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Abstract : The direct integration of performant permanent magnets within miniaturized 

circuits remains both a scientific and a technological challenge. Magnetophoresis-driven 

capillary assembly of hard magnetic nanoparticles is a promising approach to fabricate 3D 

rare-earth free permanent magnets. However, this process implies the use of soft magnetic 

blocks to generate the magnetic field gradients required to localize the assembly directly onto 

silicon substrates. The impact of these soft elements onto the overall magnetic properties was 

evaluated using Co nanorods as hard material and 150µm thick-Ni blocks. As expected, the 

presence of Ni softens the overall properties of the hybrid magnet obtained, but permanent 

magnet properties are preserved for reduced Ni volumes. A magnetic induction as high as 19 

mT at a distance of 200 µm is generated by the hybrid Ni-Co-Ni structures, allowing for the 

electromagnetic actuation of a MEMS resonant sensor. 

 



Introduction : 

The societal demand for the upcoming digital society requires the development of 

miniaturized electronic devices such as Microelectromechanical Systems (MEMS) and the 

derived biosensors.
1,2,3

 As reviewed in 2019,
4
 the development of sustainable micro energy 

sources for these portable devices is not yet achieved despite intensive efforts. The magnetic 

flux density available being independent of the size, permanent magnets (PM) represent the 

most attractive choice for miniaturized magnetic power sources. The main limitation arises 

from a lack of mature permanent magnet technologies for MEMS.
4
 Permanent magnets are 

micro or nano-structured materials designed to generate quasi-perpetual magnetic fields 

outside their volume, known as stray fields, without requiring any additional external power 

sources. Their strength, characterized by the energy product – or (BH)max,
5
 depends on several 

intrinsic and extrinsic parameters.
6
 To reach a significant value, the chosen material should 

display a high remanent magnetization (Mr) and a high coercivity (HC), to prevent 

demagnetization from occurring. Then, the spatial distribution of the stray field strongly 

depends on the magnet volume, large PM volumes allow preventing the rapid decay of the 

stray field intensity with distance. 

Downsizing PM based on classical metallurgical processes yields high performance rare-earth 

(RE) based magnets but is incompatible with a monolithic integration on Si-based circuit 

process flows, due to thermal and mechanical constraints.
7
 Alternative approaches have been 

intensively sought. Important efforts have been devoted to the controlled deposition of thick 

films (up to a few tens of µm in thickness) of RE-based magnets using sputtering deposition.
8
 

By combining classical micro-fabrication processes with high rate triode sputtering, Nora 

Dempsey’s group prepared RE micro-magnets using topographically patterned substrates.
8,9

 

The in-plane dimensions of the micro-magnets were in the range of 10-100 µm, while 

thicknesses up to 50 µm were achieved for topographically patterned NdFeB films.
10

 

Alternatively, thermomagnetic patterning process has been developed in which the 



nanostructured magnets are locally irradiated with a laser under an external magnetic 

field.
9,11,12

  

To gain access to even thicker magnets, the electroplating technique was used. However, up 

to now, RE-based material could not be grown by this approach, limiting the studies to 

material exhibiting moderate coercivity and remanent induction, such as CoNiMnP,
13

 or to Pt-

based alloys.
14,15

 However, post-deposition annealing steps at high temperature (above 650°C) 

are mandatory to crystallize the proper L10 tetragonal structures, thus limiting their integration 

in the process flow of microelectronic fabrication. Alternatively, composite materials 

consisting of ferromagnetic powders, such as Co
16

 or NdFeB particles,
17

 embedded within 

polymers were developed.
18,19

 The thick magnets (~50 µm) obtained exhibit however fairly 

poor magnetic properties due to the dilution of the magnetic powder. As the magnet induction 

scales with the square of the magnetic volume fraction (fV),
20

 poor (BH)max are obtained. To 

overcome this limitation, the doctor-blade technique was used to dry-press
21

 or wet-deposit
22

 

micrometric NdFeB particles into pre-etched cavities in a substrate. The high forces observed 

during solvent evaporation allowed to reach fV of nearly 80%. These results still suffer from 

the isotropic character of the magnets, and oxidation issues with NdFeB microparticles. 

