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Abstract We report strong magnetic linear dichroism
(MLD) at the Fe L,3 and O K edges of the antiferro-
magnetic compound hematite a-Fe, O; in high-resolu-
tion orientation- and temperature-dependent electron
energy-loss spectroscopy (EELS). Large intensity dif-
ferences of corresponding spectral features are observed
when the Fe L,; and O K edges are measured with
momentum transfer either parallel or perpendicular to
the magnetization. The resultant difference spectra for
the Fe L,5 edges is consistent with the MLD observed in
X-ray absorption spectroscopy. For the first time we
have observed MLD at the O K edge, where the mag-
netic origin of this dichroism is demonstrated by tem-
perature-dependent investigations across the Morin
transition temperature T, = 263 K, at which the Fe
electron spins, i.e. the magnetic moments, rotate by 90°.
The O K edge MLD is interpreted in terms of super-
exchange between the spins of the Fe 3d and O 2p
electrons through overlapping Fe 3d and O 2p orbitals.
The experiments were performed in a transmission
electron microscope (TEM), yielding information about
the anisotropic electronic structure at nanoscale spatial
resolution when operated with a focused electron probe.
The effects of MLD at the Fe L,; edges on the deter-
mination of Fe’'/ZFe in hematite at submicrometre
scale using different independent quantification methods
are discussed.

Keywords Magnetic linear dichroism (MLD) -

Electron energy-loss spectroscopy (EELS) - Energy-loss
near-edge structure (ELNES) - Transmission electron
microscopy (TEM) - Hematite - Ferrous/ferric ratios

P. A. van Aken (X)) - S. Lauterbach
Institut fiir Angewandte Geowissenschaften,
Fachgebiet Geomaterialwissenschaft,
Technische Universitdt Darmstadt,
Schnittspahnstr. 9, 64287 Darmstadt
e-mail: vanaken(@geo.tu-darmstadt.de

Tel.: +49-6151-162180

Fax: +49-6151-164021

Introduction

Rock magnetism has fascinated geoscientists, since it is
both a basic and an applied science in order to reproduce
and understand the processes by which igneous rocks are
magnetized in nature. The study of microstructural
magnetism is, at present, possible by transmission elec-
tron microscopical techniques, where phase shifts pro-
duced by the magnetic vector potential in ferromagnetic
samples can generate phase contrast which is used in
Lorentz microscopy to determine the distribution of
magnetization (e.g. Reimer 1993). Recent developments
of spectroscopic techniques using high-intensity polarized
photon beams from newest generation synchrotron radi-
ation facilities enable access to magnetic properties by
investigation of X-ray magnetic dichroism (e.g. Stohret al.
1998). If these experiments are combined with X-ray
photoemission electron microscopy (XPEEM), high
spatial resolution on the order of 20 nm can be obtained
(Nolting et al. 2000), which thus allows the magnetic
microstructure to be imaged.

X-ray absorption spectroscopy (XAS), a technique
based on the absorption of photons, is a sensitive probe
for the electronic structure with a specificity for element,
site-symmetry and valency (van der Laan and Kirkman
1992). The specificity arises from the characteristic bind-
ing energies of the atomic core electrons. At the absorp-
tion thresholds of the elements, the spectra show strong
resonances arising from transitions to unfilled valence
states. In the case of light elements, like boron, carbon,
oxygen and nitrogen, these states are unfilled molecular
orbitals, while in the case of 3d transition metals, the states
correspond to the unfilled valence band. Since the elec-
tronic dipole transitions are governed by the Al = £1
selection rule, light elements are studied using K edges (1s
— p transitions), and 3d transition metals are best studied
using L,3 edges (2p — d(s) transitions).

In practice, XAS is carried out with polarized syn-
chrotron radiation, where the polarization of the X-rays
can be changed from left or right circular to linear.
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Circularly polarized X-rays are particularly useful for
the study of ferromagnets or ferrimagnets. In order to
determine the difference in the number of d holes with up
and down spin (the magnetic moment), the X-ray
absorption process has to be measured spin-depen-
dently. This is done by the use of right or left circularly
polarized photons which transfer their angular
momentum (photon spin) to the excited photoelectrons.
Therefore, much attention has focused on magnetic
circular dichroism (MCD), defined as the difference in
absorption cross-section for left- and right-circular
polarized X-rays, which is proportional to the expecta-
tion value of the local magnetic moment (M). The
foremost strength of X-ray magnetic circular dichroism
spectroscopy, first suggested by Erskine and Stern (1975)
and pioneered by Schiitz and coworkers in both the
near-edge (Schiitz et al. 1987) and extended fine-struc-
ture regimes (Schiitz et al. 1989), is its specificity for
element and its capability to determine the sizes and
directions of spin and orbital magnetic moments quan-
tltatlvely as well as their anisotropies. Since MCD re-
quires a net magnetization (1\/1) #0, it is zero for
antiferromagnetic materials.

