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Temperature dependence of the magnetocrystalline anisotropy energy and projected microscopic
magnetic moments in epitaxial CrO, films
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Soft x-ray magnetic circular dichroism spectra andsitu element specific hysteresis loops of epitaxially
grown CrG, 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
(spin, orbital, and magnetic dipole teriand 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 ata filled majority band, Bruno had proposed a perturbation
the Fermi energy have been widely investigated in the lastheory description, where the small nonquenched total orbital
years due to their applicability for future spintronic moment is a result of the spin-orbit coupling and the present
devices!? The theoretically predicted 100¢Refs. 3—-6 spin  spin moment® Bruno has further predicted that this interac-
polarization for CrQ has been verified by superconducting tion of the residual orbital moment with the lattice and the
tunneling spectroscopy af=1.85 K (Refs. 7 and 8and  spin moment is the origin of the MAE. This early model has
spin-polarized photoemission spectroscopy Tat293 K2  been extended by van der Laan for systems with not com-
Even a very high spin-polarized current has been achievegletely filled majority 3-band and added the influence of a
across a Cr@l/Al junction at 400 mK® The oxygen- quadrupolar spin density, the magnetic dipole tdgmto the
mediated exchange coupling and the halfmetallic nature are MAE.'° Those models can be verified or falsified by micro-
challenging problem for theoretical descriptions, because afcopic measurements of orbital, spin, and dipole term projec-
the presence of €8d)-O(2p) hybridization, double ex- tions in element specific form by XMCE?-?* These micro-
change, self-doping, and correlation effetrO, is meta-  scopic variations are very small, and therefore only a small
stable at room temperature, which is a severe problem fonumber of results with rather qualitative agreement have
surface sensitive spectroscopic investigatidnsleverthe- been published2” Recent XMCD measurements on GrO
less, high quality, epitaxially grown thin-film samples of reveal quantitative consistent results for the MAE using the
CrO, can be preparéd that exhibit anisotropic electronic model by van der Laat?8 Despite the fact that moment
transport properties and a magnetic easy axis along the Cr@nalysis takes care about spectral overlap betweeh,thad
[001]-direction!® Recently performed oxygeK edge x-ray L edges?® the measured spin moment was found to be still
absorption spectroscopyXAS) on an epitaxially grown reduced. This scalinglike reduction has been identified pre-
CrO, (100 film with nearly no CgO; contributions gave viously to hybridization and j;, and j;, mixing
detailed information about the orbital character of the Oeffects!®39:3!
2p-like states near the Fermi level and their anisotropic In this paper, we report on the temperature dependence
behaviort* In addition, high-quality angular-dependent x-ray and the corresponding temperature dependent “generation”
magnetic circular dichroisfiXMCD) results at the Ct, 3  of the orbital moment and the magnetic dipole term projec-
edges have identified different parts of the unoccupied bantions of CrG. This gives the unique possibility to test the
structure  projected along different crystallographicidea of Bruno and the model of van der Laan, without the
directions!® As a key result the influence of the orbital mo- need of absolute spin-orbit-coupling constants and XMCD
ments and the magnetic dipole tefiip on the magnetocrys- spin moment corrections. Therefore, we provide clear and
talline anisotropy energfMAE) has been gquantitatively unambiguous evidence for the microscopic origin of the
verified. Recently these results have been qualitatively apMAE in 3d transition metal compounds.
proved for T, moment in a theoretical work by Komedjt CrO, crystallizes in the rutile structure with two equiva-
al.ls lent a axes(0.4421 nm and a shortec axis (0.2916 nm.3?

