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ABSTRACT:

The magnetic properties of cobalt metal nanowires grown by electrodeposition in porous 

membranes depend largely on the synthesis conditions. Here, we focus on the role of electrolyte 

additives on the magnetic anisotropy of the electrodeposited nanowires. Through magnetometry 

and internal field nuclear magnetic resonance (IF NMR) studies, we compared both the magnetic 

and crystalline structures of 50 and 200 nm diameter Co nanowires synthesized in presence or 

absence of organic additives. The spectral characteristics of IF NMR were compared structurally 

to x-ray diffraction patterns, and the anisotropy of the NMR enhancement factor in ferromagnetic 

multidomain structures to magnetometry results. While the magnetic behavior of the 50 nm 

nanowires was dominated, as expected, by shape anisotropy with magnetic domains oriented on 

axis, the analysis of the 200 nm proved to be more complex. 59Co IF NMR revealed that the 

determining difference between the samples electrodeposited in presence or in absence of 
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organic additives was not the dominant crystalline system (fcc or hcp) but the coherent domain 

sizes and boundaries. In the presence of organic additives, the cobalt crystal domains are smaller 

and with defective grain boundaries, as revealed by resonances below 210 MHz. This prevented 

the development in the Co hcp part of the sample of the strong magnetocrystalline anisotropy 

that was observed in the absence of organic additives. In the presence of organic additives, even 

in nanowires as wide as 200 nm, the magnetic behavior remained determined by the shape 

anisotropy with a positive effective magnetic anisotropy and strong anisotropy of the NMR 

enhancement factor.

1. INTRODUCTION

Ferromagnetic nanowires with tunable magnetic properties have been the focus of intense 

research efforts, not only because they raise interesting fundamental physics questions but also 

because of their technological relevance.1,2 For example, they can be used for ultra-high density 

magnetic recording,3 in magnetic field sensors or random-access memories exploiting the giant 
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magnetoresistance observed in the case of multilayered nanowires.4–7 Recently, ferromagnetic 

nanowires have attracted interest in curvature-induced topologically protected magnetization 

textures,8,9 as well as prototype structures for 3D information storage.10 Electrodeposition is a 

cost-effective and versatile technique that allows for easy and broad tuning of microstructures by 

simply adjusting growth parameters or electrolyte recipes.11,12 Progress in producing arrays of 

ferromagnetic materials by electrodeposition into porous membranes made of polycarbonate 

(PC) or anodized aluminum oxide (AAO) has stimulated research by providing model systems to 

study the structural and electromagnetic properties of metallic nanowire assemblies.10,13–16 

Of particular interest is the issue of domain wall structure and dynamics. In soft magnetic 

nanowires, magnetic domain walls form perpendicularly to the wire axis and can propagate 

collectively along the wire under the drive of magnetic fields,17 spin-polarized currents18 or 

electric fields.19 This property lies at the basis of racetrack memory devices.20 Most studies so far 

have explored the dynamic and static structures of domains and domain walls by 

magnetometry,10,21,22 pulsed resistometry23–25 and magnetic imaging.18,26–29 In this work however, 

we probed the magnetic structure of arrays of parallel cobalt nanowires by 59Co internal field 

nuclear magnetic resonance (IF NMR), with a particular focus on the domain wall response to 
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radiofrequency (rf) fields. This particular form of solid-state NMR is as old as NMR itself30 but 

has raised a renewed interest because to its ability to probe cobalt nanoparticles in catalysts or 

battery materials.31–33 

In contrast to diamagnetic/paramagnetic materials, conventional (Zeeman) solid-state NMR is 

not suited to studying ferromagnetic materials and instead, it is the internal hyperfine field inside 

these structures that is responsible for lifting the degeneracy of the nuclear spin levels.  For the 

study of (ferromagnetic) cobalt nanowires, internal field (IF) NMR thus represents a well-

adapted technique due to the possibility to simultaneously analyze the crystalline and magnetic 

properties of the samples.

Strijkers et al.34 successfully adopted this approach to determine the crystalline structure and 

crystal orientation inside cobalt wire samples, as well as the influence of the dipole-dipole 

interactions on the magnetic structure. For this, they used a combination of experiments at zero 

field and in the presence of an external field oriented parallel or perpendicular to the wire axis. 

Others have addressed nanowires made of pure cobalt as well as Co-Cu alloys and multilayers.35–

38 In combination with x-ray diffraction (XRD) measurements, they studied the crystalline 

structure of those three kinds of samples for different synthesis parameters. They found that a 
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fast deposition rate favors the appearance of a fcc crystalline structure, while a pure hcp phase is 

formed using slow deposition rates. 

