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ABSTRACT

We explore electrodeposited ordered arrays of Fe, Ni and Co nanorods embedded in 

anodic alumina membranes as a source of intense magnetic stray field gradients localized 

at the nanoscale. We perform a multiscale characterization of the stray fields using a 

combination of experimental methods (Magneto-optical Kerr effect, Virtual Bright Field 

Differential Phase Contrast Imaging) and micromagnetic simulations, and establish a 

clear correlation between the stray fields and the magnetic configurations of the 

nanorods. For uniformly magnetized Fe and Ni wires the field gradients vary following 
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saturation magnetization of corresponding metal and the diameter of the wires. In the 

case of Co nanorods, very localized (~10 nm) and intense (> 1T) stray field sources are 

associated with the cores of magnetic vortexes. Confinement of that strong field at 

extremely small dimensions leads to exceptionally high field gradients up to 108 T/m. 

These results demonstrate a clear path to design and fine-tune nanoscale magnetic stray 

field ordered patterns with a broad applicability in key nanotechnologies, such as 

nanomedicine, nanobiology, nanoplasmonics and sensors.

INTRODUCTION

Micro- and nanosized magnets are promising tools for manipulation,1, 2 sorting, 3 and detection 

of biological samples,3-5 or for applications in surface chemistry,6 and sensor technologies.7 A 

review of recent advances in this broad and emerging research topic can be found in Ref.8 In the 

case of medicine and bio-chemistry applications, literature indicates that a fine control of both 

the gradient and the configuration of the magnetic stray field produced by arrays of nanomagnets 

is required. 9-10 One example, illustrating the potential of such substrates for bio-medical studies 

and applications, is that of an array of micron-sized Nd-Fe-B rods covered with parylene 

(poly(p-xylylene) polymer), utilized to study the effects of magnetic fields on the proliferation 

and differentiation of stem cells.11 High magnetic field gradient causes the cells to attach 

themselves to and grow on the edges of the micromagnets. It was shown that high magnetic field 

gradients can assist and direct cell migration, thereby allowing one to build up tunable 
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4

interconnected stem cell networks - an elegant route for tissue engineering and regenerative 

medicine. The possibility of using nanomagnets with high stray field gradient in self-assembling 

process was further elaborated in several studies.12-16 Thus in Ref.16 the authors investigated the 

assembly of magnetotactic bacteria and magnetite or cobaltite nanoparticles on micron-sized 

periodic patterns of commercial audio tapes. Local magnetic field gradients also find use in 

surface chemistry for controlling the position of adsorption of diamagnetic molecules.6 These 

real-life applications call for an affordable and scalable fabrication process of large area 

nanomagnetic substrates with tunable stray field configuration and gradient.

Commonly, arrays of nano-magnets on surfaces are produced by lithography process,17-19 which 

is time consuming, expensive and is limited in spatial resolution. An alternative method to 

generate surface stray fields is by arrays of magnetic nanorods embedded in a non-magnetic 

template,20 provided that the magnetic properties and thus the stray fields generated by these 

arrays can be controlled. Electrodeposition in templates is an inexpensive and fast technology to 

produce arrays of very thin (<100 nm) nanorods of arbitrary large area. The magnetic properties 

of such arrays can be manipulated by varying the material composition or crystal structure,20-23 

and their use has already been demonstrated in stem cells analysis,24 pressure sensors,25 and 3D 

memory devices.26-27 

Besides stray fields design, the other challenge lays in the deficiency of characterization 

techniques for magnetic stray fields at the nanoscale. Besides the recent progress in the 

quantitative measurement of magnetic field by magnetic force microscopy (MFM),28 scanning 

magnetoresistance (MR) microscopy,29 scanning hall probe microscopy (SHPM)30 and the 

Nitrogen Vacancy (NV) center-based technique,31 the spatial resolution offered by these methods 

is still limited to 50-100 nm. In the case of MFM, the magnetic tip-sample interaction is also an 
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issue. Transmission Electron Microscopy (TEM) based methods as, e.g., off-axis electron 

holography, have the required spatial resolution, although they entail complications related to the 

complex sample preparation and to the very limited field of view. Indeed, most of the TEM 

studies were focused on the investigation of the magnetic structure and stray fields of individual 

nanorods by electron holography.32-37 An attempt to apply the electron holography for measuring 

the magnetic state of an array of Ni nanowires was reported in Ref.38

METHODS

Here we approach the challenge of imaging surface stray fields in profile view by using Virtual 

