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Disorder, ordering, and superstructures of (FePt) and (CoPt) on Pt substrates
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The magnetic anisotropy energy of interdiffused superstructurésef®) and of (CoPy on P{100 and
Pt(111) is calculated in terms of the spin-polarized relativistic screened Korringa-Kohn-Rostoker method. It is
shown that interdiffusion between Pt and the magnetier®tal or, oppositely, ordering into a superstructure,
very strongly influences the size of the perpendicular magnetism to be expe@d63-182609)02038-X

In recent yeargFe,Co/(Pt,Pd multilayer systemshave
attracted much attention in relation to magnetic data-storage

AE,=E(|)-E(L), @

applications. In particular Co/Pt-type superstructtire®s is defined as the energy difference between a uniform in-
well as the equivalent Fe/Pt systéifswere investigated plane (perpendicular to the surface normal in all planes of
intensively using various experimental techniques. Mostatoms and a uniform perpendiculdalong the surface nor-

studies were directed to investigations of the large perpen-
dicular magnetism inherent to these systems. In a recent

TABLE I. Multilayer systems.

paper? we studied the magnetic properties of thin films of Co
and of (CoP) superstructures on @00 and P¢111), leav-

ing out the delicate question of interdiffusion at the Co/Pt
interfaces. It was found that irrespective of the number of
repetitions in the case ofCoPY superstructures on both

“Interdiffusion”

Pt(hkl)/(M;—c,Pte,)n

“Superstructure” “Superstructure”

M terminated Pt terminated

Pt(hkl)/(M,_c,Pte,)n  Pt(hkl)/(Fe/Pt),

types of substrates the magnetization is strongly orientate
perpendicular to the surface, whereas for not too thin films of
Co on these substrates the orientation of the magnetization i

in plane. In the present paper first attempts are made to de "
scribe the magnetic anisotropy energy onadninitio level,

by taking into account effects of ordering into superstruc-

tures. For this purpose we applied the relativistic spin-

polarized screened Korringa-Kohn-Rostoker metfiotf -
within the framework of the coherent potential approxima- {|M,-.,Pt., |2
tion (CPA) for layered systents to the set of systems shown
in Table I. In therecy is used as a shorthand notation for the

degree of interdiffusioncy=0.5 implies a homogeneously M-, Pt |14
(statistically disordered equiconcentrational alloyy=1.0 M, Pt [15
an ordered superstructure. The interdiffusion parangiés Vac

simply defined as the@metal concentration in atomic lay-

ers with odd layer indices. If denotes the number of repeti-

tions of, e.g., the unit CoPt in a given superstructure, then the = (n - 1)/2
total number of atomic layers isr2 Consequently an odd
number of alloyed overlayers leads to d-fhetal terminated
superstructure, an even number to a Pt terminated superstru 05 < < 1.0
ture. In order to show both cases of termination, effects of 3 = e, co
repetition are discussed for an even number of atomic layer:

and ordering phenomena for an odd number(afoyed

atomic layers.
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Vac Vac
r=(n-1)/2 r=12,...,15
n =15 n=2r
cg = 1.0
M= Fe,Co

(hkl) = (100), (111)

The magnetic anisotropy energye,,
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- 0 2 4 6 8 10 12 14 16 on P(100 (top) and P¢111) (bottom. Also shown are the corre-
. sponding Fe(circles or Co (circles and Pt(diamond$ contribu-
r, number of repetitions tions.

FIG. 1. Band energyopen squargsand magnetic dipole-dipole (FeP} superstructures on top of (600 and P¢111), see also
interaction (open circleg contribution to the magnetic anisotropy Table I, is shown together withE,, andAE44 as a function
energy(diamonds of superstructures afFeP} on P{100 (top) and  of the number of repetitions. As can be easily seen, in both
Pt(111) (bottom as a function of repetition. cases a perpendicular orientation of the magnetization is pre-

ferred. The magnetic anisotropy energy per repetition is
mal in all planes of atomsorientation of the magnetization much bigger in the case of a(B00 substrate than for a
of the system. In terms of the force theoremPi111) substrate. It should be noted that o, per rep-
approximation’? AE, is given by the sum of the respec- etition (not shown in Fig. 1tends to a constant for a large
tive band energy differencAE, and the magnetic dipole- enough number of repetitions, see in particular also Refs. 15

dipole energy contributiol E 44, and 16.
As to be expected the magnetic anisotropy energy is very
AE,=AE,+AEyq. (2)  sensitive to possible interdiffusion at the interfaces of tHe 3

