about 1 order of magnitude in light intensi-

ty. The net gain in intensity over a spin-polarization
measurement is therefore 2 orders of magnitude, which
may even be increased to 3 orders by using a spectrome-
ter with multichannel detection. Magnetic information
may therefore be gathered with about the same ease as
present-day standard XPS data.
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