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Ni nanoarrays were synthesized by electroless-plating and shaped by an anodic aluminum oxide

template. The as-plated arrays exhibited superparamagnetic (SM) ordering resulting from

nanocrystalline microstructure. Ferromagnetic (FM) ordering was found to be restored as the

arrays’ crystallinity was enhanced upon post-annealing. The microstructure (crystallinity) and

the FM ordering are strongly coupled, revealing a magneto-structural correlation for the arrays.

The magnetostructural properties of the arrays can be controlled by post-annealing, where the

magnetization is proportional to the annealing temperature. The electroless-plated arrays

synthesized in this work display magnetic anisotropy not found in electroplated ones. This is likely

attributed to the nature of the clusterlike microstructure, whose cluster-boundaries may confine the

FM rotation within the cluster. The spin-polarization was probed by x-ray magnetic circular

dichroism while the arrays underwent the SM!FM phase transition. The sum-rules results reveal

that the total magnetization of the arrays is dominated by spin moment (mspin). The change in mspin

is responsible for the SM!FM phase transition upon annealing, as well as for the loss of

magnetization upon temperature increase that we observed macroscopically. VC 2011 American
Institute of Physics. [doi:10.1063/1.3594692]

I. INTRODUCTION

In a world of magnetic materials, superparamagnetism

usually appears in small ferromagnetic (FM) particles with a

diameter ranging from 1 to 10 nm.1,2 Superparamagnetism

undermines the applications of magnetic materials, because

the materials no longer possess net magnetization and

become more difficult to modify and control. The occurrence

of superparamagnetism is accompanied by a sudden loss of

magnetization along with a paramagneticlike behavior. The

transformation to an FM phase from a superparamagnetic

(SM) phase requires the recovery of FM coupling strength,

which is intimately connected to a material’s spin-polarization.

How to remove the SM in low-dimensional materials has

been a long-standing but important task.3,4 A better under-

standing of the SM!FM magnetic phase transition5 in nano-

structures is essential for advancing magnetism-related

technologies.

Electroless-plating is an auto-catalytic process com-

posed of several simultaneous reactions in an aqueous condi-

tion, which due to its simplicity in operation has been widely

applied in electronics, automotive, aerospace, and other

industries.6–8 However, due to the absence of current to

assist material’s growth, electroless-plating tends to result in

poorer material crystallinity than does electroplating.

Recently, the SM phase was discovered in electroless-plated

Ni nanoarrays.9,10 The suppression of FM ordering was

attributed to the nanosized crystallites naturally formed dur-

ing the deposition. It was found that the FM ordering can be

restored when the arrays’ crystallinity was enhanced upon

annealing.

Despite the discovery of the SM!FM phase transition,

the mechanism leading to the emergence of the FM ordering

from within the SM ground state is not fully understood. For

example, the macroscopic magnetization is composed of

spin (mspin) and orbital (morb) moments. The individual con-

tributions of these two quantities upon the SM!FM phase

transition are invaluable but, have not been revealed. Thus,

morb and mspin were decoupled using x-ray magnetic circular

dichroism (XMCD) and the electronic structure was probed

using x-ray absorption spectroscopy (XAS). Moreover, since

the magnetic ordering is highly dependent on the crystallin-

ity, a systematic study of the magneto-structural correlation

is necessary to further understand how microstructural order-

ing affects the magnetic properties, such as magnetization

and magnetic anisotropy. This work explores the SM (nanocrys-

talline)!FM (polycrystalline) phase transition for electroless-

plated Ni arrays and provides insights into how spin-polarization

and microstructure influence the phase transition, key to

understanding the complex magnetic behaviors.

II. EXPERIMENTAL

An anodic aluminum oxide (AAO) template with pores

of about 70 nm in diameter was prepared on a p-type Si sub-

strate by following the process described in Ref. 8. The

AAO-Si sample was first sensitized by an SnCl2/HCl solu-

tion (40 g/L SnCl2þ 3 ml/L HCl) and then activated by a

PdCl2/HCl solution (0.15 g/L PdCl2þ 3 ml/L HCl).6,9 This

reduced Pdþ2 to Pd, serving as a nucleation center for the

deposition of Ni atoms. The electroless-plating solution used

in this work was composed of the main Ni source NiSO4, the

reducing agent NaH2PO2, the stabilizing agent Na2C4H4O4,

and the buffer agent Pb(NO3)2. The pH and environmental

temperature for the deposition were set at 5.0 and 65 �C,
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respectively, in order to mirror C. Liu et al.9 who demon-

strated the superparamagentic behaviors seen in the as-plated

sample fabricated with such conditions. Finally, the AAO

was removed by bathing the samples in an NaOH solution,

leaving the arrays rooted perpendicularly on the Si.

