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HIGH VOLTAGE LORENTZ ELECTRON MICROSCOPY OF Fe-Did-B MAGNETS
R.RAMESH and G.THOMAS,
Department of Materials Science and Mineral Engineering and
National Center for Electron Microscopy, Materials and Molecular
Research Division, Lawrence Berkeley Laboratory, University of
California, Berkeley, Ca 94720.

ABSTRACT : A high voltage lorentz electron microscopic
investigation of the Fe-Did-B magnetic system has been carried out.
The magnet consists of a multi-domain structure in the thermally
demagnetized condition.  Depending upon foil thickness, orientation
and objective lens defocus, both stripe and bubble domains were
observed. Domain walls were pinned at grain boundaries where a
thin layer of a non-magnetic fcc phase existed. In the case where
no fcc phase was present, the domain walls were continuous across
grain boundaries. It is inferred that a thin layer of the fcc
phase at the grain boundaries is essential to achieve high
coercivities. The domain wall width was estimated from defocussing
experiments to be about 50A, in accordance with theoretical

determinations.



INTRODUCTION : Considerable interest has been focussed on the
Fe-Nd-B system since their discovery by Sagawa‘et.al(l) and Croat
et.al(z) as a potential permanent magnet system. The magnet
derives it excellent properties from the large magnetocrystalline

anisotropy and saturation magnetization of the tetragonal phase,

Nd,Fe;4B. This paper focusses on the domain structure and

microstructure-domain wall interaction in sintered Fe-Rare Earth-B
magnets. In the sintered magnets, the high coercivity is
attributed to the difficulty in nucleating reverse domains {379) as
in the case of Sm-Co alloys, pinning also plays a significant role
in the enhancement of coercivity. Domain walls can be examined at
high resolution by Lorentz Electron Microscopy (LEM). The
advantages of high voltage LEM are also well established(7/8) 1p
this paper we report results of High Voltage LEM studies on a
derivative system of Fe-Nd-B, Fe-Didymium-B, where didymium refers
to Nd-Ce-Pr.

EXPERIMENTAL : The composition of the alloys used in this study
was Fe-32.5 wt.% RE-1Wt.%B, wherein the rare earth composition was
80%Nd-15%Pr-5%Ce. The samples were examined in the sintered and
slow cooled condition, whence the magnetic properties were
optimized. The samples for electron microscopy were prepared by
first mechanically thinning down foils to about 75 micrometers and
then Argon ion milling 3 mm discs to electron transparency.
Lorentz microscopy was carried out using a Hitachi HU 650
microscope operated at 500kV in the Fresnel mode. Domain wall
widths were measured on divergent wall images and were done using
an optical comparator. Samples were examined with (a) the c-axis

normal to the foil ; (b) c-axis in the plane of the foil.

RESULTS AND DISCUSSION : In foils with the c-axis normal to the
foil, stripe and bubble domains were generally observed. Since the
foils were observed in the presence of the magnetic field of the
objective lens (about 15kOe at SOOkV)(g),_there was a favourable
orientation of the magnetization leading to domains of unequal
width. Bubble domains were observed for certain values of foil
thickness and objective lens defocus. Fig.l depicts all of these
observations. Note that bubble domains form from the stripe
domains in the thinner regions of the foil through a Rayleigh
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(10) Of greater interest, however, is the domain

instability
configuration close to the grain boundaries and the interaction of
domain walls with microstructural features such as grain
boundaries, second phase at grain boundaries, inclusions, etc.
Since it had already been shown earlier that a non-magnetic Nd-rich
fcc phase exists at all triple grain junctions and frequently
extends into two grain boundaries(11/12), the effect of this phase
on domain walls was examined. As a comparison, grain boundaries
where no fcc phase existed, were also examined.