Nevertheless, in cobalt nanowires, how synthesis conditions determine precisely the magnetic 

domain structure inside the wires remains an open question. In this paper, we study the magnetic 

and crystalline structures of cobalt nanowires electrodeposited inside the 50 nm and 200 nm 

cylindrical pores of PC and AAO membranes, respectively. The samples were studied by IF 

NMR experiments (without an applied field), supported by XRD, scanning electron microscopy 

(SEM) and magnetometry as complementary experiments. The first goal was to obtain new 

information on the crystalline and magnetic structure for nanowires obtained with different 

electrodeposition conditions, focusing on the influence of additives. Secondly, we wished to 

exemplify the methodological potential of simple IF NMR experiments in strongly anisotropic 

ferromagnetic structures, such as nanowires. The NMR spectral features complemented XRD for 

crystalline phase determination, while the analysis of the anisotropy of the enhancement of the rf 

field revealed the orientation of the magnetic domains inside the nanowires.

2. MATERIALS AND METHODS
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Sample Synthesis. All reagents have been used without any further purification: Cobalt sulfate 

heptahydrate (CoSO4·7H2O ReagentPlus ≥99%), Cobalt chloride hexahydrate (CoCl2·6H2O 

ACS reagent, 98%), Boric Acid (H3BO3 ACS reagent, ≥99.5%), Polyethylene Glycol (PEG – Mn 

20000), 1-(2-Hydroxyethyl)-2-Imidazolidinethione (C5H10N2OS),  Thioglycolic  Acid  (C2H4O2S  

≥98%),  Janus Green B (3-Diethylamino-7-(4-dimethylaminophenylazo)-5-phenylphenazinium 

chloride. 

Cobalt nanowires of 50 nm and 200 nm diameter were synthesized by template-assisted 

electrodeposition using a Princeton Applied Research Potentiostat 263A. For the 50 nm diameter 

nanowires, 6μm thick track-etched polycarbonate membranes (PC) with a pore density of 6 × 108 

cm-2 were used,39 after coating with Au back electrodes. For the 200 nm diameter nanowires, 

60 μm thick anodized aluminum oxide (AAO) membranes with a pore density of 109 cm-2 were 

used,40 after coating with Cu back electrodes. 

Electrolytes formulation used in this project were adapted from prior studies.5,40,41 For the 

additive-free electrolyte, a Watts-like42 electrolyte with Ni replaced by Co precursors was 

employed. Specifically, the electrolyte was composed of 240 g/L CoSO4·7H2O + 50 g/L 

CoCl2·6H2O + 40 g/L H3BO3. For the additive-containing electrolyte, the same recipe as the 

additive-free solution was used, with the addition of a mixture of 60 mg/L PEG + 34 μg/L Janus 

Green B + 34 μg/L 1-(2-Hydroxyethyl)-2-Imidazolidinethione + 12 μg/L Thioglycolic Acid. In 

both solutions, pH was left unaltered and neither of the solutions were deaerated nor stirred prior 

to or during the growth. All samples were grown potentiostatically at -1.1V relative to an 
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Ag+/AgCl reference electrode. Deposition time was controlled to avoid overplating. After the 

synthesis, the Cu back electrodes on the AAO membranes were etched away using 2M FeCl3, 

while the Au electrodes on PC membranes were not removed.

In summary, using the same electrodeposition method for each of the two diameters under 

consideration, Co nanowires were grown with and without additives resulting in a total of four 

samples.

SEM. Scanning Electron Microscopy images were obtained on two different microscopes. The 

two 200 nm AAO samples were imaged on a Magellan 400 (ThermoFisher Scientific, USA) in a 

high vacuum. The 50 nm PC sample was analyzed on a Quattro ThermoFisher under a 100 Pa 

water vapor atmosphere, in order to avoid charge accumulation at the sample surface due to the 

lower cobalt content of the sample. Both instruments were used in secondary electron mode with 

a Field Emission Gun at a voltage of 5 kV.

XRD. X-ray diffraction was performed using a X’Pert (Philips) diffractometer with a PW3050 

(θ/2θ) goniometer between 35° and 100° and with Cu as the anode material operated at 40 mA, 

40 kV. The samples were positioned with the plane of the membrane in the reflection plane of 

the XRD experiment. As a result, it is mainly the crystallographic planes perpendicular to the 

wire axis that diffracted, as shown in Figure 1, with small deviations expected due to imperfect 
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alignment of the pores in the membranes. The ICDD reference files for spectra corresponding to 

fcc and hcp Co are PDF cards No. 00-015-0806 and 00-005-0727, respectively. Note that the 

gold electrode remaining on the 50 nm PC sample saturated the signal, masking the cobalt 

nanowire signal. As a result, no structural analysis of the cobalt by XRD could be performed on 

this sample.

Figure 1. Schematic representation of the XRD and IF NMR experimental geometries. The 

membrane templates are shown in grey and the cobalt nanowires in black. XRD: The membrane 

sample was situated in the diffraction plane, i.e., diffraction came mainly from the 

crystallographic planes parallel to the membrane, or perpendicular to the wire axis. NMR: The 

samples were tested with two different orientations between the wire axis and the axis of the 
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excitation and pick-up coil: Parallel (||) and Perpendicular (ꓕ) to the excitation magnetic field B1 

inside the coil.

59Co IF NMR. All NMR experiments were carried out at zero external field, using a SCOUT 

spectrometer (TECMAG, USA) and a commercial static broadband probe with a 5 mm solenoid 

excitation/pick-up coil (NMR-Service, Germany). Although the experiments were performed at 

ambient temperature, the probe was inserted inside a cryostat (Oxford Instruments, UK) for rf 

shielding purposes. The spectra were acquired point-by-point using spin-echo with frequency 

steps of 0.5 MHz. The spin-echo sequence was composed of two equal rf pulses of 1 µs with an 

interpulse delay of 8 µs. The repetition rate of the sequence was 67 Hz, thanks to the very short 

relaxation time of ferromagnetic cobalt, and the number of transients per point was equal to 4 k. 

In order to obtain quantitative spectra, the pulse power was varied over 20 dB (i.e., over two 

orders of magnitude for the rf power or one order of magnitude for the rf field B1 amplitude) at 

each frequency point. The signal from the pulse power giving the maximum signal intensity at 

each frequency was chosen and used for the spectrum. The lower this power for a certain 

frequency, the higher the so-called enhancement factor and vice-versa. The enhancement factor 

is defined by the ratio of the excitation field seen by the nuclear spins during an impulsion and 
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the magnitude of the rf field itself and allows to obtain additional information about the cobalt 

magnetic structure.43,44 In order to quantify the pulse power, the peak voltage was measured 

using an oscilloscope, which allowed to calculate the effective pulse power. The T2 relaxation 

time at the main peaks was estimated by varying the interpulse delay and the spectral intensities 

over the whole spectrum were corrected accordingly as well as for the frequency (  𝜔²)

dependence of the signal intensity. An overview of the measured relaxation times is given in the 

Supplementary information (Table S3). The corrected spectra were fitted using the DMFIT 

program.45 The peak attribution is described in the upcoming section of this work and more 

details about the fitting procedure can be found in the Supplementary information (Table S4).

To facilitate their insertion in a glass NMR tube fitting the 5 mm coil, the membranes containing 

the nanowires were cut into strips. In the case of the 200 nm AAO samples, the quantity of Co 

inside a single strip was already sufficiently high to obtain a good NMR signal. This was not the 

case for the 50 nm nanowire samples which have smaller nanowires with a lower density, and for 

which six of the membrane strips were stacked inside the NMR tube. As the orientation of the 

excitation field with respect to the wire main axis is crucial, each sample was tested at two 

different orientations, as shown in Figure 1. Since the nanowires are oriented normal to the 

Page 11 of 44 Physical Chemistry Chemical Physics



12

membrane, for the first orientation, called parallel, the membranes were put perpendicular to the 

coil axis. This corresponded to a parallel orientation of the nanowire axis with respect to the 

excitation field. Similarly, for the perpendicular orientation, the membranes were placed parallel 

to the coil axis. 

Magnetic characterization. Magnetic properties of the synthesized samples were studied by 

vibrating sample magnetometry (VSM) using a Princeton Measurement Corporation MicroMag 

3900, as well as a Quantum Design Materials Property Measurement System (MPMS3). 

Hysteresis loops were measured at room temperature with an external field, up to 1.8 T, applied 

either parallel or perpendicular to the wire axis.

3. RESULTS

SEM. In order to verify the pore diameter, spacing and regularity, SEM analysis was performed 

on the samples. As shown in the tilted view of Figure 2a, the 200 nm pores inside the AAO 

samples were not completely filled with cobalt, in order to avoid overplating. In addition, the 

upper end of the pores, close to membrane surface, seemed to be quite defaulted due to a 
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damaged surface, which was without consequence because of their incomplete filling. The AAO 

membranes, produced by anodic oxidation of aluminum in acidic solution, had interpore 

separations smaller than the pore diameter. On the other hand, as shown in Figure 2b, the 50 nm 

pores inside the PC membranes, being produced by track etching, had interpore spacings that 

were on average much larger than the pore diameter.  

