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The properties of magnetic exchange springs states in epitaxial-grown (110)-
DyFe2/YFe2 multilayers, with a1/4 ratio, for fields directed along a hard ]101[  
magnetic axis, are presented and discussed. 

 
1. Introduction 

It is known that YFe2 dominated exchange spring DyFe2/YFe2 multilayers exhibit 
negative coercivity. In the presence of a high magnetic field, directed along an easy in-plane 
Dy [001]-axis, magnetic exchange springs form in the soft YFe2 layers. Here the net magnetic 
moment is maximized because the Dy magnetic moments and those of the Fe atoms in the 
YFe2 springs act in unison. However as the field is reduced, the YFe2 springs unwind leading 
to a man-made net AF state in zero-field, with a negative magnetic moment [1]. 

Recent measurements on a [DyFe2 (40Å) / YFe2 (160 Å)] x 40 multilayer with a one-to-
four ratio, at 50-100 K, with the field applied along a magnetically hard ]101[  in-plane axis, 
show remarkably similar magnetization curves to those obtained along the easy [001] in-plane 
axis, despite out-of-plane behaviour [2]. This can be understood in terms of a strong local 
minimum in the anisotropy surface of the Dy3+ atom lying near an out-plane [010]-axis (θ ≈ 
45°). Such an interpretation is supported by (i) neutron studies [2] and (ii) micro-magnetic 
simulations of the exchange spring system, given below. But, although the magnetization 
curves are almost identical, the two spin-configurations are very different. 
 
2. Sample preparation 

Details of the MBE crystal growth of the REFe2 films have been given by [3,4]. The 
films are grown epitaxially on polished sapphire ( )0211  substrates, coated initially with Nb 

and Fe seed layers. At 900 °C the Fe alloys with the Nb to form a Nb/Fe alloy which acts as a 
template for the REFe2 layers. The DyFe2 and YFe2 layers are subsequently grown a-top the 
Nb/Fe layer at a temperature of 600 °C. Finally, on cooling down to room temperature, the 
films become uniformly strained due to substrate clamping. This occurs because the sapphire 
has a lower thermal expansion coefficient than that of the REFe2 film. The contraction is 
along the (110) film growth-axis, giving rise to a shear strain εxy = -0.55 % [5]. 
 
3. Results 

The magnetization loop for a [DyFe2 (40Å) / YFe2 (160 Å)] x 40 multilayer can be seen 
in Fig.1. This was obtained at a temperature of 50 K with the field applied along the hard in-
plane ]101[ -axis. A similar result is obtained at 100 K, but with a reduced switching field. 
Rather surprisingly, the magnetic loop is almost identical to that obtained for fields applied 
along an easy in-plane [001] axis [1]. Nevertheless, as we shall demonstrate, the spin-
configurations in the two cases are very different.  
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Fig. 1 Magnetization curve for [DyFe2 (40Å) / YFe2 (160 Å)] x 40  multilayer 

at 50 K for a field applied along a hard in-plane ]101[  axis. 

 
4. Micro-magnetic simulations 
 Details of the micro-magnetic program used to compute the magnetization curves 
shown below can be found elsewhere [6]. The I/P parameters such as Fe and Dy magnetic 
moments, anisotropy parameters and magnetic exchange fields, all as a function of 
temperature, can also be found elsewhere [7-9]. It should be noted that all the parameters used 
have been obtained from other experiments. They have not been manipulated to fit the 
magnetization data shown above. 
 The computed magnetization curves for the situation depicted in Fig. 1 can be seen in 
Fig. 2. From a comparison between Fig. 1 and Fig. 2, it will be seen that the agreement is very 
reasonable. 
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Fig. 2 Computed magnetization curve at 50 K 
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Nonetheless, as stated earlier, the two spin-configurations are very different. Examples can be 
seen in Fig. 3(a,b), in an applied field of 8 T. For the ]001[ -field results, the spins form a 
simple AF state where the spins are all confined to the plane of the film. However for the 

]101[  results, the Dy spins point out of plane, taking advantage of an out-of-plane [010] axis. 
Note the ‘spring’ in the YFe2 layer, as the Fe spins strive to align themselves with the 
magnetic field. 
 
 

 
Fig. 3 Schematic representations of the spin-configurations for fields applied along the (a) ]101[  and 

(b) ]100[  axes, respectively, in a field of -8 T. The blue (red) arrows represent Dy (Fe) atoms, respectively. 

The green arrows indicate the direction of the magnetic field. 
 
 
 
To understand why the spin–configuration for fields applied along the ]101[ -axis are stable, 
it is instructive to examine the anisotropy surface of the Dy3+ ion at 50 K, shown in Fig. (4). It 
is immediately apparent from an examination of Fig. 4 that the ]101[ -axis represents a hard 
magnetic axis at 50 K, even though there is a slight indention in the surface. However, it is 
also obvious that the Dy spins can take advantage of an easy out-of-plane [010] cubic axis. In 
practice, therefore the Dy spins become trapped in the [010] local minimum. Out-of-plane 
behaviour is therefore inevitable. This is borne out by both neutron experiments [2], and the 
micro-magnetic simulations of the magnetization loops, detailed above. 
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Fig. 4 Crystal field anisotropy surface for the Dy3+ ion at 50 K and 100 K. 
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