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1. Analysis of equilibrium angle of magnetization. 

 

The magnetocrystalline anisotropy energy density Fc is described using the directional cosines 

l, m, n, where l is the cosine of the angle between the magnetization and the x direction of the 

chosen coordinate system, m is the cosine of the angle between the magnetization and the y 

direction, and similarly for n and the z direction. Hence, 

 

 

𝐹! = 𝐾"(𝑙#𝑚# +𝑚#𝑛# + 𝑛#𝑙#) + 𝐾#(𝑙#𝑚#𝑛#)    [1] 

 

Translated into spherical coordinates, three expressions are obtained for the three different 

rotations of the crystallographic alignment relative to the elliptical elongation (z axis) of the 

particles. 

 

100: 

If the [100] direction (magnetocrystalline hard axis according to Eq. 1) is parallel to the 

z axis, then  

𝐹! = 𝐾" cos#[Φ] sin$[𝛩] sin#[Φ] + cos#[𝛩] sin#[𝛩] (𝐾" + 𝐾# cos#[𝛷] sin#[𝛩] sin#[𝛷]       

[2] 

where 𝛷	is the azimuthal angle and	𝛩	is the polar angle;	

	

110:		

If the [110] direction (magnetocrystalline intermediate/ saddle point according to Eq. 1) is 

parallel to the z axis, then 

𝐹! = 1
256: (2𝐾# sin#[Θ] (1 + sin[2Φ])(1 + 3 cos[2Θ] + 2 sin#[Θ] sin[2Φ])# + 𝐾"(53 +

4 cos[2Θ] + 7 cos[4Θ] + 24 cos[4Φ] sin$[Θ] + 16(5 + 7	 cos[2Θ]) sin#[Θ] sin	[2Φ]))    [3] 

 

111: 

If the [111] direction (magnetocrystalline easy axis according to Eq. 1) is parallel to the z axis, 

then 

𝐹! = ?@ %!
"&#'

A B3 cos[Θ] + 5 cos[3Θ] + 4 sin([Θ] (cos[3Φ] − sin[3Φ])D#E +

@%"
"#
A B4 cos$[Θ] + 3 sin$[Θ] + 4 cos[Θ] sin([Θ] (− cos[3Φ] + sin[3Φ])D   [4]. 



 

In spherical coordinates, the demagnetizing energy density can be described in accordance with 

Beleggia et al. (Beleggia, 2006) as 

 

𝑁)) = ( "
"*+!

)(1 − (𝑟	𝑎𝑟𝑐𝑜𝑠[𝑟]/√1 − 𝑟#)     [5] 

𝑁,, =	𝑁-- = @"
#
A (1 − 𝑁)))    [6] 

 

where r is the aspect ratio of the axes of the ellipsoid (prolate spheroid), assumed to represent 

the particle shape, such that 

𝐹./012 = @"
#
A 𝜇3𝑀#𝑚𝑁𝑚   [7]  

 
where m is a unit vector along the magnetization direction and N is a tensor composed of the 
three vectors (Nxx, 0, 0), (0, Nyy, 0) and (0, 0, Nzz). 
The total magnetic contribution to the Helmholtz free energy density is 

𝐹45416 = 𝐹! + 𝐹./012   [8] 

 

A three-dimensional model for Ftotal 100 at r = 1.1 takes the form: 

 
A corresponding three-dimensional model for Ftotal 100 at r = 3 takes the form: 

 



Based on these figures, it is apparent that above a given value of r shape anisotropy dominates, 

creating an easy direction along the z axis (i.e., the long axis of the ellipsoid). In the 111 case, 

the threshold for this condition is trivially less than r = 1 (in the oblate regime), since the 

magnetocrystalline easy axis is already parallel to the shape anisotropy easy axis of the prolate 

spheroid. For 100 and 110, a threshold greater than r = 1 can be identified by calculating the 

equilibrium angle of magnetization, i.e., the minimum value of Ftotal, as a function of aspect 

ratio, as shown in Figs 6(e, f). 

 

For the calculations presented here, a saturation magnetization Ms = 4.8*105 A/m, 1st order 

cubic anisotropy constant: K1 = -1.1*104 J/m3 and 2nd order cubic anisotropy constant K2 = -

0.26*104 J/m3 were used. 

 
 
2. Electron holography measurement and data processing 
 
Off-axis electron holograms are first recorded from the particles (Fig. S1a) and from a vacuum 

reference area (not shown) using the same electron beam illumination conditions at magnetic 

remanence. The Fourier transform of the electron hologram of the sample (not shown) contains 

a centreband and two sidebands. Reconstruction of the holograms involves digitally selecting 

one of the sidebands using a virtual aperture followed by centering it in Fourier space and 

calculating its inverse Fourier transform. The phase of the resulting complex image 𝜙 =

arctan	(𝑖 𝑟: ) is evaluated from the imaginary i and real r parts of the wavefunction, while the 

amplitude (Fig. S1b) is obtained from the 𝐴 = √𝑟# + 𝑖#. The difference between the object 

phase and the phase of the vacuum reference hologram is initially evaluated modulo 2π and 

therefore contains phase discontinuities, which can be “unwrapped” using suitable algorithms. 

The resulting total phase shift is shown in Fig. S1c. The magnetic contribution (Fig. S1d) to 

the phase shift is separated from the mean inner potential contribution by taking the difference 

between two phase maps, between which the magnetization direction in the specimen is 

reversed in situ in the TEM by tilting the sample to ±75° and switching on the ~1.5 T magnetic 

field of the microscope objective lens, before returning to magnetic-field-free conditions and 

tilting the sample back to 0° for electron hologram acquisition. The magnetic phase shift map 

contains the phase variation in radian. Fig. S1e shows an intensity linescan across a particle in 

the chain. The step in magnetic phase shift is approximately 0.26 radians as shown in Fig. S1e. 

Finally, using phase differentials, contours and colours are generated, which helps to visualise 

the magnetic induction map (Fig. S1f).  



 
Figure S1. (a) Electron hologram, (b) amplitude image, (c) total phase shift map, (d) magnetic 
phase shift map, (e) integrated intensity scan across the particle marked by an arrow in (d), (f) 
magnetic induction. The contour line spacing is 0.0375 radians.  


