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The effect of the magnetization direction on the dielectric tensor of uniaxial crystals is described by a
simple dependence of the gyration veagw) onm. It is shown that the vector{w) andm as well as the
orbital magnetic momentL) and m are generally aligned noncollinearly in contrast to an isotropic case.
Formulas describing the polar Kerr effect are derived for crystals with their principalcaxis and for
polycrystals having randomly oriented in the sample plane. Using these analytical results and perfaimning
initio calculations, we correctly reproduce anisotropy in optical spectra of, @@ the main features in
magneto-optical spectra of polycrystalline films of Gra’he maximal optical anisotropy and orientation
dependence ofl(w) of 100% are found in the energy intervilw< 2.1 eV coinciding with the direct
half-metallic ferromagnetic gap of C¥OThe noncollinearity effects in this interval are also very large. The
obtained results correlate well with strong orientation dependenéé)ofound in our calculationg.S0163-
182996)07525-X

[. INTRODUCTION and orders ferromagnetically up =391 K8 Electronic
structure calculatiors® characterize Cr@as a half-metallic
The large magnetic anisotropy of uniaxial crystals im-ferromagnetHMF) with metallic behavior for spin-majority
posed by their symmetry makes them the favored materialslectrons and a gap at the Fermi level for spin-minority elec-
for magneto-optical(MO) recording applications. A large trons. Such a particular electronic structure can lead to the
variety of optical and MO measurements of uniaxial solids agarge MO effects as has been argued for PtMA%Measure-
well as measurements of their magnetic properties has beenents show that the static conductivity of Gr@® nearly
performed with a significant delay in their theoretical inter- isotropic while the reflectivity spectra in the spectral interval
pretation (see, e.g., Refs. 1,2 and references thgréiihe  7w= 0.5-2.0 eV are strongly anisotropitObservations of
anisotropy in optical spectra of these materials has not beeMO effects were somewhat contradictory. Early dagave
studied much, while systematic investigations of the orientathe extremum of ellipticity at 1.4 eV reaching 0.27°. Later
tion dependence of MO spectra are still in their beginninginvestigation$® showed no such extremum and found that
although this phenomenon is closely related to the wellthe maximum of the Kerr rotation amounted|#@|=0.15°
studied magnetic anisotropy. The phenomenon was experat 3.7 eV. The orientation dependence of MO effects has not
mentally investigated in detail only for hcp C4. Subse-  been studied yet, but judging by the significant anisotropy in
quent ab initio calculations excellently reproduced a optical spectra, one can expect the dependence to be rather
significant difference in the values of the polar Kerr rotationstrong.
for the magnetization orientationsM|[000]] and The paper is organized as follows. Section Il reviews
M| [1120] which has been observed in Ref. 4. At the samebriefly the microscopic theory of the dielectric tensor and
time many questions concerning the MO anisotropy remair@nalyzes its orientational dependence. We show that the an-
still open. Among others they are the structure of dielectridsotropy results in a noncollinear arrangement of the magne-
tensor of uniaxial crystals for the general direction of thetization and the gyration vector and consider this outcome.
magnetization, the expressions giving the polar Kerr rotatiorSection Ill studies the polar Kerr effect in uniaxial crystals
and the ellipticity for arbitrary orientation of the crystal, and having thec axis parallel to the sample surface for normal
the polar Kerr effect in polycrystalline materials consistinglight incidence. In this section we also find optical and MO
of uniaxial crystallites. characteristics of a polycrystalline sample: the reflectivity,
The present work considers the problems of MO anisotthe state of polarization of reflected light, the Kerr rotation,
ropy by both analytical and numerical methods. Detailed in-and the ellipticity. Section IV gives a brief description of our
vestigation is carried out for CEOThis compound, which is ab initio calculational method. Section V presents our calcu-
a widespread material for magnetic tape technology, crystalated optical and MO spectra of Cs@nd compares them
lizes in the tetragonafrutile) structure withc/a=0.649 58  with available experimental data. Much attention is given to
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the orientation dependence of MO spectra. It is shown that in Am2e22 dk His/ k) _
the spectral interval coinciding with the HMF gap width the &3 4(w)= ) > f =T [ E (K [P, (k)pj (k)
gyration vector and the magnetization are strongly noncol- m Li#s (k) i/ (K)

linear and the reflected light has the maximum of noncoher- fS/ K) .

