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Calculated magneto-optical properties of cubic and tetragonal Fe, Co, and Ni
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Recent experiments suggest that the linear magneto-optical signal from thin surfaces differs significantly
from the corresponding bulk signal. Using anab initio full potential linear muffin-tin orbital method, we have
therefore calculated the polar magneto-optical Kerr signal for tetragonal and cubic Fe, Co, and Ni, in order to
elucidate the role of tetragonal distortion on magneto-optical spectra. Our calculations indicate that for all three
metals, the amplitudes and positions of the peaks in the Kerr spectra do change due to the tetragonal distortion,
but the effect is not dramatic, and far from the observed differences. We therefore conclude that the large
observed differences must have another origin, and discuss possible sources. Furthermore, since magneto-
optical spectra are very sensitive to details in the wave functions and density, calculation of such spectra
constitutes an important test of anyab initio method. The highly accurate method used in the present calcu-
lations differs from previously used methods in several respects, and a comparison between the different
methods is made.@S0163-1829~99!04340-4#
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I. INTRODUCTION

Plane-polarized light reflected from a magnetized mate
becomes elliptically polarized, and the plane of polarizat
is rotated. This effect is called the magneto-optical Kerr
fect ~MOKE!, after its discoverer. Typically, the effect is no
very large. Reflection against the ferromagnetic 3d transition
metals Fe, Co, and Ni causes rotations smaller than 1°
more exotic materials, such as half-metals and materials
taining f elements, the Kerr rotation may be much larger. T
most extreme example is CeSb, where the Kerr rota
reaches its maximum possible value, 90°.1 The nonlinear
Kerr effect combines frequency multiplication with the me
tioned changes of the polarization. In general, the nonlin
Kerr signals are much more dramatic than the lin
correspondents.2 In the present study, the Kerr effect is u
derstood to mean the linear Kerr effect only. We also lim
ourselves to the polar geometry, i.e., the spin and pho
directions are both assumed to be perpendicular to the
face. Experimentally, this is the most studied geometry,
is also the one which in general gives the largest Kerr sig

The microscopic origin of the Kerr effect is a combine
action of spin-orbit coupling and the net spin-polarization
the material.3 The effect is sensitive to small changes in t
band structure and eigenfunctions, and a more accurate t
ment of the electronic structure, e.g., by using a full-poten
treatment and a basis set which can systematically be
larged without becoming overcomplete, should therefore
sult in visible changes in the spectra. This also means
calculation of such spectra constitutes an important tes
any calculational method, which in itself is an important m
tivation for the present work.

To first order, the changes in polarization and elliptic
PRB 600163-1829/99/60~20!/14105~10!/$15.00
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are proportional to the sample magnetization, and the K
effect is therefore useful experimentally in measurements
the magnetic moment. In recent times, it has rapidly dev
oped into a widely used probe in many research fields, s
as, e.g., surface magnetism,4 magnetic interlayer coupling in
multilayers,5 and structural and magnetic anisotropies.6 A
well-known technological application is in the read-out pr
cess in high-density digital information storage systems.7 For
a general review of the present status of experimental
theoretical magneto-optic research, see, e.g., Refs. 8–12

Low-dimensional magnetic structures such as surfa
and thin films have become a new and exciting field of
search and applications. They exhibit many exotic pheno
ena, which are absent in bulk systems. However, also
pure bulk properties of the constituents used in these syst
may be changed. For example, as soon as a thin film of
material is applied on some substrate, whose lattice par
eter does not exactly match the lattice parameter of the fi
a distortion of the crystal structure of the film occurs. Ve
recently, Nakajimaet al.13 presented results indicating tha
the optical conductivities from tetragonally distorted Ni a
Co films are significantly different from those derived fro
measurements on the corresponding cubic materials. The
ferences are of two types. First, the amplitudes of the c
ductivities change rather drastically. Second, the peak p
tions are altered. The effects are especially predominan
the off-diagonal conductivity. It is, of course, of high intere
to investigate whether these differences are mostly due to
tetragonal distortion of the interior of the film, or if surfac
and substrate effects or differences in the experimental
proach play important roles in creating these differences
the present study, our primary goal is to investigate how
Kerr signal is affected by tetragonal distortion. For this pu
14 105 ©1999 The American Physical Society
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pose, we have calculated the Kerr spectra for cubic and
tragonal Fe, Co, and Ni. The in-plane lattice parameter of
and Ni was taken to be that of Cu~fcc!, and for Fe, it was
taken to be that of V~bcc!. Fe films grown on Cu are no
necessarily ferromagnetic, and, furthermore, the tetrago
distortion of Fe grown on Cu is extremely small. For the
reasons, we have chosen to omit that system in the pre
calculations.

