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Optical and magneto-optical spectral properties have been studied both experimentally and theoretically for
a series of Co/Pt multilayers. Diagonal and off-diagonal components of the optical conductivity tensor have
been determined in the photon energy range 0.8–5.5 eV from the polar Kerr rotation and ellipticity and the
ellipsometry measurements. On the basis of self-consistent spin-polarized relativistic linear muffin-tin orbital
band-structure calculations within the local spin-density approximation the conductivity tensor has been evalu-
ated and the role of the spin-orbit interaction and the induced polarization effect at the multilayer interface in
the formation of the magneto-optical activity has been studied for various model Co-Pt multilayers and alloys.
The relevance of the interface alloying effect for the explanation of the experimental results has been examined
and discussed.

I. INTRODUCTION

In the past several years, artificial layer structures com-
posed of transition magnetic metals separated by nonmag-
netic metals have intensively been studied due to the funda-
mental research interest in these systems and also because of
their potential for applications. Oscillatory interlayer ex-
change coupling,1 giant magnetoresistance,2 and induced
magnetic polarization effect in nonmagnetic layers~see, e.g.,
Ref. 3 and references therein! have become the most dis-
cussed phenomena in layered magnetic structures. In particu-
lar, Co/Pt multilayered structures~MLS! have attracted a lot
of attention because these systems exhibit simultaneously a
large magneto-optical~MO! Kerr rotation4,5 and perpendicu-
lar anisotropy6 which makes these materials applicable for a
new generation of storage devices.7

A number of experimental investigations of the MO prop-
erties of Co/Pt MLS4,5,7–10prepared by different techniques
show that the MO polar Kerr rotation spectra of Co/Pt MLS
display a two-peak structure as an overall feature. The am-
plitude of the peak located at 1.5 eV is sensitive to the Co
sublayer thickness, whereas the maximum observed at
around 4 eV depends relatively weakly on both Co and Pt
thicknesses and its amplitude overcomes the corresponding
pure Co one, being slightly shifted to a higher energy.

One possible way to interpret the MO spectra is to use a
macroscopic approach~see, e.g., Refs. 11 and 12!. This ap-
proach is based on solving the equations of electromagnetic
wave theory in the four component periodic medium Pt-
interface-Co-interface. The unknown width and dielectric
tensor of the interface is determined by the best fit to the
experimental data.5,9,12,13Despite the obvious successes of
such an approach the nature of the interface layers remains
undefined and may be attributed to either ‘‘magnetic Pt’’
layer or some ‘‘interface alloy’’ layer.8–10 Besides, this ap-

proach cannot elucidate the origin of the Kerr effect which is
due to the interplay of magnetization and spin-orbit coupling
~see, e.g., Ref. 14!. Such an explanation arises only from the
microscopic theory of MO properties. Recently developed
techniques ofab initio calculations give good results for a
wide class of transition metals compounds~see, e.g., Refs.
15–19!.

The aim of this paper is a detailed investigation of the
electronic structure of Co/Pt MLS via both experimental and
theoretical studies of their optical and MO spectra. Some
preliminary results on this subject have been published in our
previous paper.17

To associate the electronic structure with MO properties it
is inconvenient to consider the MO Kerr effect~MOKE!
spectra. The complex Kerr rotation angle is composed of
both diagonal and off-diagonal optical conductivity tensor
(s) components in a rather complicated way. On the other
hand, it is well known that the absorptive part of the tensor
only, but not the Kerr rotation itself, is directly connected
with the optical transitions between electronic states, their
strengths, and energy positions. Therefore, together with
MOKE measurements we realized ellipsometric measure-
ments of the diagonal part of the dielectric tensor and recal-
culatedsxx andsxy components of the optical conductivity
tensor.

It is presently impossible to carry outab initio calcula-
tions of the optical and MO properties of realistic MLS be-
cause these are not monocrystalline materials with a well-
defined structure. Therefore, in the theoretical part of the
paper we investigate some idealized model structures repre-
senting the actual Co/Pt MLS. This simplification allows us
nevertheless to clarify the main features in the formation of
MO spectra of the MLS under consideration.

The paper is organized as follows. In Sec. II A experimen-
tal details are described: the sample preparation and charac-
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terization and the experimental setup for the sample proper-
ties measurements by spectroscopic ellipsometry and MO
Kerr spectroscopy. The theoretical background of theab ini-
tio calculations of the band structure and the optical conduc-
tivity tensor are reviewed in Sec. II B. In Sec. III experimen-
tal results for polar Kerr rotation and ellipticity spectra are
presented, and also the spectra of the conductivity tensor
components are determined and discussed. In Sec. IV A the
results on the band-structure calculations for chosen model
multilayers and alloys are presented, and the effects of hy-
bridization, spin-orbit coupling, and effective magnetic field
on the density of states projected on different sites inside and
at the interface of constituent sublayers are discussed. The
optical and MO properties calculated for pure Co and for the
idealized Co/Pt MLS studied are described, compared with
the measured ones, and discussed in Sec. IV B.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental procedure

