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Abstract The magneto-structural (MS) and mag-

neto-electronic (ME) effects, as well as their coupling

relationship, were investigated in electroless-plated

(EL) Co0.5Ni0.5 arrays treated by post N2 annealing

and in situ field plating. Separately and combined,

these two treatments have been widely employed to

improve the properties of magnetic nanostructures.

This work aimed to discriminate between treatments

with respect to electronic and structural properties, and

magnetic degrees of freedom of Co0.5Ni0.5 nanostruc-

tures. The field-plated sample exhibited a strong MS–

ME coupling due to magneto-crystalline anisotropy

(MCA), arising from a FCC (111) preferred orienta-

tion with lattice planes stacking orthogonally to the

long axial direction of the arrays. A large coercivity

was observed in this structure, arising from high

magnetic stability. X-ray magnetic circular dichroism

revealed that magnetization was enhanced primarily

by Co magnetism, while the field-plated sample

underwent a MS/ME transition with corresponding

increase of the plating field. Conversely, the

heat-treated sample comprised isotropically oriented

nanocrystals approximately 20 ± 3 nm in diameter,

coated with an oxidation layer (approximately

5 ± 2 nm thick). The absence of MCA in these

samples ensured a weak MS–ME coupling. Although

the Ni magnetization of heat-treated samples remained

close to that of the field-plated sample, the Co

constituent exhibited CoO and Co3O4 phases in

addition to the metallic state. By contrast, the Co

constituent of the field-plated sample was mainly

metallic. The lack of MCA, combined with a complex

Co magnetic state, appears responsible for the diver-

gent macroscopic magnetic behaviors of the heat-

treated and the field-plated samples. By isolating

changes in local magnetic moments of Ni and Co, we

gained a fundamental understanding of the effects of

post-N2 annealing and field plating on CoNi. Such

knowledge may assist researches in improving the

magnetic properties of bimetallic nanostructures.

Keywords Nanoarrays � CoNi � XMCD �
Electroless � Magneto-crystalline anisotropy

Introduction

CoxNi1-x is ubiquitously used in magnetism studies

(Yang et al. 2011; Yamauchi et al. 2004; Sankara

et al. 2003; Qin et al. 2002; Ohtake et al. 2009;
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Pané et al. 2007; Gómez et al. 2005; Gálvez et al.

2010; Kuepper et al. 2011). Having a naturally high

atomic moment and coercivity, Co promotes the

magnetization and magnetic hardness of Ni to satisfy

technological needs (Yang et al. 2011; Yamauchi et al.

2004; Sankara et al. 2003). Given its ubiquity,

CoxNi1-x is expected to exhibit high chemical stability

in a variety of forms. For example, CoxNi1-x may be

easily deposited onto various substrates (Yang et al.

2011; Ohtake et al. 2009) or embedded into different

matrices (Pané et al. 2007; Gómez et al. 2005),

providing a means of investigating the interactions

between ferromagnetic (FM) and (non)-magnetic

systems. In addition, the magnetic/electronic proper-

ties of CoxNi1-x can be tailored to a particular

application by varying the CoxNi1-x composition

(Gálvez et al. 2010; Liot and Abrikosov 2009). As

researchers devote ever-more attention to nanotech-

nology, they seek a fundamental knowledge of low-

dimensional magnetic behaviors. The synthesis of

various CoxNi1-x nanostructures has become a pop-

ular approach for investigating these behaviors. How-

ever, unlike its FexNi1-x counterpart, whose

anomalous (invar) transition has been well-studied in

both bulk and nanostructure (Glaubitz et al. 2011; Liot

and Abrikosov 2009), CoxNi1-x is understood only as

an alloy with tunable magnetic properties.

Our recent studies on electroless (EL)-plated mag-

netic nanoarrays have revealed a strong coupling

between microstructure and magnetism (Yang et al.

