Direct observation of domain walls in NiFe films using high-resolution
Lorentz microscopy
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A novel approach to observe the interaction between magnetic domain wall and nanoscale
microstructural features is demonstrated. The method is based on Focault mode Lorentz microscopy
and utilizes a Gatan energy image filter to provide additional magnification. A postexperimental
image processing technique was applied to separate lattice diffraction from that induced by
magnetic domains. The effect of NiFe thickness on the width of a 18@t Wall has been studied.

It was found that the thickness dependence has a similar profile to the theoretically predicted trend
but the actual wall thickness is smaller than the calculated value499% American Institute of
Physics[S0021-897806)57308-§

I. INTRODUCTION erating at 400 kV and attached to a GIF unit. Images were
. . . .. _recorded with a CCD camera. Postexperimental image analy-
Magnetic properties of materials are closely associated. . ) ; !
. ) . . . ) . _Sis was carried out with the interactive data langudbd.)
with the magnetic domain configurations and the interaction . :
i . image processing software so that the interference between
between domain walls and microstructural features. Tech- X : . : P
. . . : agnetic and crystalline diffraction contrast can be mini-
niques such as Lorentz microscopy in both the conventlonam. . . .
: o . . . mized and an acute domain-wall profile can be determined.
and scanning transmission motfespin polarized scanning
electron microscopyand magnetic force microscopyhave RESULTS AND DISCUSSION
been developed to address these issues. However, these telth-
niques are unable to resolve the microstructure-domain inter- The magnetic domain contrast of two antiparallel do-
actions on a nanoscale such as those in thin films. In thigains in a 28-nm-thick NiFe film are shown in Figgapand
work, we report on a novel technique utilizing a Gatan en-2(b) along with the corresponding bright-fie{BF) image in
ergy image filter(GIF) and based on Focault mode Lorentz Fig. 2(c). The location of two reference grains is marked by
microscopy which can resolve both fine magnetic domaingrrows in the respective images. The average grain size of
and microstructural features. A schematic of the GIF unitthe lattice diffraction contrast can be clearly observed in the
attached to the transmission electron microsc6f#eM) is  BF image which enables one to discern the grain morphol-

shown in Fig. 1. In the present study, the function of the GIFogy and other microstructural features. Hence, any interac-

is twofold as follows. tion between domain boundaries and fine microstructural
(1) Conventional Lorentz microscopy requires a field-features can be easily made.
free objective lens which generally limits the image magni-  In the Focault mode, the displaced aperture intercepts

fication to 300x. The magnetic magnifying lenses one of the magnetically diffracted beams and results in black
(xX18.79 and the charge-coupled-devic®€CD) camera and white contrast within the TEM image. This variation in
(~X8) contain within the GIF can provide additional mag- intensity outlines the local magnetization. In between the
nification power which helps achieve a theoretical resolutiormagnetic domains, a continuous gray contrast which repre-
of 1 nm in this technique. sents the extent of the domain wall can be observed. In order

(2) The elastically scattered electrons which have under-
gone magnetic phase change can be separated from the in-
elastically scattered electrons by using the energy filter slit.
Hence, a higher signal-to-noise ratio in the magnetic image
can be obtained. We have applied this technique to study the
effect of film thickness on the 180° domain-wall width in
sputter-deposited NiFe thin films in order to demonstrate the
capacity of this new technique.
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Il. EXPERIMENTAL PROCEDURES

Nig,Fe g films of thicknesses ranging from 7 to 35 nm Camera

were deposited on NaCl substrates by rf diode sputtering.
The Ar sputtering gas pressure was 5 mTorr and a forward
power of 50 W was used. The films were then floated off the
substrates onto 3 mm Cu TEM grids. The domain-wall pro-
files and domain structures were studied using Focault mode
Lorentz microscopy inside a JEOL 4000EX microscope op- FIG. 1. A schematic of the GIF unit in relation to the TEM.
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FIG. 2. (a),(b) Lorentz images of antiparallel domains in a 28-nm-thick thin
film. (c) Corresponding BF image.