Figure 2. SEM images for two different membrane samples filled with cobalt nanowires. a) 200 

nm AAO membrane sample under high vacuum (top view and 30° tilted with respect to the top 

view). b) 50 nm PC membrane sample under a 100 Pa vapor pressure atmosphere.

XRD. The XRD patterns of the two 200 nm samples grown in AAO membranes (with and 

without additives) are represented in Figure 3.
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Figure 3. XRD patterns collected on 200 nm Co nanowires grown in AAO membranes (top/blue: 

with; bottom/black: without organic additives). The samples are analyzed with the membrane 

plane being in the XRD diffraction plane. 

There have been numerous studies in the literature discussing the correlation between additive 

use and sample microstructure.46–48 Here, all the observed peaks in the diffraction pattern are 

from cobalt, either in the fcc or hcp phase. Three peaks are observed around 44.3°, 75.9° and 

92.4°, which can be assigned to either fcc or hcp, irrespective of the presence of organic 

additives in the electrolyte during electrodeposition or not. In the reference files, the theoretical 
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positions of the cobalt fcc (111) and hcp (002) reflections are 44.2° and 44.8°, respectively, 

suggesting that the 44.3° peak mainly came from fcc Co. Nevertheless, even a significant 

contribution to this peak from hcp Co cannot be excluded. Besides these three peaks, a fourth 

peak around 51.5° is observed in the diffraction pattern of the sample synthesized with additives 

and can unambiguously be assigned to fcc Co (200). While this peak is not present for the 

sample without additives, another peak at 41.6° is observed that corresponded this time 

unambiguously to hcp Co (100). These observations suggest that the additives changed the main 

crystalline form of the wire from hcp to fcc-rich. Further useful information could also be drawn 

about the crystal orientation with respect to the wire axis, as exposed earlier when describing the 

XRD setup (Figure 1). This is particularly interesting in the case of hcp cobalt in order to 

determine the relative orientation of the c-axis with respect to the wire axis because the c-axis is 

the magnetic easy-axis of hcp Co. The hcp Co parts of the samples without organic additives 

were oriented with the c-axis mainly perpendicular to the wire axis since the relative intensity of 

the peaks corresponding to hcp Co (110) vs. hcp Co (002) is significantly higher than in 

polycrystalline samples. 
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When comparing the FWHM of the reflections of the 200 nm samples electrodeposited with 

and without additives, it can be seen that the reflections obtained from the former were broader 

than the ones obtained from the latter, indicating a smaller crystallite size due to the presence of 

the additives during electrodeposition. The crystallite size in both samples was estimated using 

Scherrer’s formula based on the FWHM of the peaks in the corresponding diffractograms in 

Figure 3 (more details about Scherrer’s formula can be found in the Supporting Information). As 

most of the peaks are potentially composed of two overlapping peaks corresponding to hcp and 

fcc Co, only the peaks around 51.5° (fcc Co (200)) and 41.6° (hcp Co (100)) can be considered 

when estimating the crystallite size inside the sample synthesized without and with additives, 

respectively. The FWHM of the peak observed at 51.5° is around 1.9°, indicating a crystallite 

size of around 5 nm for the sample synthesized with additives. It is noteworthy that the other 

peaks in the corresponding diffractogram are all thinner than this peak, therefore the average 

crystallite size of 5 nm was a lower limit. When analyzing the diffractogram of the sample 

synthesized without additives, it can be seen that the FWHM of the peak observed at 41.6° is 

around 0.42°, indicating a crystallite size of around 24 nm in this sample. In this case, all the 

other peaks in the corresponding diffractogram are broader than this peak, meaning that the 
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average crystallite size of the sample might be smaller than 24 nm, but the potential overlap of 

different peaks does not allow a precise crystallite size determination. 

The XRD spectrum of the 50 nm PC membrane sample can be found in the Supporting 

Information (Figure S1). Unfortunately, the reflections from the gold electrode still attached to 

the membrane masked those from cobalt and consequently, no conclusions could be drawn 

regarding the crystalline structure and the average crystallite size of this sample.

