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Induction mapping of magnetostrictive materials
Jennifer Dooley
Jet Propulsion Laboratory, Pasadena, California 91109

Marc De Graefa) and Michael E. McHenry
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An energy-filtered magnetic induction mapping technique has been implemented on a JEOL
4000EX equipped with a Gatan imaging filter. A study of the magnetic domain structure in
Terfenol-D, a magnetostrictive actuator material, is presented as an example application of the
technique. The method is equivalent to differential phase contrast microscopy by the reciprocity
theorem. Image simulations of all stages of the induction mapping process are shown to support
these observations. ©1998 American Institute of Physics.@S0021-8979~98!47811-3#
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INTRODUCTION

There is a growing interest in both room-temperatu
and very-low-temperature magnetostrictive actuator mat
als. Terfenol-D, a rare-earth transition-metal magnet, p
sesses a room-temperature magnetostrictive strain of a
0.2%, the largest known.2 Ni2MnGa exhibits large magneto
strictive strains, which arise from a magnetically induc
martensitic transformation in a temperature range near ro
temperature.3 Polycrystalline rare-earth low-temperatu
magnets have recently been shown to retain a signific
fraction of the magnetostriction of the single crystals, and
considerably less expensive to produce.4 Determination of
the fine scale magnetic structure is essential for prediction
among other things, the bulk magnetostrictive strains. In
dition, since virtually all engineering parameters of these m
terials are directly affected by microstructural features,
nature of these materials makes it necessary to closely c
bine the study of magnetic structure and microstructure. L
entz microscopy, in particular, the Fresnel and Foucault
servation modes,5 has for several decades been the domin
observation technique for qualitative magnetic domain
servations.

The decreasing length scale of modern electronic
magnetic devices must be accompanied by improvemen
the observation techniques used to study their micro-
nanostructures. The low-field sample environment and c
sequent increase in the focal length of the objective l
required for Lorentz microscopy results in a reduced fi
image magnification as compared to that of conventio
transmission electron microscopy~TEM!. This represents a
serious limitation in the quantitative study of nanoscale m
netic structures. Furthermore, inelastic scattering in
sample contributes noise to the images, which further lim
the attainable resolution of the standard Lorentz modes.

There are very few techniques capable of producing
rect maps of the~in-plane! magnetic induction in a thin foil.
Differential phase contrast~DPC! microscopy in a scanning
TEM7 is perhaps the most successful method, but it requ
the installation of descanning coils and a four-quadrant

a!Electronic mail: degraef@cmu.edu
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tector, which are not accessible in the average research l
ratory. For this method, the descanning coils are aligned s
that any tilt of the beam arising from the scanning coils
compensated for at the plane of the quadrant detector so
any remaining shift of the beam over the detector is due
the Lorentz deflection. The magnitude of this deflection
measured as the difference signal from opposite quadran
the detector and can be directly related to the componen
the magnetic induction in two orthogonal directions6U and
6V. A technique equivalent to DPC by the reciprocity the
rem for the TEM was proposed and implemented by Day
and Petford-Long.8 This induction mapping technique ha
been adapted to the 4000EX1GIF ~Gatan imaging filter!
combination, the method has been applied to the Terfeno
system, and simulation algorithms have been created for
mapping technique.

EXPERIMENTAL METHODS

This article presents a summary of energy-filtered L
entz observations of the Terfenol-D system. A Lorentz m
croscopy setup, which combines a high-resolution top-en
JEOL 4000EX TEM with a postcolumn GIF, has been p
viously reported.6 With the main objective lens turned off
the sample is mounted in an essentially field-free region. T
objective minilens, which sits below the plane of the spe
men, provides sufficient field strength to focus the electro
into a diffraction pattern at the selected area aperture pla
thus providing Fresnel and Foucault observation modes.
energy filter provides an additional magnification of appro
mately 203, and allows for the acquisition of zero-loss im
ages, increasing the signal-to-noise ratio by at least an o
of magnitude.6 The magnetic resolution of this system is be
ter than 5 nm.

