A study of interlayer exchange coupling in a Co/Cr/Co trilayer
using transmission electron microscopy
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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. 1897 American Institute of Physics.
[S0021-897€07)00217-X]

I. INTRODUCTION spacer layef.Thus at certain thicknesses of the spacer layer
the interlayer exchange coupling is ferromagnetic, while at
Magnetic multilayer filmgMLFs) composed of thin fer-  other thicknesses it is antiferromagnetic. The period of oscil-
romagnetic layers separated by nonmagnetic or antiferrdation from ferromagnetic to antiferromagnetic coupling for
magnetic spacer layers exhibit several interesting propertieS8o/Cr MLFs i€ approximately 2.1 nm, but more rapid oscil-
not found in bulk ferromagnetic elements or alloys. Somelations with a period of two monolayers=(0.3 nnm have
MLFs, such as those in which the magnetic layers are Fe aslso been observed for Fe/Cr/Fe trilayers grown by molecu-
Co and the nonmagnetic layers are Cr or Cu, show unusualliar beam epitaxy:” Consequently, the interlayer exchange
large changes in resistance when a magnetic field is appliedpupling in magnetic MLFs is strongly dependent on varia-
for certain thicknesses of the spacer layetsThis effect, tions in thickness of the spacer layer, and on interface rough-
called giant magnetoresistan@@MR), occurs when the mo- ness. Because of the fact that sputter deposition results in
ments of the adjacent magnetic layers are aligned antiparall@lolycrystalline samples with a very small grain size, it is
in the absence of an applied magnetic field, but switch to &nown that parameters such as the layer thickness and inter-
parallel orientation when a field is applied. The change offace quality can vary locally on a fine scale, resulting in local
resistance associated with the change in the alignment of thariations in the interlayer exchange coupling.
magnetic moments arises because the electrons have a In order to study this effect, we have carried out a study
shorter mean free path between scattering events when they trilayer systems. Trilayers have fewer interfaces than
travel through two magnetic layers in which the magneticMLFs, and thus they can be used as model systems for stud-
moments are misalignett® The GMR effect has now been ies of interlayer coupling. There are several methods for such
observed in a wide range of systems. Magnetic MLFs exhibstudies, but most of them only provide information about the
iting GMR are potentially useful as magnetic field sensorscoupling averaged over the whole trilayer specimen. In order
such as read heads in magnetic recording systems. Howevé®, study variations in coupling between different areas of the
to exploit the GMR effect for practical applications, the de-trilayer film, the most useful technique is to image the mag-
vices must change their resistance substantially in small apietic domain structure. However, even such relatively simple
plied fields. Unfortunately, because of the complicated relasystems can have complicated magnetic domain structures,
tionship between the structure and properties of these MLF$jnd the interlayer exchange coupling can best be studied by
it is difficult to predict the component materials and growthobserving changes in domain structure as a function of ap-
procedures that will produce MLFs with useful properties. Aplied fields. We have therefore performed a seriegditu
further problem is that cost-effective devices need to be mag®agnetizing experiments using a recently developed tech-
produced by fast growth techniques, such as sputteringjique based on the Foucault method of Lorentz microscopy,
which tend to produce MLFs with very complicated micro- which enables differential phase contrast images to be ob-
structures. tained at high spatial resolution in a conventional transmis-
The magnetic moments in adjacent magnetic layers of ion electron microscop€TEM).2® The technique can be
multilayer stack are coupled by exchange interactions acrodg¢sed in combination witlin situ magnetizing.
the spacer layers. The magnitude and sign of the exchange
interaction oscillate as functions of the thickness of the, eyvperRIMENTAL METHODS
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prior to deposition was approximately &30 © Pa. In all
trilayers, the thickness of the two Co layers was approxi-
mately 10 nm, but that of the Cr spacer layer was different in
different trilayers. All the results presented in this article are
for a trilayer with a Cr layer thickness of approximately 1
nm. The samples were studied in a JEOL 4000EX TEM
operated at 400 kV, and fitted with an AMG40 low-field
objective pole-piece, which ensures that the specimen is held
in a position free from strong magnetic fields. A side-entry

specimen holder has been constructed, which enables the[*

specimen to be tilted by-45° and rotated by 300°. It is
fitted with a pair of Mu-metal-cored magnetizing coils on
opposite sides of the specimen, which can produce a field
along the axis of the specimen holder, variable up-t870

