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Quantitative study of magnetic field distribution by electron holography
and micromagnetic simulations
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The magnetic configuration of a submicrometeggNg;, 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 Physic§DOI: 10.1063/1.1603355

Domain configuration of magnetic structures at nano-simulation is attempted on a sample in a well defined state.
metric scale and interparticle coupling within regular arraysThe easiest approach is to try to match both the sample and
of such structures is subject of intensive resear€he con-  the simulations for a magnetic element in the ground state
tinuously decreasing size of magnetic elements in magnetidowest energyconfiguration. Further difficulties can arise if
storage media provides perhaps the strongest motivation fonultiple structures are situated in close proximity as they can
this activity? However, there are still many fundamental sci- both influence the configuration of the ground state and dis-
entific issues to be addressed. In many instances informatialrt the reference wave in the electron holography experi-
on both direction of magnetization and field intensity is nec-ments. This makes both the micromagnetic simulations and
essary to understand the fundamental properties and behavi@construction of electron holography data more difficult. We
of such systems. Among the many techniques available fohave used Landau-Lifshitz—GilbeftLG) equation® to
mapping magnetic fieldésee Ref. B electron holography model the magnetic configuration of the sample. Even
offers the opportunity to map fields with spatial resolutionthough this is a macroscopic, phenomenological approach
down to few nanometetsand phase sensitivity of the order (often used to simulate dynamic behavior of magnetic
of #/100° The most important advantage of electron holog-switching, it is well-suited for the calculation of equilibrium
raphy is the quantitative phase shift retrieval, which includestates of submicron structures. Results of such micromag-
information on the magnetization throughout the specimen agetic simulations were used to compute the phase shift in-
well as on the fringing field in the regions above and belowduced on the electron wave front.
the sample. The electron beam passing through a sample Thin film samples of permalloy squares and rectangles
undergoes an electron-optical phase shift due to the presenoa 50-nm-thick silicon nitride membrane were prepared by
of electrostatic and magnetic potentials, and can be evaluateslectron beam patterning of pdéhgethyl methacrylatepho-
as the integral of the potentials along the electron trajectorytoresist followed by lift-off of a sputter deposited film. The
To unravel the respective contributions it is necessary to propermalloy film was deposited in a field-free environment. To
vide a way to separate the electrostatic and magnetic conprevent charging in the electron beam the sample was coated
ponents to the phase shift. This is particularly importantwith a 2-nm-thick, amorphous carbon layer. The composition
when small scales are involved, as the ratio between thef the permalloy film was measured to be Ni 88% Fe 12% by
components does not allow us to neglect either of them. electron energy loss spectroscopy using a JEOL 3000F TEM.

To take full advantage of measurements performed in &Ve estimate the accuracy of the composition to be 10% of
transmission electron microsco€EM), it is important to  the measured values based on inaccuracies of background
relate experimental results to the output of micromagnetiGubtraction and inelastic cross-section calculation.
simulations. However, achieving quantitative agreement be- In order to retrieve the values of local magnetization and
tween experimental data and results of micromagnetic simunean inner potential, the local thickness of the sample has to
lations remains problematidn fact, both the sample and the be measured. To address this concern we have measured the
modeled data need to refer to a sample with exactly the santhickness distribution by energy filtered imaging. The zero-
geometry, history, and experimental conditions. The secontbss filtered image was collected with energy selecting slit
requirement may be relaxed if a match of experiment andvidth of 3 eV and an unfiltered image was collected from the
same area. The two images, aligned by standard cross-
dAuthor to whom correspondence should be addressed; electronic maif?orrelation methods, can then be converted to a thickness
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FIG. 2. Micromagnetic simulations on the element: an initial random mang-
netization(left) evolves to a vortex stat&ight). The element size is 830
X 855 nm.

FIG. 1. (a) Electron hologram of the magnetic eleme(it) contour map o o )
(2x amplified) of the total phase shiftr) electrostatic andd) magnetic ~ minimum rather than the global minimum of magnetic en-

contributions to the phase shiffh radiants retrieved from the experiment. ergy (ground state configurationSince the crystalline size
in our sample is of the order of 10 nm, and the film was

1(X,y) deposite(_j at zero applied field, we have assumed the magne-
Toxy)’ (1) tocrystalline anlsotropy to be zero. .

0 In order to describe the phase shift induced on the elec-
tron beam by the electromagnetic field associated to the ele-
ment, we make use of the standard Aharonov—Bohm expres-
sion

t(x,y) =N\ log

where\ is the inelastic mean free patMFP) of the material
andl(x,y) andly(x,y) are the unfiltered and filtered image
intensities, respectively.

