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Theoretical investigation of the orientation dependence of the magneto-optical Kerr effect in Co
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The first-principles spin-polarized, relativistic linear muffin-tin orbital method has been applied to calculate

electronic and magneto-optical properties of Co in both fcc and hcp structures. In particular, the magneto-

optical properties have been calculated for several magnetization directions in order to study their magnetiza-

tion orientation dependences. A pronounced anisotropy in the poIar Kerr effect is found for hcp Co while the

magneto-optical properties of fcc Co are predicted to be insensitive to the magnetization direction. Moreover,

this magneto-optical anisotropy in hcp Co is found to be correlated with the presence of a large anisotropy in

the orbital magnetic moment and orbital hyperfine field. Changing the structure from fcc to hcp gives rise to

even greater changes in the magneto-optical properties of Co. Calculated Kerr angles and ellipticities are in

reasonable agreement with the latest experiment.

The magneto-optical Kerr effect (MOKE) is nowadays a
widely used probe of magnetic properties of materials. Many
recent exciting MOKE discoveries, such as quantum con-
finement effects' and oscillations of the Kerr rotation with

magnetic layer thickness, highlight its utility. MOKE not

only provides unique information on the electronic structure

of magnetic materials but also is technologically important.
For example, because of its recent application to the read-out
process in magneto-optical storage devices, an enormous
amount of experimental work has been devoted to search for
materials with high Kerr rotation angles.

Despite the tremendous experimental research, few re-
ports on calculation of MOKE by means of erst-principles
band-structure method have appeared in the literature (see
Refs. 4 and 5 for reviews on former theoretical work). In
fact, although the absorptive parts of the optical conductivity
tensor that determines the Kerr rotation angle were calcu-
lated for transition metals and a few compounds (see Ref. 5
and references therein), the polar Kerr rotation ange itself
has been reported for Fe, Co, and Ni only recently. Conse-
quently, the theoretical understanding of MOKE is still rather
poor. For example, the appearance of pronounced peaks in
the MOKE spectrum has been attributed to various physical
origins such as interband transitions and spin-orbit coupling,
half-metallic ferromagnetism together with spin-orbit
coupling, and free charge carrier plasma resonances. One
of the reasons for this situation is undoubtedly that a theo-
retical treatment of the MOKE has to deal with spin-orbit
coupling and spin polarization simultaneously. Another rea-
son is perhaps that, to evaluate the Kerr rotation, one needs
to obtain an accurate value of both the dispersive and absorp-
tive parts of the off-diagonal elements of the conductivity
tensor. These quantities are difficult to calculate because they
depend crucially on small changes in the band structure
caused by the spin-orbit coupling and exchange splitting.

In this paper, we present theoretical MOKE spectra of fcc
and hcp Co and their magnetization orientation dependences.
This work is partially motivated by the recent observation of

the large anisotropy of MOKE in hcp Co. We used the Grst-

principles spin-polarized, relativistic linear muon-tin orbital
(SPRLMTO) method. ' The absorptive parts of the conduc-
tivity tensor were calculated from the self-consistent relativ-
istic band structures of fcc and hcp Co. The dispersive parts
of conductivity tensors were obtained by using the Kramer-
Kronig technique. We also present theoretical magnetic mo-
ments and hyper6ne 6elds and discuss possible correlations
between them and the theoretical MOKE spectra.

MOKE refers to the change in the polarization of light
that is rejected from the surface of a magnetic material. As a
result, linearly polarized light is turned into elliptically po-
larized light with ellipticity etc and its major axis rotated by
the Kerr angle Hz relative to the polarization axis of the
incident beam. Both quantities, which are usually combined
into the complex Kerr angle Px= 8@+i ax, can be related to
the optical conductivity tensor cr of the material. For the
polar geometry (i.e., the magnetization and the photon propa-
gation direction along the surface normal specifying the z
axis), the complex polar Kerr angle Px is given by"

