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Magnetic induction maps from a sputter-deposited Co/Cr/Co trilayer have been obtained at different
points of the hysteresis cycle, using a conventional transmission electron microscope. The sample
shows hysteresis, with nearly parallel alignment of the magnetization in the two Co layers at
remanence, but areas of antiparallel alignment developing in reverse fields. Such areas occur in
similar positions at opposite points of the hysteresis loop. The strongly correlated domain patterns
seen in opposite field directions suggest that the interlayer exchange coupling varies spatially. The
parallel alignment observed at remanence suggests the presence of an energy barrier that needs to
be overcome before antiparallel alignment can be formed. This conclusion is supported by
observations of the film in a demagnetized state. ©1997 American Institute of Physics.
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I. INTRODUCTION

Magnetic multilayer films~MLFs! composed of thin fer-
romagnetic layers separated by nonmagnetic or antife
magnetic spacer layers exhibit several interesting prope
not found in bulk ferromagnetic elements or alloys. So
MLFs, such as those in which the magnetic layers are F
Co and the nonmagnetic layers are Cr or Cu, show unusu
large changes in resistance when a magnetic field is app
for certain thicknesses of the spacer layers.1,2 This effect,
called giant magnetoresistance~GMR!, occurs when the mo
ments of the adjacent magnetic layers are aligned antipar
in the absence of an applied magnetic field, but switch t
parallel orientation when a field is applied. The change
resistance associated with the change in the alignment o
magnetic moments arises because the electrons ha
shorter mean free path between scattering events when
travel through two magnetic layers in which the magne
moments are misaligned.3–5 The GMR effect has now bee
observed in a wide range of systems. Magnetic MLFs exh
iting GMR are potentially useful as magnetic field senso
such as read heads in magnetic recording systems. How
to exploit the GMR effect for practical applications, the d
vices must change their resistance substantially in small
plied fields. Unfortunately, because of the complicated re
tionship between the structure and properties of these ML
it is difficult to predict the component materials and grow
procedures that will produce MLFs with useful properties.
further problem is that cost-effective devices need to be m
produced by fast growth techniques, such as sputter
which tend to produce MLFs with very complicated micr
structures.

The magnetic moments in adjacent magnetic layers
multilayer stack are coupled by exchange interactions ac
the spacer layers. The magnitude and sign of the excha
interaction oscillate as functions of the thickness of
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spacer layer.2 Thus at certain thicknesses of the spacer la
the interlayer exchange coupling is ferromagnetic, while
other thicknesses it is antiferromagnetic. The period of os
lation from ferromagnetic to antiferromagnetic coupling f
Co/Cr MLFs is2 approximately 2.1 nm, but more rapid osc
lations with a period of two monolayers ('0.3 nm! have
also been observed for Fe/Cr/Fe trilayers grown by mole
lar beam epitaxy.6,7 Consequently, the interlayer exchang
coupling in magnetic MLFs is strongly dependent on var
tions in thickness of the spacer layer, and on interface rou
ness. Because of the fact that sputter deposition result
polycrystalline samples with a very small grain size, it
known that parameters such as the layer thickness and i
face quality can vary locally on a fine scale, resulting in loc
variations in the interlayer exchange coupling.

In order to study this effect, we have carried out a stu
of trilayer systems. Trilayers have fewer interfaces th
MLFs, and thus they can be used as model systems for s
ies of interlayer coupling. There are several methods for s
studies, but most of them only provide information about t
coupling averaged over the whole trilayer specimen. In or
to study variations in coupling between different areas of
trilayer film, the most useful technique is to image the ma
netic domain structure. However, even such relatively sim
systems can have complicated magnetic domain structu
and the interlayer exchange coupling can best be studie
observing changes in domain structure as a function of
plied fields. We have therefore performed a series ofin situ
magnetizing experiments using a recently developed te
nique based on the Foucault method of Lorentz microsco
which enables differential phase contrast images to be
tained at high spatial resolution in a conventional transm
sion electron microscope~TEM!.8,9 The technique can be
used in combination within situ magnetizing.

