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Lorentz Microscopy Observations of a
Nanocrystalline Fg Coy4Zr7B4Cu; Alloy

Marc De Graef, Matthew A. Willard, David E. Laughlin, and Michael E. McHenry

Abstract—Domain imaging of soft magnetic materials by trans- Nanocrystalline magnetic materials exhibit soft magnetic
mission electron microscopy (TEM) is difficult due to the poten- properties provided the grain size remains smaller than the
tially saturating field of the microscope’s objective lens. Energy domain wall width. According to Herzer's model [5], this
filtered Lorentz microscopy provides a low field, high resolution o . . :
domain imaging solution for soft magnetic materials. This tech- Condltlo_n qllows avgraglng of local anlsotr(_)py energlt_as for
nique was successfully applied to a soft magnetic nanocrystalline Magnetization rotation and therefore domain walls will not
alloy to examine the domain configurations in a thin foil sample. A become pinned by grain boundaries. When the grains are larger,
sample with composition Fe4Co44Zr7B4Cu; annealed at 65C°C  the averaging of the anisotropic energy is lost and domain walls
for one hour was examined. Both Foucault and Fresnel methods |yocome pinned at grain boundaries. The presence or absence
were used to develop a clear picture of the relationship between . o . o -
the microstructure and domain structure of this alloy. Magnetic of domaln wall pln_nln_g at grain boundaries in nanocrystalllng
domain maps were created Showing some regions of the Samp|emater|als Should |nd|Cate Whethel’ or not Herzer's mOdel IS
with irregularly shaped domains, which are characteristic ofamor-  consistent with the experiment. Full characterization of a
phous alloys. Other regions contained relatively large grains with  domain configuration includes determination of the size and
the magnetization in a circular in-plane configuration (presumably  ghane of the domains, the local direction of the magnetization,
due to shape anisotropy). and the width and character of the domain walls [6]. For this

Index Terms—Magnetic domains, nanocrystalline, phase recon- reason, induction mapping is a necessary analytical tool.

struction, soft magnetic nanocrystalline alloy. While the Lorentz force provides the classical description
of the interaction of electrons with the magnetic induction of
|. INTRODUCTION the sample, a complete description requires a quantum mechan-

ORENTZ mi . direct techni for th ical formalism. The deflection of an electron passing through a
b i mlﬁcroscopyt_ |sda |_rect ef[: mqui hor b Efnagnetic thin foil corresponds to an elastic momentum change
observation of magnetic domain Structures. as DeGRhich is formally equivalent to a phase change of the electron

gseci dl_mngllth;ah p?st Ltl dec?c(jjes n a mITStIy dqza“tat.'ve V\Wyave function. In “classical” Lorentz microscopy, the electron
1.€., tovisualizeihe localion of domain walls and domain wa experiences a deflection force proportional to both the mag-
configurations; in some cases quantitative information h

fRtic induction and the electron velocity. The deflection angle

btee_n rc]i;c:nved (fjrolr?n Lort:lntz |magesr,1 but this |s,t|n gtgneral,tﬂggc_oremz anglepy, is given by(eX/h)B.t, with X the rel-
straightiorward. irecently, a hew phase reconstruction me istic electron wavelengttB, the magnetic induction com-

was proposed by P"?‘ga”i” and l_\lugent [1]. The methOd requi fonent normal to the electron trajectory, drttie local sample
a through-focus series of three images from which the phas

. . Rtknesspy, is typically in the range of a few tens of microra-
Fhe electron wave 1S reconstructed. The g.rad!ent of the ph?ﬁgns. The deflection of the electrons can be used in three ways
is then proportional to the in-plane magnetization componen{s

