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We report investigations of the anisotropy of the x-ray magnetic linear dichroism �XMLD� of thin single-
crystalline Fe films on GaAs substrates with film thicknesses of 3 nm and 7 nm, respectively. The orientation
of the in-plane Fe magnetization with respect to the crystal axes is stepwise rotated from the �1 1 0� to the �0
1 0� direction and the Fe L2,3 XMLD spectrum is measured at every orientation step. A highly anisotropic
XMLD signal at the Fe L2 and L3 edges is observed, which origin is analyzed in detail. We show that the
measured anisotropic XMLD spectra are in reasonable agreement with ab initio calculated spectra. The XMLD
anisotropy is shown to be a consequence of the cubic crystal-field split density of 3d states, which are
selectively probed by transitions from the spin-orbit and exchange-split 2p core levels. We furthermore inves-
tigate computationally the influences of the spin-orbit interaction of the Fe 3d valence electrons as well as of
stress in the Fe films. The Fe 3d spin-orbit interaction only leads to small modifications of the XMLD spectra,
whereas tetragonal deformation of the films can cause a larger modification of the spectra.
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I. INTRODUCTION

X-ray magneto-optical spectroscopy is an important tool
for element selective studies of magnetic materials �see, e.g.,
Refs. 1–3 for recent reviews�. The x-ray magnetic linear di-
chroism �XMLD� is a type of magnetic spectroscopy which
has recently gained popularity. XMLD probes a magneto-
optical response which—to lowest order—is quadratic in the
atomic magnetization, whereas the x-ray magnetic circular
dichroism �XMCD� probes the response that is to lowest or-
der linear in the atomic magnetization. XMLD offers there-
fore unique prospects for the element-selective investigation
of antiferromagnets. Several XMLD investigations of anti-
ferromagnetic materials �see, e.g., Refs. 4–11� as well as
ferromagnetic materials12–17 have been reported.

The physical origin of XMLD differs in several essential
aspects from the more commonly used XMCD. As has been
known for a number of years, the XMCD exhibits a small
dependence on the orientation of the magnetization in a crys-
talline material �see, e.g., Ref. 2�. The small differences in
the XMCD spectra measured for easy and hard magnetiza-
tion axes have been related to the magnetocrystalline aniso-
tropy of the orbital magnetic moment, which is a small
quantity.1,2,18

A similar dependence on the magnetocrystalline aniso-
tropy has been predicted also for XMLD19 but it is also a
very small effect.15 A later theoretical investigation20 pre-
dicted that XMLD behaves in fact markedly different from
XMCD. In particular, Kuneš and Oppeneer20 predicted that
the XMLD depends strongly on the crystallographic orienta-
tion of the magnetization axes and as a consequence, a huge
XMLD anisotropy was predicted for a 3d atom in a cubic

crystal field. It was shown20 that this anisotropy is a conse-
quence of the core-level exchange splitting together with the
cubic crystal-field split 3d density of states �DOS�, i.e., it
arises from the spin-polarized part of the eg and t2g states,
which are selectively probed by transitions from the
exchange-split 2p core levels, while the direction of the mag-
netization defines the dipole allowed transitions.21 Later, a
similar anisotropic XMLD has been observed for Mn-doped
GaAs22 and for magnetic oxides9,11,23,24 and was also
explained25,26 by the property of the cubic wave functions for
the 3d valance states with respect to the spin quantization
axis. However, a direct experimental proof for itinerant 3d
metallic systems is still missing.

