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Electronic structure of CrO, as deduced from its magneto-optical Kerr spectra
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We report a combined experimental-computational investigation of the electronic structure,of/&r@ave
measured the magneto-optical Kerr spectra of £a10 K and 300 K. At 10 K the Kerr signal is significantly
enhanced over that obtained at 300 K. We compare the measured Kerr spectra to first-principles theoretical
spectra, which we computed using three different approximations to the exchange-correlation functional, i.e.,
the local spin-density approximatighSDA), generalized gradient approximatiG@GA), and LSDA+U. The
experimental low-temperature magneto-optical Kerr spectra are best explained by calculations employing the
GGA functional. The addition of an on-site Coulomb correlatidmioes not lead to reasonable Kerr spectra.
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[. INTRODUCTION ture. Arguments supporting posititfeas well as negativé
answers have been published.

CrO, has recently attracted attention because of its un- In the present work we address this question from the
usual electronic structure and magnetic propefie€ro, is  point of view of the magneto-optical spectra of Gr@hich
a ferromagnetic conductor in the group of mostly antiferro-depend sensitively on the electronic structure. We report here
magnetic insulating @ transitional-metal oxides. Moreover, Polar Kerr rotation and ellipticity spectra that were measured
ab initio investigations predicted its electronic structure to beon epitaxially growna-axis textured Cr@films in the range
anomalous,with only electrons of majority-spin polarization from 1.2 to 4.9 eV at 10 K and 300 K. These experimental
appearing at the Fermi level resulting in so-called “half- spectra are compared to theoretical spectra which we com-

metallic” behavior. The half-metallic property has important puted u;ing eithc—;-r the LSDA, GGA, or LSDM exchange_—
applications in devices based on tunneling magnetog:orrelatlon functionals. Furthermore, a detailed analysis of

resistanc®!!  and intergrain-tunneling magneto- f[he contributing optical tran'smons' is performed, and the an-
resistancd12-14 isotropy of tge I;err effect is studied. In so]rcnfz1 respectls this
L . - . aper extends the previous investigations of the optical spec-

The most interesting and controversial issue is, from P P g P P

. ; . ra, calculated by Bradleet al. (Ref. 19 and by Maziret al.
fundamental point of view, the role of the on-site Coulomb(Ref' 19, to the case of magneto-optical effects studied by
correlation. Already the firsab initio calculatiort based on

X _ L ; Uspenskiiet al. (Ref. 20. The most important topic, how-
the local spin-density approximatidhSDA) predicted cor- ever, is the comparison of the LSDA, GGA, and LSBA
rectly the metallic ground state of CyQIn spite of this, the  gnnroaches, which, to our best knowledge, has not been pre-
LSDA approach is well known to fail to predict the proper sented so far. On the basis of that comparison we conclude
electronic structure of most of the othed 3netal oxides. that the experimenta| magneto-optica| Kerr Spectra szc:ro
The inclusion of the gradient corrections to the LSQy&Nn-  are best explained by calculations based on the GGA func-
eralized gradient approximation, or GGdoes not normally  tional. As a consequence, the electronic structure of,GsO
improve the electronic structure description of tret Betal  reasonably well described by the GGA functional,
oxides. The reason for this failure of the LSDA and GGAwithout the need to invoke an additional on-site Couldthb
functionals is the insufficient treatment of the on-site Cou-correlation.
lomb correlation. In this respect, the LSBAJ method'®

which includes explicitly an on-site correlation term, has

brought an important improvement to the description of most

3d metal oxides, because it correctly yields the insulating The CrG films were prepared by a chemical vapor depo-
ground state. Also spectral properties of transition-metal oxsition process proposed by Ishibagtial. (Ref. 21). Al,O4

ides are better described by the LSBA method™>In (0001 substrates were annealed at 1000 °C for several hours
the case of Cr@the question has risen as to whether thebefore starting the deposition process. During the deposition
LSDA+U method also correctly yields its electronic struc- the substrate is oriented at an angle of 30° with respect to the

