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Abstract: Focused-electron-beam-induced deposition (FEBID) is the ultimate additive nanofabrica-

tion technique for the growth of 3D nanostructures. In the field of nanomagnetism and its techno-

logical applications, FEBID could be a viable solution to produce future high-density, low-power, 

fast nanoelectronic devices based on the domain wall conduit in 3D nanomagnets. While FEBID has 

demonstrated the flexibility to produce 3D nanostructures with almost any shape and geometry, 

the basic physical properties of these out-of-plane deposits are often seriously degraded from their 

bulk counterparts due to the presence of contaminants. This work reviews the experimental efforts 

to understand and control the physical processes involved in 3D FEBID growth of nanomagnets. Co 

and Fe FEBID straight vertical nanowires have been used as benchmark geometry to tailor their 

dimensions, microstructure, composition and magnetism by smartly tuning the growth parameters, 

post-growth purification treatments and heterostructuring. 

Keywords: nanomagnetism; focused-electron-beam-induced deposition; nanofabrication; nano-
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electron holography 

 

1. Introduction 

Three-dimensional (3D) magnetic nanostructures are the playground of a wide range 

of exciting physical phenomena in nanomagnetism, where curved geometries enable the 

onset of new types of exotic magnetic configurations, such as topologically protected and 

chiral magnetic textures [1–4]. Furthermore, 3D nanomagnets present several key features 

to postulate a paradigmatic solution to different challenges that the semiconductor indus-

try must confront in the years to come to reconcile continued miniaturization, increasing 

performance and reduced power consumption [5–7]. The transition to 3D nanoarchitec-

tures would overcome the intrinsic areal density limitations of conventional CMOS tech-

nologies caused by increasing leakage currents due to quantum effects [8]. They may also 

reduce the power consumption by storing and processing memory by ultrafast magnetic 

domain walls or skyrmions driven by low-power spin currents [9–11]. 

Even though the growth of high-purity, narrow 3D ferromagnetic structures may be 

the gateway to a broad range of opportunities for both fundamental and technological 

applications, most standard nanolithography techniques lack the flexibility to implement 

complex 3D structures at the nanoscale. For this purpose, additive manufacturing ap-

proaches to nanofabrication present an ideal solution. Among them, focused-electron-

beam-induced deposition (FEBID) presents unique properties to become the ultimate 3D 

nano-printing technique [12]. FEBID is a single-step additive nanolithography technique 

Citation: Magén, C.; Pablo-Navarro, 

J.; De Teresa, J. M. Focused-Electron-

Beam Engineering of 3D Magnetic 

Nanowires. Nanomaterials 2021, 11, 

402. https://doi.org/ 

10.3390/nano11020402 

Received: 16 December 2020 

Accepted: 30 January 2021 

Published: 4 February 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and insti-

tutional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Nanomaterials 2021, 11, 402 2 of 20 
 

 

based on the local decomposition of the molecules of an organometallic precursor gas, 

adsorbed on the surface of a substrate, thus producing a solid deposit [13,14]. This mech-

anism is mainly driven by the interaction of the primary beam and the secondary electrons 

emitted by the substrate with the adsorbed precursor molecules [15]. This basic principle 

confers a great control on the material deposit, geometry, and growth conditions to design 

conducting, insulating, superconducting, plasmonic or ferromagnetic structures, with vir-

tually any shape and nanometer resolution, in 2D [16] and 3D [17]. Over the years, nu-

merous types of FEBID deposits have been developed as structural materials [18], for elec-

trical contacting [19], nanosensing [20] or plasmonic structures [21]. In particular, the 

growth of 3D ferromagnets by FEBID has been fruitful and yielded highly sophisticated 

architectures. Remarkable applications have been developed in magnetic sensing by func-

tionalization of magnetic probes for magnetic force microscopy [22] and ferromagnetic 

resonance force microscopy [23] in materials science and biology [24], as magnetically 

driven mechanical nano-actuators [25], 3D domain wall conduit [26], ferromagnetic de-

signs based on 3D FEBID scaffolds [18], arrays of 3D nanopillars for magnetic logic [27], 

3D artificial ferromagnetic lattices [28,29], and magnetically chiral 3D architectures [30]. 

Further examples of applications of 3D FEBID ferromagnets have been reviewed recently 

by Fernández-Pacheco et al. [31]. 

One of the main difficulties of FEBID growth for the design of high-performance 

nanodevices is to obtain the desired geometry and dimensions with a high level of purity. 

The presence of a degree of contaminants in the deposit is inherent to the FEBID process, 

as some of the precursor residues are easily integrated into the deposit together with the 

active material [32], while secondary electrons emitted away from beam position induce 

the formation of an extended halo [33]. These drawbacks have motivated a dedicated ef-

fort for optimization of FEBID growth conditions, beginning with the choice of the gas 

precursor. Numerous precursor molecules have been explored for the growth of ferro-

magnetic materials. A detailed account of the precursors reported in the literature for 2D 

growth of ferromagnets is beyond the scope of this review, and has been reported else-

where [34], but it is worth discussing some key aspects. Most of the precursors that have 

been reported are organometallic complexes based on carbonyl (CO) groups, thus C and 

O are the expected impurities derived from incomplete precursor decomposition. The 

most widely used is dicobalt octacarbonyl, Co2(CO)8, for which 2D deposits with 95 at. % 

Co content with metallic conduction have been achieved without further post-processing 

[35], even in halo-free extremely narrow (<30 nm) nanowires [36]. Co(CO)3NO has also 

been tested for 2D FEBID growth, and metal contents of 50–55 at. % have been obtained 

[37,38]. In the case of iron, the main precursors used are Fe(CO)5 [39] and Fe2(CO)9 [40], 

and metal contents above 75 at. % have been obtained. Iron precursors evidence the im-

portance of residual gases in the deposition chamber, and 95 at. % purity can be achieved 

in ultra-high vacuum conditions with Fe(CO)5 [41]. The use of heteronuclear precursors 

allows one to grow alloyed magnetic materials; for instance, the precursor HCo3Fe(CO)12 

has been used to produce Co3Fe deposits with metallic contents as high as 80 at. % [42], 

and has also been grown in 3D [28]. The nickel precursors reported are not carbonyl-

based; FEBID deposits based on Ni(C5H4CH3)2 [43,44] or Ni(PF3)4 [43] do not surpass metal 

contents of 40 at. %. 3D growth of ferromagnets has been attempted with precursors that 

already provide high purity levels in 2D. In the present work, the precursors used are 

Co2(CO)8 for cobalt and Fe2(CO)9 for iron. 

Furthermore, 3D growth implies substantial challenges with respect to 2D growth. 

As the deposit grows vertically, the geometry of the deposition area changes drastically, 

and the relevant electron beam interaction is now with the growing deposit, instead of the 

substrate. Many key parameters for the FEBID process are bound to change with respect 

to 2D, such as the interaction volume of the electron beam, secondary electron emission, 

precursor molecules adsorption and diffusion rates, and heat dissipation [45,46]. Moreo-

ver, the surface-to-volume ratio also increases significantly, so surface properties become 

more relevant in 3D nanostructures. This work reviews different possibilities to engineer 
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the geometrical, compositional and magnetic properties of 3D ferromagnetic nanowires 

grown by FEBID, which can be summarized in three main approaches: (1) fine-tuning of 

FEBID growth parameters to modify the composition and dimensions [47], (2) the growth 

of core-shell heterostructures [48], and (3) purification by thermal annealing [49,50]. 