Nanochemistry has recently made some decisive contributions in the field of hard magnetic 

materials and PM by controlling the anisotropic growth of single domain and single crystal 

magnetic nanorods (NR), which exhibit high coercivity at room temperature.
23

 Single-domain 

cobalt NR, prepared by organometallic chemistry
24

 or polyol process,
25,26

 combine shape and 

magnetocrystalline anisotropies. Thanks to their small diameter, which favors uniform 

magnetization reversal, and their very good crystallinity, which limits the nucleation of 

magnetization reversal on structural defects,
27

 these objects exhibit coercivity close to the 

theoretical anisotropy field    
   

  
      , with K1 the magnetocrystalline constant of 

cobalt and MS its saturation magnetization, the 2MS term being related to the shape 



anisotropy. We have previously demonstrated that dense and parallel assemblies of these Co 

NRs can make performant PM, filling a gap between the hexaferrites and the RE-based 

PM.
28,29

 Synthesized under air, these Co NRs are naturally passivated by a 1.2 nm thick Co 

oxide layer, preventing them from further oxidation, leading to stable magnetic properties.
28

 

Moreover, submillimeter Co NR-based PM integrated in MEMS devices have been fabricated 

by a fairly simple magnetophoresis process fully compatible with the microelectronics 

workflow process.
30

 In this process, a concentrated suspension of Co NRs was aligned under 

an external magnetic field and locally attracted toward predefined Ni blocks which induced 

strong field gradients. The final densification during the drying step yield fairly compact PM 

with good mechanical properties. The Ni blocks could be manually removed from the 

substrate applying locally a mechanical pressure. The strong cohesion of the Co NR-based 

PM allowed preserving the material on the substrate. The Co NR-based PM was then fully 

characterized and further integrated onto a MEMS resonator, allowing for its electromagnetic 

actuation.
30

 However, the manual removal of Ni blocks can not be seen as a feasible strategy 

for an industrial perspective. The use of wet etching might be difficult due to the fairly similar 

chemical properties of Ni and Co, which may result in the damaging of the Co NR assembly.  

Therefore, we report here a detailed study on the hybrid Ni-Co-Ni structures. While magnetic 

multilayers composed of thin nanostructured materials have been widely studied in spintronic 

devices,
31,32

 we focus her on the permanent magnet applications. After a brief overview of the 

magnetophoresis assembly theory, the effect of the Ni blocks on the magnetic properties of 

the hybrid PM is discussed.   

 

Magnetophoresis assembly theory 



In the presence of an external inhomogeneous magnetic field, the magnetophoretic force 

applies, allowing for the attraction and the capture of particles at the high flux gradient region: 

  
                  with      the moment of the particles. 

A PM fabrication process based on magnetophoresis-assembly of Co NRs was recently 

reported.
30

 It implies the controlled evaporation of a Co NR suspension under an external 

magnetic field on a patterned substrate consisting of pairs of electrodeposited Ni blocks, as 

schematized in Fig. 1a-c. The magnetically soft Ni blocks effectively serve as flux 

concentrators inducing local magnetic field gradients.   

Several forces apply to the Co NRs as schematized in Fig. 1d-e. The buoyancy   
      acts in 

opposition to the gravitational force   
     which lead to sediment them. The external magnetic 

field induces a torque on the Co NRs and aligned them. A magnetophoretic force   
      applies 

then on the ferromagnetic particles and eventually displaces them toward the large magnetic 

field gradient areas. The surrounding solvent induces a drag force   
      in the opposite direction: 

  
                       with C the drag coefficient and                the magnetically induced velocity. 