Bright Field Differential Phase Contrast (VBF-DPC) method39 and combine this method with the 

magneto-optical Kerr effect (MOKE) magnetometry and micromagnetic simulations. Initially, 

we magnetically characterize the substrates using MOKE40 to perform vector magnetometry41 

and to record longitudinal and polar hysteresis loops. Although MOKE can be implemented to 

achieve a sub-micron spatial resolution,42-43 this would still be insufficient to study individually 

the small nanorods investigated here. To gain insights in the magnetic configuration inside the 

nanorod arrays, we complemented the experimental results with micromagnetic simulations 

aiming at reproducing longitudinal and polar MOKE loops simultaneously. A portion of each 

substrate is taken to determine precisely the size, shape, array symmetry and order, and crystal 

structure of the nanorods using high resolution TEM. This information provides key hints about 

magneto-crystalline and shape anisotropies, and geometrical arrangement, which are utilized to 

compute hysteresis loops using advanced micromagnetic simulations. This information allows to 

reduce the number of free adjustable parameters and thus the number of magnetic configurations 

that can arise inside nanorods in simulations, which target on agreement of both polar and 

longitudinal experimental magnetization loops. Achieving this agreement gives unique remanent 
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magnetic configuration, given the constraints dictated by material magnetization, size and shape 

of the rod, and crystal structure. This approach enables to connect local magnetization states in 

an individual rod with the macroscopically produced stray field pattern from the nanorods array.

To perform a truly nanoscale magnetic characterization of the stray field generated by the 

nanorods and thus to confirm micromagnetic simulation results, we complement the vector 

MOKE study by the recently developed TEM-based technique - VBF-DPC, which is able to 

spatially discern and quantify magnetic fields with nanometre resolution over a field of view as 

large as 100 μm.39 VBF-DPC method is the original modification of the conventional Differential 

Phase Contrast imaging in STEM mode allowing for this kind of study in any type of TEM with 

scanning capability. The detailed description of the method together with the approach to 

quantify the nanoscale magnetic field can be found in Ref.39 There we demonstrated the very 

high spatial resolution of the VBF DPC method (around 4 nm) and its high sensitivity to 

magnetic fields (the signal measured could be better than 0.01 T depends on the experimental 

conditions). 

We have investigated arrays of nanorods consisting of bcc Fe, fcc Ni and hcp Co, which have 

been produced by electrodeposition inside anodic alumina membranes (AAMs) with self-

assembled nanopores ordered in a hexagonal pattern. The AAMs have been prepared by a two-

step anodization process in oxalic acid, tuned to produce a hexagonal array of pores with a 

diameter of about 40 nm. Next, the non-oxidized Al layer at the bottom of the substrate, as well 

as the alumina bottom layer, has been chemically removed. A thin Au layer has then been 

sputtered onto the open backside of the membrane to serve as an electrode for the subsequent 

electroplating of either, hcp Co,22,44 fcc Ni26 or bcc Fe.21,45 The details of the electrodeposition 

are provided in Supporting Information. The electroplating time has been adjusted to reach 
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7

nanorods length of around 20 µm. The samples have been further polished to remove the top part 

of the membrane, not containing nanorods, and to achieve a very smooth surface. The AAMs 

have been polished with a series of diamond abrasive films with decreasing grain sizes down to 