Il. EXPERIMENT
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FIG. 2. The polar Kerr rotationdx and Kerr ellipticity ¢
of CrO, measured at two different temperatures. Closed symbols:
0.0 . L L L L this work, for 10 K @), and 300 K (¢ ). Open symbols: the room-
0 100 200 300 400 temperature results of Brdle et al. (Ref. 25.
Temperature (K)

temperatures of 10, 25, 50, 100, 150, 200, 250, and 295 K
FIG. 1. Temperature dependence of the remanent magnetizatiQQhich indicate an in-plane easy magnetization axis over the

of ana-axis-oriented Cr@film in in-plane and out-of-plane geom- \hole temperature range investigated.
etrie; after saturating with an in-pla_ne field. '_I'he inset shows hys- 5 fully automated polar Kerr spectrometer was used to
teresis loop measurements with the in-plane field at 10, 25, 50, 10Q,casure the polar Kerr rotation and ellipticity spectra in the
150, 200, 250, and 295 K. photon energy range from 1.2 to 4.9 eV. An optical cryostat

inset allowed measurements from 10 K to room temperature.
horizontal axis of a tube furnace. C§Os evaporated at All data were recorded relative to an Al mirror. During the
260 °C within a two-zone tube furnace. A well-controlled measurements, the Cs@lims were magnetized with an out-
oxygen flow transports the evaporated material and its intelof-plane field ofB=+1.5 T to reduce birefringence effects.
mediate oxide phases to the deposition zone where the suliy Fig. 2 we show the present low-temperature and room-
strate is placed. The substrate temperature is adjusted t@mperature Kerr spectra measured on the prepared films, as
390 °C enabling the growth of CHOAccording to the phase well as those measured at 300 K by Bdée et al. (Ref. 25.
diagram, CrQ reduces via several chromium oxide states toThere exists a pronounced effect of temperature on the small
CrO, (Ref. 22. The growth of a 200 nm thick CeOfilm  structures in the Kerr rotation below 3 eV. Tleegative
takes several hours. Using A); (0001 substrates a colum- Kerr rotation peak at 1.2 eV is almost four times larger at 10
nar growth ofa-axis-oriented Cr@on an initial CyO; layer K. Also the other small Kerr rotation peaks at 1.5, 2.0, and
has been found in transmission electron microscopy as weft.4 eV become two times larger. Our measured Kerr spectra
as in x-ray-diffraction investigations. The sixfold in-plane are apparently consistent with the previous room-
symmetry of the(000)-oriented C5O; initial layer leads to  temperature spectfa.In the low-temperature Kerr ellipticity
three equivalent in-plane orientations for #@91 plane of  there occurs a sudden dip at 2.8 eV, which is not present in
the CrQ unit cell as confirmed by electron diffraction and the room-temperature spectrum. It could be that this feature
scanning electron microscopy. A detailed structural and magis an experimental artifact. In view of the considerable influ-
netotransport characterization of these films will be pub-ence of temperature on the Kerr spectra, our low-temperature
lished elsewher&’ data are the optimal starting point for performing a critical

The ferromagnetic ordering temperature of €i®in the  comparison tab initio calculated Kerr spectra.

range of 385-395 KRefs. 22 and 24 The measured tem-
perature dependence of the magnetization, see Fig. 1, shows
a significant reduction of the saturation magnetization at
room temperature. Room temperature is already close to the The measurements are performed on Cfilms where
Tc of CrO,, so that a magnetization reduction is expectedthe tetragonal axis of the rutile structure is in the film
The temperature dependence of the magnetization was meplane, and one of tha axes is perpendicular to the film. This
sured using the Kerr effect, wherefore the magnetization casetup does not correspond to the standard situation of a
be somewhat less than that of a superconducting quantuomiaxial crystal, commonly treated in the literature. In the
interference device measurement. The room-temperaturease of normal incidence the polarization analysis of the po-
magnetization reduction motivated the current low-lar Kerr effect reduces to a two-dimensional problem in the
temperature polar Kerr spectroscopy measurements. Previoptane normal to the propagation of the light. For a uniaxial
polar Kerr spectra of CrOwere measured only at room crystal, where the magnetization is oriented along an axis of
temperaturé® The inset shows in-plane hysteresis loops atat least threefold symmetry, the two diagonal elements of the