2011; Liu et al. 2009; Huang et al. 2011). We also

discovered that although both heat treatment and Co-

doping promotes magnetic ordering by enhancing the

microstructural ordering of the Ni arrays, the latter

treatment alone generates an electronic-dependent

transition (Yang et al. 2011). This suggests that Co

induces an additional magneto-electronic (ME) effect

that complements the original magneto-structural

(MS) effect in the undoped Ni. While a few studies

have demonstrated microstructural and magnetic cor-

relations in thin films and nanostructures of CoxNi1-x

(Ohtake et al. 2009; Ung et al. 2005; Wu et al. 2010),

our results suggest that Co modifies the properties of

Ni in rather more complex ways, underlain by the ME

effect. This work is an extension of our previous study

(Yang et al. 2011), in which Co-induced effects were

clearly demonstrated. Here we focus on the nanoscale

properties of CoxNi1-x, namely, its electronic and

magnetic coupling, and structural degrees of freedom.

To this end, we investigated two sets of CoxNi1-x

arrays of a fixed x value (x = 0.5); one subjected to

various magnetic fields during the EL-plating and the

other treated by thermal annealing in a N2 atmosphere.

Both treatments, separately or in combination, have

been shown to improve the properties of magnetic

materials (Liu et al. 2009; Huang et al. 2011; Marı́n

et al. 2006; Ito et al. 2007; Shamaila et al. 2009). By

applying the two treatments independently, we could

contrast the MS and ME effects, and also examine

their coupling strength. Since the fabricated CoxNi1-x

were highly ordered, magneto-crystalline anisotropy

(MCA) was established along the long axial direction

of the field-plated arrays, rendering their MS effect

and coupled ME significantly different from those of

the heat-treated samples. Our separate-treatment

approach contrasts starkly with studies utilizing mag-

netic field annealing (Marı́n et al. 2006; Ito et al. 2007;

Shamaila et al. 2009), in which the individual effects

of the MCA and thermal energy on the properties of

the materials were vaguely determined. Using X-ray

absorption spectroscopy (XAS), X-ray magnetic cir-

cular dichroism (XMCD), transmission electron

microscopy (TEM), and X-ray diffraction (XRD),

we investigated the properties of CoxNi1-x undergoing

different structural/electronic transitions. XAS and

XMCD collectively provided an element-specific,

electronic-sensitive probe of the changing magnetism

and oxidation states of the two constituents (Co, Ni) as

the transition progressed. Because the Co and Ni

contents in the material were equal, any transition-

induced changes of magnetic or oxidation states from

either constituent would alter the overall properties,

enabling a direct correlation between the MS and ME

effects. Both effects, as well as the coupling between

them, differed markedly between the CoxNi1-x treated

by annealing and field plating. Comparing these

results, the interplays between Co and Ni under the

influences of the two treatments could be elucidated.

Experimental section

CoxNi1-x nanoarrays (x = 0.5) were fabricated within

an anodic alumina oxide (AAO) template, adopting an

EL-plating technique. An AAO template with the

pore size *100 ± 5 nm was sensitized and acti-

vated by a SnCl2/HCl solution (40 g L-1 SnCl2 ?

3 ml l-1 HCl) and a PdCl2/HCl solution (0.15 g L-1
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PdCl2 ? 3 ml l-1 HCl) prior to the EL-plating pro-

cess. The plating solution used in this work consisted

of CoSiO4 (0.025 M), NiSO4 (0.025 M), (NH4)2SO4

(0.5 M), and NaH2PO2 (0.3 M), where CoSiO4, and

NiSO4 served as the main Co and Ni sources.

(NH4)2SO4 and NaH2PO2 served as buffer agent and

the main reduction agent, respectively. Since the

samples investigated in this work were composition-

independent, they are hereafter designated CoNi, and

their Curie temperatures were found to be around

1,100 K. Field-plated CoNi samples were prepared by

applying an external field of 0, 0.2, or 0.4 T along the

long axial direction of the arrays in the presence of the

AAO during plating, and were designated MFP0,

MFP2, and MFP4, respectively. The heat-treated

sample was prepared by thermally annealing the

plated CoNi at 600 �C for 3 h in an N2 atmosphere,

using a tube furnace in the presence of AAO. This

sample was designated as TA. To enable quantitative

comparison between the magnetic properties of the

samples, sample dimensions were precisely and

identically controlled by the AAO. The compositions

of both CoNi sets were verified by energy-dispersive

X-ray spectrometry (EDX) to ensure that the Co(Ni)

concentration had not altered under the treatments.

