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Influence of alloy composition and local environment on the magneto-optical properties
of CoxPd12x alloys
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Results ofab initio calculations performed to investigate the dependence of magneto-optical properties of
CoxPd12x alloys on chemical ordering and alloy composition are presented. A procedure of averaging the
calculated spectra for compounds with respect to the orientation dependence of the gyration vector is proposed
that makes it possible to account for the effects of random orientation of microcrystals in polycrystalline
samples. Good agreement between theoretical and experimental spectra for varying alloy composition is found
demonstrating the applicability of the theoretical approach.@S0163-1829~98!09503-4#
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I. INTRODUCTION

Transition-metal systems consisting of a ferromagne
3d element and nonmagnetic 4d or 5d elements have drawn
a lot of attention over the past years because of their fa
able magnetic and magneto-optical~MO! properties~see,
e.g., Refs. 1 and 2!. In particular, Co-Pd and Co-Pt alloys a
well as related multilayered structures received special in
est because they exhibit simultaneously large magn
optical Kerr rotation in the uv spectral range1 and perpen-
dicular magnetic anisotropy2—the combination of propertie
that allows us to use these materials as a recording med
in a new generation of storage devices.

A large number of studies have been performed for th
compounds using various experimental methods.1–4 In par-
ticular, it has been shown that in such systems normally n
magnetic Pd metal orders ferromagnetically and its magn
moment can reach up to 0.5mB .5 The magneto-optical Ker
effect~MOKE! spectroscopy is a particularly valuable tool
study the spin-polarized electronic structure of magnetic m
terials, and a number of magneto-optical discoveries incl
ing the quantum confinement effects6 and orientation depen
dence of the Kerr effect in epitaxial Co films7 have been
established. These results have stimulated theoretical in
tigations of the magnetic and electronic structure of th
systems.

Progress in theab initio band-structure calculations, esp
cially in the past decade, allows to obtain a reliable mic
scopical description of the experimentally investigated M
effects for various transition metal compounds~see, e.g., the
review in Ref. 8 and references therein!. However, all these
calculations were carried out so far for ordered crystall
solids. On the other hand, the wide and important class
disordered alloys could not be treated until now because
technical difficulties.

The description of the magneto-optical properties of a d
570163-1829/98/57~3!/1534~5!/$15.00
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ordered system on a microscopic level and understanding
effect of chemical order and crystal symmetry on these pr
erties are of great importance. The most powerful appro
to calculate the electronic structure of randomly disorde
solids is without doubt the coherent potential approximat
~CPA! in connection with the Korringa-Korr-Rostoke
method of band-structure calculation~KKR-CPA!.9 Within
this formalism a quantitative description of such phenome
as magnetoresistance10 and x-ray dichroism11 was obtained.
In both cases the central quantity to be calculated is the
tical conductivity tensor.12 Unfortunately, the techniques t
deal with that quantity for finite frequencies in the optic
regime of light have not yet been developed. For this rea
calculations of optical and magneto-optical spectra of dis
dered alloys could not be done so far.

To make, nevertheless, some progress in the descrip
of the MO properties of disordered alloys, we perform
investigations of the influence of composition and local e
vironment on the MOKE spectra of Co-Pd alloys using s
percell calculations. To test this theoretical approach,
have also measured the MOKE spectra for a set of CoxPd12x
polycrystalline alloy films.

The paper is organized as follows. In Sec. II A the the
retical approach as well as structure models are describe
short description of experimental techniques applied is gi
in Sec. II B. The results of our theoretical treatment a
shown and discussed in Sec. III. Conclusions are prese
in Sec. IV.

II. THEORETICAL AND EXPERIMENTAL APPROACH

A. Theory

To investigate the influence of composition and local e
vironment on the MO properties of disordered alloys,ab
initio band-structure calculations fororderedCo–Pd alloys
~Co1Pd15, Co1Pd11, Co1Pd7, Co2Pd10, Co4Pd12, Co3Pd9,
1534 © 1998 The American Physical Society
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57 1535INFLUENCE OF ALLOY COMPOSITION AND LOCAL . . .
Co2Pd6, Co1Pd3, and Co1Pd1) have been performed. Thi
sequence corresponds to a variation of the Co content in
range of 6–50 %. For Co1Pd1 and Co1Pd3 alloys we assume
AuCu (L10) and AuCu3 (L12) structure, respectively. Su
percells for all other alloys, except for Co1Pd11, consist of
two or more adjacent fcc unit cells with Co and Pd ato
distributed over nonequivalent atomic positions according
the specific alloy composition. As an example, the unit ce
used for Co2Pd6 and Co4Pd12 tetragonal crystals ofD022
and D023 structures, respectively, are shown in Fig. 1. F
the Co1Pd7 and Co1Pd15 alloys both cubic and tetragona
supercells were constructed, whereas for the Co1Pd11 alloy a
hexagonal unit cell was used. The lattice constant for all
alloys has been chosen to correspond to the experime
data.13