Ill. POLAR KERR EFFECT IN BIAXIAL CRYSTALS
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dielectric tensor corresponding to the axes perpendicular to IV. COMPUTATIONAL METHOD
the magnetization are equal. This facilitates the polarization
analysis considerably. In the present situation, however, . . 6 -
these two diagonal elements are unequal. The problem of tHgane-wave method as implemented in tiENo7 codé® in

two diagonal elements of the dielectric tensor being different® Present work. The exchange field, whose orientation is
was studied by Uspenskit al. (Ref. 20. Since this arrange- treated as an external parameter, is assumed to be collinear in

ment is not very common we discuss it in more detail. all points in space. The spin-orbit coupling is included within
Unlike the uniaxial case, where only magnetic circularthe second variational approath.
dichroism is present resulting from breaking of the time- The calculations were done in two steps. First the elec-
inversion symmetry, an additional nonmagnetic linear di-tronic structure was converged to self-consistency and then
chroism that arises from the low real-space symmetry apthe optical and magneto-optical spectra were computed. The
pears in the studied case. The nonmagnetic part of thknearized augmented plane-wave basis, characterized by the
rotation and ellipticity depends on the orientation of the po-muffin-tin-sphere radii of 1.95 a.f1.6 a.u) for chromium
larization vector of the incident light with respect to the crys-(oxygen, consisted of approximately 820 functions, while
tal axes. The magnetic part of the rotation and ellipticitythe oxygen 8 and chromium 3 and 3 semicore states
changes sign under reversal of magnetization, while the norwere treated as local orbitals. A regular sampling of the Bril-
magnetic part remains unchanged. In the following the axefuin zone(Bz) with 3380k points was used in the iterative
of the dielectric tensor are chosen to coincide with the CryStomputation of the electronic structure, whose amount was
tallographic axes such thatis along the tetragonal axis,  jncreased to 751K points in the BZ for the calculation of the
and the magnetization and omeaxis are alongz. Starting  gpical and magneto-optical properties. The irreducikle
from the assumption that the nonmagnetic effect charactel;oine were determined out of these samplings in accordance
ized by o0y is much larger than the magnetic one char-iun the actual symmetry that depends on the exchange-field
acterized way'.we derlveq an expression for the Magnetic ;e ction. Linear-response formalism was employed to com-
part of the rotation and ellipticity, i.e., the Kerr rotatiah pute the optical conductivity or dielectric tensor within the

a_md ellipticity e (see the A_ppendben additio_nal assump- dipolar approximatiorgfor details, see Refs. 28 and)23he
gfnnaﬁg?;hl;?]tg ]:[25\/ &aggggzvzg?]sl%nwr?;new; zjoggg]n; ar(glbsorptive part of the components of the dielectric tensor
ek as half of the diffe?ence between .the rotations and eIIip-Was galculated up to 2 Ry, providing a sufficient!y large en-
ticities, respectively, obtained for opposite orientations of thegggr'nqtiﬁgﬂgoéft?heel?;?gstri\s/jg;?igugatgsgoé'cat'On and the
magnetization, we obtain X : ,

g The whole computational procedure was repeated six
2 2 times. The(001) and(100) orientations of the exchange field
rCOS'¢+r,si ¢‘ (1)  Were studied, each for three different exchange-correlation
recog ¢+ r7sirf e functionals, viz., the LSDARef. 30, GGA (Ref. 31, and

LSDA+U (Ref. 32. An extra calculation was performed

Heree,z are elements of the permittivity tensor asds the  with the GGA functional for the(011) exchange-field
angle between the polarization vector of the incident lightorientation.