Finally, as the solvent evaporation occurs, capillary forces   
     provoke the contraction of the 

assembly, yielding a fairly compact nanostructured material. 

  To promote a controlled assembly at the vicinity of the Ni blocks, the magnetic-driven 

convection should overcome the thermal diffusion. The Peclet number (Pe) allows 

quantifying the relative importance of each contribution and reads as follow :  

    
      

 
    (Eq. 4), 

with   the typical dimension of the particle (length for a nanorod, diameter for a sphere) and 

D the diffusivity of the NP in the solvent. Magnetic convection is predominant for Pe >1, thus 

for large magnetic velocity. 



     Considering a simple model of non-interacting Co NRs, the magnetic velocity can be 

determined from classical Newtonian dynamics, considering that gravity force and buoyancy 

are negligible and that the steady-state is reached (  
        

            The velocity then reads 

     
  

 
 and therefore scales with the magnetic field gradients. 

 Co NRs being anisotropic particles, the drag coefficient and the diffusivity have two 

distinct components, parallel and perpendicular to the rod long axis.
30

 Therefore, two critical 

magnetic field gradients necessary to favor the convective motion both parallel and 

perpendicular can be determined numerically taking in consideration the Co NR size. 

Magnetic field gradients of few hundred T.m
-1

 (700 T.m
-1

 and 200 T.m
-1

, respectively) were 

determined for isolated NR of 16 nm diameter and 180 nm length (Figure S1).
30

  

 

 

Figure 1. Schematic views of the PM fabrication process : a) Co NR suspension drop-casted 

on a pair of Ni blocks, b) alignment under external magnetic field and attraction towards the 

magnetized Ni blocks by magnetophoresis, c) dense assembly obtained after the complete 

solvent evaporation. d-e) Schematic view of the different forces induced on Co NR chains 

formed in liquid state under an external magnetic field.   
       : magnetophoretic forces,    

      : 

solvent dragging force,   
     : weight,    

     : buoyancy,   
     : capillary forces. 



 

Note that the analysis above is based on a balance of force on isolated NRs particles. Yet, an 

aggregation of particles in the form of needles is possible at the onset of the magnetic field 

due to the attractive interactions between aligned Co NRs (see Fig. 1b). This may lead to the 

formation of needles as in the case of spherical nanoparticles. This would imply a decrease of 

the Peclet number resulting from larger velocity, larger size and smaller diffusion coefficient. 

As a result of these collective effects, the critical field gradient required to observe 

magnetophoresis may be decreased compared to the values given above.
33

  

Results and discussion : 

Magnetic properties of the Ni blocks 

Ni blocks were electroplated on a silicon substrate in order to serve as flux concentrators once 

placed in a homogeneous external magnetic field (Figure 2). Their length (l) was varied 

between 100 µm to 1000 µm while their width (w = 500 µm), height (h = 150 µm) and 

interspacing (Δx = 500µm) were kept constant. The Ni blocks exhibit a saturation 

magnetization close to the bulk value (50010 kA.m
-1

). As expected, the in-plane 

susceptibility m and the saturation field µ0Hsat measured along   , i.e. the direction joining the 

2 blocks, strongly varied with the form factor of the blocks (Figure 2c-d and Table 1).  



Figure 2. Scanning Electron Microscopy (SEM) images of the Ni blocks with a length l of a) 

200 µm and b) 500 µm. c) In-plane magnetization curves M of Ni blocks of different lengths 

(l = 100 to 1000 µm) and a 5µm thick-Ni thin film measured at 300K along the    direction 

depicted in a. d) zoom on the central part of c) graph. 

 

 Ni blocks Ni-Co-Ni hybrid 

structures 

Length l 

(µm) 

Ms 

(kA.m
-1

) 

µ0Hsat 

(mT) 

m µ0Hc 

(mT) 

mr/m3T 

100 510 390 2 250 0.55 

200 505 285 3 150 0.48 

500 495 220 5 80 0.50 

1000 490 135 10 30 0.37 

Thin 

film 

490 40 110 - - 



 

Table 1. In plane magnetic properties measured along    at 300K for different Ni blocks and a 

5 µm thick Ni thin film electrodeposited, as reference, and for the hybrid Ni-Co-Ni structures. 