In the case where no fcc phase isolated the grains of

Nd,Feq 4B, domains and domain walls were continuous across grain

boundaries. This was observed in foils of both orientations.
Fig.2 is a Lorentz micrograph of a sample with the c-axis normal to
the foil showing domain walls which are continuous across the grain
boundaries, indicated by the arrow. Fig.3(a) and (b) show a }
similar case for the c-axis in-plane sample. Fig.3(b) is the
in-focus image of the lorentz image shown in Fig.3(a). In both the
cases, no fcc phase was detected by diffraction. Note, in Fig.2, -
that a thin domain is pinned to the grain boundary. This pinning
appeared to be strong since the walls could not be unpinned by
tilting the foil through large angles. - On the other hand, the
domain wall in Fig.3 could be easily moved by tilting the foil,
which changed the in-plane component of the objective lens field.
The main feature of the two images, however, is that in both cases
there is no fcc phase at the grain boundaries and in both cases the
domain wall is continuous across the grain boundary. This
indicates magnetic flux continuity, even across a disordered region
such as a grain boundafy and supports the idea that the domain
structure in a polycrystalline magnet is considerably influenced by
interactions across grain boundaries (13). 1n the case 6f easy axis
aligned grains (as in this case), the interaction may be even
stronger. In contrast, when a non-magnetic phase separates two
grains, the domain walls terminate at the interface and there is no
correspondence of domains in the two grains. One such example is
shown in Fig.4(a&b). Fig.4(a) is the bright field image showing
the fcc phase at the interface, while Fig.4(b) is the corresponding
Lorentz image showing domain walls in one grain but not continuous
with those in the other grain.

This type of interaction of the domain wall with the fcc phase

may be very significant in explaining the reversal mechanism in
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this magnet. The presence of a contiguous film of the non-magnetic
phase along the grain boundaries may mean that each grain would
require a separate nucleation event to reverse its magnetization.
On the other hand, in the absence of this phase, adjacent grains
may reverse through a single nucleation event on any one of them.
Thus, the group of grains behave collectively, as a larger
particle. This aspect is currently being investigated in detail. f
DOMAIN WALL WIDTHS : Domain wall width measurements were carried
out by the linear extrapolation technique(14'15). Divergent wall

o~

images were recorded for various known defocus values of the
objective lens, for fixed settings of the condenser lens. Thus, at

a defocus wvalue "z", the divergent wall image width is given by

W, = 2.Wy + Zzﬁ.(By/Bs), where By is the in-plane component of the

magnetic field and @ = e.t.Bg/m.v, the maximum Lorentz deflection

angle ( e=electron charge; m=electron mass; t=foil thickness;

v=electron velocity and Bg=the saturation magnetization). Thus,

the wall width can be determined by extrapolating the divergent
wall width at defocus "z" to z=0. Fig.5 shows a plot of divergent
wall image width as a function of the objective lens defocus. Both
underfocussed as well as over focussed conditions were used. The
linear extrapolation =led to a wall width of about 55A. This value

agrees well with those obtained from theoretical calculations, For

a 180° wall, the width is given by 20, = n(A/K)l/z, where A is the

Exchange constant and K, the anisotropy energy constant. Using
published values of A and K, the wall width can be calculated to be
52A(16)  The wall width estimated by this experiment is in gobd'
agreement with those determined by Suzuki et. a1l (17

CONCLUSIONS : It has been shown that domain walls in this hard

magnetic system can not only be imaged by High Voltage Lorentz i
microscopy but also moved by using the goniometer tilt stage and _
the field of the objective lens. By this method it has been shown L
that domain walls in general are not affected by the presence of

grain boundaries. Thus, they have been observed to easily cross

grain boundaries. On the other hand, when a thin contiguous layer

of the non-magnetic Nd-rich phase is present along the grain

boundaries, the walls are pinned at the interface of the NdyFeq4B

grain and the grain boundary and are unable to move from one grain
Vo



to another. This observation may be of importance in explaining
the reversal mechanism in this magnet. Domain wall widths have
been estimated using a linear extrapolation technique from
defocussed divergent wall images. The wall width obtained agrees
well with theoretical calculations and with recent experimental
findings.
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FIGURE CAPTIONS

Figure 1 : Lorentz image of a foil with the c—-axis normal to the

foil plane depicting bubble domains as well as stripe domains.

Figure 2 : Lorentz micrograph of a sample with the c-axis normal
to the foil plane showing domains at grain boundaries where no fcc
phase exists. Note that the domain walls are continuous across the

grain boundaries.

Figure 3 : (a) In—-focus bright field image of a sample with the
c—-axis in-plane. (b) Defocussed mode lorentz image corresponding
to (a) showing domain walls which are continuous across the grain

boundaries(indicated by arrows).

Figure 4 : (a) Bright field image of a region close to the grain
boundary depicting the second phase. (b) Lorentz image
corresponding to (a) showing domain walls pinned at the second

phase.

Figure 5 : Domain wall width as a function of objective lens

defocus, both underfocus as well as overfocus.
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