Oxy

Crt g1 + t (4 tr/ QJ ) tr0

For a solid with at least threefold rotational symmetry (e.g.,
hexagonal and cubic), tr, = tr„,= ter and for orthorhombic
systems, o,= $2a„+oyr). The various possibilities to relate

the optical conductivity, and by this way MOKE spectra, to
the electronic structure of a magnetic solid have been dis-
cussed by Erskine and Stern. Here we simply used the
relationship between the absorptive parts of the elements of
the complex conductivity tensor a and the corresponding
quantum-mechanical photon absorption rates. Calculation of
the absorptive parts of o. f'rom the spin-polarized, relativistic
band structure of a magnetic solid within the framework of
the SPRLMTO method has been described by Ebert. Nev-
ertheless, we have made three improvements in this work.
First, the underlying band structures of hcp and fcc Co were
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calculated self-consistentLy by using the SPRLMTO method.
Second, the dispersive parts of o. have also been calculated,
from the corresponding absorptive parts by use of the
Kramer-Kronig technique. This enabled us to obtain the
complex polar Kerr angles Px via Eq. (1). Our Kramer-
Kronig transformation program has been checked by per-
forming double Kramer-Kronig transformations. The absorp-
tive parts of o. recovered by the double Kramer-Kronig
transformations agree with those calculated from the band
structure to within 2%. Finally, the relativistic photon ab-

sorption matrix elements (fl milli) =(fl men ail i) were
evaluated by taking advantage of the identity' '
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where ai is the X photon polarization unit vector, and e; and

e& are the initial- and final-state ener ies, respectively. Other
symbols have their usual meanings. ' The expression on
the right is reduced to the nonrelativistic transition matrix
elements (flp a~li) in the limit of c~ix~. It turned out that

the right-hand-side expression gives rise to far more accurate
MOKE matrix elements than the simpler expression of
(flmcn a„li), though the former is more tedious to imple-
ment. More details about this last new feature may be found
in Ref. 15.

In the self-consistent electronic structure calculations, the
experimental lattice parameters of a =2.51 A and c=4.07 A
for hcp Co and a =3.54 A. for fcc Co were used. The mag-
netization m was assumed to be along the [001] ([0001])
direction (i.e., mll[001] ([0001])). The basis functions
were s, p, and d MTO's. The number of k points over the
irreducible wedges (IW) of the Brillouin zone (BZ) used, is
720 (over 4—, BZ) for fcc and 364 (over,—', BZ) for hcp. The
final band structures for the calculation of the magneto-
optical properties were generated with a larger basis of s, p,
and d as well as f MTO's. The absorptive parts of the con-
ductivity tensor of fcc Co with mll[001] and mll[110], and
of hcp Co with mll[0001] and mll[1120] were calculated.
When the magnetization in fcc (hcp) Co is rotated from

[001]([0001])to [110]([1120]),the symmetry is reduced to
the orthorhombic one. ' To minimize the numerical uncer-
tainties in the calculation of the magnetization orientation
dependences of o., we used the same IW of the orthorhombic
BZ for both magnetizations. The number of k points used is
4515 (over —,', BZ) for fcc and 6591 (over —,', BZ) for hcp. The
calculated absorptive parts of cr were found to converge well
within 2% with respect to the number of the k points over
the IWBZ used. The calculated spin (orbital) magnetic mo-
ment, m, (m, ), is 1.594 (0.073) p,z/Co for fcc Co, 1.581
(0.074) p~/Co for hcp Co with mll [0001], and 1.581 (0.070)
p,z/Co for mll[1120]. The calculated total (core) hyperfine
field, Bhr (Bhr), is —206.9 (—179.0) kG for fcc Co,
—217.3 (—182.0) kG for hcp Co with mll[0001], and
—223.0 (—182.0) kG for mll [1120].

