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Abstract. The magneto-optical Kerr effect (MOKE) is calculated for bcc Fe, hcp Co and fcc
Ni using the full-potential linearized augmented-plane-wave method. The results are compared
with the available experimental and computational data obtained previously in other studies and
rather close agreement is achieved with earlier, non-full-potential calculations of Oppeneeret al
(Oppeneer P M, Maurer T, Sticht J and Kübler J 1992Phys. Rev.B 45 10 924, Oppeneer P M,
Sticht J, Maurer T and K̈ubler J 1992Z. Phys.B 88 309). Careful analysis of the influence of the
input parameters on the theoretical MOKE spectra is performed. Results obtained with two different
forms of the exchange–correlation potential (local density and generalized gradient approximation)
and with a Hamiltonian including the orbital polarization term are presented.

1. Introduction

During recent decades the magneto-optical Kerr effect (MOKE) has attracted the attention of
physicists in view of its application in data storage technology as well as its being a sensitive
tool for exploration of electronic structure. The first step towardsab initio calculation of
the MOKE was made by Wang and Callaway [1], who calculated the absorptive part of the
off-diagonal matrix element of the conductivity tensor for Ni. But only recently have several
papers appeared in which realistic calculations of the MOKE based on the density functional
theory were presented [2,4,11,13,18,19]. Although the calculation of MOKE spectra from the
known band structure is quite straightforward, different methods of band-structure calculation
may yield contradictory results. In particular the MOKE for Fe, Co and Ni calculated by the
full-potential method [4] differs substantially from the results obtained with the potential which
is spherically averaged [2]. The MOKE is sensitive to the details of the electronic structure,
which in turn depends on the parameters of the calculation—the number ofk-points, energy cut-
offs etc. It is therefore desirable to analyse carefully the dependence of the calculated spectra
on these parameters in order to ascertain that the results are stable within a given method. To
our knowledge such detailed analysis was performed only for the augmented-spherical-wave
(ASW) calculation [2], in which the spherically averaged potential is used.

In this paper we present a calculation of the MOKE based on the full-potential linearized
augmented-plane-wave (FPLAPW) method as implemented in the WIEN97 code [5]. WIEN97
is a well tested and commonly used code for calculation of the electronic structure. In order
to calculate the MOKE spectra we have modified the package OPTIC so that calculation of
the off-diagonal elements of the conductivity tensor for a system with spin–orbit coupling
was possible. We have also written a new package LAPWORB which enables self-consistent
inclusion of the orbital polarization into the Hamiltonian and which we briefly describe in this
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paper. The resulting program is applied to calculate the MOKE for fcc Ni, hcp Co and bcc
Fe. The results are compared with those obtained by the ASW method [2, 19] and with the
experimental data. The dependence of the MOKE on the parameters of the FPLAPW method is
carefully analysed. We also study the effect of the choice of the exchange–correlation potential
and the inclusion of the orbital polarization term into the Hamiltonian.

2. Theory

The magneto-optical Kerr effect is described by a complex parameter8K which carries the
information about the Kerr rotation and ellipticity. This parameter depends on the experimental
arrangement. The results we present correspond to the polar Kerr effect, i.e. a configuration in
which the incident beam is collinear with the sample magnetization and both are perpendicular
to the sample surface. In this arrangement the Kerr rotation2K and the ellipticityεK are given
by

8K(ω) = 2K(ω) + iεK(ω) = −σxy(ω)
σxx(ω)

(
1 +

4π i

ω
σxx(ω)

)−1/2

(1)

whereσαβ are the matrix elements of the conductivity tensor. The conductivity tensor can be
expressed as a sum of two contributions, called interband and intraband. We do not consider
the intraband contribution in the results presented for two reasons. First, the influence of
the intraband effects is usually described by the phenomenological Drude model. As we
primarily want to compare our results to otherab initio computations it is appropriate to
compare interband contributions only. Second, the intraband contribution affects the MOKE
spectra of 3d metals only at low energies (under 1 eV) and does not change the shapes of the
curves, so comparison to the experiment remains possible. For evaluation of the interband
conductivity, the following expression [1,3] was used:

σαβ(ω) = ie2

m2h̄�

∑
k

∑
m occ
n un

1

ωnm(k)

(
5α
mn5

β
nm

ω − ωnm(k) + iδ
+

(5α
mn5

β
nm)

∗

ω + ωnm(k) + iδ

)
. (2)

Here� is the unit-cell volume, ¯hωnm = En − Em is the energy difference between occupied
(Em) and unoccupied (En) bands. The parameterδ represents the broadening of the spectral
lines due to a finite lifetime of the excited states. In generalδ is a function ofω which can be in
principle calculated from the many-body theory. Such a calculation is beyond the scope of the
present paper and thus we treatδ as a phenomenological parameter.5α

nm are the momentum
matrix elements given by

5α
nm(k) =

∫
�

ψnk(r)p
αψmk(r) dr (3)

which represent a non-relativistic approximation to the dipolar transition matrix elements [2].
The band structure represented by a set of eigenvaluesEn(k) and eigenvectorsψn(k) on

ak-point mesh in the Brillouin zone is required as an input for the evaluation of equation (2).
After the evaluation of the matrix elements5α

nm, k-space integration divided into two steps
is performed. In the first step we integrate over surfaces of constantωnm(k) = ω′, which
corresponds to calculation of the absorptive part ofσαβ(ω) in the limit δ = 0. The Bl̈ochl
tetrahedron method is used here. The second integration is overω′ and it corresponds to
performing Kramers–Kronig transformation and lifetime broadening. It is well known that
Kramers–Kronig transformation suffers from inaccuracy due to necessity of a high-energy
cut-off for the absorptive part of the conductivity [13]. We found that an energy cut-off at
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2.0 Ryd and an energy mesh of 1 mRyd yields satisfactory convergence for the spectrum up
to 0.6 Ryd.

The FPLAPW method is used for the band-structure calculation. Within this method the
unit cell is divided into non-overlapping atomic spheres and an interstitial space. The potential
is expanded into spherical harmonics inside the atomic spheres and into plane waves in the
interstitial space. Similar expansion is used for the basis functions. The spin–orbit coupling
is included by the second-variational step [9] inside the atomic spheres using the spherical
part of the potential, i.e. muffin-tin approximation to the spin–orbit coupling. This means
that the Hamiltonian without the spin–orbit coupling is diagonalized first. Then an energy
cut-off is made and only the states under this spin–orbit cut-off energy are used as a basis
for diagonalization of the Hamiltonian including the spin–orbit coupling. This procedure is
faster compared to the direct inclusion of the spin–orbit coupling into the Hamiltonian as used
in [12]. The accuracy of these approaches is the same for high enough energy cut-off but the
second-variational-step approach is still several times faster. For the discussion of the energy
cut-off, see section 3.2.1.

2.1. Orbital polarization

The local spin-density approximation leads to a considerable underestimation of the orbital
momentum for Fe and Co [6] and it is likely that the MOKE is also strongly influenced. The
orbital momentum may be enhanced by inclusion of the orbital polarization term [7], which
mimics the second Hund rule:

ĤOP = Horbl̂z

Horb = −IOPLz
(4)

wherel̂z is thez-component of the angular momentum operator, thez-axis being parallel to
the magnetization, andLz is the projection of the orbital moment on thez-axis:

Lz =
∑
i,k

ni,k〈ψi,k|lz|ψi,k〉. (5)

ψi,k is the eigenstate of an energy bandi with a wave vectork; ni,k are the occupation numbers.
Finally the parameterIOP is equal to the Racah parameterB for the d electrons andE3 for
the f electrons (see e.g. [8]). Racah parameters are easily calculated once the wave functions
inside the atomic spheres are known. Alternatively they may be obtained from the analysis of
optical spectra. In the present calculation the valuesB = 0.100, 0.099 and 0.127 eV for Fe,
Co and Ni, obtained by the latter method [8], are used.

