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Abstract

We have imaged mechanically polished and fractured (1 1 1) surfaces of Terfenol-D using magnetic force microscopy
(MFM), and also the fracture surface during application of in situ applied stresses. The theory of James and Kinderlehrer
(Phil. Magn. B 68 (1993) 237) has been used to explain some of the observed domain structures. Although some imaged
domain structures are not predicted, there is general agreement with the theory. Observations indicate applied stress
results in domain wall motion between existing domains as well as nucleation of new domains. ( 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Terfenol-D (Tb
0.3

Dy
0.7

Fe
2
), because of its high

magnetostriction to anisotropy ratio [1] (j
4
&

2]10~3, K
1
&2]104 erg/cm3), is the subject of

much technological and scientific interest. Bulk
samples, which are typically float zone grown, char-
acteristically contain growth twins. Numerous
studies of magnetization and strain changes with
applied field and stress have been carried out on
twinned specimens [2—4]. Specifically, the work of
James and Kinderlehrer [5] has predicted deforma-
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tion and magnetic domain structures based on the
self-compatibility of strains and magnetization in
the microstructure of the material, including the
effects of twinning. Various microscopies, such as
optical, X-ray, and scanning electron microscopy,
of different crystal surfaces have been used to ob-
serve the existence of surface deformations [6—9].
Atomic and magnetic force microscope (MFM)
studies have also been used [10,11] to observe both
deformation and magnetic domains. Here, we re-
port the results of a series of MFM experiments on
a fracture (1 1 1) surface of Terfenol-D with in situ
applied stress. Images taken with no applied stress
of both the polished and fracture surfaces were
compared to James and Kinderlehrer’s theory.
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Table 1
Planes of strain discontinuity and their associated magnetiz-
ation pairs predicted by the theory [5]

Plane Magnetization pair Plane Magnetization pair

(1 0 0) [1 1 1], [1 11 11 ] (0 0 11 ) [11 1 1], [1 11 1]
(0 1 1) [1 1 1], [11 1 1] (1 11 0) [11 1 1], [11 1 11 ]
(0 1 0) [1 1 1], [11 1 11 ] (11 0 0) [1 11 1], [1 1 11 ]
(1 0 1) [1 1 1], [1 11 1] (0 1 11 ) [1 11 1], [11 11 1]
(0 0 1) [1 1 1], [11 11 1] (0 11 0) [11 1 1], [1 1 11 ]
(1 1 0) [1 1 1], [1 1 11 ] (1 0 11 ) [11 1 1], [11 11 1]

2. Theory

The phenomenon of magnetostriction relates
changes in the strain of a material to changes in its
magnetization. The application of stress to a mag-
netostrictive material induces an anisotropy with
energy given by

Ep"!3
2
j
4
p cos2 h,

where j
4
is the saturation magnetostriction, p the

stress, and h the angle the magnetization makes
with the direction of the applied stress. Terfenol-D
is a material with positive magnetostriction
(j

4
'0); if it is subjected to a tensile (compressive)

stress, p is positive (negative) and the magnetization
has a low energy state lying parallel (in a plane
perpendicular) to the stress axis.

Now, we consider the present experiment with
the sample having an orientation described below
with a compressive stress applied along the [1 1 21 ]
direction (see Fig. 1a for sample geometry). Includ-
ing the effects of a magneto-crystalline anisotropy,
there is one easy axis, the [1 1 1], which lies in the
plane perpendicular to the stress axis. Of the re-
maining easy axis directions, ([ 11 1 1], [1 1 11 ], and
[1 11 1]), the [1 1 11 ] axis makes an angle of 19.5°
with the stress direction and the [11 1 1] and [1 11 1]
axes make angles of 61.5°. Therefore, the easy axis
directions, listed from highest energy to lowest un-
der a compressive stress, are [1 1 11 ], [11 1 1] and
[1 11 1], and [1 1 1]. Therefore, under application of
a compressive stress along this axis, we should
expect to see the greatest changes to domains with
easy axes in that order.