We have used the full-potential linearized augmented

Fy=rx

0K+i8K=6X (
Y €yy ™ Exx

and they axis. The reflection coefficients andr, are given We employed for the LSDA U approach the rotationally
by invariant formulatior® with the “double-counting” term of
Anisimov et al. (Ref. 16. The theoretical and J param-
Véepa—1 eters of Korotinet al. (Ref. 17 were used.
[, =—F——. (2
VéEuat1l
The in-plane distribution of crystallites in the studied film V. RESULTS
approximately corresponds to a randafn Averaging ex- A. Bonding and partial densities of states

pression(1) over ¢ one arrives at CrO, crystallizes in the rutile structure which is built of O

octahedra surrounding the Cr atoms that form a body-
centered tetragonal lattice. It has become customary to intro-
duce a local coordinate system according to the Cr-O bond-
ing axes within the octahedta®*~3¢ The octahedra that
We note that formuldl) differs from the expression given surround the corner and the body-centered Cr site are rotated
by Uspenskiiet al. (Ref. 20. While the two expressions are by 90° along thec axis with respect to one another, whereas
identical in the limiting caseg = 0,7/2, the dependence on the apex axes of each of the octahedra are oriented perpen-
¢ is different. We analyzed this discrepancy and found that idicular to the crystallographic axis. The octahedra are
comes from a different application of the approximation,slightly irregular with a rectangular base, whose longer side
which is that the nonmagnetic rotation is small. When thatis parallel to thec axis. The Cr-O distance within the base is
condition is fulfilled both formulas give practically the same 1.8% longer than the one in the perpendicular direction,
results. which we denote as the loca direction. This defines a

gK_HSK:im_ (3)
€yy— Exx ry-l— Iy
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FIG. 3. Partial Crd (upper pangland Op (lower panel den-
sities of states of Cr@as calculated with the GGA. Negative values
correspond to the minority-spin polarization. 0 2 4 6

natural local coordinate system at the Cr site, such thaXthe Energy (eV)

andY axes point approximately to the O sites, and, in par-
ticular, Y-X is parallel to the longer base side. The natural
coordinates are denoted by capital letté/¥, andZ to avoid elements are given by the solid lines and the imaginary parts by the

confusion with the global coordinatesy, andz. dashed lines. In the upper panel the thick lines corresponds,to
The bonding, which concerns only @rand Op states, (g||c), and the thin lines tar,, (El|a).

has been discussed by several authdfs*3%3/As the par-
tial densities of state€PDOS were previously reported for
the LSDA and LSDA-U exchange-correlation functionals,
we present here only the PDOS obtained with the GGA func- In order to simplify the analysis of the optical spectra, we
tional. In Fig. 3 we show the GGA-derived @rand Op mention the following observations. First, despite the mixed
partial densities of states. A well-developed splitting of thespin character of the eigenstat@hkie to the spin-orbit cou-
Cr-d states by the quasicubic crystal field is obtained. Thepling) the spectra of the diagonal as well as off-diagonal
position of theey orbitals, which point to the O sites, is elements of the conductivity tensor can to a very good ap-
responsible for the higher-energy PDOS, which in turn is dugroximation be written as the sum of majority- and minority-
to the Coulomb repulsion by the charge. The position of spin contributions. Second, the, ando, spectra show the
the ey orbitals towards the O sites is also responsible for thesame general features and we will restrict ourselves to dis-
larger degree op-d hybridization as compared to thg, cuss only those. Third, only transitions from @Oto Crd
orbitals, whose lobes point to the space in between the @erived states are possible in the minority-spin channel,
sites. Thep-d(e,) hybridization is reflected by thel(ey) whereas in the majority-spin channel in addition transitions
peaks at the top of they antibonding band and at the bottom between Crd derived states can contribute.