ence gt these frequencies. Sect_ion VI summarizes the results —(a—p)]+ 0 [pg(k)pgl(k)

and discusses the problems of interest. f7

[O(E+(k))— B(Ei(K))]
ﬁw—Efi(k)+i5 '

—(a=p)] (5)

Il. FORM OF THE DIELECTRIC TENSOR
IN'UNIAXIAL FERROMAGNETIC CRYSTALS where p’.f(k) is a ME of the momentum operator, band

Using general symmetry arguments, it is easy to show tha?tf‘/tes are takenAip the _nonrelativistic approximation, _and
the dielectric tensor of uniaxial crystals with the magnetiza-Hso(k) =(fk|(r) oL|/k) is a ME of the SOI expressed in

tion oriented along the or a axis has the forms terms of
A 1dV
ey g O {0~ gz v ar
el®=| —igy ey, 0 [, D) the spin operatoor==3 ,0,€,, and the orbital moment op-

0 0 &, eratorL. To study a detailed structure of E(p) we first
consider the simplest cage=e, when nonrelativistic band
states are pure spin up and spin down ones. For this case the

Eyx 0 0 diagonality of the momentum operator over spin indices re-
g0 0 &, g, |. @) sults in the fact that only the padt,L, of the operatowrL in
. A a
: the SOI gives a contribution te; ;(w). For the general
0 —ig, ey B

magnetization directiom nonrelativistic band energies are
unchangable bym, while bandAeigenstate|$k,m> can be
Here and below the reference frame is defined by setting theritten in the form |ik,m)=U(m)|ik, m=e,), where

z andx directions along the anda crystal axes. For further U(m) is the spin rotation matrix transforming spinors from
consideration it is convenient to introduce the gyration vecthe reference frame with ttedirection alongn to the frame
tor g which is dual to the antisymmetric part of the tenkbr, with the z direction along thec axis. Owing to the unitarity
of U(m), the ME’s pgi(k) do not depend om. Only the
ME's H¢4(k) show a dependence an which can be re-
duced to the change from the operator to o(m)
=U"(m)oU(m)=e,0,+¢0,+mao,, where basic vectors
wherei=—1 ande,z, is the unit antisymmetric tensor. € ande correspond to the reference frame with theirec-
The antisymmetric part of Eq$l) and (2) is described by tion alongm. In doing so, we obtain for general direction of
glm, as is directly guessed from the crystal symmetrym nonzero ME's of the SOI having the forrhl {(k)
[m= (sindcosp,sindsing,cosy) is a unit vector in the mag- =(ik|&(r)o,Lm|/k). Here we took into account that band
netization directioh But for the general orientation ah  states|ik) and|/k) corresponding tan=¢, have identical
group theory methods are not applicable and we must turn tgpin projections as follows from the diagonality pf(k)
the microscopic theory of the dielectric tensor. andpy (k) over spin indices. Using these considerations, Eq.

Szﬁzieaﬁygy, (3)

The usually used random-phase-approximati®RA-)
type expression fog, ; has the form

Am’e?h?

(5) can be rewritten in the form showing a direct dependence
of the gyration vector om:

ga(w): - ieﬂ'ya‘g?{y(w)

dk ‘
2 ng(k) Fa(kjg(k)

Eqp(@)= 6,5t Q >

[O(E¢(k))— 0(E;(k))] 4
ho—En(K)+io @

wherei and f refer to the initial and final band states,
Efi(k)=E¢(k) —Ei(k), Q is the unit cell volume, and
i'T(k)=(ik|j ./ fk) is a matrix elementME) of the current
operator. In further analysis we will limit ourselves to the
first order over spin-orbit interactiof8Ol). Earlier a similar
approach was successfully applied to the study of the orien-

= e

= _|Gaﬂ(w)m'3

4m2e’h? dk
Ef (k)

i,f#£/

H (k)

X[Ha(/f,fi,k)—E ®
i

+I1,(if,7i,k)

HEG4(K) }[e(Ef<k>>— O(Ei(K))]
mﬁ,

(6)

tation effect in cubic crystals. In this approximation the Here we introduced two axial vectordl,(/f,fi k)

antisymmetric part of tensor is written'8s

=e,50 P, (K)PY(K) = (v 8)] and

Ho (k)
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0.25 - merical testing of the accuracy of E@) is highly desirable.
8 Co-hep Figures 1a) and Xb) give our testing results for hcp Co and
Yo 02 . H§ CrO, obtained in the casé= n/4 and¢=0. Because these
K - |n calculations were carried out on rather sparse gridk of