The huge anisotropy of the XMLD spectrum was origi-
nally predicted on the basis of ab initio calculations for fer-
romagnetic Fe, Co, and Ni metals with cubic crystal
symmetry.20 These density-functional-theory- �DFT� based
calculations predicted, in particular, that for bcc Fe the
XMLD spectrum for the �0 0 1� magnetization axis would
have a similar shape as the spectrum for the �1 1 1� magne-
tization axis, however, with an opposite sign.20,27 The pur-
pose of the present paper is to probe the proposed anisotropy
of the XMLD spectrum of Fe by performing measurements
on single-crystalline Fe films. To this end, we have grown
epitaxial Fe films on GaAs�001� and performed measure-
ments of the XMLD in which the in-plane magnetization
axis has been varied stepwise from the �1 1 0� to the �0 1 0�
direction. For comparison, we have performed DFT ab initio
calculations of the XMLD spectrum of bcc Fe for magneti-
zation directions corresponding to the experimental situation.
Thus, we can compare directly measured and computed
XMLD spectra as well as the anisotropy of the XMLD. In
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addition, we study Fe films of different thicknesses, which
exhibit a volume fourfold magnetocrystalline anisotropy but
with a uniaxial contribution due to the interface with the
substrate. The direction of this uniaxial contribution is
changing by 90° resulting in a 90° change in the effective
easy axis and allows to investigate the influence of this prop-
erty on the XMLD spectra.

II. EXPERIMENT

Epitaxial Fe films of 3 nm and 7 nm thickness were
grown on GaAs�001� substrates using molecular beam epi-
taxy and capped with 2 nm of Au. Surface structure and
chemical composition were studied in situ by low-energy
electron diffraction and reflection high-energy electron dif-
fraction. Details of the sample growth are published
elsewhere.28 The effective anisotropy constants for the in-
plane fourfold anisotropy, K1, and for the in-plane twofold
anisotropy, Ku, were measured using ferromagnetic reso-
nance. We find for the 3 nm Fe film K1=3.26
�105 erg /cm3 and Ku=−1.54�105 erg /cm3 and for the 7
nm Fe film K1=3.58�105 erg /cm3 and Ku=1.62
�105 erg /cm3, respectively. Due to the superposition of the
uniaxial anisotropy with the fourfold anisotropy the easy
axes have an angle of approximately 30° and 150° with re-
spect to each other, as illustrated in the inset of Fig. 1. This
results for the 3 nm Fe in an effective uniaxial easy axis
along the �1 1 0� axis and a hard axis along the �−1 1 0�
direction while for the 7 nm Fe film the effective uniaxial
easy axis is along the �−1 1 0� direction and the hard axis
along the �1 1 0� direction. This was confirmed by magneto-
optical Kerr effect measurements and the effective easy axis
coercivity was determined to be 30 Oe for both films and the
hard axis saturation field to be 100 Oe for the 7 nm Fe film
and 200 Oe for the 3 nm Fe film. This change in the aniso-
tropy can be explained by the competition between the Fe
volume fourfold anisotropy and the uniaxial anisotropy origi-
nating at the Fe/GaAs�001� interface28 modified by the in-
duced strain of the Au capping layer.29

The polarization dependent x-ray absorption spectra
�XAS� were measured at beamline 4.0.2 of the Advanced
Light Source.30 Circularly polarized x-rays �with about 80%
degree of polarization� can be employed for XMCD mea-
surements and for XMLD measurements �99�1�% linearly
polarized x-rays can be used, the polarization plane of which
can be orientated arbitrarily between 0° and 90°. An eight-
pole vector magnet allowed applying magnetic fields of up to
0.8 T in any direction.31 All spectra were measured in the
total electron yield mode by detecting the sample drain cur-
rent. The sample can be rotated azimuthally around the sur-
face normal allowing one to adjust the in-plane orientation of
the sample. To this end hysteresis loops were measured in
grazing incidence of 30° with the magnetic field parallel to
the circularly polarized x-rays, see Fig. 1. The angle �=0°
corresponds to the �1 1 0� direction which for the 7 nm Fe
film is the hard axis while for the 3 nm Fe film it is the easy
axis. Note that the hysteresis loops are not corrected for the
polarization degree and the angle of incidence.