0.1 µm. The final polishing step has been performed using a silica solution with particle sizes in 

the 20-50 nm range. The high surface quality of the polished membranes is proved by optical 

diffraction and SEM studies. Figure 1a depicts a Scanning Electron Microscopy (SEM) image of 

the surface of the final membrane with Ni nanorods array. The SEM micrograph shows that the 

nanorods have a highly ordered hexagonal arrangement within areas (“crystallites”) of up to a 

few μm2 in size. Crystallites of different orientations are marked by coloured areas in Figure 1a 

for illustration. The average diameter of the nanorods and the distance between centers, extracted 

from the SEM micrographs, are 50 nm and 100 nm, respectively. Using a 2D fast Fourier 

transform (FFT) analysis of the SEM micrograph, the high order of the hexagonal arrangement 

of the nanorods within individual crystallites can be appreciated, as shown in Figure 1c, which 

can be compared to the 2D-FFT analysis of the whole image (Figure 1b) displaying rings rather 

than individual spots due to different orientation of various crystallites.
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Figure 1. a SEM image of a polished alumina membrane with embedded nanorods. The 

colored areas are examples of “crystallites” with different orientations, i.e., ordered 

regions with highly ordered hexagonal arrangement of the nanorods. Panel b shows a 2D 

FFT analysis of the whole image and c represents one of an individual crystallite. The 

latter shows 6-fold symmetry, which confirms hexagonal arrangement in individual 

crystallites, while the upper pattern shows a rings-like pattern due to different orientation 

of the crystallites. The scale bar in panel a is 1 µm.
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For the VBF-DPC characterization in TEM, cross-sectional lamellas for each sample have been 

prepared using focused ion beam (FIB). The standard FIB TEM lamellae preparation technique46 

requires deposition of a Pt protection layer on the surface, which would hinder the observation of 

the stray fields. In order to protect the surface during the FIB process avoiding the deposition of 

the Pt layer, we have instead used a ~500 nm thick self-supporting diamond film as a protecting 

cover, which was removed at the final step of the lamella preparation. Thus, the top surface of 

the prepared sample was not damaged during FIB milling. Final FIB polishing was conducted at 

a reduced voltage of 2 kV to further thin and minimize the amount of damage and reduce levels 

of implanted Ga in the sides of the final specimen. The lamellae have purposely been made thick 

- about 450 nm, corresponding to ~4 periods of the hexagonal AAM pore pattern. Figure 2 shows 

the side and top views of thus prepared lamella, clearly illustrating an opened and undamaged 

surface of the AAM.

Figure 2. Side and the top views of the FIB lamella of nanorods array inside the AAM 

used for TEM investigations. The red dashed rectangle shows a typical area of the array 

used for the reconstruction of the magnetic stray field and corresponds also to the unit 
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cell used in the micromagnetic simulations. The scale bar in panel a is 1 µm. The arrows 

indicate view directions. 

RESULTS AND DISCUSSION

The measured polar and longitudinal MOKE hysteresis loops are shown in Figure 3 (symbols). 
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11

Figure 3. MOKE loops, normalized to the saturation magnetization, from Fe, Ni and Co 

nanorod arrays. Schematics on top show the magnetic field configuration during the 

experiments (polar, left column; longitudinal, right column). Blue dots correspond to the 

experimental results, while the red curves show the results of micromagnetic simulations.

To gain insights in the magnetic configuration inside the nanorod arrays, we complemented the 

experimental results with micromagnetic simulations using mumax3.47-48 The simulated geometry 

consisted of 21 nanorods, each 700 nm long and 50 nm in diameter, placed on a hexagonal lattice 

with the distance between rods being 100 nm. This geometry was discretized in 128 x 128 x 256 

finite difference cells of 2.70 x 3.13 x 2.73 nm3, comparable to the exchange length of Ni (4.7 

nm), Co (2.6 nm), and Fe (4.4 nm). Using periodic boundary conditions, the array unit cell of 

346 nm by 400 nm was repeated 5 times in the AAM plane to arrive at an average “crystallite” 

size of approximately 2 µm by 2 µm in agreement with the sizes determined from SEM 

micrographs of the membranes (see Figure 2). The nanorod length of 700 nm corresponds to the 

average thickness of the lamella used for TEM investigations and reproduces the conditions of 

the MOKE experiments. It has been verified that a further increase of the length of the nanorods 

does not affect the obtained hysteresis loops. Each nanorod was simulated with a single crystal 

structure, but the directions of the cubic (Fe and Ni) and uniaxial (for Co) magnetocrystalline 

anisotropy axes were varied randomly from nanorod to nanorod to simulate a realistic sample. 