In points, Figs. 1a) and 1b) show only upper estimates of the
inaccuracy of Eq(8) while its intrinsic inaccuracy is smaller,

7 as discussed in Sec. IV. But even these results demonstrate
If \ small errors of Eq(8) including frequency intervals with a
/

0.15

0.1

Components of -w/(4m)g"(w), 10

A 100% anisotropy of g(w) and the infrared region
0051 £ f W hw<AEgo, where Eq(5) cannot be justified. Thus E¢8)

f can be considered as an accurate interpolating expression for
0.0 x\‘[i d(w) even out of the application range of E&).

V— The vectorgy(w) =g’ (w) +ig’(w) andm are not collin-
-0.05 , ear for the general magnetization direction, as seen from an
(@) 0 ! 2 3 Energ‘; V) 3 6 7 8 alternative form of Eq(8):

0.03 o(w)=m[g)(w)cosI+g, (w)siPd]

e
=]
st

s

+n[g)(w)—g, (w)]sindcosd, 9

15 -1

wheren=e,sind—m, cosy is the unit vector orthogonal to
m. The real and the imaginary partsgifw) are not collinear
either:

0.01

0.0

o sin(é@")=sin2«9[gn<w>gl<w>—gi(w)g"(w)]mlg'llga-

-0.02 0)

Components of -w/(4m)g"(w), 10

By these means a nonzero differempéw) — g, (w) leads to
the noncollinearity of the three vectogs(w), g"(w), and
m, which are collinear for isotropic media.

0 1 2 3 4 5 6 The above given argumentation can be successfully ap-
(b) Energy (V) plied to the orientation dependence of the orbital moment
(L). Using again the first order perturbation theory over the
SOl and diagonality of the operatél ) over spin indices, it

-0.03

FIG. 1. Calculated components of-w/4m)g"(w) for m

=(1/y2)(1,0,1) obtained from direcib initio calculations and ~ L
from Eq.(8): (a) results for hcp Co received from E() are shown is easy to show that the dependencglof onm is given by

by the solid line(the component along,) and the dashed linghe equations analogou; to E(ﬁ) Or_ (9), as can be directly
component along), rhombuses and crosses give respective resultguessed from the identical axial symmetry @f) and
of direct calculations(b) analogous results for CgO g(w). Note that our orientation dependence(bfm, given

by an equation which is analogous to Ef), is identical to
=(ik|&(r)G,L 5| 7K). It is important that the band energies the results obtained in Refs. 17-19. At the same time, our
and band states figuring in E€6) be nonrelativistic, and so Orbital moment has a component which is perpendicular to
in the selection rules for the tens@,4(w) only the sym- M, and so(L) and m are not collinear. Returning to
metry following from the crystal group should be taken into magneto-optics, we will try to correlate our results for
account. By these means the ten€qys(w) does not depend  9(w) with the orientation dependence of the polar Kerr rota-
on m and must have the same form as the nonrelativistidion sketched in a broad outline for hcp metaBstimating

dielectric tensor of uniaxial crystals: k(o) as proportional t@(w)m, we receive the orientation
dependence ofix(w) which is perfectly analogous to that of

Gy O 0 (L)m. This similarity between orientation dependences of
Gusg=| O Gxx O |. 7 (o) and (L)m was noted in Ref. 4. But the similarity

becomes very approximate if we take into account the an-

0 0 Gz isotropy in the diagonal components of the dielectric tensor

eand noncollinearity of(w) andm.
The noncollinearity ofg’(w), g'(w), and m does not
have any specific smallness, except material anisotropy. Our
9(w)=e,c089- gj(w)+m, sind-g, (w). (8) numerical results for the noncollinearity in Cy@ill be dis-
cussed at the end of Sec. V. Here we only note that at some
Here m, =(em,+e,m,)/sind=(cosp,sing,0) is the unit frequencies the values g{w)n are of 100%g(w)m and the
vector parallel to the projection ah on the ab plane and angle betweery'(w) and g’(w) amounts up tor/2. The
gj(w), 9, (w) are given by Egs(1),(2). study of all the consequences of such a strong noncollinear-
Equation (8) is the central result of this section. As its ity requires a special investigation. Here we mention the two
derivation was based on the approximate Equat®nnu-  most evident ones. First, there is no light propagation direc-

The associated form for the gyration vector is very simpl
and physically transparent:
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tion s meeting the conditiom(w)s=0, and so the pure qua- WhereU(¢) is the rotation matrix, with¢ being an angle
dratic Cotton-Mouton effect is impossible. Second, in fre-between the old and new directions. The reflected light
quency intervals wher@'(w) is nearly perpendicular to wave is elliptically polarized, with the ellipse orientation
g'(w) the behavior of the observed gyration vector rangegiven by an angleys and the major axes ratib/a. It is

from pure absorptive to pure dissipative, dependings.on convenient to express these quantities in terms of the Stokes

parameter?
Il. POLAR KERR EFFECT IN UNIAXIAL CRYSTALS 1
FOR NORMAL INCIDENCE = zarctanS,/Sy),
The reflection of light incoming normal essentially de- 1
pends on the material symmetry in the surface plane. b/a=ta Earc3| | | (15
Uniaxial crystals with the magnetization aligned perpendicu- VST S+ S,

larly to the surfacethe polar configurationand having the  \yhereS; are the Stokes parameters,
c axis oriented in the same direction are isotropic in the

plane. Therefore expressions describing the polar Kerr effect So=EL |2+ EL 2= (Ir,l 2+ 1y HIED?,

in isotropic media are applied for them. The situation be- _
comes much more complicated if a crystal has thexis 51=|E§<r)|2—|E(yr)|2=(|rxx|2—|ryx|2)|E(')|2,
oriented in the surface plane. For this case, by settingthe _
direction normal to the surface, thedirection along thec S,=E{EY* +EY*EY) = (N 5t iy [EV 2,

axis, and they direction along thea axis, we obtain the
dielectric tensor in the following form: 1 1 .

SSZi_(Eg)Eglr)* - E;r)* E;”) = i_(rxxr;x_ r:xryx)| E(I)|2-
€xx  Exy 0 (16)

gap=| “Exy Eyy O . (1D tis seen thaty andb/a arise from off-diagonal components

0 0 &, of r,g and have origins in nonzero values 8fsin2¢ and
0.€xy- The MO contributions to rotation and ellipticity can
be distinguished as odd ovey,, corresponding to the usual
measurement procedure which includes the reverse of mag-
netization. Denotingy= y(®+ 6 and b/a=(b/a)®+ ¢,

As follows from Eq.(11), two light beams propagating along
the z direction have complex refractive indicesgiven by
the equation

n2=e+ \/f%T‘%z(y (12) \r/]vhere 0k and ex are MO rotation and MO ellipticity, we
ave
where = (eyt+ey,)/2 and Se=(e—£,,)/2. The key
quantity of light reflection is the amplitude reflection matrix 9= tarctariRer),
r(aoﬁ) connecting incident and reflected electric fields:
EQ=rE} . Here and later, the indices, 3 refer only to (b/a) ¥ =tar{ zarcsinim7)],
the x, y directions, because for normal light incidence the ]
xy plane alone is important. Using the continuity of trans- ,— sin2¢(ex—ey)
verse components for electric and magnetic fields and carry- 0,08 p+ stinz¢>’

ing out some transformations, we find
28xy(9x_ Qy)

_ __ __ Detr2e? O Fiex=—r—— a)
rY=e+se=g+e. 05—, (84— Eyy) (0xCOS G+ 0,SirP h)

17

In the derivation of these equations we neglected terms

o  Det+2s2 which are quadratic iSgsin2¢ or Q_ssxy and used the no-
riy=e-de=0—0.d ad tation: 0,=(1— Ve, )/(1+e,) and @,=(1—e,y)/
(1+ Veyy) with e, and ey, given by Eq.(11). In the two
. _— simplest cases whea)||c or E")Lc (¢=0 or «/2), rota-

Fxy = ~Tyx = @e€xy, (13 tion and ellipticity are exclusively of MO origin. Neglecting

where Det:sxxenyraf(y and 0.=(1-n.)/(1+n.) in Eq. (17) the terms which are quadratic ife,— Veyy, we

— > can reproduce the result obtained for these particular cases in
TOT . VoET ey, Ref.21.

