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Influence of alloy composition and local environment on the magneto-optical properties
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Results ofab initio calculations performed to investigate the dependence of magneto-optical properties of
Co,Pd, _, 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 appro480163-182608)09503-4

I. INTRODUCTION ordered system on a microscopic level and understanding the
effect of chemical order and crystal symmetry on these prop-
Transition-metal systems consisting of a ferromagneticerties are of great importance. The most powerful approach
3d element and nonmagneticl4r 5d elements have drawn to calculate the electronic structure of randomly disordered
a lot of attention over the past years because of their favorsolids is without doubt the coherent potential approximation
able magnetic and magneto-opticO) properties(see, (CPA) in connection with the Korringa-Korr-Rostoker
e.g., Refs. 1 and)2In particular, Co-Pd and Co-Pt alloys as method of band-structure calculatiéKKR-CPA).° Within
well as related multilayered structures received special interthis formalism a quantitative description of such phenomena
est because they exhibit simultaneously large magnetds magnetoresistanfeand x-ray dichroistt was obtained.
optical Kerr rotation in the uv spectral rarigand perpen- In both cases the central quantity to be calculated is the op-
dicular magnetic anisotropy-the combination of properties tical conductivity tensot? Unfortunately, the techniques to
that allows us to use these materials as a recording mediugeal with that quantity for finite frequencies in the optical
in a new generation of storage devices. regime of light have not yet been developed. For this reason
A large number of studies have been performed for thesgalculations of optical and magneto-optical spectra of disor-
compounds using various experimental methbddn par- ~ dered alloys could not be done so far.
ticular, it has been shown that in such systems normally non- To make, nevertheless, some progress in the description
magnetic Pd metal orders ferromagnetically and its magnetief the MO properties of disordered alloys, we performed
moment can reach up to u5.° The magneto-optical Kerr investigations of the influence of composition and local en-
effect(MOKE) spectroscopy is a particularly valuable tool to vironment on the MOKE spectra of Co-Pd alloys using su-
study the spin-polarized electronic structure of magnetic mapercell calculations. To test this theoretical approach, we
terials, and a number of magneto-optical discoveries includhave also measured the MOKE spectra for a set gfRtip_
ing the quantum confinement effetend orientation depen- polycrystalline alloy films.
dence of the Kerr effect in epitaxial Co filfhéave been The paper is organized as follows. In Sec. Il A the theo-
established. These results have stimulated theoretical invekgtical approach as well as structure models are described. A
tigations of the magnetic and electronic structure of thesghort description of experimental techniques applied is given
systems. in Sec. Il B. The results of our theoretical treatment are
Progress in thab initio band-structure calculations, espe- shown and discussed in Sec. Ill. Conclusions are presented
cially in the past decade, allows to obtain a reliable micro-in Sec. IV.
scopical description of the experimentally investigated MO
effects for various transition metal compour{dee, e.g., the Il. THEORETICAL AND EXPERIMENTAL APPROACH
review in Ref. 8 and references therneiklowever, all these A Theor
calculations were carried out so far for ordered crystalline : y
solids. On the other hand, the wide and important class of To investigate the influence of composition and local en-
disordered alloys could not be treated until now because ofironment on the MO properties of disordered allogh,
technical difficulties. initio band-structure calculations fardered Co—Pd alloys
The description of the magneto-optical properties of a dis{Co;Pd;5, Co,Pd;;, Co,Pd;, Co,Pd,y, Co,Pd;», CozPd,,
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pending on the optical part of the dielectric tensijB as
well as the light propagation and magnetization directions
(see, e.g., Ref. 18

It should be noted that, although the optical part of the
dielectric tensor may play a crucial role in the MO spectra
formation as, for example, in Ce$hor may exhibit a no-
ticeable anisotrop¥” this is not the case for the Co-Pd com-
pounds investigated here. We found that in the energy range
0.5 <hw< 6 eV the calculated componeni§,; are smooth
and exhibit only a very weak dependence on both the chemi-
cal ordering and the alloy composition. Moreover, for the
uniaxial model structures the optical anisotropy defined as
op=(g, —¢&|)/e does not exceed 5%. Here we denoted
=(2¢7 +¢})/3, wheres] ande| stand for the main optical
dielectric tensor components corresponding to the light po-
larization perpendicular and parallel to theold symmetry
axis (c) of the crystal. Thus, all features of the MO spectra

FIG. 1. Unit cells used for@ Co,Pd; (L1,), (b) Co,Pd; of the Co-Pd compounds are determined by dgke) func-

tion.