It is well known that linearly polarized X-rays can be
used to probe the orientation of molecular orbitals (van
der Laan et al. 1986, 1996; van der Laan and Thole 1991;
Kuiper et al. 1993, Schofield et al. 1998). Hence, linearly
polarized XAS can sense the charge anisotropy of the
valence states involved in the core excitation process and
can detect the number of valence holes in different direc-
tions of the atomic volume. In most cases, the anisotropy
of the charge in the atomic volume is caused by crystal-
field interaction and is due to an anisotropy in the bond-
ing. This so-called natural linear dichroism can be present
in the absence of a magnetic exchange field. For magnetic
materials, however, the alignment of the local atomic
spins can also cause an anisotropy in the charge through
the spin-orbit coupling. For example, in a cubic material
the charge is highly isotropic in the atomic sphere, but in
the presence of a magnetic interaction it shows a small
ellipse-like distortion about the magnetic direction. This
charge anisotropy leads to an asymmetry of the X-ray
absorption signal. Consequently, magnetic linear
dichroism (MLD) spectroscopy (van der Laan et al. 1986,
van der Laan and Thole 1991; Kuiper et al. 1993), defined
as the difference in absorption cross section for incident
electric fields polarized parallel and perpendicular to the
magnetization in the material, provides a powerful tool in
order to determine the direction of the magnetic axis in
dntlferromdgnets MLD depends on the average value of
(MP) of the ions in the solid (Thole and van der Laan
1985), and can therefore be strong in any system with
collinear magnetic ordering, whether it be ferromagnetic
or antiferromagnetic.

Electron energy-loss spectroscopy (EELS) measures
the energy distribution of initially monoenergetic elec-
tron, after they have interacted with the ions in a solid.
For small scattering vectors and close to the threshold,
the transitions are governed by the electric dipole selec-

tion rules and, thus, the interpretation of EELS follows
therefore similar lines as that of XAS (Egerton 1996). It
has been well documented that for an excitation process
the component waves are longitudinally polarized
pdl‘dllel to the direction of the momentum transfer
q=k — kf, where the terms k; and kf denote the initial
and final wave vectors of the high-energy electron. This
means that linearly polarized measurements are feasible
(e.g. van Aken et al. 1999), and with the control of the
polarization direction relative to the magnetization M
make the observation of MLD in EELS possible.

Hematite, «-Fe,Os, is an instructive example for
studying MLD using EELS, since its crystal structure
(Blake et al. 1966, Waychunas 1991 and references
therein) and magnetic structure (e.g. Banerjee 1991 and
references therein; Dunlop and Ozdemir 1997 and ref-
erences therein) is well known. Rhombohedral a-Fe,O5
(space group R3c, lattice constants ay = 0.5035 nm and
¢o = 1.3749 nm) consists of hexagonal close-packed
(001) layers of oxygen atoms with two thirds of the
octahedral holes filled by Fe atoms. There are six for-
mula units in the conventional hexagonal unit cell,
combining to yield the uniaxial corundum structure in
which the iron atoms are coordinated by six oxygen
atoms with a slight deviation from octahedral symmetry
with three short (dg._ o = 0.1943 nm) and three long Fe—
O bond lengths (dg. o = 0.2115 nm), respectively. The
charge-transfer insulator hematite (Ma et al. 1993 and
references therein) is an antiferromagnetic mineral below
its Neéel temperature Ty = 948 K (Banerjee 1991, Dun-
lop and Ozdemir 1997). The corresponding magnetic
structure (space group R3) consists of antiferromagnet-
ically coupled alternating (001) layers of spin up and
spin down iron atoms (Banerjee 1991; Dunlop and
Ozdemir 1997), where two different modifications of this
antiferromagnetic structure are observed: below the
Morin temperature T,, = 263 K the Fe electron spins
are perfectly aligned with the [001] hexagonal axis,
implying that the net magnetization (M) = 0, while for
Ty < T < Ty, they lie in the (001) basal planes. In the
absence of an external magnetic field, a-Fe,O5 exhibits
three antiferromagnetic domains, obtained by a + 120°
rotation of a single domain around the trigonal axis.
Furthermore, in this temperature range a weak ferro-
magnetic moment at right angles to the average spin
alignment axis is present due to a slight canting of the
spins ¢ = 0.2°, which is a weak non-collinearity of
antiparallel magnetic moments (Dunlop and Ozdemir
1997). Theoretical calculations (Sandratskii and Kiibler
1996) have shown that spin-orbit coupling is responsible
for this canted magnetic structure.