Until this moment the Cartesian basic vectors were related Considering the polar Kerr effect in polycrystalline mate-
to thec anda crystal axes. Now the direction is related (0 55 \which have the axis randomly oriented in the sample
the direction of the electric field in the incident light wave. A plane, we suppose that a crystallite size is somewhat larger
new amplitude reflection matrix is than the penetration length of light but is much smaller than

fop=U (1O (=) the light peam Q|ameter, asis prlc'al for many polycrystals.
a ay y6 '~ OB The total intensity of reflected light is a sum of a great num-
— : — ber of intensities reflected from individual crystallites.
- e+ 5QCOS_2¢ 5Q_sm2¢+ Qe®xy ., (14)  Therefore, to find the macroscopic quantitigs and e, we
o0sin2¢—p.e,,  ©—50C0S2P must use Eqg15) with the Stokes parameters averaged over

Det '’
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¢. It may be shown that this approach perfectly agrees wittbrude contribution was taken with the parameters
the usual procedure for measurementépf by rotating a % w,=1.4 eV andyp,= 0.11 eV, which are within the limits
linear polarizer to the total intensity minimum and measure-given in the experimental work. The polar Kerr rotation
ment of ex by a \/4 phase shifter and applying the Senar-and ellipticity of crystals of Cr@ with m=(0,0,1) and
mont principle? Using this approach, we have for polycrys- m=(1,0,0) were obtained from E¢17) and of polycrystals
tals of CrQ, from Eq. (18). The relativistic band structure calcu-
lations for these two magnetization directions were carried
e 28,y out with a grid of 512 points in the 1/8 part of the Brillouin
T Oyl 0= — zone (BZ). More details of our calculation method for the
(‘/8_”+ \/S_W)(l_ sxxsyy)(l dielectric tensor can be found in Refs. 26—-28.

In order to test the orientation dependence of the gyration
and 9= (b/a)(®=0. We emphasize that the polar Kerr vector given by Eq(8), we carried out additional calcula-
rotation and ellipticity for polycrystals are not the valuestions of the dielectric tensor for hcp Co and GrQesting
obtained from the standard isotropic expressions witlthis equation, it is important to calculate its left- and right-
e=(eyyt &yy)/2. If the optical anisotropy is 100%, the dif- hand sides with equal accuracy. For this reason, the same
ference between E@18) and such approximate calculations grid of k points in the 1/2 part of the BZ was used for the
can be very significant. The inverse procedure of findingorientationsm=(0,0,1), (1,0,0), and (/2)(1,0,1). Since
exy from experimentaby and ex obtained with a polycrys- relativistic band structure calculations in the 1/2 part of BZ
talline sample can also be incorrect in the case of a largare very time consuming, we carried them out on rather
anisotropy of crystallites. A similar situation has taken placesparse grids and found that E@®) is satisfied better as a
in La,_,Sr,CuO, where first optical measurements carried number ofk paints increases. Figuregal and Xb) show our
out on polycrystalline samples showed a prominent maximost accurate results for hcp Co and Gr@btained with
mum of optical conductivity at 0.5 eV. But subsequent ex-1960k points over 1/2 the BZ and with 832points, respec-
periments on single crystdfs as well as theoretical tively. These results give us upper estimates of the inaccu-
investigation§® proved that this maximum is an artifact of racy of Eq.(8). But the intrinsic inaccuracy of Eq8) is
isotropic equations applied to a polycrystal. smaller, judging from the fact that several times as miany

Our approach based on averaged Stokes parameters gagints must be used to reproduce all detailsgab) in the

also be used to find the reflectivity of polycrystalline mate-visible spectral region and about 50 00@oints are required
rials and the state of polarization of reflected light: for this aim in the infrared spectral regiéh.

0K+iEK:

— N2_|H[2 2 2
R(w)=(So)/|EV|?=[e[*+|5e]*+ e .exyl?, V. ANISOTROPY MANIFESTATIONS IN OPTICAL
\/ 5 5 5 AND MAGNETO-OPTICAL SPECTRA OF CrO ,
P(w)=V(S) +(S) +(S3) /(S . .
(S0 (&) (S9N S) In this section we present owb initio results for the
|s0]? dielectric tensor, optical properties, the polar Kerr effect, and

(19 the orbital moment of Cr® considering anisotropy effects
at full length. We start with a discussion of the dielectric

