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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. @997 American Institute of Physids$S0003-695(97)00540-§

During the last decade, numerous studies have been d#ie applied current value on SV behavior has also been ana-
voted to spin-valvgSV) structure$ whose main feature is lyzed.
low-field giant magnetoresistive behavioSVs have thus The device configuration used is shown in cross section
received increasing attention recently for possible applicain Fig. 1(a), and consists of a 2 mr2 mm Si wafer sub-
tion as magnetoresistive read heads in magnetic storage syg*ate with a SV element supported by a 40-nm-thick amor-
tems. The magnetization directigeasy axi of one of the =~ phous alumina layer. Details of the fabrication process are
magnetic layergpinned layey is fixed by an adjacent anti- given elsewheréThe SV was deposited using dc magnetron
ferromagnetic(AF) layer (pinning layej through exchange sputtering. The SV and the Au pads can be clearly identified
coupling. The magnetization direction in the other magnetidn the TEM image of a typical sample shown in FigblL A
layer (sense layércan rotate by applying an external mag- cqntrqlled magnetic field from-400 to 400 Oe can be ap-
netic field. When the applied field is parallel to the easy axisP!i€d in the plane of the SV element. The SV is connected
parallel (P) and anti-parallel(AP) configurations of the Via Au-coated clamp pads to an electrical circuit which sup-

pinned and sense layers are created that correspond to tnges an adjustable constant current and allows the voltage to
be recorded. During the experiments, a fixed current is ap-

minimum and maximum resistance values, respectively. lied th h the SV el tand. b itoring the ch
Among the techniques used to investigate the magnetic pro;ﬁ)-'e rough the element and, by monrtoring theé change

erties, Lorentz transmission electron microscaphfEM) In voltage with change in applied fieldH), the magnetore-

) . - sistance of the sample can be determined and a curve
enables the magnetic domain structure of such thin films tg . . ) .

L . of the giant magnetoresistand&MR) ratio (dR/R=(R
be observetland a number of advances in this technique has

o ) o —Rsa) /Rsa) against H, can then be plottedH, was
allowed a magnetic field to be applied to the filmsitu in changed by 1 Oe every 10 s in order to reduce time depen-

the microscope. Quantitative images corresponding to thaent effects and was applied parallel to the easy aXis,
projected magnetic induction of both ferromagnetic layers

, . : corresponds to the parallel state of the magnetic moments in

can be obtainédbut 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 holde
and of processes for fabricating active SV sensors or
electron-transparent windows, has enabled both a controlle
current and a controlled magnetic field to be applied to the
sample  simultaneously during magnetic  domain
observatior?. 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 t
magnetic domain noise.

We report, in this letter, results from studies of a
10 umXx10 um SV element whose structure is NiFe/Cu/Co/
NiFe/MnNi (8/3/2/6/25 nm). The use of MnNRef. 6 as
the AF pinning layer has been motivated by its better resis
tance to corrosion, larger exchange coupling strength, an
higher thermal stability when compared to MnFe, the more

common AF material used in SV structures. The influence of

FIG. 1. (a) Cross-sectional view of the device which allows timesitu
measurement of resistance in a Lorentz microscdpeTEM image of a
3E|ectronic mail: xavier.portier@materials.ox.ac.uk 10 umXx10 um 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 reportdflR
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 L Ghe
magnetic domain structure of the sample was observed in the
. Foucault mode of LTEM. The Foucault mode enables the
24 20 16 12 -8 -4 0 4 8 12 domain shape and size, as well as the magnetization direc-
tion, to be determined from the domain contrast. The Fou-
Longitudinal field (Oe) cault images have been formed by inserting an objective ap-
ot of th _ o field oarallel to th o erture to select the deflected beam corresponding to the
e e e Tl 1o sy 2% " pavalelstate of magnetization. Thus, the SV elemen appears
coercivity are observed for the higher current value. 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

GMR ratio (%)

