PHYSICAL REVIEW B 77, 064407 (2008)

Influence of crystal field on anisotropic x-ray magnetic linear dichroism at the Co** L,; edges
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We expand the previous theoretical treatment for the strong anisotropy of the x-ray magnetic linear dichro-
ism (XMLD) in a crystal field of cubic point-group symmetry to the more general case of tetragonal point-
group symmetry. For the cubic symmetry, there are only two fundamental spectra, which have the same shape
for rotation of either linear light polarization E or magnetization direction H. For the tetragonal symmetry, the
XMLD is a linear combination of four fundamental spectra, with a different shape for linear dichroism
(rotation of E) and magnetic dichroism (rotation of H). However, only one extra spectrum is required to relate
the linear and magnetic dichroism. The validity of the theory is demonstrated using a CoFe,04(011) thin film
on SrTiO3, which has both tetrahedrally distorted symmetry and large magnetic anisotropy. The XMLD at the
Co L, 5 edges was found to exhibit a strong dependence on the relative orientation of external magnetic field,
x-ray polarization, and crystalline axes. The large variations in the peak structure as a function of angle are not
caused by the spin-orbit-induced magnetocrystalline anisotropy but arise from the symmetry of the measure-
ment geometry. The results are compared with calculated spectra using atomic multiplet theory for Co?* d’
—2p°d® in octahedral and tetragonal crystal field symmetry. Although the magnitude of the dichroism is
strongly influenced by the temperature, its spectral shape remains largely unaffected. The measured fundamen-
tal spectra are also robust against incomplete magnetization. The influence of the tetragonal distortion is
revealed by small differences between the linear and magnetic dichroism. It is shown that the magnetic
dichroism spectra can be transferred from CoFe,0, to CoO. Therefore, the rich structure in the Co?* Ly XMLD
provides a sensitive probe to determine the orientation of the spin axis with respect to the crystalline axes,
hence offering a valuable tool for experimentalists for the study of exchange bias in Co oxides. In contrast, the
Co?* L, edge, where the fundamental spectra have similar spectral shape but with opposite sign, does not allow

an unambiguous determination.
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I. INTRODUCTION

Magnetic moments in antiferromagnetic materials are ar-
ranged in two sublattices that compensate each other per-
fectly. They hence have no macroscopic magnetization and
are not sensitive to moderate external magnetic fields. This
provides the ability to fix or “pin” the orientation of a ferro-
magnetic film by exchange coupling to an antiferromagnet,'-?
which has found widespread use in magnetic data-recording
devices. However, the vanishing magnetization also renders
antiferromagnets a difficult class of materials to study, not
accessible to element-specific probes such as x-ray magnetic
circular dichroism (XMCD). Soft x-ray magnetic linear di-
chroism (XMLD) has been developing into a powerful tool
to study the magnetic order in antiferromagnetic materials
down to the microscopic level.? In a typical XMLD experi-
ment, the difference in x-ray absorption (XA) of linearly
polarized x rays with parallel and perpendicular orientation
of light polarization and magnetization axis is determined.
XMLD is sensitive to uniaxial magnetic order, so that ferri-
and antiferromagnetic materials as well as ferromagnetic sys-
tems can be probed.*> Using the sum rules,>” XMLD also
offers the possibility to determine the anisotropy of the spin-
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orbit interaction, which is proportional to the magnetocrys-
talline anisotropy energy.

Until recently, it was commonly assumed that the spectral
shape and magnitude of the XMLD signal are solely deter-
mined by the relative orientation of magnetic moments and
polarization vector of the light. In studies in the literature it
is common to find that the orientation of moments and po-
larization relative to the crystal lattice is not specified unam-
biguously, e.g., while the angle to the surface normal is
noted, the in-plane angle is not.8? Recently, however, it has
been observed that a change of the relative orientation of
spin axis and x-ray polarization with respect to the crystal-
lographic directions leads to large differences in the XMLD
spectrum'®'*—and in some cases even to a complete rever-
sal of this spectrum. The measured anisotropy in the XMLD
of localized systems obeys the angular dependence of the
lattice!! and has been successfully described using multiplet
calculations for the Mn L, ; edges in (Mn,Ga)As,'* Fe L, ;
edges in Fe;04,'" and Ni L, 5 edges in NiO and NiFe,0,.

Besides the above mentioned near-cubic systems, other
more complicated systems would strongly benefit if they
could be studied by anisotropic XMLD. Compared to Fe and
Ni oxides, the large magnetic anisotropy and tendency for
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tetragonal distortion of Co oxides provide additional chal-
lenges in the study of XMLD. Therefore, in order to inves-
tigate these systems, it is necessary to generalize previous
results obtained for cubic symmetry. The extension to lower
symmetry, which is the subject of this paper, not only allows
us to obtain a satisfactory description for Co®*, but also pro-
vides deeper insight into the origin of the anisotropic
XMLD.

Ferrimagnetic CoFe,Q, is attractive for magnetic record-
ing applications, and has been successfully integrated as
the pinning layer in spin valve structures and spin filters
with large magnetoresistance.'>™'® The Co spinel exhibits
a high magnetocrystalline anisotropy and a large
magnetostriction.'®?? Recent band-structure calculations
also suggested a half-metallic character.?*

CoO is a rocksalt antiferromagnetic insulator with a Néel
temperature of ~291 K,? below which it undergoes a tetrag-
onal contraction. CoO has a large orbital magnetic moment
and spin-orbit coupling,?® so there is a strong coupling be-
tween spin and lattice, giving rise to a large magnetic aniso-
tropy. Thin films and granular layers of CoO are widely used
as antiferromagnets for exchange bias.?’-33 Brillouin light
scattering showed that the magnetic anisotropy is related to
the crystallographic symmetry of the ferromagnetic and an-
tiferromagnetic layers.*

