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Abstract

Atomically engineered nanostructures and multilayers of Co/Pt exhibit strong perpendicular

anisotropy. This unique property, that determines their potential as a magneto-optic recording

media, is dependent on a variety of microstructural parameters that include the overall

crystallography, thickness of the layers, orientation, defect formation, interface reactions etc. A

series of Co/Pt multilayer samples with different thickness of the Co layer were studied by electron

diffraction, lt has been determined that the Co layers persists in the fcc su'ucture up to a thickness

of 50/_. As the thickness is variex,tfrom 3/_ to 50]_ in the multilayers, the Co film gradually

relaxed to its bulk lattice parameter. (111) twinning and lattice strain at the interfaces between Pt

and Co layers are also observed. The symmetry forbidden reflections observed at 1/3 {224 }

positions in [11I] zone diffraction patterns of the multilayer are due to (111) twinning and

composi6onal modulations ,along the multilayer growth direction.

', Introduction

Ultrathin multilayers of Co and Pt are good candidate materials for magneto-optic
,lp

recording. These films exhibit anisotropy of magnetization perpendicular to the film plane and a

square hysterisis loop. The. origin of these desirable properties is not well understocmtbut it is

bel.ieved that they ,are mainly influenced by n'ticrostructur'al and crystallographic parameters of the

multilayer stack [1]. These include the thickness of the individual layers, interface structure,
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chemistry, strain, and texture of the firm, etc. The correlations of structure, morphology, and

growth-mode of such films with good properties present an on-going challenge to materi',ds

researchers working with ultrathin magnetic film structures. Films with a few Angstroms of cobalt

• alternatively layered with several Angstroms of Pt exhibit perpendicular anisotropy; thicker films

do not. In order to make better films for future MO recording, an improvement of the interface-

induced anisotropy and a better understanding of the attendant mechanisms are required,

In this paper we focus on tile crystallography of a series of (CoxPty)n multilayers, where

x,y represent the thickness of individual Co and Pt layers irt ]_ngstroms and n=15 is the number of'

repeats. Five different samples with x=3, 6, 9, 12, and y=l 6-18, as well as (Co5(yPt50) 4 were

studied.. These samples exhibit a monotonic decrease in perpendicular anisotropy with increase in

Co layer thickness. Both plan view and cross..section samples were studied. The variation in the

crystallogxaphic su'ucture of the multilayers obtained by conventional electron diffraction method

will be used to understand this range in magnetic properties. Characterization of the detailed

interface structure, interface magnetic coupling as well as the attendant mechanisms of

perpendicular anisotropy will be the next step in this research.

Experimental

All (CoxPty)n multilayer samples were grown by molecular beam epitaxy on GaAs (111)

substrate with a-200 Jt thick Ag buffer layer. Plan-view and cross-section TEM samples were

prepared by mechaaical thinning and ion-milling, All electron diffraction experiments were

perfomaed on a JEOL 200CX TEM and the computer simulation of the diffraction patterns was

,. obtained by using MacTempas and C_ystalkit software packages [2].

Results and discussion

Ali five samples have a grain size of 200-300,_, but the plan-view SAD patterns averagext

over many grains show a single crystal diffraction pattern and this is indicative of very good
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epitaxy d.twing the growth processes, The plan-view [111] zone axis SAD patterns taken from the

whole series of CoxPty samples are shown in Fig. 1 (a-e).

For x=3 and y=18, a single crystal SAD pattern (Fig. la) corresponding to the face-