The anisotropy constants K and exchange stiffness A were both equal to the tabulated values for 

the bulk materials, i.e. K= 48 x103 J/m3 and A = 2.1 x10-11 J/m for Fe,49 K = 450x103 J/m3 and A 
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= 1.3x10-11 J/m for Co,50 and K = -4.8 x103 J/m3 and A = 3.4 x10-12 J/m for Ni.51 It is known that 

the stresses induced by the AAM can introduce significant effect on the magnetic properties of 

Ni nanowires embedded into AAM matrix due to the negative magnetostriction of fcc Ni.52-53 

Indeed, to reproduce the experimental results the magnetostriction of the Ni nanorods was taken 

into account by a uniaxial hard axis along the length direction of the rods with an anisotropy 

constant uniformly distributed between -25 and -100 kJ/m3. The saturation magnetization (MS) 

values used in the simulations were 1200x103 A/m, 1760x103 A/m, and 490x103 A/m for Fe, Co, 

and Ni, respectively. For Co and Ni, these values correspond the tabulated values for bulk 

material, while in the case of Fe MS needed to be reduced by a 30% as compared to bulk bcc Fe 

(1700x103 A/m) in the topmost 50 nm of the nanorod, in order to reproduce the measured 

MOKE results. This reduction is justified by considering that MOKE is only sensitive to the 

surface up to a depth of approximately of 50 nm, and the fact that surface oxidation in Fe 

samples is typically much stronger than for Co and Ni ones. Typically, the natural oxidation 

layer for the nanorods released from the AAM is about few nanometres (see Supporting 

Information). This layer acts as a protection layer for further oxidation of Co and Ni nanorods. In 

contrast, our previous study21 demonstrated the strong oxidation of the polycrystalline Fe 

nanorods exposed to the air, the resulted magnetite shell has a magnetisation 5 times less than the 

Fe. Thus, it was reasonable to assume the reduced magnetisation value for the tip of the Fe 

nanorod. Using the freedom of micromagnetic simulations, we also investigated the robustness 

of our results towards thermal fluctuations,54 disorder and imperfections, using realistic estimates 

of their strength.55 In particular, we have varied the material parameters, the easy axes directions, 

the nanorod shape, diameter, distance and the regularity of their grid. Furthermore, we have 

included pinning centers in the nanorods, and investigated the effect of misalignments of the 
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sample with respect to the polar or longitudinal applied external fields. We conclude that both 

the observed magnetization states and the similarity from one calculated MOKE loop to the next 

are robust against these sources of disorder.

The comparison between the experimental and simulated MOKE results for each array displayed 

in Figure 3 shows a good agreement.  Fig. 4 shows the magnetic configuration at remanence 

close to the top of the nanorods for Co, Ni and Fe, as calculated with mumax3, showing a 

uniform magnetization for the Fe and Ni nanorods and a vortex structure for the Co nanorod.
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Figure 4. Magnetic configuration at remanence close-up of the top of the nanorods for 

Co, Ni and Fe, as calculated with mumax3, showing a uniform magnetization for the Fe 

and Ni nanorods and a vortex structure for the Co nanorod. The small arrows and colors 

indicate the magnetization direction: white corresponds to an out-of-plane magnetization 

(along the length of the nanorods), while the red/blue color corresponds to the “vertical” 

in-plane direction. Above the nanopillars a cross section of the magnetostatic field is 

shown. The graphs present the magnetic field gradient at the center of nanopillars in the 

direction parallel to the pillar axis, clearly showing the large field gradients associated with 

the vortex cores. At the bottom the reconstructed phase and magnetic induction lines from 

EH study of the Co and Ni nanorods in-plane of AAM are shown.

To confirm the two aforementioned magnetic structures for different nanorods, we performed the 

off-axis Electron Holography (EH) study of the remnant state of the Co and Ni nanorod arrays 

in-plane of the AAM. The details of the EH study are shown in Figure 4 for the case of Co and 

Ni nanorod arrays. It is clearly observed the vortex state for Co nanorods and the absence of the 

magnetic signal in-plane of the AAM for Ni nanorods which confirmed the formation of the 

single domain state with magnetization oriented normal to the AAM surface. 