All calculations were carried out using the spin-polariz
relativistic linear muffin-tin orbital method14 within the
framework of spin-density-functional theory. For the e
change and correlation potential the parametrization of
Barth and Hedin15 was used. On this basis the dispersion
the dielectric tensor«ab(v)5dab1 i (4p/v)sab , where
sab is the optical conductivity tensor, has been calcula
with both intraband and interband contributions taken i
account in the way described in Ref. 16.

Magneto-optical effects are determined by the dielec
tensor components«ab . This tensor can be represented a
sum «ab5«ab

s 1«ab
a of two parts that are symmetric~opti-

cal! and antisymmetric~magneto-optical! with respect to the
magnetization direction. That is, the relations«ab

s (M )
5«ab

s (2M ) and«ab
a (M )52«ab

a (2M … hold, whereM de-
notes the magnetization vector. The antisymmetric part«ab

a

can be expressed as«ab
a 5 ieabggg , whereeabg is the anti-

symmetric pseudotensor andgg is a component of the gyra
tion vectorg.17

For most materials the relationugu!detuu«ab
s uu holds and

expressions for all nonreciprocal magneto-optical effe
measured usually as a difference quantity with respect
reversal of the magnetization, can be decomposed into
product of the complex numbergĝ and some function de

FIG. 1. Unit cells used for~a! Co1Pd3 (L12), ~b! Co2Pd6

(D022), and~c! Co4Pd12 (D023) alloys.
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pending on the optical part of the dielectric tensor«ab
s as

well as the light propagation and magnetization directio
~see, e.g., Ref. 18!.

It should be noted that, although the optical part of t
dielectric tensor may play a crucial role in the MO spec
formation as, for example, in CeSb,19 or may exhibit a no-
ticeable anisotropy,20 this is not the case for the Co-Pd com
pounds investigated here. We found that in the energy ra
0.5 ,hn, 6 eV the calculated components«ab

s are smooth
and exhibit only a very weak dependence on both the che
cal ordering and the alloy composition. Moreover, for t
uniaxial model structures the optical anisotropy defined
dA5(«'2« i)/e does not exceed 5%. Here we denotede
5(2«'

s 1« i
s)/3, where«'

s and« i
s stand for the main optica

dielectric tensor components corresponding to the light
larization perpendicular and parallel to then-fold symmetry
axis (c) of the crystal. Thus, all features of the MO spec
of the Co-Pd compounds are determined by theg(v) func-
tion.

As mentioned above, our calculations involved both cu
and uniaxial models. For the crystal with cubic symmetry t
dependence ofg on the magnetization directionM̂ is
negligible,21 whereas for uniaxial crystals it can be notic
able. Uspenskii, Kulatov, and Halilov22 have shown that, up
to the second order in spin-orbit coupling strength, this
pendence can be expressed in terms of the gyration vec
gi andg' calculated for the cases ofM̂ ic andM̂'c, respec-
tively:

g5M̂ ~gicos2u1g'sin2u!1n̂~gi2g'!sinucosu, ~1!

wheren̂ stands for the unit vector, orthogonal toM̂ and lying
in the same plane asM̂ andc, andu is the angle between th
magnetization vectorM andn-fold symmetry axisc.

B. Experiment

To allow for a direct comparison of our theoretical resu
with corresponding experimental data, CoxPd12x alloy films
were prepared forx50.13, 0.22, 0.31, and 0.44 by the ele
trodeposition method.23 This preparation technique resulte
in polycrystalline samples with random orientation of cry
tallites.

The polar Kerr rotationuK and ellipticityhK spectra were
measured using a MOKE spectrometer based on the po
ization modulation technique with a piezobirefringent mod
lator. Besides high sensitivity approaching 1024 deg, this
method has the advantage that the Kerr rotation and K
ellipticity can be determined simultaneously. A detailed d
scription of the MOKE spectrometer system used is given
Ref. 16. All the spectra were measured at room tempera
in a saturating external field up to 1.8 T within the phot
energy range 0.8,hn, 5.5 eV.