II. EXPERIMENTAL METHODS

Co/Cr/Co trilayers were deposited directly onto a carb
film on a TEM grid by magnetron sputtering at an Ar pre
sure of approximately 3.031023 Pa. The chamber pressur

r-
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prior to deposition was approximately 6.531026 Pa. In all
trilayers, the thickness of the two Co layers was appro
mately 10 nm, but that of the Cr spacer layer was differen
different trilayers. All the results presented in this article a
for a trilayer with a Cr layer thickness of approximately
nm. The samples were studied in a JEOL 4000EX TE
operated at 400 kV, and fitted with an AMG40 low-fie
objective pole-piece, which ensures that the specimen is
in a position free from strong magnetic fields. A side-en
specimen holder has been constructed, which enables
specimen to be tilted by645° and rotated by 300°. It is
fitted with a pair of Mu-metal-cored magnetizing coils o
opposite sides of the specimen, which can produce a fi
along the axis of the specimen holder, variable up to6370
Oe. The field varies by less than 10% over the volume of
specimen, and its residual value with no current pass
through the coils is less than 1 Oe. The misalignment in
duced by the applied field can be corrected for fields up
100 Oe by tilting the electron beam either above or below
specimen.

The magnetic domain structure can be observed in
TEM in images taken with the specimen slightly out of foc
~Fresnel images!,10–12 in which the positions of the domai
walls appear as bright or dark lines, or with the object
aperture slightly displaced from its central position~Foucault
images!,11–14 in which electrons that have passed throu
certain domains are obstructed by the aperture, causing t
domains to appear dark. In the present work, images w
recorded using a variation of the Foucault technique.15,16 In
this variation, the focal length of the objective lens is i
creased until the back-focal plane coincides with the plan
the selected-area aperture. A highly magnified diffract
pattern can then be observed on the viewing screen, in w
the effects of the deflection of parts of the transmitted be
caused by the magnetic induction can easily be seen. F
cault images are obtained by displacing the selected-area
erture from its central position.16

The intensity distribution in a single Foucault imag
does not provide an accurate map of the magnetic induc
distribution. However, by combining two series of Fouca
images taken with small incremental tilts of the incident
lumination, two component maps,Bxi(x,y) andByi(x,y), of
the magnetic induction integrated along the electron tra
tory, Bi(x,y), can be produced, which can then be combin
to produce a map ofBi(x,y).8 The method is equivalent to
that used by Chapman in that both provide differential ph
contrast images.17–19 The Chapman method is however no
mally implemented in dedicated scanning TEMs,20 or a TEM
with a scan unit,21 whereas our method is implemented in
conventional TEM.

III. RESULTS

Figures 1~a! and 1~b! show maps of two orthogona
componentsBxi(x,y) andByi(x,y) respectively, ofBi(x,y)
taken from a Co10 nm/Cr1 nm/Co10 nm trilayer film in a field
H'53 Oe applied in the direction shown. The superimpo
gray-scale in each figure indicates the magnitude of the c
ponent being mapped, white and black corresponding
2448 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997

Downloaded 22 May 2002 to 148.6.178.100. Redistribution subject to A
i-
n
e

ld

the

ld

e
g
-
o
e

e

se
re

of
n
ch
m
u-
p-

n
t

c-
d

e

d
-
a

large positive and large negative value of that compone
respectively. Superimposed on each figure is a vector ma
Bi(x,y). The length of the arrows of this vector map is pr
portional touBi(x,y)u, and the arrows point in the directio

FIG. 1. Maps ofBi(x,y), the magnetic induction averaged along the ele
tron trajectory, for a Co10 nm/Cr1 nm/Co10 nm trilayer in a magnetic field of 53
Oe. Maps of the componentsBxi(x,y) and Byi(x,y) are shown in~a! and
~b!, respectively. The arrow labeledBst in ~b! corresponds toBi in a satu-
rated region, and~b! also shows a high-magnification diffraction pattern.
Daykin, Jakubovics, and Petford-Long
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FIG. 2. Maps ofBi(x,y) for the same area of a Co10 nm/Cr1 nm/Co10 nm trilayer as shown in Fig. 1, in various applied fields.
2449J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Daykin, Jakubovics, and Petford-Long
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of Bi(x,y). The arrows are black or white according
whether the component being mapped is positive or nega
Figure 1~b! also shows a high-magnification diffraction pa
tern of the region of reciprocal space in which the Lore
scattering occurs.

