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Magnetotransport measurements were performed on individual multi-segmented Pt-Ni-Pt
nanowires fabricated by electrochemical deposition in nanoporousalumina templates. The nanowires
were removed from the template, and precipitated onto substrates from liquid suspension. The Pt
end-segments provide an oxide-free interface to the magnetic central segment of interest. Centrifu-
gation prior to precipitation induces sharp bends in the nanowires. The angular dependenceof the
magnetoresistanceof both straight and bent nanowires was used to observe domain switching. The
magnetic response of straight nanowires is well described by the curling model of domain reversal.
In the caseof the bent nanowires, the general behavior of each individual straight segment is also
consistent with this model, but evidence for interactions between the segments is also observed.

Electrodeposited magnetic nanowires possessseveral
attributes that make them unusual among magnetic
nanostructures.1 In addition to their extreme aspect ra-
tios and abilit y to be fabricated in large quantities, a
key feature is the abilit y to vary the composition of the
nanowires along their length and henceto study magne-
totransport properties with the current 
o wing perpen-
dicular to the composition modulation. Such featuresare
bestexploited if singlenanowirescanbeaddressed.Tech-
niques have been developed for measuring single wires
within the templates in which they are grown.2 Theseal-
low a variety of properties of the nanowires to be probed,
but such studies are always complicated by uncertainties
in the location and orientation of the nanowire.3 These
methods are also far from ideal for potential device ap-
plications as the fragilit y of the templates would make
interfacing the nanowires to microelectronicsdi�cult at
best. We have recently developed techniques to remove
nanowires from their templates,4 and to capture single
nanowires from liquid suspension.5 In this paper we re-
port the application of thesetechniquesto magnetoresis-
tance measurements of domain switching in both straight
and mechanically bent Ni nanowires. Domain switching
in the straight wires is governed by curling. The bent
nanowires show switching behavior that is largely consis-
tent with the superposition of two independent straight
wires at di�eren t orientations. However, there are ad-
ditional features that indicate that interactions between
the segments may also play a signi�can t role.

Ni nanowires with 2 � m Pt endcapswere fabricated
by sequential electrodeposition of Pt and Ni into the
nanopores of 50-� m-thick alumina �lter templates (An-
odisk, Whatman, Inc.) with a nominal minimum pore
diameter of 100 nm.4,6{8 Nanowires grown from these
templates have average diameter 350 � 40 nm. After
removal from the template,4 the nanowires were sus-
pended in isopropyl alcohol and spun out onto glass
substrates. An optical microscope equipped for projec-
tion photolithography9 was then used to locate individ-
ual nanowires and to pattern photoresist to allow the
placement of Au leads on top of the wires' Pt caps via
thermal evaporation and lift-o� processing,as shown in
Fig. 1. The Pt caps are crucial in this process,as they

FIG. 1: Scanning electron micrographs of Pt-Ni-Pt nanowires
with Au electrical contacts patterned by photolithograph y.
(a) A 20 � m long straight nanowire. The labels indicate the
function of each contact for electrical measurements. (b) A
35 � m nanowire with a 58� bend.

provide oxide-free low-resistanceelectrical contacts be-
tweenthe magneticsegment of the nanowire and the elec-
trical leads.5 A subset of the nanowires was centrifuged
at 3500 rpm prior to placement on the substrates. The
forces applied in this processintro duce sharp bends in
the wires. For this study, wires with singlebendssuch as
that shown in Fig. 1(b) were selectedbasedon the angle
and sharpnessof the bend, and the straightness of the
two segments.

Magnetotransport measurements wereperformed with
a 10� A AC current sourceand a lock-in ampli�er, using
a pseudo4-probe lead geometry, as indicated in Fig 1(a).
The samplesweremeasuredat room temperature in �elds
up to H = 4 kOe in an electromagnet equipped with
a computer-controlled motorized rotation stage. Rota-
tional accuracy of 0:2� was achieved by using a 2-axis
Hall e�ect sensor(Sentron AG) mounted on the sample
stage to provide feedback to the stage motor. Magnetic
�eld sweepsat constant angle were performed by ramp-
ing the �eld at 2 Oe/s and acquiring data continuously.
Measurements at constant �eld were made by rotating
the sampleat 0.5 degrees/sec.In all cases,the �eld was
in the plane of the substrate, with the rotation axis per-
pendicular to this plane.

