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New Magnetic Linear Dichroism in Total Photoelectron Yield for Magnetic Domain Imaging
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We report a dependence of the photoabsorption cross section as measured by total electron yield
at the Fe and Co 3p thresholds on the sign of the magnetization for p-polarized light at oblique
incidence. Peak-to-peak asymmetries up to 4% are observed. The asymmetry increases towards
grazing incidence, where the total sample current is smallest. The transverse magneto-optic Kerr
effect measured simultaneously shows a peak-to-peak asymmetry of up to 23% at the Co 3p threshold.
The dichroism is used to image magnetic domains on an Fe(100) surface in a photoelectron emission
microscope.
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Spectroscopy of the core levels of the ferromagnetic
transition elements has shown in recent years to be sur-
prisingly rich in features caused by the Coulomb and ex-
change interactions between the core hole and the spin-
polarized valence electrons. X-ray absorption experiments
(XAS) with linearly polarized light [1] show a change of
the spectra when the polarization vector is either parallel or
perpendicular to the magnetization axis, according to the
selection rules Am = 0 or Am = ~1, respectively. Mag-
netic circular dichroism (MCD) in x-ray absorption [2,3]
can be understood as a spin-dependent excitation of core
electrons into empty states above the Fermi level, which—
because of the ferromagnetism are spin polarized [4].
The spin dependence in the excitation arises from coupling
between light helicity and the orbital momentum of the ex-
cited electron, which is in turn coupled to the spin of the
photoexcited electron by spin-orbit interaction. Sum rules,
which allow one to extract quantitatively spin and orbital
moments, make MCD in absorption a very attractive tech-
nique [5]. By measuring the photoabsorption cross section
via the total photoelectron yield of the sample, it is even
possible to obtain spatially resolved and chemically spe-
cific magnetic information [6].

In photoemission, even though the final state of the
photoelectron far above the Fermi level has only negli-
gible exchange and spin-orbit interactions, related effects
can also be observed. It is well known that core level
photoelectrons from ferromagnets in general carry a spin
polarization due to exchange [7]. Apart from magnetic
circular and "conventional" (as described above for XAS)
linear dichroisrn, a new type of magnetic linear dichro-
ism was recently reported for photoemission appearing
on magnetization reversal [8]. This effect requires that
the vectors of magnetization, electric radiation field, and
electron emission form a chiral system with the angle
between light polarization and electron emission differ-
ent from 90, and occurs only in angle-resolved experi-
ments. In photoabsorption, the angular acceptance of the
excited electrons is not restricted, so that it is, in princi-
ple, an angle-integrating experiment. However, Kao and
co-workers [9] reported in 1990 for photon energies near

the Fe 2p excitation thresholds a change of the refIectiv-
ity for obliquely incident p-polarized light when the mag-
netization is switched between the two directions normal
on the plane of incidence. This experiment is the soft x-
ray analog to the transverse magneto-optic Kerr effect (T-
MOKE) known for the visible spectral region [10]. Kao et
al. report a resonant enhancement of the T-MOKE signal
at the Fe 2p edges, with a maximum asymmetry of 13%
for 17.8 incidence angle. In their pioneering analysis of
magneto-optical effects at the Ni 3p absorption threshold,
Erskine and Stern [11] also noticed that such an effect
is to be expected, and may have a relative magnitude of
the order of 10%. If there are no nonlinear effects the ab-
sorbed intensity (A) should combine with the refiected one
(R) so that R + A = 1 (incident intensity normalized to
1). Consequently, there should be a dichroism in this ge-
ometry also in absorption at a core level threshold, which
exhibits a transverse magneto-optic Kerr effect.

We report here on the observation of this type of
magnetic linear dichroism in the total photocurrent for Fe
and Co in the vicinity of the 3p excitation threshold, and
its use for the imaging of magnetic domains at the surface
of an Fe(100) single crystal. The dichroism shows up
with p-polarized light as a dependence of the photocurrent
on the sign of magnetization in transverse geometry for
photon energies near the 3p core level thresholds of Fe
and Co (53 and 58 eV, respectively). For Co 3p, we
simultaneously observe a very large magneto-optic Kerr
effect, analogous to the result of Kao et al. [9] for the
Fe 2p level. Although most of our results are for ultra-
thin epitaxial Fe and Co films grown on W(110) and
Cu(100), respectively, the dichroism is not a thin film
effect as we obtain the same dichroism spectrum from
magnetic domain imaging performed on an Fe single
crystal surface.

The experiments were performed at the crossed un-
dulator beamline U2 at BESSY [12] and the planar un-
dulator BW3/SX 700-beamline at HASYLAB [13]. The
crossed undulator offers both linear light polarizations (p
and s) as well as partial circular polarization, the he-
licity of which can be switched via a magnet structure
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situated between the two planar undulators. The pla-
nar undulator at HASYLAB provides linearly p-polarized
light. For total yield measurements the sample was
grounded via a picoamperemeter, while the rejected light
was measured via the current released from a gold diode.
The samples were films of Co on Cu(100) and Fe on
W(110) grown in situ in UHV. The films grow epitax-
ially in bcc (Fe) and fcc (Co) structure. Film thicknesses
were 10—30 monolayers for Co, and about 50 monolay-
ers for Fe, yielding easy axes along the [110] and [100]
in-plane directions of CotCu and Fe/W, respectively. The
samples were magnetized by current pulses through mag-
netization coils mounted nearby; measurements were car-
ried out in remanence. Figure 1 shows the geometry for
spectroscopic and imaging experiments. Domain images
were obtained at the BESSY beamline from a sputtered
Fe(100) single crystal sample using an electrostatic pho-
toemission microscope (PEEM 150 by Staib Instruments)
originally described by Engel et al. [14] in which the sec-
ondary electron cascade is imaged to the channel plate
without explicit energy filtering. For microscopy the in-
cidence angle of the light (0) was 75 . As the secondary
electron cascade peaks at low kinetic energy, the angular
acceptance is so large that the instrument effectively mea-
sures the total photocurrent in a spatially resolved way.
Kerr microscopy of the Fe crystal showed irregular do-
mains. To obtain magnetic contrast in the PEEM, images
obtained with different photon energies in the vicinity of
the 3p threshold were subtracted from each other.

Figure 2(a) shows the spectral dependence of the total
current excited by s- and p-polarized light in the vicin-
ity of the Fe 3p threshold for 0 = 75'. The shape of
the photocurrent curve differs from the shape observed at
normal incidence, where we obtain a line shape similar
to the so-called white line [15], i.e., a strong sharp reso-
nance in the absorption cross section due to dipole tran-
sitions into the empty portion of the d band [16]. For
p-polarized light, the shape of the total yield curve is af-
fected when the magnetization is reversed; i.e., there is a
magnetic dichroism. Figure 2(b) shows the correspond-
ing asymmetries, defined as (II —II)/(Ii + It), where Il
and I~ are the current yields with the sample magnetized in
the two transverse directions. With s-polarized light, the
total yield curve does not depend on the direction of the
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magnetization. Figure 3 shows the corresponding data for
the Co surface (with p-polarized light only). The peak-
to-peak asymmetry in the total yield was =2.5' for Fe
and Co. Figure 4(a) shows the optical reflectivity of the
Co surface for the same geometry with p-polarized light,
obtained quasisimultaneously with the total yield. The re-
Aectivity exhibits a broad, approximately 20 eV wide dip,
centered slightly (1 eV) above the energy where the Co 3p
photoabsorption curve (Fig. 3) sets in. Figure 4 shows that
also the reflectivity is strongly affected when the magneti-
zation is reversed. The effect of magnetization reversal is
much stronger in the reAectivity than in the total yield mea-
surement, yielding a peak-to-peak asymmetry of 22.5%.
The reAectivity results are qualitatively similar to those of
Kao et al. [9] for the Fe 2p line.

In a macroscopic description, T-MOKE stems from the
complex off-diagonal element v~2 of the dielectric tensor
[10,11]. This quantity is linear in M and thus causes
the dependence of rejected light intensity on the sign of
magnetization in the transverse geometry. In the visible
part of the light spectrum this effect is less than 1%. The
large asymmetry in the core level energy region is related
to the absorption (viz-) resonance caused by the presence
of the core hole. Since the asymmetries in absorption and
reflection are related to each other, one may discuss both
these effects within the dielectric theory of a~2. On the
basis of the optical sum rule R + A = 1 the asymmetries
in absorption (b,A/A) and rellectivity (AR/R), with A and
R being the mean absorption or reAectivity, respectively,

I I ~ ~ ~ I ~ ~ ~ I. . . . I

45 50 55 60 45 50 55 60
Photon energy (eV)

FIG. 2. (a) Total photoyield near the Fe 3p edge measured
with s- and p-polarized light incident at 75 to the surface
normal as a function of photon energy. (b) The associated
asymmetries. The sample magnetization was reversed between
the two directions normal on the plane of light incidence.
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FIG. l. Experimental geometry.
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FIG. 3. Same as Fig. 2, but for the Co 3p core level (p-
polarized light only).
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FIG. 4. Specular optical refiectivities (a) and associated asym-
metry (b) for Co under identical conditions as in Fig. 3.

should be related as AA/A = R/(1 ——R)AR/R. This
shows that for strong absorption, i.e., small reflectivity,
the asymmetry in the reflectivity can be much larger than
in absorption. Similar trends have been observed with
circularly polarized light [17].

Figure 5 shows the dependence of the asymmetries
on the angle of light incidence for photoabsorption
and for Co also for reflection. In photoabsorption, the
asymmetry increases towards bigger angles, i.e., towards
more grazing incidence, while the average yield (not
shown) decreases. In contrast to that, the asymmetry in
reflection (T-MOKE) increases with decreasing angle of
incidence. The dependence of the intensity difference in
transverse MOKE [10] on the angel of incidence 0 is
given by a product of the (modified) Fresnel coefficient
for p-polarized light and a term e~z sin20/(nn cos 0—
1). On the basis of the optical sum rule, we expect
the differences AR and AA to be of equal size, with
maxima occurring at the same angle of incidence. For the
refractive index no in the range 0.95 to 1.05, the largest
difference should occur for 0 ) 75 . The maxima of
the asymmetries AA/A and AR/R, however, may occur
at different angles, due to the angle dependences of A
and R. Specifically, we obtain reAectivities of about
0.5 and 0.1 for 85 and 75 incidence angles, inserting
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FIG. 5. Angle dependence of the linear magnetic dichroism in
terms of the peak-to-peak asymmetry in the total yield (sample
current) for Fe (diamonds) and Co (squares) and of the specular
optical reAectivity (open squares) for Co.
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standard optical constants for the threshold region [18]
into the Fresnel equation. Consequently, for 0 = 85,
the asymmetries for absorption and reAection should be
of similar magnitude, AA/A—:—AR/R, while for 75'
one obtains a ratio of 10:1 between them. This is
in good agreement with the experimental data shown
in Fig. 5. In general, for R approaching 1 towards
grazing incidence, the maximum asymmetry in absorption
is shifted towards more grazing incidence from the
maximum asymmetry in reflectivity due to the angle
dependence of the factor R/(1 —R). This illustrates why
AA/A does not show a maximum in the range accessible
in our experiment. Also, the angular dependence of the
reAectivity asymmetry does not show a maximum due to
the limited angle range investigated. From the foregoing
it appears that the magnetic linear dichroism in the total
yield in transverse geometry is a surface effect, which
makes it particularly suitable for the study of surface
magnetism. The theoretical treatment of x-ray resonant
exchange scattering by Hannon et al. [19] leads to an
angle dependence of the intensity asymmetry according
to viz sin 20/(8 cosz20 + C sinz20) [9,19]. Also in this
case one expects an initial increase of the effect as one
moves from grazing towards more normal incidence, and
the dichroism in absorption as well as in reAection has to
disappear as 0 = 0 or 90 is approached, in agreement
with our experimental result.

We have used the dichroism in the total photocurrent
for imaging magnetic domains at the surface of an
unmagnetized Fe(100) single crystal. Images were taken
with p-polarized light, with photon energies between 48
and 62 eV. In domain imaging using linearly polarized
light, there is no equivalent of reversing the helicity.
Therefore, we exploit the dependence of the asymmetry
on the photon energy to obtain two images that contain
the domain information in different magnitude. The
largest magnetization-induced difference of the total yield
is obtained for 52 and 55 eV photon energies [see
Fig. 2(b)]. Figure 6 shows an image constructed by
subtraction of images taken with p-polarized light of
52 and 55 eV after scaling to the same intensity. The
field of view has 340 p.m diameter. Data acquisition
time for this image was about 50 s. While the original
images are similar to each other, the difference image
shows a bright area and a dark area, which do not
correspond to structures in the original images. This
contrast is attributed to a domain structure. The width
of the transition between the two regions corresponds to
a spatial resolution of 5 p, m in this low magnification
mode of the microscope. The asymmetry extracted from
a series of images as a function of the photon energy
resembles very closely the data shown in Fig. 2(b).
This demonstrates that the regions of different brightness
visible in Fig. 6 are indeed caused by magnetic domains,
with magnetization directions as indicated. Furthermore,
the agreement between the asymmetry obtained for the
Fe(001) surface and that of the thin film shows that the



VOLUME 75, NUMBER 11 PHYSICAL REVIEW LETTERS 11 SEpTEMBER 1995

the Ministerium fiir Wissenschaft und Forschung of the
state of Nordrhein-Westfalen.

*Humboldt fellow on leave from Institute for Solid State

5

0 100
P, II1

200

FIG. 6. Magnetic domains of an Fe(100) single crystal,
determined by photoemission microscopy excited by linearly p-
polarized light incident under 75 to the surface normal. The
domain image is a difference of images 'taken with 52 and
55 eV photon energies.

magnetic dichroism is not related to the finite thickness of
the thin film samples.

In summary, we report a new type of magnetic linear
dichroism in photoab sorption measured via the total
yield in transverse magnetization geometry. It shows
up on reversal of the magnetization, using p-polarized
light. The advantage to be gained by using soft x rays
instead of light in the visible region is, as with other
soft x-ray techniques, that core level binding energies
are element specific, so that magnetic properties can
be probed individually for each of the constituents in
compound materials. The dichroism offers contrast to be
used to image magnetic domains via the total electron
yield in a photoemission microscope. The attainable
resolution can be higher than with the commonly used
magneto-optical effects in the visible or near-visible
spectral region due to the shorter wavelength in core level
spectroscopy. Also, magneto-optical effects in the visible
are usually small, whereas we observe at the Co 3p core
level binding energy the largest transverse magneto-optic
Kerr effect (23% p-p) reported so far. Furthermore, with
the large magnetic effects observed in the reAectivity, a
soft x-ray optical Kerr microscope seems feasible.
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