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ABSTRACT Highly a-axis-textured CrO2 films have been de-
posited on Al2O3 (0001) substrates by chemical vapor deposi-
tion. CrO2 has been found to have highly a-axis (010)-oriented
columnar growth on a Cr2O3 (0001) initial layer. The six-
fold surface symmetry of the Cr2O3 initial layer leads to three
equivalent in-plane orientations of the a-axis-oriented CrO2 unit
cell. We report Cr L2,3 X-ray magnetic circular dichroism data
along the surface normal and at 60◦ off-normal sample orien-
tation. For a 60◦ sample alignment, a strong increase of the
projected orbital moment could be observed for unoccupied ma-
jority t2g states using moment analysis. Therefore, the c axis is
identified as the intrinsic magnetic easy axis of CrO2. In add-
ition, a small spin moment and a very strong magnetic dipole
term Tz have been found.

PACS 75.30.Cr; 75.30.Gw; 78.20.Lj; 78.70.Dm; 78.20.Bk

1 Introduction

The theoretically predicted 100% spin polariza-
tion at the Fermi energy, εF, of CrO2 makes it a promis-
ing material for magnetoelectronic devices [1–3]. Accord-
ing to Jullière’s model, the magnetoresistance (MR) of
a ferromagnet/insulator/ferromagnet tunnel junction de-
pends on the spin polarization of the electrode material
used [4]. The MR increases with increasing spin polariza-
tion of the ferromagnetic electrode material. Also, injec-
tion of spins from ferromagnetic metals into semiconductors
may be allowed only for highly polarized metallic elec-
trodes [5]. Additionally, transition-metal oxides like CrO2,
high-temperature superconductors and colossal magnetore-
sistance lanthanum-based manganates have attracted a lot of
theoretical interest due to the complex interplay between or-
bital, structural and electronic degrees of freedom. This has
revived research on half-metallic ferromagnetic transition-
metal oxides, especially CrO2, in the past few years. Un-
fortunately, CrO2 is metastable at room temperature and
atmospheric conditions and typically a thin Cr2O3 layer cov-
ers the CrO2 surface. Methods like photoemission (PES),
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X-ray absorption (XAS) or X-ray magnetic circular dichroism
(XMCD) spectroscopy could not easily be used for examin-
ation of basic properties of CrO2, because of their intrinsic
surface sensitivity. Therefore, only a few experimental results
on single crystals or epitaxial-grown thin films have been pub-
lished. Nevertheless, spectroscopic methods are able to give
quantitative information about intrinsic magnetic properties
of CrO2.

2 Experiment and results

CrO2 crystallizes in a tetragonal rutile-type struc-
ture, where chromium atoms form a body-centered tetrago-
nal unit cell. Cr sites are octahedrally surrounded by oxy-
gen atoms. The apical axis of the oxygen octahedra is ori-
ented along the [110]([110]) direction for the edge (body-
centered) Cr ions. The lattice parameters are a = b = 4.421 Å
and c = 2.916 Å [6, 7]. CrO2 is a metastable Cr-oxide phase
at room temperature, orders ferromagnetically at TC = 393 K
and degrades above 400 K at ambient atmospheric pressures
into the thermodynamically stable Cr2O3 phase. The CrO2