Magnetoresistancetraces R(H ) with the wire at three
di�eren t angles� relative to the applied �eld are shown
for a 20 � m straight wire in Figs. 2(a){(c). As has been
observed previously in in-template measurements2,3 two
important featuresare present in R(H ). First is an over-
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FIG. 2: Magnetoresistance of PtNiPt nanowires at three dif-
ferent angles � with respect to the applied �eld. � R =
(R(H ) � R(H = 0))=R(H = 0). (a){(c) straight wire, at
� = 1� , � = 40� , and � = 86:5� , respectively. (d){(f ) 90� bent
wire, at � = 0� , � = 35� , and � = 45� , respectively. Line
drawings indicate wire orientation relativ e to the horizontally
applied �eld. Arro ws on panels (e) and (f ) indicate which seg-
ment of the bent wire is associated with each of the switching
events.

all non-hysteretic contribution whose�eld and angle de-
pendenceis consistent with the anisotropic magnetore-
sistance (AMR) response of a elongated Ni cylinder.10

We �nd typical room-temperature AMR values � R =
(R(H = 4 kOe) � R(H = 0))=R(H = 0) = � 1:5% when
the wire is perpendicular to the applied �eld. In addition,
the nanowire exhibits a sharp increasein the resistance
at a well-de�ned switching �eld H sw(� ). This contribu-
tion is hysteretic, and indicates the abrupt reversalof the
domain orientation in the Ni wire.11

The angular dependenceof H sw(� ) for the straight wire
is shown in Fig. 3. It is weakly angle-dependent, ex-
cept near � = � 90� (wire perpendicular to H), where
it is strongly peaked. This angular dependenceidenti-
�es the mechanism of the magnetization reversal in this
wire as the incoherent rotation, or curling mode,12 and is
consistent with previous magnetic forcemicroscopy mea-
surements on Ni wires of this diameter.13 Coherent, or
Stoner-Wohlfarth, rotation occurs for wires whoseradius
is smaller than or comparable to the exchange length,
which is � 20 nm in Ni,12,13 and shows a periodic-
it y of 90� in H sw(� ).14 By contrast, the angular depen-
dence of the switching �eld under curling for an elon-
gated ellipsoid15 very accurately reproducesthe observed
switching �eld for the straight wire, asshown by the solid
line in Fig 3(a). Details of this modeling will be given in
a future publication.

As illustrated in Figs. 2(d){2(f ), the magnetoresistance
of the bent wires is signi�can tly di�eren t than that of the
straight nanowires. The non-hysteretic AMR component
is never 
at, as it is for the straight wire when � = 0
[Fig. 2(a)]. In addition, at most angles,major jumps in
R(H ) indicativ e of switching are present at two �elds, as
shown in Figs. 2(e){2(f ).

These results suggestthat a starting point to under-
stand the behavior of the bent wire is to neglect interac-

tions between the segments. We can identify the source
of the switching transitions by looking at traces such as
the oneshown in Fig. 2(f), wherethe high-�eld switching
event is clearly due to the segment that is nearly perpen-
dicular to the �eld. Assuming that the switching �eld
for a particular segment changescontinuously with wire
orientation and that it reachesa minimum when the seg-
ment is parallel to the applied �eld, each switching event
can be associated with a speci�c segment. The mea-
sured switching �elds for two bent nanowires are shown
in Fig. 3. We indeed observe two peaks for each wire,
each corresponding to the orientation where one of the
two segments is perpendicular to the applied �eld. The
observed separationsbetweenthe peaksmatch the mea-
sured bend angle of the wires, and each peak can be
independently �t to the curling model, with a suitable
angular o�set to account for the orientation of each seg-
ment. As seenfrom the �tted curves in Fig. 3(b) and
Fig. 3(c), this model gives a reasonabledescription of
the primary switching behavior of the bent wires.

The separateswitching events mergeinto a single fea-
ture in the magnetoresistancewhen the two segments
of the wire are at approximately the sameangle to the
magnetic �eld axis, asshown in Fig. 2(d). If the two seg-
ments were completely independent, the switching �elds
would be the sameonly when the two anglesare exactly
the same. Instead, there is a range of anglesover which
there is only one observed switching event. For the 30�

wire shown in Fig. 3(b), this rangeextendsfrom � 10� to
40� , and 140� to 190� . The 90� wire shown in Fig. 3(c)
shows this behavior over a narrower range of approxi-
mately 10� near � = 0� and 180� . This locking of the
switching �eld of the two segments indicates that the
independent-segment model of these wires is not com-
pletely correct, and that interactions between the seg-
ments must be taken into account.