One of the three Ni nanoarray samples investigated

in this work was as-plated, another was post-annealed at

350 �C for 30 min using a thermal furnace (TF),11 and a third

was post-annealed at 400 �C for 2 min using a rapid thermal

annealing (RTA) facility. Both post-annealed samples were

in a vacuum condition with the presence of the AAO. For the

TF case, temperature was increased to 350 �C in 20 min and

then maintained for 30 min. For the RTA case, temperature

was raised to 400 �C in 10 s and maintained for 2 min. The

arrays’ surface morphology was probed using a scanning

electron microscope (SEM, JSM 6500 F, operated at

15 keV). A transmission electron microscope (TEM, JEM-

2100 F, operated at 200 keV) was used to probe the micro-

structure and diffraction pattern. The composition of the

arrays was determined by energy-dispersive x-ray spectrom-

etry (EDX). The magnetic hysteresis (M-H) curves were

identified by a superconducting quantum interference device

(SQUID) magnetometer at 30 K, along arrays’ long and short

axes. We found that the plain Si substrate displays countable

diamagnetism.12 Thus, the M-H curves shown in this work

exclude Si’s contribution. X-ray absorption spectra (XAS)

were collected over Ni L2 and L3 edges with total electron

yield mode (TEY) at beamline 11 A of National Synchrotron

Radiation Research Center (NSRRC), Taiwan. XMCD sig-

nals were collected along with XAS with opposite x-ray hel-

icities to probe the spin-polarization state of the arrays.

XMCD signals were taken at various temperatures (30�55 K)

along the arrays’ long and short axes, all under an applied

field of 1 T. Due to the cryostat’s cooling limitation, the low-

est achievable temperature was�30 K for XMCD measure-

ments. This consequently set the quantitative comparison for

SQUID and XMCD to be at 30 K in this work. The short-axis

XMCD measurement was defined at an incident x-ray angle

of 30� with respect to the in-plane direction of the Si substrate.

Afterwards, sum-rules analysis13,14 was applied to the XAS

and XMCD spectra to estimate morb and mspin.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the SEM image of Ni nanoarrays after

the removal of the AAO. Its orientation was nearly perpen-

dicular, and the arrays on the Si substrate were freestanding.

The set of arrays was� 350 nm in height and� 70 nm in di-

ameter (aspect ratio ¼� 5). The three samples investigated

in this work were all set to be with such dimension by the

AAO template. The uniform structural configuration thanks

to the assistance of the AAO template during electroless plat-

ing. Figure 1(b) is the top-view TEM image for the arrays

prior to the removal of the AAO. The arrays are composed

of clusters that commence growth along the AAO walls and

merge at the center of the AAO pores. The details of the

cluster structures appear in the arrays’ cross-sectional TEM

image, Fig. 1(c). The TEM indicates that the cluster struc-

tures are isolated. The growth of the arrays was well con-

fined by the AAO during the plating process, and we found

that the annealing temperature only varied the microstructure

and magnetism of the arrays, as discussed in the following,

but did not change the shape or structural configuration of

the arrays.

Figures 2(a), 2(b), and 2(c) present the diffraction pat-

terns for the as-plated, 350 �C-30-min,11 and 400 �C-2-min

FIG. 1. (a) SEM image of the Ni arrays freestanding on a Si substrate. (b)

Top-view TEM image of the Ni arrays, where the arrays are covered by the

AAO. (c) Cross-sectional view TEM image of the Ni arrays.
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samples, respectively. The diffraction patterns were taken

from top view [Fig. 1(b)] with an aperture covering at least

30 arrays to assure that the crystallinity was well-repre-

sented. For Fig. 2(a), the diffusive ring corresponding to Ni

{111} planes confirms the existence of the nanocrystalline

structure with crystallites 2�3 nm in diameter.9 After post-

annealing, the diffraction pattern changes from ring to spots,

indicating the microstructure’s transforming from nanocrystal-

line15 to polycrystalline16 as a result of crystallinity enhance-

ment. The 400 �C-2-min sample exhibits more evident spots

than the 350 �C-30-min sample, suggesting that the former

has more defined crystallographic planes as well as a better

crystallinity. It also reveals that the crystallinity is more de-

pendent on annealing temperature than on annealing time.

