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Soft x-ray magnetic circular dichroism spectra andin situ element specific hysteresis loops of epitaxially
grown CrO2 thin films have been investigated in the temperature range from 25 to 330 K for two different
crystallographic projections. The quantitative temperature dependence of the microscopic magnetic moments
sspin, orbital, and magnetic dipole termd and the magnetocrystalline anisotropy energy give strong evidence for
the validity of the models by Bruno and by van der Laan, which describe the generation of the orbital moment
and its relation to the magnetic anisotropy energy.
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Halfmetallic ferromagnets with a high spin polarization at
the Fermi energy have been widely investigated in the last
years due to their applicability for future spintronic
devices.1,2 The theoretically predicted 100%sRefs. 3–6d spin
polarization for CrO2 has been verified by superconducting
tunneling spectroscopy atT=1.85 K sRefs. 7 and 8d and
spin-polarized photoemission spectroscopy atT=293 K.9

Even a very high spin-polarized current has been achieved
across a CrO2/ I /Al junction at 400 mK.10 The oxygen-
mediated exchange coupling and the halfmetallic nature are a
challenging problem for theoretical descriptions, because of
the presence of Crs3dd-Os2pd hybridization, double ex-
change, self-doping, and correlation effects.4 CrO2 is meta-
stable at room temperature, which is a severe problem for
surface sensitive spectroscopic investigations.11 Neverthe-
less, high quality, epitaxially grown thin-film samples of
CrO2 can be prepared12 that exhibit anisotropic electronic
transport properties and a magnetic easy axis along the CrO2
f001g-direction.13 Recently performed oxygenK edge x-ray
absorption spectroscopysXASd on an epitaxially grown
CrO2 s100d film with nearly no Cr2O3 contributions gave
detailed information about the orbital character of the O
2p-like states near the Fermi level and their anisotropic
behavior.14 In addition, high-quality angular-dependent x-ray
magnetic circular dichroismsXMCDd results at the CrL2,3
edges have identified different parts of the unoccupied band
structure projected along different crystallographic
directions.15 As a key result the influence of the orbital mo-
ments and the magnetic dipole termTZ on the magnetocrys-
talline anisotropy energysMAEd has been quantitatively
verified. Recently these results have been qualitatively ap-
proved forTZ moment in a theoretical work by Komeljet
al.16

The MAE is responsible for very important material prop-
erties, such as the direction of the easy axis and the coercive
field. One important issue to magnetic storage applications is
the superparamagnetic limit, which must be shifted to higher
temperatures for future ultrahigh-density data storage appli-
cations. For this issue, the MAE is a key property to control
this limit.17 For the orbital moment of 3d ferromagnets with

a filled majority band, Bruno had proposed a perturbation
theory description, where the small nonquenched total orbital
moment is a result of the spin-orbit coupling and the present
spin moment.18 Bruno has further predicted that this interac-
tion of the residual orbital moment with the lattice and the
spin moment is the origin of the MAE. This early model has
been extended by van der Laan for systems with not com-
pletely filled majority 3d-band and added the influence of a
quadrupolar spin density, the magnetic dipole termTZ, to the
MAE.19 Those models can be verified or falsified by micro-
scopic measurements of orbital, spin, and dipole term projec-
tions in element specific form by XMCD.20–24 These micro-
scopic variations are very small, and therefore only a small
number of results with rather qualitative agreement have
been published.25–27 Recent XMCD measurements on CrO2
reveal quantitative consistent results for the MAE using the
model by van der Laan.15,28 Despite the fact that moment
analysis takes care about spectral overlap between theL2 and
L3 edges,29 the measured spin moment was found to be still
reduced. This scalinglike reduction has been identified pre-
viously to hybridization and j3/2 and j1/2 mixing
effects.15,30,31

In this paper, we report on the temperature dependence
and the corresponding temperature dependent “generation”
of the orbital moment and the magnetic dipole term projec-
tions of CrO2. This gives the unique possibility to test the
idea of Bruno and the model of van der Laan, without the
need of absolute spin-orbit-coupling constants and XMCD
spin moment corrections. Therefore, we provide clear and
unambiguous evidence for the microscopic origin of the
MAE in 3d transition metal compounds.