The MAE is responsible for very important material prop- The CrG, films investigated have been epitaxially grown on
erties, such as the direction of the easy axis and the coerciusostructural TiQ substrates by a chemical vapor deposition
field. One important issue to magnetic storage applications igechniqué® with a resulting sample thickness of approxi-
the superparamagnetic limit, which must be shifted to highemately 100 nm. The Curie temperature of the €fns is
temperatures for future ultrahigh-density data storage appli385 K and the films show €.00) orientation. Further details
cations. For this issue, the MAE is a key property to controlof the sample growth and characterization have been dis-
this limit.}” For the orbital moment of @ferromagnets with cussed elsewheré.
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FIG. 1. (a) XAS spectra(edge normalizedfor parallel and an- n gy (V)

tiparallel alignment of helicity and external magnetic field at 23K g 2. (8) XMCD spectra fora-axis projection at four different
and c-axis projection.(b) Edge normalized XMCD spectra for en- temperatures: 23line), 80 (open trianglg 200 (full circle), and
hance_da— and c-axis contributions at 23 K. The inset shows the 330 k (open square The spectra are normalized to the resonant
experimental geometry. absorption signalfb) XMCD spectra forc-axis projection at four

. . different temperatures: 28line), 80 (open trianglg 200 (full
All spectra were recorded in the total electron yield modecirde)’ and 330 K(open squane The spectra are normalized to the

at the bending magnet beamline PM | at Bessy Il with anesonant absorption signdt) XMCD spectrum forc-axis projec-

energy resolutiore/ AE=2000 in an applied magnetic field (on at 330 K (black line and the corresponding moment analysis
of +5 kOe(flipped at each data poinfrhe degree of circular it (gray squares

polarization was 95+3%. All spectra are carefully back-
ground subtracted and edge normalized using the same bagkertunity to distinguish overlapping features bbf and L
ground and normalization factor for parallel and antiparalleledges and to separate different parts of the unoccupied band
orientation of the photon beafvector with respect to the structure. The basic principles, the handling of the fitting
sample magnetization. Further details of the experimentaloutine, and a series of different consistent examples have
setup and data analysis have been published elsewherebeen recently shown elsewhéfeln Fig. 2(c) the moment
X-ray magnetic circular dichroisniXMCD) spectra were analysis fit at 330 K along the axis is shown, which repro-
taken at a fixed angle of incidend@=60°) and at two duces the spectrum nearly perfectly. One important result is
azimuthal angles#=0° and #=90° for enhanceda- and the clear separation of the two major parts of the band struc-
c-axis projections, respectively. ture, a small feature near the Fermi ene(By at 577.8 eV
Figure Xa) shows the normalized XAS spectra for for the L; edge, and a broad feature 3 eV above the Fermi
=90° at 23 K, and Fig. (b) the corresponding XMCD spec- level (E, at 580.5 eV forL; edgg. A more detailed discus-
tra for #=0° (a axis) and #=90° (c axis), also at 23 K. The sion of this separation has been given in Refs. 15 and 29.
experimental geometry is shown in the inset of Fih)1 This unusual separation, as well as the antiparallel orbital
The spectra are nearly identical compared to previousrientation between the andb parts, has been demonstrated
published result$®> We have measured CEOXMCD in the by recent angular dependentkOedge XMCD results®
temperature range from 23 to 330 K at nine temperatures for The extracted temperature dependant isotropic tothl 3
both crystallographic direction@ andc axis). The spectra spin moment for Cr@is shown in Fig. 8). The values for
are shown in Fig. 2a axis in(a), ¢ axis in(b) of the figure, the total spin moment are in excellent agreement with former
with five temperatures omitted for enhanced clarity. Normalpublished XMCD result$®> We have investigated the tem-
sum rule analysf8-?is not suitable to extract magnetic spin perature dependence of the different momeagsn, orbital
moments due to the overlapping features in the XMCD specmoment, andr; term) and the MAE, and we will prove the
tra and the absence of a clear separation betweeh,thad  validity of the different theoretical modéfs'®for the gener-
L5 parts. Therefore, we have fitted the spectra by a recentlgted orbital moment in a nearly quenched system, The
developed moment analysis procedure, which has previouskgrm, and the MAE. We would like to emphasize that also
given consistent results for Cs3® Moment analysis takes conventional sum rule derived spin afighterm values, with-
the shape of the spectrum into account and provides the oput the use of the moment analysis, exhibit the same tem-
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lar to the orbital moment. Again, this is clearly observed in
our experiment, as shown in Fig(c3.