In our computational schemêHOP is treated using the second-variational method [9],
i.e. in the same way as the spin–orbit coupling in the WIEN97 package. However,ĤOP is
proportional to the orbital momentum operatorl̂z and at the same timeHorb in front of this
operator contains matrix elements ofl̂z. An additional self-consistency loop must therefore be
added into the computational scheme. In the first stepLz is calculated using the eigenfunctions
of the HamiltonianĤ0 which does not contain the orbital polarization term.̂HOP is then
determined using (4) and the eigenfunctions ofĤ0 + ĤOP are found. Lz is calculated in
the new basis and the neŵHOP is constructed. The procedure is repeated until the self-
consistency is reached. We found that for the systems in question the procedure converges fast
and no mixing of the intermediate results is necessary.



6304 J Kuněs and P Nov́ak

3. Results

3.1. Comparison with the ASW method and with experiment

In this section the calculated MOKE spectra are compared to the results obtained by the ASW
method [2, 19] and to the experimental data. All calculations are performed for the magnet-
ization parallel to the [001] direction. The simultaneous presence of the spin–orbit coupling
and the magnetization then lowers the symmetry of Ni and Fe, while the symmetry group of hcp
Co remains unchanged. The program may be equally well applied for an arbitrary direction
of the magnetization. This leads, however, to further lowering of the symmetry resulting
in a larger irreducible wedge of the Brillouin zone and correspondingly higher demands on
the computer memory and time. To make detailed comparison possible the same inputs as
in references [2, 19] are used for the lattice parameters of the systems in question and for
the lifetime broadening. The lattice constants for fcc Ni and bcc Fe are 0.352 43 nm and
0.286 62 nm, respectively. For hcp Coa = 0.260 35 nm andc = 0.422 81 nm are used. The
same lifetime broadeningδ = 0.4 eV is assumed for all three systems. Also the form of
the LSDA exchange–correlation potential is analogous—we use the Perdew and Wang [10]
reparametrization of the Ceperley–Alder data. In all cases the calculation is driven to self-
consistency (the change of the total energy in subsequent iterations is smaller than 10−6 Ryd).
The spin–orbit coupling is included in the self-consistent iteration procedure. Electron states
are divided into core states (1s, 2s, 2p, 3s) and valence states (3d, 4s, 4p); the 3p orbitals are
treated as local orbitals [9].

The results for bcc Fe, hcp Co and fcc Ni are displayed in figures 1, 2 and 3. The compar-
ison of the MOKE spectra to other experimental and computational studies is discussed here.
In all three cases we found good agreement with the calculations of Oppeneeret al [2, 19].
Compared to the experimental data an agreement as regards the shape and the magnitude can
be found in all three cases. Inclusion of the intraband contribution to the diagonal elements of
the conductivity tensor would improve this agreement in the low-energy region (below 2 eV).
Some discrepancies still remain, especially overestimation of the crossover energy of the Kerr
rotation in Ni around 4 eV. For a detailed discussion see [3]. For Ni and Fe we compared our
results also to the calculations of Delinet al [4] and Mainkaret al [11]. Both these calculations
used the full potential. Because these calculations used a different lifetime broadening and
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Figure 1. Theoretical conductivity tensor elementsσxx (a),σxy (b) and theoretical and experimental
MOKE spectra (c) for bcc Fe. The results are shown as follows: solid curve: this work; dotted
curve: Oppeneer and Antonov [3]; +: van Engen [21];◦: Krinchik and Artem’ev [14].
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Figure 2. Theoretical conductivity tensor elementsσxx (a),σxy (b) and theoretical and experimental
MOKE spectra (c) for hcp Co. The results are shown as follows: solid curve: this work; dotted
curve: Oppeneer and Antonov [3]; +: van Engen [21];◦: Krinchik and Artem’ev [14];∗: Weller
et al [17].
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Figure 3. Theoretical conductivity tensor elementsσxx (a),σxy (b) and theoretical and experimental
MOKE spectra (c) for fcc Ni. The results are shown as follows: solid curve: this work; dotted
curve: Oppeneer and Antonov [3]; +: van Engen [21];◦: Krinchik and Artem’ev [14];∗: data of
Di and Uchiyama [16] with compensation for the quartz substrate given by Di [15];×: Vi šňovsḱy
et al [20].