to determine the width of the 180° Bkwall, an integrated
intensity profile across the image and perpendicular to the
domain wall was obtained and the result is plotted in Fig. 3.
This profile consists of three linear regimes and is an indirect
representation of the magnetization direction within the im-
age. The wall width is determined by the intercepts of theFIG. 4. (8)—(d) Lorentz images of 90° domains in a 28-nm-thick NiFe thin
three linear regions as shown in Fig. 3. Similar Lorentz im_film_with different components of the aperture blocké¢e). Corresponding
ages for a 90° Na wall in the same specimen are depicted F image.

in Fig. 4 and reference grains are marked with respect to the

BF image. The gray regions in each frame represent domaingygative is added to the Lorentz image to achieve a more
which have half of their magnetjzgtion component b|00k?duniform contrast and the final processed image is shown in
by the aperture whereas the origin of the black and whitg-jg 5q) The Iattice diffraction within the white domain is
domains is similar to that explained above. _reduced but not completely eliminated; however, the contrast
The Lorentz images that have been shown so far consigh the plack domain has deteriorated modestly after the im-
of diffraction contrast of both crystalline, i.e., granular, andage processing. The intensity profiles across the 188l Ne

magnetic nature. Hence, to assess the most appropriate Piga| for the as-exposed and processed images are shown in
file of the domain wall, it is necessary to reduce the contri-

bution from lattice diffraction within the image to a mini-
mum. This is achieved through a postexperimental image
processing technigue and the path taken is illustrated in Fig.
5. In Figs. %a) and §b), an as-exposed Lorentz image is
accompanied by its BF image, respectively. A negative or
inverse of the BF image is shown in Fig(ck In order to
curtail the effect of lattice diffraction, intensity from the BF
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FIG. 5. (a) Lorentz images of a 28-nm-thick NiFe thin filrth) Correspond-
FIG. 3. Intensity trace across the 180° domain wall in 28 nm NiFe film. ing BF image.(c) Inverse of BF in(b). (d) Processed Lorentz image @.
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=00 50 100 150 200 250 300 350 FIG. 7. Plot of 180° NiFe domain-wall width vs film thickness.

been demonstrated to achieve image resolution in the na-
nometer range. In addition, the lattice diffraction contrast can
be reduced by applying postexperimental image processing
technique which resulted in better magnetic contrast and a

Fig. 6. The reduction in the intensity variation within the More accurate domain-wall profile.

white domain has lead to a better definition of the domain-

wall width. By combining the two profiles, the 180° Ble ACKNOWLEDGMENTS
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FIG. 6. Intensity profile across a 180° domain wall in a 28-nm-thick NiFe
film: (a) as exposed antb) processed images.

LH. W. Fuller and M. E. Hale, J. Appl. Phy81, 238(1960.
2J. N. Chapman and G. R. Morrison, J. Magn. Magn. Mag&. 254

IV. CONCLUSIONS ,a983. . .
J. Unguris, G. G. Hmebree, R. J. Celotta, and D. T. Pierce, J. Microsc.

The dependence of 180° Blewall width on the thick- 4\1(3%/ISRP1A'2(1|9§>?1- Lett52, 2441988
. . il : . Martin, Appl. Phys. Lett52, .
ness of NiFe films has been measured by high-resolution 7 Mamin, Appl. Phys. Leti53, 1563(1988.
Focault mode Lorentz microscopy. This new technique in-et syzuki and C. H. Wilts, J. Appl. Phys0, 1216(1969.

corporates the magnification capacity of the GIF unit and has's. Mcvitie and N. J. Chapman, J. Magn. Magn. Ma88, 97 (1990.

J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 B. Y. Wong and D. E. Laughlin 6457

Downloaded-20-Jan-2001--t0-128.2.132.156.-~Redistribution-subject-to-AlP-copyright,~see=http://ojps.aip.org/japo/japcpyrts.html.



	I. INTRODUCTION
	II. EXPERIMENTAL PROCEDURES
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS

