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Magnetic properties of thin films of Co and of (CoPt) superstructures on P{100 and Pt(111)
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The magnetic properties of CAPt(100), Cq/Pt(111), (C@sPts),/Pt(100), (CoPt)/Pt(100), and
(CoPt),/Pt(111), n<15, are investigated using the relativistic spin-polarized screened Korringa-Kohn-
Rostoker method. It is found that only the artificial superstructures (GOP)100) and (CoPp)/Pt(111)
show a perpendicular magnetic anisotropy beyordl0. For the free surfaces of Co on Pt in the case of the
(100 orientation, a multiple reorientation transition below 7 is found, while along111) such a transition
is predicted at about four layers of Co. For the homogeneous, statistically disordered ali,Gon P{100
the orientation of the magnetization remains in-plane fonativestigated. A comparison to experiment yields
interesting insight into aspects of order and disorder, surface segregation, and phase separation frequently
encountered in experimental studies of perpendicular magnetism in the Co/Pt system.
[S0163-182609)00125-3

I. INTRODUCTION perimental data and is followed by a conclusion summariz-
ing the main aspects of the present study.

Free surfaces of Co, of ¢Bt; _ alloys, and of artificial
superstructures GPBt, on Pt are indeed very interesting
from both experimental(for a recent review, see, e.g.,
Weller! and references thergirand theoretical(see, in The relativistic spin-polarized versidrof the screened
particular, Refs. 2-Mpoints of view, because of technologi- Korringa-Kohn-Rostoker (SKKR) method for layered
cally relevant discoveries in studies dealing with perpensystem$ is applied to calculate self-consistently the elec-
dicular magnetic anisotropy, giant magnetoresistance, antionic structure and the magnetic properties of free surfaces
oscillatory exchange coupling. Because of its technologicabf Co, and of an ordered superstructure of (C@Pon
implications in high-density magneto-optical storage mediaPt(100) and P¢111), n<15, whereby all interlayer distances
the Co/Pt system seems to be the candidate of first choiceefer to a fcc “parent lattice® corresponding to the experi-

In this paper a detailed study of the magnetic anisotropymental lattice spacing of Pg=7.4137 a.u.; no surface or
energy of thin films of Co and of Co/Pt superstructuresinterface relaxations For each system, i.e., for each the

is presented for two different surface orientations, corre€lectronic and magnetic structure of the magnetic configura-
sponding to RL00) and P(111) substrates. In particular, the tion corresponding to aniform perpendicular-to-plane ori-
systems Cg/Pt(100), Cq/Pt(111), (C@sPt5,/Pt(100), entation of the magnetization in the Gand Pj layers is
(CoPt),/Pt(100), and (CoPtyPt(111),n<15, are investi- calculated self-consistently using &ppoints in the irreduc-
gated. By defining a kind of volume independent contribu-ible part of the surface Brillouin zon@SBZ) and the(non-

tion as well as surface and interface contributions to the magrelativistic) local-density functional described in Ref. 9. For
netic anisotropy energy, a detailed comparison andomparison with the corresponding superstructure, free sur-
interpretation of experimental data can be made. It will alsdaces of the statistically disordered alloy (5GPt on

be shown that, contrary to common usage, the magnetic af®(100) are also calculated using the coherent-potential ap-
isotropy energy has little in common with the distribution of proximation for layered systemi8.In order to reduce the
orbital magnetic moments throughout the magnetic layers. computational effort in this particular case, the semirelativ-

The paper is organized as follows: in Sec. Il a short sumistic version of the SKKR was employed to achidebarge
mary of the computational details is given. Section Ill dealsself-consistency using the same computational parameters as
first with the magnetic anisotropy energy, and then with spirfor all the other cases. In all systems investigated, a buffer of
and orbital magnetic moments. Section IV provides a comthree Pt layers to the Pt substrate was varied self-
parison with and microscopic interpretations of available ex-consistently.

IIl. COMPUTATIONAL DETAILS
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The obtained self-consistent layer-resolved effective po-
tentials and layer-resolved effective magnetization fields are
then used to evaluate the band energy contribufigiho the
magnetic anisotropy enerdy, , 1.0

E,=Ep+ Eqg, (1) ' \/\
0.5- oo o
0 ~o o °

1.5 °

Co,/Pt(100)

defined as the energy difference between uaiform

perpendicular-to-plane andumiform in-plane orientation of
the magnetization. In Eql), Eyq is the energetic contribu-
tion of the magnetic dipole-dipole interaction . In all

cases the band energy contributiép was calculated using -0.51 A~a_
990 k; points in the ISBZ. It should be noted that, fig
>0, an out-of-plane orientation of the magnetization is fa- 1.0 s Aa_
vored, while forE,<O an in-plane orientation has to be A E
expected. T
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Ill. RESULTS
number of Co layers, n

