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Single crystalline Ni nanowires (with a controlled diameter of �14 nm) have been fabricated by

electrochemical deposition in etched ion-track polycarbonate templates. The exchange bias effect

in these nanowires has been studied at 10 K under a cooling field of 10 kOe applied parallel to the

wire axis for different time intervals starting from the as-fabricated to �2 yr old samples. A

continuous drop in the saturation magnetization has been observed with time due the formation of

an antiferromagnetic oxide layer at the periphery of nanowires. A model for the drop of

magnetization has been used to calculate the thickness of the oxide layer in nickel nanowires. The

observed variation in exchange bias and saturation magnetization has been explained by taking into

account the exchange interactions at the Ni-NiO interface and the development of

antiferromagnetic NiO at the expense of metallic Ni. VC 2011 American Institute of Physics.

[doi:10.1063/1.3603006]

INTRODUCTION

One-dimensional nanostructures like nanowires (NWs),

nanotubes, and nanobelts, are currently the subject of

immense interest because of their potential applications in

the electronics, computer, recording, biological, and medical

industries.1,2 In particular, transition metal oxide nanostruc-

tures are important for data storage and spin-valve devices as

the magnetic materials.3 The magnetic properties of nanoma-

terials are usually different from their bulk counterparts

because of their high surface to volume ratio of spins that

cause finite size effects in these materials. In the nanoscale

regime, where one or more dimensions are reduced to the

order of the domain wall length or the exchange length, the

magnetic properties become strongly dependent on the struc-

tural geometry of the materials. It is now well-established

that in nanostructured materials, the surface spins play a cru-

cial role as far as their magnetic properties are concerned.

These spins cause, for example, a reduction in the saturation

magnetization and the enhancement of coercivity, or the

appearance of exchange bias at lower temperatures. In these

materials the surface spins do not follow the core anisotropy-

direction and become disordered or canted, leading to the

formation of a magnetic bilayer system with different mag-

netic orders. In the case of nickel nanowires, the outer layer

is generally NiO, which is magnetically antiferromagnetic

(AFM), while the inner layer is Ni which is ferromagnetic

(FM). The formation of the AFM (NiO) layer is basically at

the expense of the metallic FM (Ni) and therefore is associ-

ated with a general loss of magnetization in these nanowires.

Temperature dependent magnetic analyses in multilayer

systems lead to several interesting phenomena, including the

exchange bias (HEB) effect.3,4 The exchange coupling at the

FM-AFM interface may induce unidirectional anisotropy in

FM materials, below the Néel temperature of the AFM, shift-

ing the loop along the field axis.4 The exchange bias effect,

HEB, has also been observed in other bilayer systems involv-

ing ferromagnetic, ferrimagnetic, and spin-glass-like materi-

als.3,4 This phenomenon has mainly been investigated in thin

films and to some extent in nanoparticles.5–7 However, this

effect has been recently observed in 1-dimensional (1-D)

nanostructures as well.8,9 In 1-D nanostructures (e.g., nano-

wires), well-defined hard and easy axis exists due to the

strong shape anisotropy, especially in cylindrical nanowires

that plays a crucial role in determining both the magnitude

and the direction of HEB in such systems. The competition

between the shape and field-cooled induced anisotropies can

be tailored to study the magnetic properties and exchange

bias effect in multilayered nanowires.

In template embedded NWs, the HEB can be used as a

tool for investigating the oxidation rate at the surface of the

NWs. The polymer hosting nanowires provide protection

against rapid oxidation, thereby slowing down the oxidation

rate in the wires. The thickness of the oxide layer depends on

the nature of the polymer-wire interface; because the (poly-

carbonate) PC protects the NWs against their rapid oxidation

although it is permeable to the atmospheric oxygen.10 In the

case of Co NWs �30 nm in diameter embedded in PC an av-

erage oxide layer of �4 nm in thickness has been measured

after a delay time 800 days from the sample’s fabrication.11

While in the case of Co thin films (> 5 nm), a layer of �2.5

nm thickness has been reported within the initial first few

days of their fabrication.12 In both cases, it has been

observed that the oxidation rate is high at the start and the

thickness of the oxide layer increases monotonically with

time, while a steady state oxidation is achieved afterwards.