The surface morphology of the CoNi was probed by a

scanning electron microscope (SEM, JSM 6500F)

operated at 15 kV. Atomic-scale images were

obtained by high resolution transmission electron

microscope (HRTEM, JEM-2100F operated at

200 keV). Structural characterizations were con-

firmed by Cu ka XRD. Magnetic properties were

analyzed by a vibrating sample magnetometer (VSM),

with magnetic hysteresis (M–H) loops taken along the

long axial direction of the arrays. XAS spectra were

collected over Co/Ni LII and LIII edges with a total

electron yield mode (TEY) at beamline of 11A, at the

National Synchrotron Radiation Research Center

(NSRRC), Taiwan. At the same facility, XMCD

signals (for probing the spin-polarization state of the

arrays) were obtained by reversing the X-ray helicity.

All XMCD signals were recorded at room tempera-

ture, under a magnetic field of 1 T. Combining these

two techniques probed the electronic occupations of

Co and Ni in the vicinity of their Fermi levels, in an

element-specific manner. Following data collection,

the orbital (morb) and spin (mspin) moments of the

samples were derived from the XAS and XMCD

spectra by sum-rules analysis (Chen et al. 1995).

Results and discussion

Figure 1a, b shows the cross-sectional and top-viewed

SEM images, respectively, of the AAO template

before plating. The template is composed of numerous

hollow tubes, each of depth *300 ± 5 nm and

diameter *100 ± 5 nm. These tube dimensions

determined the aspect-ratio (approximately 3) of the

CoNi arrays. The free-standing nature of the plated

CoNi arrays (with AAO removed) is apparent in their

cross-sectional and top-viewed SEM images (Fig. 1c,

d, respectively).

Figure 2a–c displays HRTEM images of MFP0, TA,

and MFP4, respectively. The HRTEM of MFP0

(Fig. 2a) reveals that the CoNi microstructure was

unaffected by field plating and heat treatment. The

microstructure contains nanocrystals (NCs) of average

diameter approximately 5 ± 2 nm. The microstructure

is of short range order, characterized by randomly

oriented NCs embedded in an amorphous matrix (Yang

et al. 2011; Liu et al. 2009). However, the TA and MFP4

microstructures, shown in Fig. 2b, c, respectively, are

more crystalline than that of the MFP0. The annealing

process facilitated the growth of TA NCs by expanding

the NCs to approximately 20 ± 3 nm in diameter.

Nevertheless, the TA exhibits no preferred orientation;

mis-oriented NCs are highlighted in the inset of Fig. 2b.

The MFP4 microstructure, on the other hand, is highly

oriented, with specific lattice planes stacking orthogo-

nally to the axial direction throughout the arrays, as

shown in Fig. 2c. The lattice spacing, estimated as

2.03 Å, corresponds to the (111) inter-plane spacing of

CoNi FCC (Kumah et al. 2007; Niu et al. 2004). The

one-way orientation of MFP4 is universal, as evidenced

from a HRTEM taken within another region of the array

(Fig. 2c, inset). Similar results were obtained for MFP2

(data not shown). The preferred orientation appears to

arise from the magnetic field applied during the plating

process, as previously observed by Niu et al. (2004) in

field-synthesized Ni nanoparticles. Since [111] is the

axis along which CoNi FCC is most easily magnetized

(Tang et al. 2007), this phenomenon must arise from

aligning the magnetic moment in a specific crystallo-

graphic direction, to acquire minimum energy for spin-

orbital coupling (Spaldin 2003). Thus, the crystalliza-

tion mechanism of the MFP4 differs that of the TA

(whose crystal development is limited and isotropic).

The differences in crystallization mechanism ensure

different crystallographic properties of the two samples.
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For example, the XRD pattern of MFP4 reveals mainly

FCC (111) orientation (Fig. 3a), while that of TA shows

an additional index of (200), arising from the isotropic

orientation. Since FCC [111] is the preferential crystal-

lographic direction of MFP4, a highly favored MCA is

expected in the MFP4 rather than in the TA.