Ms : saturation magnetization, µ0Hsat : saturation field. It corresponds to the magnetic field at 

which the magnetization m = 0.95 ms, m : in-plane magnetic susceptibility as : 
 

    

  
 
   

. 

µ0Hc : coercive field; mr/m3T : remanence ratio. 

 

The magnetic field gradients induced by the Ni blocks with lengths of 100, 200 and 500 µm 

were numerically studied for an external magnetic field µ0Hext = 1 T along   , classically used 

in this study. As shown in Fig. 3, fairly similar spatial distributions of the magnetic gradients 

were determined, maxima values being found at the surface of the blocks. As introduced in 

the magnetophoresis assembly theory, the convection of the Co NRs towards the Ni blocks 

required magnetic field gradients larger than the critical ones : 700 T.m
-1

 along the rod long 

axis, i.e.   , and 200 T.m
-1

 perpendicularly to it, i.e.    and   . The color scale used allows to 

directly visualize the regions where these conditions were fulfilled, the sign of the magnetic 

field gradients indicates the direction of the Co NR motion. Attraction zones are clearly 

visible along   , while repulsion zones are determined at the direct vicinity of the Ni block 

facets along     and   . The lateral extension of the attraction zone along   , which eventually 

leads to the accumulation of Co NRs in the gap, is determined in Fig. 3b. For the three Ni 

block length studied, an attraction up to a distance of ~120 µm was obtained. The appearance 

of collective effects through Co NRs aggregation which leads to a decrease of critical field 

gradients would increase the size of the attraction. In the gap this may give to the capture of 

all particles present between the Ni blocks.   

The Ni block length does affect the spatial extension of the repulsive zones observed along    

and   . Indeed, lower values of 
         

  
 and 

        

  
 were obtained for increased length. For instance, 

the repulsion zone observed vanished at the center of the blocks for l = 500 µm (Fig. 3c). This 

may affect the geometrical repartition of Co NRs within the final assembly.  

 



 

Figure 3: a) 2D mapping of the magnetic field gradients 
   

  
 (first row), 

   

  
 (second row) and 

   

  
 (third row) induced by Ni blocks of 500 µm (w) × 150 µm (h) and a length l of 100 µm 

(left column), 200 µm (middle column) and 500 µm (right column) once magnetized under an 

external field µ0Hext = 1 T. Scale bar = 200 µm. White arrows indicated for the 100 µm-length 

Ni block are guide to the eye for the attractive and repulsive zones felt by the Co NRs. White 

dashed lines depict the extension of the attraction (dx) and repulsion (dy, dz) zones. Magnetic 

field gradients b) 
   

  
 and c) 

   

  
 along the profile lines depicted on the 500 µm-length Ni 

block on a) (from the edge of the block). The spatial extension of the attractive and repulsive 

areas at the vicinity of Ni blocks were determined at the intersection of the simulated curve 

with the critical gradient value, represented by the dashed blue line.  

 

 



Directed assembly of Co NRs with different Ni blocks. 

A concentrated suspension of Co NRs dispersed in anisole ([Co] ~ 80 g/L) was drop casted on 

the patterned substrates. The external magnetic field µ0Hext = 1T was then applied leading to 

the alignment and, within the attraction areas, to the motion of the Co NRs towards the Ni 

blocks. The excess of Co NRs, which never interact with the large magnetic field areas, and 

thus lead to nonspecific deposition, was washed away with chloroform. The deposition was 

repeated 6 times to fill the entire space between the Ni blocks. After the complete evaporation 

of the solvent, fairly conformal depositions were obtained for the three Ni block lengths (l = 

100, 200, 500 and 1000 µm) as revealed by SEM images (Fig. 4a-c,e). XRD pattern revealed 

a fairly good alignment (Figure S2) as previously extensively reported.
30

 For the first time, the 

Co assemblies were further investigated using X-Ray tomography, to probe the presence of 

internal porosity (Fig. 4d, Video S1). All the materials were seen as fully compact, thus not 

exhibiting any mesoscopic pores with sizes larger than 10 µm (resolution of the apparatus).  