The Co/Pt MLS were deposited by face-to-face dc sput-
tering on water-cooled glass substrates in an automated and
computer-controlled deposition system. Typical sputtering
conditions and other technical details can be found in Ref.
20. The films’ structure was determined by standardQ-2Q
x-ray diffraction with Co-K(a) radiation. The layered struc-
ture was confirmed by low-angle x-ray diffraction~XRD!.
The modulation period was deduced from the position of the
Bragg peaks. From the high-angle XRD a pronounced~111!
texture was inferred. The sublayer thicknesses were deter-
mined by x-ray fluorescence analysis with energy dispersive
x-ray ~EDX! system. The total thicknesses of the Co and Pt
layers were determined from the peak intensities of the char-
acteristic fluorescence of Co-K(a) and Pt-K(a) radiation.
The parameters of the samples studied are given in Table I.

The polar Kerr rotation (uK) and ellipticity (hK) spectra
were measured with a MO spectrometer based on the polar-
ization modulation technique21 in the photon energy range
0.8–5.5 eV. Light from a super quiet Xe arc lamp or D2
lamp used in the uv region is focused via a condenser on the
entrance slit of the monochromator~SPEX 500M! equipped
with self-interchangeable gratings for the measurements of
different parts of the spectrum. The outcoming light beam is
filtered by an appropriate filter to attenuate higher orders
from the monochromator. After passing through the polarizer
and photoelastic modulator~Hinds PEM-90 CaF2) the light
beam is focused by a quartz lens on the sample surface
mounted on the sample holder with temperature stabilized in

the range 290–800 K inside of the 1.8 T water-cooled elec-
tromagnet. The amplitude of the retardation of the light is
periodically modulated at the frequency of 57 kHz by the
modulator oriented with its strain axis at 45° with respect to
the polarizer axis. The angle of incidence of the light on the
sample surface is 3°. After reflection the light beam passes
through the analyzer oriented parallel to the modulator strain
axis and is detected by a low-noise photomultiplier in the
energy range 1.4,hn, 5.5 eV and by a liquid-nitrogen-
cooled Ge diode for 0.8,hn, 1.4 eV. The detector output
signal from the current preamplifier is measured by lock-in
amplifiers. The polar Kerr rotation and ellipticity, after ap-
propriate calibration with the use of a driven Babinet-Soleil
compensator, are derived from the ratio of total light inten-
sity, corrected for zero offset with the use of a controlled
light beam shutter, and the intensity of the first and second
harmonics. The same setup is used to measureuK and hK
hysteresis loops at fixed light wavelength. The setup is fully
automated and computer controlled via an acquisition data
system~Keithley 500A!. The sensitivity of the Kerr spec-
trometer is of the order of 1024 deg.

The optical properties—refractive indexn and extinction
coefficient k—have been measured by spectroscopic ellip-
sometry using the rotating analyzer method22 in the spectral
range 0.8–5.5 eV. The sample is mounted on a five-axis
precision goniometer in the subset of the above-described
MO system. The ellipsometric anglesC andD have been
derived from the on-line digital harmonic analysis of the
detected signal modulated by a rotating analyzer. The
MgF2 Rochon analyzer rotates with an angular frequency of
12 s21 inside a rotary encoder with 4096 lines per revolu-
tion. The signal from the detectors is synchronously digitized
at 20ms intervals by the Keithley 500A system and on-line
evaluated using the Hadamard transform. The angle of inci-
dence has been set at 67°, optimized as averaged principal
angle of incidence for the measured samples and the spectral
range used. The accuracy of the angle of incidence setting is
0.005° and the average error in the determination ofn and
k values is of the order of 0.003.

B. Theory and computational details

Self-consistent band-structure calculations were carried
out using the spin-polarized relativistic~SPR! linear muffin-
tin orbital ~LMTO! method.23 A detailed description of the
relativistic extension of the LMTO method was given
elsewhere.24 The four-component basis functions were con-
structed starting from the solution of the single-site Dirac
equation for the spin-independent part of the effective one-
electron potential. The matrix elements of the effective mag-
netic field were incorporated into a Hamiltonian at the varia-
tional step as proposed in Ref. 25. The choice of the basis
functions makes it straightforward to construct the~third-
order! LMTO Hamiltonian and to include the combined cor-
rections to the atomic sphere approximation~ASA!,23 which
are necessary to calculate accurately the conductivity tensor
in a wide energy interval.15,26 It has been shown25,18 that in
the ASA the perturbative approach is practically as accurate
as the SPR LMTO method based on the proper solution of
the single-site Dirac equation for a spin-dependent potential.

MO properties, in particular the MOKE, depend on both
diagonal and off-diagonal components of the conductivity

TABLE I. The parameters of the Co/Pt MLS studied. No. is the
sample number,Nlayers is the number of bilayers,tCo (tPt) are mea-
sured thicknesses of Co~Pt! sublayer.

No. Nlayers tCo ~Å! tPt ~Å!