metal with Pt. Assuming an interdiffusion model as defined
th Table |, interesting differences between the two kinds of
ubstrates on the one hand, and Co and Fe on the other hand
an be seeifFig. 2). In the case of interdiffusetFeP} su-
perstructures on Pt11) the Pt-like contribution tAAE, is
n negative, while for a P100) substrate this contribution is
_ P positive and increasing notably with increasing ordering in
AEb*pZ‘l a;A,B CpAELp, ©) the superstructure. In comparing the Fe-related results in Fig.
2 with those in Fig. 1, one has to keep in mind that — as
wherecy denotes the concentration of componentn the  already mentioned — the total number of atomic layers
pth atomic layer andh is the total number of atomic layers corresponds to/2, wherer is the number of repetitions. The
considered, including, e.g., vacuum layers. In a similar maneata in Fig. 2 refer, therefore, in Fig. 1 to the values ifor
ner AEqq refers to averaged magnetic momelité descrip-  =7. As easily can be seen, in the present case the type of
tion of the computational details can be found in Ref. 9. terminations has only little influence on the actual size of the
In Fig. 1 the magnetic anisotropy energy of Pt terminatednagnetic anisotropy energy.

In the case of an inhomogeneously alloyed system, i.e., b
using an inhomogeneous CPA conditiort! AE, arises
from concentration weighted component- and layer-resolve
band energy differencesEy ,,
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FIG. 3. Layer- and component-resolved band energy contribu- FIG. 4. Layer- and component-resolved band energy contribu-
tions to the magnetic anisotropy energy for interdiffused Fe/Ptions to the magnetic anisotropy energy for interdiffused Co/Pt
films, 15 ML thick, on P00 (top) and P¢(111 (bottom). The  films, 15 ML thick, on P¢100) (top) and P¢111) (bottom). The
interdiffusion parametet is 0.7 (left) and 0.9(right). Note that the  interdiffusion parameter, is 0.7 (left) and 0.9(right). Note that the
Fe-like (squarepand Pt-like(circles contributions are not weighted Co-like (squares and Pt-like (circles contributions are not
by their respective layer concentrations. weighted by their respective layer concentrations.

For interdiffusedCoP) superstructures on a®i1) sub- in Fig. 3 with (111) surface orientation the Pt-like layer-
strate such an increase in the Pt-like contribution is onlyresolved band energy contributions are “in phase” with the
experienced focy=0.8. Up to this valueAE, is about the Fe-like contributions, while for th€l00) orientation they are
same for Fe- as well as Co-derived interdiffused superstruc-out of phase.” Furthermore, in the case of tfel1) orien-
tures on RtL11), i.e., cannot be related simply to either the tation the Fe-like contributions from Pt-rich layers are nega-
componentlike(spin-only magnetic moments for Fe or Co. tive, whereas fof100) all Fe-like contributions are positive.
Interdiffusion of (CoPy superstructures on @00 immedi- ~ With increasing degree of ordering tieEf , grow in size,
ately causes the magnetization to reorientate parallel to thieeeping, however, their characteristic patterns. For the Co-
surface. As can be seen from Fig. 2, both the Co- and theelated systemé&-ig. 4) a different situation occurs: as com-
Pt-like contributions are negative, the Co-like contributionpared to the corresponding Fe-related system for(14)
changing sign only close to the ordered structure with,  orientation the amplitudes of the Pt-like contributions oscil-
remaining negative. This is not surprising since even for thdate “out of phase” with those of Co. The most dramatic
corresponding Pt terminated superstructure with eigheffects are caused by the surface and the subsurface atomic
repetitions’ AE, is only about 1.8 meV. The comparison layer. For a RfLO0) substrate the Co as well as the Pt con-
between the two surface orientations in Fig. 2 quite imprestribution from these two layers is by far biggest and negative,
sively demonstrates that the differences to be seen are neee also Fig. 2. Even for the(P11) substrate the perturba-
caused simply by the different interlayer spacing, namelytions near the surface are quite notable. It should be noted
3.706 85 a.u. and 4.28030 a.u. for t{00 and the(111) that in accordance with Eq(3), in Figs. 3 and 4 the
surface direction of a parent fcc Pt lattice, respectively, butomponent- and layer-resolved band energy differences are
by the very details of the electronic structure. not weighted by their respective layer concentrations. As all