The empty electronic states of hematite have been
studied experimentally by XAS at both the O K edge (de
Groot et al. 1989; Ma et al. 1993; Mackrodt et al. 1999;
Wu et al. 1997) and at the Fe L,; edges (Cressey et al.
1993; Crocombette et al. 1995; Thole and van der Laan
1988; van der Laan and Kirkman 1992) and EELS at the
same edges (Colliex et al. 1991; Garvie et al. 1994;
Krivanek and Paterson 1990; Paterson and Krivanek



1990; van Aken et al. 1998a,b). In this work, the Fe L3
and O K electron energy-loss near-edge structures (EL-
NES) of an a-Fe,Oj5 single crystal have been investigated
by orientation- and temperature-dependent EELS. We
concentrate here on EELS spectra with an angle between
the incident beam direction k; and crystallographic
c-axis changing from 0° (k;//€) to 90° (k; L €). Since for
T < Ty and for T > T, the magnetization is M/ /¢ and
M 1 ¢, respectively, we are able to study the effect of
momentum transfer ¢ with respect to the orientation of
M on the Fe Ly; and O K edges and to observe MLD in
EELS. Hematite, where the orientation of the magnetic
moments flips by 90° across the Morin transition, pro-
vides a perfect model system to study MLD, since the
observed changes at the Fe L,; and O K ELNES are due
to the change of spin direction directly, without dis-
turbing effects from structural anisotropy. The sign and
magnitude of the observed effect at the Fe L,3 edges are
compared with the corresponding ones obtained in
EELS (Yuan and Menon 1997; Menon and Yuan 1999)
and in XAS (Kuiper et al. 1993) measurements on the
same compound. Furthermore, the Fe L,3 core-loss
edges provide chemical information about the iron oxi-
dation state, where the valence-specific multiplet struc-
tures can be used to determine Fe" /SFe (Garvie and
Buseck 1998; van Aken et al 1998a; van Aken and
Liebscher 2002). The effects of MLD at the Fe L,; edges
on the determination of Fe*" /ZFe in hematite at sub-
micrometre scale using different independent quantifi-
cation methods are demonstrated. For the first time we
have observed MLD at the O K edge, where the mag-
netic origin of this dichroism is demonstrated by tem-
perature-dependent investigations across the Morin
transition temperature.

Experimental

The sample used for EELS investigations was a natural single-
crystal hematite (Tamnau collection, TU Darmstadt). Energy-dis-
persive microanalysis (EDX) and selected area electron diffraction
revealed its pure o-Fe,O; composition, since no other elements
were detected within detection limits. Polished thin sections were
prepared and then thinned to perforation by Ar ion-beam bom-
bardment. To avoid structural damage during preparation, ion-
beam thinning was carried out at an acceleration voltage of 3.0 kV
using a Gatan Pips and a succeeding surface-cleaning procedure at
a relatively low acceleration voltage of 1.5 kV using a Gatan
Duomill.

O K- and Fe L,3-ELNES spectra were collected with a Gatan
DigiPEELS 766 parallel electron spectrometer attached to a Philips
CM12 TEM operating at 120 kV. Due to operating in an under-
saturated mode, the energy spread of the LaBg cathode defined as
full width at half maximum height of the zero-loss peak was 0.6 eV.
Relatively large sample areas (J = 0.5 um in diameter) at low total
probe current (I, = 1 nA) were 1nvest1gated resultmg in a low
electron current den31ty of j = 3x 10* e"(nm® s)”'. The sample
thickness z, as estimated from the low-loss spectra, was approxi-
mately 50 nm for dlfferent areas leadmg to an analyzed volume of
about V. = 7 (@/2)* z = 0.01 pm>. Selected area electron diffrac-
tion (SAED) patterns were used to precisely orient the sample, e.g.
with the incoming electron beam parallel to the [001] hexagonal
axis. In order to perform temperature-dependent measurements,
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samples could be cooled down far below the Morin transition
temperature (7, = 263 K) to ca. 110 K with a Gatan liquid
nitrogen cooling stage.

All spectra were collected in diffraction mode using a 2-mm
PEELS aperture at small convergence oo = 2.2 mrad and collection
p = 3.3 mrad semiangles (Fig. 1). The measurements were per-
formed with an energy dispersion of 0.1 eV/channel and integra-
tion times of = 5 s to 10 s per read out. Further improvements to
the signal-to-noise ratio were achieved by aligning and summing
many (60 to 80) similar spectra. No sign of radiation damage was
observed. Since the EELS spectrum can be described by an inte-
gration over convergence and acceptance angles, « and f§ exert an
important control on the contributions with momentum transfer ¢
from different directions (Menon and Yuan 1998). Thus, the
resulting EELS spectrum always contains a range of ¢ vectors. If ti
is decomposed into_a component parallel to k; (¢,) and one that is
perpendicular to k; (q1), the dichroic information can still be
obtained by collecting two different spectra containing varying
weighting of the contributions from the two ¢ components (Yuan
and Menon 1997, Menon and Yuan 1999). The characteristic
scattering angle 0 is determined by the energy-loss AE and the
energy of the incident electron Ey = 120 keV (Egerton 1996),
yielding 0z =2.44 mrad for AE = 530eV (O K edge) and
0 =3.27 mrad for AE=710¢eV (Fe L; edge). ¢ is the angle
between the incident beam direction and the c-axis of the crystal
(Fig. 1). The parallel weighting fraction o is calculated using Eqs
(9a—) and (10) from Menon and Yuan (1998) and is a function of
the angles o, f3, 0z and ¢. Based on the calculated data presented in
Fig. 2, we estimate that in our experimental O K- and Fe L;-edge
spectra, the contributions with momentum transfer parallel to the
incident beam are about 60 and 70%, respectively.

Data reduction included the correction for dark current and
channel-to-channel gain variation, the subtraction of an inverse
power law background, and the removal of plural scattering con-
tributions by the Fourier-ratio technique for which the low-loss
region including the zero-loss peak and the Fe L, ; and O K edges
were collected under the same experimental conditions from the
same sample region (Egerton 1996). In order to evaluate the effects
of linear dichroism on the temperature and/or tilt-angle-dependent
O K and Fe L; edges, the spectra have been normalized to their
integral intensities in the range 520 to 550 eV and 700 to 730 eV,
respectively.

electron \— k, /
beam

tilt angle

spectrometer entrance
aperture plane

Fig. 1 Scattering geometry for the EELS experiments. The scattering
vector ¢ is the difference vector § = k; — k;, where k; and k; are the
initial and final wave vectors of the high-energy electron. The
projection of g parallel and perpendicular to l;, are plotted by the solid
and dotted line, respectively
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Fig. 2 Parallel weighting fraction w as a function of tilt angle ¢
between the incident electron beam direction k; and the ¢ axis for
experimental conditions with convergence o = 2.2 mrad and collec-
tion ff = 3.3 mrad semiangles: Fe L; edge (—e—e—e—) with 0 = 3.27
mrad, O K edge ( ) with 0z = 2.44 mrad

Results and discussion
Fe Lo3 energy-loss near-edge structure

The Fe L,3 edges are characterized by sharp maxima at
the near-edge region, which are known as white lines.
Although transitions from the Fe 2p to 3d and 4s
symmetry orbitals are allowed by the selection rule of
dipole transition, the probability of transition to the s
orbitals is much lower and the Fe [L,; spectra are
dominated by excitation to Fe 3d orbitals. The spin-
orbit interaction of the 2p core hole splits the Fe 5
(2p3p2) and L, (2p,2) edges by about 13 eV, and p—d
and d-d Coulomb and exchange interactions causes the
multiplet structures within the edges. The L; and L,
white-line intensities are related to the unoccupied
states in the 3d bands (van der Laan and Kirkman
1992).

For hematite with iron in the high-spin state, the
atomic state changes from the 2p®3d° Fe ground state to
the 2p°3d° final state after the excitation of a 2p core
electron. a-Fe,O3 has a characteristic Fe L3-edge-shape
with a prepeak at 708.0 eV leading the main L3 peak at
709.5 eV as in many other [“Fe’ " -containing minerals
(e.g. van Aken and Liebscher 2002). The peaks have
been assigned to 2p — 3d transitions into low-energy #»,
and high-energy e, orbitals using a simple crystal-field
model (Krishnan 1990). In Fig. 3, two Fe L,; spectra
(Ir7, Iry) are displayed, acquired at small convergence
oo = 2.2 mrad and collection f = 3.3 mrad semiangles
(ca. 70% contribution from ¢, components, cf. Fig. 2),
and demonstrating the magnetic origin of the dichroism
in a-Fe,03. The spectra were lneasured with the incident
beam parallel to the c-axis (k;//¢, ¢ = 0°) at low tem-
perature (7= 110 K) below the Morm transition tem-
perature T, where M/ /¢, and at room temperature
(T = 300 K) above T, where M L @ After background