None of the spintronics results may be properly under-
stood without knowing beforehand the structural, chemical,
and magnetic properties of the materials involved. The in-
tense current interest in the magnetic properties of CoFe,O,
and CoO indicates that a thorough analysis and detailed the-
oretical understanding of the Co** XMLD is timely and es-
sential. We will show how the XMLD at the Co L, ; edges
can be used as a powerful tool to determine the orientation of
the spin axis in CoFe,04 and CoO. The big advantage of
studying the ferrimagnet CoFe,O,, instead of the antiferro-
magnet CoO, is that in the ferrimagnet the magnetization
direction can be manipulated using an external magnetic
field, allowing clear separation of the magnetic and nonmag-
netic contributions to the XMLD signal.®

The outline of this paper is as follows. Experimental de-
tails are described in Sec. II. General expressions for the
XMLD are presented in Sec. III, describing its angular de-
pendence in tetragonal and cubic crystal field symmetry, and
discussing the difference between rotation of the light polar-
ization (i.e., linear dichroism) and the magnetization direc-
tion (i.e., magnetic dichroism), the relation to the magnetic
anisotropy, and the effect of nonsaturated magnetization. The
calculation of the fundamental spectra for the Co** Lys
edges is treated in Sec. IV, together with the temperature
dependence of the dichroism. Practical and wider applica-
tions and the way to determine the direction of the spin axis
are discussed in Sec. V. Conclusions are drawn in Sec. VI.

II. EXPERIMENT

Epitaxial CoFe,0, films, 40 nm thick, were deposited on
SrTiO5(011) single substrates by pulsed laser deposition at
450 °C in 107® Torr vacuum. CoFe,0, (¢=8.36 A) is under
compressive strain from the substrate (a=3.91 A). Strain ef-
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fects combined with the magnetocrystalline contribution to
the magnetic anisotropy give rise to an easy [100] and hard

[011] direction in these films.3S Our films exhibit good crys-
tallinity as observed by x-ray diffraction and Rutherford
backscattering spectroscopy.

The XMLD experiments were performed on beamline
4.0.2 at the Advanced Light Source,? providing linearly po-
larized x rays with polarization direction continuously tun-
able through a 90° range and a degree of polarization of
(99+1)%. The eight-pole resistive magnet employed for
these experiments allows applying magnetic fields up to
0.8 T in any direction.’” All spectra were obtained by moni-
toring the sample drain current, i.e., in electron-yield mode,
in normal incidence at 7=420 K in external fields of 0.55 T.
At lower temperatures the available external fields are not
sufficient to align the Co moments even along the easy mag-
netization direction [100]. In order to increase the electron-
yield signal, the magnetic field was turned slightly out of the
sample surface plane. Since this is a hard magnetic axis for
the CoFe,0, thin film, this barely influences the orientation
of the magnetic moments.

The Co L,; XA, XMCD, and XMLD spectra measured
for CoFe,0,/SrTiO5(011) are plotted in Fig. 1. The mea-
sured XA and XMCD are in good agreement with previously
reported results.3®3? The spectral shape of the XMCD did not
show a conspicuous angular dependence, in accordance with
earlier measurements of 3d transition metals in cubic
symmetry.*® On the other hand, the experimental XMLD
spectra, [y, 145, and 13345, i.e., the XMLD spectra measured
for ¢=0°, 45°, and 90° [the precise definition is supplied by
Eq. (Ib) of Sec. III], show huge changes in the spectral
shape.

III. THEORY
A. Definition of the geometry

Since there are many different ways to choose the geom-
etry of the XMLD experiment, this concept requires a de-
tailed and precise description. We also need to make a con-
venient choice of coordinate system in order to be able to
write down concise analytical expressions.

Taking an orthogonal coordinate system along the crystal
axes x[I[010], ylI[001], and zII[100], we define a spherical
polar coordinate system with the polar axis along z. An arbi-
trary direction has a polar angle ¢ with respect to the
zII[100] axis and azimuthal angle 6 with respect to the zx
plane [=(001) plane]; see Fig. 2 for a schematic drawing.

The underlying idea is that € defines the plane of orien-
tation, which contains both the linear polarization direction
E of the x rays and the magnetization direction H of the
applied field [cf. Eq. (1) below]. Hence 6 is a fixed angle for
a given measurement plane, e.g., #=0° and 45° correspond
to the (001) and (011) planes, respectively. For practical ex-
perimental reasons the plane of orientation will normally be
parallel to the sample surface plane, as is the case in this
paper.

Regarding the notation, the angle ¢ is here defined in the
same way as in Ref. 10. In Ref. 11 we used ¢g, but we omit
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FIG. 1. (Color online) Co Lys XA, XMCD, and XMLD spectra
(Io, Is, and 155*) measured from CoFe,0,/SrTiO5(011). Experi-
mental spectra (black dots) obtained at 7=420 K and H=0.55 T.
Calculated spectra (red curves), also shown in Fig. 4. The intensities
are on an arbitrary scale. The mean spectrum (/y+145)/2 (blue dots)
obtained from the measured I, and /45 spectra is shown for com-
parison to the Ig(=)45 spectrum. The thin dashed vertical lines (green)
are an aid to compare the various features in the L3 edge across the
different spectra. The inset depicts the experimental geometry. The
linear polarization of the x rays (white double-headed arrow) makes
an angle ¢ with the [100] axis (dashed arrow) of the sample. The
XMLD is the difference spectrum between two perpendicular ori-
entations of the external magnetic field (black double-headed ar-
rows), i.e., [,=Ixa(E 4, Hp)=Ixa(E 4, Hyo0) in the (011) surface
plane.

here the subscript S, indicating the sample rotation, which is
redundant since we do not treat any other geometry than
what is called geometry 3 in Ref. 11. In contrast to Ref. 11
we specify the plane of orientation by the angle 6, instead of
the lattice indices. This has the advantage that the geometric
part of the expression for the XMLD contains only angular
variables, making the formulas easy to handle.

