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LETCER TO THE EDITOR 
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USA 
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AbstracL The formation of magnetic domains in thin films wilh large perpendicular 
anisotropy i s  investigated. By using a simple model of flux closure strip domain patterns, 
we find the domain size in vely thin films depends linearly on film thickness. This 
interesting result agrees well with the experimental observation of magnetic domains in 
thin epitaxial Co/Au(ll l) films (by Allenspach and co-workers). 

Allenspach er a1 111 found magnetic domains in thin epitaxial cO/Au(lll) films-the 
first experimental support that domains should form in very thin films with large 
perpendicular anisotropy. They determined that the domain size A depends linearly 
on film thickness d below a crossover d, (A  - d ) ,  which contradicts Kittel's earlier 
magnetic domain theory [Z] about domain growth increasing with film thickness as 
A .., A. Yafet and Gyorgy [3] predicted the existence of domains even in monolayer 
films, based on an elaborate calculation which included uniaxial surface anisotropy, 
ICs, and dipolar magnetic energy. They found that a threshold value IC3,,,in exists, 
so that when ICs > a domain configuration has lower energy than a uniformly 
magnetized state. Here we present a simple model of flux closure strip domains for 
very thin films which is similar to Kittel's domain configuration [2] to demonstrate 
that the domain size is linearly rebated to film thickness. 

Flgurc 1. Flux closure strip domain structure. A and B represent domains of up and 
down magnetization which are perpendicular to the film. Edge C (with small angle e) 
completes the domain stmclure so that it satisfies flux closure Coordinates z and y are 
in the film plane and I i s  perpendicular l o  the film; d i s  the thickness of the film and 
A is the width of a domain. 

We consider a very thin film with large perpendicular anisotropy as shown in 
figure 1. The coordinate system is arranged so that coordinates x and y are in the 
film plane. Domains A (up) and B (down) represent perpendicular magnetization 
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due to the large perpendicular anisotropy. We assume that the magnetic flux closure 
domain pattern is more favourable in this system (41, in which case the edge region 
C with small angle Q adjusts to satisfy flux closure. The film thickness is d and the 
width of a domain is parametrized by A. The free energy of the system is written as 

F = -7 I H. M d V  + l iefK + o,S (1) ' J  
where the first term is magnetic energy Fm, the second term is anisotropy energy Fa, 
lCc" is an effective anisotropy energy density, and V,  is the total volume of domains. 
The third term is the energy F, of the boundary surfaces between domains; uw 
represents surface energy density, and S is the total area of the domain boundaries. 
The energy F, per unit area of the film is 

F, = ( 2 u , , / c o s o )  + u w z ( ( d / A )  - s i n a )  (2) 

where U,, is thc 90' wall energy density between domains A and C or B and C, 
and crw2 is an 180' wall energy density between domains A and B. According to the 
experimental data [ l ]  we know that the domain size A is much larger than the film 
thickness d.  We can then assume that the angle c1 (see figure 1) is very small and (2) 
reduces to 

rw = + u w 2 ( d / A ) .  (3) 

The anisotropy energy per unit film area is Fa = ICen& and the symmetric flux 
closure domain structure suggests that the magnetic energy F,, is approximately zero. 
Total energy per unit film area is then 

p = 2  owl + U,Z(d /A)  + 
By minimizing with respect to the domain width A,  we find 

(4) 

A = ( u w z d / I < e f l ) l ' ? .  (5) 
For thick films ICe,, is just the volume anisotropy li,, which gives domain size A - 
d'I2 corresponding to Kittcl's result [2]. However, for very thin films where lieR 
depends strongly on film thickness d,  one may express the effective anisotropy as [l] 

I<,, = li, + 2l i Jd  (6) 

where I<, is the surface anisotropy energy density. The magnitude of I;, is about 
lo5 erg and h, is about 1 erg cm-?, so that 21iJd - lo7 erg for film 
thicknesses of d E 10 A, which is larger than A'". Thus it is plausible to neglect the 
I\; term in (6) because of the very large surface anisotropy in very thin films, namely 
21iJd > lCv ,  and equation (6) reduces to 

Ker = 2 ICJd.  

By substituting (7) into (5) we obtain the domain width 

(7) 
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The linear coellicient depends only on the ratio of the 180’ wall energy density 
of domain boundaries to the surface anisotropy energy density. This interesting 
result agrees with the recent experimental observation [l]. By using the data in [I] 
we can estimate the surface energy density ow of domain boundaries. For fCS = 
0.62 erg cm-* and for a 3.5 monolayer CO film (- 9 ,4), the average domain size is 
A - 1pm and we obtain uw - lo6 erg This surface energy density may be too 
large, and one should question whether the flux closure strip domain structure is the 
true ‘ground state’ of very thin films or rather a metastable state (i.e. there may exist 
a lower energy domain structure than this kind of flux closure strip domain pattern). 
It needs to be pointed out that the phenomenologicar quantity ICs cannot give any 
insight into the physical origin of the uniaxial anisotropy. 

In conclusion, we have presented a simple model of flux closure strip domain 
structure in ultra-thin films with large perpendicular anisotropy to show that the 
domain size depends lineuriy on thin-film thickness. This result agrees well with the 
experimental observation of magnetic domains in thin epitaxial Co/Au(lll) films with 
a thickness below the crossover value. This simple model is meaningful, but it still 
needs to be improved. 

I would like to thank Professor Peter M Levy for introducing me to this problem and 
for very helpful discussions. This work was supported in part by New York University. 
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