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Domain wall trapping probed by magnetoresistance and magnetic force
microscopy in submicron ferromagnetic wire structures

Y. B. Xu, C. A. F. Vaz, A. Hirohata, C. C. Yao, W. Y. Lee, and J. A. C. Bland
Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, United Kingdom

F. Rousseaux, E. Cambril, and H. Launois
L2M/CNRS, 19 Avenue Henri Ravera, 92220 Bagneux, France

The magnetoresistance~MR! and domain structure of submicron NiFe wires and crosses fabricated
using advanced electron beam lithography techniques have been studied in order to investigate the
dependence of MR on the detailed domain configurations. While the 0.5mm wire shows almost no
longitudinal MR, the cross sample clearly shows a variation of the resistance upon sweeping the
magnetic field, indicating an MR effect associated with the domain structures which form at the
junction. By correlating the MR curves with the domain configurations obtained from magnetic
force microscopy, we found that a 180° domain wall trapped in the junction of this 0.5mm cross
contributes a negative MR effect. ©1999 American Institute of Physics.
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INTRODUCTION

Nanofabrication of mesoscopic magnets with size co
parable to the critical diameter for a single domain parti
~;10 nm-1mm! has provided an opportunity to address k
issues in nanomagnetism. One issue of great interest rec
is the interplay of the electron transport and magnetic pr
erties in mesoscopic magnets.1–3 Studies of micron and sub
micron Ni,1 NiFe,2 and Fe3! wires have shown that the MR
measurements yield detailed information concerning the
havior of the magnetization in these mesoscopic magn
Hong and Giordano observed discontinuous changes of
resistance upon sweeping the field in Ni wires.1 This was
attributed to the nucleation and movement of domain w
~DW!, which traverse the wire during magnetization rev
sal. Adeyeyeet al.2 found that the MR effect in FeNi wires
can be interpreted in terms of the familiar anisotropic M
~AMR! effect. More recently, Ruedigeret al.3 has investi-
gated the effect of the domain wall on the MR in micron
wires with controlled domain configurations. A negative D
contribution to the resistance was found. The effect of
domain wall on the MR was even observed in continuo
ferromagnetic films at room temperature.4 Theoretical mod-
els based on new physical mechanisms have been prop
very recently to interpret the MR due to DW scattering.5,6 In
this paper, we have designed and fabricated a structure w
traps domain walls. The aim was to confine a limited num
of domain walls in a junction with size comparable to t
single domain width. The electric pads were fabricated
close as possible to the junction to probe the local MR
sponse.

EXPERIMENT

Continuous films of Au~30 Å!/Ni80Fe20~300 Å!/GaAs
~100! used for the patterning were deposited in an ultrah
vacuum system. The deposition rate was 2 Å/min with
pressure of 631029 mbar during growth. The substrate wa
6170021-8979/99/85(8)/6178/3/$15.00
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held at 30 °C during growth and was then annealed at 120
for 30 min to remove the uniaxial anisotropy. Two sets
mesostructures were fabricated using electron beam litho
phy. One is a set of straight wires with widthw50.5, 1, 2, 5,
and 10mm and length fixed at 200mm; the other one is a se
of crosses with two wires of the same width joined perpe
dicularly together. Figure 1~a! is a scanning electron micro
graph~SEM! of a 1 mm cross around the junction area.

Electrical contacts to the wires were made of Cr~20 nm!/
Au~300 nm! for the transport measurements. Some of
electrical contacts were extended with large Al pads for b
ter bonding. As shown in Fig. 1~b!, there are eight pads
connected to each cross sample for MR~four pads!, as well
as Hall effect measurements~other four pads!. A dc current
of 50 mA was passed through both ends of the wires and
voltage probes@as shown clearly in Fig. 1~a!# were placed
very close~,2 mm! to the junction for four terminal MR
measurements. The magnetic field was applied in the p
of the samples. The field was applied perpendicular and
allel to the current for the transverse MR~TMR! and longi-
tudinal MR ~LMR! measurements, respectively. All the me
surements were carried out at room temperature. The dom
imaging was carried out with a Digital II SPM using a lo
stray field tip for magnetic force microscopy~MFM!. The

FIG. 1. ~a! SEM micrograph around the junction area of a 1mm width cross,
and ~b! large-scale micrograph showing the contact geometry.
8 © 1999 American Institute of Physics
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samples were imaged in the demagnetized state. We no
that the stray fields from these submicron structures w
rather weak in comparison with continuous film.

RESULTS

Figure 2 shows the MR curves of~a! wires of widths
w55 and 0.5mm, and~b! crosses of widthsw51 and 0.5mm
for both the transverse and longitudinal configurations. T
maximum applied field is about 2.5 kOe. The transverse
of both the wires and crosses shows similar features to th
seen previously in NiFe wires by Adeyeyeet al.,2 for which
the dependence of TMR on the wire width has been stud
in detail. The TMR response is determined by the AM
effect, as domain rotation dominates the magnetization p
cess for the transverse measurements.

The longitudinal MR, however, is almost zero for bo
wires and crosses, as we can see from Fig. 2, in which b
LMR and TMR values were plotted on the same scale. T
resistance of the 0.5mm wire varies linearly with magnetic
field with a very small slope of about 131025 per 100 Oe as
shown in Fig. 3~a!. No contribution from the magnetizatio
reversal process to the MR is seen in this longitudinal c
figuration for 0.5mm wire. The LMR of the 5mm wire @as
shown clearly in Fig. 3~b!# shows two sharp peaks of abo
231023, much smaller than the TMR of 1.431022.