Figure 3 demonstrates the M-H curves for the three

samples with magnetic field applied along the arrays’ long

[Fig. 3(a)] and short [Fig. 3(b)] axes. The as-plated sample

displays much less magnetization than the other two, which

is attributed to the SM phase as reported previously.9 The

SM phase of the as-plated sample is verified by the sample’s

temperature-dependent M-H curves, as presented in Fig.

4(a). At low temperature, the sample displays FM-like

behaviors featuring measurable coercive field (Hc) and rem-

nant magnetization (Mr). These features gradually disappear

as temperature increases, with the M-H finally becoming

more linear at 10 K, implying that the sample’s magnetic

ordering is sensitive to thermal instability, which is typical

of the SM phase. We also present zero-field cooling (ZFC)

and field-cooling (FC) data of the as-plated sample in Fig.

4(b). It can be seen that the blocking temperature (TB) of the

sample is about� 5 K (lower inset). The SM nature can also

be verified by fitting the Langevin equation17,18 above TB,

and the fitting result agrees well with the experimental data,

as demonstrated in the upper inset of Fig. 4(b). After post-

annealing, the FM ordering is gradually restored. The FM

restoration is highly dependent on the level of crystallinity,

demonstrating a significant coupling between the FM order-

ing and the microstructure. The hysteretic M-H curves of the

post-annealed samples indicate the formation of FM

domains, which developed simultaneously with the crystal-

linity enhancement.

FIG. 2. Diffraction patterns of (a) as-plated, (b) 350 �C-30-min and (c)

400 �C-2-min Ni arrays.

FIG. 3. (Color online) M-H curves for the three samples with magnetic field

applied along the arrays’ (a) long and (b) short axes. Data were collected at

T¼ 30 K.
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The striking correlation between the FM ordering and

the crystallinity is attributed to the nature of electroless plat-

ing. We observed that manufacturing nano-array/wire struc-

tures using electro-plating tends to produce segmented

polycrystalline structures parallel to the array/wire’s long

axis.19,20 This is because the plating is triggered at the elec-

trode side and followed by growth along the long axis, due

to the space confinement of the array/wire. This mechanism

is likely to result in high material-homogeneity throughout

the array. However, without current-assistance, poor mate-

rial-homogeneity and low crystallinity are expected for the

electroless-plated arrays. The schematic comparison in

Fig. 5 between electroplated and electroless-plated arrays’

microstructures illustrates their microstructural differences.

The low crystallinity can be thought of as a type of micro-

structural disordering, which tends to frustrate the magnetic

ordering. For the as-plated sample, its structural ordering is

short-range, only seen in a crystallite with a diameter of 2�3

nm. Such small particles tend to have unstable FM moments

and be far apart, making them easily affected by thermal

instability, which is inherent to the SM phase (Fig. 4). How-

ever, we found that heat treatment restores the FM ordering

by enhancing the microstructural ordering, leading to the

SM!FM phase transition. This phase transition can be

therefore characterized as a magneto-structural type. It refers

to simultaneous developments of the FM ordering and of the

microstructural ordering. Physically, the development of the

microstructural ordering favors the growth of FM crystalli-

tes, which stabilizes the FM coupling that can withstand the

thermal instability.

We found that our 400 �C-2-min sample carries magnet-

ization of� 4� 10�4 emu at 1 T, which is about one order

less than that of the electroplated samples.21 Although the

discrepancy may be resulted from different sample volume/

weight between our measurements and others, it could also

be due to the Ni3P (Ref. 22–24) and partial NiO phases

[Fig. 6(a)], which are likely to frustrate the FM ordering of

our sample. When the Si’s diamagnetism is excluded, the

magnetization is not saturated along the long axis at high

field (>13 000 Oe), and the short axis tends toward greater

saturation and moment alignment than the long axis. This is

different than electroplated array/wire structured materials,

whose moment saturations along long axis were usually

found to be smaller than 5000 Oe.25,26 The electroless-plated

arrays’ intriguing magnetic anisotropy can be again corre-

lated to their microstructure. The electroless-plating may

stimulate material’s growth wherever nucleation energy is

low, because of the absence of current-assistance. The TEM

results [Figs. 1(b) and 1(c)] imply that the AAO wall pro-

vides a heterogeneous nucleation location for the deposition

FIG. 4. (Color online) (a) Temperature-dependent M-H curves for the as-

plated Ni arrays. Data were taken along the array’s long axis. (b) Main

panel: ZFC and FC (15 000 Oe) measurements as a function of temperature.

