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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 superstructures of~FePt! and of ~CoPt! on Pt~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 magnetic 3d metal or, oppositely, ordering into a superstructure,
very strongly influences the size of the perpendicular magnetism to be expected.@S0163-1829~99!02038-X#
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In recent years~Fe,Co!/~Pt,Pd! multilayer systems1 have
attracted much attention in relation to magnetic data-stor
applications. In particular Co/Pt-type superstructures2–5 as
well as the equivalent Fe/Pt systems6–8 were investigated
intensively using various experimental techniques. M
studies were directed to investigations of the large perp
dicular magnetism inherent to these systems. In a re
paper9 we studied the magnetic properties of thin films of C
and of ~CoPt! superstructures on Pt~100! and Pt~111!, leav-
ing out the delicate question of interdiffusion at the Co
interfaces. It was found that irrespective of the number
repetitions in the case of~CoPt! superstructures on bot
types of substrates the magnetization is strongly orienta
perpendicular to the surface, whereas for not too thin films
Co on these substrates the orientation of the magnetizatio
in plane. In the present paper first attempts are made to
scribe the magnetic anisotropy energy on anab initio level,
by taking into account effects of ordering into superstru
tures. For this purpose we applied the relativistic sp
polarized screened Korringa-Kohn-Rostoker method10–12

within the framework of the coherent potential approxim
tion ~CPA! for layered systems13 to the set of systems show
in Table I. In therecd is used as a shorthand notation for t
degree of interdiffusion:cd50.5 implies a homogeneousl
~statistically! disordered equiconcentrational alloy,cd51.0
an ordered superstructure. The interdiffusion parametercd is
simply defined as the 3d-metal concentration in atomic lay
ers with odd layer indices. Ifr denotes the number of repet
tions of, e.g., the unit CoPt in a given superstructure, then
total number of atomic layers is 2r . Consequently an odd
number of alloyed overlayers leads to a 3d-metal terminated
superstructure, an even number to a Pt terminated supers
ture. In order to show both cases of termination, effects
repetition are discussed for an even number of atomic la
and ordering phenomena for an odd number of~alloyed!
atomic layers.

The magnetic anisotropy energyDEa ,
PRB 600163-1829/99/60~17!/11910~4!/$15.00
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DEa5E~ i !2E~' !, ~1!

is defined as the energy difference between a uniform
plane ~perpendicular to the surface normal in all planes
atoms! and a uniform perpendicular~along the surface nor

TABLE I. Multilayer systems.
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PRB 60 11 911BRIEF REPORTS
mal in all planes of atoms! orientation of the magnetizatio
of the system. In terms of the force theore
approximation,10,12 DEa is given by the sum of the respec
tive band energy differenceDEb and the magnetic dipole
dipole energy contributionDEdd ,

DEa5DEb1DEdd . ~2!

In the case of an inhomogeneously alloyed system, i.e.
using an inhomogeneous CPA condition,13,14 DEb arises
from concentration weighted component- and layer-resol
band energy differencesDEb,p

a ,

DEb5 (
p51

n

(
a5A,B

cp
aDEb,p

a , ~3!

wherecp
a denotes the concentration of componenta in the

pth atomic layer andn is the total number of atomic layer
considered, including, e.g., vacuum layers. In a similar m
nerDEdd refers to averaged magnetic moments.14 A descrip-
tion of the computational details can be found in Ref. 9.

In Fig. 1 the magnetic anisotropy energy of Pt termina

FIG. 1. Band energy~open squares! and magnetic dipole-dipole
interaction ~open circles! contribution to the magnetic anisotrop
energy~diamonds! of superstructures of~FePt! on Pt~100! ~top! and
Pt~111! ~bottom! as a function of repetition.
y
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~FePt! superstructures on top of Pt~100! and Pt~111!, see also
Table I, is shown together withDEb andDEdd as a function
of the number of repetitions. As can be easily seen, in b
cases a perpendicular orientation of the magnetization is
ferred. The magnetic anisotropy energy per repetition
much bigger in the case of a Pt~100! substrate than for a
Pt~111! substrate. It should be noted that onlyDEa per rep-
etition ~not shown in Fig. 1! tends to a constant for a larg
enough number of repetitions, see in particular also Refs
and 16.

As to be expected the magnetic anisotropy energy is v
sensitive to possible interdiffusion at the interfaces of thed
metal with Pt. Assuming an interdiffusion model as defin
in Table I, interesting differences between the two kinds
substrates on the one hand, and Co and Fe on the other
can be seen~Fig. 2!. In the case of interdiffused~FePt! su-
perstructures on Pt~111! the Pt-like contribution toDEb is
negative, while for a Pt~100! substrate this contribution is
positive and increasing notably with increasing ordering
the superstructure. In comparing the Fe-related results in
2 with those in Fig. 1, one has to keep in mind that —
already mentioned — the total number of atomic layersn
corresponds tor /2, wherer is the number of repetitions. Th
data in Fig. 2 refer, therefore, in Fig. 1 to the values forr
57. As easily can be seen, in the present case the typ
terminations has only little influence on the actual size of
magnetic anisotropy energy.