1 50 4.6 13.6
2 47 5.8 15.2
3 43 6.9 12.5
4 40 9.0 14.4
5 33 18.9 14.3
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tensorsab(v). For the polar geometry and a solid with at
least threefold rotational symmetry, the complex MO Kerr
anglefK5uK1 ihK is given by27,28

fK5
2«xy

~«xx21!A«xx
5

2sxy

sxxA11 i ~4p/v!sxx

, ~1!

where «ab5dab1 i (4p/v)sab is the dielectric constant
tensor.

Using the random-phase approximation, and neglecting
the local-field effects the interband contribution to the ab-
sorptive part of the macroscopic conductivity tensor can be
related to microscopic optical transitions by29,30
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where sab
(1) (sab

(2)) denotes the real~imaginary! part of
sab , j lnk

a is the projection of the current density matrix ele-
ment vector along the directiona of the electric field, and
\vnl5En(k)2El(k) is the energy difference between the
unoccupied bandn and the occupied bandl . With cnk(r )
being the four-component Bloch wave function, the current
density vectorj lnk is defined by:

j lnk5E cnk
† ~r !~eca!c lk~r !dr , ~4!

wherec is the velocity of light anda is the standard Dirac
matrix. A detailed description of the formalism of evaluation
~4! with the relativistic LMTO eigenfunctions and including
the combined correction terms was given elsewhere.26 Ne-
glecting the integral over the interstitial region when evalu-
ating expression~4! results in quite erroneousvsxy

(2)

spectra.15,18,26The main cause of the errors is the discontinu-
ity of the LMTO ASA wave functions at the sphere
boundary.31,18 To avoid these errors, the authors of Ref. 18
have proposed to use an alternative form of the current den-
sity matrix elements. In our opinion, however, it is more
rigorous to calculate~4! using continuous wave functions
obtained from calculations with the combined corrections
taken into account. Besides, the inclusion of the combined
corrections in the LMTO Hamiltonian and overlap matrices
results in more accurate band energies.

Once thej lnk is computed, expressions~2! and ~3! are
evaluated by the standard tetrahedron method.32 The disper-
sive part of the conductivity tensor is then obtained via the
Kramers-Kronig transformation. The lifetime effects are
simulated by broadening the calculated spectra with a
Lorentzian of widthd, with d being interpreted as an inverse
relaxation time. Finally, we take into account the intraband
contribution to the diagonal part of the conductivity tensor
which is given by the phenomenological Drude term

s intra5
1

4p

ivp
2

v1 ig
, ~5!

with g being a phenomenological intraband inverse relax-
ation time, andvp

2 being the squared plasma frequency. In all

the calculations we used the same valuesg50.05 eV and
d50.3 eV for intra- and interband inverse relaxation time,
respectively. The small intraband contribution33 to the off-
diagonal conductivity was neglected in the present calcula-
tions.

III. EXPERIMENTAL RESULTS

In order to discuss the origin of the MOKE in Pt-based
multilayers in detail, we have measured optical and MO
spectra for a wide range of photon energies for the series of
MLS with sample parameters listed in Table I. As the MOKE
is affected by both diagonal and off-diagonal components of
the conductivity tensor, the appropriate discussion of elec-
tronic transitions underlying MO effects requires the analysis
of the spectral dependencies of the tensor. From the mea-
sured complex polar Kerr angle and ellipsometric data we
obtained the tensor components according to~1!.

The measured polar Kerr rotation and ellipticity spectra of
the Co/Pt MLS studied are shown in Fig. 1. All samples
measured possess well-defined MOKE hysteresis curves with
saturation characteristics and alluK and hK spectra were
measured under saturation conditions. The Kerr rotation
spectra display two well-known features. There is a promi-
nent broad negative peak in the uv region and a smaller one
in the ir part. The ir peak, centered at 1.5 eV is most promi-
nent for a pure Co thick film34 and for MLS its amplitude
continuously diminishes with decreasing MLS Co sublayer
thickness. The uv peak slightly varies in energy position
from 4.1 to 3.9 eV with increasing Co sublayer thickness.
The uv peak amplitude overcomes that of pure Co film cen-

FIG. 1. Experimental polar Kerr rotation~a! and ellipticity ~b!
spectra of Co/Pt MLS and fcc Co film. Sublayer thicknesses marked
in the pattern are given astCo~Å!/tPt~Å!.
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tered at 3.7 eV and its amplitude relatively weakly depends
on the composition of the MLS studied.

The characteristic feature in the Kerr ellipticity spectra is
the shift of the zero crossing from 1.5 eV in pure Co film to
3.7 eV in MLS with decreasing Co sublayer thickness and
the formation of a positive peak around 3 eV. The prominent
minimum of the Kerr ellipticity centered at 4.9 eV observed
in Co film presumably shifts its position to the photon energy
region\v. 5.5 eV, inaccessible in the present experiment.