Oe. The field varies by less than 10% over the volume of the
specimen, and its residual value with no current passing
through the coils is less than 1 Oe. The misalignment intro-
duced by the applied field can be corrected for fields up to
100 Oe by tilting the electron beam either above or below the
specimen.

The magnetic domain structure can be observed in the
TEM in images taken with the specimen slightly out of focus
(Fresnel images®*?in which the positions of the domain
walls appear as bright or dark lines, or with the objective
aperture slightly displaced from its central positi®oucault
image$,**~1* in which electrons that have passed through

certain domains are obstructed by the aperture, causing those [S8

domains to appear dark. In the present work, images were
recorded using a variation of the Foucault technitfifé.In

this variation, the focal length of the objective lens is in-
creased until the back-focal plane coincides with the plane of
the selected-area aperture. A highly magnified diffraction
pattern can then be observed on the viewing screen, in which
the effects of the deflection of parts of the transmitted beam
caused by the magnetic induction can easily be seen. Fou-

cault images are obtained by displacing the selected-area ap-

erture from its central positiolf.

The intensity distribution in a single Foucault image
does not provide an accurate map of the magnetic induction
distribution. However, by combining two series of Foucault
images taken with small incremental tilts of the incident il-
lumination, two component mapB,;(x,y) andBy;(x,y), of
the magnetic induction integrated along the electron trajec-
tory, Bi(x,y), can be produced, which can then be combined
to produce a map oB;(x,y).2 The method is equivalent to
that used by Chapman in that both provide differential phase
contrast image$’~'° The Chapman method is however nor-
mally implemented in dedicated scanning TEMsr a TEM
with a scan unif! whereas our method is implemented in a
conventional TEM.

Ill. RESULTS

Figures 1a) and Xb) show maps of two orthogonal
componentsB,;(x,y) andBy;(x,y) respectively, ofB;(x,y)
taken from a Cg)nn{Cry nn{C0ig nm trilayer film in a field
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FIG. 1. Maps ofB;(x,y), the magnetic induction averaged along the elec-
tron trajectory, for a Cg ,n{Cry nn/CO0y0 nm trilayer in a magnetic field of 53
Oe. Maps of the componenB,;(x,y) andBy;(x,y) are shown in@ and
(b), respectively. The arrow labeldslt in (b) corresponds t®; in a satu-
rated region, andb) also shows a high-magnification diffraction pattern.

large positive and large negative value of that component,

H~53 Oe applied in the direction shown. The superimposedespectively. Superimposed on each figure is a vector map of
gray-scale in each figure indicates the magnitude of the conB;(x,y). The length of the arrows of this vector map is pro-

ponent being mapped, white and black corresponding to
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FIG. 2. Maps ofB;(x,y) for the same area of a ¢,,{Cr; 1n/COy nm trilayer as shown in
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Fig. 1, in various applied fields.
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of B;(x,y). The arrows are black or white according to m/ms
whether the component being mapped is positive or negative. 1.0
Figure Xb) also shows a high-magnification diffraction pat-
tern of the region of reciprocal space in which the Lorentz
scattering occurs.