III. RESULTS AND DISCUSSION

In Fig. 2 we present the calculated Imv2gi(v) and
Imv2g'(v) spectra for a selected set of uniaxial crysta
One can see that for the Co1Pd1 and Co2Pd6 the orientation
dependence of the gyration vector is rather strong and ex
its itself in changes of the relative magnitude and ene
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1536 57S. UBA et al.
location of both ir and uv maxima. The feature at 2.5 eV
the gi(v) spectra disappears completely forM'c. For the
more diluted tetragonal Co1Pd7 alloy the orientation depen
dence of theg(v) spectra was found to be relatively wea
and practically disappears for the Co1Pd15 ~see Fig. 2!. The
same tendencies were found also for the Rev2g(v) spectra.

To take into account the effects of random orientation
microcrystals in the alloys studied, we have to average
~1! over different relative orientations of the crystal axes a
magnetization direction, which gives

gav~v!5@2g'~v!1gi~v!#/3. ~2!

The main effect of the averaging~see Fig. 2! on the
Co1Pd1 spectrum is a change of the band shape in the
range as compared to the spectrum calculated with the m
netization directed along thec axis. The position of the main
uv maximum shifts to lower energy and in Co2Pd6 the band
becomes broader. In both alloys the structure at;1.5 eV
becomes less pronounced.

To study the dependence of the MO spectra on chem
ordering, let us consider the results for alloys with 1:3 s
ichiometry. The calculations for the cubicL12 phase to-
gether with those for the tetragonalD022, D023, Co3Pd9,
and second kind of Co4Pd12 supercells have been performe
Tetragonal supercells Co3Pd9 and Co4Pd12 consisting of one
and two more central planes, respectively, as compare
the D022 structure~see Fig. 1!, were used. All the alloys
have the same nominal composition of Co0.25Pd0.75, but dif-
fer in symmetry and local environment of Co and Pd sit
While all these structures have identical first-neighbor co
dination ~each Co has 12Pd neighbors and each Pd has
14Co neighbors!, there are differences in the second atom
shell~see Fig. 1!. For theL12, D022, andD023 cells each Co

FIG. 2. Orientation dependence of the Imv2g(v) spectra for
the Co1Pd1, Co2Pd6, and Co1Pd15. All spectra were convoluted
with a Lorentzian of width 0.5 eV.
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has 6Co, 4Co12Pd and 5Co11Pd second neighbors wit
local site symmetryOh , D4h , and C4v , respectively. The
atomic coordination around Pd in the second shell consist
6Pd for L12 structure, while there are two inequivalent P
sites forD022 ~with 6Pd and 2Co14Pd! and forD023 ~with
6Pd and 1Co15Pd!. These three structures will be taken
basic because the other structures studied, like Co3Pd9 and
Co4Pd12, are composed of various numbers of the abo
described inequivalent Co and Pd sites.

In Fig. 3 the spectra of the imaginary~a! and real~b! parts
of v2g(v) are shown. For Co2Pd6 (D022) and Co4Pd12
(D023) alloys v2gav(v) is presented. As a result of th
change of the atomic arrangement and accompanied lo
ing of the local site symmetry along the sequenceL12 –
D022 – D023, the spectra become less structured and
peaks broaden, as can be seen, for example, comparin
Rev2g(v) spectra in the spectral range up to 3 eV. Th
effect apparently arises from the fact that lowering of t
local symmetry of atomic sites generally leads to the appe
ance of an increasing number of nonequivalent interb
transitions, with their contributions to the MO spectra spre
out over wider energy range. It was found that the result
v2gav(v) spectra calculated for Co3Pd9 and Co4Pd12 alloys
can be well reproduced by averaging the basicL12, D022,
andD023 spectra, weighted by the corresponding numbers
the equivalent sites in these structures.

To estimate the v2gav(v) spectrum of disordered
Co0.25Pd0.75 alloy it is necessary to assume a procedure
averaging the spectra over possible atomic arrangeme
Here the simplest assumption was made that the basic
appear with equal probabilities and the contribution of ea
cell to the spectrum is proportional to its number of atom
sites. On this basis the averaged spectrum was obtaine
the weighted average of theL12, D022, and D023 spectra
with the weights of 1, 2, and 4, respectively. As a result

FIG. 3. Effect of the chemical order on the calculatedv2g(v)
spectra of Co0.25Pd0.75 alloy.
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57 1537INFLUENCE OF ALLOY COMPOSITION AND LOCAL . . .
the configuration averaging, the spectrum becomes
structured and is closest to the spectrum ofD023 structure
~see Fig. 3!. It can be concluded that for the alloys studi
the local atomic arrangement and sites symmetry controls
MO properties.