DO0,,), and(c) Co,P DO0,,) alloys. . . ) .
(D022 () CoyPdrz (D029 alloy As mentioned above, our calculations involved both cubic

~and uniaxial models. For the crystal with cubic symmetry the
Co,Pd;, Co,Pd;, and CqPd) have been performed. This jependence ofy on the magnetization directioM is
sequence corresponds to a variation of the Co content in th‘?egligible,zl whereas for uniaxial crystals it can be notice-
range of 6—50 %. For Cg°d, and CqPd; alloys we assume  gple. Uspenskii, Kulatov, and Halilé%have shown that, up
AuCu (L1p) and AuCu; (L1,) structure, respectively. Su- to the second order in spin-orbit coupling strength, this de-
percells for all other alloys, except for GBdy;, consist of pendence can be expressed in terms of the gyration vectors
two or more adjacent fcc unit cells with Co and Pd a_tomsg” andg, calculated for the cases bf||c andM.L c, respec-
distributed over nonequivalent atomic positions according tQjyely:
the specific alloy composition. As an example, the unit cells
used for CgPds and CqPd;, tetragonal crystals oDO0,, g:|\7|(guco§9+ gLsin20)+ﬁ(g”—gi)sinecoss’, (1)
and DO0,; structures, respectively, are shown in Fig. 1. For ) R
the Co,Pd;, and CqPd;5 alloys both cubic and tetragonal wheren stands for the unit vector, orthogonaltand lying
supercells were constructed, whereas for thgRelp, alloy a  in the same plane dd andc, andé is the angle between the
hexagonal unit cell was used. The lattice constant for all thenagnetization vecto andn-fold symmetry axisc.
alloys has been chosen to correspond to the experimental

13
data. . . . . . B. Experiment
All calculations were carried out using the spin-polarized _ ) )
relativistic linear muffin-tin orbital methdd within the To allow for a direct comparison of our theoretical results

framework of spin-density-functional theory. For the ex- With corresponding experimental data, @, _, alloy films
change and correlation potential the parametrization of voivere prepared fox=0.13, 0.22, 0.31, and 0.44 by the elec-
Barth and Hediff was used. On this basis the dispersion oftrodeposition methotf® This preparation technique resulted
the dielectric tensore ,5(w)=8,5+i(4ml w)o,s, Where in polycrystalline samples with random orientation of crys-
0,p is the optical conductivity tensor, has been calculatedllites. _ o
with both intraband and interband contributions taken into  The polar Kerr rotatiorf and ellipticity 7 spectra were
account in the way described in Ref. 16. measured using a MOKE spectrometer based on the polar-
Magneto-optical effects are determined by the dielectridzation modulation technique with a piezobirefringent modu-
tensor components, ;. This tensor can be represented as dator. Besides high sensitivity approaching fodeg, this
sume,z=e,+e2,; of two parts that are symmetriopti- method has the advantage that the Kerr rotation and Kerr
cal) and antisymmetriémagneto-opticalwith respect to the ~ €llipticity can be determined simultaneously. A detailed de-

magnetization direction. That is, the relations ,(M) scription of the MOKE spectrometer system used is given in
s a a ' A Ref. 16. All the spectra were measured at room temperature
=e,5(—M) ande; (M) =—e;5(—M) hold, whereM de- T

apt . . in a saturating external field up to 1.8 T within the photon
notes the magnetization vector. The antisymmetric pggt
. . 4 energy range 0.8hv<< 5.5 eV.
can be e_xpressed agﬁ—leaﬁygy, wheree,, is the anti-
symmetric pseudotensor agg is a component of the gyra-
tion vectorg.t’

For most materials the relatidg|<det|s7/| holds and In Fig. 2 we present the calculated drfgj(») and
expressions for all nonreciprocal magneto-optical effects,|mw?g, (w) spectra for a selected set of uniaxial crystals.
measured usually as a difference quantity with respect to @ne can see that for the ¢8d, and Co,Pd; the orientation
reversal of the magnetization, can be decomposed into thgependence of the gyration vector is rather strong and exhib-
product of the complex numbeayg and some function de- its itself in changes of the relative magnitude and energy

Ill. RESULTS AND DISCUSSION
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FIG. 2. Orientation dependence of the &fy(w) spectra for
the Co,Pd;, Co,Pd;, and CqPd;5. All spectra were convoluted
with a Lorentzian of width 0.5 eV.