of the p bonding band; corresponding peaks can be ob- In Fig. 4 the calculated conductivity spectra are shown.
served as well. The contraction of the Cr-O distance alonghe spectra were convoluted with a Lorentzian having a
the local Z axis is reflected in the Z°—X2—Y?) peak half-width at half maximums=0.2 eV to approximate finite
shifted above the corresponding{—Y?) peak. As the lifetime effects. Prominent spectral features in the conductiv-
p(Y+X) position is perpendicular to the plane of adjacentity spectra have been labeled “1” to “5.” In order to analyze
Cr atoms, no hybridization withl(e,) states is found. The the origin of the spectral features we calculated the contribu-
present PDOS study, as well as previous stutfi€dsupport  tions of individual final and initial states according to their
for CrO, the picture of ionic bonding with additional local site symmetry. As an example, we show in Fig. 5 the
Cr-d—O-p hybridization. Together with the strong exchangecontributions of the final Cd states to the diagonal absorp-
interaction at the Cr sites, this bonding gives rise to the halftive part(i.e., R¢ o), which are the most important ones
metallic naturg® of CrO,. for the interpretation of the spectra. The double peak 1 in

FIG. 4. Elements of the conductivity tensor for t@91) orien-
tation of magnetizationNl||a). The real parts of the conductivity

B. Optical conductivity
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FIG. 5. The contributions of transitions to unoccupied dCr- FIG. 6. The contributions of transitions to unoccupied dCr-

states to Reryy ] (E||a). The upper panel shows the contributions states to Ifo,,]. The upper panel shows the contributions of the
of the majority-spin channel, the lower panel those of the minority-majority-spin channel, the lower panel those of the minority-spin
spin channel. channel.

. - . and above 2 eV, respectively. In the minority-spin channel
Fig. 4 originates from Ciityg) to Crd(ty) transitions only transitions from Qp to Cr-d(t,,) States contribute sig-

within thg .majority-spin f:hannel, which are epa}bled by thenificantly forming the major part of the off-diagonal conduc-
p-d hybridization. The minimum 2 at 1.7 eV originates from tivity above 2 eV.

the eg-t,q gap in the majority-spin channel. The spectral in-
crease up to shoulder 3 results from the dCr;y) to
Cr-d(eg) transitions in the majority-spin channel and the on-
set of Op to Crd(t,y) transitions in the minority-spin chan- In Fig. 7 the polar Kerr rotations and ellipticities calcu-
nel. Going from 3 to 4 in the majority-spin channel the con-|ated with the LSDA, GGA, and LSDAU functionals are
tribution of the transitions from Cat,,) vanishes and the depicted. All spectra were computed with a lifetime broad-
main contribution comes from transitions originating from ening of §5=0.1 eV. The Kerr spectra were calculated using
O-p, which results in a further increase that is connected=q. (3) for the (001) orientation of the magnetizatiofi.e.,
with the PDOS peak at the top of tieg bands. This feature M||a). From these three theoretical results the GGA calcu-
is supported also by the onset offxto Cr-d(e,) transitions  lation achieves the best agreement with the experimental

C. Polar Kerr effect

in the minority-spin channel. data, as can be clearly recognized from Fig. 8. All the theo-
In Fig. 6 the contributions of the final Gf-states to the retical Kerr rotation spectra exhibit a similar shape with one
absorptive part of the off-diagonal conductivityi.e., local minimum and one local maximum between 1 and 3 eV,

Im[ o, ]) are shown. We note that only transitions from or towhile such a structure is repeated twice in the experiment.
states with nonzero orbital moment can contribute. The cubiThe LSDA calculation reproduces well the peaks at 1 eV and
crystal field quenches the orbital moment in t#gstates. 1.5 eV, while the shoulder observed at 3.8 eV is shifted to-
Therefore only transitions involving thg, states contribute wards lower energies in the calculation. Application of the
significantly as only those states carry a considerable orbitdlSDA+ U leads to a more or less rigid shift of the LSDA
moment. A similar analysis as performed for the diagonakpectrum towards higher energy, which stems from the in-
conductivity leads to the conclusion that transitions fromcreased gap in the minority-spin channel. The position of the
Cr-d(tyg) to Crd(t,g), and to Crel(ey), within the majority-  shoulder at 3.8 eV is well reproduced as well as the peak at
spin channel, are responsible for the structures below 1 e¥.4 eV. On the other hand, the agreement at lower energies is

165105-5



J. KUNESet al. PHYSICAL REVIEW B 65 165105

0.5

>
1

0.4

-~

0.3

>

\
__,.—-"'";‘ .
1

.