-12.92 -13.68 -14.52

FIG. 3. Sets of Foucault images showing the change in domain shape and contrast of the SV element for applied current values(af &8l (bAand
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- -0.76 3.54
tion of the sense layer. B
Figure 2 shows plots of the GMR ratio versH, 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 éllethat results
from roughness and waviness of the nonmagnetic and mag-
netic layers. The correspondify,;values are 28.7 and 31.8 =
{1 for 0.3 and 3 mA, resP_eC,tlve'y' With increasing current, aFIG. 4. Foucault images of a 1dmx10 um SV element whose middle part
decrease of the GMR ratio is clearly seen from 2.7% t0 2.5%as peen damaged by heating effects resulting from current values higher
and the coercivity is reduced from 13.0 to 9.9 Oe. Theseghan 9 mA. The SV is not totally in théa) AP or (b) in P state because of
results are most probably due to an increase in temperature i small domains in the damaged region.
the sense layer caused by the higher current density. Assum-
ing that the thickness of conducting materials corresponds telower reversal mechanism in the damaged region, most
the stacking of the pinned, spacer, and sense layefikely as a result of a local modification in structure of the
(~20 nm), the current densities for 0.3 and 3 mA are 1.5SV. Clearly, resistive heating can be quite significant even at
X10° and 1.5<10° Acm™?, respectively. The higher of low current density because of the lack of a heat sink beneath
these current densities is still more than an order of magnithe device and the poor lateral heat conduction through the
tude less than that used in actual SV recording héads.  film itself.?

Figure 3 shows sets of Foucault images recorded simul- In conclusion, we have successfully observed active SV
taneously with the GMR curves seen in Fig. 2, allowing aelements by means of LTEM. We have clearly shown that a
direct correlation between magnetoresistance and domaihange in the magnetic domain structu@omain size,
structure to be made. Figure&@Band 3b) show the changes shape, or contrastorresponds to a change in resistance. An
for an applied current value of 0.3 mA. FiguréBshows the increase of the current density induces a decrease of the
P—AP magnetization reversal of the sense layer. The ferrdsMR ratio, and reduces the coercivity and the domain den-
magnetic coupling between the pinned and sense layers preity of the sense layer. These features are explained by an
vents any moment rotation in the sense layer away from th#ncrease in thermal energy induced by the higher current
P direction until a field value at which sudden domain walldensity.
motion occurs and the sense layer magnetization flips to the Quantitative maps of the magnetic induction in the small
AP configuration. The AP—P reversal of the sense layerSV element, extracted from the sum of a series of Foucault
shown in Fig. 8b), proceeds via moment rotation leading to images, enable us to determine the magnetization direction
the nucleation of a more complicated domain structure, asf each domain in the sense layer. We believe that a direct
indicated by the presence of several gray levels in the imagestimate of the resistance can be deduced using Dieny’s
Moment rotation occurs as the domain structure relaxes badgkodel which relates the angle between the easy axis and the
to FM alignment of the pinned and sense layers. Figu(es 3 magnetization direction of the domaihghis study is now
and 3d) show the corresponding magnetization reversals ofn progress.
the sense layer for an applied current of 3 mA. In this case, This research was supported by Hewlett-Packard Labo-
the thermal energy supplied by the higher current densityatories in Palo Alto through a collaboration with the Depart-
acts to partly overcome the effective FM coupling betweenment of Materials at Oxford University. The authors thank B.
the sense and pinned layers and also microstructural pinningarcia for fabrication of the lithographic masks. One of the
of the magnetic moments. Both reversal processes of thauthors(A.K.P.L.) thanks the Royal Society for financial
sense layer then involve some moment rotation followed bysupport.
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. 2.12- Dnif”{’t V- i'DSpReri\i,s-fH ? JM(Zﬁn} Sp;hs'gpla,s?{kilnéga A cumey. B
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: s sels, 1975 Vol. IV, p. 1303.
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