 



 

Figure 4. SEM images of the Ni-Co-Ni hybrid structures obtained with Ni block length l of a) 

100, b) 200, c) 500 and e) 1000 µm. d) X-Ray tomography of the Ni-Co-Ni with and l = 500 

µm. f-g) In-plane magnetization curves of the different structures measured at 300K along the 

x direction. 

 

 



Magnetic properties of the hybrid Ni-Co-Ni structures. 

The 300K magnetic properties of the hybrid Ni-Co-Ni structures were investigated using a 

VSM. As one could expect, the total moment increases with the Ni block length, due to the 

larger magnetic volume (Fig. 4f). However, the longer the Ni blocks, the more magnetic 

decoupling was observed. For l = 500 and 1000 µm a two-step hysteresis curve was evidenced 

(Fig. 4g). This reveals the magnetization reversal of the Ni blocks at low field, due to their 

soft nature; while the Co-based magnet only switches at larger fields. The quantification of 

the magnetic coupling strength between the Ni and the Co would deserve a detailed study 

combining recoil curves, MFM studies and micromagnetic simulations but this goes beyond 

the scope of the present study. 

  The coercive fields, summarized in Table 1, and the hysteresis shape being key parameters 

for the (BH)max, the integration of such hybrid structures as integrated permanent magnet 

could therefore be questioned.  

Using a Hall micro-probe, the magnetic induction generated by the hybrid Ni-Co-Ni 

structures along   , as a function of the distance to the outer Ni block extremity D was 

measured (inset Fig. 5a). The results obtained for two extreme Ni block lengths of l = 100 µm 

and l = 1000 µm were compared (Fig. 5a). The magnetic stray fields were significantly 

reduced for large Ni volumes but could still be detected. For instance, at a distance of D = 200 

µm, magnetic inductions of 19 mT and 10 mT were measured for l =100 and 1000 µm, 

respectively.  

The experimental decay of the magnetic induction as a function of D was adjusted using finite 

element simulations. The hybrid Ni-Co-Ni structures were implemented considering the 

respective volume deduced from X-Ray tomography, while the magnetic volume fraction fv 

within the Co assembly was let as a free parameter. For both cases, the best adjustments were 



obtained for a fv = 25%. Therefore, the modification of the Ni block length did not impact the 

Co NR assembly, the magnetic field gradients induced by the longest Ni blocks were 

sufficient to yield a fairly dense material. The magnetic volume fraction of 25%, that can be 

seen as surprisingly low, results from the composite nature of the starting Co NRs used. 

Indeed, the NRs being prepared by a wet chemistry approach under ambient conditions, they 

are composed of a metallic Co core, surrounded by a native Co oxide shell of ~1.2 nm, and an 

organic shell which was essential to promote the anisotropic growth.
28

  

The magnetization curves measured at 300K were normalized respectively to the total 

magnetic volume of the hybrid structure, i.e. the Ni blocks and the Co assembly considering 

fv = 25% (Figure 5b). Interestingly, even though the magnetic inductions generated by the two 

magnets were fairly different, a similar remanent magnetization µ0Mr = 0.28T was found. For 

l = 1000 µm, this value resulted from the large total magnetization while for l = 100 µm, it 

arisen from the larger remanence ratio mr/m3T  (Figure 4g and Table 1). Considering the 

magnetic volume fraction, B(H) loop could be calculated and the (BH)max product estimated. 

