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Template synthesis in polyethylene terephthalate (PET) membranes has been used to grow hour

glass shaped nickel nanowires with a constriction in the range of tens of nanometers at the center.

Anisotropic magnetoresistance measurements have been performed on a single nanowire to follow

magnetization reversal of the structure. The results are explained via 3D micromagnetic

simulations showing the appearance of a complex vortex state close to the constriction whose

propagation depends on the angle between the cone axis and the applied field. The interest of this

original growth process for spintronics is discussed. VC 2011 American Institute of Physics.

[doi:10.1063/1.3638072]

I. INTRODUCTION

In the field of spintronics, magnetic nanowires are being

intensively studied. Particular attention has been paid to the

interplay between an electrical current or a magnetic field

and a domain wall (DW). This is highly motivated by the

technological potential of DWs for magnetic data storage,1

logic gates,2 and magnetic sensor3 applications. For exam-

ple, it has been shown that a high density spin polarized cur-

rent can exert a torque on the spins of a DW via the so-called

spin transfer torque (STT) and induce the motion of the

DW.4–8 Reciprocally, the nonlinear profile of the DW affects

the transport properties and contributes to the

magnetoresistance.9–11 While several theories have been pro-

posed to explain the microscopic origin of STT in DW

(Refs. 12–14) or DW magnetoresistance,15,16 some funda-

mental questions still remain unclear.

In order to better understand these effects, a number of

experiments have been performed on patterned nanostruc-

tures with constrictions down to a few nanometers. Indeed,

confinement acts as an artificial pinning site for DWs (Refs.

17 and 18) through the local modification of the magneto-

static energy. As a first approximation, the constriction can

then be modeled as a pinning potential well whose amplitude

and profile depend on the shape and size of the constriction

and on the DW configuration. The DW can then be consid-

ered as a quasi-particle, with mass and inertia, moving in this

potential well under an external force (electrical current or

magnetic field). However, beside a precise knowledge of the

sample geometry, it is fundamentally important to know the

structure of the domain wall at the constriction (Bloch, Néel,

vortex…) to get a complete description of the system. This

point generally requires micromagnetic simulations or

advanced imaging techniques such as MFM, Lorentz micros-

copy, or polarized X-ray photoemission. The shape of the

nanostructure will also influence the maximum velocity at

which a DW can propagate in a strip (referred to as the

walker limit) and also the amplitude of the so-called intrinsic

pinning.19 Interestingly, DWs are massless in cylindrical

nanowires with a suppression of the walker limit leading to

very high DWs velocities.20 This is due to the symmetry of

the nanowire that prevents a modification of the internal

structure of the DW during its displacement, in opposition to

the case of flat strips. In this context, it is then particularly

interesting to develop new techniques to grow magnetic

nanostructures with original shapes and symmetries and to

understand their magnetic configurations that are most often

non-linear for sub-micron sizes.

In this paper, we propose to study the micromagnetic

states of a single nickel nanowire with a bi-conical symme-

try. One unique feature of this geometry is the possibility to

get a constriction of a few tens of nanometers with a cylin-

drical symmetry. It has been achieved by developing an orig-

inal technique based upon template synthesis in a specific

matrix. The magnetic states of the nanostructure are probed

via the anisotropic magnetoresistance (AMR) of the wire and

explained using 3D micromagnetic simulations. We show

that magnetization reversal occurs through the nucleation of

a complex vortex like a state whose propagation through the

constriction depends on the direction of the applied field.

Moreover, AMR measurements indicate that small inhomo-

geneities help to trap this DW close to the constriction.

II. MATERIALS AND METHODS

Swift heavy ions (SHI) irradiations were performed

using SME beam line at the GANIL (Cyclotron accelerator

at Caen, France). 16 lm thick poly(ethylene terephthalate)

(PET) films (from GoodFellow, kindly donated by CIMAP

laboratory) were irradiated with Kr31þ ions of 10 Mev/amua)Electronic mail: nicolas.biziere@cemes.fr.
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under helium atmosphere with fluences of 5.106 and 5.108

ions/cm2. During SHI, ions induce a continuous trail of exci-

tations and ionizations leading to the formation of specific

cylindrical damage zones called latent tracks all along their

trajectory through the thickness of PET film. The final heter-

ogeneous solid is then formed of latent tracks (or highly

damaged zones) and pristine areas. The latent tracks are

more fragile than the non-irradiated bulk.