Measured XAS of the 7 and 3 nm Fe films are shown in
Fig. 2. Note that for comparison both spectra have been nor-

malized to unity at the maximum of the L3 edge. The x-ray
absorption spectrum of the 3 nm Fe film displays a small
shoulder at the Fe L3 edges �at 710 eV�, which indicates a
slight oxidation. The 7 nm Fe film does not show such sign
of oxidation, however, some oxidation cannot be completely
excluded. The oxidation does not affect the magnetic
anisotropies. The quality of the 7 nm film is good enough for
qualitative comparisons.
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FIG. 1. �Color online� Hysteresis loops measured using the
XMCD response for Fe films on GaAs�001�. Top: comparison of
the hysteresis loops of the 7-nm and 3-nm-thick Fe films measured
with �=0° corresponding to the �1 1 0� axis which for the 7 nm Fe
film is the hard axis and for the 3 nm Fe film the effective uniaxial
easy axis. Both films are fully saturated at 0.55 T. In the inset the
easy axes directions with respect to the �1 1 0� axis are shown.
Bottom: hysteresis loops of the 3 nm Fe film measured for different
in-plane orientations of the sample which shows the effective
uniaxial anisotropy.
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FIG. 2. �Color online� Measured XAS at the Fe L edge for the
3-nm and 7-nm-thick Fe films, respectively. Note that for compari-
son both spectra have been normalized to unity at the maximum of
the L3 edge.
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The XMLD spectra were measured in normal incidence
with an applied magnetic field of 0.55 T which was aligned a
few degrees away from the sample plane. This small angle
was chosen in order to increase the electron yield signal
while it was verified that this procedure did not affect the
XMLD spectra. The XMLD spectra were obtained by mea-
suring the absorption spectra with the magnetic field H par-
allel, as well as perpendicular to the E vector of the linearly
polarized light �see top panel of Fig. 3�.23 The XMLD spec-
tra plotted in the bottom panel of Fig. 3 have been obtained
from the normalized XMLD asymmetry

A = I�H�� − I�H��/�I�H�� + I�H��� . �1�

The spectral shape of the XMLD spectra of the 3 and 7 nm
films is identical but the signal of the 3 nm film is slightly
smaller. This can be a thickness-related saturation effect. The
same XMLD results were obtained when instead of switch-
ing the magnetic field the polarization is reversed. In the
following, all shown XMLD spectra have been obtained by
switching the magnetic field. For the angular dependence,
the E vector and the magnetic field direction were rotated
simultaneously.

III. AB INITIO THEORY OF THE XMLD

A. Computational framework for XMLD

The theoretical foundation for ab initio calculation of the
XMLD has been outlined previously.20 We perform DFT cal-
culations of the dielectric tensor, using the Kubo linear-

response theory. The XMLD spectrum can be expressed as
the difference in absorption of x-rays with E �H and E�H,
which can be rewritten as a difference of the dielectric tensor
elements �ij that are selected through the orientation of the
magnetization axis in the crystal and the light’s polarization
vector.32 In the earlier work of Kuneš and Oppeneer20 the
magnetization axis was chosen along a cubic crystal axis
having at least threefold symmetry �i.e., the �0 0 1� and �1 1
1� axes�. Under this condition, the dielectric tensor adopts a
simpler form, as four off-diagonal tensor elements vanish
�e.g., for M parallel to z= �0 0 1��, the elements �xz, �zx, �yz,
and �zy vanish�. The situation where the magnetization is
oriented along a general, nonhigh symmetry axis is more
complicated. For such a situation all the dielectric tensor
elements are in general nonzero and have to be computed.
More importantly, the expression for the XMLD signal in
terms of the tensor elements changes. In order to obtain the
eigenmodes for the light’s propagation in the material, the
full Fresnel equation has to be solved numerically, for the
light’s polarization vector parallel and normal to the occur-
ring magnetization vector.32 Subsequently, the XMLD signal
is computed from the difference of the absorptions I�H�� and
I�H�� �Eq. �1��. The information on the reduced symmetry
due to the particular magnetization direction in the cubic
crystal is thus comprised in the dielectric tensor and is trans-
ferred to the XMLD.