Fe L,,edge

I+, T=110K
k,.€)=0°, Ak, m)=0°

T=300K

oo ey

£|k,.¢)=0°, [k, M)=90°

normalised intensity (arb. units)

710 720
energy loss AE (eV)

Fig. 3 Fe L3 edges of a-Fe,O3 with incident beam direction parallel
k; to the ¢ axis at room temperature with /(k;, M) = 90° (~e—e—e-)
and below the Morin transition temperature with /(k;, M) = 0°
(—). The difference between both spectra is plotted on the same
scale. Transitions from 2p into #,, and e, levels are indicated

subtraction and removal of multiple scattering contri-
butions, the Fe L,3;-edge spectra have been aligned and
normalized to their integral intensities between 700 and
730 eV. If we define the angle between M and ¢ as Q*,
the normalized intensity distribution may be denoted for

=110 K as I;rand for 7= 300 K as Iz7, and can be
expressed in terms of contributions parallel and per-
pendicular to M as a function of the parallel weighting
fraction w as:

Ir(¢"=0") =01, y+(1-0)-1 4z for T<Ty  (la)
IRT((p*:90°):w-ILMJr(l—w)-I//M for T > Ty
(1b)

Here, I i, and 7 perpit A1€ the intensities for incident field
polarizations parallel and perpendicular to the magne-
tization M, respectively. The difference spectrum is then
calculated to

Al = ILT(QD* = 00) — IRT((P* = 900) (2)
=2-0-1)- (I//M_[J_M) )

which is proportional to the MLD (/ /M —.I | M} for the
system. The processed difference spectrum is also shown
in Fig. 3. For obtaining the dichroic signal, the maxi-
mum at the Fe L; edge of the difference curve
Alvax = (I 7 —IRrT)max and the maximum of the summed
spectra (Iz7 + Igr7)max are determined, and the norma-
lized linear dichroic signal (LD) is calculated to:



[ILT((/)* = 00) - IRT(QD* = 900)]max (3)
ULT((p* = 00) + IRT(Q* = 900)]max .

The normalized dichroic signal yields ca. LD = 8% at the
Fe L3 edge of the acquired spectra presented in Fig. 3.
Since the orientation of the sample during this tempera-
ture-dependent 1nvest1gat1on iskept at k; //€(p = 0°)and
the scattering geometry is not modified (o, f = constant),
the strong changes in the spectral shape of the Fe L3
edges are exclusively due to the spin—flip transition in o-
Fe,03. Rescaling of the dichroic signal obtained by EELS
according to Eq. (4) should yield the linear dichroism
observable by XAS:

LD =

()i = 1L p) max _ 1 Uit = IRT )y
(2 o—=1) (It + IRT)max lgpLs

(4)
For the Fe L5 edge, the parallel weighting fraction is @ =
0.7 (cf. Fig. 2), and with LDgg1s = 8% the rescaled LD
has been calculated using Eq. (4), to 20%, which is in
agreement with the observed maximum magnetic linear
dichroism at the Fe L; edge in XAS (Kuiper et al. 1993).
Closer inspection of the normalized Fe L;-edge spectra in
Fig. 3 yields that the low-energy f,, peak of Iy is lower
in intensity than the 1,, peak of /7. The high-energy e,
peak of Iz 1s also lower in intensity but is broader at the
tails than the e, peak of I,7. As a consequence, the
spectral shape of our difference spectrum (Fig. 3) differs
from the data shown in Fig. 3 of Kuiper et al. (1993).
Possible reasons for these diverging observations may be
due to the presence of a longitudinal magnetic field in the
pole piece of the objective lens of the TEM which is on
the order of 1 7. Although this field is smaller than the
local exchange field (Dunlop and Ozdemir 1997), it might
affect and alter the electronic structure and/or the exci-
tation process. Furthermore, the EELS spectra were
measured under non-kinematical conditions with the
electron beam parallel to the [001] zone axis, where
dynamical diffraction and scattering effects are strong
and also could influence the Fe 2p — 3d transitions.
However, Yuan and Menon (1997) and Menon and
Yuan (1999) investigated the linear dichroism of a-Fe,O5
by EELS studying the Fe L,; edges at room temperature
at different convergence and collection angles. Our
results resemble the difference spectrum from Yuan and
Menon (1997) in both sign and size of the dichroic signal.
Next, we turn to the orientation dependence of the
linear dichroism. Figure 4 shows four pairs of Fe L3-edge
spectra and the corresponding difference spectra,
whereat the Fe L; ELNES, measured at different dngles
Q* = Z(k M), are compared to the spectrum with ¢*
0°. For the low-temperature spectra (7= 110 K), one
observes an increase of the maximum difference signal
Al L. With increasing angle ¢*, where Al is deter-
mined as defined in Fig. 3. The dichroic signal Al
further increases and reaches a maximum for the differ-
ence spectrum between I; 7 (¢* =0°) and the room-tem-
perature Fe Ls-edge spectrum with ¢* = 90° measured