PET membrane ion tracks were then revealed by sym-

metrical chemical etching in 2 N NaOH at 80 �C. The coni-

cal shape of the pores is ensured by the velocity anisotropy

of the hydrolysis reaction between the damage zone created

during the ion bombardment and the polymer bulk. For the

samples of interest here, the hydrolysis velocity of the mem-

brane in the direction perpendicular to the surface is about

10 times faster than in the direction parallel to the surface

leading to cone shaped etch tracks. This ratio is highly de-

pendent on the NaOH concentration, temperature, and ion ki-

netic energy. As the dissolution by hydrolysis is performed

on each side of the PET, a constriction is realized when two

growing cones meet. The diameter of the constriction is

mainly controlled by the time the membrane spends in the

NaOH solution. All samples presented below have been grown

in PET etched for 7.5 mn. Figure 1(a) shows the Field Emission

Scanning Electron Microscopy (FESEM) image of the cross-

section of the resulted bi-conical tracks. The flexibility of the

track etching technique allows the synthesis of a wide variety

of cone-shaped tracks with different constriction sizes.

Electrodeposition is then used to fill the pores with Ni.

A piece of PET for which one side has been sputtered with a

150 nm gold layer is immersed into an aqueous electrolytic

solution composed of NiSO4 and H3BO4. The electric poten-

tial between the golden surface of the PET (working elec-

trode) and an Ag/AgCl reference electrode is set to -1.000

Vs. The electrodeposition is stopped when a large sheet of

Ni has grown on top of the PET. As shown by previous stud-

ies about cylindrical and cigar shaped tracks,21 the current

versus time plots during electrodeposition should reflect the

pore geometry. The black curve in Fig. 2 corresponds to the

electrodeposition current versus time plot for a PET mem-

brane with a pore density of 5.108/cm2. Since the electrode-

position current density is proportional to area, it is large at

the beginning of the electrodeposition (about 47 mA/cm2),

corresponding the conical openings of the membranes. The

current density then decreases as the nickel deposit

approaches the 50 to 100 nm constriction in the middle of

the membrane (about 16 mA/cm2 at 680 s). Finally the cur-

rent density increases as the deposition proceeds to the coni-

cal openings at the other side and then surface growth

outside the pores. For comparison, nickel nanowires were de-

posited in 6 micron thick 30 nm pore diameter polycarbonate

filters (Poretics) using the same electrodeposition conditions,

(see Fig. 2, gray curve). The nominal interior pore diameter

of the filters is about 60 nm depending on the measurement

technique [see Ref. 21]. It is interesting to note that the cur-

rent density for constriction is similar to that for the electro-

deposition in the filter, 12–15 mA/cm2. The pore density for

the filter is 3*108/cm2 and 5*108/cm2 for the bi-cone mem-

brane while deposition area is 9 cm2 for filter and 6 cm2 for

the bi-cone membrane resulting in 2.7*109 pores for the filter

and 3.0*109 for the bi-cone membrane.

To characterize the shape of the nanowires, electrodepo-

sition in PET membrane with a pore density of 5.106 has

been realized. Once Ni nanowires have been grown as

explained above, the membrane is left in NaOH until it is

completely dissolved. Ni nanowires attached to the large Ni

plate can then be observed. However because of their weight,

they break at the constriction during the dissolution of the

membrane. Figure 1(b) is a FESEM electron microscopy

image of one half of a Ni nanowire. We can clearly observe

the conical shape of the wire thus validating our method.

The size of the constriction for this wire is below 100 nm

and the cone aperture is about 5�. We have observed on a

few nanowires that the diameter at the break can range from

50 to 100 nm and that the cone angles ranges between 4 and

6�. We also observe roughness on the lateral surface of the

cone that we estimate to be about 1% of the diameter.

III. AMR MEASUREMENTS

In order to measure the magnetoresistance of Ni nano-

wires, electrodeposition is performed in 5.106/cm2 pore den-

sity PET membranes with 150 nm of gold sputtered on both

FIG. 1. (a) Electron microscopy image of the cone trace in the PET after

freeze fracturing. The dotted circle is a guide to the eye to localize the cone

shaped trace. (b) Electron microscopy image of half of a Ni nanowire after

dissolution of the PET matrix.
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sides. The electrical contact on a single nanowire is ensured

by in situ recording of the current in the electrolytic cell.