For the numerical evaluation of the dipole matrix ele-
ments and the DFT single-particle energies that are required
for calculation of the dielectric tensor elements we used the
full-potential, linearized augmented plane-wave �LAPW�
method as implemented in the WIEN2K code.33 The wave
functions are expanded into products of spherical harmonics
Ylm and radial wave functions within a given atomic sphere.
The core states are obtained as solutions of the Kohn-Sham-
Dirac equation; for the core potential we adopt the spherical
approximation. The effect of the exchange field on the core
levels is included as outlined in Refs. 34 and 35. The rela-
tivistic valence states are computed within the full, non-
spherical potential, using the second variational approach to
include self-consistently the spin-orbit �SO� interaction.36 In
the present WIEN2K implementation local orbitals are in-
cluded in the basis, and the LAPW basis set has been used.
The electronic structure calculations for bcc Fe are per-
formed with 2431 k points in the irreducible Brillouin zone
�1/4th�. As we are dealing with a general magnetic quantiza-
tion axis along nonhigh-symmetry directions, only four sym-
metry operations remain �viz., E, I, C2, and �h�. The atomic
sphere radius �Rmt� of Fe has been set to 2.2 Bohr radii.
Approximately 85 basis functions per atom have been used.
The product of Rmt and maximum reciprocal space vector
�kmax�, i.e., the cut-off energy �RKmax� is set to 8.5 and the
largest reciprocal vector G in the charge Fourier expansion,
Gmax, is equal to 14. The convergence of the total energy is
better than 1�10−5 Ry /atom.

B. Anisotropy of the XMLD in cubic crystal fields

Theoretical models for the anisotropy of the XMLD have
been given by van der Laan19 and by Kuneš and Oppeneer.20
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FIG. 3. �Color online� Top: sketch of the geometry used to mea-
sure the XMLD. The L-edge absorption spectra are measured for
the magnetic field H applied parallel and perpendicular, to the x-ray
polarization vector E. Bottom: comparison of the XMLD spectra
measured at �=0° for the 3 nm Fe film and for the 7 nm Fe film.
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The latter model,20 which has become the accepted model for
XMLD anisotropies of magnetic oxides,25,26 will be em-
ployed here in the interpretation of our data. In short, in this
model the XMLD is related to the exchange splitting of the
2p core levels and the influence of the crystal field. Without
splitting of the core levels due to the exchange field, the
XMLD would practically vanish, �i.e., it would only be
caused by the anisotropy of the SO interaction in the valence
states�. Similarly, there would be a vanishing XMLD aniso-
tropy in the absence of the crystal field. In the presence of
the cubic crystal field the XMLD signal of the transition
metal atom is related to the spin-polarized eg and t2g states
that are selectively probed for a given geometry. As a con-
sequence, the XMLD asymmetry A in cubic systems can be
expressed as energy derivatives of the eg and t2g 3d-partial
DOS20,27

A � �
d

dE
���t2g↑ − t2g↓��E� + 	�eg↑ − eg↓��E�� , �2�

where � is the exchange splitting of the core levels, t2g↑�E� is
the energy-dependent majority spin t2g partial DOS, and �
and 	 are numerical constants that depend on the direction of
the magnetization in the crystal. For the �0 0 1� and �1 1 1�
magnetization directions � is −1, 1 and 	=2, −1, respec-
tively. This expression can be generalized to arbitrary mag-
netization directions in the crystal.37 Hence, the XMLD spec-
trum of a transition-metal atom in a cubic crystal field is
always given by the sum of two independent eg and t2g con-
tributions and, depending on the direction of the magnetiza-
tion axis in the crystal, different combinations of the spin-
polarized eg and t2g states are probed in XMLD experiments.
Two effects are neglected in the derivation of Eq. �2�, the
influences of tetragonal distortion and that of SO interaction
in the valence states. Below their importance for the angle-
dependent XMLD spectra will be assessed by ab initio cal-
culations and by comparing the angle-dependent XMLD
spectra of the Fe films with the two different orientations of
the effective uniaxial anisotropy.

IV. RESULTS

A. 7 nm Fe on GaAs(001)

For the comparison with the above described ab initio
theory of the XMLD we start with the 7 nm Fe film having
the effective uniaxial anisotropy along the �−1 1 0� axis.
The sample is rotated azimuthally, probing the xy plane. For
clarity, we first plot the measured XMLD spectra in 15° steps
from 0° to 90° in Fig. 4. The largest difference of the XMLD
spectra can be seen between the 0° and 45° orientations,
reflecting the cubic symmetry of the epitaxial film but not the
effective uniaxial magnetic anisotropy. Notably, the XMLD
spectra of the L3 edge and L2 edge show very different char-
acteristics. The spectra at the L2 edge consist of two peak
structures, at 721 and 722 eV, which are inverting their sign
as can be seen when comparing the 0° and 45° spectra. In
contrast, the L3 edge shows a much more complex behavior
and displays for each angle a unique spectrum. This is a
similar behavior as recently reported for the XMLD aniso-