film has been prepared by a chemical vapor deposition (CVD)
technique proposed by Ishibashi et al. [8]. Al2O3 (0001)
substrates have been used, which were annealed at 1000 ◦C
for several hours before deposition. During the deposition,
the substrate was oriented at an angle of 30◦ relative to
the horizontal axis of the tube furnace. CrO3 decomposes
at a temperature of 260 ◦C within a two-zone tube furnace.
A well-controlled flow of oxygen and a stabilized substrate
temperature of 390 ◦C lead to approximately 200-nm-thick
CrO2 films. Characterization by X-ray diffractometry showed
only CrO2 (020) and (040) reflexes, indicating a preferred
a-axis growth. Electron-diffraction analysis exhibits an ar-
tificial six-fold in-plane symmetry and a formation of twin
boundaries [9]. A scanning electron microscopy (SEM) image
of (010)-oriented CrO2 crystallites on the Cr2O3 (0001) ini-
tial layer is shown in Fig. 1. The six-fold in-plane sym-
metry of the (0001)-oriented Cr2O3 initial layer (which is
isostructural to Al2O3) leads to three equivalent in-plane
orientations for the (011) plane of the CrO2 unit cell. Trans-
mission electron microscopy (TEM) analysis shows a small
amount of Cr2O3 columns within the CrO2 layer. More de-
tails of sample growth, characterization and magnetotrans-
port properties have been published elsewhere [10]. The sam-
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FIGURE 1 Scanning electron microscopy image of (010)-oriented CrO2
crystallites on a Cr2O3 (0001) initial layer [10]

ple has been exposed to air. No further treatment has been
performed.

X-ray absorption spectra were recorded at the bending
magnet beamline SX 700 III at BESSY I. The monochro-
mator energy resolution was set to E/∆E ≈ 1200 and the
degree of circular polarization was 0.69 ±0.05. Two Keithley
6517A electrometers were used for simultaneous measure-
ment of the total drain sample current and the I0 current from
an Au-coated Cu grid. The I0 grid was positioned in a µ-metal
cylinder in order to prevent deviations produced by magnetic
fields. A split-coil superconducting magnet system was used
with a center bore of 5 cm and a maximum magnetic field of
30 kOe. All spectra have been recorded at magnetic fields of
±5 kOe. The XMCD signal was carefully checked for self-
absorption effects. Atomic absorption values of Cr and O have
been extracted from tabulated values [11] and scaled to atomic
densities in CrO2. We shifted and scaled our measured XAS
spectra for both magnetization directions to fit the pre-edge re-
gion of oxygen and the post-edge region of Cr L2,3 edges of
the calculated tabulated values. Due to this procedure, the res-
onant behavior of the absorption in the near-edge region could
be estimated quantitatively. The resulting absorption coeffi-
cient is shown in Fig. 2. We extracted an absolute absorption
length for the maximal absorption of 35 nm, which is signifi-
cantly larger than the expected effective mean free path length
of about 1.5 nm [12, 13]. After that, we modified our magnetic
XAS spectrum (parallel and antiparallel alignment of helicity
and magnetization) with the above-derived absolute absorp-
tion, using equation 5 and 7 from [13]. We compared observed
small changes in the XAS spectra from normal to 60◦ in-
cidence with simulated self-absorption-induced changes and
could obtain the best agreement with our XAS data for an ef-
fective electron mean free path of only 0.7 nm. We applied
sum rules to the original and self-absorption-modified spec-
tra and compared orbital and spin contributions. Absolute
changes between normal and 60◦ incidence are for the spin
moment of −0.005µB (−0.009µB) and for the orbital moment
of −0.0004µB (−0.0008µB) using an effective electron mean
free path [12, 13] of 0.7 nm (1.5 nm). In comparison to the re-
sults of Nakajima et al. [13], self-absorption effects are not as
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FIGURE 2 XAS spectra scaled to absolute CrO2 absorption values aver-
aged for parallel and antiparallel alignments of the photon k-vector and the
sample magnetization for normal incidence (full line) compared to CrO2
adapted Henke table [11] values (dotted line)

strong as expected for a 3d2 system. Two different reasons are
responsible for this reduction. CrO2 has hybridization-related
broadened L2 and L3 white lines, and therefore a strongly re-
duced maximal absorption compared to a pure metal spectrum
with the same number of 3d holes. On the other hand, the chro-
mium density and the Cr-related absorption coefficient are
strongly reduced by dilution. Due to the nonlinear behavior,
self-absorption is magnetically more effective for large differ-
ences between parallel and antiparallel orientations of sample
magnetization and photon helicity, which is present in Fe or
Co spectra but not in our CrO2 spectra.