Soon after the fabrication of the NWs there is no evidence of
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HEB due to the absence of the AFM oxide layer at the periph-

ery of the wires. However, after a few days, a significant

contribution to the HEB arises as a result of the formation of

the AFM layer at the surface of the wires exposed to the

atmospheric conditions. The oxidation of the NWs, in gen-

eral, causes a loss in their magnetization as a result of the de-

velopment of the AFM oxide layer at the expense of the FM

metallic layer.

In this article we present the fabrication of single crys-

talline Ni NWs by electrochemical deposition in ion track-

etched polycarbonate (PC) templates. At various stages, ox-

ide layer thicknesses have been calculated from the experi-

mental values of the magnetization drop and the results have

been verified by transmission electron microscopy and x-ray

diffraction techniques.

EXPERIMENTAL PROCEDURES

Polycarbonate foils 30 lm in thickness were irradiated

at normal incidence with 238U ions (kinetic energy: 11.4

MeV/u, fluence: 108 ions cm�2). Each ion creates a cylindri-

cal damage zone along its trajectory which was further sensi-

tized by UV light irradiation for 2 h. The UV irradiation

enhanced the track-etching rate, thus supporting the forma-

tion of cylindrical tracks in the PC membranes.13,14 The foils

were subsequently etched in 5 M NaOH solution at 50 �C to

obtain the cylindrical nanopores. The diameter of the etched

pores was controlled by the etching-time during the process

of etching. In the next step, a thin gold layer (�10 nm) was

sputtered onto one side of the membrane and subsequently

reinforced by an electrochemically deposited copper layer of

�5 lm. This layer served as a cathode during the wires fabri-

cation process, while a metallic nickel rod was used as the

anode. The electrolyte consists of 1 M NiSO4 and the initial

pH of the solution was adjusted to 6 by adding the appropri-

ate amount of H2SO4. The deposition of Ni was carried out

using a constant voltage of � 0.95 V at room temperature;

further details are given in Ref. 15. The morphology of the

NWs was investigated by scanning electron microscopy

(SEM) and high-resolution transmission electron microscopy

(TEM), while the composition of the wires was studied by

means of energy dispersive spectroscopy (EDS). The x-ray

diffraction (XRD) technique was used for analyzing the tex-

ture of the nanowires. Additionally, magnetic characteriza-

tion has been performed by a quantum design physical

property measurement system up to a maximum field of 20

kOe. For SEM and TEM analyses, the nanowires were liber-

ated from the template by dissolving the PC in dichlorome-

thane (CH2Cl2). For magnetic and XRD characterizations

the wires were left embedded in the template and the Au/Cu

substrate layer was removed.

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the SEM images of the as-

prepared Ni nanowires liberated from the PC templates. Fig-

ure 1(a) shows the lateral view of the Ni NWs representing

�24 lm length of the wires, while Fig. 1(b) shows the verti-

cal view of the wires. In Fig. 1(b) the NWs are standing ver-

tically, mostly in the form of bundles. Possible reasons for

the bundle formation are: (1) the magnetic force in the Ni

NWs that keeps them together in the form of bundles, and

(2) the aspect ratio (l=d � 2100Þ of the wires is very high,

therefore it is difficult for an individual NW to stand without

any support. In the SEM images the NWs are observed to be

cylindrical in shape with homogenous contours over their

whole length. Due to the good quality of the polymeric tem-

plates used in this work the diameter distribution within a

given sample was �7% of their mean value. In this work,

homemade PC membranes were used rather than commer-

cially purchased ones. The shape of the pores in commer-

cially available membranes is usually toothpick- or cigar-

like.16,17 In such membranes the wires that are grown are

generally wider in the centers and thinner at the ends.16 Fig-

ure 2 shows the high resolution TEM image of the as-pre-

pared Ni NWs with a mean diameter of �14 nm. The inset

of the figure shows the selected-area electron diffraction

(SAED) pattern of a randomly selected segment of a wire.

The SAED analysis shows that the as-prepared Ni NWs are

FIG. 1. SEM image of (a) horizontal view of Ni NWs lying on the substrate

along the direction of the dissolving liquid, indicating the length of the

wires. A maximum length of �24 lm can be seen in the images, and (b) the

vertical view of the NWs in the form of bunches of wires. These are formed

due to their magnetic nature and high aspect ratio.

FIG. 2. (Color online) TEM micrograph of single-crystalline Ni nanowires

with a diameter of �14 nm. The inset figure shows the SAED analysis of

one of the wires while the inset table shows the EDS results of a segment of

the same wire.
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single crystalline with face centered cubic (fcc) structure.