tropy of Ni2+.24 For a more detailed comparison, the mea-
sured XMLD spectra are plotted in Fig. 5 in 5° steps from 0°
to 50°. These XMLD spectra for finer angular steps reveal
that a multipeak structure occurs at the L3 edge, consisting of
three distinct peaks. These peaks occur at energies of about
707, 708, and 709 eV, and display each a distinct angular
dependence. The first peak at 707 eV is small at 0°, vanishes
with increasing angle near �=15° where after it increases
with reversed sign to reach a maximum at 45°. The second
peak at 708 eV attains its maximum at 0°, diminishes with
increasing angle and also becomes sign reversed. The third
peak at 709 eV does not display a notable angular depen-
dence. This peak has a negative sign and its size remains
constant independent of �. We note, for later discussion, that
this peak occurs close to multiplet energy associated with
possible oxidation of the film. The angle-dependent XMLD
spectra in Fig. 5 furthermore reveal a broad hump at the
high-energy side of the L3 peak, extending for some angles
from 710 to 713 eV. This hump also inverts its sign, from a
maximum at 45° to a minimum at 0°. A similar hump cannot
be discerned at L2 edge and neither does an angle-
independent peak appear at the L2 edge.

To simulate the measurements we performed calculations
of XAS spectra for bulk body centered cubic iron while
gradually rotating the magnetic polarization vector as in the
experiment, from �1 1 0� through �0 1 0� to �−1 1 0�. The
calculated XMLD spectra are shown in Fig. 6. Note that the
energies are given relative to the onset of the L3 edge; 0 eV
corresponds to about 707 eV in the measured spectra. The
calculations were performed either with �solid line� or with-
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FIG. 4. Angular dependence of the Fe L3,2 XMLD spectrum for
7 nm Fe/GaAs�001�, measured in 15° steps. The XMLD spectra are
obtained as the difference between two absorption spectra recorded
with the magnetic field H parallel and perpendicular to the x-ray
polarization vector E �see Fig. 3�. � corresponds to the angle be-
tween the polarization vector and the �1 1 0� crystal direction. The
most pronounced difference can be observed between the 0 and 45°
XMLD spectra.
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out �dashed line� SO interaction in the valence band. Only a
small difference between the two spectra is observed, dem-
onstrating the weak influence of the valence-band SO inter-
action on the spectral shape. A similar result was previously
reported for the XMLD spectrum with magnetization vector
oriented along a high-symmetry axis in a cubic crystal.20

The calculations are in reasonable qualitative agreement
with the measurements. To start with, the magnitude of the
computed XMLD is on the order of 1–2 %, in good agree-
ment with the measured amplitudes. The following major
spectral characteristics are observed: �i� a maximal change
occurring between the 0° and 45° spectra, observed most
clearly at the L2 edge, �ii� a multipeak structure at the L3
edge for specific angles, and �iii� an approximate inversion
of the shape of the XMLD spectrum for angles 0° and 45°.
Because of the fourfold symmetry in the xy plane, the spectra
for angles � smaller than 45° are identical to those for angles
90°−�, i.e., XMLD�45°+��=XMLD�45°−��. Note that
this property follows from the ab initio calculation and is not
enforced through any symmetry constraint. Both the calcu-
lated and experimental L2 XMLD spectra have the feature
that the �1 1 0� ��=0°� and �0 1 0� ��=45°� spectra are very
similar to one another but sign reversed. Looking now closer
at the L3 edge, we can observe two clear peaks �at 1 and 2
eV� which invert their sign with evolving angle. There is also
a prepeak at 0 eV, which changes with � but does not reverse
its sign. This might however be related to the presence of a
nearby peak combined with lifetime broadening. A clear dif-