, centexv,d cubic platinum structure is observed. The Co monolayer is accommodated in the Pt lattice

and is not separately resoIved in the diffraction pattern. However, due to the 10% lattice parameter

difference between Cofcc and Ptfcc this accommodation could give rise to a large amount of swain

at the interface. In principle, the resulting strain field will exhibit a periodicity identical to the

compositional variation 'alongthe film growth direction. The diffraction pattern from the Co6Ptl8

thin film (Fig. lb) indicates the beginning of the relaxation of the Co layer. The {220] diffraction

spots in Figs.lb are elongated along the <220> directions. For x= 6, with approximately 3 MLs

of Co stacked along the [111] growfl_direction, Co begins to relax to its own Cofcc lattice

parameter while being coherent and retaining the same f.c.c, structure as the Pt layer. This is a

transition state before the formation of an independent thin Co crystal. When the thickness of Co

reaches, more or less, 4 MLs stacked along [111] in the sample Co9Ptl6, as shown in Fig.lc, the

interior of the Co layer has already developed its own lattice. This gives rise to the distinct {220}

type intensities. Two sets of intensity maxima in Fig.lc representing d220 reflections of Ptfccand

Cofcc, are clear in the diffraction pattern. However, the spacing corresponding to the {220} lattice

planes within the Co layer is intermediate between d220 of Pt and d220 of Co. Figs 1 (d-e) are the

[11 1] zone diffraction patterns taken from the samples of' Co_2Pt18, and Co50Pts0. With

increasing Co layer thickness, the two diffraction spots from Pt and Co are more distinct az_dthe

" intensity distribution between the two are more even. The separation between the {220} spots of

Co and Pt inc,'eases slightly from Figs. l(c-d) to Fig.le. The {220}Co positions in (e) corresponds

to the equilibrium lattice pararneter in bulk Co. The diffuse intensity between {220}Pr and {220}Co

diffraction spots in Figs. l(b-e) arises mainly from the interface lattice strain. One common feature

in Figs. 1(a-e) is that, in spite of the thickness changes of the Co layers, ali diffi'action patterns

'....'_I,'" I' 'TIl" "'l'lllrII_lll"lllIII"'lllp" IIIIIl',Ir,,rl,_qn,,,,,,i'llr,l!;l,1*,,,,lliiil,rll,Jll,,ii_rqll ,,p_,,_,IIr,'r'illr'II, ' " '' _lq1" ,,,riiIi,iir _,'rl'1'II'I1711','r','"I,_q"i,r,llIl,"p,,'*'"rl'_r,' ,lr,rl_qil'le' 11111,,,,r_',',w,rrlllirlriS,V ,qi=.....frill,qiillilpr, rr, Irm' tl _iiilli_l,iIIlr,



exhibit fairly strong intensity at 1/3{224} positions. This will be discussed in a later part of this

paper.

It can be argued that a more realistic evaluation of the crystallography of the film can be

• obtained by studying the films "as is" with the GaAs and Ag buffer layer in piace. Figs. 2(a..d)

show the [111 ] SAD patterns in the same sequence as in Fig.l, but with overlapping substrate

and magnetic film. In addition to the diffraction from the multilayer, spots from the Ag buffer

layer and GaAs substrate are very clear. The SAD patterns "aremore complicated due to double

diffraction from the different components of the multilayer stack. For instance, both incident and

diffr'acted beams coming out of the first layer of the sample (such as CoxPty), which has a

different lattice spacing from the second (such as the Ag buffer) and the third (such as the

substmte) will serve as incident beams for the subsequent layers. I:fa diffractezl (220) beam from

the f'tlm is scattered again by the same type of (220) lattice planes of the buffer layer - which has a

different value of lattice spacing from that of the film, the second diffracted beam will not

contribute intensity back to the u'ansmitted beam but rather give rise to an additional spot in the

diffraction pattern corresponding to the difference of the lattice spacings between the f'dm and the

buffer layer. This explains the set of spots immediately around the transmitted beam. By similar

double diffraction considerations, all extra spots in the patterns in Fig. 2 can be indexed and

understood. However, in these series of measurements (Figs. 2 a-d), the observations made

earlier (Figs. la-d) remain unchanged: the gradual relaxation of the Co layer from being

accorm'nodated by Ptfcc lattice to its own distinct Cofc c lattice is maintained and the streaking due

" to the strain in the vicinity of the interfaces is also observed. The effect of the removal of the

substrate and the Ag buffer layer is marginal and the accommodation at the interface seems to

dominate the plan view diffraction patterns.