Because Terfenol-D is a magnetostrictive mag-
netic material, there is always a strain distribution
present in the material associated with its remanent
magnetic state. Domains with easy axes in different
directions have strains which are not parallel. By
constraining the material to obey certain continuity
requirements, conclusions about the magnetic and
deformation state of a sample may be reached. The
theory of James and Kinderlehrer [5] is based on
a certain energy-well structure of the anisotropy
energy, consistent with crystallographic symmetry.
The theory incorporates the requirement that the
displacement is continuous across the domain wall,
which implies that the jump in the deformation

gradient is a rank-one matrix. Stable equilibrium
states for an unloaded crystal are found to consist
of pairs (deformation gradient, magnetization) ly-
ing at the bottoms of these energy wells which
obey this rank-one condition, together with the
condition that the normal component of the mag-
netization is continuous across interfaces in the
deformed configuration. Using an energy-well
structure appropriate for Terfenol-D, with easy
axes on S1 1 1T and corresponding easy strains
being the measured uniaxial strains on S1 1 1T, it is
found that stable laminated structures have discon-
tinuity planes on M1 0 0N or on M1 1 0N. Table 1 lists
the magnetization directions for which each plane
is associated. Discontinuities in the strain do not
occur for 180° domain walls, because the magneti-
zation is anti-parallel on either side of the wall and
therefore, correspond to identical strains. To sum-
marize, domain walls between domains of different
easy axes (non-180° walls) have accompanying dis-
continuities in the strain. Only certain crystallo-
graphic planes are allowed to be domain walls
because of the constraints on the deformation con-
tinuity in the material. These planes are listed in
Table 1 along with the magnetizations they form
the transition between.

To compare theory with experiment, the inter-
sections of the planes listed in Table 1 with the
(1 1 1) plane [12] are shown in Fig. 1c (oriented
with the same geometry as the sample). MFM im-
ages are examined for planes of this type, and the
magnetization on either side of the planes can be
compared to those predicted by the theory (Table
1). For example, if the (1 0 11 ) plane is the plane
of strain discontinuity, on opposite sides of this
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Fig. 1. (a) Top view of the geometry of both the fractured and polished samples. All images shown in this work have such
a configuration, with the [1 1 21 ] oriented vertically and the [1 1 1] easy axis pointing out of the page. The configuration of the remaining
easy axes are shown in Fig. 1b. There are no fully in-plane easy axes, with half pointing into the plane, and half out of the plane. The
[1 1 1] and [11 11 11 ] easy axes are perpendicular to the page and the sample plane. The [1 1 11 ], [1 11 1], and [11 1 1] axes make an angle of
19.5° with the plane. Fig. 1c shows the intersection of M1 0 0N and M1 1 0N crystallographic planes with the (1 1 1) plane.

boundary would be magnetizations in the direc-
tions of [11 1 1] and [ 11 11 1], or their negatives.
A schematic depiction of this is shown in Fig. 2b,
with the addition of 180° domain walls on each side
of the boundary as well.

3. Experiment/analysis

We used a Digital Instruments Dimension 3000
SPM in tapping/lift mode to perform measure-
ments of the sample topography and magnetism.

100 J. Schmidt et al. / Journal of Magnetism and Magnetic Materials 190 (1998) 98—107



Fig. 2. (a) 10 lm MFM scan of a polished Terfenol (1 1 1) surface. Region A shows an area populated by domains of one type and region
B populated by domains of a different type. These two domain types meet at the boundary marked C. (b) The easy axes associated with
each region, and a schematic depiction of the magnetic structure in (a) are shown.

The probes used in this work were 225 lm long
microfabricated silicon cantilevers with integrated
tips sputter coated with 15 nm of Cr and 45 nm of
CoCr. The magnetic field from the tip coating at
the tip surface has been estimated to be &400 G
[13], which appears to be sufficiently large to influ-
ence the magnetic structure of Terfenol, as seen in
Fig. 2a, which shows perturbation of the magnetic
structure of the sample (just below the letter B in
the figure) from the influence of the scanned mag-
netic tip. As the tip scans across the sample plane,
the magnetization of the tip may influence the

sample magnetization, particularly near domain
walls. This can lead to a blurred or smeared ap-
pearance of the magnetic structure. In this image
and in all images presented in this work we used
a cantilever and tip magnetized perpendicular to
the scan plane.

Our sample was a 0.5 cm diameter rod of float
zone grown Terfenol-D obtained commercially
[14]. Bulk samples of Terfenol-D (easy axes:
S1 1 1T) characteristically grow in dendritic sheets
in the [1 1 21 ] direction with growth twins in the
(1 1 1) plane [2]. We polished the [1 1 21 ] face of the
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rod until the growth twins were observable under
an optical microscope. The rod was then cut using
an electric discharge machine in a plane parallel to
the growth twin boundaries, exposing the (1 1 1)
plane. The crystallographic and magnetic easy axes
of the sample relative to the images shown in the
paper are shown in Fig. 1a and Fig. 1b. Subsequent
mechanical polishing of the (1 1 1) surface resulted
in a surface flat on the nanometer scale. However,
MFM images of the polished surface showed no
sharp magnetic features and the boundaries be-
tween the domains were quite blurred except on the
edges of the sample, where it is believed the polish-
ing was most effective and the strain imparted was
minimal. The strain from polishing was particularly
important because the strains were isotropic in the
plane and because of the magnetostriction, an effec-
tive in-plane anisotropy was introduced which al-
tered the natural domain structures.