The maps shown in Fig. 1 were produced as part o
series of images taken at different values of applied fi
around a hysteresis cycle. A fieldH'370 Oe was first ap-
plied and removed, and a map was recorded in the rema
state. A gradually increasing field was then applied in
opposite direction, and maps were recorded for various
ues ofH up to 59 Oe. The field was then further increased
370 Oe and decreased to zero before recording the next
Further maps were recorded with the field applied in
direction of the original saturating field, for various values
H up to 51 Oe. Eight of these maps~in the form of arrow
maps only! are shown in Fig. 2. To the right of each map
a large arrow indicating the direction of the applied fie
with the magnitude of the field also given. In the case of
two remanent states,~a! and~e!, with H50, the arrow points
in the direction of the previously applied saturating field. T
value of Bi in a saturated region is indicated by the sm
horizontal arrow labeledBst to the right of~a!. To the right
of each map, the corresponding high-magnification diffr
tion pattern is included, showing the region of Lorentz sc
tering.

Figure 2~a! shows the initial remanent state. The ma
netic moments are aligned approximately in the direction
the field previously applied to saturate the film, althou
some magnetization ripple is visible. The arrows through
the area are large, indicating parallel alignment of the m
netization in the two Co layers. In the corresponding hig
magnification diffraction pattern an arc-shaped Lorentz
flection spot is seen. The bright parts of this patte
correspond to the deflection of the electrons that have pa
through the two Co layers magnetized in the same direct
The arc shape is due to the magnetization ripple, the a
subtended by the arc being equal to the angular spread o
ripple.

As the field is increased in the opposite direction, a d
main structure begins to develop. Figure 2~b! shows the
same area in a fieldH'38 Oe. Areas of the sample can b
seen in which the arrows are small, as well as other a
with large arrows. It was shown by tilting the sample th
there is no significant component of magnetic induction p
pendicular to the film plane. The small arrows therefore
dicate areas in which the magnetization directions in the
Co layers lie antiparallel. In the diffraction pattern two spo
are apparent, one at the center of the pattern, origina
from regions of the sample with a very smalluBi u ~small
arrows, antiparallel moments!, and the other, which is arc
shaped, originating from the regions in whichuBi u is large.
The arc shape again arises because of the presence of
netic ripple in the parallel-aligned regions. Figure 2~c! shows
a map of the same area inH'49 Oe, with an increased are
containing antiparallel alignment.

In H'58 Oe@Fig. 2~d!# the film switches to a state in
which the moments in the two Co layers are aligned nea
parallel. There is still, however, a small region in the top l
2450 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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of the image in which the moments are aligned antiparal
In the subsequent remanent state@Fig. 2~e!#, the alignment of
the magnetization in the two Co layers remains parallel,
pronounced magnetization ripple is present. As an increa
field is applied in the opposite direction, a domain structu
forms in which there are again distinct areas of antipara
and parallel alignment. By comparing the domain images
Figs. 2~b! and 2~c! with those in Figs. 2~f! and 2~g!, respec-
tively, it can be seen that there is a strong correlation
tween the areas of parallel and antiparallel alignment in si
lar fields applied in opposite directions@H'38 Oe and 34
Oe in ~b! and~f!, respectively, andH'49 Oe in~c! and~g!#.

From each map ofBi(x,y), the average induction in an
particular direction can be determined by integrating
component of the induction in that direction over the field
view. Figure 3 shows two hysteresis loops for the area of
Co/Cr/Co trilayer shown in Figs. 1 and 2. The full circle
represent the magnetic moment of the film at each value
H, whereas the empty circles represent the component o
magnetic moment in the direction ofH, the positive direction
being chosen as the one in Figs. 2~b!–2~d!. The dashed lines
indicate schematically the parts of the magnetization cy
during which magnetic induction maps were not record
and the arrows show the direction in which the magneti
tion loop was traversed. The extra point near the origin c
responds to the demagnetized state~see Sec. IV and Fig. 4!.