As expected, the presence of the Ni blocks drastically reduces the permanent magnet 

performances leading to (BH)max values of 10 kJ.m
-3

 and 2 kJ.m
-3

 for l = 100 and 1000 µm 

respectively. The comparison between both hybrid structure clearly highlight the key 

importance of the (BH)max and not only of the remanent magnetization on the magnetic stray 

field delivered by the magnet. We previously reported (BH)max values of ~30kJ.m
-3 

for pure 

Co NR magnet, obtained after having manually removed the Ni blocks.
30

  



 

Figure 5. a) Evolution of the in-plane magnetic stray field as a function of the distance D to 

the hybrid Ni-Co-Ni structures as depicted in inset. (black : Ni length l = 1000 µm; red : l = 

100 µm). Scatters : experimental values measured by a Hall microprobe, Dashed lines : 

Simulated induction considering a magnetic volume fraction fv = 25%. b) Magnetic 

measurements recorded at 300K after magnetic volume normalization, considering fv = 25%. 

c) Schematic view of a MEMS sensor consisted of a Si microcantilever electromagnetically 

actuated thanks to a AC current i and a magnetic field    . d) Optical image of the hybrid Ni-

Co-Ni structure (Ni length l = 1000 µm) placed in front of the microcantilever. e) Output 

signal of the actuated MEMS Si cantilever as a function of the AC current frequency, 

measured by means of the integrated piezoresistors for a distance D = 130 µm between the 

cantilever and the hybrid structure. As inset : optical image of hybrid Ni-Co-Ni structure (l 

=1000 µm) reported in front of the MEMS free standing cantilever. f) Scatters : evolution of 

the output signal that corresponds to the amplitude of vibration of the cantilever (maximum at 

the resonant frequency), as a function of the distance D. Dashed lines : simulated induction 

considering fv = 25%. 



 

Electromagnetic actuation of a MEMS sensor  

A microelectromechanical system (MEMS) sensor consisting of a Si microcantilever (Fig. 

5c) was used to study the potential application of the hybrid Ni-Co-Ni structures as integrated 

permanent magnets. The electromagnetic actuation of the cantilever vibration relies on the 

Laplace force induced at its extremity :  

                     (Eq. 5) 

The amplitude of vibration was detected using integrated piezoresistors. The hybrid Ni-Co-

Ni structures with Ni blocks of l = 100 µm and l = 1000 µm were placed in front of the 

cantilever at a distance D (Fig. 5d). The first resonance was clearly evidenced for both hybrid 

magnets at D = 130 µm (Fig. 5e). As expected, the amplitude of the resonance peak decreased 

with D, following the same decay as the magnetic induction induced by the hybrid structures 

(Fig. 5f). This similarity unambiguously proves that the electromagnetic actuation of the 

MEMS sensor was indeed induced by the hybrid structures.  

Thus, the presence of the soft Ni blocks reduces the overall performances of the Co based 

magnet, in particular the (BH)max values, but are not prohibiting the potential use as integrated 

permanent magnet. To maintain proper performances, one should favor the smallest Ni blocks 

within the hybrid Ni-Co-Ni structures. However, a tradeoff between final properties and 

magnetic field gradients should be found. Indeed, decreasing further the Ni block length down 

to 50µm, while keeping a 500 µm gap, did not allow to assemble a dense Co-NR based 

material, due to the limited magnetic field gradient induced by such thin blocks.   