0.2
0.1}

0.1

0.0

0.0

Complex polar Kerr effect (deg)
Complex polar Kerr effect (deg)

01|
ozl ~-0.1
03| 02
o e
I R R N e e R
Photon energy (eV) Photon energy (eV)

FIG. 7. The polar Kerr rotation and Kerr ellipticity @faxis-
oriented CrQ as calculated with LSDA, GGA, and LSDAU
exchange-correlation functionals.

FIG. 9. The polar Kerr rotation and ellipticity spectra as calcu-
lated with the GGA functional for various orientations of the mag-
netization.

not good and the main discrepancy, which is the missing four

peak structure between 1 and 3 eV, is not removed. In thisomagnets, yet the Kerr effect of Cs@ quite small, even
respect the LSDA U can hardly be considered as an im- smaller than, e.g., that of Fe. Detailal initio investigations
provement over the LSDA. The GGA spectrum seems tashowed that there does not exist a general rule for obtaining
combine the good features of the other two calculated spea large Kerr effect in a half-metallic materi@ee, e.g., Ref.
tra, see Fig. 8. As it follows the LSDA rotation spectrum up 39). Although the half-metallic property may enhance the
to 2 eV, it reproduces well the peaks at 1.2 and 1.5 eV. Abov&err effect through a plasma minimum in the reflectivity, the
3 eV it coincides with the LSDA U spectrum reproducing more pronounced influence comes from the size of the spin-
well the crossover at 2.8 eV and the should_er at 3.8 eV. In thepit coupling® The strong spin-orbit coupling of Pt contrib-
spectral range between 2 and 3 eV there is a sign of a locgftes significantly to the large Kerr effect of PtMnSb. The
minimum at 2 eV and maximum at 2.3 eV, however, thegpin_orhit coupling of Cr as well as of O is much smaller, so
magmtudg of thesg f_eatures IS ”.‘“Ch too small compared fhat consequently only a small Kerr effect results for €rO
the experiment. Similar conclusions can be drawn for the In Fig. 9 we show the anisotropy of the polar Kerr effect
Kerr ellipticity. The measured Kerr ellipticity is well de- as obtained with the GGA. A large difference is present in
scribed by the GGA ellipticity spectrum, except for the ob-,[he Kerr spectra computed. for t&00) and (001) magneti-
served minimum in the ellipticity at 2.3 eV, which is not as zation orientation below 2 eV, where the signs of the Kerr

deep in the GGA calculated spectrum. . . . .
In the past the occurrence of a large Kerr effect in thefotations are opposite, while almost the same spectrum is

ternary compound PtMnSbh has been related to the hal@btained above 3 eV. The ani_sotropy within the basal plan_e is
metallic nature of PtMnSB? This left the impression that found to be rather small. This suggests that even the orien-

large Kerr effects could be anticipated for half-metallic fer-tation of crystallites with thex axis out of the plane of the
film [i.e., (Omn) orientatior] cannot explain the remaining

T - - - [ - - ~Jos disagreement between the calculation and experiment. The
' anisotropy in the magneto-optical spectra was previously re-
lated to the magnetocrystalline anisotropy and the anisotropy
in the orbital moment®*!The magnetocrystalline anisotropy
in the spin and orbital moments is computed to be quite
small. The orientational anisotropy of the orbital moment,
AM =M [M||la]-M [M||c], is only —0.00ug per Cr
atom, whereas the anisotropy in the Cr spin moment is prac-
tically zero. This finding is supported by another, non-full-
potential investigatiori® which obtained nearly identical val-
ues. The non-full-potential calculation of Ref. 20, however,
03k 41 l predicted a much larger orbital moment anisotropy of
e — —0.022ug . The fact that the anisotropy in the Kerr effect in
Fig. 9 is large, in spite of the very small anisotropy in the
orbital moment, can be understood from the fact that the
FIG. 8. Comparison of the measured, low-temperature polagnisotropy in the orbital moment is given by a spectral inte-
Kerr spectra(symbolg and the theoretical spectra computed with gral over the anisotropy in the absorptive part of the off-
the GGA approaclfor a lifetime broadeningg=0.1 eV). diagonal conductivity* While at a fixed frequency the an-