The maps shown in Fig. 1 were produced as part of a
series of images taken at different values of applied field
around a hysteresis cycle. A field~370 Oe was first ap-
plied and removed, and a map was recorded in the remanent
state. A gradually increasing field was then applied in the
opposite direction, and maps were recorded for various val-
ues ofH up to 59 Oe. The field was then further increased to
370 Oe and decreased to zero before recording the next map.
Further maps were recorded with the field applied in the
direction of the original saturating field, for various values of
H up to 51 Oe. Eight of these mapm the form of arrow
maps only are shown in Fig. 2. To the right of each map is —1.0b
a large arrow indicating the direction of the applied field,
with the magnitude of the field also given. In the case of theFIG. 3. A hysteresis loop for the area of the sample shown in Figs. 1 and 2
two remanent stateéa) and(e), with H=0, the arrow points congtructed fror_n ;9 maps of the magnetic inpluction collected in differen't
in the direction of the previously applied saturating field. The?%pr:']i?nrg?%?:t;ﬁnﬁefsa Eecm and empty circles represent the magnetic

: - AR , ponent in the directionHfrespectively.
value of B; in a saturated region is indicated by the smallThe dashed lines indicate the parts of the magnetization cycle during which
horizontal arrow labele®.t to the right of(a). To the right  maps ofB; were not recorded. The extra point near the origin corresponds to
of each map, the corresponding high-magnification diffrache demagnetized statsee Fig. 4.
tion pattern is included, showing the region of Lorentz scat-

tering. of the image in which the moments are aligned antiparallel.

_F|gure 2a) ShOWS_ the initial re_manent_state. The Magd-|n the subsequent remanent stda. 2(e)], the alignment of
netic moments are aligned approximately in the direction Ofthe magnetization in the two Co layers remains parallel, but
the field previously applied to saturate the film, although

o . - Fronounced magnetization ripple is present. As an increasing
some magnetization ripple is visible. The arrows throughoutje|q js applied in the opposite direction, a domain structure

the area are large, indicating parallel alignment of the Mageo s in which there are again distinct areas of antiparallel

netization in the two Co layers. In the corresponding high-, 4 parallel alignment. By comparing the domain images in

magnification diffraction pattern an arc-shaped Lorentz deFigs. ab) and Zc) with those in Figs. &) and 2g), respec-
flection spot is seen. The bright parts of this patteMyyely it can be seen that there is a strong correlation be-
correspond to the deflection of the electrons that have passgfleen the areas of parallel and antiparallel alignment in simi-
through the two Co layers magnetized in the same directiong; fie|ds applied in opposite directiofisi~38 Oe and 34
The arc shape is due to the magnetization ripple, the anglg, in (b) and (f), respectively, anéi~49 Oe in(c) and(g)].
subtended by the arc being equal to the angular spread of the  £r5m each map dB,(x,y), the average induction in any

ripple. o _ o particular direction can be determined by integrating the
As the field is increased in the opposite direction, a doomponent of the induction in that direction over the field of
main structure begins to develop. Figuré2shows the e Figure 3 shows two hysteresis loops for the area of the
same area in a fielt ~38 Oe. Areas of the sample can be cq/cr/Co trilayer shown in Figs. 1 and 2. The full circles
seen in which the arrows are small, as well as other aréggyresent the magnetic moment of the film at each value of
with large arrows. It was shown by tilting the sample thaty; '\ hereas the empty circles represent the component of the
there is no significant component of magnetic induction PErmagnetic moment in the direction Bf, the positive direction
pendicular to the film plane. The small arrows therefore in'being chosen as the one in Figgb-2(d). The dashed lines
dicate areas in which the magnetization directions in the tWg,jicate schematically the parts of the magnetization cycle
Co layers lie antiparallel. In the diffraction pattern two SpOtSduring which magnetic induction maps were not recorded,
are apparent, one at the center of the pattern, originating,,y the arrows show the direction in which the magnetiza-
from regions of the sample with a very smai| (small o j0op was traversed. The extra point near the origin cor-

arrows, antiparallel momentsand the other, which is arc- responds to the demagnetized staee Sec. IV and Fig.)4
shaped, originating from the regions in whil| is large.