Twinning was observed in similar multilayer films and it was pointed out [3] that during

the growth, (111),-twin related islands nucleate in the Ag layer and propagate through the multilayer

sequence. Overall, two different types of grains rotated by 180° degrees about the [111] axis of
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one grain with respect to the other are generated and this restdts in a polycrystalline microstructure

ha the image and a single crystal diffraction pattern. In addition to twinning, the 180° relationship

between the grains or the 6-fold symmetry of the film is made possible by "double positioning" in

. the stacking .dong the [111] axis [4,5]. This has been conf'm'ned by in situ RHEED and LEED

measurements [2,6]. The cross-section diffraction patterns from (Co50/Pt50)4, in Fig. 4, clearly

show the same type of (111) twins in Ag, Pt and Co. Hence, it is concluded that, during the
J

;4

I growth process, four different stacking sequences are possible: 1) ABCABCABC..., 2)
i
_, ACBACBACB..., 3) BCABCABCA.., 4) BACBACBAC...

As mentioned earlier, one common feature in Figs. 1(a-e) is that regardless of the thickness

of the Co layers, ali plan-view diffraction patterns exhibit extra spots at 1/3{224 } positions. These

additional reflections were observed earlier [6,7] and attributed to surface steps and/or stacking

faults. We believe that the intensities of the extra reflections are too strong to be explained as

simple surface steps and/or stacking faults. An alternative view [4] is that these extra spots are

generated by double diffraction i.e., the (111) electron beam is double diffracted by the allowed

1/3(151) twin reflection, thu_ (111)+ 1/3(151) = 1/3(224).

Computer simulations of the diffraction patterns, using the well established multislice

method, including the limited dynamical interactions between the transmitted and diffracted beams,

were carried out in an attempt to account for the effect of twinning and compositional periodicity.

Fig. 3a is a simulated diffraction pattern for 87 Pt monolayers stacked in a typical ABCABC

sequence 'along the [111] direction. A typical [111] zone axis pattern is observed. We then

,,, arranged the 87 Pt MI.,s in such a way that a (111) twin plane was located halfway through the

stack. The result of this simulation (Fig. 3b), clearly slLowsadditional intensities at 1/3{224 }
4'

positions with an overall 3-tbld symmetry. In addition, inserting a monolayer of Co after every six

Pt layers to simulate the Co3Ptl8 multilayer resulted (Fig. 3c), in six extraspots at 1/3{2241

positions. Based on these results we conclude that the extra diffraction spots are mainly due to
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(111) twinning, composition modulation along [111] and dynamical interactions of electron beams

within the multilayer.
k

These extra reflections disappeared when the substrate and the film overlap, as shown in

, Fig. 2 (a-d). The extra intensities originate from the thin multilayer (-300]_) only and when the

overlap occurs, this effect is comparatively weak and it is very likely overwhelmed by strong

scattering from the large volume of untwinned GaAs and the strong dynamical interactions of the

scattered beams from the various components of the stack. Therefore the intensiy of those

reflections is very low compared to the regular diffraction maxima in Fig. 2 (a-d).

One unresolved question is the polymorphic fonrl of Co in the multilayers. F.J. Lamelas

et. al, [8] in their study of Co/Cu thin films, pointed out that Co in the multilayers keeps a

metastable fcc stacking up to a thickness of 20]_, above which, it will revert to the more stable hcp

stacking along the normal of the film.

Cross-section samples of (Cos0fPt50)4 were examined to determine the crystal structure of

Co in the multilayer, Fig. 4a is a typical [1 I0] SAD. There are 4 sets of reflections in the pattern -

the strong single crystal [110] zone axis diffraction spots are from GaAs and the other three sets of

(111) twinned diffraction patterns are from Ag, Pt arid Co respectively. The diffraction spots from

Co compared to those from Pt are more diffuse and more elongated along [111] irt spite of the

shape effect being equal for identical thickness of Co and Pt. This indicates that there is greater

lattice distortion or strain in the Co layer than in the Pt layer. Fig. 4b is a [111] SAD pattern from

the cross-section sample similar to those in Fig 2 (a-d). However, much less dynamical

,, interactions is expected because the electron beam is incident only about 20 degrees off the

interface plane. In Fig. 4a the incident beam is exactly parallel to the interface in the multilayer and

in this configuration, there is a minimum chance for the incident and diffracted beanas to go

through different layers of the film. However, a few double diffraction spots around the

transmission beam in Fig. 4b due _othe small tilting of the cross-section sample are observed.