Indeed, when a first nanowire reaches the top surface, it short

cuts the top and bottom gold layers and induces a sharp

increase of the current in the cell. Details about the growth

procedure are given elsewhere.22

Figure 3 shows the resistance of a Ni nanowire as a

function of the applied magnetic field amplitude H0 and for

different angles h between H0 and the nanowire axis. The

field is scanned from negative to positive saturation and then

back. The AMR ratio, defined by R//-R\/R// measured at sat-

uration, is about 0.55%, which is around half of the AMR ra-

tio that has been measured on Ni cylindrical nanowires

electrodeposited in commercial polycarbonate membrane23

(between 1 and 1.5%). The difference is due to the contact

resistance between the gold layers on top of the PET and the

nanowire. Because the cone angle is very small, we can con-

sider, as a first approximation, that the current lines are par-

allel in the cone. The cone resistance can then be estimated

to lie between 8 and 10 X for this sample. However, because

of the cone shape, the main contribution (more than 80%) to

this resistance comes mainly from the constriction and a

small part on each side (few hundred of nanometers). The

total resistance of the different nanowires (coneþ contact

resistances) we have measured range between 20 and 35 X, a

span that can be accounted for by the difference in the con-

tact resistance, the cone angle, and the size of the constric-

tion. This shows that despite measurement geometry in a two

point contact, we are sensitive to the AMR of the

constriction.

We observe in Fig. 3 that for h¼ 0�, the AMR slightly

increases when the field amplitude decreases. This can be

accounted for the uncertainty of h. We estimate it to be up to

a few degrees due to the fact that the membrane is not per-

fectly flat at the surface of the sample holder and to the

uncertainty on the orientation of the latter in our electromag-

net. The cone shape of the wire can also explain the slight

increase of the AMR. Indeed, when H0 decreases the spins at

the edge of the cone tend to align parallel to the surface and

therefore to the current lines.

AMR measurements reveal different magnetic states at

remanence as a function of h. More particularly, there is a

clear difference between a field applied almost parallel or

almost perpendicular to the cone axis. In the latter case, the

magnetic state within the constriction is non-uniform with

spins aligned mainly perpendicular to the cone axis.

To get a better understanding of what happens in the vi-

cinity of the magnetic switching, we performed magnetore-

sistance (MR) measurements on another sample while

sweeping the field in small steps of 1 mT. The results

obtained for h¼ 0 and 50� are presented in Fig. 4. Similar

results have been obtained on other samples. Each curve is

an average of over 10 scans. For convenience, both MR

measurements have been normalized by the value of the re-

sistance at saturation. While the shape of both MR cycles

exhibits some differences, especially when H0 changes its

sign, some similarities can be observed. In both cases the re-

sistance decreases before H0 reaches zero. This is proof that

the magnetic state at remanence is non-uniform for both ori-

entations of the applied field. The resistance decrease is con-

sistent with an AMR signature of spins, which tend to align

FIG. 3. (Color online) (a) MR of a single Ni nanowire as a function of the

applied field H0. Values correspond to the relative angle between H0 and the

cone axis.

FIG. 4. (Color online) Magnetoresistance of a Ni nanowire as a function of

H0 for h¼ 0� (squares) and 50� (triangles). The resistance has been normal-

ized by the value at negative saturation for convenience.

FIG. 2. Electrochemical reduction current density as a function of time for

the potentiostatic plating of Ni (-1.000 V) in cylindrical pores (gray curve)

and in bi-conical pores (black curve). The schematics display three different

stages of the growth process corresponding to the black curve. In region I,

metal wires (filled) are before the constriction, the current decreases follow-

ing the surface decrease. In region II, the metal filling is at the constriction

of bi-conical tracks, minimum of current intensity, and minimum exposed

surface to electrolyte. In region III, growth continues to larger surfaces up to

the whole membrane surface.
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perpendicularly to the cone axis. Then a sharp decrease of