All images in this paper were obtained from a thin foil
Terfenol-D, or Tb0.73Dy0.27Fe1.95, which has a cubic Laves
phase structure (a50.732 nm).9 Single-crystal rods of
Terfenol-D with @2̄11# growth direction were obtained from
Etrema, Inc. These were oriented by reflection Laue diffr
tion and cut into disks with@011̄# foil normal. Dimpled disks
were then jet thinned in a chilled solution of 10% perchlor
90% acetic acid and ion milled for several hours with 4.5 k
7 © 1998 American Institute of Physics

 AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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Ar1 ions until electron transparent. For a detailed descript
of the microstructure of this material the reader is referred
Refs. 10, 11, and 6. Figure 1 shows a Foucault image
characteristic lamellar domain arrangement. This area of
sample is used throughout the paper to illustrate the meth

Magnetic induction mapping in the TEM was first intro
duced in Ref. 8 and adapted to the 4000EX1GIF combina-
tion in Ref. 6. A converged incident beam, with beam div
gence angleuc , illuminates the region of interest on th
sample. A small aperture truncates the transmitted beam
the back focal plane of the objective minilens and beam
are provided through the postspecimen image shift coils.
beam is tilted and images obtained with consecutive tilts
added together~approximating an integral with respect
beam tilt! and constitute the equivalent of the quadrant
tector signals in DPC. For full details on the method t
reader is referred to Ref. 12.

INDUCTION MAPPING RESULTS

Figure 2~a! shows four series of zero-loss Foucault im
ages~slit width 15 eV!, for two orthogonal tilt directions.
The reader is referred to Ref. 12 for a description of
calibration of the tilt directions with respect to the micr
structure. After aligning the Foucault images in each se
they were summed on a per-pixel basis. The sums are sh
in Fig. 2~b!, along with the difference maps. Since the inte
sity in the difference map is proportional to the in-pla
induction component in one of the two orthogonal directio
the difference maps can be represented as a single v
induction map, as shown in Fig. 2~c!.

Using an image simulation algorithm developed
Mansuripur,13 a method similar to standard high-resolutio
simulations has been implemented for the computation
magnetic induction tilt series and difference maps for a giv
magnetic structure.12 The results are shown in Fig. 3. Th

FIG. 1. Foucault image of a representative magnetic domain structur
Terfenol-D. This region is used in the induction maps of Fig. 2.
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simulations were carried out for a 16 nm domain-wall wid
for the 180° Bloch-type wall, 10 nm for the 71° doma
walls, a saturation magnetic induction of 1 T, foil thickne
of 100 nm, beam divergence angleuc51 mrad, a beam tilt
increment of 3.5mrad, aperture radius of 0.05 nm21, and an

in

FIG. 2. ~a! Foucault images as a function of postspecimen beam tilt for t
orthogonal tilt directions.~b! Foucault sums and difference maps.~c! Vector
induction map, created from the energy-filtered difference maps.
 AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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incident beam energy of 400 kV. Tilt directions in the sim
lation were taken to be the same as in the experiment.
domain-wall profile from the filtered experimentally reco
structed map is shown in Fig. 4~a!. The reconstructed 180
domain-wall width is estimated to be 83 nm, as each pi
corresponds to about 4.14 nm. For this case, one tilt direc
was close to the normal of the domain wall. Figure 4~b!
shows the simulated reconstructed map and the input pro

Good qualitative agreement exists between these se
images, including the presence of a faint bright fringe in
experimental6U sums. The reconstructed vector map co
pares favorably with the experimental map in Fig. 2~b!, as do
the domain-wall profiles.
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FIG. 4. ~a! Line trace of the component of magnetic induction parallel to the
domain wall averaged over 35 pixels and plotted over 80 pixels.~b! Com-
parison of the reconstructed magnetic induction component parallel to t
180° domain wall and the input profile.
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