A. Magnetic anisotropy energies

In Fig. 1 the magnetic anisotropy energy and its contribu-
tions are shown for free surfaces of Con P{100 and 154
Pt(111). While in the case of thé100 surface a multiple Co/Pt(111)
reorientation transition is seen between three and seven lay- ]
ers of Co, the one between six and seven layers being very 1.0
distinct, for the(111) surface only at a thickness of four |
layers of Co a flip over from in-plane to out-of-plane seems 0.5-
likely. For both types of surfaces the magnetic anisotropy —
energy starts to oscillate for=11 with a period of 2, and for / \o/°‘° \0/0\0\0/0 /o\o
n=7 the contribution from the magnetic dipole-dipole inter- &£ 0.0 A
action causes a regime of in-plane orientations. — ]

Completely different to the behavior of the magnetic an- LU 054 N 'z:n\n/
isotropy energy in Fig. 1 is that of free surfaces of the su- ' Aa_ .
perstructure (CoPt)on these two surfaces of RFig. 2). ] e AL
First of all, for both types of surfaces an out-of-plane orien- 109 [o—g kfk:\:
tation is always favored, which for th@11) surface is al- 1 [-2—kg,
most a factor 10 larger than the one corresponding to the T
(100 surface. It easily can be seen from Fig. 3 that with 0 2 4 6 8 10 12 14 18
respect to the number of layers the shape of the magnetic
anisotropy energy for free surfaces of (@Bt 5) on P{100

has very little in common with that of the superstructure FIG. 1. Magnetic anisotropy energy and its contributions for

(CoPt), on P{100): in the case of the alloy the preferred free surfaces of Goon P{100) (top) and P¢111) (botton).
orientation is always in-plane; the oscillations resemble the

various oscillations for the corresponding case of pure Co in
Fig. 1. The peaks at=2 and 6 are clearly visible, and at

n=4 there is only a kind of shoulder present in the alloy
case. It should be noted from Fig. 3, however, that with

eV

number of Co layers, n

In order to demonstrate the fundamental differences be-
tween infinite and semi-infinite systems in Fig. 5, the layer-
resolved band energies,

exception ofn=6 the band energy as well as the magnetic n
dipole-dipole contribution favor an in-plane orientation of

p pole c p Ebzz E, 2)
the magnetization. =

In all cases investigated the magnetic anisotropy energy

per number of repetitions, E,/n (see Fig. 4 tends to a for n=15 are displayed. In this figure the first three layers
constant for a sufficiently large, which in the case of the refer to the Pt buffer, and the remaining layers to the mag-
superstructuréCoP) on Pt{111) is surprisingly large, about netic top. One can easily see that for free surfaces of Co on
1.4 meV. It can easily be seen from Table |, containing thePt the(by far) largest contributions to the band energy part of
values ofE,/n for n=15, that in all semi-infinite systems the magnetic anisotropy energy arise from the interface be-
investigated the magnetic anisotropy energy is larger by ortween Pt and Co and from the surface. Somewhat surprising
ders of magnitude than comparable bulk values. In a recerdre the contributions from the Pt buffer, i.e., from the in-
evaluatiod of the magnetic anisotropy energy of bulk duced magnetic effects in the top layers of the substrate. This
Co.Pt,_ alloys, the largest value was found for=0.50, effect will also be emphasized below in terms of magnetic
which, however, amounted to only3eV. moments.
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o E“ theith layer. It should be noted that in Fig. 5 the layerwise
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FIG. 4. Magnetic anisotropy energy per repetition for
can be regarded as a volumelike contribution, which, as cago,/Pt(100)  (circles, Ca,/Pt(111)  (up triangles,

be seen from Fig. 5, is very small indeed. (CoPt),/Pt(100) (down triangley (CoPt),/Pt(111) (diamonds,
In the alloy case the band energy term is defined as  and (C@ Pt o), (squares
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TABLE I. Magnetic anisotropy energies. 0.8
£ I (e E. (neV) 06 Co,5/Pt(100)
Infinite (Ref. 2 CoygPlys 3 Y 0.4
()]
Semi-infinite Pt(100)/(CoPty 0.129 .E,D 0.2
Pt(111)/(CoPt)s 1.422 w 1
Pt(100)/Cgs —0.049 g 009
Pt(111)/Cgs —0.070 2 02
Pt(100)/(C@Phbs1s  —0.066 3 ~ ]
é -0.4
g ]
weighted by the concentratiarf® =c"=0.5. A comparison -0.64
between the top and bottom rows in Fig. 5 immediately T
shows that, essentially, the contribution from the interface to 08 0 2 4 6 8 10 12 14 16 18
the substrate is substantially reduced, whereas the contribu-
tions from the surface are—at least in shape—uvery similar. layer
In all three cases shown in Fig. E,’j is negative, but rather
close to zero. For G@Pt(111), e.g.,EP is less than 0.8
—0.0005 meV. _ 0.6- CO15/Pt(1 11)
Completely different in shape are the layer-resolved band ]
energy contributions for the s.upe_rstructures of (Cgfmh S 044
either P€100) or P{111) shown in Fig. 6. Although again the ) )
effect of the interface with the Pt substrate and of the surface & 0.2
is clearly visible, now also the interior of the film contributes  { ]
substantially. In both cases oscillationsefwith a period of 3 0.0 —a
2 can be seen. While for both surface orientations the con- = 1
tributions from the Pt layers are about the same, namely, % -0.2+
about 0.3 meV per Pt layer in the interior of the films, the Co & I
layers behave completely differently: for tii&00) orienta- o 044
tion the Co contributions are slightly negative and smallerin 5 0 6'
absolute value than the Pt contributions, whereas along the s
(111 direction the Co contributions are positive and much _0_8' ey

larger than those from the Pt layers. Going back now to Figs. 0 2 4 6 8 10 12 14 16 18
2 and 4, one can state that the preferred perpendicular orien- laver
tation for (CoPt), superstructures on @00 is due to the y

Pt-like contributions to the band energy term. Furthermore, it 08

is clear from Fig. 6 that the large value Bf/n for (CoPt), ]
superstructures on @tL1) originates from additional, rather 0.6- (Co, =Pty =), =/Pt(100)
large, positive Co-like contributions. o 0.5" 0.5/15
= 0.4
()]
B. Magnetic moments k= 0 2_'
Because the magnetic anisotropy energy of (GpBt)¢ uf’ 1
perstructures on Pt11) seems to be so unique, it is interest- 3 0.0+
ing to know whether this particular property can be corre- % I
lated to either the spin-only or orbitallayer-resolvel @ 021
magnetic moments. In Fig. 7 for one particular case, namely, & _04_'
(CoPt), a comparison between (B00 and P{111) sub- % o
strates is shown. Easily seen here is a very nice example of 4 0.64
the fact that the orbital magnetic moments have little in com- l o
mon with the magnetic anisotropy energy: in the case of a -0.8 4 +——————————————————r
(100 surface the(layerwise orbital magnetic moments are 0 2 4 6 8 10 12 14 16 18
substantially larger than for @11) surface, while the shape layer

of the variation with respect to the layers is roughly the

same. A similar effect can be seen for the spin-only mo- FIG. 5. Layer-resolved band energies for,£®t(100) (top)
ments. For thg100) orientation the magnetic moments of and Cqs/Pt(111) (middle) and (C@ 5Pt )15/ Pt(100) (bottom. In

the Pt layers are by about Qi3 larger than for thg11l)  the alloy case the band energies aotweighted by the concentra-
orientation. It is worthwhile to note that in both cases thetion; the Co contributions are shown as squares, and the Pt contri-
spin-only magnetic moments of the Pt layers are quite largeyutions as circles.
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FIG. 6. Layer-resolved band energies for (CqRfpt(100) (circles.

(top) and (CoPt)5/Pt(111) (bottom).

noted that in the alloy casérigs. 8 and 9 the magnetic
namely, about (0.2—0.3)g . It is fairly obvious from Fig. 7 moments ar@ot weighted by the concentration. The average
that, contrary to common usage, the orbital magnetic momagnetic moment in thih layer,
ments offer no explanation whatsoever for magnetic anisot-
ropy phenomena. Quite clearly it is mostly the different geo- (my)= S crme
metrical arrangement that, in terms of the magnetic Py - S

anisotropy energy, singles out tkEl1) orientation as com- o C .
pared to the(100) surface. only enters the determination of the magnetic dipole-dipole

In Fig. 8 the spin-only moments of Co and Pt in contributionEgq to the anisotropy energy. This in turn is
(CopePlo.)n/Pt(100) are displayed fon<10. This figure the reason why, in Fig. & has roughly only half of the
shows, in particular, the importance of a sufficiently thick Value of the corresponding quantities in Fig. 1.
buffer for magnetic multilayers on a “nearly magnetic”
metal. Worded differently, this figure shows the effect of the IV. COMPARISON TO EXPERIMENT AND DISCUSSION
“polarization” of the top Pt substrate layefthe buffe) by