The reflected light is not perfectly coherent since crystallited€nS0r components calculated for the magnetization direc-
are randomly oriented. This fact results in a nonzero value ofions mllc andm. c. Figure 2 shows the real and the imagi-
1- P(w) which indicates the microscopic optical anisotropy Nary parts of the diagonal componentg(w) and &,/ w)

of material while other optical parameters characterize &ompared with experimental dataHere and below the Car-
polycrystal as isotropic media. tesian basic vectorg, ande, are oriented along the and

c axes. Because both calculations wittfjc and withm.c

give very close results for the diagonal components of the
tensor, only dependences forLc are presented here. By

Our self-consistent electronic structure calculations ofand large, calculations correctly reproduce the behavior of
CrO, were carried out by the linear muffin-tin orbital ex(®) ande,{w) with pronounced features dtw= 0.7
(LMTO) method* with the local spin density approximation €V, 1.9 eV, and 2.9 eV. The difference betwegn(w) and
(LSDA) exchange-correlation potentidland atomic sphere &,/ ) is also reproduced well; namely,(w) has a much
radii equal to 2.1385, 2.130g, 1.61&5, and 1.6185 for stronger feature at 0.7 eV while,,(w) has a more promi-
Cr, O, and the first and second empty sites, respectively. Ourent one at 1.9 eV. Disagreements between theory and ex-
atomic sphere charges and spin moments practically coirperiment are limited to a downward shift of calculated de-
cided with those of Ref. 9; the band structure and density opendences:;(w) for Aw=< 1 eV and too low values of
states closely agreed with the results of earlier investigations,(w), especiallye,,(w), near 1.5 eV. It should be noted
./~ The thus obtained crystal potentials were used then ithat our optical conductivityr; (@) = we,u(w)/(47) ex-
relativistic band structure calculations which included thecellently agrees with the calculation of Ref. 29 . The latter
SOl in the Hamiltonian but used the nonrelativistic basic setalso shows too small a value of, ,,(w) atiw=1.5 eV.

The absorptive part of dielectric tensor was calculated Figure 3 presents our spin decomposition of the optical
from Eqg. (4) and smoothed witl'=0.1 eV while the dissi- conductivityo; (). A 2.1-eV-wide gap observed for spin-
pative part was found from the Kramers-Kronig transforma-minority electrons is the result of the half-metallic ferromag-
tion in the energy intervaliw< 21.8 eV. The intraband netic state of CrQ Its smearing arises from the SOI hybrid-

|Q—|2+|5Q|2+ |Q_5:8Xy|2.

IV. CALCULATION METHOD
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(a) Energy (eV) ! > Energi/ V) * ? o
30 - . - . . .
; Cro, FIG. 3. Spin decomposition of the interband diagonal optical
'== — €utheony EllC conductivity o (@) of CrO, with ELc. The total dependence is
25 ' ° €250 El€ shown by the solid line, spin-majority contribution by the dashed
W :ju~“'e°'}{:’fc“ line, and spin-minority contribution by the dotted line.
20 \\ L ZZ,EXP?
5 \ spin-majority excitations. For energies above the gap both
ERE spin contributions have approximately equal amplitudes and
& identical signs. Only nearbyw= 5.1 eV do spin contribu-
10 b tions have opposite signs and strongly cancel each other.

. The polar Kerr rotation and ellipticity are influenced by
: o0 ST Sy r00.000 092 7Y both the orientation dependence of off-diagonal components
SRR = and the anisotropy of diagonal components of the dielectric
0 tensor. Figure 6 shows the polar Kerr rotatién ) calcu-
3 4 5 6 lated for two magnetization orientatiornsijc andm.L ¢ with
®) Energy (eV) the light polarizationsE||a and E||c for the latter. One can
see that the orientaion effect is very significant for €rO
FIG. 2. Calculated and experimental diagonal components of thespecially ati o= 0.7—2.1 eV. The effect of the light polar-
dielectric tensor of Cr@ (a) the real part(b) the imaginary part.  jzation, i.e., of anisotropy in the diagonal components, is not
The dependences are shown as follows: calculationsEfithsolid  gg large. In Fig. 7 we compare our results for a polycrystal-
line) and withEL ¢ (d_ashed ling experimental data of Ref. 11 with  |ine sample of Cr@which were obtained from E¢18) with
Efc (rhombs, and withEL ¢ (crosses experimental data of Ref. 13 received for Giiims with the
ization of spin-majority and spin-minority electronic states ¢ axis randomly oriented in the film plane. The calcula_lt|on
This decomposition shows that the features at 0.7 eV and 1‘r produced whole dependencesé ), ex(w) and posi-
. o . - ~tions of the main features rather well while values| 6|
eV are caused by spin-majority electronic excitations while
the feature at 2.9 eV is in fact the HMF gap feature arising

