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Lorentz transmission electron microscopy on NiFe/Cu/Co/NiFe/MnNi active
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In situ magnetoresistance measurements on lithographically defined spin-valve elements were
performed by means of Lorentz transmission electron microscopy. The observation of a magnetic
domain structure and the simultaneous magnetoresistance measurement by applying controlled field
and controlled current have led to a clear correlation between giant magnetoresistance and changes
in the magnetic domain structure. A study of the spin-valve behavior with the increase of the applied
current value is also shown. ©1997 American Institute of Physics.@S0003-6951~97!00540-8#

During the last decade, numerous studies have been de-
voted to spin-valve~SV! structures1 whose main feature is
low-field giant magnetoresistive behavior.2 SVs have thus
received increasing attention recently for possible applica-
tion as magnetoresistive read heads in magnetic storage sys-
tems. The magnetization direction~easy axis! of one of the
magnetic layers~pinned layer! is fixed by an adjacent anti-
ferromagnetic~AF! layer ~pinning layer! through exchange
coupling. The magnetization direction in the other magnetic
layer ~sense layer! can rotate by applying an external mag-
netic field. When the applied field is parallel to the easy axis,
parallel ~P! and anti-parallel~AP! configurations of the
pinned and sense layers are created that correspond to the
minimum and maximum resistance values, respectively.
Among the techniques used to investigate the magnetic prop-
erties, Lorentz transmission electron microscopy~LTEM!
enables the magnetic domain structure of such thin films to
be observed3 and a number of advances in this technique has
allowed a magnetic field to be applied to the filmin situ in
the microscope. Quantitative images corresponding to the
projected magnetic induction of both ferromagnetic layers
can be obtained4 but it has not been possible so far to ob-
serve active SV devices, namely, ones through which a cur-
rent is being passed. Development of a new specimen holder,
and of processes for fabricating active SV sensors on
electron-transparent windows, has enabled both a controlled
current and a controlled magnetic field to be applied to the
sample simultaneously during magnetic domain
observation.5 Improved understanding of the nucleation and
propagation of magnetic domains in these structures is ex-
pected to lead to the fabrication of sensors less prone to
magnetic domain noise.

We report, in this letter, results from studies of a
10mm310mm SV element whose structure is NiFe/Cu/Co/
NiFe/MnNi (8/3/2/6/25 nm). The use of MnNi~Ref. 6! as
the AF pinning layer has been motivated by its better resis-
tance to corrosion, larger exchange coupling strength, and
higher thermal stability when compared to MnFe, the more
common AF material used in SV structures. The influence of

the applied current value on SV behavior has also been ana-
lyzed.

The device configuration used is shown in cross section
in Fig. 1~a!, and consists of a 2 mm32 mm Si wafer sub-
strate with a SV element supported by a 40-nm-thick amor-
phous alumina layer. Details of the fabrication process are
given elsewhere.5 The SV was deposited using dc magnetron
sputtering. The SV and the Au pads can be clearly identified
in the TEM image of a typical sample shown in Fig. 1~b!. A
controlled magnetic field from2400 to 400 Oe can be ap-
plied in the plane of the SV element. The SV is connected
via Au-coated clamp pads to an electrical circuit which sup-
plies an adjustable constant current and allows the voltage to
be recorded. During the experiments, a fixed current is ap-
plied through the SV element and, by monitoring the change
in voltage with change in applied field (Ha), the magnetore-
sistance of the sample can be determined and a curve
of the giant magnetoresistance~GMR! ratio (dR/R5(R
2Rsat) /Rsat) against Ha can then be plotted.Ha was
changed by 1 Oe every 10 s in order to reduce time depen-
dent effects and was applied parallel to the easy axis.Rsat

corresponds to the parallel state of the magnetic moments in

a!Electronic mail: xavier.portier@materials.ox.ac.uk

FIG. 1. ~a! Cross-sectional view of the device which allows thein situ
measurement of resistance in a Lorentz microscope,~b! TEM image of a
10mm310mm SV element with Au contacts at each end.
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the ferromagnetic layers. Note that the lead resistance was
not accounted for in this calculation, so the reporteddR/R
data are reduced from the value of 4.3% measured on the
long test elements. Experiments were carried out for applied
current values of 0.3 and 3 mA.

We made our observations using a modified JEOL 4000
EX TEM fitted with an AMG40 low-field objective lens pole
piece ~residual field at the sample is less than 1 G!. The
magnetic domain structure of the sample was observed in the
Foucault mode of LTEM.3 The Foucault mode enables the
domain shape and size, as well as the magnetization direc-
tion, to be determined from the domain contrast. The Fou-
cault images have been formed by inserting an objective ap-
erture to select the deflected beam corresponding to the
parallel state of magnetization. Thus, the SV element appears
white for the P state and black for the AP state. Assuming
that the magnetization direction of the pinned layer is always
parallel to the easy axis and in the same direction, each gray

FIG. 2. Plot of the GMR ratio vs applied field parallel to the easy axis for
current values of 0.3 and 3 mA. Slight decreases of the GMR ratio and
coercivity are observed for the higher current value.