2. Going 3D: Tuning FEBID Growth Parameters 

While 3D FEBID growth has achieved a high degree of architectural complexity with 

the use of computer-aided design models [17], for the optimization of the physical prop-

erties of 3D ferromagnetic deposits, the simple benchmark design of a straight vertical 

nanowire has been used. For this type of geometry, the FEBID growth is performed in 

spot mode, where a stationary electron beam is focused into a single point of the substrate 

for a period of time. To facilitate a detailed, local characterization of the physical proper-

ties of the 3D deposits, these are grown out on the edge of a commercial TEM Cu grid. 

The main growth parameters left are the primary beam energy, the beam current and 

the precursor gas flux. While the variation of the primary beam energy by itself does not 

significantly affect the composition, the interplay between the beam current and the pre-

cursor gas flux is essential to determine the final properties of the 3D nanowire. Indeed, 

two growth modes have been evidenced in Co FEBID nanowires, the so-called linear re-

gime and the radial regime [51]. The transition between these two regimes is marked by a 

sudden change of the nanowire’s diameter, depending on the balance between the beam 

current and the precursor gas flux. The latter is parameterized through the working pres-

sure, ΔP, defined as the increase of pressure with respect to the base pressure, caused by 

the precursor gas flux injected during growth. As shown in Figures 1a–d, for a given beam 

current of 86 pA, a high ΔP of 7.3 · 10−6 mbar produces long nanowires with a diameter 

well below 75 nm, while at low working pressure (ΔP = 5.1 · 10−6 mbar), shorter and thicker 

nanowires are grown, of about 120 nm in diameter. Intermediate values of ΔP give rise to 

hybrid objects, which evidence linear growth in the early stages up to a certain height, at 

which the growth transits into radial regime. It is worth noting that for higher beam cur-

rents, this transition occurs at higher working pressures, i.e. higher precursor gas fluxes. 

Thus, the growth rate is determined by the amount of gas molecules delivered (increasing 

with ΔP), which is known as the precursor-limited regime [52]. Consequently, the nan-

owires (or segments of nanowire) grown in the linear regime present a high growth rate, 

expressed in terms of nanowire’s length per unit of time, while in the radial regime, nan-

owires grow more slowly. The growth mode also reflects on the composition of the nan-

owire. The radial regime gives rise to the nanowires with the highest Co content, close to 

90 at. % Co, while in the linear regime, the values decrease below 70 at. % Co. This ten-

dency is observed even for nanowires that present both growth regimes. There is an illus-

trative example in Figure 1e, which represents the drastic change in Co content at the 

transition point between linear and radial regime, determined by electron energy loss 

spectroscopy (EELS) in scanning transmission electron microscopy (STEM).  

The microscopic origin of this general behavior is evidently complex and requires 

careful theoretical simulation. However, some aspects can be qualitatively understood as 

a consequence of the more or less efficient thermal dissipation, and its impact on the gas 

precursor molecules adsorption/desorption and decomposition. Considering a nanowire 

growing in the threshold between the linear and radial regimes, at an early stage of 

growth, the tip of the nanowire is close to the substrate and the heat generated by the 

electron beam is easily dissipated onto the substrate. However, as the growth continues, 

the thermal resistance of the deposit increases, and heat is dissipated less efficiently [45]. 

At this point, the precursor gas may act as a heat-exchange medium. If the working pres-

sure is high enough, thermal dissipation will be sufficient to maintain the linear growth. 

However, below a certain working pressure, the temperature at the growth point will in-

crease, favoring a faster decomposition of the gas precursor molecules adsorbed and pro-

ducing a wider deposit. This subtle balance between the heat produced by the electron 

probe and the capacity to dissipate it is supported by the fact that, at higher beam current 
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(thus, higher temperature at the growth point), a higher precursor flux (thus, more effi-

cient heat exchange) is required to operate in the linear regime. In terms of metallic con-

tent, high gas precursor flux favors an incomplete decomposition of the molecules, de-

creasing the metallic content of the deposit. As a consequence, high working pressure 

promotes the growth of narrow, though lower purity, 3D Co nanowires. 

 
Figure 1. Growth modes of 3D Co focused-electron-beam-induced deposition (FEBID) nanowires. a) Dependence of the 

transition from linear growth to radial growth with the working pressure increase due to gas injection, ΔP: (a) 7.3 · 10-6 

mbar, (b) 6.4 · 10−6 mbar, (c) 5.9 · 10−6 mbar, (d) 5.1 · 10−6 mbar. (e) Compositional dependence with the growth mode, with 

STEM-EELS elemental maps in the inset, where Co, C and O are depicted in green, blue and red, respectively. The arrows 

indicate the direction of the elemental line profile. (f) Magnetic flux lines around the transition point between sections 

grown in radial regime (top) and radial regime (bottom). Adapted from Refs. [47,48]. 

The beam current is another critical parameter to tailor the composition of 3D nan-

owires. Co content increases with the beam current, sharply at low currents, up to 80 at. 

% Co for 200 pA, and moderately at higher currents. As the beam current rises, the pre-

cursor molecules are decomposed more efficiently. This also favors the radial regime, as 

the amount of heat to be dissipated increases, and therefore, the diameters tend to be 

higher [47]. 

Of course, Co content of the 3D nanowires have a direct impact on the magnetism. 

This can be analyzed by off-axis electron holography, which is able to quantify the net 

magnetic induction of ferromagnetic materials [53]. Figure 1e illustrates qualitatively how 

the transition from radial to linear regime in a single nanowire causes a reduction of the 

magnetic flux lines density, which is associated to the lower magnetic induction (B) 

caused by the reduced Co content. Figure 2 represents the magnetic induction flux pro-

duced by 3D Co nanowires with different diameters. The widest nanowire is grown in the 

radial regime (Figure 2a) with a diameter of 124 nm and a composition of 87 at. % Co, and 
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has an average magnetic induction of 1.33 T, which is 75% of the bulk value (Bbulk = 1.76 

T). Our estimation does not take into account the fact that the outer surface of the 3D Co 

FEBID nanowires is oxidized due to air exposure, producing a non-ferromagnetic shell. 

This oxide layer is highlighted by colored bands in the outer regions where the magnetic 

induction decays (Figure 2d). The thinnest nanowire is grown in the linear mode (Figure 

2c, 57 nm in diameter) and presents a very low magnetic induction of 0.41 T (23% of Bbulk), 

in accordance with a much poorer Co content of 41 at. %. This deposit has a much higher 

surface-to-volume ratio, so the relative contribution of the oxidized surface is remarkable 

and it is reasonable to think that the inner magnetic induction values are greatly underes-

timated. Finally, Figure 2b depicts the nanowire with intermediate thickness, grown in 

the range where radial and linear regimes coexist. This nanowire evidences values of all 

physical parameters halfway between the two extreme cases: with a diameter of 81 nm, 

the composition and magnetic induction values are 68 at. %. Co and 0.78 T (44% of Bbulk), 

respectively. 

