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Understanding nanometer scale magnetization and induction distribution of artificially structured
magnetic materials is a subject of intensive research due to the ever decreasing in size of the
magnetic elements in recording and storage media [1]. Although off-axis electron holography has
played a crucial role in nanoscale characterization of the domain configuration, its applications are
often hampered by limited area of view in experiment.

Facing the challenge, recently we have developed a phase retrieval procedure based on the
Transport-of-Intensity Equation combined with image alignment, distortion correction and
symmetrization algorithms to map local magnetization [2]. The method agrees well with electron
holography analysis but is more versatile in length scale. Fig.1 shows a Lorentz image of Permalloy
(NiypFego) arrays fabricated using an in-house UHV film deposition system with an artificially
structured mask. The induction distribution, derived using the method and shown as a vector color
map, directly reveals the complex magnetic structure, its dynamic behavior and low-energy state
including fringing field by comparison with micromagnetics simulations [3]. Fig.2 gives another
example of artificially structured magnetic Ni dot-array prepared at even smaller dimension using
TEM based lithography. The modified phase-gradient image and phase contour of the boxed area in
Fig.2a are shown in Fig.2b and c, respectively.

As we know, the measured phase of an objective wave carries information about both the electric
and magnetic field distribution in the sample and can be expressed in a two-dimensional case as

Hr) =5+ =CefV (rz)dz = ([B (r,2)-dA

where z and r are position vectors and d4 is the area element bounded by the beam path.
Cp=6.25x10"rad/Vnm for 300kV electrons, and ¥ and B are electrostatic and magnetic potential,
respectively. To quantify the magnetic contribution one must separate it from the electrostatic
contribution. If the thickness of the element does not vary, the electrostatic component will be a
constant, and if ¥V, is known, @ can be accurately calculated for any geometry. Since the
ratiogy, / ¢r =0.24ByD, /V,y (Vy: the mean inner potential, By: in-plane component of the induction),

for Vy=10V and By=1Telsa, the two components have about the same contribution for a particle size
of Dy ~ 40nm, as shown in Fig.3. However, for smaller elements the electrostatic component
dominates. When D, reaches to 4nm the contribution of the magnetic potential is only 1/10 of the
electrostatic counterpart. Thus, quantification of magnetic induction distribution for subnanometer
elements imposes a real challenge for modern electron microscopy [4].
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Fig.1 Lorentz image and projected induction distribution
(boxed area) of the artificially patterned NiyoFego
Permalloy. The diameter of the small dots are about 1um.
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Fig.2 Ni dot array (40nm in diateter). (a) Lorentz image,
2 ¢E ] (b) phase-gradient image, and (c) phase contour.
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