FIG. 3. Effect of the chemical order on the calculateth(w)
spectra of Cg,4d 75 alloy.

) ) ) ~ has 6Co, 4Ce2Pd and 5Ce& 1Pd second neighbors with
location of both ir and uv maxima. The feature at 2.5 eV in|gcq| site symmetryO,,, Dyy,, andC,,, respectively. The
1 b v .

the gj(») spectra disappears completely fdrl.c. For the  atomic coordination around Pd in the second shell consists of
more diluted tetragonal G&d; alloy the orientation depen- gpq forL1, structure, while there are two inequivalent Pd
dence of _theg(w)_ spectra was found to be relr_;ltively weak gjteg forDO0,, (with 6Pd and 2Ce 4Pd and for D 0,3 (with

and practically disappears for the (Rrs (see Fig. 2 The  gpq and 1Ce-5Pd. These three structures will be taken as
same tendencies were found also for thewRE ) spectra.  pasic because the other structures studied, likgROp and

To take into account the effects of random orientation ofcg,pd,,, are composed of various numbers of the above
microcrystals in the alloys studied, we have to average Eqyescribed inequivalent Co and Pd sites.

(1) over different relative orientations of the crystal axes and | Fig. 3 the spectra of the imaginafg) and realb) parts

magnetization direction, which gives of w?g(w) are shown. For CgPd; (DO,,) and CoPd,
(DO, alloys w?g®(w) is presented. As a result of the
g*(w)=[29, (w)+g)(w)]/3. (20 change of the atomic arrangement and accompanied lower-
ing of the local site symmetry along the sequends —

The main effect of the averagintsee Fig. 2 on the DO0,, — D0,3, the spectra become less structured and the
Co,Pd, spectrum is a change of the band shape in the upeaks broaden, as can be seen, for example, comparing the
range as compared to the spectrum calculated with the magRew?g(w) spectra in the spectral range up to 3 eV. This
netization directed along theaxis. The position of the main effect apparently arises from the fact that lowering of the
uv maximum shifts to lower energy and in ¢d; the band  local symmetry of atomic sites generally leads to the appear-
becomes broader. In both alloys the structure~dt.5 eV  ance of an increasing number of nonequivalent interband
becomes less pronounced. transitions, with their contributions to the MO spectra spread

To study the dependence of the MO spectra on chemicalut over wider energy range. It was found that the resulting
ordering, let us consider the results for alloys with 1:3 sto-w?g®/(w) spectra calculated for G®d, and Cq,Pd;, alloys
ichiometry. The calculations for the cubicl, phase to- can be well reproduced by averaging the bdslg, DO,,,
gether with those for the tetragonBl0,,, D03, CozPdy, = andDO0,; spectra, weighted by the corresponding numbers of
and second kind of CgPd,, supercells have been performed. the equivalent sites in these structures.

Tetragonal supercells G&d, and Cq,Pd,, consisting of one To estimate the w?g®(w) spectrum of disordered
and two more central planes, respectively, as compared 160 ,d, .5 alloy it is necessary to assume a procedure of
the DO,, structure(see Fig. ], were used. All the alloys averaging the spectra over possible atomic arrangements.
have the same nominal composition of GgPd, 75, but dif-  Here the simplest assumption was made that the basic cells
fer in symmetry and local environment of Co and Pd sitesappear with equal probabilities and the contribution of each
While all these structures have identical first-neighbor coorcell to the spectrum is proportional to its number of atomic
dination (each Co has 12Pd neighbors and each Pd has 8Riites. On this basis the averaged spectrum was obtained as
+4Co neighbork there are differences in the second atomicthe weighted average of thel,, D0,,, and D0,; spectra
shell(see Fig. 1 For theL1,, D0,,, andD0,5cells each Co with the weights of 1, 2, and 4, respectively. As a result of
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the configuration averaging, the spectrum becomes less 0.1
structured and is closest to the spectrumDdf,5 structure
(see Fig. 3 It can be concluded that for the alloys studied
the local atomic arrangement and sites symmetry controls the 0.0
MO properties.