 
Figure 2. Magnetic properties of as-grown 3D Co FEBID nanowires. (a–c) Magnetic induction (B) 

flux maps of nanowires with diameters of 124, 81 and 57 nm, respectively. (d) Cross-sectional pro-

files of B, where the surface regions are marked with vertical color bands. Adapted from Ref. [47]. 

This study demonstrates that the variation of the main FEBID growth parameters 

enables the tailoring of the structural, compositional and magnetic properties of the 3D 

nanowires. They can even be modulated, as evidenced by the observed change in diame-

ter and composition in a single nanowire at the transition from the linear regime segment 
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to the radial regime one. This phenomenon could be exploited to engineer pinning of do-

main walls of exotic nature [54,55]. However, the key growth parameters and physical 

properties are mutually dependent, as the Co content, and thus the magnetism, are di-

rectly linked to the growth regime, which determines the average diameter and the 

growth rate. These interrelations are summarized in Figure 3, which represents the de-

pendence of the Co content of nanowires grown in the optimal conditions for a given di-

ameter, together with the net magnetic induction obtained for the three Co nanowires 

analyzed by electron holography. It is clear that both the composition and magnetic in-

duction inevitably decrease with the reduction of the nanowire’s diameter, and the Co 

content never surpasses 70 at. % Co for diameters below 80 nm. According to the holog-

raphy results, this would correspond to a magnetic induction of approximately 0.8 T, 

which could have a significant impact on the functionality of the nanowires. 

 

Figure 3. Composition (in blue) and net magnetic induction (in red) of 3D Co nanowires as a func-

tion of the diameter. Adapted from Ref. [47]. 

Therefore, to produce 3D Co nanowires with a high aspect ratio, diameters well be-

low 100 nm and with good functional properties, namely a high (>90 at. %) Co content 

and a saturation magnetization close to the bulk value, tuning the basic growth parame-

ters is not enough and post-growth purification procedures are required. 

3. Purification by Thermal Annealing 

The purification of 2D FEBID deposits with the aim of improving their functional 

properties has been explored for many years. This matter was exhaustively reviewed by 

Botman et al. in 2009 [32] and many works have been reported later. In situ and ex situ 

thermal annealing in vacuum [39,56,57], or in a reactive atmosphere [58–61], substrate 

heating [62,63] or laser irradiation during growth [64,65], post-growth electron beam irra-

diation [66,67] or current-induced Joule heating [68], supersonic jet delivery of precursor 

[69], or the exploration of carbon-free precursors [70] are the most relevant methods used 

with different degrees of success. However, in the recent expansion of FEBID to 3D [12], 

few examples of 3D purification can be found in the literature. The most notorious is the 

post-growth electron-stimulated purification of 3D gold nanodeposits in a water atmos-

phere to produce virtually pure functional plasmonic nanostructures [21]. In the case of 

ferromagnetic deposits, the most recent efforts have focused on high-vacuum thermal an-

nealing of 3D Co [49] and Fe [50] nanowires, with different results depending on the pre-

cursor and the as-grown metallic content of the deposits. 
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As-grown 3D Co nanowires of approximately 90 nm in diameter, an aspect ratio >15 

and a moderate metallic content of approximately 65 at. % Co were used as starting point. 

These nanowires present a pseudo-amorphous nanocrystalline structure with the pres-

ence of a ~5-nm-thick oxide layer (see Figure 4a). Nanowires grown in identical conditions 

were fabricated in TEM Cu grids, each one of them annealed at 150, 300, 450 and 600 °C 

for 100 min in vacuum, with base pressures below 4 · 10−6 mbar. In terms of the morphol-

ogy, the annealing process preserves the architectural integrity of the nanowires. As can 

be seen in the last column of Figure 4, there is no perceptible reduction in volume after 

the annealing process, which contributes to the preservation of the shape and diameter of 

the nanowires. This is a key ingredient for the application of these procedures in the de-

sign of functional devices, and quite remarkable considering the drastic physicochemical 

transformations that occurred during the annealing process. 

Firstly, the high-vacuum annealing induces the rapid crystallization of the structure. 

Already at 150 °C, the nanowires evidence the presence of crystals with sizable dimen-

sions, as can be observed in the Fast Fourier Transform of HRTEM images (Figure 4b). 

Upon further heating, the crystallinity increases (Figure 4c,d) and the average crystal size 

continues growing, presenting both bcc and hcp structures. Finally, Figure 4e shows how, 

at 600 °C, only a few Co single crystals that occupy the whole nanowire’s diameter remain, 

while at the surface, a thin layer of partially graphitized carbon remains as a byproduct of 

the purification. 
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Figure 4. Morphology and microstructure of 3D Co FEBID nanowires as a function of the high-vacuum annealing temper-

ature. TEM, HRTEM images, Fast Fourier Transforms of the squared regions and Scanning Electron Microscopy images 

of (a) an as-grown nanowire and the ones annealed at (b) 150 °C, (c) 300 °C, (d) 450 °C and (e) 600 °C. Adapted with 

permission from Ref. [49]. Copyright 2018 American Chemical Society. 

The elemental composition of the nanowires follows a peculiar trend, which is illus-

trated in Figure 5. The as-grown homogeneous distribution of Co, C and O becomes inho-

mogeneous upon increasing temperature. As the Co content increases, oxygen-rich (most 

likely, CoxOy) regions nucleate within the nanowire (at temperatures of 300 °C and 450 

°C), while carbon accumulates at the surface. At 600 °C, the inner volume is virtually C- 

and O-free, with these elements restricted to the surface of the nanowire. This picture 

agrees with the structural model discussed previously of high-purity, highly crystalline 

nanowires covered by a thin surface layer of residual contaminants, which gives rise to an 

overall metal content of approximately 90 at. % Co. 
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Figure 5. Chemical composition and magnetism of 3D Co FEBID nanowires as a function of the high-vacuum annealing 

temperature. The first four rows correspond to STEM-EELS elemental maps of Co, C, and O. The last row plots net mag-

netic induction flux maps obtained in the same nanowires. Scale bars are 20 nm in the STEM-EELS images and 10 nm in 

the magnetic induction flux maps. Adapted with permission from Ref. [49]. Copyright 2018 American Chemical Society. 

Magnetization evolves similarly to the average chemical composition. The new mag-

netic induction of the nanowires increases from as-grown B ~ 0.8 T to B ~ 1.35 T for the 

nanowires annealed at 600 °C, as evidenced from the increasing density of magnetic flux 

lines in Figure 5. Even though crystallinity has increased, the magnetic configuration re-

mains parallel to the nanowire’s axis in remanence, so the shape anisotropy is still domi-

nant in the purified nanowires. 