In addition to the primary switching events discussed
above, we observe additional switching events in a wide
range of sampleorientations in the bent wires. Two ex-
amplesof these\secondary" switching event areshown in
Figs. 4(c) and 4(d) below. Theseare signi�can tly smaller
in height than the primary switching events discussed
above, but they are robust and repeatable. These sug-
gest that inter-segment interactions causedi�eren t parts
of the wires to experiencedi�eren t local �elds.

To probe the multiple switching in the bent wires fur-
ther, we examined the angular dependenceof the resis-
tance R(� ) at �xed applied �eld. Two such rotation
sweeps for the 90� bent wire are shown in Figs. 4(b)
and 4(d). These show switching events that are hys-
teretic in the rotation direction, superimposedon a non-
hysteretic background that is determined by the angular
dependenceof the AMR. As with the �eld sweeps,large
switching events dominate thesecurves,but reproducible
secondaryevents areseen,such asshown in Fig. 4(d). Al-
though the angle sweepsprobe the hysteresisof R(H ; � )
di�eren tly than the �eld sweeps, there is a one-to-one
correspondencebetweenthe switching events in the two
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FIG. 3: Switching �eld versuswire orientation for (a) a 20 � m
straight wire , (b) a 35 � m wire with a 30� bend, and (c) a
35 � m wire with a 90� bend. The line drawings beneath each
panel show the orientation of the wire relativ e to the applied
�eld. For the two bent wires, open circles and open squares
indicate the switching �elds of the two segments. Filled tri-
angles indicate angles where only a single switching �eld is
seen. The solid lines are �ts to the curling model, treating
the bent wires as two independent straight segments.

data sets. This is illustrated in Fig. 4. The loci of the
traces in Figs. 4(b){4(e) are shown in Fig. 4(a) over the
H sw(� ) data determined from the �eld sweepsFig. 3(c).
Figures4(b) and 4(c) each show a transition at H = 1500
Oe and � = 40� , as marked by the open squares,and
Figs. 4(d) and 4(e) each show a transition at H = 450
Oe and � = 162:5� , as marked by the open circles.

In addition, the magnitude of the switching events is
the same for each pair of �eld and angle sweeps: 76 �
0:5 m
 for the event shown in Figs. 4(b) and 4(c), and
103� 0:5m
 for that in Fig. 4(d) and Fig. 4(e). Sincethe
magnitude of the resistancejump measuresthe di�erence
betweenthe initial and �nal state of the transition, this
correspondenceindicates that the �eld and angle sweeps
are probing the sametransitions.

Thus we have seen that our abilit y to address, ma-
nipulate and deform single magnetic nanowires allows
us new freedom to explore and engineer their proper-
ties. Based on studies of Ni nanostructures fabricated
by other techniques,16 interaction e�ects between mag-
netic domains should be measurablein electrodeposited

nanowires. The locking of the switching transitions and
the secondaryswitching that we observe in bent wires in-
dicate that this is indeed the case.We have also demon-
strated through this work that it is possibleto integrate
singleelectrodeposited nanowires into conventional litho-
graphic structures. This together with the abilit y to tune
the magnetic responseof the nanowires through simple
mechanical manipulations suggeststhat it may be pos-
sible to design novel devicesthat take advantage of the
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FIG. 4: ResistanceR versusangle � and �eld H for a nanowire
with a 90� bend. (a) Switching �elds H sw (� ) for the two
segments, determined from magnetoresistance loops at �xed
orientation. (b) R(� ) at H = 1500 Oe; this scan is marked
by dashed line b in panel (a). (c) R(H ) at � = 40� ; corre-
sponding to dashed line c in (a). The open squareson panels
(b) and (c) correspond to the same(H ; � ) location. (d) R(� )
at H = 450 Oe (dashed line d). (e) R(H ) at � = 162:5�

(dashed line e). The intersection point is marked by the open
circles. Solid arrows in panels (b){(e) indicate direction of
sweep;dashedarrows in panels (c) and (d) indicate secondary
switching events.

unique properties of electrodeposited nanowires.
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