ZFC and FC data were taken along the arrays’ short axis. Lower inset:

enlarged ZFC and FC data around TB¼ 5 K. Upper inset: experimental data

and Langevin fitting for 30 K. Details of Langevin fitting are described in

Ref. 18.

FIG. 5. (Color online) Schematic comparison between electro-plated (right)

and electroless-plated (left) arrays’ microstructures. The illustrations were

made based on the TEM results of Ref. 20 (electro-plating) and of Fig. 1(c)

(electroless-plating) in this work. Red arrows represent the magnetic

moments.
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of Ni to form the clusters. The arrays are full of cluster boun-

daries, appearing mostly along the long axis. These bounda-

ries are heterogeneous pathways, featuring low atomic

density and large structural misfit which confine the FM do-

main rotation within the cluster. On the contrary, the electro-

plated arrays contain segmented and polycrystalline

structures featuring microscopic shape anisotropy, as illus-

trated in Fig. 5. These structures greatly favor macroscopic

shape anisotropy once the arrays’ aspect-ratio is increased,

resulting in effective magnetizing along the long axis.27

However, such microscopic shape anisotropy is not seen in

the electroless-plated arrays. We believe that the microstruc-

tural differences between the two plating-counterparts

(Fig. 5) are responsible for the discrepancy in magnetic ani-

sotropy, whereas additional efforts beyond this work are nec-

essary to address the exact nature of the magnetic anisotropy

of the electroless-plated arrays.

Figure 6(a) shows the x-ray absorption spectrum (XAS),

and Fig. 6(b) shows XMCD data taken along arrays’ long

axis for the three samples. The arc-tan function was applied

to the XAS to subtract the background noise. The XAS of

each sample features satellite peaks around the main Ni L2

and L3 edges, suggesting the oxidation of the samples. The

oxidation probably took place during annealing, because the

adjacent AAO may have served as an oxygen source to the

Ni sample. Alternatively, it may have occurred when the

arrays were exposed to the air. Nevertheless, the oxidation is

partial, because the peak-splitting is less than that of the pure

NiO sample.14,28,29 This agrees fairly well with the atomic

percentage of oxygen (�20%) probed by EDX for all the

samples. Both the line-shape and magnitude of the XAS vary

insignificantly among the three samples. This rules out possi-

ble electronic modifications while the arrays undergo the

SM!FM transition. The three samples’ XMCD signals are

superimposed in Fig. 6(b). A strong dependency of annealing

condition, particularly at the L2-edge, is observed. The larg-

est XMCD signal is exhibited by the 400 �C-2-min sample,

which indicates the strongest magnetization among the three

samples, consistent with the SQUID results. The inset shows

the XMCD reversal upon magnetic field reversal. Since hel-

icity switching is equivalent to magnetization reversal, the

reversal of XMCD signal in response to field switching is

expected.

Nevertheless, the two opposite XMCD signals, as shown

in the inset of Fig. 6(b), are not identical. Hence, sum-rules

analysis was carried out independently for the data sets cor-

responding to the opposite applied fields, to account for sys-

tematic errors in the data. The analytical process, spectra

background removal, integration ranges, and parameters (p,

q, r) for sum-rules analysis are described in Fig. 7. The 3d

electron occupation number, n3d, used for calculating morb

and mspin, was set to 6 for all samples. Because the oxidation

is only partial, no value of n3d would accurately represent the

electronic configuration of the Ni arrays. Setting n3d to 8

(nonoxidized) instead of 6 also would have no effect on the

relative change of morb or mspin. Moreover, the quantitative

determination of morb and mspin can be affected by the sub-

stantial overlap between L2 and L3 edges, the details of back-

ground removal, or the sensitivity of TEY measurements.

Therefore, the following discussion focuses on the relative
changes in morb and mspin.

The estimated morb,mspin, and total magnetization

(morbþmspin) with respect to annealing temperature are

demonstrated in Fig. 8. It clearly indicates that mspin is larger

than morb and that mspin dominates the total magnetization.