CrO2 crystallizes in the rutile structure with two equiva-
lent a axess0.4421 nmd and a shorterc axis s0.2916 nmd.32

The CrO2 films investigated have been epitaxially grown on
isostructural TiO2 substrates by a chemical vapor deposition
technique33 with a resulting sample thickness of approxi-
mately 100 nm. The Curie temperature of the CrO2 films is
385 K and the films show as100d orientation. Further details
of the sample growth and characterization have been dis-
cussed elsewhere.12
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All spectra were recorded in the total electron yield mode
at the bending magnet beamline PM I at Bessy II with an
energy resolutionE/DE=2000 in an applied magnetic field
of ±5 kOesflipped at each data pointd. The degree of circular
polarization was 95±3%. All spectra are carefully back-
ground subtracted and edge normalized using the same back-
ground and normalization factor for parallel and antiparallel
orientation of the photon beamkW vector with respect to the
sample magnetization. Further details of the experimental
setup and data analysis have been published elsewhere.34

X-ray magnetic circular dichroismsXMCDd spectra were
taken at a fixed angle of incidencesF=60°d and at two
azimuthal anglesu=0° and u=90° for enhanceda- and
c-axis projections, respectively.

Figure 1sad shows the normalized XAS spectra foru
=90° at 23 K, and Fig. 1sbd the corresponding XMCD spec-
tra for u=0° sa axisd andu=90° sc axisd, also at 23 K. The
experimental geometry is shown in the inset of Fig. 1sbd.

The spectra are nearly identical compared to previous
published results.15 We have measured CrO2 XMCD in the
temperature range from 23 to 330 K at nine temperatures for
both crystallographic directionssa and c axisd. The spectra
are shown in Fig. 2,a axis in sad, c axis in sbd of the figure,
with five temperatures omitted for enhanced clarity. Normal
sum rule analysis20,21 is not suitable to extract magnetic spin
moments due to the overlapping features in the XMCD spec-
tra and the absence of a clear separation between theL2 and
L3 parts. Therefore, we have fitted the spectra by a recently
developed moment analysis procedure, which has previously
given consistent results for CrO2.

15 Moment analysis takes
the shape of the spectrum into account and provides the op-

portunity to distinguish overlapping features ofL2 and L3
edges and to separate different parts of the unoccupied band
structure. The basic principles, the handling of the fitting
routine, and a series of different consistent examples have
been recently shown elsewhere.29 In Fig. 2scd the moment
analysis fit at 330 K along thec axis is shown, which repro-
duces the spectrum nearly perfectly. One important result is
the clear separation of the two major parts of the band struc-
ture, a small feature near the Fermi energysEa at 577.8 eV
for the L3 edged, and a broad feature 3 eV above the Fermi
level sEb at 580.5 eV forL3 edged. A more detailed discus-
sion of this separation has been given in Refs. 15 and 29.
This unusual separation, as well as the antiparallel orbital
orientation between thea andb parts, has been demonstrated
by recent angular dependent OK edge XMCD results.35

The extracted temperature dependant isotropic total 3d
spin moment for CrO2 is shown in Fig. 3sad. The values for
the total spin moment are in excellent agreement with former
published XMCD results.15 We have investigated the tem-
perature dependence of the different momentssspin, orbital
moment, andTZ termd and the MAE, and we will prove the
validity of the different theoretical models18,19 for the gener-
ated orbital moment in a nearly quenched system, theTZ
term, and the MAE. We would like to emphasize that also
conventional sum rule derived spin andTZ-term values, with-
out the use of the moment analysis, exhibit the same tem-

FIG. 1. sad XAS spectrasedge normalizedd for parallel and an-
tiparallel alignment of helicity and external magnetic field at 23 K
andc-axis projection.sbd Edge normalized XMCD spectra for en-
hanceda- and c-axis contributions at 23 K. The inset shows the
experimental geometry.

FIG. 2. sad XMCD spectra fora-axis projection at four different
temperatures: 23slined, 80 sopen triangled, 200 sfull circled, and
330 K sopen squared. The spectra are normalized to the resonant
absorption signal;sbd XMCD spectra forc-axis projection at four
different temperatures: 23slined, 80 sopen triangled, 200 sfull
circled, and 330 Ksopen squared. The spectra are normalized to the
resonant absorption signal;scd XMCD spectrum forc-axis projec-
tion at 330 K sblack lined and the corresponding moment analysis
fit sgray squaresd.
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perature dependence with slightly reduced absolute
moments.29

As mentioned above, we extracted two contributions to
the orbital moment per crystallographic orientation by the
moment analysis fitting procedure. The temperature depen-
dencies of the calculated ratios of orbital moment–spin mo-
ment are plotted in Fig. 3sbd. Following the Bruno model,
the orbital moment is described by a tensor equation and
generated by the spin moment via an orbital susceptibility:

L̄=O= S̄ sRefs. 18 and 19d. Along the principal axis of this
tensor the projection of the orbital moment should be propor-
tional to the spin moment, and theL /S ratio is constant as
observed for all four extracted orbital moments. This clearly
shows the validity of the model and that the orbital suscep-
tibility is not a function of temperature.