The XMLD is the difference between two XA spectra
measured with different orientations of H and E in the plane
of orientation. Either E or H is rotated by (preferably) 90°
between the two successive XA measurements, leading to
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Z [ [100]

FIG. 2. (Color online) Definition of the measurement geometry.
In the right-handed orthogonal coordinate frame of the crystal with
x[I[010], ylI[001], and zlI[100], we define a spherical polar coordi-
nate system with the polar axis along z. A vector Py, [red (gray)
solid arrow] has polar angle ¢ with respect to the z axis and azi-
muthal angle 6 with respect to the (001) plane (=zx plane). Also
drawn is a vector Pyq00 o [red (gray) dotted arrow]. These two
vectors define a plane of orientation (vertically dashed plane) with
fixed azimuthal angle 6, e.g., 6=0° and 45° correspond to the (001)
and (011) planes, respectively. The linear dichroism (LD) is
obtained by rotating E as  [ip(¢,0)=Ixa(Ey . Hy )
—IxA(E4.100,9.Hy, g). The magnetic dichroism (MD) is obtained by
rotating H as Iyp(¢, 0)=Ixa(Ey, g, Hy, o) = Ixa(E g, 9, Hpr00,0)-

either linear dichroism (LD) or magnetic dichroism (MD),
respectively,

Iip(h, 0) = IxaA(Ey 0. Hy g) = IxaA(Egi00.9.Hy g),  (12)

IMD(¢’ 0) = IXA(E¢,(9,H¢,0) - IXA(E¢,0,H¢+90,a)a (1b)

where the indices refer to the polar and azimuthal angles. For
the measurements shown in Fig. 1, the XMLD signal is ob-
tained as in Eq. (1b). For each different XMLD spectrum in
this geometry (see inset to Fig. 1) the sample is rotated to an
angle ¢ (between E and [100]) about the surface normal,
[011], which corresponds to a plane of measurement with 0
=45°. The XMLD is then the difference of the XA spectra
measured with H parallel and perpendicular to E, respec-
tively.

Finally, we note that E and H act in the case of XMLD as
axial vectors, which are invariant for inversion, i.e., Py,
=P g0-4,0+180- Also, when zx is a mirror plane of the crystal
we have P, ,=P,_, and active and passive rotations over 6

give the same result, so that the (011) and (011) planes are
equivalent.

B. Group-theoretical background

We provide here an abstract description of the decompo-
sition of the XMLD in a set of fundamental spectra. The
analytical expressions for the angular dependence in a crystal
field of tetragonal and octahedral point-group symmetry that
are given in Secs. III C and III D are a special consequence
of this, but can also be understood without going into the
group theory.
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The XMLD signal can be represented by a sum over mul-
tipole tensors,*'*2 where in the case of valence d electrons,
orbital tensors up to rank 4 influence the spectral shape.*’
However, angular momentum conservation in the photon ab-
sorption process restricts the rank of the multipole tensors in
the angular-dependent measurement.** The angular depen-
dence of the XMLD spectrum due to rotation of a vector,
such as the polarization vector of the light or the magnetiza-
tion direction, can be described by a tensor of rank k=2, i.e.,
a quadrupole tensor with 2k+1=5 components. The higher-
order angular dependence can be measured using electric-
quadrupole radiation, which, however, has a very low cross
section in the soft x-ray region, and for this reason will be
neglected. In the following we discuss the angular depen-
dence of the XMLD in the point-group symmetry* of the
absorbing atom, which is justified since the x-ray absorption
process from a core level is localized around a single atomic
site. While the magnetization has long-range order, it is the
local magnetic moment that is measured in XMLD.

In spherical symmetry and in cubic crystal field symmetry
there is no quadrupole moment and no magnetization direc-
tion, hence there is no XMLD. Breaking the spherical sym-
metry along an arbitrary direction by a magnetic field gives a
distinct quantization axis, which allows one component of
the quadrupole moment to be nonzero. (This component cor-
responds to the total symmetric representation 0 in SO, sym-
metry.) This results in one fundamental spectrum for the
XMLD. As one is free to choose the direction of the quanti-
zation axis, the XMLD does not depend on the magnetiza-
tion direction, and rotating the coordinate frame does not
change the fundamental spectrum.

In the case of a cubic crystal field, distinctly different
measurements can be taken along the fourfold and the three-
fold symmetry axes, which gives nonzero components of the
quadrupole moment corresponding to the irreducible repre-
sentations E and T,, respectively. In D, crystal field symme-
try there are four different irreducible representations: E (cu-
bic) splits into A; and B, and T, (cubic) splits into E and B,.
Each representation has a corresponding fundamental spec-
trum.

The XMLD spectrum measured in arbitrary geometry can
be written as a linear combination of the fundamental spec-
tra,

]XMLD(h v, d)’ 0) = 2 an(d’» a)ln(h V) ’ (2)

where the angular and energy dependence is contained in the
angular coefficients a,(¢,0) and the fundamental spectra
I,(hv), respectively. n is the number of fundamental spectra
of the XMLD, which depends on the symmetry of the crys-
tal, i.e., 1, 2, and 4 for SO,, O, and D, symmetry, respec-
tively. The angular dependence is furthermore dependent on
the specific measurement geometry. Expressions for various
measurement geometries in cubic symmetry have been given
in Ref. 11. The measurement geometries for the linear di-
chroism and magnetic dichroism, defined in Egs. (la) and
(I1b), respectively, are the same but with E and H inter-
changed. The angular dependence for LD and MD is in this
case the same. [We will use the subscript XMLD if we do
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not make an explicit distinction between LD and MD, such
as in Eq. (2).] However, the spectral shape of the fundamen-
tal spectra is not necessarily the same for LD and MD (see,
Sec. IITE). Also, the shape of the fundamental spectra sen-
sitively depends on the electronic structure and composition
of the material as well as on external factors such as tem-
perature. These spectra can be calculated using a suitable
model such as band-structure theory for itinerant systems or
multiplet theory for localized materials (see, Sec. IV).

C. Tetragonal crystal field

We give here expressions for the case of D, crystal field
symmetry, where the fourfold axis is along the z axis, which
lies in the plane of orientation. Thus this allows us to use any
plane of orientation that contains the [100] axis. The geom-
etry is defined in Sec. IIT A and shown in Fig. 2.