The elemental analysis of the surficial region changes significantly upon annealing 

(not shown here) [49]. While as-grown and low-temperature annealing present an oxygen-

rich surface, a form of Co oxide as a consequence of the exposure to air, upon increasing 

temperatures, the surface becomes C-rich with a much lower oxygen content. Annealing 

induces the thermal activation of precursor residues, forming volatile species such as CO 

and CO2 that migrate to the surface and evaporate [57], leaving behind the graphitized 

carbonous surface, which indeed can be observed in the inset of Figure 4e. This carbona-

ceous layer actually serves as a protective layer upon further oxidation in subsequent ex-

posure to air. In all cases, all the nanowires are covered by a Co-poor, non-magnetic sur-

face which, depending on the annealing temperature, ranges from 5 to 10 nm. As a conse-

quence, the composition and magnetic induction values of the inner volume of the nan-

owires are underestimated. After subtracting this contribution and taking into account 

only the inner magnetic volume of the nanowires, Figure 6 summarizes how the high-

vacuum annealing process successfully produces virtually pure crystalline and ferromag-

netic Co nanowires with magnetization very close to the bulk value. 
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Figure 6. Magnetic induction of the inner magnetic volume and Co composition of 3D Co FEBID nanowires as a function 

of the annealing temperature. Adapted with permission from Ref. [49]. Copyright 2018 American Chemical Society. 

This is not an obvious result. A similar annealing procedure has been conducted in 

Fe FEBID nanowires, as illustrated in Figure 7. For similar growth conditions, 3D Fe nan-

owires present narrower dimensions (~50 nm in diameter), higher aspect ratio (>50) and a 

comparable metallic content of ~75 at. %. In this case, a crystallization process similar to 

the one in FEBID Co occurs at even lower temperatures (wide crystals are already ob-

served at 450 °C), but the purification is not completely homogeneous. While some areas 

increase their Fe content, it decreases in other regions, giving rise to an heterogeneous 

object which, in fact, evidences remarkable changes of shape for an already shorter an-

nealing time of 25 min—shorter than in the Co experiments. This indicates that the struc-

tural and chemical changes triggered by thermal annealing are not identical for all the 

materials grown by FEBID, even if the precursors used are similar. This phenomenon has 

been further investigated by in situ thermal annealing in a transmission electron micro-

scope, in which the whole purification process upon annealing can be monitored in Fe 

nanowires with similar dimensions, but a lower metallic content of ~40 at. %. Fe. The in 

situ characterization of the annealing process reveals that, indeed, an inhomogeneous pu-

rification takes place. Figure 8 illustrates how high-purity crystalline Fe regions are 

formed, interspersed between carbonaceous areas. The low purity of the nanowires in 

comparison with those used for ex situ annealing aggravates this tendency to heterogene-

ity, presenting remarkable diameter variations which, combined with the extreme com-

positional variations, change the architecture dramatically and compromise the structural 

stability of the nanowire. 
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Figure 7. Morphology and microstructure of high-metal-content 3D Fe FEBID nanowires as a function of the high-vacuum 

annealing temperature. (a) HRTEM images and Fast Fourier Transform of the squared regions of the as-grown and an-

nealed objects. (b) STEM-EELS elemental maps of the tip of the nanowires, with the spatial distribution of Fe, O and C in 

green, red and blue, respectively. Undefined scale bars are 10 nm. Reprinted from Ref. [50], Copyright 2019, with permis-

sion from Elsevier. 

The different thermal evolution of 3D Co and Fe raises the question of its microscopic 

origin. Even though the exact mechanisms underlying the FEBID growth and annealing 

processes are still unclear, the nature of non-metallic residues, for instance, the C:O ratio, 

is a good indication of the intervening chemical reactions. Barth et al. concluded that a 

C:O ratio ≥ 1 might indicate that C-O bonds have been inefficiently cleaved and CO lig-

ands have been incorporated to the deposit, while C:O < 1 suggests the metal oxidation 

by residual water [71]. In the purification analyses presented in our work, 3D Co corre-

sponds to the first situation, while 3D Fe matches the second one. This is also correlated 

with the much lower diameter of 3D Fe nanowires; therefore, they are relatively more 

exposed to ambient atmosphere than Co nanowires. Assuming these considerations, it is 

very likely that the different chemistry of Co and Fe species in both deposits might be the 

origin of the different morphological evolution of the nanowires upon thermal annealing. 

(a)

(b)
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Figure 8. In situ TEM characterization of morphology and microstructure of a low-metal-content 3D Fe FEBID nanowire 

observed upon high-vacuum thermal annealing. (a) STEM images of the same region as a function of temperature. Yellow 

arrows indicate the same point of the nanowire. (b) Sketch of the purification process, where the Fe, O and C spatial 

distributions are depicted in green, red and blue, respectively. Reprinted from Ref. [50], Copyright 2019, with permission 

from Elsevier. 

4. Core-Shell Heterostructures 

As the diameter of the 3D nanowires is reduced, the nature of the surface becomes 

significant in terms of the overall physical properties of the object. As discussed in the 

previous section, due to the synthetic process and the exposure to ambient atmosphere, a 

surficial region with a thickness in the range 5–10 nm presents a distinct composition, 

structure, magnetism and, presumably, transport properties with respect to the core. Both 

as-grown and annealed nanowires present a surface with much lower metallic content 

due to natural oxidation or accumulation of residual carbon contaminants upon thermal 

annealing. This is more critical in FEBID Fe, which tends to produce much thinner nan-

owires—down to 35 nm in diameter [24]—than in FEBID Co. While in a 100 nm-wide 3D 

Co nanowire, a 5 nm-thick degraded surface represents 19% of the total volume; in a 3D 

Fe nanowire with a typical diameter of 50 nm, it scales up to 36%. Thus, producing 3D 

nanowires without a surface degradation might be key to obtain functional objects with 

lateral resolution below 100 nm with optimum, bulk-like physical properties. As anneal-

(a)

(b)
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ing does not fully solve this issue, the growth of a protective cover becomes the sole alter-

native. While different approaches can be envisaged, the most straightforward solution is 

the direct growth of another layer of material (i.e., a shell) onto the as-grown nanowire 

(i.e., the core), prior to air exposure. For this purpose, the growth of a Pt-C FEBID shell is 

the most convenient, as CH3CpPt(CH3)3 is one of the most standard precursors in SEM-

FIB instrumentation and is widely used as a structural or electrical-contact material, with 

high growth rate and minimal interaction with the deposition area. 

Therefore, the growth of core-shell Co@Pt-C and Fe@Pt-C by FEBID has been ex-

plored. The growth of a homogeneous shell around the magnetic core introduces an ad-

ditional step to the synthetic procedure. The only successful procedure has been based on 

the tilt of the nanowire to lay horizontally with respect to the vertical electron beam, thus 

allowing the deposition of the shell material using a rectangular pattern corresponding to 

the length of the nanowire. However, a single-step shell deposition is not sufficient. The 

delivery of gas precursor is highly directional (depends on the actual position of the gas 

injector system needle), and a higher abundance of precursor molecules should be ex-

pected in the face confronting the injector than in the opposite one [72]. Furthermore, the 

emission of secondary electrons to decompose the precursor molecules adsorbed will be 

inherently inhomogeneous along the nanowire’s surface, and this compromises the ho-

mogeneous coverage of the shell in a single shot [73]. An example of this is shown in 

Figure 9a, which illustrates the attempt to produce a bimetallic core-shell structure by a 

single-step shell deposition of Co-FEBID onto a 3D Fe FEBID nanowire. The result is that 

the back side of the nanowire corresponding to the exit surface of the primary beam re-

mains uncovered. Therefore, a second deposition with the nanowire rotated around its 

symmetry axis by 180° is required to obtain full coverage, as illustrated in Figure 9b for 

Co@Pt-C FEBID. 
 