The substantial difference between the two surface oriensystems discussed refer to free surfaces the last three entries
tations becomes immediately clear when analyzingcorrespond to vacuum layers: the respective @s-) and
component- and layer-resolved band energy differences, sét-like layer-resolved band energy contributions in these lay-
Eq. (3). Although for both types of surfaces oscillations with ers are exactly zero. In all cases the first three layers are pure
a period of two, the thicknessn ML) of the repeated unit, Pt layers(see also Table)] which serve as “buffers” to the
seems to be characteristic, it is essentially the Pt-like contrisemi-infinite substrate.
bution that is distinctly different: for the Fe-related systems In the present study we have shown quantitatively that the
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magnetic anisotropy energy @Fe/P} and (Co/P) super- mental data. The necessity, however, to use experimental
structures on RP100) and P€111) is extremely sensitive to techniques to stabilize ordered superstructures in order to
interdiffusion and thus confirmed the qualitative experienceachieve a maximum perpendicular magnetic anisotropy, i.e.,
found in various experimental investigations. Furthermorean optimization of magneto-optical propertiéss quite im-

we have pointed out the importance of the Pt-like contribupressively already demonstrated with the present theoretical
tions toAE, and illustrated the differences between Fe andstydy.

Co and between different orientations of the substrate. Since _ _ _
experimental samples very often are not in thermodynamical This paper resulted from a collaboration partially funded
equilibrium, a direct comparison to experimental data is onlyPYy the TMR network on ‘Ab initio calculations of magnetic
useful in cases where well-characterized systems are rgroperties of surfaces, interfaces, and multilayef@ontract
ported. Quite clearly aside from different concentration pro-No. EMRX-CT96-0089. Financial support was provided
files to be considered and different types of superstructurealso by the Austrian Science Foundatid@ontract No.
with different repeat unit$M ,Pt, (M =Fe,Co)|, in addi- P11626 and the Hungarian National Science Foundation
tion to interdiffusion phenomena relaxation effects most(Contract Nos. OTKA T024137 and T030240Ve also wish
likely occur. In principle they can be includ®dnto ab initio  to thank the computing center IDRIS at Orsay as part of the
studies like the present one, but need to be guided by experialculations was performed on their Cray T3E machine.

1D. Weller, in Spin-Orbit-Influenced Spectroscopies of Magnetic  berger, L. Szunyogh, and C. Sommers, Phys. Re0B414

Solids edited by H. Ebert and G. Sctau(Springer-Verlag, (1999. ]

Heidelberg, 1996 p. 1. 10, szunyogh, B. {falussy, and P. Weinberger, Phys. Rev5RB
2U. Nowak, J. Heimel, T. Kleinefeld, and D. Weller, Phys. Rev. B 9552(1995.

56, 8143(1997. 1R, Zeller, P. H. Dederichs, B. jthlussy, L. Szunyogh, and P.
3T. A. Tyson, S. D. Conradson, R. F. C. Farrow, and B. A. Jones, Weinberger, Phys. Rev. B2, 8807 (1995.

Phys. Rev. B54, R3702(1996. 12¢. Uiberacker, J. Zabloudil, P. Weinberger, L. Szunyogh, and C.

4C.-J. Lin, G. L. Gorman, C. H. Lee, R. F. C. Farrow, E. E. Sommers, Phys. Rev. Le82, 1289(1999.
Marinero, H. V. Do, H. Notarys, and C. J. Chien, J. Magn. 13p
Magn. Mater.93, 194 (1991.

SE. Lundgren, J. Alvarez, X. Torrelles, K. F. Peters, H. Isern, and14J
S. Ferrer, Phys. Rev. B9, 2431(1999.

6S. Mitani, K. Takanashi, M. Sano, H. Fujimori, A. Osawa, and H. ;5
Nakajima, J. Magn. Magn. Matet48 163 (1991). J

"T. Koide, T. Shidara, K. Yamaguchi, A. Fujimori, H. Fukutani,

. Weinberger, P. M. Levy, J. Banhart, L. Szunyogh, and B.
Ujfalussy, J. Phys.: Condens. Mat®&r7677(1996.

. Zabloudil, L. Szunyogh, U. Pustogowa, C. Uiberacker, and P.
Weinberger, Phys. Rev. B8, 6316(1998.

. Zabloudil, C. Uiberacker, C. Blaas, U. Pustogowa, L. Szun-
yogh, C. Sommers, and P. Weinberger, Phys. Re%7B7804

N. Nakajima, T. Sugimoto, T. Katayama, and Y. Suzuki, Phys.lec(lzga' ) _

Rev. B53, 8219(1996. . .ommers, C. Uiberacker, P. Weinberger, and L. Szunyogh,
8A. Simopoulos, E. Devlin, A. Kostikas, A. Jankowski, M. Croft, . Philos. Mag. B78, 591 (1998. - _

and T. Tsakalakos, Phys. Rev.58, 9931(1996. P. M. Oppeneer and V. N. Antonov, iBpin-Orbit-Influenced

9U. Pustogowa, J. Zabloudil, C. Uiberacker, C. Blaas, P. Wein- Spectroscopies of Magnetic SolitRef. 1), p. 29.