We will start by assuming that the sample magnetization
is saturated, i.e., that its direction is parallel to the applied
field. The noncollinear case will be treated in Sec. III G. The
angular dependence of the linear dichroism and magnetic
dichroism, as defined by Egs. (1a) and (1b), respectively, is
the same, and is given by

1 1
Ixmip( ¢, 6) = Z[lo + 25+ Ioo(0)] + 5[10 —Iyo(6)]Jcos 2¢
+ ‘l—t[lo — 2145+ Iog(6) ]cos 4 ¢, (3)

which resembles Eq. (10) for the (011) plane in Ref. 11.

The 1, 1,5, and Iy)(6) are defined as the XMLD spectra
for ¢=0°, 45°, and 90°, respectively. Due to the D, symme-
try condition, x=y # z, the [, and I5 spectra are independent
of 6. It then remains to know the azimuthal dependence in
Eq. (3), which is given by

1 , -
Ioo(0) = [3155° + L5 + (155" = I35)cos 4. (4)

This equates for the (001) and (011) planes to 190(0)=I9‘9§0
and 190(45)=§(15*50+11§), respectively, where we define

L5 = IxaA(Egg 45.Hog 45) = Ixa(Egg 45, Hog 135) - (5)

Thus, while /5 is the XMLD with ¢=45° in the plane of
orientation, [} is the corresponding XMLD in the xy plane.
Note that /5 belongs to the twofold-degenerate representa-
tion containing £§ and I55. To pick up the connection to
group theory, the fundamental spectra Iy, 15,0, Is, and F3
correspond to the representations A;, By, E, and B,, respec-
tively, of the D, symmetry group.

D. Octahedral crystal field

The case of cubic symmetry can be directly derived from
that of D,, with Eq. (3) being equally applicable. Taking the
three coordinate axes equivalent means that 19650:10 and I}
=1,5, which simplifies Eq. (4) to
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1
Ioo(6) = Z[3lo+145+ (Io = Iys)cos 44], (6)

which for the (001) and (011) plane gives Iy)(0)=1I, and
190(45)=%(10+I45), respectively. This confirms that for cubic
symmetry there are only two fundamental spectra I, and Iys,
which correspond to the representations E and T, respec-
tively, of the octahedral symmetry groups (e.g., O, O,, T,
Td)'

The angular dependence of the XMLD in cubic symmetry
can be elegantly rewritten as

Iivip(,0) =[1 —al($, 0)1y+ a(p, O)1s, (7)

where the angular-dependent coefficient a(¢, 6) obtains the
forms

a(¢,45) = %(3 cos 2¢ + 4)sin® ¢, (8a)

a(¢,0) = %(1 —cos 4¢) (8b)

for the (011) and (001) planes, respectively.

This different way of presenting the results previously
reported in Ref. 11 makes it more obvious that in the case of
a known plane of orientation we can use the single parameter
a(¢, ) to fit the experimental spectra. The goniometric func-
tions in Eq. (8) restrict the parameter range to 0<a(¢,45)
=<1.021 and 0<a(¢,0)<1. Thus the coefficients of the I,
and I45 terms in Eq. (7) are always positive, with the excep-
tion that [1-a(¢,45)] is only slightly negative near ¢
=49.8°. The benefit of this restricted parameter range for
fitting the experimental spectra will be discussed in more
detail in Sec. V A.

Note furthermore that for the [111] direction, where ¢ is

at the magic angle in the (011) plane, Eq. (8a) gives
a(54.7,45)=1, so that Ixy p(54.7,45) =15, which thus gives
the same spectrum as Ixyyp(45,0).

E. Comparison between linear and magnetic dichroism

No distinction was made in Secs. III C and III D between
rotation of E or H. Indeed, Egs. (3)—(8) are valid in both
cases. However, in D, symmetry the fundamental spectra
have generally a different shape for rotation of E and H.

In systems that are noncubic the dichroism can have con-
tributions from both the charge and magnetic anisotropy, so
that rotation of H and E will lead to different results, which
inevitably means that extra fundamental spectra are needed
to describe this difference. However, the LD and MD spectra
are not completely independent of each other. It can be
shown that for D, symmetry, taking the fourfold axis along
the z axis, the difference between the linear dichroism and
magnetic dichroism, obtained by rotating E and H, respec-
tively, results in

Ip(¢, 0) — Lyp(¢h, ) = (I5° - I§™)cos 2, )

where the right-hand side is independent of 6. If the linear
dichroism contains contributions from both magnetic and
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FIG. 3. Experimental Co L,3; XMLD spectra [, for
CoFe,0,/SrTiO3(011) obtained at T7=420 K and H=0.55 T. Rota-
tion of (a) the light polarization I5°=1Ixx(Eg,Hy)—Ixs(Egq, Hp),
and (b) the magnetization I§=IxA(Eg,Hg)—Ixa(Eg,Hop). The
strong reduction in the intensity for rotation of H is due to the
incomplete magnetization saturation [see Eq. (12)].

charge anisotropy then I(L)D¢13’ID. The consequence of Eq.
(9) is that only one extra spectrum, i.e., 13"—13“’, is needed
to obtain the angular dependence of the magnetic dichroism
from that of the linear dichroism (or vice versa). It also fol-
lows from Eq. (9) that

I3 =115 (10)
and
IP+ Iy =1y"° + I
= Ixa(Eq, Hy) + Ixa(Egg, Hog) — Ixa(Egp, Hp)
— Ixa(Eg,Hy) (11)

for any 6.

In the case of cubic symmetry, Ixa(Eqq,Hgg)
=Ixa(Eg9,Hp ), so that rotation of either E or H from the
[100] to the [010] direction results in the same XMLD, i.e.,
I;°=I)". Substitution of this relation into Eq. (9) gives
I p(¢, 0)=Iyp(e, 6). Thus in cubic symmetry the fundamen-
tal spectra are the same for linear and magnetic dichroism.
The reason for this is clear: since there is no charge quadru-
pole moment in cubic symmetry, the linear dichroism is en-
tirely due to the magnetic dichroism.