FIG. 2. Band energy contribution~squares! to the magnetic an-
isotropy energy with respect to increasing ordering~interdiffusion
parametercd) for a 15-layer-thick Fe/Pt~left! and Co/Pt~right! film
on Pt~100! ~top! and Pt~111! ~bottom!. Also shown are the corre
sponding Fe~circles! or Co ~circles! and Pt~diamonds! contribu-
tions.
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For interdiffused~CoPt! superstructures on a Pt~111! sub-
strate such an increase in the Pt-like contribution is o
experienced forcd>0.8. Up to this valueDEb is about the
same for Fe- as well as Co-derived interdiffused superst
tures on Pt~111!, i.e., cannot be related simply to either th
componentlike~spin-only! magnetic moments for Fe or Co
Interdiffusion of ~CoPt! superstructures on Pt~100! immedi-
ately causes the magnetization to reorientate parallel to
surface. As can be seen from Fig. 2, both the Co- and
Pt-like contributions are negative, the Co-like contributi
changing sign only close to the ordered structure withDEb
remaining negative. This is not surprising since even for
corresponding Pt terminated superstructure with ei
repetitions,9 DEb is only about 1.8 meV. The compariso
between the two surface orientations in Fig. 2 quite impr
sively demonstrates that the differences to be seen are
caused simply by the different interlayer spacing, name
3.706 85 a.u. and 4.280 30 a.u. for the~100! and the~111!
surface direction of a parent fcc Pt lattice, respectively,
by the very details of the electronic structure.

The substantial difference between the two surface or
tations becomes immediately clear when analyz
component- and layer-resolved band energy differences,
Eq. ~3!. Although for both types of surfaces oscillations wi
a period of two, the thickness~in ML ! of the repeated unit
seems to be characteristic, it is essentially the Pt-like con
bution that is distinctly different: for the Fe-related syste

FIG. 3. Layer- and component-resolved band energy contr
tions to the magnetic anisotropy energy for interdiffused Fe
films, 15 ML thick, on Pt~100! ~top! and Pt~111! ~bottom!. The
interdiffusion parametercd is 0.7~left! and 0.9~right!. Note that the
Fe-like~squares! and Pt-like~circles! contributions are not weighted
by their respective layer concentrations.
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in Fig. 3 with ~111! surface orientation the Pt-like layer
resolved band energy contributions are ‘‘in phase’’ with t
Fe-like contributions, while for the~100! orientation they are
‘‘out of phase.’’ Furthermore, in the case of the~111! orien-
tation the Fe-like contributions from Pt-rich layers are neg
tive, whereas for~100! all Fe-like contributions are positive
With increasing degree of ordering theDEb,p

a grow in size,
keeping, however, their characteristic patterns. For the
related systems~Fig. 4! a different situation occurs: as com
pared to the corresponding Fe-related system for the~111!
orientation the amplitudes of the Pt-like contributions osc
late ‘‘out of phase’’ with those of Co. The most dramat
effects are caused by the surface and the subsurface at
layer. For a Pt~100! substrate the Co as well as the Pt co
tribution from these two layers is by far biggest and negati
see also Fig. 2. Even for the Pt~111! substrate the perturba
tions near the surface are quite notable. It should be no
that in accordance with Eq.~3!, in Figs. 3 and 4 the
component- and layer-resolved band energy differences
not weighted by their respective layer concentrations. As
systems discussed refer to free surfaces the last three en
correspond to vacuum layers: the respective Fe-~Co-! and
Pt-like layer-resolved band energy contributions in these l
ers are exactly zero. In all cases the first three layers are
Pt layers~see also Table I!, which serve as ‘‘buffers’’ to the
semi-infinite substrate.

In the present study we have shown quantitatively that

-
t

FIG. 4. Layer- and component-resolved band energy contr
tions to the magnetic anisotropy energy for interdiffused Co
films, 15 ML thick, on Pt~100! ~top! and Pt~111! ~bottom!. The
interdiffusion parametercd is 0.7~left! and 0.9~right!. Note that the
Co-like ~squares! and Pt-like ~circles! contributions are not
weighted by their respective layer concentrations.
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magnetic anisotropy energy of~Fe/Pt! and ~Co/Pt! super-
structures on Pt~100! and Pt~111! is extremely sensitive to
interdiffusion and thus confirmed the qualitative experien
found in various experimental investigations. Furthermo
we have pointed out the importance of the Pt-like contrib
tions toDEa and illustrated the differences between Fe a
Co and between different orientations of the substrate. S
experimental samples very often are not in thermodynam
equilibrium, a direct comparison to experimental data is o
useful in cases where well-characterized systems are
ported. Quite clearly aside from different concentration p
files to be considered and different types of superstructu
with different repeat units@MmPtn (M5Fe,Co)#, in addi-
tion to interdiffusion phenomena relaxation effects m
likely occur. In principle they can be included12 into ab initio
studies like the present one, but need to be guided by exp
tic
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mental data. The necessity, however, to use experime
techniques to stabilize ordered superstructures in orde
achieve a maximum perpendicular magnetic anisotropy,
an optimization of magneto-optical properties,17 is quite im-
pressively already demonstrated with the present theore
study.
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