the resistance is observed at l0H0¼ 0 and 3 mT for h¼ 0

and 55�, respectively. As confirmed by the simulations (see

below), we assume that this step in the resistance corre-

sponds to the nucleation of a DW in the vicinity of the con-

striction. This is followed, on a field range of about 10 mT,

by a slight decrease of the resistance. This can be accounted

for by a small propagation of the DW. Finally, over a last

range of fields of less than 10 mT and beginning at the coer-

cive field Hc, (defined as the field for which the resistance is

the lowest), the resistance increases back to its value at nega-

tive field. We note here that the difference in the switching

field from one scan to another is less than 10% for both field

orientations. The steps observed in this field range is a typi-

cal feature of a magnetic switching ensured by a propagating

DW through the constriction hopping from one pinning site

to another. It is also interesting to notice that despite the dif-

ference in h, the values of the switching field are very similar

for each orientation. This point confirms that the magnetiza-

tion reversal occurs through a nucleation/propagation pro-

cess instead of a coherent rotation of the spins in the

constriction as one could expect from the shape anisotropy

of the nanowire.

IV. MICROMAGNETIC MODELING

The 3D micromagnetic OOMMF freeware program24

has been used to simulate the magnetic states of the cone.

For obvious calculation consumption time, real samples

could not be entirely simulated. Instead, the simulated wire

length is taken to be 4.2 lm long, with a cone angle of 2.5�.
The constriction is defined as a 100 nm long cylinder with a

radius of 50 nm. On one side of the cone, we have simulated

a “mushroom shaped” Ni contact. This mushroom grows at

the top of the Ni nanowire during electrodeposition when the

wire reaches the surface. It can be a few hundreds of nano-

meters up to>1 lm high depending on the sample (see Refs.

21 and 23 for more details). Here we have simulated a mush-

room with a diameter of 200 nm. The parameters used for

the simulations are Ms¼ 4.105 A/m, A¼ 9.10�12 J/m. Crys-

talline anisotropy has been neglected because the electrode-

posited Ni grows with a polycrystalline structure. The cell is

a cube of 125 nm3. Field steps have been limited to 4.5 mT

in the vicinity of the switching field in order to remain within

reasonable calculation times. As a first approximation the

AMR of the cone can be described as the average value of

the square of magnetization in the direction z of the cone

axis. Figure 5 shows the result of the simulation of hMzi2 as

a function of the applied field for h¼ 0 and 45�. We can see

that the shape is in quite good agreement with the experi-

ments. More particularly two major features are reproduced.

The first is the decrease of hMzi2 before the field is reversed.

The second is that both switching fields are quite close for

both orientations of the magnetic field.

Figure 6 shows the equilibrium magnetic states calcu-

lated at the points denoted I, II, III, and IV in Fig. 5 (h¼ 0�).
The arrows represent magnetization vectors in the xy plane

for different z values. Starting from the negative saturation,

two vortices appear in the mushroom and at the bottom of

the cone thus decreasing the magnetostatic energy. The vor-

tex in the mushroom is created around –100 mT while that at

the bottom of the cone appears around �90 mT (figure not

shown). We observe that the cores of the two vortices point

toward the direction of the applied field (-z). However the

chirality of the two vortices is opposite. We assume that the

chirality of the bottom vortex is induced by the small stray

field coming from the mushroom such as to close the mag-

netic flux outside the cone.

When decreasing the amplitude of the applied field, the

vortices at top and bottom of the nanowire propagate toward

the constriction (points I, II, and III) until Hc is reached.

However, at point III the vortices stop at a distance of less

than 1 lm from the center of the constriction in which the

spins still point to the –z direction. This indicates that the

cost in exchange energy to create a vortex at the center of

FIG. 5 (Color online) Square of the average Mz component of the magnet-

ization of the cone for h¼ 0� (squares) and 45� (triangles). Inset: Average

Mz component of the magnetization for h¼ 0� (squares) and 45� (triangles).

FIG. 6. (Color online) Magnetization of the cone in the xy plane at different

z values. The field is applied parallel to the z axis (cone axis). The cone is

preliminary saturated in the –z direction. The different images refer to the

equilibrium magnetic states denoted I, II, III, and IV in Fig. 4.
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the cone would be too important and that the shape anisot-

ropy dominates. When increasing the field from III to IV the

magnetization reverses in the cone. Only the vortices at the

top and bottom remain but we can see that if the chirality has

been conserved the core direction has been inversed to

decrease the Zeeman energy. More details about the dynamic

of the switching are presented below.

A similar behavior is observed for h¼ 45� (field applied

in the yz plane) in Fig. 7. However we observe that the chir-

ality of the top and bottom vortices is the same at point I.