This is in reasonable agreement with other works related

to nanostructured magnetism.30,31 Interestingly, morb remains

largely annealing-temperature-independent, whereas mspin

dominates the magnetization by increasing significantly with

the increase in annealing temperature, which was noted as

responsible for the magnetostructural SM!FM phase transi-

tion (Fig. 3). The sum-rules analysis here suggests that the

spin-orbital coupling is insignificant during the phase transi-

tion. More importantly, the phase transition observed macro-

scopically is solely attributed to the change in mspin.

The validity of the sum-rules analysis can be examined

by comparing it with the SQUID results [Fig. 3(a)].

For H¼ 1 T and T¼ 30 K, sum-rules analysis shows that the

350 �C-30-min and 400 �C-2-min samples possess total mag-

netization larger than the as-plated sample by factors of 1.3

and 1.7, respectively. SQUID produced corresponding fac-

tors of 2.0 and 2.8, fairly confirming the consistency between

FIG. 6. (Color online) Ni L2,3 edges (a) XAS and (b) XMCD for as-plated,

350 �C-30-min and 400 �C-2-min samples. For XAS, background was

removed using arc-tan function. XMCD were all normalized to XAS integra-

tion (r shown in Fig. 7). Arrows in (a) indicate the partial oxygen signals at

Ni L2,3 edges. Inset figure in (b) shows XMCD signals upon applied field re-

versal (61 T) for the as-plated sample. Data shown in this figure were all

taken at 30 K.
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macroscopic and microscopic magnetic properties of the

arrays. Although the XMCD for the short axis is omitted for

brevity, the 400 �C-2-min sample shows that mspin is also

larger than morb, in accordance with that seen in the long

axis measurements.

In order to evaluate how thermal instability affects morb

and mspin for the as-plated sample in the SM phase, tempera-

ture-dependent XMCD (T¼ 30, 45, 55 K) and corresponding

sum-rules analyses were carried out, as presented in Figs.

9(a) and 9(b), respectively. As expected, the XMCD signal

decreased dramatically as temperature increased because of

the loss of magnetization. Both mspin and morb declined while

temperature increased, suggesting a weakening spin-orbital

coupling. The result indicates that mspin is much more sensi-

tive to temperature than is morb. It also suggests that mspin is

critical in determining both the loss and the enhancement of

the total magnetization.

In summary, we have investigated the magneto-struc-

tural properties of the electroless-plated Ni nanoarrays in

response to different annealing conditions. These properties

were characterized using SEM, TEM, SQUID, and x-ray

spectroscopy. It was found that the as-plated sample exhibits

the SM phase as a result of nanocrystalline structure, inher-

ent to electroless-plating. Post-annealing induced a magneto-

structural SM!FM phase transition, where it restored the

FM ordering by enhancing the crystallinity. Besides, the res-

toration of the FM ordering was proportional to the anneal-

ing temperature. Unlike the electroplated arrays, more

effective moment saturation in the electroless-plated samples

FIG. 8. (Color online) Estimated mspin, morb, and (mspinþmorb) as a func-

tion of annealing condition.

FIG. 9. (Color online) (a) Temperature-dependent XMCD for the as-plated

Ni arrays. (b) Estimated mspin, morb, and (mspinþmorb) as a function of

temperature.

FIG. 7. (Color online) (a) XAS and (b) XMCD integrations applied in sum-

rules analysis, taking the 400 �C-2-min sample as an example. In (a), the red

line is the arc-tan background removal of the XAS spectrum. p, q, r are the

three spectra integrations required in sum-rules analysis. More details of the

sum rule analysis can be found in Ref. 13.
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was observed along the short axis than the long axis. This is

attributed to the isolated cluster microstructures of the latter.

The cluster isolation is speculated to hinder the moment

alignment along a specific direction, which would explain

the unusual magnetic anisotropy we observed. XMCD and

sum-rules analysis provided a fundamental understanding of

the annealing-induced phase transition. A remarkable

increase in mspin along with the increase in annealing tem-

perature is observed, which dominates the change of magnet-

ization. The domination of mspin also is seen in temperature-

dependent XMCD during the SM phase. These results sug-

gest that microstructural ordering (crystallinity) and mspin

are the two essential factors in determining the magnetic

properties of the electroless-plated Ni arrays.
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