This surmise is validated by the M–H loops of the

two samples, displayed in Fig. 3b, c for TA and MFP4,

respectively. Because the M–H loops were taken along

the long axial direction of the arrays, they reflect the

stability of the magnetic moment along the [111]

direction in MFP4. The coercivity (Hc) of MFP4 is

relatively large (*850 Oe), indicating that the

moment/crystal alignment is energetically favorable

(Spaldin 2003). Conversely, the coercivity of TA is

much reduced (Hc * 300 Oe), suggesting a mixture

of favorable and unfavorable MCAs in this structure.

Summarizing the above results, we infer that the

distinct effects of field plating and heat treatment

processes on the CoNi result from dissimilar MS

transitions. The thermal energy applied to TA favors

isotropic crystallization but compromises the mag-

netic stability (Qin et al. 2002). However, the

magnetic field applied to MFP4 simultaneously rotates

the moments and the (111) plane, due to MS coupling

in the CoNi. Thus, the crystallization mechanism of

MFP4 is dominated by MCA, and the magnetic

properties are considerably different from those of TA.

The presence of MCA in MFP4 also appears

responsible for the strong MS effect observed in

MFP4 (relative to TA). To further understand the MS

effect and its relationship with plating-field strength,

we collected XRD and M–H loops for the MFP0,

MFP2, and MFP4 samples. XRD and M–H loops are

presented in Fig. 4a, b, respectively. The FCC (111)

peak intensity increases with increasing plating field,

suggesting progressive crystallization as the MCA is

increasingly favored (Fig. 4a). As shown in Fig. 4b,

Fig. 1 a SEM cross-sectional and b top-viewed images of the AAO template. c SEM cross-sectional and d top-viewed images of CoNi

arrays after the removal of the AAO. Scale bar shown in d is applied to all subfigures
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the magnetic properties are substantially altered as

plating field rises, with the saturation magnetization

(main panel), Hc (upper inset) and squareness (Mr/Ms,

lower inset) all becoming more pronounced.

Interestingly, the XRD intensity of the Ni3P phase

(Sankara et al. 2003; Press et al. 1987), an unavoidable

intermediate phase induced by the reducing agent

NaH2PO2 in the plating process, also increases with

increasing plating field (see Figs. 3a, 4a). Press et al.

(1987) reported that the nickel constituent of Ni3P is

substantially demagnetized by Pp–Nid orbital hybrid-

ization, rendering the Ni3P a paramagnetic phase

(PM). In our study, the Ni3P-PM appears to be coupled

to a specific crystallographic direction, as evidenced

by its magnetic field dependency in the XRD intensity

data (Fig. 4a). However, we consider that the Ni3P, by

virtue of its PM nature, introduces a limited FM

component to the main CoNi FM phase, especially in

terms of Hc, and therefore exerts negligible influence

on the MS effects observed in CoNi.

Although the magnetic properties of field-plated

and heat-treated CoNi are clearly distinguished by

differences in their MS effects, the situation from a

micromagnetism perspective is more complicated. In

particular, the local magnetic moments of Co and Ni

may vary independently under treatment. By contrast,

the study of Niu et al. (2004) focused on a single

constituent (nickel). We attempt to clarify this situa-

tion by presenting separate XAS and XMCD results

from Ni and Co.

Figure 5a shows LII and LIII XAS of Ni in the field-

dependent (MFP0, MFP2, MFP4) and heat-treated (TA)

samples. Nominally, the XAS is independent of the

treatments, and the peak splittings at both absorption

edges are attributable to Ni oxidation. However, since

metallic nickel possesses an exchange-split d orbital,

unoccupied states exist near the LII and LIII edges, with

appreciable shoulders at 4 and 6 eV above the respective

white lines (Chen et al. 1990). In addition, Ni3P

possesses states around the same energy ranges (Blan-

chard et al. 2008). Together, these factors mask the

oxidation state of Ni and obscure the comparison. To

detect spectral changes, the first derivatives of all Ni

XAS spectra must be compared against that of a

standard NiO spectrum, as shown in Fig. 5b. These

Fig. 2 HRTEM images of a MFP0, b TA, and c MFP4. In a, the

NCs are highlighted by the yellow dashed circles. In b, the

arrow in the main figure indicates the orientation direction of the

NC. Inset of b provides two adjacent NCs with their orientations

denoted by the respective arrows. In c, the arrow in the main

figure indicates the orientation of the CoNi FCC (111), as well as

the long axial direction of the arrays. Inset of c provides a

HRTEM image taken from another part of MFP4, where the

arrow indicates the same information as it does in the main

figure. (Color figure online)

b
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results suggest that oxidation of the investigated sam-

ples deviates considerably from that of pure NiO.