- _ X 'obtain images: 1) form a diffraction pattern, in which the split
mul_tlphed by the Ioc_a_l thlckne_ss of the f0|I._The method C@lentral beam indicates the magnetization directions present in
be |m_plem_ented efficiently using fast Fou_ner iransforms, He sample; 2) insert an aperture in the back focal plane to se-
desc_rlbed in 2], [3]. The phase reconstruction method has bqg& one of the components of the split central be&ou¢ault

tizati h during th tensitic oh ¢ ‘ gr'node); 3) defocus the image, so that electrons scattered in dif-
hetization changes during the martensitic phase transformatigp, ¢ jirections may overlap and produce bright contrast at do-

in NizMnGa ?‘”OVS at low temperature [4]' andin th_is PAPEr Wit ain wall locations Eresnel modg Of these methods, only the
present the first results on nanocrystalline magnetic materlalﬁrst is quantitative, since the deflection angle may be directly

measured from the diffraction pattern. Foucaultimages are easy
to obtain, but it is difficult to mechanically position the aperture
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Fig.1. Lorentz images of a keCo44Zr;B4Cu,; ribbon sample annealed at 650 for 1 hour. (a)—(c) Under-focus, in-focus, over-focus; (d)—(g) Foucaultimages
for four different orthogonal aperture shifts; (h) reconstructed phase map; (i) @gtt(gnd B, t magnetic induction maps (bright indicates a positive component).

range 400—3008. It is possible to increase the magnificatiorone hour. Thin foils were prepared by precision ion polishing
range if a post-column energy filter (Gatan Imaging Filter iPIPS). Special care was taken to preserve the demagnetized do-
GIF) is used; the GIF has an internal magnification of aroundain structure. A JEOL 4000EX 400 kV high-resolution trans-
20x, and acquires images on a 2K1K CCD camera, so that mission electron microscope was used to examine the thin foils.
the final magnification is more than 100 090Details of the The objective lens was turned off and a post-column GIF was
use of an energy filter for Lorentz microscopy are described lged to remove inelastically scattered electrons and acquire dig-
Dooley and De Graef [7]. ital images.

The phase of the electron wave scattered by a magnetic thirFresnel and Foucault images were recorded for a nanocrys-
foil may be reconstructed from a set of two Fresnel images atadline region of the specimen as seen in Fig. 1. Fig. 1(a)—(c)
the in-focus image. The details of this method may be foursdte Fresnel or out-of-focus images, Fig. 1(d)—(g) are Foucault
elsewhere [3]. In short, the algorithm first aligns all three imagésages for four different aperture shifts (along orthogonal di-
with respect to a common origin, then subtracts the over-focrections). The salt-and-pepper contrast of the sample indicates
image from the under-focus image, to obtain the derivative tfe size of the nanocrystallites. The domain shape is similar to
intensity along the beam direction. From this derivative the ahat found in amorphous alloys and Fe-based nanocrystalline al-
gorithm reconstructs the phase, using a formal solution to tloys [8]. The domains are significantly larger than the nanocrys-
so-calledTransport-of-Intensityequation, or TIE [1]. The re- talline grains and the domain walls do not seem to follow the
constructed phase profile is qualitatively correct, and if micravanocrystals. This is consistent with the Herzer model. Several
scope magnification and defocus have been calibrated, the aldomain walls can be observed; they intersect at a point to the
rithm has the potential to accurately and quantitatively provideft of the center of the images. Fig. 1(h) is the reconstructed
the phase and hence the magnetic induction (which is propphase map; the intersection of domain walls corresponds to a
tional to the gradient of the phase). nearly conical depression in the phase (dark region). The gra-
dient of the phase is proportional to the in-plane magnetic in-
duction component multiplied by the local sample thickness.
The induction components are shown as grayscale images in

The sample used for Lorentz observations had a compaosig. 1(i) and (j). Bright regions have a positive vector compo-
tion of FeyCaoyZr;B4Cu, and was annealed at 65C for nent, dark regions a negative component.

Il. EXPERIMENTAL METHODS AND OBSERVATIONS
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Fig. 2. Set of Lorentz images of a region in af€044Zr,B4Cu, ribbon sample annealed at 65C for 1 hour. Same legend as in Fig. 1.

Fig. 2 shows a microcrystalline region of the specimembserved in both the microstructure and magnetic domain
close to the ribbon surface, where the crystallization conditiosgucture. Nanocrystalline regions exhibited domain structures
are somewhat different from those in the bulk of the foilwith no discernible pinning of the domain wall on the grain
Again, Fresnel images [Fig. 2(a) and (c)] and Foucault imagbsundaries, in agreement with the Herzer model. Microcrys-
[Fig. 2(d)—(g)] reveal the domain structure. The reconstructégline regions showed closure domains consisting of single
phase indicates the presence of closure domains in each ofdhans.
larger round grains. Bright regions correspond to domains with
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