The optical properties of the MLS, in the form of spectral
dependencies of the diagonal component of the effective op-
tical conductivity tensorsxx , are shown for the realsxx

(1) and
imaginary partsxx

(2) in Fig. 2~a! and Fig. 2~b!, respectively.
For clarity, in the picture the spectra of only three samples
are shown and the other MLS spectra are located in between
them. As it is seen from the results, generally there are little
differences in the absorptive part of the optical conductivity
sxx
(1) for all MLS studied. The magnitudes of the spectra are

roughly scaled with the thickness of Co sublayers. The cor-
responding spectra of thick Co and Pt films prepared by the
same technique are shown for comparison. It can be ob-
served that thesxx

(1)(v) curves for the MLS are not located
between the Co and Pt one in the energy range 2–5.5 eV.
Several reasons can be considered for this difference. A com-
mon problem in metal optics is a great sensitivity of the
optical constants on the state of the sample surface.35 An-
other cause can be the fact that the optical properties of thick
metal films are slightly different from the ones for MLS con-
stituent sublayers.36 In other words, for individual layer
thicknesses of a few atomic monolayers the effective dielec-
tric constants of the medium differ from the dielectric con-

stants of bulk or thick film material. Besides, the response of
an ultrathin medium to an electromagnetic wave is substan-
tially influenced by the electronic interaction with adjacent
layers. The spectra of the dispersive part of the optical con-
ductivity tensorsxx

(2) are also weakly dependent on the MLS
composition and are located nearly in between the spectra for
thick Co and Pt films.

To separate the contribution to the MOKE coming from
the diagonal and off-diagonal conductivity tensor compo-
nents the functionF54p@(«xx21)A«xxv

2#21 has been
evaluated from the optical measurements. The real part of the
functionF (1) is shown in Fig. 3~a!. It has been found that for
the compounds under consideration, the product ofF (1) and
vsxy

(2) gives a main contribution (.80%) into the polar Kerr
rotation spectra. It should be noted that this function is nearly
flat over the investigated spectral region for all MLS studied
and weakly dependent on their composition. On the contrary,
the shape and the amplitude of theF (1) spectrum change
significantly in the case of Co film. As a consequence, the
absorptive part of the off-diagonal component of the conduc-
tivity tensor,vsxy

(2) , presented in Fig. 3~b! for the MLS stud-
ied is in the overall form unexpectedly similar to the polar
Kerr rotation, whereas for the case of pure Co the shape of
the polar Kerr rotation andvsxy

(2) differ significantly. Inspec-
tion of these curves shows that the presence of Pt leads to the
strong enhancement of thevsxy

(2) in the uv range. The en-
hancement of the polar Kerr rotation measured is much
smaller due to the corresponding increase of the diagonal
part ofs @see Fig. 3~a!#.

FIG. 2. The absorptive~a! and dispersive~b! parts of the diag-
onal components of the conductivity tensor for Co/Pt MLS and Co
and Pt films, determined from the ellipsometric measurements.

FIG. 3. The contribution to the Kerr rotation spectra from the
diagonal part of the conductivity tensor~see text! ~a!, and ~b! the
absorptive part of the off-diagonal componentvsxy

(2) , determined
from the ellipsometric and the complex polar Kerr angle measure-
ments for Co/Pt MLS and Co film.
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Thus, it can be concluded that the peak observed in the ir
part of the Co/Pt MLS polar Kerr rotation spectra can be
related mainly to the MO activity of Co. On the contrary, the
peak observed in the uv region is for pure Co connected
rather with the peculiarities in the diagonal part of the con-
ductivity tensor, while for Co/Pt multilayers it is governed by
the off-diagonal component ofs and originate from Co-Pt
interaction at the MLS interface. The multilayer MOKE
spectra measured are qualitatively similar to the spectra
which have been published for Co/Pt MLS prepared by dif-
ferent techniques and for random fcc Co-Pt alloys4,5,7–10and
all exhibit similar MOKE enhancement in the uv region.

IV. THEORETICAL RESULTS AND DISCUSSIONS

A. Electronic structure

In order to reproduce the electronic structure of the inter-
layer interface we have performed the band-structure calcu-
lations of some model ordered Co-Pt alloys andnCo/mPt
MLS, wheren(m) are the numbers of atomic planes. We
assumed anabcabc stacking sequence of closely packed
planes corresponding to the fcc-~111!-texture for all the MLS
structures except for 1Co/1Pt for which theabababstacking
has also been studied. No attempt has been made to optimize
the interlayer spacing, which was taken to be corresponding
to ideal c/a ratio. Ordered CoPt3 and Co3Pt alloys were
calculated in Cu3Au crystal structure, while for CoPt alloy
AuCu structure was used. For all the compounds the mean
volume per atom was chosen to be equal to the average of
atomic volumes of pure fcc Pt and hcp Co with the experi-
mental lattice constants. The radii of Co and Pt atomic
spheres were chosen to be equal to 1.46 Å. The LMTO basis
functions with angular momentum up tol53 for both cobalt
and platinum spheres were retained in the decomposition of
the Bloch wave function.

The ‘‘frozen-core’’ approximation was adopted. Exchange
and correlation contributions to both atomic and crystalline
potential were included through the density-functional de-
scription in the local spin-density approximation~LSDA! of
von Barth–Hedin.37 Brillouin zone ~BZ! integrations were
performed using the improved tetrahedron method.38

The characteristic feature of the electronic structure of
Co/Pt multilayers and alloys is the strong hybridization of Co
3d and Pt 5d states, the latter being much more delocalized.
Figure 4 shows the spin- and site-projected densities of the
electronic states~DOS! for Co and Pt site in 2Co/1Pt, 1Co/
1Pt, and 1Co/2Pt multilayers. The valence band width in the
MLS is mainly governed by Ptd-d hybridization in the
close-packed planes consisting of Pt atoms and varies mod-
erately with an increase of the Pt sublayer thickness. Strong
spin-orbit interaction in the Pt atomic sphere results in split-
ting of d3/2 andd5/2 states with the energy difference between
their centers being;1.5 eV. Inside the Co atomic sphere the
effect of the spin-orbit coupling is much weaker than the
effect of the effective magnetic field. The centers of both Pt
d3/2 andd5/2 states lie at lower energies than the centers of
the corresponding Co states. As a result of the Cod–Pt d
hybridization, the electronic states at the bottom of the va-
lence band are formed mainly by Pt states while the states in
the vicinity of the Fermi level (EF) have predominantly Co

d character with an admixture of Ptd states. The hybridiza-
tion with the exchange-splitted Cod states leads to a strong
polarization of Ptd states nearEF . The resulting difference
in occupation numbers for Pt states with the opposite spin
projections gives rise to the appearance of a comparatively
large spin magnetic moment at the Pt site.

In the case of the 4Co/2Pt, 2Co/4Pt, and 1Co/5Pt MLS the
DOS curves for Co and Pt sites at the interface are similar to
the curves shown in Fig. 4. The DOS projected to a site in
the interior of the sublayer is close to that of the correspond-
ing bulk metal.

Calculated spin- and site-projected DOS curves for or-
dered Co3Pt, CoPt, and CoPt3 alloys are shown in Fig. 5. As
compared to the Co/Pt MLS, the electronic structure of the
alloys depends much more strongly on the alloy composi-
tion. Variation in relative positions of Co and Ptd bands
affects the Cod–Ptd hybridization. The valence band width
is larger in the Pt-rich alloys due to an increase of the num-
ber of Pt nearest neighbors surrounding the Pt site.

Calculated spinms and orbitalml magnetic moments of
the Co/Pt multilayers and alloys are summarized in Table II.
Both spin and orbital moments at the Co site in the MLS are
bigger than in bulk hcp Co with the experimental lattice
constant. Nevertheless, from the comparison with the values
of ms andml calculated for either hcp or fcc Co with the
lattice constant used for the MLS it follows that the mo-
ments’ enhancement is mainly due to the lattice expansion.

FIG. 4. Spin- and site-projected densities ofd states@in units of
states/~atom3spin3eV!# for Co and Pt in 1Co/1Pt, 2Co/1Pt, and
1Co/2Pt multilayers. Full and dotted lines correspond to majority
and minority spin states, respectively, dashed line marks the Fermi
energy.

6530 53UBA, UBA, YARESKO, PERLOV, ANTONOV, AND GONTARZ



In contrast to the case of the MLS, Co and Pt magnetic
moments in the Co-Pt alloys decrease with an increase of Pt
contents.

B. Calculated optical and MO properties

When studying the MO properties of the complex Co-Pt
compounds it is natural to consider as a reference point the
properties of pure Co.16,39,40 The calculated energy depen-
dence of the polar Kerr rotation angle of fcc Co with the
lattice constanta53.539 Å corresponding to the experimen-
tal value for hcp Co is shown in Fig. 6~dashed line!. A
comparison with the experimental data4,41 shows that our
calculations reproduce correctly the overall shape of the
spectra but the uv peak is shifted by about 1 eV to higher
energies. The discrepancy is similar to that observed in the
theoretical Kerr rotation spectra of Ni15,42 and is apparently
due to a failure of LSDA to describe correctly the width and
the spin splitting ofd bands in ferromagnetic 3d metals. A
better agreement with the experiments is obtained for the
Kerr rotation calculated with a larger lattice constant
a53.734 Å which is equal to the value chosen for all model
MLS studied~see solid line in Fig. 6!. The increase of the
lattice constant results in a narrowing of thed band and,
consequently, in an energy scaling of the calculated spec-
trum. The same tendency has been observed not only for
pure Co but also for the Co-Pt alloys and multilayers.

Although the lattice expansion removes the shift of the
peaks the calculated amplitude of the peak at 2 eV remains

smaller than the experimental one. To elucidate the reason
for the discrepancy in amplitudes we examined the depen-
dence of the MOKE spectra on the intraband part of the
conductivity tensor. It has been found that in the case of pure
Co the Kerr rotation is rather sensitive to the values ofg and
vp
2 for energies up to 5 eV. Variation of the values changes

the amplitude and the position of the uv peak as well as of
the peak at 2 eV. The sensitive effect of the Drude term on
the uv peak is due to interband contribution to thesxx being
small in this energy range. Thus, though the absolute values
of the intraband conductivity are small, its relative contribu-
tion is significant. The calculated plasma frequency of hcp

FIG. 5. Spin- and site-projected densities ofd states
@states/~atom3spin3eV!# for Co and Pt in Co3Pt, CoPt, and
CoPt3 alloys. Full and dotted lines correspond to majority and mi-
nority spin states, respectively.

FIG. 6. Experimental and theoretical polar Kerr rotation spectra
of Co. The theoretical Kerr rotation spectra of fcc Co calculated
using the experimental lattice constant and with the plasma fre-
quency in the Drude term taken from the calculations~dashed
curve!, with \vp55 eV ~dotted curve!, and calculated using the
same lattice constant as for the Co/Pt MLS~solid curve!. Experi-
mental spectra are shown by circles~present work!, squares~Ref.
41!, and triangles~Ref. 4!.

TABLE II. Calculated spinms and orbitalml magnetic moments
of the Co/Pt multilayers and alloys. Values in parentheses corre-
spond to the atoms in the layer below the interface. Magnetic mo-
ments of hcp Co with the experimental lattice constanta52.507
Å are also given.

ms (mB/atom! ml (mB/atom!

System Co Pt Co Pt

hcp Co (a52.507 Å! 1.559 0.079
hcp Co 1.716 0.130
fcc Co 1.731 0.115
2Co/1Pt 1.776 0.183 0.098 0.019
1Co/1Pt 1.752 0.255 0.089 0.028
1Co/2Pt 1.880 0.207 0.099 0.022
4Co/2Pt 1.810 0.192 0.103 0.018

~1.738! ~0.104!
2Co/4Pt 1.765 0.154 0.095 0.016

~0.049! ~0.001!
1Co/5Pt 1.869 0.175 0.090 0.018

~0.058! ~0.006!
Co3Pt 1.735 0.339 0.087 0.083
CoPt 1.681 0.321 0.090 0.048
CoPt3 1.607 0.199 0.027 0.035
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Co with the experimental lattice constant was found to be 7.2
eV and the experimental value for the hcp Co single crystal
is ;5 eV.43 Such discrepancy is in agreement with the pre-
vious observation44 that the calculated values ofvp are, as a
rule, 20–50 % higher than the experimental values. The po-
lar Kerr rotation calculated with\vp55 eV is shown by the
dotted line in Fig. 6. The use of the smaller value ofvp leads
to a better agreement with the experiment. Nevertheless, we
could not manage to achieve close agreement with the ex-
periment in the ir range varying the Drude constants in rea-
sonably wide limits. It has been found that for the Co/Pt
multilayers and alloys the dependence of MOKE on the in-
traband contribution is much weaker, and in the following
we use calculated values ofvp to evaluate the intraband
conductivity.

Theoretical results for the absorptive part of the conduc-
tivity tensorsxx

(1) for fcc Co, Pt, and some model Co/Pt mul-
tilayers and alloys are shown in Fig. 7. For energies higher
than 1.5 eVsxx

(1) of the MLS and the alloys have similar
energy dependence and fall within the range betweensxx

(1)

curves of bulk Co and Pt, the conductivity of Co-rich MLS
being closer tosxx

(1) of Co.

The calculated dependence ofsxx
(1) on Co contents corre-

lates well with the data obtained from the ellipsometric mea-
surements of Co/Pt multilayers with different Co-layer thick-
ness. Although the calculations givesxx

(1) of a higher
amplitude than the experimental data, the theoretical results
reproduce the changes ofsxx

(1) with the variation of the Co
sublayer thickness. Of all the MLS considered, onlysxx

(1) of
4Co/2Pt has a subtle feature at;5 eV corresponding to bulk
Co. The fact that thesxx curves of the Co-Pt compounds of
different composition and of different chemical ordering
have similar shapes with no pronounced features suggests
that, unlike the case of bulk Co, the two-peaks structure of
the polar Kerr rotation spectra of Co/Pt MLS comes from the
energy dependence of the off-diagonal part of the conductiv-
ity tensor.

The results of the calculations of the absorptive part of
vsxy of Co/Pt MLS and alloys are shown in Fig. 8. The
calculatedvsxy

(2) of pure fcc Co is shown by the solid curve
in all figures for reference sake. All the compounds can be
divided into three distinct groups according to differences
between theirvsxy

(2) and that of pure Co. The first group

FIG. 7. Theoreticalsxx
(1) spectra of the Co/Pt multilayers@~a! and

~b!#, and alloys~c!.

FIG. 8. Theoreticalvsxy
(2) spectra of the Co/Pt multilayers@~a!

and ~b!#, and alloys~c!.
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consists of 2Co/1Pt, 1Co/1Pt, and 1Co/2Pt multilayers@Fig.
8~a!#, which have no more than two consecutive planes of
equivalent atoms. For these MLS the energy dependence of
vsxy

(2) varies strongly with MLS composition, with the abso-
lute values ofvsxy

(2) being significantly larger compared to
Co. In the case of 2Co/1Pt and 1Co/1Pt the curves have the
similar shape, butvsxy

(2) of the latter is;1.5 times greater.
The position of the peak at;1.5 eV is not altered compared
to Co, while the feature at;3.5 eV is shifted to lower ener-
gies by 1 eV and an additional peak appears around 5.5 eV.
There are two maxima invsxy

(2) of 1Co/2Pt, which lies at
approximately the same energies as in Co, but their intensi-
ties are two times higher.