Moreover, the EDS results shown in the inset table of Fig. 2

reveal that the prepared sample is composed of purely metal-

lic Ni with no evidence of any oxidation in the form of NiO.

Figure 3 shows the TEM images of 100 week (�2 yr) old Ni

NWs with SAED and EDS analyses of these samples shown

in the inset of the figure. The TEM image in Fig. 3 shows

that Ni NWs, after 2 yr, are now surrounded by a few nano-

meters thick layer of nickel oxide. This oxide layer is usually

polycrystalline and sometimes multiphase as well.18 The pol-

ycrystalline behavior of 2 yr old NWs is evident in the

SAED image of the wires. The quantitative results of the

EDS show that the NWs, after 2 yr, are now composed of

metallic Ni along with its oxide (NiO) that arises from the

oxidation of Ni in the presence of atmospheric oxygen. Addi-

tionally, the TEM images confirm the cylindrical morphol-

ogy and uniform contour of the wires. In general, the TEM

and SAED analyses of the as-prepared NWs show no grain

boundaries, thus confirming that our Ni NWs consist of at

least several micrometer long single-crystals. Figure 4 dis-

plays the XRD patterns of Ni NWs at five different stages

starting from the as-prepared to 100 weeks older samples.

All the reflections shown in the XRD patterns are indexed

for Ni and NiO. In the as-prepared samples, only the Ni

(220) reflection is present, which shows the single crystalline

nature and strong 110 texture of the wires. After a waiting

period of 5 weeks NiO reflections start to appear in the XRD

pattern that can be indexed in accordance with JCPDS card

No. 47-1049 for nickel oxide. The XRD patterns illustrate

that the intensity of the NiO peaks increases with time as a

result of the increasing thickness of the Ni-oxide layer with

time at the preferential surface of the NWs. It is interesting

to note that the intensity of the Ni (220) reflection diminishes

with time because of the increasing oxidation of Ni and

therefore the content of Ni decreases while NiO increases

with time.

Magnetization curves of the embedded Ni nanowire

arrays with the magnetic field applied parallel to the long

wire axis at 10 K are shown in Figs. 5(a)–5(d). The insets of

the figures show the expanded region around the origin for

the visibility of the reader. Figure 5(a) shows the zero field

cooled (ZFC) magnetization curve of the as-prepared Ni

NWs with a maximum field up to 20 kOe. The single-crystal-

line NWs possess a coercivity of �692 Oe at 10 K while at

room temperature the coercivity is �100 Oe indicating that

the coercivity has been increased by a factor of �7 at 10 K.

This is well corroborated with the reported coercivity value

of 101 Oe at 300 K for single crystalline nickel nanowires

with diameters of �50 nm.19 The very large coercivity at

low temperature is consistent with the pronounced growth of

the magnetic anisotropy inhibiting the alignment of the

moment along the applied field direction. Figures 5(b)–5(d)

show the field cooled (FC¼ 10 kOe) magnetization curves

of the Ni NWs aged 10, 50, and 100 weeks, respectively. In

the case of the ZFC curve shown in Fig. 5(a), the loop is

symmetric about the origin while in FC conditions; the loops

show a horizontal shift along the field axis opposite to the

direction of the cooling field. These features are the charac-

teristics of exchange bias defined by HEB¼ (Hc1þHc2)/2,

where Hc1 and Hc2 are the left and right coercivities of the

field cooled magnetization curve, respectively. The values of

HEB calculated from the FC curves are plotted as a function

of the age of the Ni NWs and are shown in Fig. 6(a). It is

seen that HEB increases linearly, quite rapidly within the first

15–20 weeks, indicating a rapid oxidation of the wires in the

initial weeks. In the subsequent time, the increase in HEB

FIG. 3. (Color online) TEM micrograph of �2 yr old Ni nanowires repre-

senting metallic Ni at the center surrounded by the thick NiO layer. The

inset figure and table show the corresponding SAED and EDS results of a

single nanowire.
FIG. 4. (Color online) XRD patterns of Ni NWs at different stages starting

from the as-prepared to 100 week old samples. The change in intensity of

the Ni and NiO peaks represents the time varying transformation of Ni into

NiO.
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becomes slower and almost constant, indicating a steady

state oxidation for �1 yand finally an increasing trend is

observed in HEB values NWs aged for �2 yr. The absence of

HEB in fresh samples indicates that there is no AFM oxide

layer at the surface of the NWs however, as time passes,

because of the rapid growth of the oxide layer at the periph-

ery of NWs, an exchange bias effect arises and plays a role.