The magnetic configuration of an individual nanorod inside AAMs is primarily determined by 

the material magnetic properties, the nanorod size and shape, and the crystalline structure chosen 
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for the electrodeposition. Typically, the magnetic nanorods are polycrystalline, with a largely 

dominant out-of-plane magnetic easy axis with respect to the AAM due to the shape anisotropy 

of the nanorods.20,56 In this situation, the observed uniform out-of-plane magnetization for Fe and 

Ni, is corroborated by an analysis of the relevant micromagnetic energy terms, i.e. the anisotropy 

energy, the exchange energy and the magnetostatic energy. Because we are considering an easy 

axis in the out-of-plane direction, the large shape anisotropy energy due to the high aspect ratio 

of the nanorod favours the magnetization to lie in this direction as well. The exchange interaction 

does not have a preferential direction, but prefers a uniform magnetization state. A more 

interesting situation, however, arises when the nanorods are deposited as a single crystal 

structure with strong magnetocrystalline anisotropy away from the out-of-plane direction. This 

situation is achieved in the case of single crystal Co nanorods grown with a hcp structure and the 

c-axis (which corresponds to a uniaxial magnetocrystalline easy axis) oriented in the plane of the 

AAM,57 leading to a strong magnetocrystalline anisotropy perpendicular to the shape anisotropy. 

The resulting competition between the two anisotropies gives rise to a frustrated and rich 

magnetic behaviour. In particular, it may lead to three different possible remanent magnetization 

states: a uniform out-of-plane magnetization, as for Fe and Ni nanorods, if the shape anisotropy 

is dominant, a uniform in-plane magnetization if the magnetocrystalline anisotropy dominates, or 

a complex 3D vortex structure consisting of an out-of-plane magnetized vortex core surrounded 

by a whirling magnetization lying in a plane perpendicular to the rod axis.22,57 Which state will 

be realized depends on the complex interplay between the micromagnetic energy terms.58 A first 

evaluation of the relative strength of shape and magnetocrystalline anisotropies for our Co 

nanorods shows that magnetocrystalline term is higher that the shape one but not as much as to 

achieve a uniform in-plane magnetization, that can thus  be excluded. The choice of the nanorod 
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between the other two possibilities, vortex and uniform out-of-plane magnetization, is then 

involving also the exchange energy contribution. The exchange energy favours the uniform 

magnetization, thereby the nucleation of a vortex state occurs at an extra energy cost that 

depends on its radius. For nanorods with large radius, i.e., 100 nm and higher, the vortex state is 

always preferential as the exchange energy only grows as the logarithm of the radius, while the 

anisotropy energy grows quadratically. The smallest radius at which a vortex state will be found 

is however difficult to estimate because as the radius reduces below 100 nm the energy 

contribution of the vortex core, whose diameter is in the order of 10 nm in the present case, so 

far neglected has to be considered. The additional energy cost of the vortex core, which has a 

complex profile determined by the interplay between all energy terms, is difficult to describe in 

an analytic form and only micromagnetic simulations could confirm that the vortex state is 

indeed favoured in our Co nanorods. 

Fig. 4 shows also the calculation of the stray field generated by each type of nanorod (topmost 

panels). The plots present the magnetic field gradient at the center of nanopillars in the direction 

parallel to the pillar axis (z-axis) clearly showing a much larger field gradient associated with the 

vortex core formed by Co nanorod. The stray field originates primarily from those surfaces of the 

nanorod at which the magnetization is forming an angle different from /2 with the out-going 

surface normal, namely where M•n is different from zero. In the case of our nanorods these are 

located the top and bottom surfaces. In addition, the field strength depends on the extension of 

the surface where M•n is non-zero: the smaller the extension the stronger the stray field and even 

much stronger the field gradient. This last consideration makes Co nanorods particularly 

interesting since this region of non-zero M•n is limited to the vortex core extension that is 

substantially smaller than that of the entire top/bottom surface of the nanorods as in the case of 
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Fe and Ni. In summary, for uniform out-of-plane magnetization (Fe and Ni), the stray fields have 

a similar profile, although the intensity is stronger for Fe as it has a much larger saturation 

magnetization. In the Co nanorods array, as compared to the other two cases, the stray field is 

compressed to the size of the vortex core and the out-of-plane component Hz displays a strong 

maximum close to the nanorod centre, which is substantially smaller than the nanorod diameter. 