Comparison of the XMLD for rotation of E and H allows
us to assess the influence of the charge anisotropy due to
noncubic symmetry. Rotation of H does not probe the charge
anisotropy, since the orbitals are fixed to the lattice. Rotation
of E probes both the charge anisotropy and the magnetic
anisotropy. Figure 3 shows the experimental Co L, 3 XMLD
spectra I5° and I)'° for CoFe,0,/SrTiO;(011) measured at
T=420 K and H=0.55T. For rotation of H the signal is
reduced by about an order of magnitude due to the incom-
plete magnetization saturation (see, Sec. III G). For H at 90°
(along the hard [011] direction) the sample magnetization
makes an angle 7=~20° with the [100] direction. There is a
small difference in the line structure between the normalized
IBD and IgAD spectra, which reveals the presence of charge
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anisotropy; however the cubic model should still be a rea-
sonable approximation.

F. Relation to the magnetic anisotropy

The XMLD is of second order in the magnetization.
Hence, in cubic symmetry the anisotropic XMLD would not
directly measure the magnetocrystalline anisotropy, which in
a cubic crystal is of fourth (and higher) order in the
magnetization.*® Also, since the 3d orbitals are fixed to the
lattice, the charge quadrupole moment and the anisotropic
spin-orbit interaction vanish in cubic symmetry. In lower
than cubic symmetry these LS-coupled tensors give a contri-
bution to the integrated XMLD intensities of the L5 and L,
edges, which can be related by sum rules to the ground-state
expectation values of these tensors.” However, the inte-
grated intensities are usually very small, and much harder to
measure than the huge changes in positive and negative peak
structures. These derivativelike spectral structures of the
XMLD primarily originate from the spin and orbital mo-
ments, as has been shown by moment analysis.*?

The anisotropy in the XMLD disappears when the crystal
field interaction is set to zero, as discussed in Sec. III B.
However, with a crystal field this anisotropy remains in the
absence of 3d spin-orbit interaction. A similar observation
was made by Kune§ and Oppeneer'? for itinerant 3d metals.
While this effect was dubbed “huge magnetocrystalline an-
isotropy of the XMLD,”'347 it would be more appropriate to
refer to this phenomenon as a huge magneto-optical aniso-
tropy.

Although so far no quantitative analysis has been at-
tempted, it would be surprising if the magnetocrystalline an-
isotropy energy (MAE), which is of the order of a few
peV/atom in metallic systems, is the origin of the large an-
isotropy in the XMLD. Recent measurements by Kuch et
al.*’ showed that a Co thin film with low MAE gives very
similar XMLD line shapes as observed for Co thin films with
high MAE.” While going from itinerant to localized materi-
als the magnitude of the XMLD increases, measurements
show that the anisotropy in the XMLD has a similar size in
CoFe,0, as in Fe;0, (Ref. 11) and NiFe,0,,'? despite the
fact that the MAE is much larger in CoFe,O,. These obser-
vations clearly indicate that the magnetocrystalline aniso-
tropy is not the determining factor for the anisotropy in the
XMLD, which instead arises due to geometrical effects,
where the anisotropy in the XMLD scales with the strength
of the crystal field. A larger crystal field distortion results in
a larger change among the fundamental spectra. An average
size crystal field (~1 eV) in 3d transition metal oxides gives
changes in the anisotropy on the order of the XMLD spec-
trum itself.

G. Nonsaturated magnetization

For application to systems with strong magnetic aniso-
tropy it is necessary to discuss the robustness of the mea-
sured fundamental spectra for incomplete magnetization
saturation. While the angle between the applied field H and
[100] is ¢, in a nonsaturating field the angle between the
sample magnetization M and [100] will be 7# ¢. The angle
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|- 7| between M and H increases from zero to a maximum
value when H rotates from an easy to a hard direction. Fur-
thermore, |¢— 7| decreases with increasing magnetization and
goes to zero for a saturating field. The XMLD for M at the
angle 7 will be a different linear combination of fundamental
spectra than at the angle ¢, so that the spectral shape of the
XMLD changes when the magnetization is reduced from

saturation. For the measurements in the (011) plane (i.e., 6
=45°) with the easy axis along [100] the Iyp(¢) can be
written as

Iyp(0) = I(Eg,My) = I(Eo,M.) = I,sin®> 7,  (12a)

Iyp(90) = I(Egp, M, — I(Egy,Mg9) = Iy sin® 7, (12b)

Iyp(45) = (Ey5,M,) — I(E45,Mg_,) = s sin 27,  (12c)

where 7in Egs. (12a) and (12b) is the angle of M when H is
along ¢=90° and 7in Eq. (12c¢) is the angle of M when H is
along ¢=45°.

Equation (12) shows that, for a nonsaturated sample mag-
netization, the XMLD spectra measured with H along ¢
=0°, 45°, and 90° correspond to the respective fundamental
spectra 1, I45, and 13545, multiplied by a magnetization-
dependent scaling factor. This important result allows us to
obtain the anisotropic XMLD also for samples with very
large anisotropy, such as the Co oxides. It demonstrates that
in this particular geometry the degree of sample magnetiza-
tion does not influence the shape of the fundamental spectra.
The simple angular dependencies in Eq. (12) arise because E
is along a principal axis; therefore these expressions do not
apply when the sample has an arbitrary crystalline orienta-
tion.

IV. CALCULATIONS
A. Multiplet structure

Figure 4 shows the theoretical spectra using atomic mul-
tiplet calculations following the method described in Ref. 5.
The L, ; XA spectra with H and E along specified directions
were obtained from the electric-dipole-allowed transitions
between the ground-state 3d” and the final-state 2p33d® con-
figurations. The wave functions of ground and final states
were calculated in intermediate coupling using Cowan’s
Hartree-Fock code with relativistic correction.*® The Slater
and spin-orbit parameters are as tabulated in Ref. 49. Inter-
atomic screening and mixing was taken into account by re-
ducing the atomic values of the Slater integrals F*(3d,3d),
F¥(2p,3d), and G*(2p,3d) to 70%, 80%, and 65%, respec-
tively. For the octahedral site a crystal field of 10Dg
=0.9 eV and an exchange field of gugH=12.6 meV were
used. (The value for the exchange interaction has been taken
from neutron scattering measurements on Co0.>%>!) The cal-
culated results were broadened by a Lorentzian of I'=0.1
(0.3) eV for the L; (L,) edge to account for intrinsic line-
width broadening and a Gaussian of 0=0.2 eV for the instru-
mental broadening.