 

Conclusion 

Rare-earth free permanent magnets based on Co NRs were prepared using a 

magnetophoresis-driven capillary assembly process. To be effective and allow the integration 



of magnets with controlled size, shape and at the proper position on nomadic devices, 

magnetically soft blocks are mandatory to induce local magnetic field gradients. The selective 

removal of these blocks being a complex task, their effect on the magnetic properties of the 

final hybrid Ni-Co-Ni magnets were determined. As expected, the presence of these soft 

regions drastically reduced the coercive field and the remanent magnetization of the PM, 

favouring the magnetization reversal within the structure. However, these hybrid Ni-Co-Ni 

were proven as being performant enough to actuate a gravimetric MEMS sensor, even at 

fairly large distances, thanks to the long-range magnetic induction they induce. For instance, 

the hybrid Ni-Co-Ni magnets with Ni block length l = 100 µm generated a magnetic induction 

of 19 mT at a distance of 200 µm. Thus, keeping the soft magnet volume as low as possible, 

the direct integration of Co NRs based magnets assembled by magnetophoresis is a promising 

alternative approach to the reported rare-earth based PM classically used. The proof of 

concept of the direct integration of the Co NR magnets in the process flow of a microsystem 

within a clean room facility is currently under investigation.  

 

Experimental Section 

Synthesis of Co NRs. Cobalt nanorods were produced by the polyol process following a 

procedure previously described.
28

 Briefly, cobalt laurate ([Co] = 8×10
-2

 mol.L
-1

) was 

dispersed in a basic solution of 1,2-butanediol ([NaOH] = 7.5×10
-2

 mol.L
-1

) under air. 

Ruthenium chloride was added to promote the nucleation step ([Ru]/[Co] = 2.5%). The 

suspension, placed in a quadricol, was heated under mechanical stirring at a rate of 8°C /min 

up to 175°C using a classic heating mantle. The reaction was allowed to react 20 min before 

cooling down to room temperature. As previously reported, the shape of the NRs varied with 

the mechanical stirring speed, larger tips being obtained at higher speed.
34

 The obtained Co 

NRs exhibit a 1.2 nm thick Co oxide shell which serve as a passivating layer. 

 

Co NR characterization. The particles were characterized by transmission electron 

microscopy (TEM), using a 100 kV Jeol JEM 1011. The particles were recovered by 



centrifugation, washed four times with chloroform. A drop of the colloidal solution of Co 

nanorods in chloroform was deposited on a carbon coated copper grid. Image analysis on 

~200 rods using the ImageJ software was performed to determine the Co NR mean diameter 

and length. X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean 

diffractometer using the Co K radiation. 

 

Preparation of concentrated Co NR suspension. Co NRs were retrieved from the reaction 

medium using conventional purification process under air. Typically, 10 mL of chloroform 

was added to 5 mL of the mother liquor solution. After 5 min of sonication, the particles were 

magnetically attracted. The supernatant was discarded and the precipated particles redispersed 

in 10 mL of chrloroform. The purification was repeated four times. The NRs were finally 

redispersed into 300 µL of anisole leading to a Co suspension with an estimated concentration 

of approximatively 80 g/L. 

 

Electroplating of Ni blocks. Ni blocks of length varying from 100 µm to 1000 µm were 

prepared by conventional microfabrication procedure, as previously reported.
30

 Briefly, a 

conductive seed layer (100 nm Ti / 200 nm Cu) was evaporated onto a 4-inches Si wafer and 

covered by a 200 µm thick dry film elaborated via lamination at 100°C of two 100 µm 

negative films of WBR 2100 (Dupont). This thick film, which serves as mold for the 

electrodeposition was patterned by photolithography (power: 1.5 J/cm²; λ = 365 nm; 

development: 20 min in Na2CO3 developer, room temperature). 150 µm-thick Ni was then 

electroplated at a speed corresponding to 0.7 µm/min using a Yamamoto cell plating with NB 

Semi Plate Ni 100 bath (NB Technology).  The resist was finally removed using NF52 

photoresist stripper (TechniStrip) at 70 °C during 25 min and the Cu/Ti seed layer was etched 

using sulfuric acid and hydrogen peroxide (1% of each), and a 5 % hydrofluoric acid solution. 

 

Magnetophoresis experiment. The Si sample patterned with Ni blocks was introduced in a 

Teflon mold and placed in an electromagnet generating a uniform magnetic field (µ0Happ). 