Therefore, although Co has a saturation magnetization that is slightly lower than that of Fe, the 

stray field generated by Co nanorods is expected to be higher and, more importantly, with a field 

gradient that should be much higher. This makes Co nanorods a promising candidate for 

applications requiring dense ordered arrays with a very local concentration of the out-of-plane 

flux. We note here that Co nanorods can display multi-vortices states. This can be understood 

considering that when reducing the externally applied field from saturation, vortices nucleate at 

the nanorod top and bottom edges, and they might have a different chirality. When this happens, 

the remanent state is a double vortex structure with a transition in the middle of the nanorod, but 

this slightly more complex state does not have an influence on the stray fields at the nanorod 

ends.
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Figure 5. Top part of figures: two orthogonal components (Hz and Hx) of the stray fields 

measured by VBF-DPC and simulated for Ni, Fe and Co nanorod arrays. The dashed 

rectangles show examples of good fits between the experimental and numerical data. 

The bottom part of the experimental data depicts the BF STEM image of the array area, 

while the bottom part of the simulation results shows a top view of the magnetization 
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structure on the nanorod edges Note that the bottom part of the figures thus show data 

with a different orientation. 

For an individual Fe or Ni nanorod with high aspect ratio, the remanent state after polar 

saturation is a uniform configuration with the magnetization aligned along the nanorod length 

axis due to the shape anisotropy. Despite the uniform magnetization of each individual nanorods, 

the observed remanent magnetizations are significantly lower than 1. This observation can be 

explained again by micromagnetic simulations. The right panels of Figure 5 display the 

magnetization arrangement in the unit cell used in the micromagnetic simulations. As depicted in 

the panels, the strong magnetostatic interaction between the close-packed nanorods of Fe and Ni 

comprising the hexagonal network gives rise to an uncompensated long-range anti-ferromagnetic 

order. Indeed, as shown in the top and middle panels of Figure 5 (panels showing simulated 

component of magnetisation MZ of nanorods), at remanence the magnetization in some nanorods 

has switched to the other side (-z) with respect to the direction of the applied field (+z). The 

resulting magnetic configuration inside a crystallite thus consists of nanorods, either isolated or 

bundled in groups of different size, in which the magnetization is pointing either upwards or 

downwards, thus explaining the reduced remanent magnetization that is observed in the 

experiment. In the simulated loop, shown in Figure 3, the Fe nanorods magnetization reduces in 

discrete steps as the magnetic field is reduced, corresponding to the switching of individual or 

small groups of nanorods. In our vector MOKE experiments, however, the measurement is over 

a large ensemble of crystallites, thereby the steps are smeared out giving rise to a smooth 

hysteresis curve. For a Fe array, the simulations predict that the number of unswitched nanorods 
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is larger than the number of switched ones. The remanent magnetization is thus expected to be 

larger than in the Ni array, where the number of switched and unswitched nanorods is almost the 

same, leading to the state with a very small remanence, as confirmed by the experimental polar 

loops. This difference can be easily understood considering that the saturation magnetization of 

Fe is approximately three times larger than for Ni and therefore leads to stronger shape 

anisotropy stabilizing the magnetic moment of the nanowires against the antiferromagnetically 

aligning dipolar interactions. Although a remanent state in which all the nanorods are magnetized 

along the same direction is not relevant for the applications addressed in this paper, it is clear that 

if such global configuration were needed it could be achieved simply by increasing the 

separation distance between the nanorods. This gives rise to another tuning parameter – the 

lattice spacing – to customize the stray field landscapes, by reducing the inter-rods magnetostatic 

dipolar interaction, 

The results of the comparative analysis between MOKE experiments and micromagnetic 

simulations were further corroborated by detailed VBF-DPC investigations of the stray field 

produced by the three samples in their remanent state. The DPC maps of the stray fields for Ni, 

Fe and Co nanorod arrays are shown in the left panel of the Figure 5. DPC allows capturing two 

orthogonal components of the magnetic fields independently. For the Fe and Ni arrays, the out-

of-plane component Hz (perpendicular to the surface of the substrate) is much stronger than the 

in-plane component and varies depending on the magnetic configuration in each nanorod. The 

maps for Fe and Ni are compatible with array of nanorods in a single domain state with 

magnetisation aligned in z direction (parallel to the nanorod axis). Figure 5 also shows the Hz 

and Hx components of the stray fields calculated from simulation results corresponding to the 

experimental observations (Hz and Hx extracted from VBF-DPC study) (left). The areas 
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displaying the best quantitative fit of experimental data to the micromagnetic simulations are 

indicated by dashed yellow rectangles.