To discuss the composition dependence of MO proper
of the alloys under consideration, we focus here on the p
Kerr rotation spectra, because they are the quantities m
sured directly in the experiment. If the optical anisotropydA
is small, the complex Kerr rotation angle, neglecting t
second-order quantities (dA

2 , dAg, andg2), has the form

fK5qK1 ihK5 ig/@Ae~12e!#. ~3!

Equation~3! is linear with respect tog and this allows us
to use for the uniaxial systemsgav instead ofg. To take into
account finite lifetime effects the calculated spectra w
convoluted with a Lorentzian of width 1.0 eV. Calculate
polar Kerr rotation and ellipticity spectra of the Co-Pd allo
of different composition are shown, together with expe
mentally measured ones, in Fig. 4. To take into account
decrease of Curie temperature for diluted alloys, all exp
mental spectra have been scaled with the factorM4.2/M300,
whereM4.2 andM300 are magnetization at 4.2 K and 300 K
respectively. Both experimental and theoretical data exh
the same features. As the Co content diminishes, the ma
tude of the rotation angle in the energy range 2.5–4.5
decreases. The shoulder at;1.5 eV, clearly seen in theqK
spectrum of the Co1Pd1 alloy, disappears completely in d
luted alloys and the Kerr rotation changes sign below;2
eV. In the uv range, the peak centered at 4 eV in Co1Pd1
transforms into the broad two-peak structure. Also, a shif
the Kerr ellipticity zero crossing to higher energy with d
crease of Co content is observed, as well as a diminishin
the amplitude at;5 eV. However, the calculated peak pos
tions of both Kerr rotation and ellipticity are slightly shifte
to higher energies with respect to the experimental ones.
discrepancy is apparently due to a drawback of the LD
based calculations that was lately extensively discusse
the literature.16,24

It is interesting to note that the calculated MOKE spec
of Co2Pd10, Co1Pd7, Co1Pd11, and also Co1Pd15 alloys are
close to each other, although the Co content in the all
decreases from 16.5% to as low value as 6%. From this
can conclude that the MOKE spectra of diluted Co-Pd allo
are determined to a great extent by the MO properties
spin-polarized Pd. This is in line with the relatively larg
average Pd magnetic moment obtained from the calculat
~e.g., 0.24mB /atom for Co1Pd15) that depends weakly on C
content in the Co-Pd alloys.

It should be noted that the theoretical spectra shown
Fig. 4, except for the spectrum of Co0.25Pd0.75, have been
obtained for one specific atomic arrangement. In Fig. 4
theoretical spectrum for Co0.25Pd0.75, obtained as the
weighted average of the spectra forL12, D022, and D023
structures according to the procedure described above, is
sented. As a result of the averaging over different atom
configurations, the MOKE spectrum of Co0.25Pd0.75 becomes
less structured and the minimum in the polar Kerr rotat
spectrum, centered at about 4.5 eV in the ordered Co1Pd3-
L12, transforms into broad structure as observed in the m
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FIG. 4. Comparison of the calculated and experimental po
Kerr rotation~a! and ellipticity ~b! spectra for the different compo
sition of the Co-Pd alloys.
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1538 57S. UBA et al.
sured spectrum of the disordered Co0.22Pd0.78 alloy film. It
can be concluded that the applied theoretical approach
lows us to describe well the main features of the MOK
spectra for Co-Pd disordered alloys.

Of course, a more rigorous procedure of averaging o
different atomic arrangements should be elaborated an
would be desirable to compare the results of supercell ca
lations with available KKR-CPA results. This is, howeve
beyond the scope of the present paper.

IV. SUMMARY AND CONCLUSIONS

In conclusion, a theoretical approach to calculate the
tical and magneto-optical properties of disordered alloys
been proposed and successfully applied to the case of C
alloys. The optical part of the dielectric tensor of these co
pounds depends very weakly on both the alloy composit
and chemical ordering and does not show noticeable ani
l

t
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al-
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it
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on
ot-

ropy for the uniaxial crystals. Moreover, its frequency depe
dence is structureless and all features in magneto-opt
spectra are determined by the gyrotropic part of the dielec
tensor, which exhibits a considerable orientation anisotro
increasing with the Co content. The MOKE calculations
which the effects of random orientation of microcrysta
and/or chemical disorder are taken into account reprod
well the experimental spectra and the dependence of
spectra on the composition.
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