FIG. 3. (@) Temperature dependency of the isotropic totdl 3 ~ Recently, the important influence & andL on the MAE
spin moment of CrQ per formula unit extracted by XMCD and has been shown for CgQand a very good quantitative
moment analysis(b) Temperature dependencies of the ratios ofagreement between the calculated MAE using the van der
orbital moments per spin moment. The classification of the orbitalLlaan model and the experimentally extracted MAMef.
moments is identical to Ref. 1®pen triangles upk, a axis; open  15)—derived byin situ hysteresis loopgRef. 36—has been
circle: Ly, a axis; full triangles upL, c axis; full circles:Ly, ¢ axis). found.
(c) Temperature dependency of tig term per total spin moment. With the simplified van der Laan formula
(d) Temperature dependency of the MAExtracted by XMCD-
hysteresis curveper squared spin moment.
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perature dependence with slightly reduced absolute
moments?®

As mentioned above, we extracted two contributions to " . . .
the orbital moment per crystallographic orientation by the(.Ref' 19.' omitting the squared diagonal spin-orbit interac-
moment analysis fitting procedure. The temperature depetji'-o.n as in .Ref. 15, the MAE could be calculated from the
dencies of the calculated ratios of orbital moment—spin mo!Microscopic expectation vaIu_es bf S, and;l';. In the fpr-
ment are plotted in Fig. 8). Following the Bruno model, mula ¢ is the spin-orbit-coupling constarit, is the orbital

the orbital moment is described by a tensor equation anawomtent for Tebmafj?_rjty bgnﬁihe orgital mt())ment Ifo(;t%)he
generated by the spin moment via an orbital susceptibilitygnmdeEm'?srt'hi ?;ajnexck:ls:ése aneargy (;f: di(saczigeed agove
.. . . ex )

L=0S (Refs. 18 and 1P Along the principal axis of this 1 . gandL«S and, according to the van der Laan formula,
tensor the projection of the orbital moment should be proporihe MAE should besEx<2. Therefore. we have measured
tional to the spin moment, and te/'Sratio is constant as j, iy xMCD-related hysteresis cunsand extracted the
observed for all four extracted orbital moments. This ClearlyintegralfMdH and thus the MAE. These are partially shown
shows the validity of the model and that the orbital suscepy, Fig. 4, and the ratio of MAE(Spin momeng is plotted in

tibi%i_?]/ i_sr not a function 0; tsmperatlére. | in density di Fig. 3(d). Due to the fact that the ratio is constant for all data
e Tz term, generated by a quadrupolar spin density disy s e could manifest the applicability of the van der

tribution, can be separated from the isot_r_opic spin_by the us aan model for the whole temperature regime. The famous
of angular dependent sum rules from Stéhr and Kfilgan I(1+1)/2 power law for the MAE, which cannot give a qua-

d_er Laan has d_escribed tiig term as a similar tensor equa- dratic dependence of the magnetization, worked out by
tion of the spin and a quad[upolar charge q'St”buF'on'Callen and Callef{ is not in contradiction with our results,
T;=-2/7Q-S (Ref. 19, whereS is a locally acting unit pecause the power law was established for ferromagnetic in-
vector along the spin direction ar@is the quadrupole mo- gylators and in their original work Callen and Callen restrict
ment of the charge distribution. In a spin only system thethe Jaw to materials with localized spins and exclude the

expectation value o follows the normalized magnetization validity of the law to almost all 8 metals.
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In conclusion, we have investigated the halfmetallic fer-portionality give strong evidence for the microscopic de-
romagnet Cr@ using XMCD spectroscopy along two crys- scription of the MAE formulated by Bruno, and more re-
tallographic axes in a temperature range from 20 to 330 Kcently by van der Laan.

We used moment analysis to extract the spin moment, the

orbital moment, and theTZ term and measuredh situ We would like to thank the beam line staff at BESSY ||,
XMCD-related hysteresis curves to extract the MAE. Weespecially T. Kachel, and A. Schmid for the help during the
have shown that the orbital moments and feterm are measurement time. This work was supported by the DFG
proportional to the spin moment and the generation of thesBorschergruppe Augsburg, Contract No. SCHU 964/4-5 and
two moments is independent of temperature. Van der Laaby the German Federal Ministry of Education and Research
and Bruno have predicted that the MAE behaves like thdBMBF) Grant No. FKZO5K51PAA/7.

spin moment squared:'® Our experimentally observed pro-
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