®)

. ) . : Having now presented the theoretical results, it is rela-
the magnetic top: the magnetic moments in the buffer Var}fively easy to compare with and to comment on available

smoothly from zero(bulk value over three layers to the .
S experimental data. It became customary to use a phenomeno-
value characteristic in the alloy. The layer-resolved Co mo-

ments in (CaPl,.0 on P(100) are fairly independent of the Iogic.al ansatz of the following form for the magnetic anisot-
)5 . . . ropy:

number of repetitions, and vary only slightly in the vicinity

of the interfaces. This variation is shown explicitly in Fig. 9

by comparing the Co moments of the free surfaces of,Co

and (C@ P10 On P(100). As one can see, in the alloy whereK, represents the so-called volume anisotropy con-

case the Co moments are slightly larger than for pure Costant,K the so-called surface or interface contribution, and

and the perturbation due to the interfaces with the substratine layer thicknes§in monolayers of the magnetic top. Lin

and at the surface is of the order of about}3 It should be et al,'? e.g., found that in three sets of thin Co films on Pt,

Kei=2Ks/t+K, , (6)
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s o s 10 visualized directly from Fig. 6, showing the layerwise con-
£ o £ o tributions toE,,, and from the spin-only moments in Fig. 7,
c . c . .
g | e 8 ol from which the actual value of the Pt moments can be read
R B I A T2 4 6 8 10 12 off.
us layer ns layer As compared to the study of McGe al® on ultrathin
B a0 e B 20 e SN Co films on P{111), at a first glance the present results seem
= < is to disagree with their data, as up to a thickness of nine Co
g ' £ 10 layers these authors found a perpendicular orientation of the
g £ o5 magnetization with a particularly high value fér,. How-
3 ) 8B B ———a—u—a. -
5 °° e & ool — ever, as they did not measure free surfaces of Co (Bt
R e ey ey sy s aeraali T i 6 5 102 but had a Pt cap about 20 A thick, only an indirect compari-
layer layer son can be made. From the middle row in Fig. 5 it is obvious

_ , that the main contributions t&, arise from the interfaces,

FIG. 8. Layer- and component-resolved spin-only magnetic Moy, jnterface to vacuum being different than the one to Pt.
ments of the free surface of (64°%.g), on P1100), n<10. Circles Quite obviously, a second Co/Pt interface incredsgs but
refer to Co moments, squares to Pt moments. . S . . . .

it also doubles the possibility of interdiffusion at the inter-
faces, which in turn reduces the positive contribution from

K, is negative and seems to be independent of the crystallahe interfaces tdE,, or, if ordering occurs, yields just the
graphic orientation of the surface. They also stated that thepposite.
positive value ofK, they found depends heavily on the ori-  From magnetic circular x-ray dichroism of Co on(Fit1)
entation. These findings can be read off very nicely fromThiele et al}* concluded that a minimum thickness of about
Figs. 1, 4, and 5: there indeed is quite a difference in thet.8 ML of Co is needed for a remanent magnetic ordering at
contribution from the Co/Pt interface—the equivalentaf  room temperature, and claimed a critical thickness of about 7
being positive—with respect to different surface orientationsML of Co for the observation of a perpendicular magnetic
and—as already mentioned<s; is small and negative. anisotropy. However, they also argued that introducing a

For (CqPt), superstructures on @00, r ands being  second Pt/Co interface by capping the system with Pt in-
integers, the same authbtsrgued that there is a tendency creases this critical thickness. Accepting their careful lan-
toward a perpendicular anisotropy by decreasingp 1.  guage with respect to selection rules in stating that their re-
Again it can be read off from Figs. 2 and 4 that indeed forsults seemed to indicate an enhancement of the Co orbital
the caser=s=1, perpendicular magnetism has to be ex-moment, it is worthwhile to mention that in the present cal-
pected. Even more convincing is a comparison with aculations the Co orbital moment in the interior of a Co film
(CoP¥/Pt(111) superstructure, as Liet al!? stated that such on P{111) indeed is quite large, about (0.14—0.15).
a system has a large perpendicular anisotropy, which is ex- From a previous study by this grotfpusing Auger elec-
actly what Figs. 2 and 4 show. Also, their observation thatron spectroscopy, it follows that annealing the films above
the orientational dependenceldfy; in the case of superstruc- about 250°C leads to interdiffusion at the interfaces, and
tures has to be correlated to the “interfacial magnetic anisoteonsequently to surface alloying and subsequent ordering ef-
ropy” and to “polarized Pt atoms at the interface” can be fects. In a study of polycrystalline €Bt, ., c~0.3, Tyson
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et al'® claimed that they found the first evidence of phase V. CONCLUSION