IV. DISCUSSION

The equilibrium distribution of magnetization in th
trilayer can be determined by the condition that the free
ergy of the system is a minimum. The free energy is the s
of the exchange, the Zeeman, the magnetostatic, the ma
toelastic, and the anisotropy energies.22 For trilayer systems,

FIG. 3. A hysteresis loop for the area of the sample shown in Figs. 1 an
constructed from 19 maps of the magnetic induction collected in differ
applied magnetic fields. The full and empty circles represent the magn
moment of the film, and its component in the direction ofH, respectively.
The dashed lines indicate the parts of the magnetization cycle during w
maps ofBi were not recorded. The extra point near the origin correspond
the demagnetized state~see Fig. 4!.
Daykin, Jakubovics, and Petford-Long
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the exchange energy consists of two parts; the interact
between neighboring atoms within each layer, and the lo
range interlayer interactions between atoms in different l
ers. In Fig. 2 it can be seen that there are areas in which
moments in the two Co layers are aligned parallel through
the magnetizing cycle, and areas in which the moment
the two Co layers are aligned antiparallel for certain valu
of applied field. The fact that the domain patterns seen
Figs. 2~a!, 2~b!, 2~c! and 2~d! are very similar to those see
in Figs. 2~e!, 2~f!, 2~g! and 2~h!, respectively~except for a
reversal of the magnetization directions!, despite the fact tha
between these two images the applied magnetic field
been increased to saturation and then reduced, suggest
the magnetic domain configuration is closely related to
microstructure of the film.

The inhomogeneous way in which the magnetization
the film changes with applied field further suggests that
interlayer exchange coupling between the two Co layer
varying spatially. In the areas where the moments in the
layers remain parallel to each other in all applied fields,
interlayer exchange coupling is likely to be ferromagne
but the areas in which the magnetization switches to anti
allel in an applied field show a more complex behavior.
would normally be expected that antiferromagnetic coupl
would lead to antiparallel alignment of the magnetic m
ments in zero field. In the trilayers studied in the prese
work, the antiparallel alignment does not occur in the rem
nent state, Figs. 2~a! and 2~e!, but only after the application
of a reverse field, Figs. 2~b! and 2~c!, and 2~f! and 2~g!. Two
possible explanations can be suggested for the behavio
served in zero field. The first possibility is that the two C
layers are ferromagnetically coupled, but that local variatio
in microstructure lead to local variations in coercivity for o
of the Co layers. The magnetization in the two Co lay
would not reverse at the same value of applied field, res
ing in regions of antiparallel aligned moments for certa
values of applied field. The second possibility is that t
coupling between the two Co layers varies across the fi
but that the antiparallel alignment of the magnetization in
Co layers arising from the antiferromagnetic coupling is s
pressed in the remanent state because of local pinning o
moments. The application of a reverse field allows the p
ning energy to be overcome, resulting in the observed a
parallel alignment of the Co layers. In order to distingu
between these possibilities, the film was observed in an
demagnetized state. In this state, large areas of the film w
found to show antiparallel alignment of the magnetization
the Co layers in zero field, showing that the second expla
tion for the observed behavior is likely to be the correct o
An image of such an area is shown in Fig. 4. If the film
then subjected to an applied magnetic field, the reman
state again shows only parallel alignment of the Co m
ments, with antiparallel alignment appearing only in nonz
fields.

Based on the current understanding of the factors
affect the interlayer exchange coupling in MLFs,2 it is sug-
gested that small variations in the Cr layer thickness are
sponsible for the change of the interlayer exchange coup
from ferromagnetic to antiferromagnetic from one area of
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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sample to another, and that the pinning of the moment
caused by the large number of grain boundaries and st
tural imperfections in the film.

FIG. 4. Maps ofBi(x,y) for a different area of the same Co10 nm/Cr1 nm/Co

10 nm trilayer as shown in Figs. 1 and 2, in a demagnetized state. Maps o
componentsBxi(x,y) and Byi(x,y) are shown in~a! and ~b!, respectively.
The arrow labeledBst in ~b! corresponds toBi in a saturated region, and~b!
also shows a high-magnification diffraction pattern.
2451Daykin, Jakubovics, and Petford-Long
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The small distance over which the variations in the
terlayer exchange coupling are observed is directly relev
to devices such as GMR read-heads, which are typical
few to a few tens ofmm in size. This makes the mappin
technique used in this work important for the study of the
devices.

V. CONCLUSIONS

A recently developed Lorentz microscopy technique h
been used to obtain maps of the magnetic induction from
sputter-deposited Co/Cr/Co trilayer at different points in
hysteresis cycle. The variation of the interlayer coupling
different parts of the specimen becomes evident after
application of a reverse field, rather than in the reman
state. This effect is due to local pinning of the magne
moments in the remanent state. The results indicate the
portance of studying local variations in interlayer couplin
for which our method is particularly suitable.
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