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A concept of a magnetoresistive sensor for magnetic fields based on a Au/Co-wedge/Au/Co/Au
multilayer is proposed. The wedged Co layer is characterized by a laterally changing coercivity
resulting from a gradient of perpendicular magnetic anisotropy. Its magnetization reversal in a
perpendicular magnetic field takes place by movement of a single domain wall in the direction
parallel to the anisotropy gradient. The magnetization reversal of the multilayer has been
investigated by magnetooptical and magnetoresistive measurements. The resistance of the
proposed film system correlates well with the position of the domain wall and thus it can be used to
sense magnetic fields. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4704176]

Magnetic thin films where the magnetic anisotropy per-
pendicular to the sample surface varies as a function of depth
below the sample surface are currently intensively
investigated'® due to possible applications in recording
media. Films with a lateral anisotropy gradient, however, are
less well studied. Nevertheless also such systems possess
very interesting application possibilities, for example, for a
controlled transport of magnetic particles trapped in the
moving stray field of a moving domain wall or as will be
shown in the present paper, as magnetic field sensors which
can permanently monitor the maximum field value of a vary-
ing magnetic field. The required lateral anisotropy gradient
can be created by a continuous variation of the thicknesses
of the involved layers’ or by bombardment with light ions
with laterally varying ion fluence.® With both techniques, an
almost constant gradient of the coercive field (dH¢/dx) has
been achieved in, e.g., Au/Co multilayers with perpendicular
magnetic anisotropy. In such a layer system, the magnetiza-
tion reversal takes place by domain wall movement and the
lateral position of this wall is determined by the field maxi-
mum of a homogenous external field applied perpendicularly
to the sample plane.® Here, we will show that magnetic
layers with a lateral anisotropy gradient and thereby a gradi-
ent of Hc can be used as magnetic field sensors, when the
proven domain wall movement in a layer with anisotropy
gradient is combined with magnetoresistive read out. As a
proof of principle, the sensor will be fabricated as a spin
valve structure composed of two ferromagnetic layers with
perpendicular anisotropy, one with laterally varying anisot-
ropy and the other with approximately constant anisotropy,
separated by a metallic non magnetic layer (see Fig. 1). As a
consequence, the resistance of the system, when measured in
current-in-plane configuration along the x coordinate defined
in Fig.1, is determined by the ratio of the lengths of the two
domains in the graded layer, or in other words, by the posi-
tion of the domain wall. A current induced domain wall
motion has been sensed with a similar technique by Laribi.’
The motion of a single domain wall in one layer of a spin
valve structure induced by a designed magnetic field pulse
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has been also applied in the displacement sensors.'*'" Simi-
larly ferromagnetic layers with uniaxial perpendicular ani-
sotropy have already been used in magnetoresistive sensors
resulting in high sensitivity'>'* or linear R(H) depend-
ence.'”'® However, ferromagnetic layers with graded per-
pendicular anisotropy have as yet not been used in spin valve
structures.

For the experiments, a (Au-2 nm/CoS-wedge-0.6-1.2 nm/
Au-2 nm/CoH-O.6 nm/Au-2 nm) layered system has been fab-
ricated, which is schematically shown in Fig. 1 (superscripts
S and H designate the magnetically soft and hard layers,
respectively). The sample had a total length of 19 mm and
the wedge of the Co® layer extended over 10 mm between
x=6mm and x = 16 mm. The thickness of the Co® layer was
0.6nm for positions x < 6 mm and 1.2nm for x > 16 mm.
During the same deposition process, a reference sample (Au-
2nm/Co®>™ wedge-0.6-1.2 nm/Au-2 nm) containing only the
wedged ferromagnetic layer has been deposited. The layer
systems were deposited on naturally oxidized Si(111) cov-
ered by a (Ti-2nm/Au-2nm)s buffer using UHV magnetron
sputtering. As is known from previous investigations,”'’ %2

FIG. 1. Schematic representation of the spin valve structure and arrange-
ment of contacts for magnetoresistance measurements.