To explain various trends in HEB versus the time curve it is

assumed that in Ni NWs the AFM NiO is formed at the

expense of the FM Ni and the thickness of this layer

increases with time. Since there is fast oxidation of the wires

in the initial weeks, HEB increases rapidly with the NiO

FIG. 5. (Color online) Magnetization

hysteresis loops of Ni NWs embedded in

PC templates. (a) Shows the ZFC hyster-

esis curve of 14 nm single crystalline

NWs. (b)–(d) Show the FC hysteresis

curves of the NWs aged 10, 50, and 100

weeks, respectively. The insets of the

figure show the expanded region around

the origin for the visibility of the reader.

FIG. 6. (Color online) (a) Variation of

HEB as a function of the delay time after

the wires have grown. The values have

been calculated from FC magnetization

curves of the samples for different delay

time intervals. (b) HEB as a function of

the NiO layer thickness, (c) M/Mo as a

function of delay time, and (d) NiO

thickness as a function of the age of the

wires.
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thickness up to �3 nm and then becomes nearly constant, as

shown in Fig. 6(b). In fact, the dependence of HEB on the

AFM thickness is quite complicated. However, in the case of

thin films, as the thickness of the AFM increases (above a

few nm) HEB increases rapidly and finally, for thick enough

AFM layers (�tens of nm) HEB becomes independent of the

AFM thickness.20 In our case, for the NiO layer thicker than

3 nm, there seems to be no substantial increase in HEB, as

shown in Fig. 6(b). This may be due to two reasons: (1) the

microstructural changes in the AFM NiO with increasing

thickness, e.g., one type of phase or orientation is no longer

stable above certain thicknesses, and (2) changes in the AFM

domain structure that may arise with the AFM layer thick-

ness.21 The microstructural changes in NiO will be the possi-

ble reason in our case. Now we will refer to Fig. 6(a), where

there seems to be an increasing trend of HEB after 80 weeks.

A similar trend can be observed in Fig. 6(b). This increase in

HEB can be explored if we account for the FM layer thick-

ness that plays a crucial role while studying the exchange

bias effect in thin films or nanowires.22 The dependence of

HEB on the FM layer thickness was explored in detail by

Kung et al.23 They studied a system composed of 3 interfa-

ces of NiFe(60 nm)/FeMn(4–40 nm)/NiFe(30 nm)/Ta(20

nm). The HEB, in terms of the interfacial energy density (S in

erg/cm2), magnetization (M), and FM layer thickness (tFM),

is defined by the relation, HEB¼ S/MtFM. From this relation

it is clear that HEB is inversely related to both the thickness

of the FM material and its magnetization. Now, if we ana-

lyze our data and consider that the preceding relation holds

for our system of Ni NWs, then as the thickness of Ni, which

converts to NiO with time, is going to decrease, HEB

increases. This conversion also decreases the effective mag-

netic volume and hence, the magnetization decreases which

results in an increase in HEB, according to the preceding rela-

tion. It is, therefore, expected that HEB will be high after a

long time (e.g., �2 yr in our case). However, if the FM layer

is too thin (e.g., after a very long time delay, all Ni is con-

verted to NiO) then this relation may not hold further.19,22,24

This is because for a thin enough layer the FM may become

discontinuous. The thickness at which this occurs (usually a

few nm) varies from system to system and depends on the

microstructure and growth mechanisms of the FM materi-

als.19,25–27 It is interesting to note that the maximum value of

the exchange bias after 100 weeks in our case is �170 Oe.

This value is, however, smaller than the exchange bias value

of 220 Oe reported for Ni/NiO nanowires deposited onto the

CNT/Pt nanocomposites.28 The difference between the two

values could be either the result of FM/AFM layer thick-

nesses or the operating temperatures, that are different in

both cases. Another possibility of the smaller HEB can be the

smaller cooling field (1 kOe) used in our case, while in their

case they have reported a cooling field of 5 kOe.