TheTZ term, generated by a quadrupolar spin density dis-
tribution, can be separated from the isotropic spin by the use
of angular dependent sum rules from Stöhr and König.24 Van
der Laan has described theTZ term as a similar tensor equa-
tion of the spin and a quadrupolar charge distribution:

TZ<−2/7Q·Ŝ sRef. 19d, where Ŝ is a locally acting unit
vector along the spin direction andQ is the quadrupole mo-
ment of the charge distribution. In a spin only system the

expectation value ofŜ follows the normalized magnetization

kŜl=MsTd /Ms0d~SsTd. Along the principal axis the mea-
sured ratioTZ/Sshould be independent of temperature, simi-
lar to the orbital moment. Again, this is clearly observed in
our experiment, as shown in Fig. 3scd.

Recently, the important influence ofTZ andL on the MAE
has been shown for CrO2, and a very good quantitative
agreement between the calculated MAE using the van der
Laan model and the experimentally extracted MAEsRef.
15d—derived byin situ hysteresis loopssRef. 36d—has been
found.

With the simplified van der Laan formula

dE < −
j

4
· Ŝ· hkL↓l − kL↑lj +

j2

DEex

21

2
· Ŝ· kTl,

sRef. 19d, omitting the squared diagonal spin-orbit interac-
tion as in Ref. 15, the MAE could be calculated from the
microscopic expectation values ofL, S, andTZ. In the for-
mula j is the spin-orbit-coupling constant,L↑ is the orbital
moment for the majority bandsthe orbital moment for the
empty minority bandL↓ vanishes and can be neglected15d,
and DEex is the 3d exchange energy. As discussed above
TZ~SandL~S, and, according to the van der Laan formula,
the MAE should bedE~S2. Therefore, we have measured
in situ XMCD-related hysteresis curves36 and extracted the
integraleMdH, and thus the MAE. These are partially shown
in Fig. 4, and the ratio of MAE/sSpin momentd2 is plotted in
Fig. 3sdd. Due to the fact that the ratio is constant for all data
points, we could manifest the applicability of the van der
Laan model for the whole temperature regime. The famous
lsl +1d /2 power law for the MAE, which cannot give a qua-
dratic dependence of the magnetization, worked out by
Callen and Callen37 is not in contradiction with our results,
because the power law was established for ferromagnetic in-
sulators and in their original work Callen and Callen restrict
the law to materials with localized spins and exclude the
validity of the law to almost all 3d metals.

FIG. 3. sad Temperature dependency of the isotropic total 3d
spin moment of CrO2 per formula unit extracted by XMCD and
moment analysis.sbd Temperature dependencies of the ratios of
orbital moments per spin moment. The classification of the orbital
moments is identical to Ref. 15sopen triangles up:La a axis; open
circle: Lb a axis; full triangles up:La c axis; full circles:Lb c axisd.
scd Temperature dependency of theTZ term per total spin moment.
sdd Temperature dependency of the MAEsextracted by XMCD-
hysteresis curvesd per squared spin moment.

FIG. 4. XMCD-related hysteresis loops at the CrL3 edge, se-
lected data shown. The curves for 23 and 300 K are shown fora-
andc-axis projections
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In conclusion, we have investigated the halfmetallic fer-
romagnet CrO2 using XMCD spectroscopy along two crys-
tallographic axes in a temperature range from 20 to 330 K.
We used moment analysis to extract the spin moment, the
orbital moment, and theTZ term and measuredin situ
XMCD-related hysteresis curves to extract the MAE. We
have shown that the orbital moments and theTZ term are
proportional to the spin moment and the generation of these
two moments is independent of temperature. Van der Laan
and Bruno have predicted that the MAE behaves like the
spin moment squared.18,19 Our experimentally observed pro-

portionality give strong evidence for the microscopic de-
scription of the MAE formulated by Bruno, and more re-
cently by van der Laan.
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