
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 7 18 AUGUST 2003
Quantitative study of magnetic field distribution by electron holography
and micromagnetic simulations
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The magnetic configuration of a submicrometer Ni88Fe12 permalloy island has been quantitatively
mapped by off-axis electron holography. The two main contributions to the electron-optical phase
shift, namely the phase shifts induced by the electrostatic and magnetic potentials, including
fringing fields, were separated by inverting the specimen of 180° with respect to the electron beam
and directly measuring the mean inner potential. A quantitative map of the projected magnetic
induction in the sample was thereby retrieved and compared to results of micromagnetic and
electromagnetic calculations, providing the minimum-energy configuration and the phase shift,
respectively. ©2003 American Institute of Physics.@DOI: 10.1063/1.1603355#
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Domain configuration of magnetic structures at nan
metric scale and interparticle coupling within regular arra
of such structures is subject of intensive research.1 The con-
tinuously decreasing size of magnetic elements in magn
storage media provides perhaps the strongest motivation
this activity.2 However, there are still many fundamental s
entific issues to be addressed. In many instances informa
on both direction of magnetization and field intensity is ne
essary to understand the fundamental properties and beh
of such systems. Among the many techniques available
mapping magnetic fields~see Ref. 3! electron holography
offers the opportunity to map fields with spatial resoluti
down to few nanometers4 and phase sensitivity of the orde
of p/100.5 The most important advantage of electron holo
raphy is the quantitative phase shift retrieval, which includ
information on the magnetization throughout the specimen
well as on the fringing field in the regions above and bel
the sample. The electron beam passing through a sam
undergoes an electron-optical phase shift due to the pres
of electrostatic and magnetic potentials, and can be evalu
as the integral of the potentials along the electron traject
To unravel the respective contributions it is necessary to p
vide a way to separate the electrostatic and magnetic c
ponents to the phase shift. This is particularly importa
when small scales are involved, as the ratio between
components does not allow us to neglect either of them.6

To take full advantage of measurements performed
transmission electron microscope~TEM!, it is important to
relate experimental results to the output of micromagn
simulations. However, achieving quantitative agreement
tween experimental data and results of micromagnetic si
lations remains problematic.7 In fact, both the sample and th
modeled data need to refer to a sample with exactly the s
geometry, history, and experimental conditions. The sec
requirement may be relaxed if a match of experiment a
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simulation is attempted on a sample in a well defined st
The easiest approach is to try to match both the sample
the simulations for a magnetic element in the ground s
~lowest energy! configuration. Further difficulties can arise
multiple structures are situated in close proximity as they
both influence the configuration of the ground state and
tort the reference wave in the electron holography exp
ments. This makes both the micromagnetic simulations
reconstruction of electron holography data more difficult. W
have used Landau–Lifshitz–Gilbert~LLG! equations8 to
model the magnetic configuration of the sample. Ev
though this is a macroscopic, phenomenological appro
~often used to simulate dynamic behavior of magne
switching!, it is well-suited for the calculation of equilibrium
states of submicron structures. Results of such microm
netic simulations were used to compute the phase shift
duced on the electron wave front.

Thin film samples of permalloy squares and rectang
on 50-nm-thick silicon nitride membrane were prepared
electron beam patterning of poly~methyl methacrylate! pho-
toresist followed by lift-off of a sputter deposited film. Th
permalloy film was deposited in a field-free environment.
prevent charging in the electron beam the sample was co
with a 2-nm-thick, amorphous carbon layer. The composit
of the permalloy film was measured to be Ni 88% Fe 12%
electron energy loss spectroscopy using a JEOL 3000F T
We estimate the accuracy of the composition to be 10%
the measured values based on inaccuracies of backgr
subtraction and inelastic cross-section calculation.9

In order to retrieve the values of local magnetization a
mean inner potential, the local thickness of the sample ha
be measured. To address this concern we have measure
thickness distribution by energy filtered imaging. The ze
loss filtered image was collected with energy selecting
width of 3 eV and an unfiltered image was collected from t
same area. The two images, aligned by standard cr
correlation methods, can then be converted to a thickn
map according to9
il:
5 © 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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t~x,y!5l log
I ~x,y!

I 0~x,y!
, ~1!

wherel is the inelastic mean free path~MFP! of the material
and I (x,y) and I 0(x,y) are the unfiltered and filtered imag
intensities, respectively.

For permalloy Ni88Fe12, 300 kV incident beam energ
and 10 mrad collection semiangle,l was estimated to be 11
nm using the empirical formula by Malis.10 Since the values
of inelastic mean free paths are additive9 the permalloy
thickness has been retrieved by subtracting the subs
(SiN1C) thickness from the total thickness, thus giving
permalloy thickness of 0.38 MFP, or (4565) nm with the
estimated value ofl. This is in good agreement with th
thickness expected fromin situ measurements by crystal film
thickness monitor.