To carry out the quantitative analysis of the oxidation

layer around the Ni NWs one can record the drop in normal-

ized magnetization at saturation (M/Mo) as a function of

time. The thickness of the oxide layer can be calculated at

various oxidation states of Ni NWs using the experimental

values of the magnetization drop given in Fig. 6(c). In fact,

the magnetization is directly related to the oxide layer thick-

ness and the remaining magnetic material (Ni). Figure 6(c)

shows the normalized magnetization at saturation (M/Mo),

where Mo is the value of the magnetization of fresh samples

and M is the remaining magnetization. From this figure, it is

seen that M/Mo shows a continuously decreasing behavior,

which is sharp in the beginning and then becomes slower af-

ter �20 weeks, similar to the behavior of HEB with time. The

rapid drop of the magnetization is, in fact, due to the rapid

oxidation of the wires, where FM Ni is converted into AFM

NiO as a result of the oxidation of the wires in the atmos-

pheric oxygen. It is noticeable that the value of the magnet-

ization of the NWs and the effective magnetic volume (V)

are related to each other by the relation M¼MsV, where Ms

is the saturation magnetization of bulk nickel. In this rela-

tion, the decrease in magnetization due to the top and bottom

faces of NWs are neglected because the length (l) of the Ni

nanowires is very long (�30l) as compared to diameter

(�14 nm) of the wires. Therefore, the contribution from the

top and bottom surfaces toward the magnetization is negligi-

ble as compared to the preferential surface of the NWs. The

normalized magnetization (M/Mo) can be approximated by

the reduced magnetic mass (m/mo) of Ni and thus to the ratio

(R2/Ro
2 using the mass-density relation). Where R is the ra-

dius of Ni with magnetic mass (m), and mo and Ro are the

mass and radius of the as-prepared Ni nanowires. The oxide

layer thickness DR¼Ro�R is given by DR � Ro[1� (M/
Mo)1/2].11 In the case of Ni NWs, the oxidation state of the

wires for different delay times can be calculated from the

values of M/Mo given in Fig. 6(c). The thickness of the oxide

layer, as a function of the calculated delay time using the

preceding equation, is given in Table I. It is seen that after

�2 yr delay time the total oxide layer is �8.5 nm, which is

in good agreement with the results of the TEM that is �9

nm. From Fig. 6(c) it is seen that a larger drop in magnetiza-

tion, about 50%, occurs in the initial few (�10) weeks, while

only about 35% magnetization drop occurs in the remaining

90 weeks, indicating a rapid oxidation in the initial weeks.

The larger magnetization drop in our case is in accord-

ance with the prediction of a larger magnetization drop in

smaller diameter NWs.11 Figure 6(d) shows the thickness of

the oxide layer as a function of the delay time where we can

conclude similar results of rapid oxidation in the initial

TABLE I. NiO layer thickness (nm) calculated from normalized magnetiza-

tion values for different delay times (weeks) for 14 nm Ni nanowires.

Delay time (weeks) M/M0 DR¼R0�R NiO thickness (nm)

0 (fresh sample) 1 0 0

1 0.92 0.28 0.57

2 0.84 0.56 1.13

3 0.78 0.82 1.64

4 0.70 1.13 2.27

5 0.64 1.40 2.80

10 0.52 1.96 3.92

20 0.44 2.32 4.65

30 0.38 2.68 5.37

50 0.32 3.05 6.10

75 0.22 3.68 7.37

100 0.15 4.27 8.54
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weeks and a steady state oxidation in the subsequent weeks.

Further oxidation at the interiors of the nanowires is

expected to be slower because of the outer oxide layers that

are protecting metallic Ni at the center from atmospheric ox-

ygen, thereby slowing down the oxidation rate in Ni

nanowires.

CONCLUSION

Magnetic NWs have been fabricated by electrochemical

deposition in etched PC templates. Our SEM and TEM anal-

yses confirm the cylindrical shape and uniform contour of

the wires while the SAED and EDS results reveal that the as-

prepared NWs are completely in single crystalline form

while the aged NWs are in mixed form. Rapid oxidation has

been found in the initial weeks while a steady state oxidation

has been found after about 20 weeks in accordance with the

fact that the outer layers prevent the rapid oxidation of Ni at

the center of the NWs. Variation in the exchange bias with

time showed a sharp increase in the beginning while showing

a slower increase afterwards that has been attributed to the

fast development of the AFM NiO layer at the start, which

becomes slower after about 15–20 weeks. A continuous

decrease in saturation magnetization has been recorded at

the surface of the wires due to the natural oxidation of Ni

into Ni-oxide. From the drop of the magnetization, the thick-

ness of the oxide layer has been calculated at different stages

and the results have been verified by the TEM technique.

Finally, this study can be useful for investigating the oxide

layer thickness and magnetization states of metallic NWs

with time grown in polycarbonate templates.
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