This argument can also be applied to the [233] SAD shown in Fig. 4c. All cross-section
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diffraction patterns show strong evidence that Co in fire multi.layer exhibit the same crystal structure

as Pt and Ag including the (111) twinning. It can be concluded that Cofc c sl:ructure persists upto a

" thickness of 50/_ contrary to what had been suggested earlier [8].

Conclusions

Electron diffraction studies of plan view and cross-section samples of ultrathin (CoxPty)n

multilayers provide important new insight into their crystallographic structure. They include

1) Starting from being virtually indistinguishable from Ptfcc (x=3/_), the interior of the Co

layer gradually relaxes (x=6,9, 12,50) to a lattice parameter corresponding to bulk Cofcc. Interface

strain between Co and Pt is fairly strong and gives rise to diffuse intensity between the {220} Pt

and Co spots for the entire range of Co layer thicknesses.

2) (111) twinning is an integral part of the growth for ali components of the multilayer

stack (Co, Pt, Ag) and combined with 'double positioning' gives rise to 4 different stacking

sequences.

3) Dynamical interactions within the multilayers are strong. When combined with twinning

and chemical variation along the [111 ] direction the extra reflection at 1/3{224 } positions can be

explained.

4) Cross-section diffraction patterns give important information about the structure and

defects within the rnultilayer. Co maintains the fcc crystal structure at least up to a thickness of

50/_,rather than transform to the more stable hcp form_

lit
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Figure, Captions
m,

Fig.1 [I 11] zonediffraction patters form the multilayer of, a) (Co3Pt i8)15 sample; b)

(Co6Ptl 6) 15 sample, the {220} reflections elongated along <220> directions; c) (CogPt 16)15,

weak and distinct intensities representing {220 } reflections from Co in addition to Pr;

d)(Co12Pt16)15 sample, showirg a further seperation between the two sets [220) diffraction spots

from Pt and Co, as weli as the diffuse intensites between {220}Pt and {220}Co; e) (Co50Pt50)4

sample, the strong {220 } reflections fom_ Co corresponding the equilibrium lattice t_ammeter h_

buIk Cofcc. The extra reflections at I/3{ 224} positions are due to (111) twinning and the

composition variation along the normal of the multilayer.

'li Fig. 2 [111] zone diffraction patterns from the overlapped multilayer, Ag buffer and GaAs

substrate, a) (Co3Ptl8)I5; b) (Co9Pt16)I5; c) (Co12Pt16)15; d) (Co50Pt50)4, showing many

double diffraction spots as a result of strong dynamic_ interaction among electron beams.

Fig. 3 Compumr simulation of [ 1l 1] zone diffraclion patterns; a) normal ABCABC...

stacking of 87 monotayers of pure Pl along [11l ] dkection; b) normal stacking as in a) but with a

(111) twin plane in the middle of the 87 slices of pure Pt; c)stacking 6 mo.nolayers of Pt and 1

monolayer of Co to simulate the configuration (Co3Pt 18)15 and introducing a (II 1) twin pDme in

, the middle of the 87 slice sequence.

Fig. 4 Cross- section diffraction patterns from (Co50Pt50)4 indicating that Co has a fcc sm,mture;

a) (I t0) zone, showing 4.sets of diffraction spots and the ones that correspond to Ag, Pr, Co, are

_wi.nned; b) (Ill) zone, similar to those in Fig,2, but with reduced double diffraction effect. C)

(22.3) zone axis pattern,,

t
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Figure 3c
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