(I//M + IJ_M)max X4S
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Fe L, edge

— 110K, 0°
110 K, 40°

— 110K, 0°
....... 110 K, 65°

—— 110K, 0°
"""" 110K, 75°

normalised intensity (arb. units)
o
T

710
energy loss AE (eV)

Fig. 4 Pairs of Fe L;-ELNES spectra and corresponding differences
plotted on the same scale of a-Fe,O3; with various angles (¢* = 0°,
40°, 65°, 75°, 90°) between incident beam direction k; and the
magnetization M. Some of the spectra have been shifted vertically for
clarity

at k;/ /€. Figure 5 presents the evolution of the normal-
ized LD at the Fe L3 edge calculated according to Eq. (3)
as a function of the angle ¢* between k; and M. The data
points follow within their estimated error bars a k
sin’(@*) function, which has been fitted including all data
points. The fitting constant yields & = 0.0756 + 0.0026
with a goodness of fit of r* = 0.96. Since the maximum
dichroitic signal [I (¢ =0° ¢* =0°) — Izz(p =0°,
@* = 90°)] is in accordance with the maximum of the
sin?(¢*) function at ¢* = 90°, the observed variation of
the normalized LD as a function of the tilt angle ¢ is
basically due to changing the orientation of the magne-
tization in the 2p — 3d excitation process. If the only
contribution to the LD is of magnetic origin, one expects
from the calculated parallel weighting fraction (cf.
Fig. 2) a sin” progression. This observation supports the
results from Kuiper et al. (1993) that the contributions
due to natural linear dichroism, in terms of crystal-field-
induced dichroism because of slight deviations from
octahedral symmetry, are definitely smaller than the
contributions due to magnetic linear dichroism.
Subsequence, we focus on the effects of the observed
MLD at the Fe L,; edges on the determination of Fe®*/
ZFe in hematite. At present, quantification of ferrous/
ferric ratios in minerals can be performed by detailed
analysis of the valence-specific multiplet structures at the
Fe L,; ELNES (van Aken et al. 1998a; Garvie and
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Fig. 5 Normalized magnitude of magnetic linear dichroism (MLD) at
the Fe Ls-edge of a-Fe,O5 versus angle ¢* = /(k;, M) between k; and
M. The data points determined from low- and room-temperature Fe
L5 spectra are represented by circles and squares, respectively, and the
fitted k - sin’(¢*) function by the solid line

Buseck 1998; Calvert et al. 2001; van Aken and Lieb-
scher 2002). Here, two different independent methods
are applied for the Fe’*/SFe quantification which has
been described recently (van Aken and Liebscher 2002).
(1) The modified integral intensity ratio of the Fe L,;
white lines is determined by integration over two 2-eV-
wide windows from which the Fe®"/ZFe ratio can be
calculated using the universal curve. (2) A mathematical
description of the Fe L; ELNES by fitting four Gaussian
line profiles and an arctan function, where the relative
integral intensity of the first peak is linearly related to
Fe’*/ZFe. For the first method the maximum absolute
error in the Fe’'/ZFe quantification is about + 0.04
and for the latter about £ 0.03. The effects of MLD
at the Fe L,; edges is discussed representatively for
the spectra I; 7 (¢ =0°, @* =0°) at T <T), and Ipr
(p=0° @*=90°) at T > T;;, where maximum
dichroism is observed.

The modified integral intensity ratio of the white lines
has been determined to I(L3)/I(L>)moa = 8.95 for I+
and I(L3)/I1(L2)moa = 9.70 for Ips, respectively. The
Fe*"/ZFe ratios are then calculated with the use of the
universal curve yielding Fe’*/ZFe(I,7) = 0.93 + 0.04
and Fe’"/ZFe(Izx7) = 1.00 + 0.04. Similar results are
obtained when the Fe L; ELNES spectra I; and Iz are
fitted using the mathematical description method. The
normalized integral intensity of the first peak with
respect to the total integral intensity of all four Gaussian
lines yields I;/ZI = 17.5% for I, and 1,/ZI = 15.0% for
Irr. From these values, the Fe® “/XFe ratio is calculated
using the linear relationship between I;/ZI and Fe'™/
YFe which is shown in Fig. 6 of van Aken and Liebscher
(2002) resulting in Fe® /ZFe(I;7) = 0.96 + 0.03 and
Fe*"/SFe(Iz7) = 1.00 + 0.03. For both evaluation
procedures, the low-temperature Fe L,3 spectra seem to
show lower Fe */ZFe ratios. Since the sample orienta-
tion [p = Z(k,f) = 0°] is the same for /,7 and Igy, the
reorientation of the magnetization M and the concom-