Fig. 2a shows a 10 lm MFM scan near the edge
of the polished sample imaged immediately after
polishing. There are a number of parallel stripe
domains: one set (marked A in the figure) extends
from the lower left to the upper right, and another
set (marked B) is aligned close to the vertical, both
of which exhibit the branched needle structure
modeled by James and coworkers [15]. The do-
mains of regions A and B meet at a line (marked C)
which is oriented approximately 60° from the do-
mains in A and B. If we identify C with a plane of
strain discontinuity, we can see from Fig. 1c that it
is the (1 0 11 ) plane. Table 1 shows that the magnet-
ization pair associated with this plane is the [11 11 1]
and [ 11 1 1]. The projections of these axes in the
(1 1 1) plane are parallel to the domains marked
B and A in the figure, respectively. The black and
white contrast within each region is due to the
domains which are along the same crystallographic
axis, but change sign (the domains have a compo-
nent normal to the surface which changes from
parallel to anti-parallel to the tip magnetization,
and vice-versa, creating contrast in the MFM im-
age). Since the domain wall must have a normal
perpendicular to the magnetization in the adjacent
domains and we know the direction of the wall in
the plane from the image (in the [1 1 21 ] and [2 11 11 ]
directions, for regions B and A, respectively), we
can deduce the planes of the domain wall, which

are (1 11 0) and (0 1 11 ) for B and A, respectively.
The magnetization of domains A and B could point
along different easy axes than those proposed
above and still give the same contrast in the MFM
image; however, this would not satisfy the condi-
tions of displacement continuity and strain com-
patibility across the domain boundaries discussed
above.

Since the domains in regions A and B lie along
different crystallographic axes, the strains are in
different directions. The line where these meet
(marked C) is a line of strain discontinuity and
should be observable in the topographic scan. The
topography as measured in tapping mode showed
no features besides occasional pieces of detritus on
the sample surface. This is likely because the sample
was imaged in an as-polished state, and any topo-
graphic features associated with the strain discon-
tinuity were likely removed. The influence of the
polishing process on the magnetization could be
seen not only through the blurred domain structure
mentioned above, but also by the observation of
virtually no magnetic domains along the [1 1 1]
easy axis, which is perpendicular to the sample
plane. These domains should appear to have
a length scale smaller than those of the other easy
axes because of the demagnetization effects asso-
ciated with a larger component of the magneti-
zation perpendicular to the sample surface. We
believe that because of the nature of the mechanical
polishing, there is a residual strain in the sample
plane, which favors in-plane easy axes, as well as
the lower magnetostatic energies associated with
in-plane axes when compared to perpendicular
easy axes. After demagnetization along the [1 1 21 ]
direction performed with field cycling, more [1 1 1]
domains were observed which is probably due to
the magnetization cycles facilitating strain relax-
ation of the surface.

In an attempt to eliminate effects from mechan-
ically polishing the sample discussed above, we
then followed the lead of Lord et al. [10], where
clear magnetic images with very fine structure were
obtained from a fracture surface. We scribed a line
parallel to the (1 1 1) plane on the (1 1 21 ) face and
fractured the piece, thereby exposing the (1 1 1)
plane. Although in general the fracture resulted in
a rough surface, numerous regions with over
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200 lm square flat areas were evident. Fig. 3 is
a 75 lm MFM image of the fractured piece im-
mediately after fracture. There are complicated do-
main structures with many fine features, which are
characteristic of the fractured sample and are in-
dicative of perpendicular magnetization, i.e. [1 1 1]
domains. The large demagnetization energy asso-
ciated with the perpendicular magnetization leads
to the smaller length scale of domains. All images of
the fractured surface contained domains which
were predominantly [1 1 1]. This is likely because
the fracture process involved pulling two planes of
material apart from each other; resulting in a tensile
stress perpendicular to the sample plane, which
would favor domains along the stress direction,
which is the [1 1 1] easy axis. Even though it was
likely that there was some residual strain in the
sample, it did not blur the magnetic image because
all of the strain was in an easy axis direction and
therefore the strain merely provided the system
with a preferred easy axis.