To discuss the composition dependence of MO properties
of the alloys under consideration, we focus here on the polar —~
Kerr rotation spectra, because they are the quantities mea & —
sured directly in the experiment. If the optical anisotrafy
is small, the complex Kerr rotation angle, neglecting the
second-order quantities&i, 50, andg?), has the form

b= +in=ig/[\e(1-e)]. (3)
0.0

Equation(3) is linear with respect tg and this allows us
to use for the uniaxial systengg” instead ofg. To take into
account finite lifetime effects the calculated spectra were
convoluted with a Lorentzian of width 1.0 eV. Calculated
polar Kerr rotation and ellipticity spectra of the Co-Pd alloys
of different composition are shown, together with experi-
mentally measured ones, in Fig. 4. To take into account the
decrease of Curie temperature for diluted alloys, all experi-
mental spectra have been scaled with the fabtgn/M g,
whereM , , andM 35, are magnetization at 4.2 K and 300 K, —0.31+
respectively. Both experimental and theoretical data exhibit . . . . .
the same features. As the Co content diminishes, the magni-
tude of the rotation angle in the energy range 2.5-4.5 eV 0.2
decreases. The shoulder-atl.5 eV, clearly seen in thé&y
spectrum of the CgPd, alloy, disappears completely in di-
luted alloys and the Kerr rotation changes sign bele® 0.1+
eV. In the uv range, the peak centered at 4 eV in,Ba
transforms into the broad two-peak structure. Also, a shift of
the Kerr ellipticity zero crossing to higher energy with de- @ 0.04+— .
crease of Co content is observed, as well as a diminishing of% e Co(Pd
the amplitude at-5 eV. However, the calculated peak posi- ~ o ColPda
tions of both Kerr rotation and ellipticity are slightly shifted & =0.1+ S T
to higher energies with respect to the experimental ones. The-= . C°-25Pd°-75_av"
discrepancy is apparently due to a drawback of the LDA- - oo |
based calculations that was lately extensively discussed in & 0.2

-0.1+

Polar Kerr rotation (de

-0.2—+

ticit

1

the literature'®2* = vy
It is interesting to note that the calculated MOKE spectra ® 0.0 Yo

of Co,Pd,, Co,Pd;, Co,Pd;;, and also CePd5 a!loys are a) :

close to each other, although the Co content in the aIonsQ Co,Pd,_,

decreases from 16.5% to as low value as 6%. From this one 14

can conclude that the MOKE spectra of diluted Co-Pd alloys ’&-; ’ ——x=0.13

are determined to a great extent by the MO properties of o e x=0.22

spin-polarized Pd. This is in line with the relatively large A, —g9. 24+  ++vx=0.31

average Pd magnetic moment obtained from the calculations ——e x=0.44

(e.g., 0.24wg/atom for Co Pd,s) that depends weakly on Co

content in the Co-Pd alloys. -0.34 Experiment

It should be noted that the theoretical spectra shown in
Fig. 4, except for the spectrum of GePd, s, have been ’ I ‘ ‘ ‘
obtained for one specific atomic arrangement. In Fig. 4 the 0 1 R 3 4 S 6
theoretical spectrum for G@{d) ;5, obtained as the Photon energy (eV)
weighted average of the spectra fot,, DO,,, and D0,
structures according to the procedure described above, is pre- FIG. 4. Comparison of the calculated and experimental polar
sented. As a result of the averaging over different atomid<err rotation(a) and ellipticity (b) spectra for the different compo-
configurations, the MOKE spectrum of GePd, ;s becomes  sition of the Co-Pd alloys.
less structured and the minimum in the polar Kerr rotation
spectrum, centered at about 4.5 eV in the orderedRdg
L1,, transforms into broad structure as observed in the mea-
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sured spectrum of the disordered ePd, 75 alloy film. It ropy for the uniaxial crystals. Moreover, its frequency depen-
can be concluded that the applied theoretical approach a#ience is structureless and all features in magneto-optical
lows us to describe well the main features of the MOKEspectra are determined by the gyrotropic part of the dielectric
spectra for Co-Pd disordered alloys. tensor, which exhibits a considerable orientation anisotropy

Of course, a more rigorous procedure of averaging oveincreasing with the Co content. The MOKE calculations in
different atomic arrangements should be elaborated and which the effects of random orientation of microcrystals
would be desirable to compare the results of supercell calciand/or chemical disorder are taken into account reproduce
lations with available KKR-CPA results. This is, however, well the experimental spectra and the dependence of the
beyond the scope of the present paper. spectra on the composition.

IV. SUMMARY AND CONCLUSIONS
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