To prevent XMCD offset signals, we applied a small
asymmetry of about 0.2 kOe in the external magnetic field,
which does not influence the total sample magnetization [14].
To get a derivative-free XMCD signal the external magnetic
field was flipped at each energy position. All shown XAS
and XMCD spectra have been divided by the I0 current,
background-subtracted and edge-normalized. For parallel and
antiparallel field alignments we used exactly the same back-
ground and the same normalization factor; therefore the shape
of the dichroism spectrum is not affected. The photon beam
was parallel aligned to the magnetic field. We show X-ray-
absorption data for normal incidence Φ = 0◦ and more graz-
ing incidence Φ = 60◦ (the geometry of the experimental
setup is shown in Fig. 3).

The upper part of Fig. 4 shows the Cr L2,3 normal-
incidence absorption spectra of CrO2 for parallel and an-
tiparallel alignments of the photon k-vector and the applied
magnetic field. In the lower part of Fig. 4 the correspond-
ing XMCD signal for normal and grazing (60◦) incidence
is shown. An unusually clear and pronounced change in the
spectral shape of the XMCD signal is clearly observable.

For a quantitative analysis, we calculated the projected or-
bital moments for the two given angles of incidence using
sum rules [15, 16]. With a number of core holes nh = 8 (3d2

configuration) we extract raw values of projected orbital mo-
ments for normal incidence Lz(0◦) = −0.041µB and for more
grazing incidence Lz (60◦) = −0.016µB. Unfortunately, we
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FIGURE 3 Schematic image of the experimental geometry
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FIGURE 4 Normalized Cr L2,3 absorption signal for parallel and antipar-
allel alignments of the photon k-vector and the sample magnetization for
normal incidence (upper part). Lower part shows the XMCD signal for nor-
mal (0◦: solid line) and grazing (60◦: dotted line) incidence

could not achieve technical saturation in 5-kOe external fields
for the case of normal incidence due to the shape anisotropy
of the sample. From detailed SQUID M(T, H) measurements
(not shown), we correct for T = 0 K saturation magnetiza-
tion and obtain for 0◦ (60◦) a correction factor of 1.78 (1.41).
The 0◦ value is slightly enhanced, due to the described shape-
anisotropy correction. The 60◦ correction factor of 1.41 is
related only to the temperature dependence, which is also
the dominating part in the perpendicular-to-plane measure-
ment. For thick samples, closure domains could be present
at the sample surface and differences between surface-related
XMCD TEY (Total Electron Yield)-projected magnetizations
and SQUID-derived values could appear. This is not the case
in our measurement. In Fig. 5 we show in-plane and out-
of-plane SQUID M(H) curves and XMCD L3-edge-related
out-of-plane hysteresis loops. The SQUID and XMCD curves
are in perfect agreement and therefore our above-described
SQUID-derived normal-incidence absolute correction factor
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FIGURE 5 XMCD L3-edge-related out-of-plane hysteresis loop (straight
line) compared to SQUID-derived out-of-plane (hollow rectangles) and in-
plane (filled circles) curves

of 1.71 is not disturbed by this possible TEY-related arte-
fact. The technique used to obtain high-quality TEY-related
XMCD hysteresis loops has been described in detail else-
where [17]. By further correcting for the degree of circular po-
larization, we can obtain Lz(0◦) = −0.105µB and Lz(60◦) =
−0.034µB.