Experimentally, Co on Cu~001! is one of the best ex
amples of a tetragonally stabilized system. After the fi
couple of monolayers, Co on Cu~001! grows tetragonally
with good structural order up to 50 to 70 monolayers. As
film grows thicker, the lattice parameter will relax toward
bulk value. For both Co and Ni, grown on a Cu substrate,
bulk lattice parameter is achieved after about 2
monolayers.13 A Co film exhibiting fcc structure was firs
reported by Suzukiet al.14 They measured the atomic vo
ume in their fcc Co films to be the same as for bulk hcp C

The magneto-optical properties of Co and Ni grown
Cu have been investigated in some detail.13 Spectra were
registered for two different thicknesses, 20 Å and 1000
In the thinner films, the in-plane lattice parameter is close
that of Cu, but already at about 200 Å , the in-plane latt
parameter has relaxed to the bulk value.

Fe on V is a much less stable system than the abo
mentioned one. Growing Fe on V will cause the in-pla
lattice parameter to expand around 5%, which is a rat
large expansion. Fe will therefore grow epitaxially only t
first couple of monolayers, after which dislocations set in

A large number of measurements of the magneto-opt
properties of bulk Fe, Co, and Ni have been performed.
skine and Stern15 studied the off-diagonal optical conductiv
ity of all three metals using ellipsometric techniques and
longitudinal Kerr geometry. Later, these measurements
Ni were extended beyond the quartz limit by Erskine16

Krinchik and Artemjev17 measured magneto-optical spec
of all three metals, both in the polar and equatorial K
geometries. Visˇňovský et al.18 compared bulk Fe polar Ker
spectra with Fe films built on various substrates. We
et al.19 investigated the orientation dependence of the po
Kerr effect in both fcc and hcp Co. The polar Kerr effect f
Ni at low temperature was investigated experimentally by
and Uchiyama.20 Interestingly, the low-temperature spectru
differs substantially from room-temperature data.

The diagonal optical constants of Fe, Co, and Ni ha
been measured and analyzed by a large number of aut
and we can only mention a few of them here. Johnson
Christy21 measured and compared the diagonal optical c
stants for several transition metals, including the three
treat here. Shiga and Pells22 performed measurements, wit
Drude’s method, of the diagonal optical conductivity of N
as a function of temperature, and made a careful analys
the origins of the peaks in the spectra, with respect to b
structure. Bolotin, Kirillova, and Mayevskiy23 measured the
diagonal optical conductivity of Fe and discussed the rela
between the spectrum and the Fermi surface. The diag
optical constants of Fe were also determined by Yolken
Kruger,24 using ellipsometry. They emphasize the influen
of surface preparation on the measured optical constants
cently, Fuet al.25 measured the diagonal dielectric functio
of fcc Co. Ehrenreich, Philipp, and Olechna26 obtained the
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diagonal dielectric constant for Ni from reflectance measu
ments and interpreted the structures in the spectrum in te
of interband transitions between the Fermi surface and
3d band.

Many of the experimental spectra differ substantia
from each other. Reasons for this are, e.g., difference
sample quality, method of annealing, surface polishing, a
the degree of magnetization. Also, differences in the exp
mental technique and different extrapolation procedures u
in the calculation of the conductivity from measured spec
may contribute to these differences.

The absorptive off-diagonal optical conductivities for F
Co, and Ni have been calculated previously, using mod
band-structure methods, see, e.g., Refs. 27–29.

Calculated polar Kerr spectra of cubic Fe, Co, and
have been published by several authors. Oppeneeret al.30

calculated the MOKE of cubic Fe, Co, and Ni using a line
muffin-tin orbital ~LMTO! method in the atomic spheres a
proximation~ASA!, including combined corrections. In the
method, both parts of the complex optical conductivity a
calculated directly using the Kubo formula32,33 with finite
relaxation time. Guo and Ebert34 calculated the orientation
dependence of the MOKE in fcc Co, using the sp
polarized, relativistic linear muffin-tin orbital~SPRLTMO!
method in the ASA, without combined corrections.

Gasche, Brooks, and Johansson35 investigated the effec
of orbital polarization on the MOKE spectra of Fe, Co, a
Ni. Their calculational method is similar to the one used
Oppeneeret al., but they also compared the finite-relaxatio
time approach via an alternative path, namely to calcu
only the absorptive part in the limit of sharp band sta
~infinite lifetime! and then perform the Kramers-Kroni
transformation to obtain the dispersive part. Maink
Browne, and Callaway calculated the MOKE and also
equatorial Kerr effect using a LCGO method.36 Maclaren
and Huang calculated the polar Kerr effect in Fe and C
using the full-potential linear augmented Slater orbi
~FLASTO! method, however without including anyf states
in the basis.37 Our calculational method differs from most o
the previously used methods in that it is a full-potent
method, i.e., no shape approximation of the potential, w
functions, or density has been employed, combined wit
very flexible basis set which can be systematically improv
upon without becoming overcomplete, which may be a pr
lem in methods where the basis set is constructed fr
Gaussian or Slater orbitals. Especially for metallic syste
such a flexible basis set should be important. Furtherm
no calculation of the optical spectra of tetragonally distor
Fe, Co, and Ni has previously been reported.