© 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.4704176
http://dx.doi.org/10.1063/1.4704176
http://dx.doi.org/10.1063/1.4704176

162402-2 Matczak et al.

cobalt layers sandwiched between gold show perpendicular
anisotropy in the thickness range between 0.3 and 1.8 nm.
For thicknesses below 0.3nm, Co displays superparamag-
netic characteristics due to discontinuities in the layer and
for thicknesses of about 1.8 nm, a spin reorientation transi-
tion (SRT) (Ref. 21) is observed (the exact thickness where
SRT occurs depends on deposition conditions and buffer).
For sputter deposited polycrystalline Co layers used in the
present experiments, the reorientation transition takes place
at 1.5 = 0.3 nm and the maximum of H is observed at about
0.5nm.** Therefore, the chosen Co wedge with 0.6nm
<tco < 1.2nm (fco-thickness of the Co layer) placed
between Au layers of constant thicknesses shows a mono-
tonic decrease of Hé with increasing 7c, (Fig. 2(a)). In Fig.
2(a) also the coercive fields Hg and H(S: of the magnetically
hard (Co" layer with 7c, =0.6nm) and magnetically soft
(wedge shaped Co® layer) layers as well as the coercive field
Hé’ref of the Co wedge of the reference sample as functions
of the x coordinate are shown. All characteristic fields have
been determined from hysteresis loops measured with a polar
magnetooptical Kerr effect (PMOKE) magnetometer at dif-
ferent positions x along the spin valve structure and the refer-
ence sample. The measurements were performed at room
temperature with a magnetic field sweep rate of 30 Oe/min.
An exemplary hysteresis loop for the spin valve system at a
position x=12mm is displayed in Fig. 2(b), a loop of the
reference sample at x=12mm is shown in Fig. 2(c). The
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FIG. 2. (a) Coercive fields Hg (down triangles) of the magnetically hard
and HY (circles) of the magnetically soft layer of the complete spin valve
layer system and HY™ (up triangles) of the wedged layer of the reference
sample as functions of the sample position along the wedge determined from
PMOKE hysteresis loops. The domain wall positions xpwp (H,) are also
shown as determined from a series of Kerr microscopy observations. Insets
show Kerr microscope images around the position of the domain wall of the
wedge layer after field pulses of H,=1400e and H,=1000Oe. (b) Exem-
plary hysteresis loop of the spin valve layer system at x =12 mm. (c) Exem-
plary hysteresis loop of the reference layer system at x = 12 mm.
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similar dependencies of H2. (x) and Hg’ref (x) indicate that the
interaction between Co layers across the 2 nm Au layer is rel-
atively weak and therefore it will, for simplicity, be
neglected in the further discussion. The small increase in Hg
with x is possibly caused by an improvement of the Co''/Au
layer interface with increasing thickness of the bottom
(wedge shaped) Co® layer. For layer systems with a reverse
order of the ferromagnetic layers (wedge shaped Co layer
above the Co layer with constant thickness), Hg turned out
to be independent of x.

The magnetic domain structure of the wedged layer has
been visualized by polar magnetooptical Kerr microscopy
(insets of Fig. 2(a)). All images were taken at zero external
magnetic field after sample saturation with a field of
H,=—1 kOe (*3000e is sufficient to saturate both mag-
netic layers) and then applying a field pulse with + H, > 0
for 30s antiparallel to the saturation field. The domain wall
position (DWP) xpwp in the wedged layer has been recorded
for different fields +H, (Fig. 2(a)). The position of the do-
main wall is determined by the coercivity gradient and the
sample’s magnetic history. Therefore, the values of HY (x)
and xpwp (H,) are correlated.