Magnetic hysteresis measurement. The magnetic properties of the wires were studied at room 

temperature with a magnetic field applied perpendicularly (ꓕ) or parallel (||) to the wire axis, as 

shown in Figure 4 and S3. 
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Figure 4. Magnetic hysteresis loops recorded at ambient temperature with the field applied 

perpendicular (ꓕ, red hollow symbols) or parallel (||, black full symbols) to the cobalt wires. a) 50 

nm Co nanowires grown in a PC membrane with additives, b) 200 nm Co nanowires grown in 
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AAO membranes with additives, and c) 200 nm Co nanowires grown in AAO membranes 

without additives in electrolyte. The magnetic loop of the 50 nm sample grown without additives 

was very similar to the one with additives. For clarity, it is shown in Supporting information 

Figure S3. Left: full loops. Right: Zoom-in views of the full loops.

The 50 nm Co nanowires grown in a PC membrane exhibited very similar squared hysteresis 

loops regardless of the presence of organic additives. The coercivity of about 500 Oe when 

measured on-axis (i.e. parallel), was about an order of magnitude larger than that in typical Co 

films. This coercivity enhancement is due to the small nanowire diameter, which impedes the 

domain wall propagation mechanism during magnetization reversal.49–51 The magnetic easy axis 

of the wires can be determined by comparing the applied magnetic fields needed for saturation 

for the different directions of the applied field.

A clear magnetic easy axis parallel (positive magnetic anisotropy) to the nanowires is observed 

for the 50 nm sample, due to the shape anisotropy resulting from the strong saturation field 

(2πMS) of 8.8 kOe required to orient the magnetization away from the wire axis (Figure 4a).27 In 

the 200 nm Co nanowire samples grown in AAO membranes, the magnetic properties exhibited 

significant differences. The coercivity enhancement was reduced to values below 120 Oe, due to 
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the larger nanowire diameters. It is well known that a large diameter favors the formation of 

domain walls along the wire axis thus degrading coercivity.52 Wall motion occurring during 

magnetization reversal can be affected by several parameters such as pinning or metal-insulator 

stress interfaces,50 but everything else equal, coercivity is expected, as observed here, to vary 

linearly with the ration of magnetic anisotropy to magnetization.53 Furthermore, when cobalt was 

electrodeposited in the presence of additives, i.e. fcc-rich according to XRD, the nanowire axis 

(parallel geometry) was still the magnetic easy axis. However, its difference with the 

perpendicular geometry was much smaller (Figure 4b), as the much closer spacing between 

nanowires leads to strong dipolar interaction that prefers antiferromagnetic alignment.10,54,55 In 

contrast, the hcp-rich 200 nm sample, synthesized without additives, exhibited a magnetic easy 

axis perpendicular to the wire axis (negative magnetic anisotropy) (Figure 4c). This is a 

manifestation of the hcp c-axis being perpendicular to the nanowires56,57, as suggested by the 

XRD diffraction patterns of Figure 3. 

Internal field NMR. In metallic cobalt structures, valuable information may be obtained from 

the IF NMR spectrum, such as the crystalline and magnetic structure. Although not as commonly 

used as XRD or magnetometry, it nicely complements these methods due to its very local 
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(nanoscale) character. The general spectral features of IF NMR in fcc or hcp cobalt 

nanostructures are as follows. At room temperature, the peak around 213 MHz can be assigned 

to signal coming from 59Co nuclei in fcc multidomain structures.30,32 By symmetry of the fcc 

structure, this peak is generally narrow and well defined. A small peak around 216 MHz can be 

distinguished, which is in the literature sometimes assigned to Co in a single-domain magnetic 

structures, with the difference compared to the multidomain fcc being due to the demagnetizing 

field effect.32,58 However, this peak assignment is generally done when analyzing Co 

nanoparticles and not for oriented systems like nanowires. In nanowires the form factor is not the 

same one as in spheres59 and consequently the demagnetizing field would lead to a different 

frequency shift in single-domain fcc. Possible origins of this peak could therefore be fcc stacking 

faults with a higher internal field compared to pure fcc60,61 or fcc structures with a residual 

demagnetizing field. The signal coming from anisotropic hcp structures is generally much 

broader than the one corresponding to fcc.  A broad peak between 217 MHz and 222 MHz is 

often assigned to hcp cobalt without distinction between signal arising from mono- and 

multidomain structures.32,62,63 Additional information about the magnetic structure can be 

obtained from the variation of the optimal power with frequency, which is inversely proportional 
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to the enhancement factor. As the enhancement is much stronger for nuclei situated inside a 

domain-wall structure than for those inside the domain itself, less power is needed for the 

optimal excitation of the former.43,44,62 In a similar fashion, the signal arising from 59Co nuclei 

inside domain walls will also be enhanced much more than from the ones inside the domains, 

which means that the main signal observed when analyzing multidomain structures will be from 

the excitation of the domain walls and not from the domains.43,64

Figure 5 displays the IF NMR spectra in the frequency range associated with 59Co resonances. 