II. MACROSCOPIC THEORY OF MAGNETO-OPTICS

At optical frequencies the propagation of electromagne
waves in magnetic materials may be fully described by
dielectric tensore, or equivalently, with the optical conduc
tivity tensor s.38 For the materials studied here, the optic
conductivity is a symmetric tensor in the absence of a m
netic field. For cubic crystals, in the absence of an externa
internal magnetic field, the optical conductivity tensor is d
agonal in the crystal axes, with all three diagonal eleme
equal. In this case, the tensor will have the same prope
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as a scalar. Applying a magnetic field will break tim
reversal symmetry since the magnetic field changes sign
der time reversal, causing magneto-optical effects to app
When time-reversal symmetry is broken, the system re
differently to photons with helicity 1~spin and momentum
parallel!, compared to photons with helicity21 ~spin and
momentum antiparallel!, which is the time-reversed corre
spondent. In this case, the optical conductivity tensor is
longer symmetric, and it can be written as the sum o
Hermitian part, containing the dispersive components, and
anti-Hermitian part, containing the absorptive compone
Thus, with the magnetic moment in thez direction, the form
of the optical conductivity tensor in the present case is

s5s(1)1 i s(2)5S sxx sxy 0

syx syy 0

0 0 szz

D , ~1!

wheresxx5syy andsyx52sxy . Note that even in the cu
bic case,szz is not strictly equal tosxx . The difference,
however, is very small for the materials studied here, at le
in the cubic structures.39

In standard notation, the real component of diagonal e
ments describes the ordinary optical absorption which is
ways positive, and the imaginary component of off-diago
elements describes the magneto-optical absorption. The
sorptive part of the off-diagonal optical conductivity has
direct physical interpretation. It is proportional to the diffe
ence in absorption of left and right circularly polarized ligh
and its sign is directly related to the spin polarization of t
states responsible for the interband transitions produc
structure in the spectra.

As mentioned, MOKE refers to the change in the pol
ization of light reflected from the surface of a magnetic m
terial. Linearly polarized light is turned into elliptically po
larized light with ellipticity eK and its major axis is rotated
by the Kerr rotation angleuK relative to the polarization axis
of the incident beam. Both quantities, which are usua
combined into the complex Kerr angleuK1 ieK , can be re-
lated to the optical conductivity of the material. For the po
geometry, the Kerr rotation and ellipticity can be calculat
from the implicit expression12

11taneK

12taneK
e2iuK5

~11n1!

~12n1!

~12n2!

~11n2!
, ~2!

where n6
2 are eigenvalues of the dielectric function tens

corresponding to Eq.~1!, explicitly,

n6
2 511

4p i

v
~sxx6 isxy!. ~3!

For small Kerr angles, this can be simplified to40

uK1 i eK5
2sxy

sxxA11
4p i

v
sxx

. ~4!

Note that the roots of the real and imaginary parts ofsxy in
general do not coincide with zero amplitude of the Kerr s
nalsuK and/oreK .
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III. DETAILS OF THE CALCULATIONS

A. General considerations

Throughout our calculations, we have assumed a p
geometry, i.e., the direction of light propagation is perpe
dicular to the surface and the spin moment is parallel to
outgoing light. Furthermore, the calculations are relativis
and spin-polarized, as they must be, in order to obtai
magneto-optical signal.

All calculations presented here are bulk calculations. T
main reason is that we wish to investigate what change
the spectra are caused purely by the tetragonal distortio
self.

When a metal is grown on a substrate, its lattice para
eters in different directions will typically be distorted. W
have made the following assumptions regarding the lat
parameters of tetragonally distorted Fe, Co, and Ni. For
and Ni, the in-plane lattice parametera was set to the experi
mental Cu bulk value, whereas for Fe, it was set to the
perimental bulk lattice parameter of V. Then, the atomic v
ume was assumed to remain unchanged for all three me
causing the cubic structure to distort tetragonally. For
this corresponds to a 5.6% expansion ofa and a 10.3% de-
crease of the lattice parameter in thez directionc, relative to
the bulk bcc structure. For Co,a is expanded 1.9% andc is
decreased by 3.7%, relative to a fcc structure with the sa
atomic volume as the bulk hcp structure. In the case of
the distortion is roughly on the same level as for Co, with
2.6% expansion ofa and a 5.0% decrease ofc, relative to the
bulk fcc structure. Obviously, these distortions of Fe, C
and Ni are highly idealized. In practice the distortion of t
lattice may relax continuously as the film thickness is
creased. Also, the lattice parameters of the substrate ar
fected by the metal grown on top of it.

B. Ground-state calculation

In the full-potential linear muffin-tin orbital method~FP-
LMTO!, which is the density-functional method used in t
present study,41 the Kohn-Sham equations42 are solved for a
general potential without any shape approximation.

For the density functional, we used the local~spin! den-
sity approximation ~LDA ! in the Hedin-Lundqvist
parametrization.43 In the present method, space is divide
into nonoverlapping spheres, so-called muffin-tin sphere44

surrounding each atomic site, and an interstitial region. T
basis functions used are energy independent Bloch functi
whose construction is somewhat different in the spheres
in the interstitial.