 

Figure 9. Optimization of 3D core-shell FEBID nanowires. (a) Cross-section of a one-step deposi-

tion of FEBID Fe@Co. (b) Cross-section of a two-step deposition of Co@Pt-C. Adapted from Ref. 

[48,74]. 

Figure 10 qualitatively illustrates the morphology and chemistry of the uncoated 3D 

Co and Fe cores with respect to their associated Pt-C shell covered counterparts. From the 

microstructure point of view, the naked magnetic cores, see Figures 10a,c, present the typ-

ical nanocrystalline structure covered by a low-density, metal-poor surface. The elemental 

maps evidence that this is the surficial oxide layer due to air exposure, signaled by the 

thin metal oxide layer depicted in orange color. In the case of the core-shell structures 

depicted in Figures 10b,d, the nature of the core is masked by the typical microstructure 

of FEBID Pt-C, which is an amorphous carbonaceous matrix with small Pt nanoparticles 

(a) (b)

Fe

Co

Co

Pt-C
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embedded. The distribution of chemical elements of the core-shell structure is radically 

different from the uncoated ones, as shown by the full green (high metallic content) inner 

part of the nanowires covered by a vivid red shell, free of Co or Fe. The lack of a transi-

tional region (orangish) between core and shell evidence that there is no Co surface deg-

radation during or after the synthetic process. The oxygen content is also remarkably uni-

form across the core [48], as these oxygen contaminants are derived from incomplete pre-

cursor molecule decomposition and not a result of surface degradation. The quasi-cylin-

drical geometry of the Co core and the homogeneous coverage of the Pt-C coverage 

achieved by the two-step shell growth, which was already hinted by the cross-sectional 

cut shown in Figure 9b, is confirmed all along the nanowire. 

 

Figure 10. Microstructure and chemical composition of 3D core-shell (b) Co@Pt-C and (d) Fe@Pt-C FEBID nanowires with 

respect to the uncoated (a) Co and (c) Fe nanowires. Each image is accompanied by a STEM-EELS elemental map of the 

central part of the nanowires where Co(Fe), and O are depicted in green and red, respectively. Adapted from Ref. [48]. 

The most prominent impact of the core-shell architecture is in the magnetic proper-

ties. Again, electron holography is used to perform a quantitative analysis of the net mag-

netic induction produced by each 3D nanowire [36]. Figure 11 depicts the net magnetic 

induction flux produced by the set of four 3D nanowire structures and their spatial distri-

bution. This magnetic flux has been quantified, assuming a perfect cylindrical symmetry 

and normalizing by the nominal diameter of the core. Firstly, holographic images of the 

uncoated nanowires indicate the suppression or weakening of ferromagnetism in the un-

coated nanowires due to air exposure and oxidation—see Figures 11a,d. This is evidenced 

by the disappearance (in Fe) or decreased density (in Co) of magnetic flux at the surface. 

Secondly, the magnetic flux of the cores increases with respect to the uncoated nan-

owires—see Figures 11b,e. This is clearly displayed in the magnetic induction profiles in-

tegrated across the nanowires’ diameter, as shown in Figures 11c,f. The increase in mag-

netic induction is notable, about 20% in the case of Co and 35% in Fe. This values still 
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remain far from bulk values—1.0 T vs 1.76 T in Co; 1.25 T vs 2.2 T in Fe. This discrepancy 

is, however, due to the minute diameter of the cores of the nanowires selected for the 

magnetic study, which gives rise to particularly low metallic contents in the core, as dis-

cussed in Section 2. 

 

Figure 11. Magnetism of 3D core-shell (b) Co@Pt-C and (d) Fe@Pt-C FEBID nanowires with respect to the uncoated (a) Co 

and (c) Fe nanowires. Magnetic flux maps of each nanowire (left panel) are illustrated by cross-sectional profiles of the net 

magnetic induction (right panel). Adapted from Ref. [48]. 

5. Conclusions and Perspectives 

FEBID is an additive nano-manufacturing technique which offers great versatility to 

fabricate complex motifs and architectural designs at the nanoscale based on numerous 

materials, and in particular, ferromagnetic materials for high-density, low-power appli-

cations as memories, sensors and actuators. The possibilities of 2D FEBID ferromagnetic 

deposits have been extensively explored, but the expansion to 3D ferromagnetic 

nanostructures has encountered new challenges in terms of lateral resolution, metallic 

content and, therefore, the quality of functional properties. Some key advances in the con-

trol of growth and optimization of the functional properties of 3D ferromagnetic 

nanostructures synthesized by FEBID have been reviewed here, using vertical straight 

nanowires of high aspect ratio as the benchmark. 

Understanding the FEBID growth processes of 3D geometries is key to customize 

their properties. In this regard, one of the main results obtained is the existence of two 

growth regimes that depend on the subtle balance between the electron beam current and 

the precursor gas flux, which affects the capacity of the growing nanostructure to dissipate 

FEBID Co@Pt(b)  

FEBID Co(a)

-30 -20 -10 0 10 20 30

0.6

0.8

1.0

1.2

1.4

Co

Co@Pt

 

B
 (

T
)

Radius (nm)

(c)

-15 -10 -5 0 5 10 15

0.6

0.8

1.0

1.2

1.4

-30 -20 -10 0 10 20 30

Fe@Pt

Fe

 

B
 (

T
)

Radius (nm)

Co

Co@Pt

 

 

Radius (nm)

(f)
(d)    

(e) FEBID Fe@Pt

FEBID Fe

- - -

- - -



Nanomaterials 2021, 11, 402 16 of 20 
 

 

heat during FEBID growth. Depending on these parameters, a radial regime is predomi-

nant for low precursor gas flux in which high purity is obtained (>80 at. % Co), but the 

growth rate is low and the lateral dimensions cannot go below 100 nm in diameter. Higher 

precursor fluxes enable faster growth, in terms of nanowire length for a given deposition 

time, and diameters well below 100 nm; however, the metallic content decreases down to 

40–50 at. % Co for diameters around 50 nm and magnetization diminishes accordingly. 

Thus, purification procedures might be required to obtain functional 3D nanostructures 

with lateral resolutions below 100 nm. High-vacuum thermal annealing has been re-

viewed as a straightforward approach, as it could be easily implemented right on the dep-

osition chamber. Dissimilar results have been obtained depending on the precursor gas 

employed and the starting metallic content. 3D Co nanowires based on Co2(CO)8 precur-

sor achieve virtually pure, crystalline and homogeneous nanowires with bulk-like ferro-

magnetic properties, with minimum volume reduction, which preserves the original ar-

chitecture. On the other hand, 3D Fe nanowires grown with Fe2(CO)9 show a tendency 

toward phase segregation upon annealing, displaying a mixture of high-purity metal seg-

ments interspersed with carbonaceous areas. Both kinds present very different mass den-

sity and mechanical strengths, which cause serious shrinkage, drastic diameter variations 

and, therefore, architectural instability. 