For all samples, the spectral features were similar and supported the conclusion that both hcp and 

fcc structures coexisted (Figure 5a-c). While the XRD analysis suggests the presence of fcc or 

hcp-rich structures in the 200 nm samples, depending on the presence of additives in the 

electrolyte during the wire deposition or not, this difference was not apparent by NMR.
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Figure 5. 59Co IF NMR room temperature spectra: a) 50 nm Co nanowires grown in PC 

membrane, b) 200 nm Co nanowires grown in AAO membranes with organic additives (XRD 

fcc-rich), and c) 200 nm Co nanowires grown in AAO membranes without organic additives 

(XRD hcp-rich). A tentative decomposition into peaks corresponding to different crystalline and 

magnetic structures is also presented (g.b. = grain boundaries). The spectral shape is identical 

regardless of the orientation between the rf pulse and the wire axis, so only one orientation is 

represented here. The numerical comparison of the decomposition and the corresponding fitting 
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parameters can be found in the Supporting Information (Figure S5, Table S4). The graphs d), e) 

and f) correspond to the optimal excitation power for each of the left-side graphs for different 

orientations: The red line (hollow spheres) corresponds to a perpendicular (ꓕ) orientation 

between the direction of the rf pulse and the wire axis, the black line (full spheres) to a parallel 

(||) one.

Indeed, in all cases, a significant resonance in the 217-222 MHz range together with a peak 

around 213 MHz revealed the presence of both hcp and fcc components, with similar weights for 

both samples (The comparison of the weights in the decomposition can be found in the 

Supporting Information (Figure S5).  The distribution of the optimal power, and hence of the 

enhancement factor, was constant over the whole spectrum range for all studied samples (Figure 

5d-f). No distinction in that respect could be made between the 213 MHz resonance of the fcc 

multidomain structures and the rest of the spectra. One could thus conclude that most of the 

signal in the spectrum, also in the hcp Co part, arose from the excitation of the walls in 

multidomain structures, establishing that the magnetic structure of the nanowires was broken up 

into magnetic domains. The signal was dominated by the excitation of the domain walls.43,64 A 

significant difference between the spectra obtained from samples synthesized in presence (Figure 
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5a-b) and in absence (Figure 5c)  of organic additives is the occurrence of a signal at frequencies 

below the main peak for the samples synthesized with additives. Such a signal in usually 

attributed to arise from grain boundaries, impurities or interfaces 61,65 and can be fitted quite well 

with one peak around 210 MHz in the present spectra. 

Experiments with different radio frequency (rf) field orientations relative to the wire axis have 

been performed, but the shape of the resulting spectra was identical for both orientations for all 

analyzed samples. However, a change in the power needed for an optimal excitation could be 

observed for some samples. For the samples for which the VSM measurements revealed a 

magnetic easy axis parallel to the wire axis (50 nm Co wires & 200 nm wires grown with 

additive), the enhancement factor (inversely related to the optimal power) was stronger for the rf 

field parallel to the wire axis than for the perpendicular orientation (Figure 5d-e). In contrast, the 

200 nm Co wires grown without additives, for which VSM revealed an easy axis perpendicular 

to the wire axis, had a similar enhancement factor for both orientations (Figure 5f). These results 

provided more information on the magnetic domain structure, as will be discussed in the 

following section. 
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4. DISCUSSIONS

From XRD and magnetometry measurements, it was apparent that the samples had different 

crystalline and therefore magnetic structures. Concerning the crystalline structure, XRD 

suggested that the 200 nm nanowires produced with organic additives had an enriched fcc 

structure, while the 200 nm nanowires produced without organic additives had a hcp-rich 

structure with a c-axis perpendicular to the wire axis. However, due to the oriented character of 

the sample during the XRD experiments and the overlapping of the main fcc and hcp Co peaks, a 

quantitative phase determination was not unambiguously possible. In addition, XRD experiments 

only detect signal coming from relatively large cobalt coherent domains, while NMR is sensible 

to the whole sample. Indeed, the IF NMR spectra revealed that, at the nanoscale, both crystalline 

structures were present in more or less the same relative amount. 

Concerning the magnetic structures, magnetometry and IF NMR results supported each other. 