FIG. 3. Sets of Foucault images showing the change in domain shape and contrast of the SV element for applied current values of 0.3 mA~a! and ~b! and
3 mA ~c! and~d!. The contacts are at the top and bottom of the images and the easy axis is pointing up vertically. The corresponding applied field value in
Oe is indicated above each image.
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level can be associated with a different magnetization direc-
tion of the sense layer.

Figure 2 shows plots of the GMR ratio versusHa for
applied current values of 0.3 and 3 mA. The asymmetry with
respect to the origin is due to ferromagnetic coupling be-
tween the magnetic layers due to the so-called ‘‘orange
peel’’ magnetostatic effect proposed by Ne´el, that results
from roughness and waviness of the nonmagnetic and mag-
netic layers. The correspondingRsat values are 28.7 and 31.8
V for 0.3 and 3 mA, respectively. With increasing current, a
decrease of the GMR ratio is clearly seen from 2.7% to 2.5%
and the coercivity is reduced from 13.0 to 9.9 Oe. These
results are most probably due to an increase in temperature in
the sense layer caused by the higher current density. Assum-
ing that the thickness of conducting materials corresponds to
the stacking of the pinned, spacer, and sense layers
~;20 nm!, the current densities for 0.3 and 3 mA are 1.5
3105 and 1.53106 A cm22, respectively. The higher of
these current densities is still more than an order of magni-
tude less than that used in actual SV recording heads.7

Figure 3 shows sets of Foucault images recorded simul-
taneously with the GMR curves seen in Fig. 2, allowing a
direct correlation between magnetoresistance and domain
structure to be made. Figures 3~a! and 3~b! show the changes
for an applied current value of 0.3 mA. Figure 3~a! shows the
P–AP magnetization reversal of the sense layer. The ferro-
magnetic coupling between the pinned and sense layers pre-
vents any moment rotation in the sense layer away from the
P direction until a field value at which sudden domain wall
motion occurs and the sense layer magnetization flips to the
AP configuration. The AP–P reversal of the sense layer,
shown in Fig. 3~b!, proceeds via moment rotation leading to
the nucleation of a more complicated domain structure, as
indicated by the presence of several gray levels in the image.
Moment rotation occurs as the domain structure relaxes back
to FM alignment of the pinned and sense layers. Figures 3~c!
and 3~d! show the corresponding magnetization reversals of
the sense layer for an applied current of 3 mA. In this case,
the thermal energy supplied by the higher current density
acts to partly overcome the effective FM coupling between
the sense and pinned layers and also microstructural pinning
of the magnetic moments. Both reversal processes of the
sense layer then involve some moment rotation followed by
nucleation and rapid motion of a simpler domain structure
than that seen for 0.3 mA. The reversal mechanisms seen in
Fig. 3 explain the shape of the GMR curves seen in Fig. 2.
For all the reversal processes seen in Fig. 3, it is apparent
that the edges of the SV element are the last to reverse their
magnetization, showing the importance of edge effects in-
duced by the lithographic definition of the element. Note that
the field values at which the final image in each series was
recorded are not necessarily those at which complete reversal
of the sense layer is first observed.

The current density limit (4.53106 A cm22), above
which the film resistance increases dramatically has been
reached for a current value of 9 mA. Figures 4~a! and 4~b!
show Foucault images of the element ‘‘burned’’ in its mid-
section forHa values of20.76 and 3.54 Oe~AP–P transi-
tion!, respectively. The presence of small domains with a
complex distribution over this range ofHa values implies a

slower reversal mechanism in the damaged region, most
likely as a result of a local modification in structure of the
SV. Clearly, resistive heating can be quite significant even at
low current density because of the lack of a heat sink beneath
the device and the poor lateral heat conduction through the
film itself.8

In conclusion, we have successfully observed active SV
elements by means of LTEM. We have clearly shown that a
change in the magnetic domain structure~domain size,
shape, or contrast! corresponds to a change in resistance. An
increase of the current density induces a decrease of the
GMR ratio, and reduces the coercivity and the domain den-
sity of the sense layer. These features are explained by an
increase in thermal energy induced by the higher current
density.

Quantitative maps of the magnetic induction in the small
SV element, extracted from the sum of a series of Foucault
images, enable us to determine the magnetization direction
of each domain in the sense layer. We believe that a direct
estimate of the resistance can be deduced using Dieny’s
model which relates the angle between the easy axis and the
magnetization direction of the domains.9 This study is now
in progress.
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FIG. 4. Foucault images of a 10mm310mm SV element whose middle part
has been damaged by heating effects resulting from current values higher
than 9 mA. The SV is not totally in the~a! AP or ~b! in P state because of
the small domains in the damaged region.
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