However, as highlighted in the inset of Fig. 5b, the XAS

of the Ni constituent of TA approaches that of pure NiO,

suggesting that the state of Ni electronically depends on

the MS transition, even if only minimally.

Oxidation occurred primarily at array surfaces

exposed to the atmosphere. This phenomenon can

readily be probed by surface-sensitive XAS in TEY

mode, as suggested by Huang et al. (2011) HRTEM and

XAS fitting results (see Fig. 8) revealed that oxidation

indeed occurs at the surrounding array surfaces, while

the CoNi remains largely unaltered within the array.

This is validated by two further findings. First, with

regard to Ni, the XMCD signals (Fig. 6) and FM-like

M–H loops (Figs. 3b, c, 4b), are clear for all samples,

indicating that Ni in the magnetized samples exists

largely as a metal. NiO is a known antiferromagnet

(Mandal et al. 2009) whose M–H is heavily suppressed

and whose XMCD is unobtainable except in the event of

large moment canting. Secondly, the HRTEM spectra

(Fig. 2) of crystalline CoNi should be homogeneous.

Around the array surface, however, homogeneity is lost

in the TA (Fig. 2b), and a microstructure similar to that

of a Ni–NiO core–shell structure, as reported by Hsu

et al. (2012) and Lo et al. (2011) is observed. In the

former studies, the Ni–NiO structures were prepared by

annealing the Ni arrays at 350 �C for 15–30 min in an

O2 environment, with no AAO protection. In our study,

although the TA was prepared in the presence of the

AAO under an N2 atmosphere, a higher annealing

temperature (600 �C) and a prolonged annealing time

(3 h) may have encouraged surface oxidation at regions

of close contact between the arrays and the oxygen-

Fig. 3 a XRD comparison

for MFP4 and TA. M–H

loops of b TA and c MFP4.

Both M–H loops were

normalized to respective MS

Fig. 4 a XRD patterns and

b M–H loops for field-plated

CoNi. All the M–H loops

were normalized to the MS

of MFP4. Upper inset of b is

the zoom-in information of

the Hc. Lower inset of b is

the squareness (Mr/Ms)

comparison for the three

samples
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abundant AAO. We also note the absence of surface

inhomogeneity in the field-plated samples. This finding

confirms that the thin oxidation layer generated by the

annealing process caused surface inhomogeneity in the

TA samples. Surface homogeneity is markedly

improved in MFP4. In this process, the continuous

stacking of lattice planes on the array surface inhibits

Ni(Co) oxidation. Consequently, Ni and Co are less

oxidized when the CoNi undergoes a MCA-dominant

transition, as will be discussed later. To summarize, the

high surface-to-volume ratio of the arrays renders some

oxidation inevitable, a problem that is widespread in

nanostructure fabrication. However, oxidation level

varies with constituent as well as treatment (Co and Ni

oxidation are markedly different, as explained below).

Such properties must be considered by researchers

employing the two common treatments in bimetallic

nanostructure fabrication.

Although treatment produces negligible effect on

the XAS of Ni, the XMCD signal, whose magnitude

reflects the strength of the local magnetic moment, is

heavily dependent on treatment. To illustrate this

point, the XMCD spectra of Fig. 5a are normalized

and compared in Fig. 6a–d. The XMCD intensity of Ni

in the field-plated samples follows a trend similar to

that of the M–H loops (Fig. 4b). This implies that the

MS and ME of Ni are fully coupled by the MCA

predominance. For the TA sample, on the other hand,

the Ni XMCD intensity is larger than that of the MFP0,

but smaller than that of the MFP4. This phenomenon is

consistent with the saturation magnetizations of the

samples. It appears that the microscopic behavior of

Ni mirrors the macroscopic response of the arrays,

unlike the situation for Co (see below). The behavior

of Ni in the arrays, and the overall properties of the

arrays, could also be explored from the size of the

NCs. For example, crystallinity is a key indicator of

the FM of EL-plated arrays (Yang et al. 2011; Huang

et al. 2011); thus the NC size, which is related directly

to crystallinity, might correlate to Ni magnetism.