The magnetoresistance has been determined using 11
point contacts (numbered from O to 10 in Fig. 1) along the x
coordinate with 1 mm spacing. The first and the last contacts
were used to supply the current. Voltages have been meas-
ured between the other nine contacts. The resistance changes
as functions of the magnetic field applied perpendicularly to
the sample surface were measured by neighboring contact
pairs (i.e., between pairs 1-2, 2-3,..., and 8-9) and between
the outermost contacts (1-9). All magnetoresistance meas-
urements were performed simultaneously using a multichan-
nel voltmeter. Prior to measurement, the sample was
saturated in a —1 kOe field. Subsequently, the field was
increased with 30 Oe/min rate up to H, =+300 Oe. The tran-
sitions between the low and high resistance states for
the neighboring contacts are shown in Fig. 3 for 80 Oe < H,
< 170 Oe. The low and high resistance states correspond to
parallel (Rp) and antiparallel (R op) magnetizations in the two
ferromagnetic layers, respectively. The magnetic field inter-
val where the transition takes place corresponds to the mag-
netic field interval necessary to move the domain wall over
the distance between the two neighboring contacts. Due to
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FIG. 3. Changes of resistance determined for different contact pairs (cf. Fig. 1).
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FIG. 4. (a) Major and minor magnetoresistance loops of the spin valve sys-
tem. Minor loops have been taken with different values of H, as described in
the text. (b) Remanent resistance of the sample as a function of H,.

the small distance (1 mm) between neighboring contacts, the
resistance increase occurs in a relatively narrow range of
magnetic fields. On the other hand, the results presented in
Figs. 2 and 3 confirm that the magnetization reversal of the
wedged Co® layer takes place mainly by domain wall move-
ment along the direction of the gradient. For the outer volt-
age contacts 1-2, 2-3, and 8-9, the transition between low
and high resistance states is spread over a wider magnetic
field interval (Fig. 3). This is in agreement with a previous
observation’ indicating a more complicated domain structure
of wedge shaped Co layers at thicknesses corresponding to
the maximum of Hc and for thicknesses in the vicinity of the
reorientation transition.

Fig. 4(a) shows the resistance measured using contacts 1
and 9 as a function of the magnetic field. The major loop,
recorded up to a magnetic field large enough to saturate both
the Co® and Co' layers, indicates that the magnetic fields
sufficient for complete magnetization reversal of the soft
layer are distinctly smaller than field necessary to initiate re-
versal of the hard layer. The other graphs, shown in the same
figure, correspond to magnetoresistance measurements. The
initial field sequence was the same as that of Fig. 3 but the
field was reversed at a preset field 4" and reduced, with the
same rate, to zero. The distinct increase of resistance after re-
versal of the magnetic field is probably caused by thermally
activated domain wall movement.'”** Nevertheless the re-
sistance values recorded at remanence (H =0) are directly
proportional to the field H}* (Fig. 4(b)).

The individual sensor is capable of registering field along
one direction: normal to the film plane. It measures either
positive or negative fields, depending on the initial magnet-
ization orientation within magnetic layers (Fig. 4(a)). Thus
the proposed magnetoresistive spin valve system can be used
as a sensor to determine the magnetic field strength and direc-
tion. The magnetoresistance effect in the described system
amounts to AR/R =~ 2%. The relatively small change in resist-
ance is due to the thick buffer, spacer, and cover layers. For
real applications, the proposed system can be optimized.
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AR/R can be increased by, e.g., using a double spin valve
structure (Au/CoH/Au/CoS -Wedge/Au/CoH/Au) or by adjust-
ing the anisotropy gradient of the wedged layer, i.e., by
adjusting the thickness gradient of the Co® layer. Neverthe-
less, the field sensitivity (0.03%/Oe) of the sensor system of
Fig. 4(b) is comparable to those presented in Ref. 14.

In summary, we have proposed a spin valve system con-
sisting of a Co"/Au/Co® trilayer with perpendicular anisot-
ropy of the two Co layers and laterally graded anisotropy of
the Co® layer to be used as a magnetic field sensor. The func-
tionality of the layer system has been shown, where due to
its specific magnetization reversal, the remanent resistance is
proportional to the maximum field strength of a magnetic
field in a defined direction.
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