These [1 1 1] domains are oriented into or out of
plane, which show up in the image as light or dark
areas of contrast. The domain walls separating the
white and dark regions are 180° walls. For un-
charged 180° domain walls, which have a much
lower energy than charged walls, the plane of the
wall must be parallel to the magnetization on each
side of it. The domain walls of the [1 1 1] domains
can lie anywhere in the plane. However, if the
domain walls are Bloch walls, the magnetization
must rotate from one easy axis to another and
point in the long direction of the domain wall in the
center of the wall. Taking the magnetic anisotropy
into account, we can identify three different planes
which would result in lower Bloch wall energies
because the magnetization in the wall rotates
through an easy axis. These planes are shown in
Fig. 1b, and are simply the projections of the easy
axes into the (1 1 1) plane. Therefore, in the images
we expect to see three different kinds of domain
walls which contain regions of [1 1 1] easy axis
magnetization: vertical and $120° with the verti-
cal. Such domain walls are seen throughout the
figure, although there are some domain boundaries
which are not aligned with these axes.

Evidence of domain structures predicted by the
theory outlined above is also present in Fig. 3. In

the upper right of the image we can see very fine
domains with parallel domain walls aligned nearly
vertically (region 1) which all terminate along par-
allel lines which extend from the lower right to the
upper left (marked B), which is also parallel to the
line of intersection of the (11 0 0), (1 0 0), and (0 1 1)
planes with the (1 1 1) plane (see Fig. 1). If we
suppose that this line represents a plane of strain
discontinuity, then the magnetization on either side
of it must match the pair listed in Table 1. On one
side of the plane we can see the [1 1 1] domains
with the 180° domain walls oriented parallel to the
[11 1 1] axis. We also see the very fine vertically
oriented domains on the other side of the plane,
whose domain walls intersect the (1 1 1) plane in
a vertical line. Of the planes listed above (the (11 0 0),
(1 0 0), and (0 1 1) planes), only the (1 0 0) and
(0 1 1) planes have [1 1 1] easy axes as part of their
magnetization pair. Both of these planes are asso-
ciated with the same easy axis, since the [1 11 11 ] and
the [11 1 1] are anti-parallel. The normal of the 180°
domain wall separating the [1 11 11 ] and the [11 1 1]
domains must be perpendicular to the magneti-
zation in each domain and the component of
the wall in the (1 1 1) plane must be perpendi-
cular to the [1 1 1] and to the wall normal. Using
these constraints, we find the domain wall to be
the (3 1 2) plane. Using a similar analysis, we see
the domains which make an angle of 30° with the
horizontal (region 2) also consist of [11 1 1] domains
which meet with [1 1 1] domains at the deforma-
tion boundaries parallel to that marked by B in the
figure. The domain walls were found to be (3 2 1)
planes. The fine domain structure in A can also be
analyzed in exactly the same way.

To see the effects of strain on the magnetic micro-
structure, we epoxied a strain gage to the flat
underside of the fracture piece which was mounted
in the gap of a micrometer. Several small pieces
of index card were placed between one end of the
fracture piece and the micrometer in an attempt
to ensure that the stress applied by the micrometer
was approximately constant across the sample and
in time. Varying stresses were applied in situ and
the resulting magnetic microstructure was ob-
served.

Fig. 4a shows a 40 lm MFM scan of a fracture
surface with no applied stress. The structures on the
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Fig. 3. Magnetic scan of a fracture Terfenol (1 1 1) surface. Regions A and B are areas where there are parallel lines (which make angles
of #30° and !30° with the vertical, respectively) which are planes of strain discontinuity. Region C shows an area of [1 1 1] easy axis
magnetization with 180° domain walls which lie along easy axis directions. The area marked 1 is an area where the planes of strain
discontinuity (B) are the domain boundary between the [1 1 1] and [1 11 11 ] domains. The area marked 2 is an area where the planes of
strain discontinuity (B) is the domain boundary between the [1 1 1] and [11 1 1] domains.

left side of the image are domains along the [1 1 1]
easy axis, which have the characteristically smaller
length scale discussed above, and have domain
walls which are mostly oriented along the projec-
tions of the easy axes discussed above. In the right
half of the image, there are numerous spike-like
domains extending horizontally, which have a size
generally larger than the domains on the left side of
the image. The spikes are parallel to the intersec-
tion of the (0 0 11 ), (0 0 1), and (1 1 0) planes with the
(1 1 1) plane (see Fig. 1b). Supposing that one of
these planes is a plane of strain discontinuity and
that the magnetization on one side of these planes
is along the [1 1 1] easy axis, Table 1 shows that