3 Moment analysis

3.1 Introduction to moment analysis for 3d transition
metals

We analyze the L2,3 dichroism spectra in terms of
ground-state moments [18, 19]. The advantage of this method
is the possibility to get quantitative values even for the light
transition-metal (TM) ions with a small p-shell spin–orbit
coupling (SOC). In principle, moment analysis tries to gain
information from the shape of the XMCD spectrum. This
is an advantage compared to sum-rule analysis, which only
uses integral values for the L2 and L3 parts of the XMCD
spectrum separately. Therefore sum rules could not give rea-
sonable values for the projected spin moments if L2 and L3
XMCD features overlap in energy. Another advantage of this
moment analysis is the possibility to gain quantitative infor-
mation about spin and other ground-state moments, which
have contributions to the observed XMCD signal like the
number of core holes and the spin–orbit term. While this
method is related to an atomic picture, which takes into ac-
count the coupling of the core hole to the final-state d shell,
band-structure effects could be considered by Lorentzian or
Gaussian broadening and by the use of different energy lev-
els. This could yield, for example, to magnetization values for
spectrally resolved and well-separated sublevels, like t2g or
eg contributions in many TM oxides. This has been demon-
strated for the ferrimagnetic iron garnets, where octahedrally
and tetrahedrally coordinated Fe3+ ions could be identified
separately by XMCD [20, 21]. We believe that the Cr L2 − L3

edge separation is strong enough to apply moment analysis.
Experimental results for Cr metal from O’Brien et al. [22]
clearly show that XMCD features from the L3 and L2 edges
are separated. The results of van der Laan [18, 19] and the re-
sults of O’Brien et al. show exactly the same behavior. So,
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the present broadening in the CrO2 L2,3 spectra compared
to the pure metal spectra is related to hybridization effects.
It is clear that, in a covalent type of bonding, different elec-
tron configurations could be present (for example d1, d2 or
d3), which could yield to correlation effects. These results in
multiplet-like features, which are considered by a configura-
tion interaction (CI) ligand-field multiplet calculation. Early
calculations of de Groot et al. [23] have shown that the cubic
crystal field is very strong. Recent results of van Elp and
Tanaka [24] clearly mention the dominating part of the crys-
tal symmetry and the strength of oxygen hybridization to O
K -edge spectral features of some TM oxides. From this point
of view, crystal-field effects are strong and the resulting en-
ergies of the CI calculations nearly represent band-structure
center-of-gravity positions. The below-described quite good
agreement between experiment and fit, the direct correspon-
dence to the band-structure-related projected density of states
(DOS) and the reduced number of free fitting parameters give
strong support that the moment analysis is a good representa-
tion of the XMCD spectra that leads to well-separated L2 and
L3 spectral features.

3.2 Application to CrO2

It has been verified that oxygen K -edge spectra
represent the 2p hybridized part of the band structure and give
an image of the unoccupied projected O 2p DOS [25]. Influ-
ences of the core hole could be considered by a configuration-
interaction scheme [24]. Due to this projection behavior, the
main features could be understood by quantitative comparison
to recent band-structure calculations [1–3, 26]. O K spec-
tra and band-structure calculations could give similar infor-
mation. We have separated O K -edge spectra of CrO2 into
two different regions. First, 1 eV above threshold, which is
unambiguously identified as unoccupied t2g majority states
and, second, a broader feature around 3 eV above, which cor-
responds to a mixture of t2g eg minority and the eg major-
ity states [27]. The latter represents band-structure-related
values [1–3, 26]. This energy separation is also present in
CrO2 L2,3 spectra, which have a more complicated shape
compared to simple pure and metallic TM spectra. The total
width of the broader structure is about 7 eV [1], but the dom-
inating part has a FWHM of only 3 eV. Considering the given
arguments, we try to interpret the L2,3 XAS and XMCD spec-
tra by the use of only two different energies for the moment

Energy 1 FWHM 1 Energy 2 FWHM 2 2p SOC Eff. 2p3d exch.

577.6 eV 1.3 eV 580.5 eV 3.3 eV 9.3 eV 0.45 eV

TABLE 1 Fixed-fit parameters for moment analysis

E0 = 577.6 eV E1 = 580.5 eV

Angle w000 w011 w101 w000 w011 w101 w110 Sz0 + Sz1 Lz0 + Lz1
∝ nh ∝ Sz ∝ Lz ∝ nh ∝ Sz ∝ Lz ∝ L∗S

(arb. units) (µB) (µB) (arb. units) (µB) (µB) (arb. units) (µB) (µB)

0◦ 1.03 0.25 0.05 49.8 0.73 –0.15 3.3 0.98 –0.1
60◦ 1.29 0.12 0.11 44.8 0.34 –0.14 21.9 0.46 –0.03