Based on this idea, we regard the Ni magnetism of TA

to lie between that of MFP0 and MFP4.

We now consider the XAS/XMCD spectra of Co.

Figure 7 shows the Co LII and LIII XAS spectra for all

samples. Unlike the case for Ni, Co oxidation is

treatment-dependent, as observed by contrasting the

Fig. 5 a Normalized Ni XAS spectra for TA, MFP0, MFP2,

and MFP4. b First derivatives of the spectra corresponding to

those presented in a. The first derivative of a standard NiO is

given in b for comparison. Inset of b is the zoom-in information

for the comparison around the LIII edge

Fig. 6 Ni XMCD spectra for a MFP0, b MFP2, c MFP4, and

d TA. All the XMCD spectra were normalized to the

integrations of respective XAS spectra. Note that the XMCD

intensity scalings (y-axis) are different
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two main peaks of the LIII edge. Yet like Ni, Co signals

are detected in the XMCD spectra of all samples,

indicating that partial oxidation has occurred (Fig. 9).

To further elucidate the oxidation state of Co, the Co

LIII XAS spectra were fitted by properly weighting the

metallic (Yang et al. 2011), CoO (Lee et al. 2010), and

Co3O4 (Singh et al. 2009) states. The results for MFP4

and TA are presented in Fig. 8a, b, respectively. In

depicting the chemical state of cobalt, the LIII edge is

considered as a better fingerprint than the LII edge.

During fitting, the XAS of Co in MFP4 was found to be

representative of the entire field-treated series. Thus,

subsequent Co analysis on field-treated samples is

presented for MFP4 alone. Co remains mainly metallic

in the field-plated sample (*70 %), but is heavily

oxidized in the TA, appearing as both Co2? and Co3?

ionic forms. Heat treatment may favor the formation

of CoO (2?) or Co3O4 (2? and 3?) phases at the

surface (Lee et al. 2010; Singh et al. 2009). The

oxidation potential of Co is higher than that of Ni

(http://www.siliconfareast.com/ox_potential.htm); thus

Co oxidation is readily acquired at the LIII edge. Since

both Co and Ni are partially oxidized in our study, we

may question whether the surface-sensitive TEY-

mode of XAS provided the surface rather than the bulk

properties of the NCs. A cursory check of our previous

work will alleviate these concerns (Yang et al. 2011).

In our previous study, metallic Co in low Co-doped

(6 %) Ni arrays was probed by TEY-mode XAS.

Therefore, the moderate oxidation level (30 %)

detected in the field-plated samples cannot be attrib-

uted to technical problems. Instead, it is an intrinsic

property of increased Co content, as more Co atoms

are exposed to the surface.

Figures 9a–e show the Co XMCD spectra of the

three field-plated samples (a–c) and the TA (d), and a

metallic Co spectrum (e) for comparison. The Co

XMCD spectra of the field-plated samples behave

similarly to those of their Ni counterparts; the signal

increases with increasing plating-field due to the MCA

effect. The XMCD line-shape is independent of field

strength and exhibits metallic characteristics, suggest-

ing that Co contributes a significant FM component to

the overall magnetization, while undergoing a MCA-

dominant MS transition. On the other hand, the Co

XMCD spectrum of TA is noisy due to the complex

oxidation state (Fig. 8b). The oscillations in the

XMCD likely arise from interactions between the

AFM and FM phases at the surface and interior,

respectively. We note that AFM is produced by

surface oxidation states (CoO, Co3O4) (Golosovsky

et al. 2006; Mousavand et al. 2009), while the FM

phase is generated by the central metallic state.

Oscillatory XMCD spectra have been reported in

several studies of oxide-shell and metallic-core struc-

tures (Imperia et al. 2005; Jiménez-Villacorta et al.

2011; Mulders et al. 2009). The magnitude of oscil-

lation depends on the fractions of, and the exchange

interactions between, the oxide and metallic phases.