itant change of the spectral shape across the Morin
transition is responsible for the differences in the calcu-
lated Fe’'/ZFe ratios. For the Fe L; edge and the
scattering geometry used in our experimental setup,
the contributions with momentum transfer parallel to
the incident beam are about 70%. This means that at
low temperature (7" < T),), the Fe L3 ELNES consists
of 70% of the signal parallel to ¢ and consequently
parallel to M(I 47) and 30% perpendicular to M(1 ;).
On the other hand, at temperatures above T, where
M L ¢ 70% of the signal consists of I ,; and 30% of

In the absence of any crystal-field-induced
({whroism, as has been pointed out before, the isotropic
Fe L3-edge spectrum of hematite should be then given by
Iiso :% M +2 51 4 This situe_ltion reseml?les .the
room temperature spectrum with nearly identical
weighting fractions for 1//M (1/3 vs. 30%) and 1, 5; (2/3
vs. 70%). Since the investigated hematite sample has
pure a-Fe,O; composition (see section Experimental), all
iron cations are in the Fe®* state. The analysis of the Fe
L>; ELNES measured at room temperature yields Fe>/
ZFe = 1.00, which confirms the hypothesis above that
Ip7 is equal to [,.

From these findings, it is obvious that MLD at the Fe
Lo; edges has an effect on the method of how the Fe® ¥/
XFe ratios are determined. Nevertheless, anisotropic
effects and orientation dependence of Fe L,; ELNES
spectra, like natural linear dichroism in brownmillerite
(Gloter et al. 2000), can be minimized. Therefore, great
care has to be taken in setting up the scattering geometry
in terms of convergence and acceptance angles, and tilt
angle between the principal axis and the incident beam
direction. This topic has also been discussed extensively
by several authors (Menon and Yuan 1998; van Aken
and Liebscher 2002).

O K energy-loss near-edge structure

The O K edges result from an excitation of an O 1s core-
level electron into empty states with O p symmetry. The
near-edge structures arise from hybridization of the O 2p
with Fe 3d and Fe 4sp states, which introduces O p
character in unoccupied states of mainly Fe character
(de Groot et al. 1989). Figure 6 shows the O K-edge
spectrd of a-Fe,O3; measured at 7= 110 K (/;7) and

= 300 K (Ig7). The orientation of the sample was kept
at k;//é The spectra were acquired with o = 2.2 mrad
and f = 3.3 mrad, yielding ca. 60% contribution from
¢, components (cf. Fig. 2). After the first data reduc-
tion, the spectra have been aligned and normalized to
their integral intensities between 520 and 550 eV. One
can divide the spectra in two regions: the first region is
usually called the pre-peak region, where two compo-
nents separated by 1.3 eV between 527 and 532 eV are
observed. These features reflect transitions to anti-
bonding O 2p states hybridized with Fe 3d states, and
are interpreted as the #,, — e, symmetry bands separated
by the ligand-field splitting (de Groot et al. 1989). The



second region consists of a strong feature at about
540 eV with weaker shoulders at the low- and high-
energy sides of the feature. The structures in this region
are mainly due to covalent mixing of O 2p — Fe 45 and O
2p—Fe 4p states (de Groot et al. 1989).

The processed difference spectrum I;7—Izr is also
shown in Fig. 6. In the first region, a normalized residual
dichroic signal with a peak intensity of approximately
LD = 6% of the acquired spectra is observed, whereas in
the second region the low- and high-temperature O
K-edge spectra agree perfectly in intensity distribution,
resulting in a zero dichroic signal. The sign and spectral
shape of the dichroic signal in the first region coincides
with and matches the corresponding observed dichroic
signal at the Fe L3 edge (cf. Fig. 3). Since the only
variable parameter was the temperature and concomi-
tantly the direction of M with respect to ¢, the changes in
the spectral shape of the pre-edge feature are exclusively
due to the reorientational Morin transition, without
disturbing effects from structural anisotropy, demon-
strating the magnetic origin of the observed linear
dichroism at the O K edge in a-Fe,O3. To our know-
ledge, magnetic linear dichroism in O K EELS spectra
has not been reported yet.