The deposition of the Co NRs was performed following a three-step process previously 

reported.
30

 Briefly, i) 10 µL of the concentrated suspension was deposited at µ0Happ = 0; ii) 

alignment of Co NRs and attraction by the Ni blocks at µ0Happ = 1T; iii) washing of the Co 

NRs excess with 500 µL of chloroform, keeping µ0Happ = 1T. The impregnation was 

classically repeated three times, before allowing the solvent evaporating at room temperature 



and atmospheric pressure. To fully fill up the gap between the Ni blocks, the deposition 

process (3 impregnations and 1 evaporation) was repeated twice.  

Structural and magnetic characterizations of the hybrid Ni-Co-Ni PM. Scanning electron 

microscopy (SEM) was performed using a JEOL JSM 7800F. For X-Ray tomography 

measurement, the acquisition of the tilt series was performed on a Nikon XT V 130kV, 

working at 55kV/30µA. 1800 projections were recorded over the full 360° range with a 0.2° 

step and a 32frame/projection resolution using the InspectX software. CTPro3D and Tomviz 

softwares were used for the reconstruction and the vizualisation, respectively.  

 

The magnetic properties were characterized using a Physical Property Measurement System 

(PPMS, Quantum Design) in the Vibrating Sample Magnetometer configuration (VSM). 3T 

Hysteresis measurements in parallel configuration were recorded at room temperature on 

hybrid Ni-Co-Ni PM and pure Co-NR assembly after removal of the Ni blocks.  

The magnetic volume fraction    within the Co NR assembly was calculated from the 

saturation moment mS recorded at 3T (expressed in emu), the assembly volume estimated by 

SEM (expressed in cm
3
) and the expected bulk magnetization (for Co : 

           = 1440 kA.m
-1

)
6
 as follow : 

   
              

                   
      (Eq.1) 

where                                 
       

      
  (Eq. 2) 

For the hybrid Ni-Co-Ni PM, the recorded moment m (emu) was converted in SI unit 

(kA.m
-1

) considering the constituting Ni and Co volume (VNi, VCo) determined by SEM 

(expressed in cm
3
), the magnetic volume fraction    and the magnetization 

(       = 500 kA.m
-1

) as follow : 

          
      

  
  

   

       
         

   

       
                     (Eq.3) 

B(H) loop was extrapolated considering:             (Eq. 4), allowing to determine 

the energy product (BH)max.  

The magnetic induction profile as a function of the PM distance was experimentally 

mapped using a Hall-effect micro-probe mounted on a moving stage.
35

 The Hall constant of 

the micro-probe (k = 200 Ω.T
-1

) was preliminary calibrated using the gaussmeter BGM 101 

(Brockhaus Measurements).  

 



MEMS actuation. As previously reported, rheological MEMS sensors consisting of two 

cantilevers (a reference and a freestanding) were used.
30

  The freestanding cantilever was 

actuated by the electromagnetic Lorentz force, thanks to a sinusoidal AC current driven in the 

conducting path patterned onto the cantilevers and the static magnetic field generated by the 

hybrid Ni-Co-Ni PM or the Co-NR based PM. The vibration amplitude was detected through 

piezoresistors integrated at the clamped-end of the cantilevers and converted into an output 

voltage thanks to a transimpedance amplifier.  

Finite Element simulations. The magnetic field gradients induced by the different Ni blocks 

were simulated using Comsol Multiphysics 4.3. The magnetic induction in a 4 mm
3
 air box 

(50 µm mesh size) was determined from the Maxwell equation in stationary regime using the 

Magnetic Field No Current (MFNC) module. The uniform magnetic field generated by the 

electromagnet was implemented via the introduction of magnetic potentials (1600 A/m) at the 

box surfaces. The magnetization of the Ni blocks with the appropriate sizes was specified 

from experimental measurements. The 3D magnetic induction gradients were calculated using 

the Coefficient Form PDE module. 
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