Complex polar Kerr effect (deg)

Photon energy (eV)
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isotropy in the off-diagonal spectrum may be large, the ( €xx  Exy
frequency-integrated anisotropy can nevertheless be small. €=
Finally, we studied how the absorptienaginary and

refractive (rea) parts of the off-diagonal conductivity con- e adopt the notatiol = €,,— €, and 7=¢€,,/A. In the
tribute to the Kerr spectra. Since the variables in @j.are following we assumer to be a small parameter, which is
complex, both the absorptive and refractive parts of the conge|| satisfied in CrQ@, where|7|<1/10. We therefore per-
ductivity contribute to the rotation and ellipticity. Neverthe- tom the expansion only to the lowest order4nThe eigen-

less, upon separating the contributions of the real and imagiyodes, which are the solutions of the Fresnel equation, are to
nary parts of the off-diagonal conductivity we found that |gwest order inr given by

except for the interval between 2 and 3 eV the shape of the

(A1)
~ €y €yy

Kerr rotation spectra is determined by the refractive part of 1

the off-diagonal conductivity. The same holds for the Kerr n=VextO(7?), m=| |+0O(7?),
ellipticity and the absorptive part of the off-diagonal conduc- T

tivity. This means that the ellipticity spectrum can be under-

stood in terms of the analysis in the previous section, o 2 T 2

while the rotation follows from it by a Kramers-Kronig N2=Vey+O(1), 7= 1 +O(7), (A2)

transformation. o o
wheren, , are the refractive indices ang , the electric-field

eigenvectors. The corresponding reflection coefficients shall
VI. CONCLUSIONS be d.eno.teorlvz. The incident Iight is assumed to hf_;\ve a
polarization vector at an anglg with respect to the axis,
We have measured the magneto-optical Kerr spectra on
a-axis textured Cr@films. The Kerr spectra measured at low _ COoS¢ c
temperatures differ significantly from those obtained at 300 E'=Eo| _. =Eo| _/, (A3)
sing S
K. The measured Kerr spectra are compared to Kerr spectra
that we calculated using the LSDA, GGA, and LSBA  jn which we introduce a shorthand notation for the trigono-
exchange-correlation functionals. We found satisfactorymetric functions. Expressing the incoming linearly polarized

agreement between the experimental spectra and theoretiqgjht in the 1., basis and keeping only the terms to lowest

spectra calculated with the GGA functional in the spectralorder in » we arrive at the following expression for the re-
range from 0.5 to 5 eV, with the exception of the intervalfiected light:

from 1.8 to 2.8 eV. The main outcome of this study is the fact

that application of the LSDA U scheme, w_hich changes E'scri(c—s7) g+ ry(S—C7) g+ O(72). (A4)
notably the LSDA spectra, does not result in better agree-

ment with the experiment. Moreover, the correspondence ofince we are not interested in the absolute intensity of the
the LSDA+U spectra to the experimental ones is signifi- reflected light we omit the multiplicative factors. In order to
cantly worse than that of the GGA spectra. This shows thagderive the Kerr rotation and ellipticity we express the above
the LSDA+U functional is not adequate for the explanation equation in the basis of circular polarizations. .