Figure 6 shows the profiles of out of plane (HZ) component as function of the distance from the 

AAM surface (z-axis) of the magnetic stray field generated by the nanorods, measured along the 

axis of the Fe, Ni and Co nanorods by VBF-DPC (see Figure 5). Indeed, in the case of Co, the 

rapid decay of the stray field emanating from the vortex core in close proximity of the surface, 

gives rise to a large field gradient in the order of 106-107 T/m in a region within 15 nm from the 

AAM surface. This is due to the small size of the vortex core diameter, which is in the order of 

the exchange length, i.e. for Co ~4 nm. In the case of Fe and Ni, the stray field decay is slower 

and the field gradient is about 10 times smaller in respect to Co, although the field reaches out to 

larger distances, 100-150 nm, from the AAM surface. It is important to note that the maximum 

field determined by VBF-DPC is underestimating the actual maximum value of the fields due to 

averaging caused by the limited DPC resolution (about 4 nm) and thickness of the sample 

consisting of the 4 nanorods in the row. In fact, it is clearly seen from the simulation results of 

individual nanorods shown on the Fig. 3. The value of the magnetic field gradient extracted close 

to the centre of the nanorod could reach 108 T/m in the case of the magnetic vortex of Co 

nanorod. As clearly seen from the experimental profiles on the Figure 6a the noise level is less 

than 0.01 T. This is the uncertainty of the measured stray field in the present case. The 

micromagnetic configuration at the remanence was used to calculate the stray fields. To 

reproduce the experimental data, the values of the entire array were projected on the xz plane 

with the discretization corresponded to the spatial resolution of the experimental data (6 nm).
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Figure 6. The profile of the Hz component of the magnetic field along the axis of the 

nanorods (z-axis) and magnetic field gradient a, c measured from the AAM surface by 

VBF-DPC for the Fe, Ni and Co nanorods and b, d extracted from micromagnetic 

simulation. It was calculated averaging over 2x64x2 cells in order to reproduce the 

experimental conditions. 

CONCLUSIONS

Ordered nanorod arrays in AAMs with a hexagonal lattice are promising platforms for 

generating stray field patterns that can be useful for various applications like nanomedicine, 

Page 22 of 33

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23

nanoplasmonics and sensors. We show that the magnetic stray field gradient can be investigated 

by combining MOKE and TEM-based DPC methods together with micromagnetic simulations, 

since this combination allows visualizing and quantifying highly localized stray fields of the 

studied Fe, Co and Ni nanorod arrays.

Our results show that AAMs with Fe nanorods exhibit the highest magnetic stray fields with the 

largest field range outside of the AAMs, while single crystal Co nanorods with their hcp c-axis 

oriented in the plane perpendicular to the nanorods long axes (i.e., lying in the AAM plane) 

provide a particularly large magnetic field gradient. The latter originates in a magnetic vortex 

structure, which is stabilized in this configuration due to a frustrated interaction between the 

magnetocrystalline and shape anisotropy, and contrasts the nearly uniform magnetic 

configuration that is found in the Fe and Ni nanorods. 

We demonstrated that by varying the materials used, it is possible to design and fine-tune 

magnetic stray field patterns in the nanometer range over areas of several centimetres in size, 

even with very large magnetic field gradients resulting from intense local (only a few nm) field 

sources such as vortex cores.

As an example of application, for beads trapping, forces of tens and hundreds pN are 

needed to overcome drag forces in microfluidics. Forces depend on the gradient of field 

and magnetic susceptibility of the bead (Refs.  4 and 6) and if one wants to trap very 

small particles, 10 nm beads for instance, one needs a field gradient like that generated 

by our membranes, which is much larger than that achievable with lithographed 

structures.
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