A basis function in the interstitial is defined by the Bloc
sum of solutions to the spherical Helmholtz equation w
nonzero kinetic energyk2, or a linear combination of such
solutions for different kinetic energies. The Fourier repres
tation of this basis function is taken from the Fourier ser
of a function matching the basis in the interstitial region b
not inside the spheres, a so-called pseudowave func
whose exact shape inside the muffin-tin sphere is of no
portance for the final solution as long as it is continuous a
differentiable at the sphere boundary and matches the
basis function in the interstitial.

Inside the spheres, where the charge density varies
idly, the basis functions are Bloch functions of numeric



t o
on
l

s
-

gl
o
in
di
l
th
s

an
ex

t.
-
e
e
in
ha
3

to
.
s
t

th
w

al
t

ar
in-
nd
ti

in
bo
ty

s

ia
d
lu

ore,
n-
and
r-

the
te-
in-
ical
can
r in-
ace,
the
lar
can
rical
u-
ia-
r-

fin-
ns

8.
ear
e.,
em
e

or

lcu-

d,
in.
on-
er-
ant

ion
en-
a-
ut

ip-
at

the
ex-

en-
vo-
th
rre-
ing.
ad-
ained
in-
ion.
the
the
ted
tive
s

14 108 PRB 60DELIN, ERIKSSON, JOHANSSON, AULUCK, AND WILLS
radial functions times spherical harmonics. The radial par
a basis function is constructed from the numerical soluti
fL(En ,r ) of the radial Schro¨dinger equation in a spherica
potential at the fixed energyEn and their energy derivative
ḟL(En ,r ). Here, the indexL stands for a collection of quan
tum numbers: the principal quantum numbern, the orbital
quantum numberl, the magnetic quantum numberm, and the
kinetic energyk2.

The treatment of the entire basis set within one sin
energy panel allows all states, including the pseudoc
states, to hybridize fully with each other. Our method is l
ear, i.e., the basis functions are constructed by expan
around fixed energiesEn . The expressions for the crysta
wave functions in the muffin-tin spheres are matched to
interstitial crystal wave function at the sphere boundaries
that the total crystal wave function becomes continuous
differentiable in all space. In the present calculation, the
pansion in spherical harmonics is taken up tol 56, and the
4s, 4p, 3d, and 4f orbitals were included in the basis se
For the early 3d transition elements, it is important to in
clude the 3p semicore states in order to get a converg
ground state. For the late transition metals, however, th
states can be omitted in a ground-state calculation. S
optical calculations in general require a larger basis set t
a ground-state calculation, one could speculate that thep
states could give a significant contribution to the magne
optical properties, even for the late 3d transition elements
However, the pseudocore 3p states lie in this case as far a
around 4 Ry below the Fermi level, and do not, according
our calculations, affect the magneto-optical spectra. In
ground-state calculation, reciprocal space was sampled
657 k points in the irreducible part of Brillouin zone~IBZ!,
using specialk-point sampling methods.45

C. Optical calculation

We adopted the dipole approximation in our optical c
culations, i.e., the momentum transfer from the initial state
the final state was neglected. Spin-flip transitions, which
allowed within the electric dipole approximation when sp
orbit coupling is included, were also omitted. Guo a
Ebert34 have shown that this simplification changes the op
cal conductivities by very small amounts, and that it is
deed negligible. With these approximations, the Ku
formula32 for the absorptive part of the optical conductivi
reduces to~with ab5x,y,z)

sab
(abs)~v!5

Ve2

8p2\m2v
(
nn8

E d3k^knupaukn8&

3^kn8upbukn& f kn~12 f kn8!d~ekn82ekn2\v!,

~5!

in the limit of sharp band states. Note thatsaa
(abs)(v)

5saa
(1)(v), whereassab

(abs)(v)5sab
(2)(v) when aÞb. For a

derivation of Eq.~5!, see, e.g., Ref. 33. In the above expre
sion, e is the electron charge,m the electron mass,v the
frequency of the incoming/outgoing electromagnetic rad
tion, (px ,py ,pz)5p52 i\¹ the momentum operator, an
ukn& the crystal wave function, corresponding to eigenva
Ekn with crystal momentumk. V/8p3 is the normalization
f
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constant of the integral over reciprocal space. Furtherm
f kn is the Fermi distribution function ensuring that only tra
sitions from occupied to unoccupied states are counted,
d(Ekn82Ekn2\v) is the condition for total energy conse
vation.

The evaluation of the momentum matrix elements in
above equation involves integration in real space. This in
gration is performed over the muffin-tin spheres and the
terstitial separately. Inside the muffin-tin spheres, spher
coordinates are used for the integration. The integral
then be expressed as a radial function times the angula
tegral. Integration over the angular coordinates in real sp
assuming the electric dipole approximation, gives rise to
electric dipole selection rules, i.e., that some of the angu
integrals are exactly zero. The nonzero angular integrals
be expressed exactly using Gaunt coefficients and sphe
harmonics. The radial integral is, of course, intrinsically n
merical, and is evaluated by first performing the different
tion numerically, then integrating. The integral in the inte
stitial can be rewritten as a surface integral over the muf
tin spheres using Green’s formula. Explicit expressio
regarding these integrations can be found in Refs. 46–4

The integral in reciprocal space is calculated using lin
interpolation on a mesh of uniformly distributed points, i.
the tetrahedron method. Since all information in the probl
is contained within the IBZ, the region of integration is th
IBZ, giving s i j

abs(v,IBZ). The total absorptive part of the
optical conductivitys i j

abs(v) is then obtained by performing
all symmetry operations ons i j

abs(v,IBZ), summing up and
normalizing with the number of symmetry operations. F
the optical calculations, many morek points are needed in
order to obtain convergence than in the ground-state ca
lation. We used 11 661k points in the IBZ.