included the intraband conductivity, only major differences which are not affected by this fact
are mentioned. Unlike Delinet al we found crossover to positive values of the Kerr rotation
at about 4.5 eV for Ni and 6 eV for Fe. The difference is even more striking for the Kerr
ellipticity where we found crossovers to positive values at about 5 eV for Ni and 7 eV for Fe.
Comparing to the results of Mainkaret al a good agreement up to 6 eV exists for Fe, while in
the case of Ni our results are closer to those of Oppeneeret al above 3 eV.

3.2. The influence of the input parameters

In this section the influence of the choice of the basis set for the wave functions, the expansion
of the potential and the number ofk-points in the irreducible wedge of the Brillouin zone on
the theoretical MOKE spectra is analysed. In order to compare conveniently the dependence
of the Kerr rotation and ellipticity for two valuesP1, P2 of the input parameterP , we introduce
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the quantityχ which characterizes the overall change of the spectrum and1, indicating the
maximum difference:

χ =
∫ Em

0
|AP1(E)− AP2(E)|/|AP2(E)| dE E = h̄ω A = 2K,8K

1 = max(|AP1(E)− AP2(E)|/|AP2(E)|)
(6)

whereEm is the maximum value of the energy in the Kerr spectrum. In what follows we use
Em = 6 eV. The testing was performed mostly on hcp Co and its results were taken into account
for the other systems. The procedure was the following. The band-structure calculation was
driven to self-consistency with the spin–orbit cut-off energy about 1 Ryd above the Fermi
energy, then this energy was increased and the band structure used for the determination of the
MOKE spectrum was calculated again with higher-lying states included.

3.2.1. The basis set for the wave functions and potential.Within the LAPW method the
number of basis functions is limited by the magnitude of the largestk-vector in the plane-wave
expansion. In the WIEN code thek-vector cut-off is characterized by the productp = RmtKmax
whereRmt is the radius of the smallest atomic sphere andKmax is the maximum value of the
wave vector. We note that when the number of plane waves is increased, so should the number
of spherical harmonics inside the atomic spheres be increased; these are characterized by an
angular momentum cut-off valueLmax . The default WIEN values arep = 8 andLmax = 10.
The comparison with the calculations forp = 10, Lmax = 12 gives maximum deviations of
1(2K) = 10.3%,χ(2K) = 4.1%, which decrease to 4.1% and 2.6% forp = 9, Lmax = 11.
In what follows we takep = 10, Lmax = 12 as our default values.

The second-variational method adds another parameter which is the spin–orbit cut-off
energy (see section 2). We found that there is an influence of the states lying above the
range used in the calculation of the MOKE spectrum, i.e. 2 Ryd above the Fermi level, due
to hybridization with the states included in this calculation. Taking the valueEmax = 9 Ryd
as a reference, we found that forEmax = 5 Ryd the deviations are already below 0.5%, thus
indicating reliability of the second-variational method.

In the WIEN code the expansion of the potential is characterized by a parameterGmax

determining the magnitude of the largest reciprocal-space vector used. The WIEN default value
Gmax = 10 should be increased for the calculation using the GGA. We therefore increased
Gmax to 14, but there is only little difference comparing to theGmax = 12 calculation.

Because the spin–orbit coupling is considered inside the atomic spheres only, the dep-
endence on the sphere radiiRmt should be checked. Note that most of the other results
obtained by the WIEN code are not sensitive to the choice ofRmt , provided that the parameters
p = RmtKmax andGmax are sufficiently large. We checked the sensitivity of the theoretical
MOKE spectrum and the orbital momentum to the choice ofRmt for fcc Ni. The deviation of
the MOKE spectrum characterized by parametersχ andδ caused by reduction of the maximum
allowedRmt (almost touching spheres) by 12% was less than 2%. At the same time the orbital
momentum decreased by almost 5%. These results justify using the muffin-tin approximation
to the spin–orbit coupling in the calculation of the MOKE.