of the magneto-optical properties of Gs@nd consequently, The choice of the circular polarization basis is not unique

also not adequate for appropriately describing its electroni¢there is an arbitrary phase shift between the two polariza-
structure. tions). The choice of this phase shift is related to the direc-

tion from which we measure the rotation of the polarization
plane. Since we would like to use the fact that the angle
ACKNOWLEDGMENTS between the polarization planes of the incident and reflected
light is small, we have to choose the above-mentioned phase
We gratefully acknowledge financial support from the shift so that the rotation of the polarization plane of the in-
Sonderforschungsbereich 463, Dresden, Germany. Parts efdent light is zero. This could be done in two steps: first we
this work are supported by the German Federal Ministry ofexpressy,, 7, in the rotated coordinate system whosaxis
Education and Research “BMBF” under Grant No. is along the polarization plane of the incident light, and,
13N7329. second, transform these “new” vectors into the circular basis
(1,i), (1,—1). We arrive at the following representation of
the basis vectors:

APPENDIX
— . . c(l—ir)+s(7+i
The derivation of expressions for the polar Kerr rotation 7= ( _T) (7 .) ,
and ellipticity in biaxial crystals for an arbitrary direction of c(l+ir)+s(r—i)

the linear polarization is presented here. We assume that the

magnetization as well as the ligktvector point along the c(r—i)+s(1+ir)

axis. The polarization analysis then reduces to a two dimen- 2= c(r+i)+s(1—in)) (AS)
sional problem in thex-y plane. The relevant part of the
permittivity tensor reads Substitution into Eq(A4) yields

165105-7
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id_j —ise?+j 202 .2 2_ 2
Er“fl(cceewjy +r2<_ IS,(ei(/,j.lT LO(). (A6) ®K=—Trlc r5—rqro(cc—s)
iT ise—ir 1262+ 282
We are obviously interested only in the magnetic part of the .
rotation and ellipticity. This part can be obtained by measur- e ( r2— 1y |ricoSe+r,sife (A12)
ing the rotation and ellipticity for the two antiparallel orien- N\ €y~ €xx/ r2coL p+rsit e

tations of the magnetic field and subtracting the two results,l_he reflection coefficients; are given by the standard ex-
I

ie.,

Ok =3[Ok(+M)—O(—M)], (A7)

where we denot® =60 +iey. For small®, we can use

the approximation

. E'
e? Ok~ E—f (A8)
Starting from this approximation we arrive at
. EL.(+M)E (-M) N
e4I®Kva1+4i®Km r+( - ( =—,
E'(+M)E,(-M) D
40~ ——. (A9)

D
Using Eq.(A6), and thatr— — 7 for M— — M, we obtain
N=E" (+M)E" (—M)=ric?+r58°+2i 7{ —r2c?+r3s?
+11r,(c?—s?)}+0(7?), (A10)
D=E" (+M)E"(—M)=r2c?+r3s?+2i r{ric?—r3s’

—rqry(c?=s?)}+0(7?). (A1l

Substituting into Eq(A9) and keeping only the lowest-order

term in = we find

pression for normal incidence,

Ni—Ng
T ni+ng

r (A13)

If we assume random orientation of crystallites with respect
to the polarization of the incoming light, the Kerr rotation
and ellipticity are obtained by averaging E&12) over the
angle ¢, which yields

26y, Ty—TIy

0K+i8K% (A14)

Eyy ™ Exx My T Ty
We emphasize that the above derivation is based on the as-
sumption that the optical birefringence, introduced by the
difference of the diagonal elements, is much larger than the
magneto-optical effect described by the off-diagonal ele-
ment. This assumption does not mean that the nonmagnetic
rotation and ellipticity are larger than the magnetic contribu-
tion. The magnetic effect is more or less independent of the
angle ¢, while the nonmagnetic effect is largest fef
=/4 and zero for¢p=0,7/2. The standard expression for
the polar Kerr effect corresponds to the other limit than the
one we describe here, i.&\<¢€,y,. In the latter limit case,

we would obtaifi>*3
—€ A\2
> Tt O( _) '
(1-€l) €y Exy

0K+i8K% (A15)

where e,= (exx+ €yy)/2.
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