With all absorptive optical conductivities calculate
broadening and Kramers-Kronig transformation still rema
The most common way to broaden is actually to use a c
stant width, but since the lifetime of an excited state gen
ally decreases with increased excitation energy, it is relev
and potentially more appropriate to broaden with a funct
whose width increases, in some way, with the excitation
ergy. Gascheet al.35 let their broadening width increase qu
dratically with the excitation energy. We have tried this, b
found it to work less satisfactorily than the linear prescr
tion. A quadratic broadening removes too much structure
higher energies, where structure definitely still exists in
experimental spectra. Alternatively it gives, compared to
periment, an exaggerated sharpness to the peaks at low
ergy. This sharpness may of course be removed by con
luting the final spectrum with a Gaussian, but the wid
required to get reasonable smoothness is too large to co
spond to experimental resolution or temperature broaden
Although it is tempting to make use of more elaborate bro
ening schemes than those discussed here, we have refr
from doing so, since such schemes inevitably imply an
creased number of degrees of freedom in the calculat
More advanced schemes would very probably improve
agreement with experiment but at the same time reduce
significance of the result. Thus, broadening the calcula
optical spectra was performed by convoluting the absorp
optical conductivity with a Lorentzian whose width wa
taken to increase linearly with the photon energy.
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The corresponding dispersive optical conductivity w
then calculated by performing the Kramers-Kronig transf
mation of the broadened absorptive part. The convergenc
the Kramers-Kronig transformation was checked by perfo
ing double Kramers-Kronig transformations and compar
the result with the original spectrum. It is our experience t
both resolution broadening and thermal broadening can
neglected compared to the lifetime broadening, which do
nates completely.

With all parts of the optical conductivity calculated, th
polar MOKE spectra are easily evaluated using Eq.~4!.

Since several of the previous calculations of the K
spectra have been performed using a minimal basis set
checked what differences using only onek value would do
to our spectra. The resulting Kerr spectra were similar to
ones shown below.

D. Intraband contribution

It is nowadays rather established that at low temperat
direct interband transitions dominate the absorption. The
direct interband transitions can be neglected, or partly
counted for by broadening the spectra suitably. At low en
gies, below ;0.5 eV, intraband transitions, which ar
always indirect, become important. The intraband contri
tion for the diagonal components of the conductivity ten
is normally taken into account by means of the Drude f
mula,

sD~v!5
vp

2

4p~gD2 iv!
, ~6!

where vp is the unscreened plasma frequency andgD the
inverse relaxation time of the indirect intraband transitio
The second parameter in the Drude formula,gD , is depen-
dent on the amount of vacancies and other defects, and
therefore vary from sample to sample.

We have used the following Drude parameters. Fe:gD
50.45 eV, vp54.9 eV; Co: gD50.5 eV, vp58.3 eV;
Ni: gD50.56 eV,vp57.5 eV, all taken from Ref. 49. It is
worth noting that the extraction of the Drude paramet
from experimental data requires a free-electron-like region
the optical spectra.50 Such a region exists for metals such
aluminum or silver, but not for Fe, Co, or Ni. Experiment
determination of the Drude parameters for these metal
therefore intrinsically difficult.

Just as for the diagonal part of the conductivity, the o
diagonal part has a contribution from indirect intraba
transitions.51,52 It is, however, much smaller than in the d
agonal case, and although it has been speculated34 that this
contribution could give rise to visible differences in the spe
tra, we omit this contribution in the present calculation.

IV. RESULTS

Figure 1 shows the experimental and calculated diago
xx component of the absorptive optical conductivitysxx

(1) for
cubic and tetragonal Fe, Co, and Ni.

Starting with Fe, we see that the experimental spectra
show the same general trends, but have different amplitu
The experimental spectra for Fe peak between 2 eV
3 eV. In the low-energy range, the Drude tail is clearly v
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ible. Our calculated spectrum for the cubic system~solid
line! must be said to be in very good agreement with b
experimental data and the spectrum calculated by Oppe
et al.,30 which is also shown in the figure. Note that th
Drude contribution is not included in the spectrum calcula
by Oppeneeret al.

The experimental data for cubic Co are less conclus
than in the case of Fe. In the data of Ref. 25, signs of a p
around 2 eV may be traced, and from 2 eV to 6 eV,
experiments exhibit a negative slope. Both these features
reproduced in our calculated spectrum, possibly with
peak displaced slightly toward higher energies.