This is due to the y component of the applied field, which

favors a domain with a majority of spins in the –y direction

when the vortex nucleate. Once again, the vortices propagate

toward the constriction until the field reaches Hc for which

the spins at the center of the cone are aligned in the –z direc-

tion. Unlike the case h¼ 0�, we observe that when the vortex

propagates, the vortex core is not aligned with the axis of the

cone, i.e., along the z axis, but spirals around it. We explain

this fact by the competition between the Zeeman and magne-

tostatic energies. Indeed, at zero field the vortex core is

located in the middle of the xy plane as could be expected.

Then when the field is reversed, the þy component of the

applied field induces a displacement of the vortex core to-

ward the edge of the cone. However, because of the cone

shape, this would push the core’s magnetization to point out

of the cone and induce a stray field. To allow for the mag-

netic flux to stay in the cone and to minimize the Zeeman

energy, the vortex core spirals around the z axis so that most

of the spins can rotate in the y and z directions. One impor-

tant feature revealed by these simulations is that magnetic

states with vortices of similar chirality on each side of the

constriction are more stable.

To explain the dynamics of the switching we present in

Fig. 8 some snapshots of the magnetization for h¼ 0� start-

ing from point III and before it reaches the equilibrium posi-

tion of point IV. Similarly to the case at h¼ 45�, we observe

that the vortex core begins to spiral around the z axis to mini-

mize the Zeeman energy. We emphasize here that this spiral

is an unstable state unlike at point III for h¼ 45�. Then in a

small zone in each side of the cone, we observe a flip of the

vortex core to allow for the spins to align in the direction of

the applied field. Then this domain grows and pushes away

the vortices toward the top and bottom of the structure. We

can notice that the spins flip first in the top part of the cone

for which the vortex has entered the furthest in the cone. At

this step a uniform domain with the spins aligned in the op-

posite direction of the field is trapped in the constriction. The

vortices act as a head-to-head and a tail-to-tail domain wall

as schematically shown by the arrows. Finally the switching

is achieved when the two vortices coming from each part of

the cone annihilate in the constriction.

FIG. 7. (Color online) Magnetization of the cone in the xy plane at different

z values. The field is applied at 45� from the z axis in the yz plane. The cone

is preliminary saturated with a negative field with respect to the axis orienta-

tion. The different images refer to the equilibrium magnetic states denoted I,

II, III, IV, and V in Fig. 4.

FIG. 8. (Color online) Snapshots of the magnetization in the xy plane at dif-

ferent z values during switching for h¼ 0�. Arrows are a schematic of the

magnetization in the vicinity of the constriction.
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The situation for h¼ 45� is slightly different as can be

observed in Fig. 9. Indeed the magnetization flips only in the

part of the cone with the mushroom. Then we see that the

vortex can propagate easily through the constriction. The

reason is that the magnetic domain with spins aligned in the

–z direction is not held on each side by two domains with

spins in the þz direction and so it does not prevent the vortex

to enter the constriction.

It is interesting to compare the magnetic simulations

with the AMR experiments. Indeed, simulations performed

on an ideal system with no roughness highlight that the vorti-

ces propagate through the constriction without being trapped.

While it is difficult to know the exact diameter of the con-

striction and the cone angle of the sample we measured, we

can assume that micromagnetic mechanisms of switching are

most likely equivalent for similar cone angles and similar

constriction diameters. Then we can assume that the steps

observed in the AMR in Fig. 3 for H0<Hc correspond to

local roughness induced pinning of the vortex while propa-

gating toward the constriction. More interestingly, we can

assume that the steps observed when passing Hc correspond

to the pinning of the vortex in the vicinity of the constriction.

Then this system becomes very interesting for spintronic

studies since one can trap a head to head or tail to tail vortex

domain wall in a constriction with cylindrical symmetry.

V. CONCLUSIONS

We have developed an original method based upon tem-

plate synthesis in a PET matrix to grow bi-conical Ni nano-

wires with a constriction of a few tens of nanometers. The

micromagnetic states of a single nanowire have been studied

through AMR and micromagnetic modeling during magnet-

ization reversal. Simulations have revealed a complex vortex

like state whose propagation through the constriction

depends on the relative angle between the applied field and

the cone axis. While simulations predict no pinning of the

vortex in the constriction, our magnetoresistance measure-

ments provide evidence that small inhomogeneities allow the

trapping of head-to-head or tail-to-tail domain walls in the

vicinity of the constriction.
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