In Fig. 1 we compare the theoretical spectra (red curves)
from Fig. 4 for 0 K with the experimental spectra (black
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FIG. 4. (Color online) Theoretical XA, XMCD, and XMLD (1,
15, and 1‘%45) spectra at the L, 5 edge for Co?* in octahedral crystal
field at a temperature of 0 K (blue dashed curves) and at room
temperature (red solid curves), calculated using an atomic multiplet
model for the transition Co 3d” — 2p°3d®, in octahedral crystal field
of 10Dg=0.9 eV. Note the different intensity scale of the dichroic
spectra for each temperature.

dots). While the agreement between experiment and theory is
good, an even better agreement would be obtained if the two
middle peaks (at ~778 and ~779 eV) in the calculated L,
spectrum were shifted by 0.4 eV compared to the rest of the
spectrum; the same energy shift can be observed in all spec-
tra (XA, XMCD, and XMLD). The origin of this shift might
be a combination of crystal field distortion and configura-
tional mixing. Apart from this there is a good agreement
between the experiment and the calculation for the atomic d’
configuration, where the crystal field 10Dgq is the only essen-
tial parameter. The main disagreement is found for the fea-
ture at ~780 eV, which is probably caused by mixing with
the d® configuration.

There are of course many ways to improve these atomic
calculations. We also performed calculations using a cluster
model or Anderson impurity model with different 34"
configurations.”? For CoO, the ground state is expected to
have 80% d’, 19% d®, and 1% d° character, so that the d
count is 7.21. This, however, does not significantly modify
the ground-state symmetry, nor the spectra. Since in the final
state the Coulomb interaction of the core hole is efficiently
screened by the extra d electron, the relative energy positions
of the configurations in the initial and final states are about
the same.”® Consequently, there is no significant change in
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the hybridization after 2p absorption, which explains the ab-
sence of a distinct charge-transfer satellite in XA spectra.
Both the crystal field and the anisotropic hybridization (mix-
ing) contribute to the 3d level splitting. The anisotropic mix-
ing has a strong effect on the orbital to spin magnetic mo-
ment ratio, which can sensitively alter the L3:L, intensity
ratio of the dichroism.

Tetragonal distortion of the cubic symmetry will induce
spectral changes, with almost unlimited scope for fitting the
experimental data.® Some examples are shown in Sec. V B.
We found that within realistic variations of the parameters
the peak positions and intensities do change to certain de-
gree, but that the essential features, and especially the sign of
the dichroism of the larger peaks, do not change very much.
This allows us to transfer the results from CoFe,O, to anti-
ferromagnetic CoO, where the divalent Co is also nearly oc-
tahedrally surrounded by oxygen ligands, with similar crystal
field strength and minor distortion.

B. Spin-orbit splitting and temperature dependence

It is interesting to consider the consequences of the 3d
spin-orbit interaction for the Co** configuration and several
previous calculations have already shown its effect on the
L, 3 absorption spectra.>82605254-59 The spectral shape de-
pends on the Boltzmann population of the spin-orbit split
levels in the ground state, which makes it important to inves-
tigate its influence on the anisotropic XMLD.

The d’ configuration in O, symmetry has a spin quintet
ground state tggei ‘T, ¢)» which is split by first-order spin-
orbit interaction into four levels E’, U’, U’, and E’. The
lowest level is E', with the first excited level U’ at ~50 meV
higher energy. The magnetic exchange field in Cy, symmetry
breaks the Kramers degeneracy. The E’ splits into two mag-
netic sublevels with an energy separation of ~H,, and the U’
splits into four magnetic sublevels. Since the first-order spin-
orbit splitting (~50 meV) is well above room temperature
(RT) (RT corresponds to 26 meV), only the E’ level is sig-
nificantly Boltzmann populated. On the other hand, H,, is of
the order of RT, so that there will be a Boltzmann distribu-
tion over the two magnetic sublevels of E’, giving rise to a
strong temperature dependence. However, the shape of the
dichroism spectra of the two conjugate states is quite similar
but with opposite sign, so that the overall shape of the
Boltzmann-summed spectrum does not change much with
temperature, but shows a gradual reduction in magnitude
with increasing temperature. In order to illustrate this, Fig. 4
compares the calculated spectra for 0 K (blue dashed curves)
and at RT (red solid curves), where we draw attention to the
different intensity scales of the dichroism spectra for the two
different temperatures. It is clear that none of the peak struc-
tures is actually changing sign. More pronounced tempera-
ture effects can occur when the cubic symmetry is strongly
distorted.

V. APPLICATION

As mentioned in the Introduction, an important applica-
tion of the anisotropic XMLD is the determination of the
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spin-axis orientation in thin films and multilayers. Con-
fronted with an unknown orientation of the magnetic domain
structure of a divalent Co oxide film, the relative intensities
in the fourfold peak structure of the Co L; XA offer a very
sensitive tool to determine the spin-axis orientation with re-
spect to the crystalline axes. In the case of samples with
domain structure, such a study can be performed using pho-
toemission electron microscopy (PEEM) by rotating the lin-
ear polarization, as was recently demonstrated by Czekaj et
al.'* in a study on LaFeO;. For the PEEM experiment, the
sample has to be at remanence, and the XA is measured by
rotating E. The strongly anisotropic XMLD will give for the
different domains a clear contrast in the XA using linearly
polarized light at fixed photon energy. However, until now it
has been unclear how to analyze the data, since the aniso-
tropic XMLD spectra were not available in the literature.