TABLE 2 Moment-analysis fit results

analysis, which are separated by 2.9 eV, and only Lorentzian
line broadening has been applied. For a reduction of free
fitting parameters, the energy position, line width, effect-
ive 2p3d exchange and the 2p SOC energy (see Table 1)
are previously estimated and have been held fixed. Also, the
sum of the projected orbital moments was constrained to the
above-discussed sum-rule values. All fixed parameters are
shown in Table 1. The FWHM values have been chosen to fit
the XMCD data and to match roughly band-structure-related
values. The value for the 2p SOC energy has been taken
from [28, 29].

For the moment-fitting procedure the relative energy-
dependent ratios for the atomic-like different sublevels have
been taken from [18, 19]. For data fitting we used the w000,
w011, w101 and w110 moments, which are proportional to the
number of holes in the d shell (nh), the spin moment Sz , the
orbital moment Lz and to L · S, respectively. The areas cor-
responding to the w011 and w101 moments have been used
for sum-rule analysis. In Table 2 we show the fitted moment
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low) incidence (circle: measurement; dotted: fit at energy 577.6 eV; dashed:
fit at energy 580.5 eV; solid line: fitted sum)
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data, while spin and orbital moments have been corrected for
T = 0 K saturation.

In Fig. 6 we show fit results of our moment analysis for
each energy and the sum of both for 0◦ and 60◦ angles of in-
cidence, which represent our XMCD spectra nearly perfectly.
All structures and tendencies could be reproduced by this sim-
ple two-energy fit.

Four fit parameters change significantly with rotation: the
spin and the orbital contribution of the lower energy, and the
spin and the SOC (Spin-Orbit-Interaction) contribution of the
higher-energy part in the XMCD spectrum.

4 Discussion

4.1 Spin anisotropy and magnetic dipole term Tz

First, we want to discuss the projected spin mo-
ments. For both energies the observed projected spin moments
change by a factor of two and the sum decreases from approxi-
mately 1.0µB to 0.5µB (see Table 2). This is quite unusual
compared to XMCD-related spin values of other transition
metals, where only very small changes have been observed for
saturated samples. To obtain the moment-analysis spin values,
we simply used conventional sum rules by artificially separat-
ing the L3 from the L2 edge at a splitting energy of 584.9 eV.
The unknown offshoot from the L3 edge is present at the L2

XMCD area and therefore is missing at the L3 edge. Com-
pared to moment-analysis-derived spin values, this results in
an increase of 10% for the spin moment, but the trends and the
general reduction by a factor of two are similar to moment-
analysis-derived values. As discussed above, we could not
perfectly saturate the sample along the normal direction. This
simply should result in a reduced spin moment but not in
a strong increase by a factor of two.

This angle-dependent change suggests a very strong mag-
netic dipole term Tz, which is directly related to a quadrupolar
spin distribution, originated by a reduced symmetry that is
less than cubic. For the case of strong symmetry breaking,
given at an interface, where the octahedral surface symme-
try is broken by the adjacent constituent, Tz could be sig-
nificantly increased. Calculations have shown that for a 3d2

configuration this surface-induced symmetry breaking gives
a Tz of about 20% of the spin moment [30]. In the case of
CrO2 the local octahedral environment is distorted in the ru-
tile structure; therefore the Tz (index z is related to a local
distortion) value could be significantly enhanced. Estimat-
ing now the spin moment, the 3d symmetry relation 〈Tz〉x +
〈Tz〉y +〈Tz〉z = 0 has been applied, which has been published
by Stöhr and König [31] and verified on a Au/Co/Au wedge
by Weller et al. [32]. Transferring this equation to the rutile-
type unit cell yields 2〈Tz〉a +〈Tz〉c = 0. Measuring along the
a axis (0◦), only 〈Tz〉a-axis contributions are present due to
the film’s texture, while more grazing incidence gives rise
to a more complicated mixture of a- and c-axis magnetic
dipole term contributions. For 60◦ grazing incidence and
a random in-plane c- (a-) axis distribution, there is an in-
plane mixture of a and c axes and an effective 〈Tz〉 projection
of sin(60◦)(〈Tz〉a +〈Tz〉c)2/π, while the off-plane contribu-
tion is simply cos(60◦)〈Tz〉a. To estimate the zero-〈Tz〉 con-
dition we have to calculate Sz(60◦)+ Sz(0◦)(sin(60◦)2/π −
cos(60◦)), which cancels out 〈Tz〉 contributions and normal-

izes by (1 + sin(60◦)2/π − cos(60◦)). This results in a cor-
rected spin moment without any magnetic dipole term con-
tribution of Szeff = 0.49µB. For a fully spin-polarized system
with an empty minority band a d2 configuration yields a spin
moment of 2µB, which has been experimentally and theoretic-
ally verified. SQUID measurements performed on the sample
used exhibit the same value. A correct treatment of the 120◦
c-axis in-plane distribution instead of the random model used
above leads to a spin moment from 0.46 to 0.50µB, depending
on the unknown in-plane orientation of the sample relative to
the photon beam.

The extracted effective XMCD spin moment of 0.49µB

is about a factor of 4.1 too small compared to SQUID data,
which is a rather large deviation.

In this section some possible explanations for this strong
reduction will be discussed.

Due to the small spin–orbit splitting for light 3d transition
metals, there are two dominating problems. Firstly, spectral
features of the L2 and the L3 edges are overlapping and there-
fore sum rules could give wrong values. Due to the moment
analysis, we could avoid this problem. Secondly, the final
states could not be considered as pure L2 or L3 states because
of quantum-mechanical mixing. Therefore, the spectral inten-
sity in the L3 region has L2 contributions and vice versa. This
has been calculated for the case of Cr2+ (3d4), where a re-
duction of about 50% has been proposed [30], but this strong
reduction has been obtained by sum-rule application to the-
oretical XMCD spectra. Following the spectral simulation in
this reference, it is not clear whether the dominant part of the
reduction is related to overlapping features, discussed above,
or to real L2–L3 final-state mixing. Assuming such a mixing
present in CrO2, we have a Cr d2 configuration with the same
L2,3-edge spin–orbit splitting, and the theoretically proposed
effect could be a suitable explanation of this strong reduction
in the observed spin moment.

A third point is related to the spin–orbit coupling in the
3d shell. If a spin and an orbital moment are present, the
octahedral symmetry could be reduced by SOC itself and
a nonvanishing Tz is present. This has also been calculated by
Crocombette et al. [30]. If the SOC is isotropic, the Tz moment
is always oriented along the spin moment and varies with the
sample magnetization. The sample orientation will not change
this spin-induced Tz; therefore the above-used symmetry re-
lation 〈Tz〉x +〈Tz〉y +〈Tz〉z = 0 is no longer valid and Tz is
always present. Reported calculations for a 3d2 configuration
have shown that SOC itself could give a Tz contribution up
to 13% of the spin moment, but only at zero temperature. For
room-temperature measurements this SOC-induced value is
strongly decreased to about 1% relative to the spin part. Our
experiments have been performed at room temperature; there-
fore we conclude that this SOC-induced Tz is not the origin of
the observed reduction of the spin moment, despite the possi-
bility that for CrO2 the SOC could be strongly enhanced.

A fourth and probably most interesting point for the ef-
fective XMCD spin-moment reduction is related to hybridiza-
tion. Due to hybridization, the wave functions of the 3d elec-
trons are partly delocalized and form a mixture of Cr 3d-
and O 2p-like states. Therefore, parts of the electronic wave
function will not overlap any more with 2p initial-state wave
functions. This would induce a decrease in the XMCD ef-
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fect for high-bandwidth metals like Fe or Co, correspond-
ing to the strongly delocalized behavior of the 3d electrons,
which has not been observed. In fact, for pure Fe and Co,
nearly perfect agreement could be achieved between sum-
rule-related magnetic moments and other experimental and
theoretical values [33]. But, the mixing or hybridization of the
3d electrons in a pure metal happens between Fe–Fe nearest
neighbors and, therefore, the electrons are bisected between
different Fe ions. On average, all 3d electrons are located only
on Fe sites. The 3d band-like electron wave functions are of
dominating Fe 3d character and no reduction of the magnetic
moment has been observed [33]. This argument is supported
by XMCD measurements performed on rare-earth iron gar-
nets (Re3Fe5O12 or ReIG; Re: rare earth). For HoIG [20],
DyIG [21] and GdIG [34, 35], the Fe L2,3 XMCD has been
studied for different temperatures and sum rules have been
applied at the Fe L2,3 edges. In contrast to the Fe metal
XMCD data of Chen et al. [44], a reduction of the spin mo-
ment by a factor of two for the Fe L2,3 XMCD has been
observed [20, 21]. For the pure Fe system nearly no reduction
of the magnetic moment due to overlapping L2,3 features or
L2,3 final-state mixing is present [15, 30]; therefore, the re-
duction of the magnetic moment present in the garnets could
not be related to this issue. We have also performed XMCD
measurements and moment analysis, as described above, at
the Mn L2,3 edges of La1−xCaxMnO3, and again a reduction of
the spin moment by a factor of two has been observed [36, 37].
XMCD of ‘ferromagnetic’ Cr could be used in principle for
comparison, but the Cr ground state is antiferromagnetic. To
achieve ferromagnetically ordered Cr, it has to be deposited
on or diluted in a ferromagnet [22, 38–40]. For Co and Fe sub-
strates, Cr is ordered antiferromagnetically with respect to the
ferromagnetic substrate. The absolute moment used for nor-
malization of the XMCD spectra is still questionable, because
the magnetic moment of the reference system, a FeCr alloy
with low Cr concentration, is not well defined [41]. In this ref-
erence system Cr is dominantly hybridized with Fe ions and
the influence of hybridization on the Cr XMCD is not known.

To summarize the discussion of the spin moment, we be-
lieve that hybridization with oxygen plays a dominant role
and the observed reduction in the magnetic spin moment
in combination with bulk magnetization data and theoretical
calculations could be used to investigate hybridization and
oxygen coupling. Residual Cr2O3 spectral weight, further dis-
cussed below, reduces the XMCD spin moment as well as
L2,3 mixing with an unknown reduction strength. Further in-
vestigations of epitaxially grown CrO2 thin films on TiO2
substrates with a probably lower Cr2O3 contribution could
give more insight for quantitative estimation of the magnetic
dipole term Tz.

A further argument for XMCD spin reduction is related to
Cr2O3 spectral contributions, which will be discussed below.

4.2 Orbital anisotropy

In this section the observed changes of the orbital
moment will be discussed.

Using conventional sum-rule analysis, we find negative or-
bital moments for pure a-axis projections and for increased
c-axis contributions (see above or Table 2), which is con-

sistent with Hund’s-rule coupling for a less than half-filled
3d band. From a simple sum-rule analysis, we get a de-
creased absolute projected orbital moment along the magnetic
easy c-axis and a higher one along the hard a-axis, which
is quite unexpected, because the easy axis for a nearly un-
strained thin film is the c-axis [27, 42]. This is in contradiction
to Bruno’s model for the intrinsic origin of magnetocrys-
talline easy-axis behavior with increased and nondecreased
absolute orbital projections along the easy axis [43, 44]. Fo-
cusing on the lower part of Fig. 4, we can visually identify
spectral changes present at 577.6 eV and 586.9 eV, which
are separated by 9.3 eV (related to 2p SOC). This behav-
ior suggests a dominant change in the projected orbital mo-
ment and is reflected by the moment-analysis fit in Table 2,
where only the narrow-band unoccupied majority t2g feature
at 577.6 eV shows significant changes in the orbital contribu-
tion of 0.06µB. In contrast, the broad-band feature at 580.5 eV
has a nearly constant orbital moment. This result is quite
important, because it confirms Bruno’s model. A positive
orbital moment is strongly increased along the easy c-axis
while a constant negative orbital background, correspond-
ing to a broad majority eg and minority t2g eg mixture, is
present. Bruno pointed out that quenching of the orbital mo-
ment is related to the ratio of the 3d effective SOC constant
ξ to the effective bandwidth W . For the unoccupied majority
t2g feature at 577.6 eV, the fitted effective bandwidth is only
W = 1.3 eV and a corresponding large residual orbital mo-
ment is present, while the broad-band feature at 580.5 eV has
a higher bandwidth of W = 3.3 eV and, therefore, a smaller
orbital contribution.