For permalloy NggFe», 300 kV incident beam energy ™
and 10 mrad collection semianglewas estimated to be 119 ¢=Pet Pm= CEJ Vdz= ¢_Oj Adz, 2
nm using the empirical formula by Mal#.Since the values
of inelastic mean free paths are addifivine permalloy
thickness has been retrieved by subtracting the substra
(SiN+C) thickness from the total thickness, thus giving a
permalloy thickness of 0.38 MFP, or (#%) nm with the
estimated value oh. This is in good agreement with the
thickness expected froin situ measurements by crystal film

whereCg=6.25x10 2 V-1 nm™? for 300 kV electrons and
fho is the flux quantunh/2e=2.07x 10° T nn?.

The electrostatic contribution can be written ag
=CgVot(x,y) whereV, is the mean inner potential and
t(x,y) is the thickness profile of the element.

The magnetic component,,, can be calculated analyti-
thickness monitor. cally from the knowledge of the vector _pot(_antial, or numgri-

é:_ally from the knowledge of the magnetization configuration.

Electron holograms were recorded to measure the eIeA hasized in Ref. 6 th Wtical calculati
tron phase shifts induced by the sample. A set of two holo; S was emphasized in Ret. € analylical caicuiation can

grams was acquired with sample flipped between the acqupe performed only for simple geometries. In the general case,

sitions. The difference and sum of the two phase imagesespecially when domain walls or vortices are present in the

shown in Figs. Ic) and Xd), allowed us to quantitatively magnetic strtgctu_re, I'ft.the magnetlzatllonl '? i\éa"aﬁle frorrpft
separate the magnetic and electrostatic contributions to ﬂflcromagne Ic simulations, we can cajculaté the phase sfi

phase shiftd! The sample was studied at room temperatur A C?Xter;gllg?: theth Fkourlelr d spa?(teh ?\zprpacr recently
with the main objective lens off. The weak remnant field of "' ocUC€d."~From the knowledge ot the two in-planeé mag-

the lens(0.02 T perpendicular to the sample plankd not hetization components '”?v) WE can express t.hB com-
change the magnetic configuration of the element. From thBOnent of the vector potential in &,k k) Fourier space
electrostatic component of the phase shift, and using th8S
measured thickness, we estimate the mean inner potential of _ 2i oMo Mk, — Mk,
I A=— YL sin(k,t/2), A3

permalloy to be (26:3) V. z K, KCt+KktK2 z

Micromagnetic simulations based on LLG equations oy
were performed on the element. The choice of the initiawhere . m,) are the numerical fast Fourier transform
state and of the damping parameter of the LLG simulationdFFT) of (my,m,). Integrating Eq(3) along the optical axis
affect the calculated equilibrium state. As an initial configu-Z We can calculate the phase shift. The Fourier representation
ration, we used a random magnetization, as shown in Fig. 2f the phase shift turns out to be

We also note the importance of matching the shape of 7, Mt Mk, — Ky
the modeled element to the real one. To achieve the best ¢,= & 212
possible match we used the in-focus image of the element as 0 Y
a template to define the shape in the micromagnetic simula- The resulting phase shift, obtained by an inverse FFT of
tion. The damping constant was taken to be 0.008 while Eq.(4) and corresponding to the last four states in Fig. 2 are
the exchange constaAt was taken to be I erg/lcm. The  shown in Fig. 3. It can be noticed that the agreement between
main influence of the damping constant appears to be the ratee expected final state shown in FigdiLand the measured
of convergence of the computation. A large valuexaesults  magnetic configuration of the element reported in Fig) is

in the possibility that the simulation converges to a localexcellent. The phase variations visible outside the element,
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simulation and theoretical modeling allows us to obtain all
the necessary information regarding the magnetic configura-
tion of elements on the nanometric scale. The limit of elec-
tron holography, which in terms of retrieving the magnetic
signal from nanoparticles can be in principle of the order of
10 nm in particle size, has not yet been reached. Experiments
are now in progress to push observations to the scale where
transmission electron microscopy is the only technique avail-
able for the characterization of magnetic properties of indi-
vidual nanoparticles.
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FIG. 3. Phase shift from micromagnetic simulatigfest four states of Fig.
2) displayed as three-dimensional plétst column, 2X (second column),
and 32< (third column) amplified contour maps.

Downloaded 21 Aug 2003 to 130.199.3.3. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