separation in these films, leading to extended two- . . .
In conclusion, we can summarize that in the present paper

dimensional Co clusters in the film plane and to internal e maanetic anisotro roperties of thin Co and of ordered
interfaces. Taking their experimental evidence, namely, tha&h 9 Py prop

i . X . . nd disorderedCoP} alloy films on P{100 and P{111)
their perpendicular magnetic anisotropy is much smaller tha'\%;vere discussed in quite some detail. As the theoretical results

those for an ordered superstructure, an interpretation of thelrre based on a relativistic. spin-nolarized aoproach. no addi-
data in terms of the present results can tentatively be giver, T » SPIN-p bp ’
ional approximations such as a perturbative treatment of

Since in reasonably thick films of pure Co and statisticallyspin_Orbit coupling are needed. The above discussion of ex-

disordered CgPty _;, ¢=0.5, on Pt100) the magnetization perimental results shows very drastically that in comparing

is in-plane(see in particular Fig. ¥ while for a superstruc- . : ; )
ture of (CoPY on the same substrate a perpendicular oriema’gheorencal results with experimental data one has to be ex

tion has to be expecte@ee in particular Fig. 4 indeed the tremely careful. This applies in part|culz_ir to magnetic anisot-
. X e . ropy measurements, as not only a lattice constant mismatch
most likely explanation for their finding is the partial order-

ing in the samples investigated. but also interdiffusion and subsequent ordering quite likely

oy ok S g s oyl S0 18 oxcrce f prerdcu magnele. Oce
3000 A), it was found by Roonegt all’ that both the111) 9 by

and (100 orientations show a maximum of a perpendicular(OrOIered superstructures, such as, e.g., ofLEY), alloying

maanetic anisotrony around 400 °C. Althouah such s Stemeffects are perhaps of less importance, or so it seems at the
9 py al : 9 1 SYSeMy, oment. It should be noted that for very well-characterized
cannot be compared directly to the present calculations, sin

c%/ ) .
i Systems, results using the present approach yield almost per-
Tth gyi;?éféégna igbg:r?;?kofhgt%mg;nepgiltt;]%?srirer;gg:jPtﬁafeeCt agreement with experimental determined magnetic an-
separation asgan explanation of perpendioular %gagnetis% ?s?otropy constanté! Therefore, if theoretical results like the
oo ; ' Present one disagree with experimental data in one aspect or
indicated by Figs. 1-3. For bulk CoPsamples, resonant % g P P

- . 48 the other, then obviously there is a good physical reason for
surface magnetic x-ray diffractionsuggests Pt surface seg- such a discrepancy: interdiffusion, segregation, ordering,

regation, ‘IA{h'Ch agan m_duclt(a_s dstropg gompos'rt]'ona:ﬁ\éa”a'structural distortions, etc. Exactly these kinds of effects have
thﬂS. resulting n Interesting kin S ot ordering phenomena 4, o gorted out in order to improve materials with perpen-
that in turn can influence magnetic properties substantlally.dicular ma : ; ;
. . . gnetic anisotropies.

Surface alloying with a Co-enriched top layer, for ex-
ample, was traced by Ferret al° when trying to grow thin
films of Co on Pt111). From their resonant magnetic surface
diffraction measurements, they found that, as compared to This paper resulted from a collaboration partially funded
bulk CoPt alloys in which the magnetic moments of Pt rangeby the TMR network on ‘Ab initio calculations of magnetic
from about 0.2 to 0.45u5, depending on the degree of properties of surfaces, interfaces, and multilayei@bntract
order of the alloy and its composition, the topmost Pt layemMo. EMRX-CT96-0089. Financial support was also pro-
next to Co in the Co/Pt interface is about @z, while the  vided by the Center of Computational Materials Science
one from the second neighboring Pt layer carries only a mo¢Contract No. GZ 308.941the Austrian Science Foundation
ment of about 0.02. This estimate fits rather well to the (Contract Nos. P11626 and P1235and the Hungarian Na-
results for the alloy case shown in Fig. 8, where the Pt motional Science FoundatiofContract Nos. OTKA T024137
ments in the buffer are in turn 0.024, 0.091ug, and and T030240 We also wish to thank the computing center
0.21%5, the last one referring to the Pt layer neighboringIDRIS at Orsay, as part of the calculations were performed
the first alloy layer. on their Cray T3E machine.
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