either the (0 0 1) or the (1 1 0) has a [1 1 1] easy axis
in the magnetization pair. The other member of the
pair is either [1 1 11 ] or [11 11 1] which are anti-
parallel and have projections into the plane verti-
cally in the image. If we look above one of the
spikes, e.g. in the white box in Fig. 4a, we can see
small domains which may be aligned along the
[1 1 11 ] direction, or they could be [1 1 1] domains.
Also seen below each spike is a dark area in which
are embedded many small light domains, which
have the characteristics of the [1 1 1] domains on
the right side of the image. If this black area is
interpreted as being magnetically aligned with the
[1 1 1], the plane of discontinuity may be at the
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Fig. 4. A sequence of 40 lm MFM images of the fracture (1 1 1) surface of Terfenol-D with in situ applied stress, (a) with no applied
stress. Contained in the white outline are boundaries between domains with [1 1 1] and [1 1 11 ] easy axis magnetization; (b) has a strain
of 8]10~3. Region 1 in (b) denotes a region of [1 1 1] easy axis magnetization which has exhibited domain wall motion resulting from
the stress application; (c) with no stress applied and displays magnetic hysteresis. The white square marks the same topographic location
on the sample.
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boundary between the dark and light regions, im-
plying that the light colored area is a single domain
aligned along the [1 1 11 ]. The small domains in the
white box mentioned above would then be the
single [1 1 11 ] domain breaking up into smaller do-
mains separated by 180° walls in an effort to min-
imize the magnetostatic energy, or the top of the
solid white spike could be another plane of strain
discontinuity and the small domains would then be
[1 1 1] domains.

As compressive stress along the [1 1 21 ] axis is
applied (vertically in this image), the domain struc-
ture of the sample changes (Fig. 4b). The strain in
the sample measured during this image is 8]10~3.
The most noticeable changes involve the spike do-
mains on the right side, which have transformed
into wedges which point in a direction approxim-
ately 30° below horizontal (parallel to the projec-
tion of the [11 1 1] axis in the plane). The [11 11 1]
easy axis, as discussed in the Theory section, is the
axis which is the most prone to change under a
compressive stress applied along the [1 1 21 ] axis.
Since this is so, we would expect to see the [11 11 1]
easy axis domains to disappear, either through the
growth of the [1 1 1] domains which surround
them, or through rotation of the magnetization of
the domain into a different easy axis. It appears
that the [11 11 1] domains rotated into a [11 1 1] easy
axis. Some remnants of the horizontal deformation
planes remain, but the domain walls parallel to the
projection of the (0 1 11 ) plane may indicate that the
energetically unfavorable [11 11 1] domains are
transforming into [1 11 1] domains via the (0 1 11 )
deformation discontinuity plane.

On the left half of the image (Fig. 4b) we can also
see the effects of stress on the [1 1 1] easy axis
domains. In general, any application of compres-
sive stress similar to that applied in our experiment
would result in the sample becoming entirely mag-
netized in the [1 1 1] easy axis direction, for large
enough stresses. Since the magnetization of the
majority of the images in Fig. 4 is already in the
[1 1 1] direction, there is not much growth possible
for these domains. However, we do observe the
large area of light contrast (marked 1 in the figure)
becoming slightly wider, and generally the long
vertical domains breaking up into shorter seg-
ments. This is a consequence of the orientation of

the domain walls which run nearly vertically in
the figure. The magnetization inside these domain
walls is in the [11 11 1] direction at the center, and so
is highly energetically unfavorable under a com-
pressive stress applied in the manner of our experi-
ment. To minimize this energy, the domain wall can
break up into shorter segments, with more of the
domain perimeter consisting of walls in other easy
axis directions, or the domains can get wider, which
means that fewer of the vertically oriented walls are
required. Both mechanisms appear to be at work in
Fig. 4b.

Fig. 4c shows a scan of the same sample area
after the applied stress has been removed. Although
the strain of the sample during the image is the
same as in Fig. 4a, the sample magnetism clearly
shows hysteresis. The [1 1 1] easy axis domains on
the left half of the image are a combination of those
found in Fig. 4a and Fig. 4b; the domain walls have
returned to a more vertical configuration, but the
widening of the domains which took place in Fig.
4b appears to have remained. The horizontal spike
domains have returned and the wedges oriented at
30° to the horizontal are gone for the most part
although a few remain.

4. Conclusions

We have imaged the (1 1 1) surface of polished
and fractured Terfenol-D. The observed magnetic
structure is in general quite complicated, although
many of the domain configurations observed were
able to be explained through application of the
theory of James and Kinderlehrer [5]. The effects of
magnetostriction were seen in the variation of the
magnetic domain types with the strain history of
each sample. Magnetostrictive effects were also
seen when the Terfenol was imaged during in situ
stress application.
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