For hcp Co and fcc Ni we also performed calculations in which the 3p states were kept
in the core. This led to a downward shift of2K of ≈0.05–0.1◦ for Co and 0.01–0.5◦ for Ni,
while the shape of the spectra remained unchanged.

3.2.2. The number ofk-points. The same numbernk of k-points in the irreducible wedge of
the Brillouin zone was used in the self-consistency cycles and in subsequent calculation of the
MOKE spectrum. Testing of the dependence of the results onnk was performed for all three
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systems. We found that the character of the spectra (number and positions of maxima and
minima) is already relatively stable for moderatenk. In order to achieve deviations≈1–4%,
largenk may be needed, however. For hcp Co this fact is demonstrated in table 1. In the case
of bcc Fe, 1183k-points already yields good stability. In case of Ni, the MOKE spectrum is
reasonably stable for 3078k-points although the diagonal conductivity, especially, still varies
in the region below 1 eV. This could explain the deviation from the previous calculation [2] in
this energy region, but the differences of the MOKE spectra at higher energies are independent
of this fact.

Table 1. The dependence ofχ andδ on the number ofk-pointsnk for hcp Co; the calculation with
1540k-points was taken as a reference.

Kerr rotation Kerr ellipticity

nk χ δ χ δ

240 0.07 0.10 0.06 0.04
427 0.03 0.15 0.06 0.07
819 0.01 0.03 0.02 0.01

3.3. The influence of the exchange–correlation potential and orbital polarization

The MOKE spectra obtained with the use of the GGA exchange–correlation potential and with
the orbital polarization term in the Hamiltonian as described in section 2.1 are compared in
figure 4. In table 2 we also present the orbital moments calculated with and without the orbital
polarization.
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Figure 4. MOKE spectra calculated with the LSDA (dotted curves) and GGA (solid curves)
exchange–correlation potentials. Dash–dotted curves correspond to the calculation including the
orbital polarization.

It can be seen that use of the GGA exchange–correlation potential leads to increasing of
the amplitude of the Kerr rotation and ellipticity in all three cases. However, this change is
small and does not remove the main discrepancies between the calculation and the experiment.
Thus it can be stated that the use of the GGA does not improve the description of reality as
compared to LSDA for the systems studied.

It is well known that the inclusion of the orbital polarization leads to increasing of the
orbital moment to values closer to the experimental ones [7]. This is also shown in table 2.
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Table 2. The orbital moments calculated with and without the orbital polarization.

Orbital moment (µB )

Without OP With OP

Fe 0.045 0.063
Co 0.107 0.160
Ni 0.051 0.066

On the other hand the MOKE spectra obtained with the orbital polarization are further from
the experimental ones, which is readily seen for Ni and Co.

4. Conclusions

We have presented a calculation of the polar magneto-optical Kerr effect in bcc Fe, hcp Co
and fcc Ni using the full-potential linearized augmented-plane-waves method. We found a
close agreement with the results obtained by the ASW method [2,19]. As both of the methods
use the local spin-density approximation to the density functional theory, we conclude that
the remaining deviations from the experiment come from the LSDA itself rather than from
mathematical approximations made within the different methods of band-structure calculation.
We checked the sensitivity of the calculated MOKE spectra to the parameters of the calculation
and found the values for which reasonably stable results are obtained. We also showed that
the muffin-tin approximation and the second-variational treatment of the spin–orbit coupling
are justified for the present calculations.

Acknowledgments

We are indebted to P M Oppeneer for helpful discussions and providing us with his
computational results. We also appreciate correspondence with C Ambrosch-Draxl and
discussion with P Blaha. This work was supported by the grant A1010715/1997 of the Grant
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