What is the mechanism of the observed MLD at the
O K edge? In hematite, the magnetic structure consists
of antiferromagnetically coupled alternating (001) lay-
ers of spin up and spin down Fe*" ions (Banerjee 1991;
Dunlop and Ozdemir 1997), while in a given layer the
spins are aligned ferromagnetically parallel to one an-
other. The d-shell electrons of a Fe’" jon (first iron

— 110K, 0°
—~— 300 K, 90°

normalised intensity (arb. units)

difference

530 540
energy loss AE (eV)

Fig. 6 O K edges of o-Fe,O; measured at Z(I;[,E') =0° and
T=300K (-e—e-e), where /(k;,M)=090°, and at T=110K
(—), where /(k;,M) = 0°. The difference between both spectra is
plotted on the same scale. The f,, and e, features of the O K-edge
pre-peak are indicated
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layer) with one type of spin (up) orientation are coupled
through the 2p electron orbit of an O~ jon (interme-
diate oxygen layer) to the opposite type of spin orien-
tation (down) of another Fe’" ion (next-neighbouring
iron layer). This phenomenon is called magnetic
superexchange (Anderson 1959), because the coupling
of the Fe 3d spins takes place via virtual excitations
involving an intermediary O*~ ion. The hybridization
between the Fe 3d and O 2p states can be described in
terms of a molecular-orbital picture. As the e, orbitals
point towards the oxygen ligands, resulting in a strong
overlap with the O 2p orbitals (forming ¢ bonds), the O
2p-Fe e, hybridization is stronger than the O 2p-Fe 15,
one, since the f,, orbitals are not directed towards the
O 2p orbitals (forming = bonds). The Fe*" ion has five
d electrons. In an octahedral environment, two of these
electrons singly occupy the Fe e, orbitals, d.» and d,>_,2,
and three electrons occupy the Fe 15, orbitals, d,,d.
and d,., so that there are two e, and three #,, holes on
iron. Due to Fe 3d-O 2p hybridization, the change of
the density of hole states and its symmetry upon heat-
ing or cooling the sample above (M L ¢) or below
(M//€) the Morin temperature is reflected not only in
magnetic linear dichroism at the Fe L,; edges but also
in MLD at the pre-edge feature of the O K edge. In an
earlier paper, Mackrodt et al. (1999) described the
possibility of using the O K-edge absorption spectra as
a fingerprint of the magnetic structure. Their findings
resulted from comparison of the experimental X-ray
absorption O K-edge spectrum of hematite with a
theoretical spectrum obtained from all-electron ab
initio periodic Hartree-Fock calculations. Here, we
present for the first time that O K-edge spectra are
sensitive to temperature-dependent magnetic transitions
in hematite.

Conclusions and summary

We have demonstrated by temperature- and orientation-
dependent investigations of the Fe L,3; and O K edges of
hematite in electron energy-loss spectroscopy that
magnetic linear dichroism can be strong in antiferro-
magnets. The reversal of the dichroism at the Morin
temperature caused by the spin-flip transition in Fe,O3
convincingly shows that the observed dichroism is
indeed mainly related to the orientation of the magne-
tization, and effects through natural linear dichroism are
negligibly small. The magnitude of the dichroitic signal
amounts to LDggrs = 8% of the maximum peak inten-
sity at the Fe L; edge. The rescaled LDggrs/(2'w — 1)
with respect to the parallel weighting fraction w = 0.7 is
in perfect agreement with the observed maximum mag-
netic linear dichroism at the Fe L; edge in X-ray
absorption spectroscopy LDxas = 20%. We have shown
that MLD at the Fe L,3; edges has an affect on the
method of how Fe’ Y/ZFe ratios are determined. There-
fore, great care has to be taken to minimize anisotropic
effects and orientation dependencies of Fe L,3; ELNES
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spectra by using an experimental scattering geometry
with which isotropic spectra can be measured.

For the first time, magnetic linear dichroism is
observed at the O K pre-edge features of hematite. The
sign and magnitude of the dichroitic signal at the O K
edge agrees with the observed dichroism at the Fe 5
edge. Since the antiferromagnetic order of iron ions is
due to superexchange coupling involving intermediate
oxygen ions and the O 2p orbitals are strongly hybrid-
ized with Fe 3d orbitals, the change of the unoccupied
Fe 3d density of states due to the spin-flip transition is
projected on the unoccupied O 2p density of states.
Nevertheless, for an unambiguous interpretation of the
observed MLD at the O K edge, the experimental
spectra should be compared to theoretical calculations.
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