The role of surface has been also extensively analysed, and a remarkable degradation 

of the surface has been observed, mostly due to ambient air exposure. In high surface-to-

volume ratio nanostructures such as 3D nanowires, the overall properties depend on sur-

face properties and quality, so a procedure to deposit a Pt-C protective cover by FEBID 

right after Co or Fe growth has been described. As a result, core-shell nanowires have 

been designed in which the ferromagnetic cores are free of surface deterioration, with the 

subsequent improvement in the functional properties, especially in ultrathin nanowires 

(down to 35 nm in diameter) in which up to 1/2 of the nanowire’s volume is affected by 

air oxidation. 

These findings open new pathways to produce high-quality 3D ferromagnetic nan-

owires with bulk-like properties and lateral resolution well below 100 nm, and to continue 

optimizing not only the growth of 3D architectures of nanomagnets, but also of non-mag-

netic materials. The combination of smart tuning of the growth conditions and thermal 

annealing in 3D FEBID Co enables the possibility of focusing on the architectural design 

with the smallest possible lateral dimensions, faster growth and high aspect ratios, at the 

expense of an optimal composition, which can be improved afterwards by thermal an-

nealing or other methods yet to be explored. The existence of two growth regimes also 

stimulates the idea of in situ variation growth conditions to produce 3D nanostructures 

with modulated diameters [75,76]. This idea could be complemented by other strategies 

that have been recently proposed for diameter reduction and modulation of 3D nan-

owires, such as the application of local electric fields or the live control of electron beam 

focus [77]. In cases where post-growth thermal annealing causes severe shrinkage, other 

means of purification should be explored further to grant architectural stability. For in-

stance, electron stimulation upon reactive atmospheres has been successful in FEBID Au 

nanostructures [21], and could be explored in Co and Fe, during or after growth. 

Once the possibility of fabricating 3D heterostructures by FEBID has been demon-

strated, a vast field of research will emerge for optimizing the procedure and inventing 

novel complex architectures based on the combination of two or more layers or segments 

of material [54]. In the field of nanomagnetism, the strategy followed for Co@Pt-C nan-

owires can be reversed, using the same materials to produce ferromagnetic nanotubes on 

non-magnetic templates, for which attractive magnetic properties for spintronic devices 

have been predicted in terms of domain wall conduit speed and stability [9] due to the 

lack of a magnetic core. We have obtained preliminary results indicating that Co FEBID 

nanotubes are ferromagnetic and nucleate exotic domain walls [74]. The growth of bime-

tallic nanowires combining Co, Fe and Ni precursors has been hinted in this work, and 
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needs to be explored as a mean to introduce an intrinsic modulation of magnetic proper-

ties into the 3D nanomagnet. High-quality interfaces between ferromagnetic materials and 

high spin-orbit coupling materials such as Pt could be studied for charge-spin conversion 

in spin-orbitronic applications [78], if proper purification procedures can be developed 

for 3D FEBID Pt [59]. Considering the available materials, the combination of insulating, 

conducting, ferromagnetic, superconducting or plasmonic materials is possible to inves-

tigate exciting phenomena such as proximity effects with superconductors, designing 

magneto-optically active nano-objects by combination with plasmonic metals, etc. Finally, 

the combination of FEBID with other synthetic techniques such as atomic layer deposition 

could provide infinite possibilities for nano-architectural design of 3D ferromagnetic 

nanostructures. 

Author Contributions: The manuscript was conceived and written by C. M. C.M., J.P.-N. and 

J.M.D.T. contributed to the experimental results, data analysis and interpretation. C.M., J.P.-N. and 

J.M.D.T. have reviewed and corrected the manuscript. All authors have read and agreed to the 

published version of the manuscript. 

Funding: This research was funded by the Spanish Ministry of Economy and Competitiveness 

through the projects MAT2017-82970-C2-1-R and MAT2017-82970-C2-2-R, the Aragon Regional 

Government (Construyendo Europa desde Aragón) through the project E13_20R with European 

Social Fund funding, the Ayuda para Contratos Predoctorales para la Formación de Doctores 

(BES-2015-072950) of the Spanish MINECO with the participation of the European Social Fund, 

and the European’s Union Horizon 2020 research and innovation programme under Grant No. 

823713-ESTEEM3. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Fernández-Pacheco, A.; Streubel, R.; Fruchart, O.; Hertel, R.; Fischer, P.; Cowburn, R.P. Three-dimensional nanomagnetism. 

Nat. Commun. 2017, 8, 15756, doi:10.1038/ncomms15756. 

2. Streubel, R.; Fischer, P.; Kronast, F.; Kravchuk, V.P.; Sheka, D.D.; Gaididei, Y.; Schmidt, O.G.; Makarov, D. Magnetism in curved 

geometries. J. Phys. D. Appl. Phys. 2016, 49, 363001, doi:10.1088/0022-3727/49/36/363001. 

3. Staňo, M.; Fruchart, O. Magnetic Nanowires and Nanotubes. In Handbook of Magnetic Materials; Brück, E., Ed.; Elsevier: Amster-

dam, The Netherlands, 2018; Volume 27, pp. 155–267 ISBN 9780444641618. 

4. Berganza, E.; Jaafar, M.; Fernandez-Roldan, J.A.; Goiriena-Goikoetxea, M.; Pablo-Navarro, J.; García-Arribas, A.; Guslienko, K.; 

Magén, C.; De Teresa, J.M.; Chubykalo-Fesenko, O.; et al. Half-hedgehog spin textures in sub-100 nm soft magnetic nanodots. 

Nanoscale 2020, 12, 18646–18653, doi:10.1039/D0NR02173C.  

5. Parkin, S.S.P.; Hayashi, M.; Thomas, L. Magnetic Domain-Wall Racetrack Memory. Science 2008, 320, 190–194, doi:10.1126/sci-

ence.1145799. 

6. Brataas, A.; Kent, A.D.; Ohno, H. Current-induced torques in magnetic materials. Nat. Mater. 2012, 11, 372–381, 

doi:10.1038/nmat3311. 

7. Puebla, J.; Kim, J.; Kondou, K.; Otani, Y. Spintronic devices for energy-efficient data storage and energy harvesting. Commun. 

Mater. 2020, 1, 24, doi:10.1038/s43246-020-0022-5. 

8. Radamson, H.H.; Zhu, H.; Wu, Z.; He, X.; Lin, H.; Liu, J.; Xiang, J.; Kong, Z.; Xiong, W.; Li, J.; et al. State of the Art and Future 

Perspectives in Advanced CMOS Technology. Nanomaterials 2020, 10, 1555, doi:10.3390/nano10081555. 

9. Hertel, R. Ultrafast domain wall dynamics in magnetic nanotubes and nanowires. J. Phys. Condens. Matter 2016, 28, 483002, 

doi:10.1088/0953-8984/28/48/483002. 

10. Yan, M.; Kákay, A.; Gliga, S.; Hertel, R. Beating the Walker limit with massless domain walls in cylindrical nanowires. Phys. 

Rev. Lett. 2010, 104, 057201, doi:10.1103/PhysRevLett.104.057201. 