Thg arc sha}pe again arises becausg of the_ presence of Mag- 51SCUSSION

netic ripple in the parallel-aligned regions. Figule)Zshows

a map of the same area =49 Oe, with an increased area The equilibrium distribution of magnetization in the

containing antiparallel alignment. trilayer can be determined by the condition that the free en-
In H~58 Oe[Fig. 2(d)] the film switches to a state in ergy of the system is a minimum. The free energy is the sum

which the moments in the two Co layers are aligned nearlyof the exchange, the Zeeman, the magnetostatic, the magne-

parallel. There is still, however, a small region in the top lefttoelastic, and the anisotropy energtésor trilayer systems,
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the exchange energy consists of two parts; the interactions
between neighboring atoms within each layer, and the long-
range interlayer interactions between atoms in different lay-
ers. In Fig. 2 it can be seen that there are areas in which the
moments in the two Co layers are aligned parallel throughout
the magnetizing cycle, and areas in which the moments in
the two Co layers are aligned antiparallel for certain values
of applied field. The fact that the domain patterns seen in
Figs. da), 2(b), 2(c) and Zd) are very similar to those seen

in Figs. 2e), 2(f), 2(g) and Zh), respectively(except for a
reversal of the magnetization directigndespite the fact that
between these two images the applied magnetic field has
been increased to saturation and then reduced, suggests th
the magnetic domain configuration is closely related to the
microstructure of the film.

The inhomogeneous way in which the magnetization of
the film changes with applied field further suggests that the
interlayer exchange coupling between the two Co layers is
varying spatially. In the areas where the moments in the two
layers remain parallel to each other in all applied fields, the
interlayer exchange coupling is likely to be ferromagnetic,
but the areas in which the magnetization switches to antipar-
allel in an applied field show a more complex behavior. It
would normally be expected that antiferromagnetic coupling
would lead to antiparallel alignment of the magnetic mo-
mentsin zero field In the trilayers studied in the present
work, the antiparallel alignment does not occur in the rema-
nent state, Figs.(2) and Ze), but only after the application
of a reverse field, Figs.(B) and 2c), and 2f) and Zg). Two
possible explanations can be suggested for the behavior ob
served in zero field. The first possibility is that the two Co
layers are ferromagnetically coupled, but that local variations
in microstructure lead to local variations in coercivity for one
of the Co layers. The magnetization in the two Co layers
would not reverse at the same value of applied field, result-
ing in regions of antiparallel aligned moments for certain
values of applied field. The second possibility is that the
coupling between the two Co layers varies across the film,
but that the antiparallel alignment of the magnetization in the
Co layers arising from the antiferromagnetic coupling is sup-
pressed in the remanent state because of local pinning of the
moments. The application of a reverse field allows the pin- == 2 ym
ning energy to be overcome, resulting in the observed anti-
parallel alignment of the Co layers. In order to distinguish
between these possibilities, the film was observed in an ac-
demagnetized state. In this state, large areas of the film were
found to show antiparallel alignment of the magnetization of
the Co layers in zero field, showing that the second explana-
tion for the observed behavior is likely to be the correct one. (b)
An image of such an area is shown in Fig. 4. If the film iSFIG. 4. Maps ofB;(x,y) for a different area of the same G@{Cry nn{Co
then subjected to an applied magnetic field, the remanent mtrilayer as shown in Figs. 1 and 2, in a dgmagnetized state. M'aps of the
state again shows only parallel alignment of the Co moSOmPOnentsBy(x.y) andBi(x,y) are shown in(@ and (b), respectively.

. . h . . The arrow labeledt in (b) corresponds t®; in a saturated region, aritl)
P‘Tgtsa with antiparallel alignment appearing only in NONZeryso shows a high-magnification diffraction pattern.
ields.

Based on the current understanding of the factors that
affect the interlayer exchange coupling in ML¥#,is sug-
gested that small variations in the Cr layer thickness are resample to another, and that the pinning of the moments is
sponsible for the change of the interlayer exchange couplingaused by the large number of grain boundaries and struc-
from ferromagnetic to antiferromagnetic from one area of thetural imperfections in the film.
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