A. Cubic symmetry

Cubic systems have the important advantage that the mag-
netic anisotropy can be accurately studied with PEEM by
rotating E, since it gives the same result as rotating H.
Within the formalism for cubic symmetry, Egs. (6)—(8)
should allow a unique fit to the rich structure in the L,
XMLD, from which the coefficient a(¢, ) can be deter-
mined. However, a particular solution for the angular param-
eter can correspond to several possible orientations of the
spin axis. This is perhaps most remarkably illustrated by the
fact that the I5 spectrum corresponds to both I(¢$=45°,6
=0°) and I(¢p=54.7°,6=45°). Additional information, such
as knowledge of the orientation of the crystalline axes and/or
the crystal plane, or measurements using different geom-
etries, will help to obtain a unique determination of the spin
axis.

As a practical example we will discuss the sensitivity of
the XA spectral shape to the spin-axis orientation relative to
the crystalline axes. Figure 5 shows the calculated spectra in
cubic symmetry, where rotation of either E or H gives the
same result. Here, we take H as the spin axis. (There is no
external magnetic field.) Spectra with the spin axis along
[100] are displayed in Fig. 5(a), which shows Ix(Eg,H)
and IxA(Egy,H) together with their difference spectrum I,
These spectra are independent of the angle 6, so that the
rotation of E can be in an arbitrary plane of orientation. We
will make reference to the four peaks centered around 777,
778.2,778.9, and 779.7 eV, respectively, in the L; edge. It is
seen that the first two of these peaks (i.e., those at the low-
energy side) of the Ly XA have a higher intensity for E|lH
than for E L H, while the opposite is true for the last two
peaks of the L; XA spectrum.

When the spin axis H is along (110), the XMLD can be
measured by rotating E in either the (001) plane or the (011)
plane, which leads to different results. The spectra for rotat-
ing E in the (001) plane (i.e., #=0°) are displayed in Fig.
5(b), which shows Ixs(E,s,Hys) and Ixs(E;35,Hys) together
with their difference spectrum /5. While the second and
fourth peaks in the L; XA have higher intensity for E||H, the
first and third peaks have higher intensity for E L H. The
other situation, where the XMLD is measured by rotating E
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FIG. 5. (Color online) Calculated XA spectra in octahedral crys-
tal field. (a) Ixo(Ey,Hy) (dashed red line), i.e., EIHI[100], and
Ixa(Egp,Hy) [solid blue (gray) line], i.e., E LHI[100], together
with their difference spectrum / (solid black line). The rotation of
E can be in any plane-of-orientation containing [100]. (b)
Ixa(Eys,Hys) (dashed red line), i.e., EIHI[110], and Ixs(E 35, Hys)
[solid blue (gray) line], i.e., EI[110] and HI[110], together with
their difference spectrum I 5 (solid black line). Hence, the rotation
of E is here in the (001) plane.

in the (011) plane, corresponds to the spectra Ixa(Eqg, Hog)
and IxA(Eg0,Hgy) with 6=45°. The difference spectrum
199345 is shown in Fig. 1, from which it is clear that for E[[H
the second peak in the L; XA has higher intensity and the
third peak has lower intensity than for E L H. This is the
same as when E is rotated in the (001) plane. However, for
rotation in the (011) plane, for the first peak in the L; as well
as the entire L, edge, the intensity remains about the same,
while it changes for rotation in the (001) plane. Therefore,
while the spin axes along the (100) and (110) give character-
istic differences in the XA spectra, it is important to take into
account the geometry of the measurement.

B. Tetragonal symmetry

Strained CoO thin films can exhibit a large magnetocrys-
talline anisotropy, which will require the formalism of tet-
ragonally distorted symmetry as described in Sec. III C. The
fundamental spectra can be readily calculated in D, symme-
try using multiplet theory with crystal field parameters Dgq,
Ds, and Dt.%° Fortunately, cubic symmetry remains often a
good approximation, e.g., within the accuracy of the mea-
surement there are only two fundamental spectra for nearly
cubic systems such as Fe;0, (Ref. 11) and NiO.!? The rela-
tion 19‘9345:%(10+I45) provides a check on cubic symmetry
[see remark below Eq. (6)], which is nicely confirmed by our
experimental data in the case of CoFe,04(011), as shown in
Fig. 1 (bottom panel). On the other hand, some distortion
from cubic symmetry must be present as evidenced by the
fact that I(%D and Ig/lD in Fig. 3 do not have exactly the same
spectral shape.

It is interesting to see how the magnetic dichroism and
linear dichroism can become quite different for a tetragonal
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FIG. 6. (Color online) Calculated XA spectra for D, crystal field showing the difference for magnetic dichroism and linear dichroism.
Two different distortions are shown with parameter sets (a) 10Dg=0.9, Ds=-0.04, Dt=-0.013 and (b) 10Dg=1.06, Ds=0.013, Dt
=0.032 (all in eV). Upper two panels: Ixs(Ey,Hy) (dashed red line) with either Ixs(Eq,Hg) or Ixa(Eqy,Hy) [solid blue (gray) lines]
together with the difference spectra I > or I;" (solid black lines), respectively. Lower two panels: Ix s (E,s5, Hys) (dashed red line) with either
Ixa(Eys,H 3s) or Ixa(E 35, Hys) [solid blue (gray) lines], together with the difference spectra I%D or If{? (solid black lines), respectively.

Note that while
same, and very similar as for O;, symmetry (cf Fig. 5).

LD
IO

distortion. As an example, Fig. 6 shows the calculated XA
spectra in D, crystal field symmetry for two different distor-
tions with parameter sets (a) 10Dg=0.9, Ds=-0.04, Di=
—-0.013 and (b) 10Dg=1.06, Ds=0.013, D=0.032 (all in
eV). Case (a) resembles epitaxial CoO/MnO(100) of Ref. 8
and case (b) represents a deliberately large chosen distortion
to test the validity of the cubic approach. As can be verified
from the figure, the IED spectrum is strongly dependent on
the distortion, since it changes the cha]{%e anisotropy. On the
other hand, the spectral shape of the D spectrum is practi-
cally independent of the distortion and very similar as for O,
symmetry (see Fig. 5). Furthermore, the IﬁD and I];;) spectra
are the same and likewise very similar as for O;, symmetry,
which demonstrates the validity of Eq. (10). We can con-
clude that under the distortion the magnetic dichroism re-
mains a reliable indicator for the spin axis, while the linear
dichroism may become unreliable for this task. Thus these
calculations for distorted symmetry confirm the transferrabil-
ity of the magnetic dichroism from CoFe,O, to other Co**
compounds with might have different crystal fields, such as
CoO.