The M(H) hysteretic behavior has already been observed in previous articles analyzing cobalt 

wires of different diameters inside track-etched polymer membranes.10,27,34 The physical basis for 

the observed magnetic anisotropy of soft ferromagnetic materials is well known.66 It results from 

the superposition of shape anisotropy, magnetocrystalline anisotropy and wire-wire interactions 
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(see for example the discussions of magnetic anisotropy in Co nanowires in references 27,34). 

Since the nanowire shape anisotropy favors a magnetization alongside the wire axis, this is the 

preferred configuration for wires with a weakly anisotropic crystalline structure, like fcc cobalt. 

On the other hand, a strong crystalline anisotropy (like hcp Co) perpendicular to the wire axis 

will be in competition with the shape anisotropy, possibly leading to a magnetic easy axis 

perpendicular to the wires.56,57,67,68

The case of the Co nanowires with a relatively narrow diameter of 50 nm grown in a PC 

membrane was the most straightforward as it was dominated by shape anisotropy. In this 

instance, the dipolar field acting on a wire due to its neighbors can safely be neglected because of 

the large interwire distances. Furthermore, the small 50 nm diameter, combined with the µm-

scale wire length, resulted in a strong shape anisotropy27,34, as reflected in the saturation field 

difference of the sample (Figure 4a). It could be inferred that at zero field, the magnetic 

structure, confined by the wire diameter, was broken up into magnetic domains with on-axis 

remanent magnetic moments. This conclusion was strongly supported by the anisotropy of the IF 

NMR enhancement factor as function of the orientation of the wire axis to the excitation field 

(Figure 5d). It must be recalled that the flat frequency dispersion of the enhancement factor 
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established that the IF NMR signal of our samples arose predominantly from the excitation of 

domain walls. In this case, the enhancement factor finds its origin in the periodic displacement of 

the domain walls under the effect of the rf field, a displacement which is favored when the field 

is oriented along the domain magnetization43, as represented schematically in Figure 6a. Rf fields 

with a different orientation compared to the domain axes will displace the walls less efficiently.69 

Consequently, the higher enhancement recorded when the rf field was applied on axis with the 

nanowires supported the conclusions that the magnetic domains were magnetized along the 

wires. Note that the same experiments have been performed on 50 nm wires deposited without 

the presence of organic additives in the electrolyte, leading to the same results regarding the 

magnetic anisotropy (Supporting Information Figure S3 & S4). In contrast, the magnetic 

properties of the 200 nm samples strongly depended on the synthesis conditions, indicating that 

the magnetic behavior of the 50 nm wires is controlled indeed by the shape anisotropy.
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Figure 6. a) Orientation of the optimal excitation field as function of the domain wall structure.  

A rf field (B1) with this orientation will efficiently displace the domain walls back and forth by 

favoring the growth of domains, as shown schematically. Left: domains alongside the wire axis: 

50 nm & 200 nm nanowires with additives. Right: domains perpendicular to the wire axis: 200 

nm without additives. b) Random orientations of the in-plane magnetic domains for the sample 

without additives, which are therefore more or less aligned with the orientation of the rf field 

perpendicular to the wire axis. 

For the two samples of 200 nm Co nanowires grown in AAO membranes, the same analysis 

could be performed. For the sample electrodeposited in presence of additives in the electrolyte, 
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the enhancement factor was higher for a rf field orientation along the wire axis (Figure 5e), 

consistent with the magnetic easy axis along the nanowires detected by VSM (Figure 4b). In 

contrast, for the 200 nm sample electrodeposited without additives, VSM revealed a magnetic 

easy axis perpendicular to the nanowires (Figure 4c), while the enhancement factor did not 

reveal any strong anisotropy (Figure 5f).

These observations raised two questions. First, why did the latter sample show no anisotropy 

of the IF NMR enhancement factor? Actually, this apparent contradiction can be explained on 

simple geometrical considerations. While the c-axis of the hcp crystallites (easy magnetic axis) 

was preferentially oriented perpendicular to the wire axis, its azimuthal angle was evenly 

distributed because of the axial symmetry of the wires, as already observed by magnetic torque 

measurements.27,67  As represented in the membrane top view of Figure 6b, even when the rf 

field was perpendicular to the wire axis, it could not coincide with all possible the orientations of 

the magnetic domains. As a result, the enhancement factor had an intermediate value between the 

one for a perpendicular and a parallel orientation. Due to angular symmetry, the overall 

enhancement factor can be approximated by: 
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𝜂𝑚𝑒𝑎𝑛 =
2
𝜋 ∗ ∫

𝜋
2

0
𝜂(𝜃)𝑑𝜃

with θ the angle between the domain orientation and the rf field. Approximations of the 

expression of the enhancement factor as function of θ, , have been proposed by Stearns et 𝜂(𝜃)

al.69. The power needed for an optimal excitation was therefore intermediate between the one 

needed for a perpendicular and a parallel orientation between the excitation field and the domain 

direction, observed for the samples with organic additives. Nevertheless, this reduced 

enhancement factor for experiments with a perpendicular orientation still does not fully explain 

why it is the same as for experiments performed with a parallel orientation. In the case of a 

parallel orientation between the wire and rf field, the rf field would be perpendicular to all the 

domains normal to the wire axis, independently of their azimuthal angle, resulting in an even 

lower enhancement. An additional explanation is the fact that the wires were composed of a 

mixture of hcp and fcc Co crystalline structures, as deduced from the IF NMR spectrum (Figure 

5c). Due to competition between the shape anisotropy and the perpendicular crystalline 

anisotropy (only from the hcp Co phases), the overall easy magnetic axis perpendicular to the 

wire was not very strong. This led to a situation with mixed domain orientations, where, besides 
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their predominant perpendicular orientation, a significant part of the domains was also oriented 

alongside the wire axis. 

Second, what is the origin of the different magnetic behaviors of the two samples of 200 nm Co 

nanowires grown in AAO membranes? This can be discussed in terms of competition between 

shape and magnetocrystalline anisotropy, as well as the effect of dipolar interactions. From 

geometrical considerations, the shape anisotropy was reduced and the dipolar interactions 

increased in the 200 nm samples compared to the 50 nm one. As a result, the magnetic easy axis 

was distributed more off axis, the coercivity, the remanence and the effective magnetic energy 

were reduced. As both samples had the same geometrical configuration, the different magnetic 

behavior must originate from a variation in their crystalline anisotropy. The XRD results (shown 

in Figure 3) suggested a first explanation: The sample grown in presence of additives appeared to 

be fcc-rich, resulting in a low crystalline anisotropy and a magnetic easy axis alongside the wire 

due to the effect of the shape anisotropy. The sample grown in absence of additives on the other 

hand, appeared to be hcp-rich with a c-axis perpendicular to the wire axis, leading to a strong 

crystalline anisotropy and magnetic easy axis perpendicular to the wire. The analysis of the IF 

NMR spectra proposes an alternative explanation, however, as it shows an almost equal 
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distribution of cobalt atoms between fcc and hcp crystallites for all the samples studied (Figure 

5a-c). Nevertheless, a significant difference between the IF NMR spectra of the samples is that 

the 59Co resonances of the 200 nm sample without additives were sharper, in particular with no 

extension towards the 210 MHz frequency range. Signal from such a low frequency range is 

generally attributed to grain boundaries, impurities or interfaces61,65 From IF NMR this sample 

appeared thus more crystallized than the two others deposited with additives. When studying the 

deposition of cobalt thin films under similar conditions, it has been observed that the addition of 

organic additives, such as PEG, tends to inhibit the crystalline growth,70,71 while in cobalt 

nanowires crystallite size is known to impact magnetic anisotropy and coercivity.72,73 As a result, 

in our samples the size of the cobalt crystallites decreases, as reflected in the broader XRD and 

NMR peak width. In addition more grain boundaries are created and organic impurities from the 

additives, such as sulfur, tend to be incorporated inside the structure71, explaining the additional 

NMR peak at lower frequencies.  Besides differences in crystal symmetry (fcc or hcp), for the 

cobalt nanowires under consideration a crucial structural parameter to control magnetic 

anisotropy appeared to be differences in the crystallite size and grain boundaries.  
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5. CONCLUSIONS

Despite being easy to perform on a standard commercial solid-state NMR spectrometer, IF NMR 

is not a widespread method to characterize cobalt magnetic structures. While concerning the 

magnetic structure, magnetometry and IF NMR provided essentially the same information 

regarding anisotropy, concerning the crystalline structure, IF NMR nicely complemented XRD 

characterization. Indeed, in our study of cobalt nanowires, it provided a more accurate picture of 

the distribution of fcc and hcp domains as well as of the presence and influence of defects at 

coherent domain boundaries. This allowed to better understand the influence of the presence of 

additives during the electrodeposition of cobalt on the magnetic properties of the formed 

nanowires. It was established that the organic additives determine the magnetic anisotropy of the 

nanowires more through the control of the grain boundaries than by modifying the fcc / hcp 

balance.
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The following files are available free of charge. Supplementary XRD and IF NMR results, 

characterization of the 50 nm sample deposited in absence of polymer additives (PDF).
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