Fig. 7 Normalized Co XAS spectra for MFP0, MFP2, MFP4,

and TA. A and B arrows indicate the two main peaks at LIII edge

of TA, at which the contrast between the two peaks is

remarkably different than those of the field-plated samples

Fig. 8 Co XAS fittings of a MFP4 and b TA over LIII edge, with

various states [metallic Co, CoO (2?) and Co3O4 (2?, 3?), cited

from Blanchard et al. 2008, Spaldin 2003, and Shamaila et al.

2001, respectively] properly weighted
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Finally, the micro-magnetisms of the two constit-

uents subjected to both treatments were explored by

sum-rule analyses. The results are shown in Fig. 10. In

Fig. 10a, the comparison is based on the ratio of mspin/

morb (Sz/Lz), to eliminate possible errors arising from

different n3d, given that the oxidation states differ

between field-plated and heat-treated samples. We

emphasize that for the field-plated samples, all Lz and

Sz of both constituents increase as plating field

increases, as can be inferred from Figs. 6 and 9.

However, since Lz and Sz increase similarly, the

change in Sz/Lz is imperceptible. In the TA sample, the

micro-magnetic behavior of Ni is similar to that in the

field-plated samples, but the behavior of Co deviates

significantly, due to complex oxidation processes. In

summary, the strongly coupled MS–ME ensures that

Co and Ni behave similarly in field-plated samples,

while the weakly coupled MS–ME in TA leads to

dissimilar behaviors of its constituents.

Although Co and Ni behave similarly in the field-

plate samples, we can determine their individual

contributions to the total magnetization as plating field

is increased, by calculating (Sz ? Lz) of both constit-

uents (see Fig. 10b). Since the Co and Ni oxidation

states are independent of the plating field, and XMCD

show predominantly metallic states, possible errors

introduced by use of n3d are excluded, and a qualitative

comparison is meaningful. We observe that, in the

MCA-dominant case, in which MS–ME are strongly

coupled, the trends observed in Fig. 4b are attributable

to the substantial enhancement of Co magnetism,

because Ni magnetization is rather insensitive to

plating field.

Conclusions

Using XAS/XMCD, TEM, XRD, and VSM, we have

investigated the MS and ME effects and their

coupling, in heat-treated and field-plated CoNi arrays.

Fig. 9 Co XMCD spectra for a MFP0, b MFP2, c MFP4, d TA,

e metallic Co. All the XMCD spectra were normalized to the

integrations of respective XAS. In e, the metallic Co is only for a

line-shape comparison so its XMCD intensity is not scaled

Fig. 10 a Sz/Lz ratios for Ni (open squares) and Co (close
squares) gained from sum-rule analyses, for MFP0 (black),

MFP2 (red), MFP4 (blue), and TA (green). Vertical dashed line
separates the field-plated samples (left-hand side) and the heat-

treated sample (right-hand side), for the purpose of clarity.

b Sum-rule estimated total magnetisms (Sz ? Lz) of Co and Ni

for the field-plated samples. (Color figure online)
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The heat-treated sample exhibited randomly oriented

NCs, and the arrays were coated by an oxidation layer.

By contrast, the field-plated samples strongly pre-

ferred the FCC (111) orientation. The FCC (111)

effectively stabilized the magnetic moments of these

samples, resulting in pronounced coercivities and

saturation magnetizations, whose magnitudes

depended on the magnitude of the plating field.

Furthermore, both Co and Ni magnetisms were

enhanced with increasing plating field, but the former

dominated the latter in the overall magnetization. The

Ni in heat-treated and field-plated samples behaved

similarly, but the behavior of Co deviated largely

under the different treatments. In the TA sample,

discrete behaviors of Ni and Co were attributable to

complex oxidation states of Co and lack of the MCA

effect. Post-annealing and field plating significantly

influenced the MS and ME properties of CoNi NCs.

The Co and Ni magnetizations were isolated from the

CoNi, and information derived from the results was

related to the probed crystallographic and microstruc-

tural properties of the NCs. The results of this study

could promote the effective use of the two treatments,

thereby improving the magnetic properties of bime-

tallic nanostructures.
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