The situation is quite different in the case of multilayers
with greater sublayer thickness@Fig. 8~b!#. Some increase in
vsxy

(2) is observed only for 4Co/2Pt MLS, with the shape of
the curve being similar to that of Co. Thevsxy

(2) of 2Co/4Pt
and 1Co/5Pt lies very close to each other and are reduced
compared tovsxy

(2) of Co in the energy range of 2.5–4.5 eV.
It should be noted that the two last MLS have Co and Pt
sublayer thicknesses which are close to those of experimen-
tally studied films.

Our results for 2Co/1Pt and 2Co/4Pt multilayers are
somewhat different from those given in Ref. 18. The discrep-
ancy is partially due to slightly different values of structural
parameters. Nevertheless, calculations performed with the
same parameters as in Ref. 18 show that the difference be-
tween the two calculations disappears only when the com-
bined corrections to the LMTO Hamiltonian and overlap ma-
trices are not included. This is not surprising, because even
with the current density matrix elements computed accu-
rately, the neglect of the combined corrections terms affect
the calculated conductivity tensor via changes in band ener-
gies.

The calculatedvsxy
(2) for model alloys are shown in Fig.

8~c!. The common feature of all the spectra is a strong en-
hancement ofvsxy

(2) in the energy range 4–6 eV. Of the three
curves,vsxy

(2) for CoPt3 is of a different shape with two
distinct maxima at;1.5 and 5 eV, the amplitude of the latter
being more than three times greater than the feature in the
spectrum of Co at;4.5 eV.

It has been shown31,42 that in pure 3d metals the off-
diagonal conductivity is proportional to the strength of the
spin-orbit coupling. In transition-metal compounds, however,
the dependence of the MO properties on the spin-orbit cou-
pling and effective magnetization of constituent atoms is far
more complicated.45 To understand this better we performed
model calculations with the spin-orbit coupling set to zero on
either Co or Pt site. It has been found that ‘‘switching off’’
the spin-orbit coupling inside the Co atomic sphere affects
only slightly the off-diagonal part of the conductivity tensor,
while neglecting the spin-orbit interaction in the Pt sphere
results in a strong decrease ofvsxy

(2) . These results are in
qualitative agreement with those obtained by the authors of
Ref. 46, who also observed a strong dependence ofvsxy

(2) on
the value of the spin-orbit coupling on the Pt site. Besides,
we investigated the effect of excluding the matrix elements
of the effective magnetic field on Co and Pt sites from the
LMTO Hamiltonian. When the matrix elements on the Co
sphere are zero the off-diagonal part of the conductivity de-

creases drastically. At the same time, ‘‘switching off’’ the
effective magnetic field on the Pt site produces a negligible
effect on thevsxy

(2) spectra. Thus, a strong spin-orbit cou-
pling on only one of the inequivalent atomic sites and a large
value of the effective magnetization on another one can be
sufficient for alloys to manifest strong MO activity.

In addition, it has been found that the dominant contribu-
tion to thevsxy

(2) spectra in the energy range of interest~1–6
eV! comes from transitions to unoccupied states lying in a
rather narrow energy interval of;1 eV just above theEF .
At the same time, these transitions give relatively small con-
tribution to the diagonal part of the optical conductivity. As
has been mentioned above, the electronic states in the vicin-
ity of theEF are formed by strongly hybridized Cod and Pt
d states.

It is worthwhile to note, that in the case of transition-
metal compounds, wave functions of initial and final states
involved in optical transition are delocalized. Consequently,
it is difficult, if possible at all, to separate contributions of
any intra- or interatomic transitions to MO spectra. The as-
sumption that the enhanced MO effects in Co/Pt compounds
are due to Cod–Ptd hybridization allows us to explain the
relatively small~as compared to Co/Pt alloys! magnitude of
calculatedvsxy

(2) in 2Co/4Pt and 1Co/5Pt multilayers. In
these MLS there are Pt layers consisting of atoms which
have Co atoms among neither the first nor the second nearest
neighbors and the contribution of these layers tovsxy

(2) is
small. However, switching off the spin-orbit interaction for
these atoms leads to a rather strong variation of the spectrum.
Neglecting the spin-orbit coupling for Pt atoms at Co-Pt in-
terface only leads to relatively pronounced changes, but the
magnitude ofvsxy

(2) remains considerably higher than the
magnitude ofvsxy

(2) calculated with the spin-orbit interaction
at all Pt atoms set to zero.

Calculated polar Kerr rotation spectra are shown in Fig. 9.
From a comparison with the experimental MOKE spectra of
Co/Pt MLS shown in Fig. 1 it can be seen that the calculated
spectra of MLS do not satisfactorily reproduce the experi-
mental data. The magnitude of the calculated MOKE spectra
of 2Co/4Pt and 1Co/5Pt MLS@Fig. 9~b!# in the energy range
of 3–5 eV is significantly smaller than that of pure Co while
an enhancement of the rotation angle of MLS vs pure Co is
observed in the experiment. The enhancement is indeed
found for Co/Pt MLS with smaller sublayer thickness@Fig.
9~a!# but in contrast to the experimental data the peak is
shifted to lower energy with respect to its position in Co.
Surprisingly, better agreement with the experimentally ob-
served MOKE spectra is observed in the case of Co-Pt alloys
@Fig. 9~c!#. The calculated spectra reproduce fairly well both
the increase of magnitude and the shift of the uv peak to
higher energies.

The discrepancy between the experimental Kerr rotation
spectra of Co/Pt MLS obtained in the present work and the
calculated spectra of the model Co/Pt multilayers may be due
to inadequacy of the adopted structure model of the MLS
with the sharp interlayer interface. The observed energy de-
pendence of the MOKE spectra of the MLS and their varia-
tion with the Co sublayer thickness may be explained by the
reasonable assumption that a Co-Pt alloy is formed at the
interface.
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It is interesting to compare the results of our calculations
with the recently published polar Kerr rotation spectra of an
artificial Co3Pt alloy film.

47 X-ray-diffraction data show that
after annealing at 650 K the alloy consists of an alternating
sequence of closely packed Co and Co-Pt planes with hcp-
like kind of stacking. Due to existence of the well-defined
order along the crystallographicc direction the structure of
the alloy is rather close to that of the model 1Co/1Pt
multilayer. Nevertheless, because of different compositions
of the two compounds, the direct comparison of the experi-
mental and calculated MOKE spectra should be made with
care. Calculated MOKE spectra of 1Co/1Pt multilayers with
abababandabcabc layer sequences are shown in Fig. 10
together with the experimental spectra. Except in the ir
range, the calculated spectra are similar, with slightly differ-
ent amplitudes. Both theoretical spectra have a peak at;3
eV which is clearly seen in the experimental curve. A 5 eV
feature in the experimental spectrum is also reproduced by
the calculations but corresponding peaks are slightly shifted
to higher energies. The shift may be caused by the difference
of experimental and theoretical lattice constants. After an-

nealing at 950 K the Co3Pt alloy film has been shown to
consist of a chemically disordered fcc phase. The modifica-
tion of atomic arrangement and chemical short-range order
causes significant changes of the observed MOKE spectra.
The 3 eV peak disappears while the amplitude of the spectra
in the uv range increases and the 5 eV feature transforms into
a peak. Similar changes are readily seen when comparing the
calculated MOKE spectra of 1Co/1Pt multilayers with the
calculated spectrum of Co3Pt alloy.

In conclusion it should be pointed out that the Kerr rota-
tion of Co/Pt MLS is governed mainly by the off-diagonal
part of the conductivity tensor. The infrared part of the spec-
trum originates from the MO activity of Co layers itself and
is scaled by its contents. On the other hand, the peak in the
uv region is due to the hybridization of strongly spin-
polarized Cod states with spin-orbit-splitted Ptd states and
its magnitude weakly depends on the MLS composition. It
has been demonstrated that the chemical and structural or-
dering is accompanied by substantial electronic structure
changes and results in a drastic MOKE spectra modification.

It should be noted that theab initio description of the
MOKE spectra for model Co/Pt multilayers performed under
the assumption of a sharp, ideal interface is not sufficiently
adequate for the detailed explanation of the experimentally
observed ones. Simultaneously, in the case of model Co-Pt
alloys the calculations properly reflect the main features of
the spectra observed experimentally. Thus it can be con-
cluded that in the real multilayer structures the limited inter-
diffusion region at the interface and its structure and chemi-
cal composition play a main role in the formation of the MO
spectra of the Co/Pt MLS.
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FIG. 9. Theoretical polar Kerr rotation spectra of the Co/Pt mul-
tilayers @~a! and ~b!#, and alloys~c!.

FIG. 10. Theoretical polar Kerr rotation spectra of 1Co/1Pt mul-
tilayers withababab~solid line! andabcabc~dashed line! stack-
ing. Calculated spectrum of Co3Pt alloy is shown by the dotted line.
Experimental spectra for ordered hexagonal Co3Pt phase~squares!
and chemically disordered fcc phase~triangles! are taken from Ref.
47.
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Mater.93, 183 ~1991!.

6C.-J. Lin, G. L. Gorman, C. H. Lee, R. F. C. Farrow, E. E. Mari-
nero, H. V. Do, H. Notarys, and C. J. Chien, J. Magn. Magn.
Mater.93, 194 ~1991!.

7K. Sato, H. Ikekame, Y. Tosaka, K. Tsuzukiyama, Y. Togami, and
M. Fujisawa, J. Magn. Magn. Mater.126, 572 ~1993!.
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