Calculated absorptive parts of the conductivity tensor of
Co in both fcc (mll [001]) and hcp (mll [0001]. and

mll[1120]) are shown in Fig. 1. These spectra have been
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FIG. 1. The absorptive parts of the theoretical conductivity ten-

sor of Co, with (a) diagonal element o,' and (b) off-diagonal ele-

ment o~ i. Solid curves are for fcc Co with [001] magnetization
(o.,' = o.„„' ), dashed curves for hcp Co with [0001]magnetization

(o, = a„„'i), and dotted curves for hcp Co with [1120]magnetiza-

tion [o&"=-2(o&„'&+o,",')].

smoothed by convolution with a Lorentzian of 0.1 eV. The
results for fcc Co with mll[110] are nearly identical to those
for mll[001], and thus are not plotted in Fig. 1. Broadly
speaking, all the calculated spectra look quite similar. For
example, for the diagonal elements, they all have a pair of
twin peaks between 5 and 7 eV, and a large broad double
peak around 2 eV. For the off-diagonal elements, they all
exhibit a rather sharp dip just above 6 eV and a broad plateau
between 1 and 3 eV. Nevertheless, significant differences ex-
ist in cr for different structures and also for different magne-
tizations in the case of the hcp structure. In particular, the
differences between fcc and hcp structures are rather pro-
nounced. There are also considerable differences in cr„of
hcp Co for mll[0001] and mll[1120] between 1 and 4 eV.
This clearly demonstrates that the conductivity tensor of Co
and consequently, its MOKE spectra, depend not only on its
crystalline structure but also on the magnetization direction
in the case of the anisotropic hcp structure. In the rest of this
paper, we will be mainly concerned with the magnetization
orientation dependence.

From the absorptive parts of conductivity tensor, we ob-
tained the dispersive parts by use of the Kramer-Kronig
technique. Both dispersive and absorptive parts were then
broadened with a Lorentzian of h/x=0. 5 eV to. simulate the
electron lifetime (r) effects. To the diagonal components, a
phenomenological Drude term of o.o /(1 —i cuTD) was added
in an attempt to include the intraband contributions. cd of
9X10 s ' and rD of 12X10 ' s were estimated from
experiment. Finally, the complex polar Kerr rotations cal-
culated by using Eq. (1) are shown in Figs. 2 and 3, together
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FIG. 2. Theoretical and experimental polar Kerr rotation Hz and

ellipticity ez spectra of fcc Co. Thereotical spectra are shown as
smooth curves and are for the [001] magnetization. Experimental
spectra (Ref. 9) are plotted as dotted lines.

with experimental results of Ref. 9.
Figures 2 and 3 suggest that the main features in the ex-

perimental MOKE spectra were reproduced by the present
calculations. In particular, good quantitative agreement is
found for the polar Kerr angles, Hz. The strong anisotropy
observed in the MOKE spectra of hcp Co (Ref. 9) were
essentially reproduced as well (see Fig. 3). The outstanding
discrepancies between experiment and theory are in the Kerr
ellipticity az spectra of hcp Co between 3 and 5 eV. How-
ever, we note that the calculated az spectrum of hcp Co
(m~~[0001]) is closer to the experimental spectrum reported
by Zeper et al. Also, the local minimum around 4—5 eV in
the theoretical Hz spectra lie about 0.6—1.0 eV too high com-
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FIG. 3. Theoretical and experimental polar Kerr rotation 8& and
ellipticity az spectra of hcp Co. Theoretical spectra are shown as
smooth curves. Solid curves are for the [1120] magnetization aud
dashed curves for the [0001] magnetization. Experimental spectra
(Ref. 9) are plotted as dotted lines.

pared with the corresponding experimental spectra (Figs. 2
and 3). These discrepancies in energy positions may be due
to the errors in the local density approximation used in this
work. Also discernable is the discrepancy in the Hz spectrum
of hcp Co (m~~[1120]) between 1 and 2 eV. This could be
attributed to the neglecting of the intraband contribution to
the off-diagonal element of o.. Intraband contributions affect
mainly the MOKE spectra below 1—2 eV. Nevertheless,
given the complexity and sensitivity of the results of the
small band-structure effects, the agreement between the

present calculations and experiments is considered to be sat-
isfactory. Oppeneer et al. reported only the Hz spectrum for
hcp Co (m~~[0001]). Gasche' calculated the Hx and air
spectra of Co for both the fcc (m~~[0001]) and hcp

(m~~[0001]) structures. Unlike the present fully relativistic
calculations, the spin-orbit coupling was treated as a
(pseudo-) perturbation in these previous works. For hcp Co,
the present results are similar to those of Oppeneer et al. but
differ significantly from those of Gasche. For fcc Co, the
present results also differ noticeably from those of Gasche,
but are closer to the experimental spectra.

The results of the present calculations also show that the
diagonal elements (o.oppi rripip o iizp) of hcp Co are inde-

pendent on the magnetization orientation, and that o.yojp
rr1120 ' For m~~[000 1] re = rri i2o = o

YY
while for

m~~[1120], rr„„=a.ooo, , o.YY=o»zo. Therefore, the differ-

ences in the o(') spectrum for m~~[0001] and for
m~~[1120] result entirely from the differences between

(1) (1)
o'&&Qo an ~ooo1'

The absorptive part of the off-diagonal element (o.( )) is
directly related to the difference of the absorption rates for
left- and right-circularly polarized light. Specifically,
o„=err, ' o„)—. According to the recent works on the
circular magnetic x-ray dichroism (see, e.g., Refs. 20 and 21
and references therein), this identity suggests that a( ) may
be related to the orbital magnetic moment (m, ). Indeed, we
found that qualitatively, the larger the orbital magnetic mo-

ment, the larger the integral of o.( ) (I'). For example, in

hcp Co, I' (integrated over up to 8 eV) is 1.350 for
m~~[0001] while I' is 1.339 for m~~[1120]. In accord with
these results, m, for m~~[0001] is 0.074@a/Co, being larger
than 0.070pa/Co for m~~[1120]. Interestingly, the orbital
contribution to the hyperfine field, BM (Ref. 22) for
m~~[0001] is 48.1 kG, also being larger than 42.4 kG for
m~~[1120]. These findings are not surprising since both m,
and ozy as we11 as BM, result from the spin-orbit coupling.
Nevertheless, unlike the circular magnetic x-ray
dichroism, ' ' there is no obvious simple relationship be-
tween I' and m, (B„'r). For example, I' for fcc Co is 1.368,
being larger than 1.350 for hcp Co (m~~[0001]). Yet, m,
(B„'r) of 0.073p,F/Co (45.9 kG) for fcc Co, is smaller than
that of hcp Co (m~~[0001]) . Furthermore, the Kerr angles for
hcp Co with m~~[1120] between 2 and 5 eV are larger than
those for m~~[0001]. This appears not to be correlated with
the smaller I' and smaller m, (Bi',r) for hcp Co
(m~~[1120]), suggesting that MOKE is related to rT„~ in a
nontrivial manner. Note that the spin magnetic moment

(m, ), and the contact hyperfine field (Bbr= B& Be&-
Bi',r), is independe—nt of the magnetization direction.
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Clearly, the pronounced magneto-optical anisotropy in hcp
Co is associated with the large magnetic anisotropy in the
orbital magnetic moment (hm'=0. 004pn/Co) and orbital

hyperfine field (ABhr=5. 7 kG). In fcc Co, the anisotropic
orbital magnetic moment and orbital hyperfine field are

nearly zero (hm =0 00.01pn/Co and /JBhr= —0.1 kG).
Weller et al. argued that the observed Kerr anisotropy in hcp
Co is correlated with the large magnetocrystalline anisotropy
in hcp Co. They noticed that the measured magnetocrystal-
line anisotropy energy of hcp Co is ten times larger than that
of fcc Co. The results of the present calculations further cor-
roborate the argument of Weller et al.

In conclusion, magnetic properties and MOKE spectra of
fcc and hcp Co have been calculated by using the
first-principles spin-polarized, relativistic band-structure
(SPRLMTO) method. The results of these calculations show
that the large magneto-optical anisotropy found in hcp Co is

strongly correlated with the occurrence of the large anisot-

ropy orbital moment and orbital hyperfine field, which are
more than 20 times smaller in fcc Co. Greater changes in the
magneto-optical properties of Co are caused by a structural
change from hcp to fcc. The present calculations reproduced
the main features in the observed MOKE spectra. This sug-
gests that the first-principles SPRLMTO method for the
MOKE calculations be applied to important but complex
magnetic multilayers. There are no simple rules for fabricat-
ing good magneto-optical materials yet. The ongoing first-
principles calculations for Fe and Co multilayers' will un-

doubtedly provide not only better understanding of the
MOKE spectra in these systems but also guidance in search
for large Kerr rotation materials.

We gratefully acknowledge partial support of this work
by the European Science Foundation through a grant from its
Relativistic Effects in Heavy Elements network.

Y. Suzuki, T. Katayama, S.Yoshida, T. Tanaka, and K. Sato, Phys.
Rev. Lett. 6$, 3355 (1992).

W. R. Bennet, W. Schwarzacher, and W. F. Egelhoff, Phys. Rev.

Lett. 65, 3169 (1990).
Proceedings of the International Symposium on Magneto optics, -

edited by K. Tsushima and K. Shiugawa [J. Magn. Soc. Jpn. 11,
S1 (1987)].

H. Ebert, P. Strange, and B. L. Gyorffy, J. Phys. (Paris) Colloq.
49, C-31 (1988).

P. M. Oppeneer, T. Maurer, J. Sticht, and J. Kiibler, Phys. Rev. B
45, 10 924 (1992); P. M. Oppeneer, J. Sticht, T. Maurer, and J.
Kiibler, Z. Phys. B $$, 309 (1992).

H. S. Bennett and E. A. Stern, Phys. Rev. 137, A448 (1965).
J. H. %ijngaard, C. Haas, and R. A. de Groot, Phys. Rev. B 40,
9318 (1989).

sH. Feil and C. Haas, Phys. Rev. Lett. 5$, 65 (1987).
D. %eller, G. R. Harp, R. F. C. Farrow, A. Cebollada, and J.

Sticht, Phys. Rev. Lett. 72, 2097 (1994).
'eH. Ebert, Phys. Rev. B 3$, 9391 (1988).

F. J. Kahn, P. S. Pershan, and J. P. Remeika, Phys. Rev. 186, 891
(1969).

J. L Erskine and E. A. Stern, Phys. Rev. B 12, 5016 (1975).
ts H. Ebert, Physics B 161, 175 (1989).

t4H. Ebert, Habilitation thesis, University of Miinchen, 1990 (un-

published).
5G. Y. Guo and H. Ebert (unpublished).

A. P. Cracknell, Phys. Rev. B 1, 1261 (1970).
A. P. Lenham and D. M. Treherne, in Optical Properties and

Electronic Structure of Metals and Alloys, edited by F. Abeles
(North-Holland, Amsterdam, 1966).

W. B. Zeber, F. J. A. M. Greidanus, P. F. Carcia, and C. R.
Fincher, J. Appl. Phys. 65, 4971 (1989).

t9T. Gasche, Ph.D. thesis, Uppsala University, 1994 (private com-

munication).

B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev.
Lett. 68, 1943 (1992).

G. Y. Guo, H. Ebert, %. M. Temmerman, and P. J. Durham, Phys.
Rev. B 50, 3861 (1994).

In the relativistic approach, the hyperfine field (B„r) consists of
not only the usual Fermi contact term (Bhr) but also a term due

to non-s electrons (Bhr) This non. -s term (Bhr) can be decom-

posed into parts related to the dipolar and orbital electron-

nucleus interactions [L. Tterlikis, S. D. Mahanti, and T. P. Das,
Phys. Rev. 176, 10 (1968)]. Bhr is usually called the orbital

hyperfine field because the orbital part dominates [A. Abragam
and M. H. L. Pryce, Proc. R. Soc. (London) A205, 135 (1951)].