-

from excitations of spin-minority electrons. 0.05
Off-diagonal components of the dielectric tensqy(w) 004 ___ S:?fm”(o,o,l)
and e,,(w) were calculated with the magnetization direc- 003l T az:yi,mH(I,0,0)
tions m||e, and m||e,, respectively. Broadly speaking, both N\
values  aoyy(0) = —wei(w)/(4m) and  oayw) 0.02

=—wey(w)/(4m7) have rather similar behavior with pro- 0.01

nounced extrema at 0.2 eV, 0.6 eV, 2.8 @vuble featurg
4.1 eV, and 5.7 eMFig. 4). But this similarity does not
advance beyond common outlines. Careful consideration re- 3
veals significant differences in the amplitudes, shapes, and, %002
partly, positions of these features. The strongest orientation ¥ 003
dependence is observed in the energy intefiva= 1-2 eV,
at4.1 eV and at 5.7 eV. Notice that fhbw= 1-2 eV values

of £,,{w) and e, (w) are significantly smaller than the 005 " 5 3 : P 6
respective valueg,,(») and e;,,(w), which indicates Energy (V)

small matrix eIementsp'Zf(k) in this energy interval. Addi-

tional information on the spectra ef,(w) is gained from FIG. 4. Imaginary part of the off-diagonal conductivity GrO
their spin decompositiofFig. 5). It is seen that features at calculated for m=(0,0,1) and m=(1,0,0). The dependence
0.2 eV and 0.6 eV falling withing the HMF gap are due to o,4,(w) is shown by the solid line and,,(w) by the dashed line.

0.0

and 0, ., (w), 107!

-0.01
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FIG. 5. Spin decomposition af,,,(w) of CrO,. The total de- FIG. 7. Calculated and experimental results for the polar Kerr

pendence is shown by the solid line, spin-majority contribution byqtation and ellipticity of polycrystalline films of CrOwith ¢ m.
the dashed line, and spin-minority contribution by the dotted line. The dependences are shown as follows: calcul#gdo) (solid

line), calculatedek(w) (dashed ling and experimental data of Ref.
and|ek| are twice as large as experimental ones on averagd3 for 6x(w) (rhombg and fore,(w) (crossep(for convenience of
The largest disagreement is observed at 1.4—2.5 eV whef@mparison the experimental data are given as multiplied by the
the calculated maximum df (o) at 1.5 eV has a very large factor of 2.
amplitude, and the maximum at 1.9 eV is shifted by 0.35 eV
downward in energy and is separated from the first one bgtructure and which were ignored in our calculations. An-
the minimum being too weak in comparison with the other possible reason is the high sensitivity &f( w) and
experiment® One can easily find that too large values of ex(w) to the crystal orientation dtw=0.7—2.3 eV which is
Ok (w) andec(w) athw= 1.5 eV arise mainly from too low clearly demonstrated by Fig. 6. Owing to this sensitivity, any
values of the calculated diagonal components at this energ§ilm texture or material microstructure details which were
Really, the calculation givel:,(w)|= 2.7 athw= 1.5 eV  not taken into account in our model of a polycrystal can
against the experimental vallie,(w)|= 5.9 This differ-  result in significant changes @f¢(w) and ex(w) at these
ence leads to a strong enhancement of the calculateftiequencies. It seems possible that the significant difference
Ox(w) and ex(w) because the quantit§c(w)+iex(w) is  between the experimental data of Refs. 12,13 is just con-
proportional to the factofegiad 4 ediag— 1| 1~|edad ¥?  Nected with this fact.
which is approximately 3.2 times larger than the experimen- Concluding this section we discuss several characteristic
tal one. On the other hand, a too weak spliting of themanifestations of anisotropy in CgGzompound predicted
maxima calculated at 1.5 eV and 1.9 eV could serve as affom our calculations. The first one is the frequency depen-
indication of the importance of non-muffin-tin effects which dence of the state of polarizatiét( ) for the light reflected

might be significant for Cr@ possessing the open rutile from a polycrystal with thee axis randomly oriented in the
sample plane. This value calculated from Ep) is a signal

of crystallite anisotropy going from a macroscopically iso-
tropic polycrystalline sample. Figure 8 shows that the mini-