11. Fert, A.; Reyren, N.; Cros, V. Magnetic skyrmions: Advances in physics and potential applications. Nat. Rev. Mater. 2017, 2, 

17031, doi:10.1038/natrevmats.2017.31. 

12. Winkler, R.; Fowlkes, J.D.; Rack, P.D.; Plank, H. 3D nanoprinting via focused electron beams. J. Appl. Phys. 2019, 125, 210901, 

doi:10.1063/1.5092372. 

13. Utke, I.; Hoffmann, P.; Melngailis, J. Gas-assisted focused electron beam and ion beam processing and fabrication. J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. 2008, 26, 1197–1276, doi:10.1116/1.2955728. 

14. Van Dorp, W.F.; Hagen, C.W. A critical literature review of focused electron beam induced deposition. J. Appl. Phys. 2008, 104, 

081301, doi:10.1063/1.2977587. 

15. Fowlkes, J.D.; Randolph, S.J.; Rack, P.D. Growth and simulation of high-aspect ratio nanopillars by primary and secondary 

electron-induced deposition. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2005, 23, 2825, doi:10.1116/1.2101732. 



Nanomaterials 2021, 11, 402 18 of 20 
 

 

16. Ven Kouwen, L.; Botman, A.; Hagen, C.W. Focused electron-Beam-induced deposition of 3 nm dots in a scanning electron 

microscope. Nano Lett. 2009, 9, 2149–2152, doi:10.1021/nl900717r. 

17. Fowlkes, J.D.; Winkler, R.; Lewis, B.B.; Stanford, M.G.; Plank, H.; Rack, P.D. Simulation-Guided 3D Nanomanufacturing via 

Focused Electron Beam Induced Deposition. ACS Nano 2016, 10, 6163–6172, doi:10.1021/acsnano.6b02108. 

18. Sanz-Hernández, D.; Hamans, R.; Osterrieth, J.; Liao, J.-W.; Skoric, L.; Fowlkes, J.; Rack, P.; Lippert, A.; Lee, S.; Lavrijsen, R.; et 

al. Fabrication of Scaffold-Based 3D Magnetic Nanowires for Domain Wall Applications. Nanomaterials 2018, 8, 483, 

doi:10.3390/nano8070483. 

19. Brintlinger, T.; Fuhrer, M.S.; Melngailis, J.; Utke, I.; Bret, T.; Perentes, A.; Hoffmann, P.; Abourida, M.; Doppelt, P. Electrodes 

for carbon nanotube devices by focused electron beam induced deposition of gold. J. Vac. Sci. Technol. B Microelectron. Nanom. 

Struct. 2005, 23, 3174, doi:10.1116/1.2130355. 

20. Plank, H.; Winkler, R.; Schwalb, C.H.; Hütner, J.; Fowlkes, J.D.; Rack, P.D.; Utke, I.; Huth, M. Focused Electron Beam-Based 3D 

Nanoprinting for Scanning Probe Microscopy: A Review. Micromachines 2019, 11, 48, doi:10.3390/mi11010048. 

21. Winkler, R.; Schmidt, F.P.; Haselmann, U.; Fowlkes, J.D.; Lewis, B.B.; Kothleitner, G.; Rack, P.D.; Plank, H. Direct-Write 3D 

Nanoprinting of Plasmonic Structures. ACS Appl. Mater. Interfaces 2017, 9, 8233–8240, doi:10.1021/acsami.6b13062. 

22. Stiller, M.; Barzola-Quiquia, J.; Esquinazi, P.D.; Sangiao, S.; De Teresa, J.M.; Meijer, J.; Abel, B. Functionalized Akiyama tips for 

magnetic force microscopy measurements. Meas. Sci. Technol. 2017, 28, 125401, doi:10.1088/1361-6501/aa925e. 

23. Sangiao, S.; Magén, C.; Mofakhami, D.; de Loubens, G.; De Teresa, J.M. Magnetic properties of optimized cobalt nanospheres 

grown by focused electron beam induced deposition (FEBID) on cantilever tips. Beilstein J. Nanotechnol. 2017, 8, 2106–2115, 

doi:10.3762/bjnano.8.210. 

24. Jaafar, M.; Pablo-Navarro, J.; Berganza, E.; Ares, P.; Magén, C.; Masseboeuf, A.; Gatel, C.; Snoeck, E.; Gómez-Herrero, J.; de 

Teresa, J.M.; et al. Customized MFM probes based on magnetic nanorods. Nanoscale 2020, 12, 10090–10097, 

doi:10.1039/D0NR00322K. 

25. Vavassori, P.; Pancaldi, M.; Perez-Roldan, M.J.; Chuvilin, A.; Berger, A. Remote Magnetomechanical Nanoactuation. Small 2016, 

12, 1013–1023, doi:10.1002/smll.201503351. 

26. Sanz-Hernández, D.; Hamans, R.F.; Liao, J.W.; Welbourne, A.; Lavrijsen, R.; Fernández-Pacheco, A. Fabrication, Detection, and 

Operation of a Three-Dimensional Nanomagnetic Conduit. ACS Nano 2017, 11, 11066–11073, doi:10.1021/acsnano.7b05105. 

27. Gavagnin, M.; Wanzenboeck, H.D.; Wachter, S.; Shawrav, M.M.; Persson, A.; Gunnarsson, K.; Svedlindh, P.; Stöger-Pollach, M.; 

Bertagnolli, E. Free-standing magnetic nanopillars for 3D nanomagnet logic. ACS Appl. Mater. Interfaces 2014, 6, 20254–20260, 

doi:10.1021/am505785t. 

28. Keller, L.; Al Mamoori, M.K.I.; Pieper, J.; Gspan, C.; Stockem, I.; Schröder, C.; Barth, S.; Winkler, R.; Plank, H.; Pohlit, M.; et al. 

Direct-write of free-form building blocks for artificial magnetic 3D lattices. Sci. Rep. 2018, 8, 6160, doi:10.1038/s41598-018-24431-

x. 

29. Al Mamoori, M.K.I.; Keller, L.; Pieper, J.; Barth, S.; Winkler, R.; Plank, H.; Müller, J.; Huth, M. Magnetic characterization of 

direct-write free-form building blocks for artificial magnetic 3D lattices. Materials 2018, 11, 289, doi:10.3390/ma11020289. 

30. Sanz-Hernández, D.; Hierro-Rodriguez, A.; Donnelly, C.; Pablo-Navarro, J.; Sorrentino, A.; Pereiro, E.; Magén, C.; McVitie, S.; 

De Teresa, J.M.; Ferrer, S.; et al. Artificial Double-Helix for Geometrical Control of Magnetic Chirality. ACS Nano 2020, 

doi:10.1021/acsnano.0c00720. 

31. Fernández-Pacheco, A.; Skoric, L.; De Teresa, J.M.; Pablo-Navarro, J.; Huth, M.; Dobrovolskiy, O.V. Writing 3D Nanomagnets 

Using Focused Electron Beams. Materials 2020, 13, 3774, doi:10.3390/ma13173774. 