For Ni, the experimental curves all follow the same tren

FIG. 1. Calculated diagonal absorptive optical conductivity
cubic ~solid lines! and tetragonal~dashed lines! Fe, Co, and Ni. The
dot-dashed lines are calculated spectra from Ref. 30. The ex
mental data shown are as follows.Fe: filled circles, Ref. 21; white
circles, Ref. 23; and filled squares, Ref. 24.Co: filled circles, Ref.
13 (1000 Å film!; white circles, Ref. 25; and pluses, Ref. 1
(20 Å film!. Ni: filled circles, Ref. 13 (1000 Å film!; white
squares, Ref. 53; filled triangles, Ref. 54; white triangles, Ref.
and pluses, Ref. 13 (20 Å film!.
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although the absolute amplitudes differ from one experim
to another, just as for Fe. At low energies, the spectrum
dominated by the Drude contribution, giving the tail at en
gies below 0.5 eV. This tail is followed by a small structu
around 1.5 eV, which is reproduced in our calculations, a
a broad peak centered around 5 eV, which is also prese
the calculated spectra, but shifted to higher energy. A
here, our calculatedsxx

(1) spectrum for the cubic system
very similar to earlier published calculated spectra,30,36 both
regarding the total amplitude and the peak positions.

For both Fe and Ni, our spectra are flatter at higher en
gies than other calculated spectra. This is due to our bro
ening prescription, in which the broadening width increa
with the photon energy.

As seen from Fig. 1, the tetragonal distortion affects o
marginally the diagonal absorptive optical conductivity. T
differences are largest for Fe, which is natural since the
tragonal distortion in the calculations is largest for this e
ment. The main changes are that the maximum peak am
tude is decreased, and that the minimum just after the Dr
tail is less pronounced. In the case of Co, the peak at 1.2
has become smaller, and for Ni, whose spectrum lacks fi
structures in the low-energy region, the changes are mi
For both Co and Ni, experimental spectra derived from m
surements on 20 Å thick films grown on Cu are sho
~pluses!, as well as measurements on 1000 Å thick film
~filled circles!. In the Co case, the two spectra are rath
similar, but for Ni, the amplitude of the spectrum from th
20 Å film is significantly higher than the spectrum for th
thicker film. Our results indicate that these spectral chan
are not due to tetragonal distortion itself.

In Fig. 2, the calculated off-diagonal absorptive optic
conductivitysxy

(2) for cubic and tetragonal Fe, Co, and Ni
compared with spectra derived from experimental meas
ments; see Refs. 13,16,17, and 55–57. The conductivity m
tiplied by the frequency is plotted, not the conductivity itse
Discrepancies at higher energies are therefore enhanced
appear larger than they are. The tetragonal distortion is s
to result in some changes of the spectra for all three me
and the change is somewhat larger in this component tha
the diagonal conductivity. The off-diagonal conductivity
thus seen to be a more sensitive probe of small change
the crystal structure.

For Fe, two of the experimental spectra peak around 2
and fall off to a shoulder with an almost constant amplitu
from 4 eV to 6 eV. The third experimental spectrum is m
placed by about 1 eV in comparison to the two others. O
calculated off-diagonal optical conductivity has a sign
cantly larger amplitude than the experimental spectra
peaks at 2.2 eV, in close accordance with experiment,
falls off to a shoulder, also in agreement with experiment
may be noted from Fig. 2 that the sensitivity to structu
effects may be quite large, and for certain frequencies
structural distortion modifies the signal with up to;30%.

To our knowledge, there exists only one published exp
mental measurement of the off-diagonal absorptive opt
conductivity for cubic Co, and no calculated spectrum. T
experimental spectrum, shown with black circles in t
middle panel of Fig. 2, suggests a peak below 2 eV, a
exhibits a clear shoulder between 3 eV and 5 eV. Just as
the diagonal absorptive optical conductivity, the Co sp
t
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trum is rather similar to that of Fe, with the structures d
placed to lower energies for Co. The calculated spectr
exhibits a peak at 2.2 eV and a shoulder at higher energ
which appears to follow the experimental spectrum rat
closely.

For Ni, our calculated spectrum exhibits the minimum
low energy seen in the experimental spectra, as well as
double-peak structure at intermediate energies. However
structures appear at higher energies than in the experime
spectra. The total amplitude of the calculated spectrum
higher than that of the experimental spectra, just as in
case of Fe and Co.

For Fe and Ni, spectra calculated by Oppeneeret al.30 are

FIG. 2. Calculated off-diagonal absorptive optical conductiv
for cubic ~solid lines! and tetragonal~dashed lines! Fe, Co, and Ni.
The dot-dashed lines are calculated spectra from Ref. 30. The
perimental data shown are as follows.Fe: filled circles, Ref. 55;
filled squares, Ref. 56; white squares, Ref. 17.Co: filled circles,
Ref. 13 (1000 Å film!; pluses, Ref. 13 (20 Å film!; Ni: filled
circles, Ref. 13 (1000 Å film!; white circles, Ref. 55; filled
squares, Ref. 16; white triangles, Ref. 17; white diamonds, Ref.
and pluses, Ref. 13 (20 Å film!.
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also shown. As seen, our spectra are similar to these spe
However, due to the differences in basis set, there are di
ences, especially at higher energies, which may signal lin
ization errors in the minimal basis-set calculations.