In contrast with the 0.5mm wire, a significant LMR
effect ~a few 1024) upon sweeping the magnetic field wa
observed in the 0.5mm cross as shown in Figs. 3~c! and 3~d!.
The characteristic of the MR of this 0.5mm cross was found
to depend on the detailed magnetization process. In Fig.~c!
the field was swept between2600 and 600 Oe and in Fig
3~d! the field was swept between2300 and 300 Oe starting
from the remnant state~B! of Fig. 3~c!. The MR curve in Fig.
3~c! is approximately symmetrical and the resistance val
at zero field are almost the same for the two sweeps, nam
from 2Hmax to 1Hmax, and fromHmax to 2Hmax. The MR

FIG. 2. The MR response of~a! 5 and 0.5mm wires, and~b! 1 and 0.5mm
crosses. Solid lines: transverse MR, and dotted lines: longitudinal MR.
maximum applied magnetic field is 2.5 kOe.
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response in Fig. 3~d! is strikingly different from that in Fig.
3~c!. The MR curve is asymmetrical and the zero-field resis
tances are different for the two sweeps. The resistance d
ference between positions B and E is 0.0460.004V, which
is about 331024 in terms of MR ratio.

Figure 4 shows the MFM image of the 0.5mm cross
around the junction area. A single domain state can be ide
tified from the absence of contrast in the wire region, whic
is in agreement with a detailed MFM study of NiFe wires
which shows that the domain width in wires of this size i
about 1mm.7 The domains of each wire are aligned along th

eFIG. 3. The longitudinal MR of~a! 0.5 mm wire, ~b! 5 mm wire, ~c! 0.5 mm
cross with applied field of 600 Oe, and~d! 0.5 mm cross with the applied
field reduced to 300 Oe after the measurement~c!. Inset in~d!: schematics
of the domain configurations at points B and E.

FIG. 4. ~a! MFM image around the junction area of a 0.5mm cross, and~b!
schematic diagram of the domain configuration. The solid line across t
junction and two dotted lines represent for a 180° wall and two 90° wall
respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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wire direction due to the strong shape anisotropy. The im
of the junction area, however, shows significant contrast w
a strong diagonal pattern visible, indicating the presence
domain walls. Figure 3~b! shows the schematics of the d
main structure inferred from the MFM image. Three wa
were formed in the junction area, one 180° wall~solid line!
and two 90° walls~dotted lines!. Thus we demonstrate tha
domain walls were created and trapped in the junction are
this ‘‘single domain width’’ structure. Micromagnetic simu
lations of the domain configurations of these crosses are
derway.

DISCUSSION

The negative longitudinal MR around the coercive fie
in the 5mm wire is similar to that observed in multidoma
wires and was attributed to the AMR effect.8,9 In the case of
a single domain wire, the magnetizationM is either parallel
or antiparallel to the current directionI and no AMR effect is
expected. This was verified in the 0.5mm wire, in which the
resistance remains almost constant upon sweeping the
for the longitudinal measurement. The very slight variati
of the resistance ratio of about 1025 per 100 Oe may be du
to the bulk like transverse MR effect, which is usually o
served at high field.2

The significant LMR effect~a few 31024) observed in
the 0.5mm cross demonstrates the importance of the junc
to the magnetotransport properties. The MR effect is clea
associated with a very limited number of domain walls in t
junction area, as confirmed by the MFM images.

One question of fundamental interest is the contribut
of domain wall scattering to the MR. The minimum res
tances around points C and F in Fig. 3~c! correspond to the
regions where the DWs appear, while points A and D m
where the walls are swept out of the system. When the m
mum reverse field was reduced to a value large enoug
create the wall, but not large enough to sweep the wall ou
the sample, the wall will stay in the sample for a certain fie
range. In Fig. 4~d!, the curve along C–F would correspond
the sample containing the walls created at point C. Based
the domain image of Fig. 4, the domain configurations
points B and E are shown in the inset of Fig. 3~d!. For point
B, the wire along the field~or current! direction was in a
single domain state, and the wire along the perpendic
direction was split into two domains with two 90° walls ne
the junction. For point E, the 180° wall created at point
stayed in the sample along with the other two 90° wa
Therefore, the resistance difference between points B an
in Fig. 3~d! could be directly attributed to the MR effect o
this single 180° wall across the junction area. The resista
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of point E is smaller than that of point B. That means t
wall made a negative contribution to the resistance.

The MR of the DW scattering has recently been o
served in Fe3 and Ni1 wires, and continuous Co films4 by
controlling the domain structure and magnetization proce
The work reported here is of particular interest in this co
text. By putting the voltage pads very close to the juncti
area, a significant MR effect was observed in the ‘‘sing
domain width’’ cross. The MR effect of a single 180° wa
confined in this submicron structure, has been found eve
room temperature. The trapping of the domain walls h
been confirmed by MFM imaging. It is interesting to no
that the studies of Fe3 and Ni1 also show a negative MR
contribution of domain walls. Based on a weak localizati
model, Tataraet al.6 predicted a decrease in resistance as
ciated with the nucleation of a wall. A detailed comparis
between our experimental results and those of various th
retical models is beyond the scope of present paper. H
ever, the MR effect associated with a simple controlled d
main configuration as reported here should be of interest
theoretical simulations.

CONCLUSION

The MR and domain structures of submicron NiFe wir
and crosses have been studied. Both MR and MFM meas
ments showed that a limited number of walls have been c
fined in the junction area in the ‘‘single domain width
cross-shaped structure. A negative MR effect of a 180°
main wall was observed in this submicron NiFe cross.
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