We can also compare our results with the recent XA mea-
surements by Csiszar et al® on CoO/MnO(100) and

is strongly different for the two distortions, IOMD has practically the same shape as for O, symmetry.

Iﬂ/éD and I{;? are the

CoO/Ag(100), where the antiferromagnetic spin axis is per-
pendicular and in plane, respectively. Unfortunately, these
authors have not specified unambiguously the orientation of
moments and polarization relative to the crystal lattice, while
the angle to the surface normal is noted, the in-plane angle is
not. The spectra for CoO/MnO(100) with different direc-
tions of E (Fig. 2 in Ref. 8) can be compared directly with
our results in Fig. 6(a). Our results show that the linear
dichroism leads to changes in the individual peaks in a
similar—but much stronger—way as for the magnetic
dichroism. In particular, the change in the leading peak
(~777 eV) can be ascribed mainly to charge anisotropy in-
stead of magnetic anisotropy. This clearly illustrates the dan-
ger that exists in measuring the XMLD by rotating E. If the
charge anisotropy were of opposite site sign, the wrong sign
of the magnetic anisotropy might be concluded.

C. L, edge spectra

In contrast with the Co** L, edge, the L, edge does not
allow an unambiguous determination of the spin axis with
respect to the crystal axes. This has recently been demon-
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strated for the case of the Ni** L, edge, where the same
effect occurs,'? although this effect is not general for the 3d
transition metal L, edges.'! As seen from e.g., Fig. 1, the two
fundamental spectra at the Co** L, edge have very similar
shape but are opposite in sign, i.e., I;s=—I,. Consequently,
the L, XMLD signal practically disappears for 13545 =%(10
+1,5), as can be verified from Fig. 1. Therefore, a fit would
not be able to distinguish between I, and I 5, so that the
angular dependence provides only limited information. Al-
though the shape of the L, XMLD does not change, the sign
of the spectrum can still give us a possible range for the
value of ¢, as follows. Substituting I,s=-I, into Eq. (7)
gives Ixvip(@, 0)=[1-2a(¢, 6)11,, where [1-2a(¢p,0)] is
positive in the first quadrant for 0° < $<<24.1° in the (011)
plane and for 0° <¢$<<22.5° and 67.5°<$<<90° in the
(001) plane, while negative elsewhere. Therefore, analysis of
the L, edge can still provide support for any assignment ex-
tracted from the L5 edge structure.

Thus, to find the spin axis one should employ the L; edge
which not only shows characteristically different spectral
shapes for I, and 1,5, but also offers a richer and more in-
tense signal. Although, such a recommendation might sound
trivial, almost all studies performed so far on NiO have used
only the L, edge, as was put straight recently in Ref. 12.

VI. CONCLUSIONS

We have presented a group-theoretical approach in order
to explain the influence of the crystal field on the anisotropic
XMLD. In a cubic crystal field, the XMLD can be written as
a linear combination of two fundamental spectra I, and I s,
with distinctly different spectral shapes. However, the shape
is the same for rotation of either the linear light polarization
E or the magnetization direction H. In contrast, in tetragonal
crystal field symmetry, the XMLD is a linear combination of
four fundamental spectra, with different shapes for rotation
of either E or H. However, these differences require only one
additional spectrum. The difference in the fundamental spec-
tra for linear dichroism (i.e., rotation of E) and magnetic
dichroism (i.e., rotation of H) allows us to assess the influ-
ence of the charge anisotropy by a noncubic distortion. We
have shown that the anisotropy in the spectral shape of the
XMLD depends on the strength of the crystal field, and that
there is no evidence that it relates to the magnetocrystalline
anisotropy energy. The anisotropic XMLD does not vanish
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when the spin-orbit interaction is zero. According to the sum
rules the magnetocrystalline anisotropy energy affects only
the integrated intensity of the L;:L, branching ratio.

We measured the anisotropic XMLD at the Co L, 5 edges
of CoFe,04(011) and compared the results to theoretical
spectra for Co?*. The observed anisotropy in XMLD was
shown to be in good agreement with atomic multiplet calcu-
lations in cubic crystal field. The comparison of our results
for CoFe,0, to results reported for CoO indicates that the
fundamental spectra exhibit similar spectral shapes for ferro-
magnet and antiferromagnet. This is useful since in a ferro-
or ferrimagnet the fundamental spectra can be measured
more easily and the results can then be transferred to an
antiferromagnet where the moments are not so easily rear-
ranged. We also demonstrated that the fundamental spectra
could be measured even though the sample was actually not
magnetically saturated.

While the rich structure in the Co** L; XMLD provides a
sensitive probe to determine the orientation of the spin axis
in Co oxides, at the L, edge the information obtained from
the anisotropic XMLD is limited, since the two fundamental
spectra have almost the same spectral shape but with oppo-
site sign.

The method of decomposing the XMLD in fundamental
spectra, as presented in this paper, is generally applicable,
and can be used for other 34 transition metal systems as well.
It provides a powerful tool to analyze the angular depen-
dence of the x ray absorption and to obtain from it the ori-
entation of the spin axis with respect to the crystallographic
axes. Cubic systems offer the important advantage that the
magnetic anisotropy can be studied with PEEM simply by
rotating E. With caution, noncubic systems can also be stud-
ied by rotating E, as is the preferred method in PEEM. How-
ever, we have emphasized the complications in the linear
dichroism arising from the charge anisotropy when the cubic
symmetry is strongly distorted. On the other hand, the mag-
netic dichroism remains largely unaffected by the symmetry
distortion.
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