Electron holograms were recorded to measure the e
tron phase shifts induced by the sample. A set of two ho
grams was acquired with sample flipped between the ac
sitions. The difference and sum of the two phase imag
shown in Figs. 1~c! and 1~d!, allowed us to quantitatively
separate the magnetic and electrostatic contributions to
phase shifts.11 The sample was studied at room temperat
with the main objective lens off. The weak remnant field
the lens~0.02 T perpendicular to the sample plane! did not
change the magnetic configuration of the element. From
electrostatic component of the phase shift, and using
measured thickness, we estimate the mean inner potenti
permalloy to be (2663) V.

Micromagnetic simulations based on LLG equatio
were performed on the element. The choice of the ini
state and of the damping parameter of the LLG simulati
affect the calculated equilibrium state. As an initial config
ration, we used a random magnetization, as shown in Fig

We also note the importance of matching the shape
the modeled element to the real one. To achieve the
possible match we used the in-focus image of the elemen
a template to define the shape in the micromagnetic sim
tion. The damping constanta was taken to be 0.008 while
the exchange constantA was taken to be 1026 erg/cm. The
main influence of the damping constant appears to be the
of convergence of the computation. A large value ofa results
in the possibility that the simulation converges to a lo

FIG. 1. ~a! Electron hologram of the magnetic element;~b! contour map
(23amplified) of the total phase shift;~c! electrostatic and~d! magnetic
contributions to the phase shift~in radiants! retrieved from the experiment
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minimum rather than the global minimum of magnetic e
ergy ~ground state configuration!. Since the crystalline size
in our sample is of the order of 10 nm, and the film w
deposited at zero applied field, we have assumed the ma
tocrystalline anisotropy to be zero.

In order to describe the phase shift induced on the e
tron beam by the electromagnetic field associated to the
ment, we make use of the standard Aharonov–Bohm exp
sion

w5we1wm5CEE Vdz2
p

f0
E Azdz, ~2!

whereCE56.2531023 V21 nm21 for 300 kV electrons and
f0 is the flux quantumh/2e52.073103 T nm2.

The electrostatic contribution can be written aswe

5CEV0t(x,y) where V0 is the mean inner potential an
t(x,y) is the thickness profile of the element.

The magnetic componentwm can be calculated analyti
cally from the knowledge of the vector potential, or nume
cally from the knowledge of the magnetization configuratio
As was emphasized in Ref. 6 the analytical calculation c
be performed only for simple geometries. In the general ca
especially when domain walls or vortices are present in
magnetic structure, if the magnetization is available fro
micromagnetic simulations, we can calculate the phase s
by extending the Fourier space approach recen
introduced.6,12 From the knowledge of the two in-plane ma
netization components (mx ,my) we can express thez com-
ponent of the vector potential in a (kx ,ky ,kz) Fourier space
as

Ãz52
2im0M0

kz

m̃xky2m̃ykx

kx
21ky

21kz
2 sin~kzt/2!, ~3!

where (m̃x ,m̃y) are the numerical fast Fourier transfor
~FFT! of (mx ,my). Integrating Eq.~3! along the optical axis
z we can calculate the phase shift. The Fourier representa
of the phase shift turns out to be

w̃m5
ipm0M0t

f0

m̃xky2m̃ykx

kx
21ky

2 . ~4!

The resulting phase shift, obtained by an inverse FFT
Eq. ~4! and corresponding to the last four states in Fig. 2
shown in Fig. 3. It can be noticed that the agreement betw
the expected final state shown in Fig. 1~d! and the measured
magnetic configuration of the element reported in Fig. 1~d! is
excellent. The phase variations visible outside the elem

FIG. 2. Micromagnetic simulations on the element: an initial random ma
netization~left! evolves to a vortex state~right!. The element size is 830
3855 nm.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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emphasized in the 323 amplified contour map displayed i
the third column, can be ascribed to fringing fields. It can
noticed that part of the magnetic field leaks to the vacu
outside. The opportunity to take into account correctly
fringing fields surrounding magnetic elements is the key t
truly quantitative magnetization mapping. It also represen
difference between this work and similar papers in the lite
ture ~see, e.g., Refs. 13–15!. If the fringing fields are ne-
glected, the measurements of the local induction, in term
field intensity and direction, are either dramatically limited
perfect closure-domain states, almost never present w
small dimensions are involved, or unavoidably spoiled by
projection of the electron beam onto the specimen.

It has been shown how a combination of electron hol
raphy, electron energy loss spectroscopy, micromagn

FIG. 3. Phase shift from micromagnetic simulations~last four states of Fig.
2! displayed as three-dimensional plot~first column!, 23(second column),
and 323(third column) amplified contour maps.
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simulation and theoretical modeling allows us to obtain
the necessary information regarding the magnetic config
tion of elements on the nanometric scale. The limit of ele
tron holography, which in terms of retrieving the magne
signal from nanoparticles can be in principle of the order
10 nm in particle size, has not yet been reached. Experim
are now in progress to push observations to the scale w
transmission electron microscopy is the only technique av
able for the characterization of magnetic properties of in
vidual nanoparticles.
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