We now move on to the dispersive components of
optical conductivity tensor. The diagonal componentsxx

(2) ,
multiplied by the frequency, is shown in Fig. 3. Just as
the absorptive correspondent, the tetragonal distortion is s
to have only a minor effect on the spectra.

The main reason why the amplitudes in the other cal
lated spectra30,36 are lower than our amplitude in the low
energy region is because they have chosen to plot the
ductivities without the Drude contribution taken in
account. The general effect of this contribution amounts t

FIG. 3. Calculated diagonal dispersive optical conductivity
cubic ~solid lines! and tetragonal~dashed lines! Fe, Co, and Ni. The
dot-dashed lines are calculated spectra from Ref. 30. The ex
mental data shown are as follows.Fe: filled circles, Ref. 21; white
circles, Ref. 24.Co: filled circles, Ref. 13 (1000 Å film!; white
circles, Ref. 25; and pluses, Ref. 13 (20 Å film!. Ni: filled circles,
Ref. 13 (1000 Å film!, white circles, Ref. 21; filled squares, Re
26; and pluses, Ref. 13 (20 Å film!.
tra.
r-
r-

e

r
en

-

n-

a

positive shift of the amplitude of the dispersive compone
over the entire energy range. At higher energies, our bro
ening prescription takes over, producing a flatter curve th
the other calculated spectra.

The last conductivity term, i.e., the off-diagonal dispe
sive optical conductivitysxy

(1) multiplied with the frequency,
is shown in Fig. 4.

For all three metals, the calculated spectra, both ours
the ones from Ref. 30, have a larger amplitude than the
perimental ones at low energies, and the peak positions
shifted toward higher energies. The effect of tetragonal d
tortion for this component is seen to be largest at the lo
frequency part of the spectra. Again it may be found th

r

ri-

FIG. 4. Calculated off-diagonal dispersive optical conductiv
for cubic ~solid lines! and tetragonal~dashed lines! Fe, Co, and Ni.
The dot-dashed lines are calculated spectra from Ref. 30. The
perimental data shown are as follows.Fe: filled circles, Ref. 55;
white circles, Ref. 56; and white diamonds, Ref. 17.Co: filled
circles, Ref. 13 (1000 Å film!; pluses, Ref. 13 (20 Å film!. Ni:
filled circles, Ref. 13 (1000 Å film!; white circles, Ref. 55; white
squares, Ref. 16; filled diamonds, Ref. 17; and pluses, Ref.
(20 Å film!.
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methods using different basis sets give somewhat diffe
spectra.

In Fig. 5 experimental~Refs. 13,17–20,25 and 58–60!
and theoretical spectra for the polar Kerr rotation are plott

In general, the agreement with both experimental spe
and with other calculated spectra is very good. For Co,
calculation follows more closely the experimental spectra
Refs. 13 and 25, whereas the spectrum calculated by O
neeret al.31 is in closer agreement with the spectrum of R
19 regarding the peak amplitudes. It is also shifted in ene
compared to our spectrum, and the reason is that we h
used the experimental lattice parameter, whereas in Ref
an expanded lattice parameter was used in order to co
for the overestimation of the 3d-band width present in

FIG. 5. Calculated polar MOKE rotation for cubic~solid lines!
and tetragonal~dashed lines! Fe, Co, and Ni. The dot-dashed line
are calculated spectra from Refs. 30 and 31. The experimental
shown are as follows.Fe: filled circles, Ref. 18; white circles, Ref
58; filled squares, Ref. 59; white squares, Ref. 55; and filled
monds, Ref. 17.Co: filled circles, Ref. 13 (1000 Å film!; white
circles, Ref. 25; and filled squares, Ref. 19.Ni: filled circles, Ref.
13 (1000 Å film!; white circles, Ref. 20; filled triangles, Ref. 60
white squares, Ref. 55; and filled diamonds, Ref. 17.
nt

d.
ra
r

n
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.
y
ve
1,
ct

density-functional calculations. Also for Ni, this displac
ment of the peak positions in the calculated spectra co
pared to the experimental ones is clearly visible.

The spectrum measured by Diet al.20 for Ni is a low-
temperature spectrum. The second minimum in this spect
is considerably deeper than in the other experimental spe
indicating that the Kerr rotation spectrum for Ni is rath
temperature sensitive. The form of this spectrum, with
deeper second minimum, is in better agreement with
form of our and other calculated Kerr rotation spectra for
than the room-temperature spectra.

