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Abstract 

Magnetoelectric (ME) composite materials, in which the coupling between magnetostricitve 

and piezoelectric effects is achieved, are potential candidates for multifunctional devices where 

the interplay between electrical, magnetic and mechanical properties of these structures can be 

fully exploited. Nanostructured composites are particularly interesting due to the enhancement 

of ME coupling expected at the nanoscale. However, direct studies of ME coupling in 

nanocomposites by scanning probe techniques are rare due to the complex interplay of forces 

at play, including those arising from electrostatic, magnetic and electromechanical interactions. 

In this work, the ME coupling of coaxial nickel - polyvinylidene fluoride trifluoroethylene [Ni-

P(VDF-TrFE)] composite nanowires, fabricated by a scalable template-wetting based 

technique, is studied using a systematic sequence of scanning probe techniques. Individual ME 

nanowires were subjected to an electric field sufficient for ferroelectric poling in piezo-

response force microscopy (PFM) mode, while magnetic force microscopy (MFM) was used 
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to measure localised changes in magnetization as a result of electrical poling. Kelvin probe 

force microscopy (KPFM) measurements of surface potential were conducted to eliminate for 

the effect of  contact potential differences during these measurements. An inverse, static, 

magnetoelectric coupling coefficient of ~1 x 10-11 s m-1 was found in our coaxial 

nanocomposite nanowires, comparable to other types of planar composites studied in this work, 

despite having an inferior piezoelectric-to-magnetostrictive volume ratio. The efficient ME 

coupling in our coaxial nanowires is attributed to the larger surface-to-volume interfacial 

contact between Ni and P(VDF-TrFE), and is promising for future integration into ME 

composite devices such as magnetic field sensors or energy harvesters. 

Keywords 

Magnetoelectric coupling, coaxial nanocomposite nanowires, magnetic force microscopy, 

Kelvin probe force microscopy, piezoelectric-magnetostrictive composites, magnetic field 

sensing. 

Introduction 

Stray magnetic fields and parasitic magnetic noise are found in many locations, from 

overhead power transmission cables, computers and electronic devices. The ubiquitous nature 

of this noise offers an advantage for use as a source of ambient energy over mechanical ambient 

vibrations for instance, which can be intermittent and produce variable power densities 1,2. The 

need for cleaner and more sustainable energy sources for wireless low-power electronics is 

becoming increasingly in demand as the number of smart devices increases. In typical homes, 

the 50 / 60 Hz electromagnetic radiation which emanates from wiring can reach 0.01 Gauss - 

10 Gauss 3 and in industrial locations with heavy electrical machinery, the magnetic field 

strength may even exceed 100 Gauss 3. At the same time, there is a need for efficient and cost-

effective sensors that are sensitive to small magnetic fields, for applications as diverse as 
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medical devices, communications and even power electronics 4. Magnetoelectric (ME) devices 

provide an attractive route to achieving the above due to their ability to inter-convert magnetic 

and electric signals. 

The ME effect refers to the induced electrical polarisation in a material under an applied 

magnetic field. The ME coupling coefficient, to a linear approximation, is defined by 

𝛼ij =
𝜕𝑃i

𝜕𝐻j
      (1) 

and sometimes 

𝛼ij
E =

Δ𝐸𝑖

Δ𝐻𝑗
      (2) 

is used, while the converse ME coupling coefficient is given by 

𝛼ij
C = 𝜇0

𝜕𝑀j

𝜕𝐸i
      (3) 

where P is polarisation, H is the applied magnetic field, 𝜇0 is permeability, M is magnetisation 

and E is the applied electric field. i is the direction of polarisation or applied electric field and 

j is the direction of the applied magnetic field or magnetisation. Single-phase ME materials 

such as antiferromagnetic chromium oxide or bismuth ferrite 5–8, were the original focus of this 

field, but in general they have a lower ME coefficient than ME composites, so most studies are 

now focussed on these materials, which couple the piezoelectric and magnetostrictive effects. 

Various composite forms have been fabricated such as particulate composite material systems 

like BaTiO3-CoFe2O4 and PbZrx Ti(1-x)O3-ferrites (CoFe2O4, NFe2O4) 
9–12. These were then 

succeeded by laminate composites because of their improved ME coefficients and lower 

dielectric losses such as ferrites with piezo-ceramics PbZrx Ti(1-x)O3 
13,14, magnetic elements / 

alloys (Terfenol-D, Ni, Metglas) with piezo-polymers / ceramics / crystal (PbNb2/3Mg1/3O3-

PbTiO3 – PbTiO3, PMN-PT PZN-PT) 15,16 and magnetic elements / alloys with interdigitated 
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electrodes / piezo-fibres 17,18. Carunta et al. measured 𝛼33
E  to be 284.3 mV cm-1 Oe-1 and 139.4 

mV cm-1 Oe-1 for PbTiO3-NiFe2O4 and PbTiO3-BiFeO3 thin film composites respectively and 

562.1 mV cm-1 Oe-1 for an epitaxial BaTiO3-CoFe2O4 film 19. Karpinsky et al. measured 𝛼33
E  

to be 0.1 mV cm-1 Oe-1 for a BiFeO3-BaTiO3 particulate (3-3) composite film in a 50:50 ratio 

20, all from piezo-response force microscopy (PFM) measurements.21,22   

ME composite devices convert magnetic energy to electrical energy through a two–step 

process: magnetic energy is first converted to mechanical energy via magnetostriction in the 

magnetic part of the ME composite, and then the mechanical energy is converted to electrical 

energy via the piezoelectric component through strain-coupling. These devices have the 

potential to be used in magnetic energy harvesting in light of the demand for flexible, low-cost, 

lightweight and even biocompatible devices 23–26.  

Nanostructured ME devices have generated significant interest of late due to the 

possibility of enhanced ME coupling at the nanoscale. However, ME properties directly 

measured at the nanoscale have seldom been reported due to the non-trivial interaction of 

various forces at play that are difficult to accurately characterize at these length scales, 

including electrostatic, electrical, magnetic and electromechanical forces. In this work, (1-1) 

coaxial polymer-based ME composite nanowires (NWs) have been studied to determine their 

ME coupling using a unique sequence of scanning probe microscopy (SPM) techniques, 

combining atomic force microscopy (AFM), Kelvin probe force microscopy (KPFM), PFM 

and magnetic force microscopy (MFM) measurements. These techniques have also been used 

to study planar (2-2) laminate and (1-3) nanocomposite films, for comparison. The coaxial 

NWs studied in this work consist of magnetostrictive Ni cores surrounded by piezoelectric 

P(VDF-TrFE) shells, and have been fabricated from a combination of template and solution-

based techniques; namely template-assisted melt-wetting to form P(VDF-TrFE) nanotubes, 

followed by electrodeposition of Ni inside the nanotubes. While similar techniques have been 
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previously used to fabricate core-shell NWs from the same combination of materials 27, their 

ME coupling was not measured, and specifically their ME properties were not characterized at 

the nanoscale. Separately, non-polymeric core-shell ME NWs such as CoFe2O4-BaTiO3 (CFO-

BTO) have been made via sol-gel, hydrothermal synthesis and electrospinning 28 but these all 

require post deposition high-temperature (> 650°C) calcination steps. 

ME behaviour is affected by size, structure and crystallinity of the material. The 

increased surface-to-volume ratio of NWs compared to bulk, offers various advantages 

including enhanced elastic, piezoelectric 29–32 and ME properties 33. ME composite NWs are 

more sensitive to low amplitude vibrations, have reduced fragility and increased flexibility and 

the increased interfacial surface area in contact between the two phases increases the strain 

coupling and therefore the ME coupling 33. In the coaxial structure there is an additional 

advantage; the thin piezoelectric shell can absorb all or most of the magnetostrictive stress 

rather than just the interfacial layer which typically occurs in bulk ME composites, and also 

there is no substrate clamping 34. This is also true for other core-shell structures. The polymeric 

nature of the NWs used here also offers a further increase in flexibility and robustness 

compared to non-polymeric piezoelectric materials, and are suitable for facile low-temperature, 

low-pressure, solution-processable fabrication techniques.  

The SPM characterisation studies on ME composites which exist in the literature are 

mainly based on PFM. An external magnetic field from a permanent magnet is used to trigger 

an ME response in the composites and the piezoelectric response is measured before and after 

this process 19,35,36. Some of these studies are on (1-1) core-shell CFO-BFO 36 and CFO-PZT 

NWs 35. Studies on the converse ME effect exist in bulk samples, where MFM is used to image 

magnetic domains before and after electrical poling with the conductive AFM tip on bulk (3-

3) composites 34. Bai et al. 37 measured (1-3) composites also in the same way except they added 

a preliminary step to reduce electrostatic interactions encountered during the measurement, 
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which can interfere with any magnetic of electrical signals being measured. They measured 

𝛼33
C  to be 4.9 x 10-9 s m-1 on CFO-BFO (1-3) composites. Xie et al. demonstrated two-way 

coupling in (2-2) composites of PZT-TbDyFe 38. There is also an example of polymer-based 

(0-1) CFO-PVDF NWs where PFM was used to measure a linear change in the piezo-response 

under an applied magnetic field 39, however the nanoscale ME coupling has not been explored 

in detail. 

In this work, the converse ME effect in co-axial Ni-P(VDF-TrFE) nanowires has been 

induced and studied using a systematic sequence of SPM characterisation techniques. 

Importantly, KPFM has been used to measure the surface potential of the nanowires prior to 

both PFM and MFM measurements, which was used to bias the AFM tip to remove the effect 

of surface potential40–42. αC has also been estimated from the MFM measurements, in 

combination with magnetisation measurements from vibrating sample magnetometry (VSM) 

hysteresis loops. 

 

Results and discussion  

P(VDF-TrFE) nanotubes were fabricated via melt-wetting of nanoporous anodised 

aluminium oxide (AAO) templates. A thin film of P(VDF-TrFE) was spin-coated onto a glass 

substrate, peeled off following annealing, and placed on top of one side of the template. The 

film was melted while on the template and made to infiltrate the pores, followed by the process 

being repeated with another film on the other side of the template for complete infiltration and 

formation of nanotubes within the template, as schematically depicted in Figure 1a. Ni was 

then deposited into the P(VDF-TrFE) nanotubes while they remained vertically aligned and 

embedded in the template via template-assisted electrodeposition (TAED).  

Prior to fabricating the (1-1) coaxial Ni-P(VDF-TrFE) NWs, the constituent 

P(VDF-TrFE) nanotube shells and the Ni nanowire cores were first fabricated separately as 
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shown in scanning electron microscope (SEM) images in Figure 1c. The main image shows 

the P(VDF-TrFE) shells freed from the template, while the inset shows Ni nanowire cores in 

cross-section still embedded within the template. Figure 1d & e are SEM images of the 

complete coaxial nanowires, where the P(VDF-TrFE) shell structure is more clearly visible. 

The metallic Ni cores are relatively bright compared to the dim polymer shells, and the figure 

clearly shows successful growth of the coaxial nanowires through our combination of template-

assisted methods. Other template based wetting methods were attempted alongside the melt-

wetting method used here to fabricate the P(VDF-TrFE) shells, including vacuum wetting. An 

explanation of this process as well as the fabrication details are included in the Supporting 

Information S1, however the melt-wetted nanotubes were found to be most robust and suitable 

for the subsequent infiltration of Ni by electrodeposition. 
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Figure 1: Schematic diagrams showing (a) the melt-wetting method used to grow P(VDF-TrFE) 

nanotubes and (b) template-assisted electrodeposition used to grown Ni nanowires. SEM images of 

(c) free P(VDF-TrFE) nanotubes with an inset of electrodeposited Ni nanowires embedded in anodic 

aluminium oxide templates and (d) and (e) Ni–P(VDF–TrFE) nanowires grown via melt–wetting in 

combination with template–assisted electrodeposition in anodic aluminium oxide templates.  

 

 

The P(VDF-TrFE) nanotubes were required to predominantly form in the ferroelectric 

β phase, and to be polarised along the axis of the nanowires, in order for them to be useful for 

ME composites. Previous work in the group, including detailed structural analysis, has shown 

that using the nanoconfined geometry of the templates allows for the realisation of “self–poled” 
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highly crystalline P(VDF-TrFE) nanowires, as confinement within the template pores result in 

stacked ordered lamellae along the long axis of the NWs 14,43–46.  

  

Figure 2: HR-TEM images of Ni-P(VDF-TrFE) NWs made via melt wetting and TAED: (a) complete 

NW; (b) shell and corresponding FFT; (c) core and corresponding FFT; (d) Vibrating sample 

magnetometry magnetic hysteresis curves of Ni-P(VDF-TrFE) (1-1) core-shell nanowires in an AAO 

template.  

 

 

High resolution transmission electron microscopy (HRTEM) image of a Ni-P(VDF-

TrFE) (1-1) core-shell nanowire is shown in Figure 2a. A clear boundary line can be seen near 

the nanowire’s edge. However, the shell thickness varies along the length (shown by the dotted 

lines) due to the polycrystallization of Ni nanocrystals within the shell, thereby imparting a 

contour of varying thickness of the shell material (as shown by the arrows). The layer 

thicknesses are about 20 nm - 40 nm as compared to the cores, which have diameters of ≈ 190 

nm - 210 nm. This variation in thicknesses in the shell was also noticed across different 

samples, possibly due to the differences in the filling proportion as well as the differences in 

the sizes and shapes of the Ni polycrystals. These showed preferred orientation of the long axis 

along the length of the NWs and with single crystal cubic crystallites of ∼ 5 nm confirmed by 

HR-TEM measurements. The layer fringe pattern of the polymer shell is observed from Figure 

2b, when captured from one such edge, which shows a well-defined crystalline fast Fourier 
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transformed (FFT) pattern (indicted in the inset of Figure 2b). This implies that the Ni 

nanocrystals filling inside the P(VDF-TrFE) shell might have contributed to a better P(VDF-

TrFE) crystallization. Lattice fringes from the Ni nanocrystals embedded within the core-shell 

nanowires were also observed at lower TEM operating voltage without destroying the polymer 

shell (details in the methods section), as shown in Figure 2c. The inset of Figure 2c shows the 

FFT pattern of cubic Ni nanocrystals in the core, masked by the surrounding P(VDF-TrFE) 

shell pattern. These fringes are less prominent as compared to the ones observed from bare Ni 

polycrystalline nanowires (Supporting Information Figure S2 shows HR-TEM for both 

P(VDF-TrFE) shells and Ni nanowire cores individually, for comparison), which could be due 

to the reduced sensitivity of the polymer crystallinity to the electron radiation.  

 Vibrating sample magnetometry (VSM) was used to generate ferromagnetic hysteresis 

curves of magnetic moment as a function of applied magnetic field, and from Figure 2d, the 

room temperature ferromagnetic nature of Ni is clearly visible. This hysteretic nature varied 

depending on the structure of Ni in the sample and the orientation of the sample with respect 

to the direction of the applied magnetic field. For comparison, planar (2-2) and (1-3) Ni-

P(VDF-TrFE) composites were also fabricated (details are included in Supporting Information 

sections S3 and S4 respectively, and the definitions of each type of composite structure is 

shown in Figure S3). The VSM results of these composite structures are also given in 

Supporting Information Figure S5. The saturation magnetic moment (mS), mR and coercive 

magnetic field (Hc) values for all three composite structures are given in Table 1. VSM 

measurements showed that magnetic hysteresis varied in Ni and Ni - P(VDF-TrFE) NWs, 

depending on its structure. In particular, shape anisotropy in Ni NWs led to greater remanence 

in the (1-3) composite when the applied magnetic field was parallel to the long NW axis rather 

than perpendicular to it. HC in the (1-1) NWs was lower and so this nanocomposite was more 

easily magnetised than the (2-2) and (1-3) composites. 
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Following the detailed structural characterization and bulk magnetization 

measurements described above, nanoscale magnetoelectric characterization was carried out 

using a combination of SPM techniques. Figure 3 shows the steps in the measurement process, 

indicating the order in which the SPM characterisation was performed. First, KPFM was 

performed in order to measure the surface potential of the sample, followed by either contact 

mode PFM or MFM at a dc bias voltage equal to the surface potential 47, to either check the 

PFM signal or spatially resolve the magnetic domains before poling, respectively. 

Subsequently, the sample was electrically poled using a dc bias voltage applied between the 

AFM tip and the sample. After poling, KPFM was repeated to measure the new surface 

potential and PFM was performed at a dc bias voltage equal to the new surface potential, to 

ensure that the poling procedure had worked by observing the piezo-response of the poled 

region. MFM was then performed again to see if the magnetisation of the sample had changed 

after application of the electric field. This SPM sequence therefore constituted a direct spatially 

resolved measurement of the static converse ME effect, at the nanoscale. It should be noted 

that since the quantities of interest in this work are the magnetically associated frequency shifts 

(and magnetisations), we do not report the calibration of PFM and KPFM signals. The PFM 

operation here has two purposes: i) to electrically pole the ferroelectric polymer component of 

the ME composite; ii) to image the poling through an in-phase channel contrast. KPFM 

operation is used to measure the contact potential difference, VCPD, for subsequent cancellation 

during PFM or MFM. 

Topography images were taken alongside each of the SPM techniques used to ensure 

the same region of the sample was being scanned. A tip velocity of 3 μm s-1 was used for 

each scan and a poling voltage of -5 V. The dc bias voltages for MFM before poling, MFM 

after poling and PFM after poling were -500 mV, -800 mV and -800 mV respectively. A lift 

scan height of 40 nm was used for all KPFM and MFM measurements and the tip velocity 
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used whilst poling was 1 μm s-1, previously shown suitable for ferroelectric poling of similar 

NWs [41] Contact mode PFM was conducted by monitoring the in-phase channel of the out-

of-plane/vertical tip deflection in response to applied ac bias of 2 V at a frequency of 

120 kHz. 

 

 

Figure 3: Process flow of SPM measurements to characterise spatially resolved nanoscale 

magnetoelectric properties of ME nanocomposites. 

 

Quantitative analysis of MFM images requires the effect of the tip on the sample to be 

taken into account, both in terms of its shape and its magnetic properties. The method used 

here to approximate the ME coupling from the MFM data is based on the method used by Bai 

et al. 37, described as follows. Three assumptions are made: (i) the magnetic force between the 

tip and the sample is taken as 1D and only acting vertically in the z-direction, (ii) the real tip 

magnetisation is approximated by the point probe model 48 and (iii) the scan lift height z is 

constant so that the tip is always the same height above the sample. Under these assumptions, 

the magnetisation in the z-direction (Mz,i) is linearly related to the measured frequency shift 

(Δfi) before (i = 1) and after (i = 2) poling. Notice that the dependence on tip-sample separation 
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is eliminated when calculating the ratio, hence the different separations still allow comparison 

of this quantity 35,47. This is given by equation 4: 

Δ𝑓1

Δ𝑓2
=

𝑀𝑧,1

𝑀𝑧,2
  (4) 

Using the converse ME effect given by equation 3, an approximate value for 𝛼ij
C can be 

calculated from equations 5 and 6: 

 

𝛼ij
C =

𝑀j,2

𝐸i
  (5) 

                   =
Δ𝑓2

Δ𝑓1

𝑀j,1

𝐸i
  (6) 

 

 

This quantity has SI units of s m-1 37. Ei was taken as the poling voltage divided by the sample 

thickness and Mj,1 as the remanent magnetisation (MR) from the VSM data for each sample, 

converted from cgs units to SI units. The value of j was determined by which MR value used; 

either out-of-plane or in-plane. Δf1 and Δf2 were taken from the average frequency shifts of 

neighbouring magnetic domains from MFM images, averaged over the scan area before and 

after poling. This was a post-processing step. A drawback of this method is in using bulk data 

from the VSM in combination with the surface or nanoscale properties measured in MFM, 

which adds to the geometrical uncertainty of the measured values for 𝛼ij
C. In addition, the 

different geometries used introduce further uncertainty in assessing the effective electric field, 

particularly in the case of the coaxial nanowires where the P(VDF-TrFE) shell has non-uniform 

thickness along the length. However, the qualitative trend in the values of 𝛼ij
C across the 

different ME nanocomposites studied here remains valid. 

Three line scans were used per image to find an average difference in frequency shift 

between peaks and troughs. Δf1 and Δf2 were these differences for before and after poling 
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respectively. The volume of the freed (1-1) nanowires on a substrate was calculated by 

multiplying the volume of a single nanowire by the total number of nanowires on the substrate. 

This number was estimated from an SEM image of the sample over a 20 μm x 20 μm square 

area, and then averaged and scaled up over the full substrate area.  

The purpose of performing MFM was to examine the converse ME effect at the 

nanoscale using an SPM set-up, and therefore to see if the magnetisation changed after 

application of an electric field. For comparison, the results of the SPM characterisation of the 

(2-2) and (1-3) composites are given in the Supplementary Information section S6.  

For the (1-1) core–shell nanowires, they were scanned over a small cross-section as 

shown in Figure 4. It is difficult to say whether this was a single nanowire or two adjacent 

nanowires because of the tendency of the width to be overestimated when imaging 

nanostructures in SPM. Even accounting for the overestimate to the width, it seems more likely 

that there were two nanowires because of the difference in height on the left of the images to 

the right side. It is possible that magnetic attraction forces bunch nanowires together. The 

KPFM images in Figure 4b and Figure 4f, show that the poling procedure reduced the surface 

potential. The contact mode in-phase channel of the PFM measurement, Figure 4h, was 

performed over a larger area so that the difference in the poling edges could be seen. This in-

phase signal indicates the piezoelectric response in terms of amplitude and sign, relative to the 

applied ac bias. Calibration of the PFM signal is not required in this case, as the aim here is to 

apply an electric field via the AFM tip in PFM-mode. Thus the contrast along the nanowire in 

Fig 4h serves to indicate that poling has indeed been achieved in the area of interest. A poling 

V of - 5 V was used in this case, to limit damage to the the P(VDF-TrFE) shell. Higher poling 

voltages could be applied to the (2–2) Ni – P(VDF–TrFE) composite  and the (1–3) Ni – 

P(VDF–TrFE) composite film, as documented in Supporting Information section S6. The 

MFM images before and after poling in Figure 4d and Figure 4j showed that there was a 
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magnetic domain, visible down the centre of the image, the magnetisation of which was altered 

by the poling, evident as the frequency shift increased. This is therefore direct evidence of ME 

coupling in this composite nanowire, where the observed change in magnetisation is due to the 

magnetostriction of Ni in response to the electric field-induced strain in P(VDF-TrFE) during 

the poling step 
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Figure 4: Scanning probe microscopy of (1-1) Ni - P(VDF-TrFE) composite nanowires scanning 

along the nanowire cross–section. (a), (c), (e), (g) and (i) are topography images, (b) and (h) are the 

corresponding Kelvin probe force microscopy images, (h) is the corresponding piezoresponse force 

microscopy image performed at a dc bias of - 800 mV and (d) and (j) are the corresponding magnetic 

force microscopy images performed at dc biases of - 500 mV and - 800 mV respectively. (a) - (d) 

were taken before poling at - 5 V and (e) - (j) were taken after. 

 

(a) Topography during KPFM   (b) KPFM before poling 

(c) Topography during MFM    (d) MFM before poling 

(e) Topography during KPFM   (f) KPFM after poling 

(g) Topography during PFM    (h) PFM after poling 

(i) Topography during MFM    (j) MFM after poling 
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Figure 5 shows a comparison of the MFM data taken before and after electrical poling 

across the three different composites studied. The scale bar used is the same across all images, 

and therefore it is clear from this figure that the greatest change in magnetization at the 

nanoscale, as measured directly by MFM, was observed in the coaxial Ni-P(VDF-TrFE) 

nanowires. Using equations 5 - 6, quantification of the ME coupling, by calculation of αC, was 

performed using the difference in frequency shift between peaks and troughs in the MFM data 

both before and after poling. For the (1-1) composite, MR was only measured parallel to the 

long NW axis and so this value was used for the αC calculation, even though it should have 

been the cross-sectional value. The results are given in table 1. 

 

Figure 5: Magnetic force microscopy images of the (a), (d) (2-2), (b), (e) (1-3) and (c) (f) (1-1) Ni – 

P(VDF–TrFE) composites scanning along the NW cross-sections were relevant. The scans were 

performed at dc biases of (a) 360 mV, (b) 350 mV, (c) -500 mV, (d) 290 mV (e) – 500 mV and (f) -

800 mV. (a) – (b) were taken before poling at - 10 V and (d) – (e) after and (e) was taken before 

poling at - 5V and (f) after. 

 

In this calculation of αC, the following approximations needed to be made. The mR 

values used were from the VSM data, which was a bulk measurement, not a nanoscale surface 

measurement as in the case of the frequency shift measurements from MFM. The local surface 

mR is likely to vary depending on the magnetic structure at the point of measurement compared 
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to the overall value for the sample. MR was found by dividing mR by the sample volume. There 

was also the uncertainty in the sample volume measurement, introduced from measuring the 

film thickness which was not always uniform, and thus an approximate average value was used. 

This was particularly true in the case of the coaxial nanowires where the P(VDF-TrFE) shell 

thickness was found to vary along the length. This then led to the possibility of variation in the 

applied electric field during poling, because even though the applied voltage was kept constant, 

the sample thickness, and hence field, was not uniform. It should be noted that unlike the 

common understanding of the ME effect as a dynamic effect, the measurements here were 

performed before and after ferroelectric poling – thus allowing a calculation of a static coupling 

coefficient. Nonetheless this should be a good measure of the dynamic behaviour as well.   

Finally, the MFM frequency shift was a measure of the demagnetising field from the sample, 

it did not take into account any other tip-sample interactions apart from the fact that 

electrostatic interactions had been minimised by biasing the tip with the surface potential of 

the sample, following KPFM. 

Having stated the approximations and analysing the αC results as they stand and 

considering the results presented in Table 1, it appeared that, as expected, there was ME 

coupling in all of the composites. All the values are quite close, in the range of a 50% deviation. 

The (1-1) composite NW showed the lowest coupling, followed by the (2-2) composite, and 

the (1-3) structure showed the largest coupling. The standard error of the mean was used to 

calculate the uncertainty in each αC value. Let us now consider the geometry of the structures 

to analyse the results. The main differences are in the surface-to-volume ratios of the structures, 

and the Ni-to-polymer volume ratio, which affect the mechanical properties and surface 

polarisation of the different composite structures. The two extremes are the (1-3) and (1-1) 

composites: the former comprises a thick (140 nm) piezoelectric layer which is clamped to the 

surface, embedding the magnetostrictive nanowire. The latter is essentially a thin (20-40 nm) 
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piezoelectric shell engulfing the magnetostrictive nanowire, where the structure is mostly 

unclamped. The mechanical energy associated with poling a thick ferroelectric, further acting 

to strain the magnetostrictive material, is expected to be greater than of an unconstrained thin 

shell, as in the case of the coaxial nanowire. Therefore, the closeness of calculated coefficient, 

points out the efficient strain transfer in the (1-1) coaxial nanocomposite, suggesting high 

applicable potential. The 2-2 composite, where the two materials are in roughly equal 

geometries, forms a reference for an intermediate case, furthermore, in (2-2) laminate 

composites, the coupling is weakened by substrate clamping and interfacial polarisation 

leakage 33. Future research directions are to directly explore the effect of core-shell thickness 

ratios, where the coupling can be improved.  The values of i and j in 𝛼ij
C was not clear because 

the direction of magnetisation at each point in the sample during MFM was unknown and they 

have therefore been ignored in the table and the discussion here. There are limited examples in 

the literature of 𝛼ij
C measured with SPM techniques whereas there are numerous 𝛼ij

E examples.  
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Table 1. Converse magnetoelectric coupling factor αC calculated from MFM images before and after 

electrical poling with the AFM tip and remanent magnetisation (mR) from VSM measurements. The 

sample column refers to the type of composite, the orientation defines which mR value was used and 

the scan direction refers to the SPM tip scanning direction. All values are given to 2 s.f. 

Sample Orient

ation 

ms / 

memu 

mR / 

memu 

Hc / 

Oe 

Scan 

direction 

Sample 

volume / 

cm3 

Electric 

field / 

Vm-1 

Δf2 / 

Δf1  

 

αC / s m-1 

(2–2)  out of 

plane 

8.70 0.2 135 Across 

film 

2.4 x 10-5 6.7 x 

107 

1.4 ± 

0.1 

(1.66 ± 0.23) x 10-11 

 

(1–3) cross–

sectio

n 

5.03 x 

10-2 

1.7 x 

10-2 

297 cross–

section 

1.1 x 10-5 7.1 x 

107 

18 ± 

2 

(1.87 ± 0.25) x 10-11 

 

(1–1) Long 

axis 

221 7.1 62.6 Cross-

section 

1.3 x 10-3 2.5 x 

107 

1.9 ± 

0.1 

(1.08 ± 0.06) x 10-11 

 

 

Conclusions 

In this work, we investigated the local ME coupling in Ni - P(VDF-TrFE) coaxial NWs 

fabricated using a combination of template-assisted and solution-based growth techniques. The 

coaxial NWs fabricated via melt-wetting and TAED had varying P(VDF-TrFE) wall thickness 

throughout the length of the NWs but HR-TEM images confirmed that the core-shell (1-1) 

structure had formed. Planar (2-2) composites comprising Ni/P(VDF-TrFE) layered films, and 

(1-3) composites comprising Ni NWs embedded in P(VDF-TrFE) films, were also fabricated 

for comparison. VSM measurements indicated that the (1-1) coaxial NWs could be more easily 

magnetised than the (2-2) and (1-3) composites. 
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SPM was used to study topography, surface potential, as well as magnetisation of all 

three Ni - P(VDF-TrFE) ME composites, before and after a poling field was applied via the 

AFM tip in PFM mode. It was discovered that all three ME composites showed some degree 

of ME coupling, observed from the change in local magnetisation, as monitored by imaging 

frequency shifts during MFM, after application of an electric field which served to induce the 

converse ME effect. The ME coupling coefficient αC was estimated for each ME composite, 

and they were all found to be in the same range. However, the unclamped nature of the coaxial 

ME nanowires, along with the lower mechanical energy associated with poling a thin 

ferroelectric shell suggests efficient strain transfer in the (1-1) coaxial nanocomposite 

structures, which can be exploited for ME applications. In particular, our fabrication method 

allows for scalable production of ME nanowire arrays which could be integrated into devices 

for ME applications, where the output can be boosted through device engineering. 

In summary, we have presented a detailed study of the nanoscale magnetic properties 

before and after electrical poling of three geometries of Ni-P(VDF-TrFE) ME composites, 

namely (1-1), (1-3), (2-2). Through the application of an elaborate SPM procedure, we have 

managed to obtain meaningful MFM measurements, while minimising electrostatic 

contributions, and emphasising the effect of electrical poling. The results indicate that there is 

highly efficient mechanical coupling in the (1-1) coaxial nanowire structures, indicating they 

are favourable candidates for ME sensing and actuating applications.  
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Methods 

Coaxial NW growth via template-assisted melt-wetting combined and electrodeposition. 

P(VDF-TrFE) powder with a composition of 70:30 by weight of VDF:TrFE (Piezotech, 

France) was dissolved in butan-2-ol (Sigma-Aldrich) at varying concentrations between (1-10) 

% weight / weight (wt / wt). The solutions were placed in an ultrasonic bath for ≈ 1 hour and 

left overnight to ensure complete dissolution of the powder. Nanoporous anodized alumina 

(AAO) templates (Anodisc 25, Whatman®) were used and had nominal pore diameter, length 

and porosity of ≈ 200 nm, ≈ 60 μm and ≈ (25-50) % respectively. The area of the template used 

was ≈ 2 cm2, which produced ~ 1010 NWs / NTs 43. The 8 % wt / wt P(VDF–TrFE) solution 

was used for the melt-wetting synthesis of NTs. The plastic rim around the edge of the AAO 

templates that was used for handling was cut away with a blade and replaced with double–

sided polyimide (PI) tape (3MTM), as the plastic rim had a lower melting point than the 

temperature used during the melting process in this method. P(VDF–TrFE) films were spin-

coated: 10 s at 500 revolutions per minute (rpm) followed by 1 minute at 1000 rpm (Model 

WS-650 Mz-23NPPB, Laurell Technologies) onto 25 mm2 glass slides, cleaned in acetone, 

ethanol, IPA and DI water and dried with a compressed air gun prior to use. The films were 

then cured for 1 hour at 100 °C in an oven (Heratherm, ThermoFisher Scientific). The films 

were peeled off the glass substrates and placed on top of the templates using one film per 

template. The film coated templates were then placed in the oven at 185 °C for 1 hour. Plasma 

etching was used to remove the excess film left on top of the templates by placing the filled 

templates in an oxygen (25 %) / argon (75 %) plasma cleaner (Emitech K1050x) at 100 W for 

40 minutes, which was found to be sufficient to remove the film without causing damage to 

the nanotubes. A schematic diagram of this process is shown in figure 1(a). 
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For electrodeposition, the electrolyte bath, there are various Ni salts which can be used 

as the source of Ni ions. When dissolved, they dissociate into divalent positively charged Ni2+ 

ions and when current flows, they accept two e−s and are converted to metallic Ni on the 

cathode surface / working electrode 50. At the anode, OH- anions reduce and the main reactions 

at the cathode and anode are described by Eqns. 7 and 8: 

 

Cathode: Ni2+ + 2e- →Ni    (7) 

Anode: 4OH- → 2H2O + O2 + 4e-   (8) 

 

The most common bath to be used is the Watts bath: nickel sulphate (NiSO4), nickel chloride 

(NiCl2) and boric acid (H3BO3) but here a variation of this, without the NiCl2 has been used to 

make the preparation safer. Instead, the electrolyte contained 100 ml of NiSO4 (120 g/L) (98 

% Alfa Aesar) and H3BO3 (45 g/L) (+ 99 % Alfa Aesar) in DI water with a pH 4.5, measured 

with pH paper (Panphea), at room temperature (22 °C). The salt was dissolved in DI water 

using a magnetic follower on a hotplate / magnetic stirrer and heated to 40 °C to speed up the 

dissolution. The H3BO3 in the electrolyte acted as a pH buffer; it prevented the cathode from 

becoming too alkaline 51 as the pH tended to increase from discharge of H+ ions, which liberated 

H2 gas. H3BO3 limited the effect on the pH that the gas release had 50. 

For template-assisted electrodeposition (TAED) of Ni, a ~ 100 nm Ag electrode was 

sputter-deposited on one side of the P(VDF-TrFE) nanotube-filled AAO template at 40 mA for 

4 minutes. A circular shadow mask was used to sputter a ≈ 3 cm3 area on the ≈ 5 cm2 template 

and a Cu wire was attached with Cu tape and then the whole surface was covered with PI tape. 

The deposition voltage used was - 1.0 V for 5025 s and after the deposition, the same melt–

wetting process was repeated from the other side of the template using a second film. Finally, 
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the filled templates were cured for 12 hours at 100 °C to improve the crystallinity of the NTs. 

A schematic diagram of this process is given in figure 1(b). 

 

Sample preparation for scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) and measurement details.  

Two field emission floor model SEMs were used: a Leo Gemini 1530VP Variable Pressure 

(Zeiss) was used with an in–lens detector and an accelerating V of 5 keV – 10 keV and a Nova 

NanoSEM (FEI). The NWs and NTs were imaged both from top–down freed from the template 

and in cross–section whilst still in the template. Each sample was fixed to an SEM stub with C 

tape (Agar Scientific) and a < 10 nm thick layer of palladium (Pd) was sputter–deposited using 

a sputter coater (K575, EMITECH) at 40 mA for 20 s. For imaging the freed P(VDF-TrFE) 

NTs, the samples were prepared by breaking the NT-filled templates into ≈ 1 mm2 pieces with 

tweezers and the pieces of filled template were stuck directly to SiO2 wafer prior to being 

submerged in 12.5 % wt / wt phosphoric acid in DI water (from 80 %, Sigma-Aldrich) for 3 

hours. For imaging the Ni NWs in the template in cross-section, the pieces were stuck directly 

to the SiO2 wafer. The core-shell NWs were imaged both in cross-section and top-down and 

freed from the template. The freeing process was the same as for the NTs. 

For high resolution–TEM (HR-TEM) imaging of the freed Ni–P(VDF-TrFE) NWs, 

Tecnai T20 microscope equipped with a Gatan Imaging Filter was used and to release them 

into a solution and deposited onto pieces of SiO2 wafer. The accelerating V used was 120 kV 

with a spot size of 3. To prevent substantial damage caused by the electron beam and was 

alternated between 100 kV and 120 kV. To release them into a solution, pieces of template 

were submerged in 2 mL of 40 % wt / wt phosphoric acid in DI water in centrifuge vials 

(Sigma–Aldrich) with a 7 mm x 2 mm magnetic follower and left on a magnetic stirrer / 

hotplate for 5.5 hours.  The vials were topped up with DI water and placed in a centrifuge 
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(Sigma 1–14 Microfuge) for 1 hour 15 minutes at 14000 rpm. This resulted in the NWs 

collecting at the bottom of the vial and allowed for the phosphoric acid solution to be removed 

and replaced with DI water leaving freed NWs suspended in DI water. This acid removal / 

cleaning process was repeated three times followed by adding 0.5 ml of absolute ethanol 

(analytical reagent grade, Fisher Scientific) into the centrifuge vial. After placing this in an 

ultrasonic bath (U50, Ultrawave) for ≈ 3 s, a droplet was then drop–cast onto a Cu coated TEM 

grid and naturally dried in air for 20 minutes. 

Sample preparation for VSM and measurement details. 

Princeton Measurements Corporation electromagnets with an Applied Magnetics Laboratory 

Inc. Precision Bipolar Magnet Controller and a Princeton Measurements Corporation 

MicroMag Controller were the components of the VSM used. The maximum uniform H 

available was 10 kOe and the magnetic moment sensitivity range was 10 μemu – 2 emu. The 

core-shell NW –filled template was attached to a sample holder at the end of a cylindrical probe 

with PI tape and the probe was clamped between the centre of the pickup coils so that the 

direction of the magnetic field was aligned parallel to the long NW axis of the NW arrays. The 

probe was vibrated at 83 Hz with an amplitude of 1.0 mm and a continuous magnetic field 

sweep was used with a pause of 300 ms after each step increment. The maximum applied 

magnetic field was 10 kOe, the field increment of the sweep was 200 Oe, the sensitivity / range 

of the magnetic moment measured by the Hall probe was 500 memu and the averaging time of 

each measurement was 1s.  

 

Sample preparation for SPM and measurement details.  

A Multimode VIII with a Nanoscope V controller and Nanoscope 8.15 software (Bruker) was 

used and all experiments were performed with the same tips: MESP-RC-V2 (Bruker) with 

nominal spring constant 5 Nm-1, a resonance frequency of ∼ 150 kHz and a Co / chromium 
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(Cr) ferromagnetic coating. The NWs were released from the template as described above 

except isopropyl alcohol (Fisher chemical) was used to disperse them and they were drop-cast 

onto ITO coated glass (Sigma-Aldrich) substrates of 15 mm x 15 mm x 1.1 mm. The substrate 

was then mounted onto a 12 mm diameter metallic disc designed for loading into the AFM and 

Ag conductive paint was used to electrically connect an exposed area of the ITO on the 

substrate to the disc which then acted as the bottom / sample electrode in KPFM and PFM 

measurements. 
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