ference between the experimental and theoretical XMLD
spectra is the appearance of the angle-invariant peak at 709
eV in the experimental spectrum, which does not appear in
the ab initio computed spectrum. A small difference between
the calculation and the experiment is observed if one com-
pares the absolute values. The change in the sign of the
XMLD spectrum at the L2 edge occurs in the experiment
around 20°, as is apparent from the more detailed scan in
Fig. 5, while in the theoretical spectra the sign reversal is
closer to 15°. However, this discrepancy is near to the ex-
perimental uncertainty of a few degrees. Further differences
can be seen in the details of the spectral shape. The ratio of
the XMLD at the L3 and the L2 edge is close to one in the
experiment with at some angles even a larger signal appear-
ing at the L2 edge. In the calculation the XMLD at the L3
edge is always larger than at the L2 edge. The experiment
moreover displays the aforementioned broad hump at the
high-energy side of the L3 edge, where the calculations show
only a smaller tail.

The origin for these quantitative discrepancies is not
known, and further investigations are needed in order to de-
termine whether the calculations can be improved by includ-
ing effects beyond the ground-state electronic structure, such
as effects of the core hole and its dynamical screening. Ten-
tatively, the appearance of the hump could be attributed to a
core-hole effect which is not included in the calculations.
Alternatively, imperfections of the sample such as strain or
oxidation may also affect the measured XMLD to some ex-
tent. The influence of oxidation is indicated by the appear-
ance of the angle-independent peak in the measured XMLD,
near to the energy where an oxidation-related multiplet re-

-0.02

-0.01

0.00

0.01

0.02

705 710 715 720 725

7 nm Fe

X
M

L
D

� = 0
o

� = 5
o

� = 10
o

� = 15
o

� = 20
o

� = 25
o

� = 30
o

� = 35
o

� = 40
o

� = 45
o

� = 50
o

Photon energy (eV)

FIG. 5. Detailed angular dependence of the Fe L3,2 XMLD spec-
tra for 7 nm Fe/GaAs�001�, measured in 5° steps.
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sponse appears. The conclusion regarding strain is in part
supported by our results on the 3 nm Fe film, where we find
that the lattice mismatch between the GaAs substrate and Fe
film must be taken into account. Distortions from the bcc
structure through strain lead to significant modifications of
the calculated XMLD, as will be shown below.

B. 3 nm Fe on GaAs(001)

The 3 nm Fe film has a 90°-rotated effective uniaxial
anisotropy compared to the 7 nm Fe film and one might
expect to observe a different anisotropy of the XMLD. How-
ever, the angular dependence of the XMLD, plotted in Fig. 7,
is almost identical to that of the 7 nm Fe film. A maximal
change in the XMLD spectra is again seen between the 0°
and 45° orientations and the spectra for angles � smaller
than 45° are identical to angles 90°−�. At the L3 edge a
multipeak structure appears while the L2 edge spectrum con-
sists essentially of a peak and a minimum, a structure which
is changing its sign around 20°. Comparing the angular de-
pendence of the XMLD of the 3 and 7 nm film no indication
of a uniaxial behavior can be found. This implies that the
difference in the magnetic anisotropy of the two and even the
difference of hard and easy axes is not reflected in the aniso-
tropy of the XMLD. The extent of the similarity of the
XMLD spectra of the two films can be seen in Fig. 3, where
the corresponding spectra are plotted together. The XMLD of
the 3 nm film is smaller, as mentioned earlier, but it can be
scaled on that of the 7 nm film. After scaling a difference in
the spectra is observed only in the energy range of 710–713
eV. This difference is probably related to the slight oxidation
of the 3 nm Fe film �see the XAS in Fig. 2� and not to the

magnetic anisotropy of the films. This finding confirms the
ab initio calculations20 which showed that the 3d valence-
band spin-orbit coupling only has a small influence on the
anisotropic XMLD. Furthermore, since the 3 nm Fe film was
slightly oxidized but the 7 nm film is expected to be less
oxidized, the observed L3 multipeaks in the XMLD of the 7
and 3 nm Fe cannot solely be due to oxidation of the film.
Otherwise, one would expect a much stronger multipeak
structure for the 3 nm Fe film. The presence of the angle-
invariant peak in the 7 nm film XMLD, however, can be
interpreted as an indication for a slight oxidation in this film
as well.