Cr0, mum of P(w) is obtained in the same frequency interval
08 — m||(1,0,0), Efle where optical constants are most anisotropic. Note that the
. x“gg‘l’;gﬁ: absolute value of P(w) is not large but sufficient for

receiving experimental information about optical anisotropy

;s} by this way. The second manifestation is connected with the
5
e
= &~ 1.0
i g
50.99
o
5
=098
b
g 0.97
g Cro,
0.4 » 0.96
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Energy (V) Energy (V)

FIG. 6. Calculated results for the polar Kerr rotation of FIG. 8. Calculated frequency dependence of the state of polar-
CrOwith m=(1,0,0) andE||c (solid line), with m=(1,0,0) and ization P(w) for light reflected from a polycrystalline film of
EL ¢ (dashed ling and withm=(0,0,1) (dotted ling. Cro..
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noncollinearity of the magnetization and the gyration vector
for the general orientation oh. Figure 9 gives components . RO
of the gyration vector, which are parallel and perpendicular 80 Cro,
tom, in the case ofn=(1/12)(1,0,1). One can see that the 60 m|i(1.0.1)
component parallel tm dominates in sum, but in the energy
intervalzi o= 1-2 eV amplitudes of parallel and perpendicu-
lar components are approximately equal. In addition, in this
energy interval the real and the imaginary parts of the gyra-
tion vector are strongly noncollinear and even close to or-
thogonality(Fig. 10. By this means, in this spectral interval
noncollinearity effects are so significant that modification of
the standard scheme used for MO calculations in isotropic
and cubic solids seems to be necessary. The third manifesta- -60

40

. o,

A AR N

-20

-40

Angle between g/ and g” (deg)

tion is noncollinearity of the orbital and spin moments for 30

the general orientation ofm. Our calculations give - . :

<I:):—0.053 and —0.01 wug/cell for m=(0,0,1) and 0 ! 2 Ener;y V) 4 > 6
(1,0,0). Such a large orientation effect fdr) leads to an

angle of 34° betweeflL) and —m for J=45°. FIG. 10. Calculated frequency dependence of the angle between

g'(w) andg’(w) of Cro, for m=(1/y2)(1,0,1).
VI SUMMARY AND DISCUSSION andm are not collinear and the real and the imaginary parts

Using first-order perturbation theory, we studied the ori-of the gyration vector are also not collinear. Numerical test-
entation dependence of the gyration vector and found that fang carried out for hcp Co and Cg&howed the high accu-
the general direction of the magnetization, the vectgis) racy of the orientation dependence gtfw) following from
Eq. (8). For normal light incidence we derived expressions
describing the polar Kerr effect in uniaxial crystals and in
polycrystals consisting of uniaxial crystallite§Egs.
(17),(18)]. These expressions shall be used in the case of
100% optical anisotropy when simplified approaches of an
effective isotropic type are not justified by any means.

Our ab initio calculations of Cr@ correctly described the
anisotropy in optical spectra of this compound and predicted
a large orientation dependence of the MO spectra in the en-
ergy intervalh w= 0.7-2.3 eV. Using Eq(18), we also cal-
culated the MO spectra of polycrystalline films. The calcu-
lated dependences successfully reproduced the main features
of the experimental spectra but had amplitudes larger by a
factor of 2. We emphasize that the energy intefval< 2.1
eV which approximately coincides with the direct HMF gap

0.04

0.03

0.02

0.01

0.0

-0.01

-0.02

-0.03

Components of -w/(4m) Re[g(w)], 108!

-0.04

-0.05

0 1 2 3 4 5 6 of CrO, is characterized by the maxima of both optical an-

@ Energy (V) isotropy and orientation dependence. In this interval the light

0.04 : reflected from the polycrystalline sample has a significant

Cro, noncoherencey(w) strongly deviates froorm, and the angle
T, 003 — fm betweeng’ (w) and g’(w) is rather large, amounts te/2.
S 0m " The listed factors are qualitatively new in comparison with
3 i the isotropic case. They significantly complicate the descrip-
& 001 . ; Ny
£ tion of MO phenomena in uniaxial crystals for the general
= 00 magnetization direction, and so an appropriate modification
% 001 of the theory is necessary. At the same time, the MO spectra
< of uniaxial crystals in the intervals of maximal orientation
2z -0.02 dependence seem to be more sensitive to sample preparation
%_0.03 and to the details of the measurement procedure.
£
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