The orbital moment is not influenced by L2,3 mixing and
overlapping problems, because both edges have the same sign
and a mixing will not reduce the XMCD-related projected or-
bital moment.

Due to the strong shape anisotropy, we were unable to
identify unambiguously the magnetic easy axis of the sample.
We fitted our hysteresis SQUID data with a Stoner–Wohlfart
model, which suggests an intrinsic easy axis along the c-axis.

Summarizing the discussion of the orbital moment, large
changes in the orbital contribution by increased c-axis pro-
jections have been identified. Using the technique of mo-
ment analysis, we identified those changes with an unoccu-
pied majority t2g feature at 577.6 eV, while the higher-energy
mixed states provide a nearly constant orbital background
with a negative sign.

4.3 Cr2O3 contributions

For a quantitative estimation of the Cr2O3 spectral
weight in our measurements we measured O K -edge spec-
tra and fitted the normalized XAS data to digitized reference
spectra for CrO2 and Cr2O3 [27]. This reference data has been
slightly broadened to fit our experimental conditions. After-
wards, a simulated CrO2 normal-incidence and 60◦ spectrum
was synthesized by a weighted-average sum of pure a- and
c-axes spectra. Figure 7 shows O K -edge XAS for normal in-
cidence and the fit result. CrO2 and Cr2O3 contributions are
also shown and an effective O K -edge spectral weight ratio of
CrO2/Cr2O3 = 1.3 ±0.2 has been extracted. Due to this con-
tamination, a Cr2O3-related nonmagnetic resonant part in the
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Cr L2,3 XAS spectrum (Fig. 4, upper part) is present, which
is not related to CrO2. Therefore, the resonant XAS inten-
sity used by the sum-rule analysis is overestimated and the Cr
3d magnetic moments are underestimated. Assuming that this
ratio stays constant for O K and Cr L2,3 edges, we could es-
timate the nonmagnetic Cr2O3-related spectral weight in the
nonmagnetic XAS resonance lines and calculate a correction
factor of 1+ (1/1.3) = 1.8(−0.2/+0.3) for all magnetic mo-
ments, which have been extracted by sum-rule or moment
analysis. The error bar has been calculated by quantitative es-
timation of the maximal Cr2O3 contamination spectral weight
in the CrO2 reference spectra [27], which leads to an under-
estimation of Cr2O3. Using intensity relations from Nakajima
et al. [13] and an effective mean free path of 1.5 nm, we
could obtain a maximal Cr2O3 thickness of 0.4 nm, which is
0.6-nm smaller than the original tunneling-derived thickness
value.

With this correction the effective absolute averaged pro-
jected Cr d spin moment will be 0.9 ± 0.2µB and the total
change in the orbital moment is 0.12µB.

5 Conclusions

We identified the intrinsic magnetic easy axis of
CrO2, which is oriented along the rutile c-axis, by an in-
crease in orbital contributions for unoccupied majority t2g

electrons. This result could only be obtained by the use of
an XMCD analysis in terms of ground-state moments and
demonstrates the possibility to derive much more quanti-
tative information from XMCD measurements, even with-
out further theoretical support. Sum-rule-related spin values
could be obtained, which take into account spectral overlap
in light TM oxides. An unusually large Tz term has been
found.
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