Another possible explanation for the multipeak structures
is a distortion of the film. In order to investigate its influence
on the XMLD signal, we included the known lattice distor-
tion of the Fe film in our calculations. The GaAs substrate
deforms the cubic structure of Fe into a tetragonal one. In
our calculations we considered the c /a ratio of 1.037, corre-
sponding to the tetragonal deformation of an Fe overlayer on
GaAs.38,39 The calculated XMLD spectra are shown in Fig.
8. Again, a qualitative reasonable agreement with the mea-
surements is obtained. The inclusion of the distortion mainly
leads to changes of the XMLD at the L3 edge. The multipeak
structure is modified and starts to appear also at other angles,
e.g., 0°. The actual profile of the strain in the Fe film and the
corresponding deformation is not known. Therefore a strain
profile in the sample may account for a part of the observed
difference between calculations and experiment with respect
to the multipeak structure at the L3 edge. We note, however,
that the computed anisotropic XMLD of tetragonally dis-
torted Fe does not contain an angle-invariant peak. Hence,
the appearance of this peak cannot be explained by ab initio
calculations for pure bulk Fe. This reinforces the interpreta-
tion that it is related to a slight oxidation.
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V. CONCLUSIONS

The angular dependence of the XMLD spectra of thin Fe
films on GaAs�001� was measured for two systems, a 7 nm
Fe film which has an effective uniaxial easy axis along the
�−1 1 0� direction and a 3 nm Fe film where the effective
uniaxial easy axis is rotated in-plane by 90° toward the �1 1
0� direction. Both systems are found to exhibit an almost
identical characteristic of the angular dependence of the
XMLD. The measured strong anisotropy of the XMLD was
compared to ab initio band-structure calculations of the
XMLD spectra and a reasonable agreement with the major
characteristics of the anisotropic XMLD spectra was ob-
served. In particular, the XMLD spectra for the �1 1 0� and �0
1 0� magnetization axes are found to have a very similar
shape, especially at the L2 edge, but the spectra for theses
two directions show a reversed sign. The obtained agreement
confirms the theoretical picture of XMLD. The shape of the
XMLD spectrum depends on the 2p core-state exchange
splitting as well as the 3d-partial densities of states. In par-
ticular, the XMLD probes the spin-polarized unoccupied eg
and t2g final states, which leads to a strong dependence of the
XMLD with respect to the magnetization axis and crystallo-
graphic orientation. If the crystal field would be absent, e.g.,
for an atom in spherical symmetry, the XMLD would not
display the observed large anisotropy, only a very small an-
isotropy due the SO interaction would remain.20 In our
XMLD measurements a different angular behavior of the L3
and L2 edges is observed. Whereas the L2 XMLD peak struc-
ture shows mainly a reversal when the magnetization is step-
wise rotated, the XMLD at the L3 edge displays a more com-
plicated behavior. Three distinct peaks can be discerned in
the XMLD spectra. One of these is angle-invariant and is
tentatively attributed to a slight oxidation of the Fe films.
The other two peaks invert their sign with evolving angle,
something which is also observed in the calculations in

which this behavior depends on the strain of the system.
Although the 7 nm and 3 nm film have a different magneto-
crystalline anisotropy they have virtually the same XMLD
anisotropy. This demonstrates that the spin-orbit interaction
in the valence states is only a very minor modification of the
XMLD, in agreement with the ab initio band-structure cal-
culations that predict that the influence of SO interaction in
the valence band leads only to rather small changes in the
XMLD spectra.

In summary, we demonstrated experimentally the angular
dependence of the XMLD spectra on the magnetization axis
for the itinerant ferromagnet Fe. The ab initio calculations
were performed for arbitrary magnetization angles in the
crystal lattice through a complete numerical solution of the
Fresnel equation and the effect of strain in the lattice has
been taken into account. Reasonable qualitative agreement
between the calculations—which incorporate the full spin-
polarized band character of the system—and the measure-
ment was obtained. This agreement allows a more detailed
probing of itinerant ferromagnets with XMLD in the future.
Also, our findings show the importance of the crystallo-
graphic orientation in order to properly analyze XMLD spec-
tra.
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