The tetragonal distortion is seen to change the amplit
of the spectra. For Fe and Ni, the general form remains
proximately the same, whereas in the low-energy region
Co, a small positive peak, not present in the cubic spectr
appears at 0.8 eV for the tetragonally distorted metal.

ata

-

FIG. 6. Calculated polar MOKE ellipticity for cubic~solid lines!
and tetragonal~dashed lines! Fe, Co, and Ni. The dot-dashed line
are calculated spectra from Refs. 37 and 31. The experimental
shown are as follows.Fe: filled circles, Ref. 18; white circles, Ref
58. Co: filled circles, Ref. 13 (1000 Å film!; white circles, Ref.
25; and white triangles, Ref. 19.Ni: filled circles, Ref. 13 (1000 Å
film!; white circles, Ref. 60; and white diamonds, Ref. 55.
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The polar Kerr ellipticity is shown in Fig. 6. It is interes
ing to note that the spread in the experimental results is
usually small for this entity; for Ni, the three experiment
spectra are practically on top of each other.

The calculated and experimental spectra are generall
very good agreement. For Co, again, our spectrum is
placed toward higher energies compared to the spectrum
culated by Oppeneeret al.,31 because of the lattice-paramet
effect.

Just as for the Kerr rotation, the effect of tetragonal d
tortion is clearly visible, especially in the low-energy part
the spectra. For Fe, the positive low-energy peak decre
significantly, and so does the amplitude of the shoulder a
eV. In contrast, the amplitude of the low-energy peak in
increases. This is also the case for Ni, although here
effect is not as pronounced.

V. DISCUSSION AND CONCLUSIONS

In conclusion, the tetragonal distortion has a clearly v
ible effect on the calculated off-diagonal conductivities, a
therefore on the MOKE signal. However, the effect is
from as large as indicated in Ref. 13. This implies that
differences seen between 1000 Å and 20 Å films m
probably have other origins. In Ref. 13, lattice mismatch
the interface, increased atomic volume, and reduced ato
coordination number in the surface and interface are m
tioned. To this list one might add island formation and s
face and interface roughness. Another possible explana
of these differences is that in Ref. 13, the conductivities
the 20 Å film have been calculated from longitudinal Ke
measurements, whereas the conductivities for the 1000
film were derived from measured polar Kerr spectra. T
longitudinal Kerr effect is a much smaller effect than t
polar Kerr effect, and uncertainties of measurement sho
therefore affect the longitudinal signal to a larger exte
This might explain the large differences in amplitude of t
conductivities.

In this paper, only changes in the interband contribut
have been considered so far. The Fermi surface of co
changes due to the tetragonal distortion, and therefore
plasma frequency should also change. Furthermore, the
laxation frequency in a thin film is expected to be differe
from the bulk value. Thus, it is reasonable to assume
Drude parameters change in the thin film as compared to
bulk. Changes in these parameters indeed affect the posi
and amplitudes of the main peaks of the Kerr signal. Ho
ever, the experimentally observed changes in the
diagonal conductivities can hardly be explained this w
since they are virtually independent of the Drude contrib
tion.

Experimentally, the amplitude of the Kerr signal is ofte
taken as a direct measure of the magnetic moment. An
portant result of our calculations is that the calculated s
moment in fact changes very little as a function of the tetr
onal distortion. The relative change of the orbital momen
much larger, but since this moment is very small compa
to the spin moment, this gives a negligible effect on the to
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moment.61 Thus, the distortion-induced changes in t
magneto-optical spectra are not due to a change in the
polarization of the material, and no simple relation exi
between the magnitude of the polar MOKE signal and
spin moment, if at the same time the material’s crystal str
ture is being changed, e.g., being tetragonally distorted. A
film grows, the tetragonal distortion normally does chan
and thus using the MOKE signal as a measure of the s
moment can be misleading in such cases.

In a general comparison of calculated magneto-opt
spectra of Fe, Co, and Ni, using different calculational a
proaches, it is safe to say that all methods give rather sim
results for these close-packed systems. The main differe
between different calculations seem to be in the abso
amplitude of the conductivities. Our calculations show larg
total amplitudes, both of the diagonal and off-diagonal a
sorptive optical conductivities, than the spectra calculated
Oppeneeret al.30 and by Mainkaret al.36 For more open
crystal structures, we expect the full-potential treatment to
of more importance. Also, at higher energies it seems
the minimal basis-set methods deviate somewhat from
multibasis method presented here, which may be due to
earization errors.

A general difference between calculated and experime
absorptive conductivities appears to be that the amplitu
are systematically larger in the calculations. This is qu
expected, since there is always an unavoidable loss in a m
surement. Also, in all published calculated spectra of
optical conductivities as well as the polar Kerr signal, t
peaks are displaced toward higher energies with respec
experimental spectra. This tendency is smallest for Fe
largest for Ni. From the density-functional calculations ma
on these systems, it has become quite clear that especiall
Ni, an essential part in the electronic structure is missing
the density-functional description. For example, DFT ov
estimates the 3d-band width in these metals, which in tur
affects the optical and magneto-optical spectra and ca
peaks to be offset toward higher energies. By increasing
lattice parameter, this discrepancy can be artificially c
rected, since a larger lattice parameter gives narro
bands.30 A most interesting development, and a more phy
cally appealing way of correcting for the overestimat
3d-band width, would be to performGW-corrected
calculations62 of the magneto-optical spectra. Such an a
proach has been shown to give a band structure for N
closer agreement with experiment.63
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