32. Botman, A.; Mulders, J.J.L.; Hagen, C.W. Creating pure nanostructures from electron-beam-induced deposition using purifica-

tion techniques: A technology perspective. Nanotechnology 2009, 20, 372001, doi:10.1088/0957-4484/20/37/372001. 

33. Arnold, G.; Timilsina, R.; Fowlkes, J.; Orthacker, A.; Kothleitner, G.; Rack, P.D.; Plank, H. Fundamental Resolution Limits during 

Electron-Induced Direct-Write Synthesis. ACS Appl. Mater. Interfaces 2014, 6, 7380–7387, doi:10.1021/am5008003. 

34. De Teresa, J.M.; Fernández-Pacheco, A.; Córdoba, R.; Serrano-Ramón, L.; Sangiao, S.; Ibarra, M.R. Review of magnetic 

nanostructures grown by focused electron beam induced deposition (FEBID). J. Phys. D. Appl. Phys. 2016, 49, 243003, 

doi:10.1088/0022-3727/49/24/243003. 

35. Fernández-Pacheco, A.; De Teresa, J.M.; Córdoba, R.; Ibarra, M.R.; Fernndez-Pacheco, A.; De Teresa, J.M.; Córdoba, R.; Ibarra, 

M.R. Magnetotransport properties of high-quality cobalt nanowires grown by focused-electron-beam-induced deposition. J. 

Phys. D. Appl. Phys. 2009, 42, 055005, doi:10.1088/0022-3727/42/5/055005. 

36. Serrano-Ramón, L.; Córdoba, R.; Rodríguez, L.A.; Magén, C.; Snoeck, E.; Gatel, C.; Serrano, I.; Ibarra, M.R.; De Teresa, J.M. 

Ultrasmall functional ferromagnetic nanostructures grown by focused electron-beam-induced deposition. ACS Nano 2011, 5, 

7781–7787, doi:10.1021/nn201517r. 

37. Gazzadi, G.C.; Mulders, H.; Trompenaars, P.; Ghirri, A.; Affronte, M.; Grillo, V.; Frabboni, S. Focused Electron Beam Deposition 

of Nanowires from Cobalt Tricarbonyl Nitrosyl (Co(CO) 3 NO) Precursor. J. Phys. Chem. C 2011, 115, 19606–19611, 

doi:10.1021/jp206562h. 

38. Rosenberg, S.G.; Barclay, M.; Fairbrother, D.H. Electron Beam Induced Reactions of Adsorbed Cobalt Tricarbonyl Nitrosyl 

(Co(CO) 3 NO) Molecules. J. Phys. Chem. C 2013, 117, 16053–16064, doi:10.1021/jp404905t. 

39. Shimojo, M.; Takeguchi, M.; Tanaka, M.; Mitsuishi, K.; Furuya, K. Electron beam-induced deposition using iron carbonyl and 

the effects of heat treatment on nanostructure. Appl. Phys. A Mater. Sci. Process. 2004, 79, 1869–1872, doi:10.1007/s00339-004-2952-

z. 



Nanomaterials 2021, 11, 402 19 of 20 
 

 

40. Lavrijsen, R.; Córdoba, R.; Schoenaker, F.J.; Ellis, T.H.; Barcones, B.; Kohlhepp, J.T.; Swagten, H.J.M.M.; Koopmans, B.; De Te-

resa, J.M.; Magén, C.; et al. Fe:O:C grown by focused-electron-beam-induced deposition: Magnetic and electric properties. Nan-

otechnology 2011, 22, 025302, doi:10.1088/0957-4484/22/2/025302. 

41. Lukasczyk, T.; Schirmer, M.; Steinrück, H.P.; Marbach, H. Electron-beam-induced deposition in ultrahigh vacuum: Lithographic 

fabrication of clean iron nanostructures. Small 2008, 4, 841–846, doi:10.1002/smll.200701095. 

42. Porrati, F.; Pohlit, M.; Müller, J.; Barth, S.; Biegger, F.; Gspan, C.; Plank, H.; Huth, M. Direct writing of CoFe alloy nanostructures 

by focused electron beam induced deposition from a heteronuclear precursor. Nanotechnology 2015, 26, 475701, doi:10.1088/0957-

4484/26/47/475701. 

43. Perentes, A.; Sinicco, G.; Boero, G.; Dwir, B.; Hoffmann, P. Focused electron beam induced deposition of nickel. J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. 2007, 25, 2228, doi:10.1116/1.2794071. 

44. Córdoba, R.; Barcones, B.; Roelfsema, E.; Verheijen, M.A.; Mulders, J.J.L.; Trompenaars, P.H.F.; Koopmans, B. Functional nickel-

based deposits synthesized by focused beam induced processing. Nanotechnology 2016, 27, 065303, doi:10.1088/0957-

4484/27/6/065303. 

45. Mutunga, E.; Winkler, R.; Sattelkow, J.; Rack, P.D.; Plank, H.; Fowlkes, J.D. Impact of Electron-Beam Heating during 3D Nano-

printing. ACS Nano 2019, 13, 5198–5213, doi:10.1021/acsnano.8b09341. 

46. Skoric, L.; Sanz-Hernández, D.; Meng, F.; Donnelly, C.; Merino-Aceituno, S.; Fernández-Pacheco, A. Layer-by-Layer Growth of 

Complex-Shaped Three-Dimensional Nanostructures with Focused Electron Beams. Nano Lett. 2020, 20, 184–191, 

doi:10.1021/acs.nanolett.9b03565. 

47. Pablo-Navarro, J.; Sanz-Hernández, D.; Magén, C.; Fernández-Pacheco, A.; Teresa, J.M. De Tuning shape, composition and 

magnetization of 3D cobalt nanowires grown by focused electron beam induced deposition (FEBID). J. Phys. D Appl. Phys. 2017, 

50, 18LT01, doi:10.1088/1361-6463/aa63b4. 

48. Pablo-Navarro, J.; Magén, C.; de Teresa, J.M. Three-dimensional core–shell ferromagnetic nanowires grown by focused electron 

beam induced deposition. Nanotechnology 2016, 27, 285302, doi:10.1088/0957-4484/27/28/285302. 

49. Pablo-Navarro, J.; Magén, C.; De Teresa, J.M. Purified and Crystalline Three-Dimensional Electron-Beam-Induced Deposits: 

The Successful Case of Cobalt for High-Performance Magnetic Nanowires. ACS Appl. Nano Mater. 2018, 1, 38–46, 

doi:10.1021/acsanm.7b00016. 

50. Pablo-Navarro, J.; Winkler, R.; Haberfehlner, G.; Magén, C.; Plank, H.; De Teresa, J.M. In situ real-time annealing of ultrathin 

vertical Fe nanowires grown by focused electron beam induced deposition. Acta Mater. 2019, 174, 379–386, doi:10.1016/j.ac-

tamat.2019.05.035. 

51. Hochleitner, G.; Wanzenboeck, H.D.; Bertagnolli, E. Electron beam induced deposition of iron nanostructures. J. Vac. Sci. Tech-

nol. B Microelectron. Nanom. Struct. 2008, 26, 939, doi:10.1116/1.2907781. 

52. Wachter, S.; Gavagnin, M.; Wanzenboeck, H.D.; Shawrav, M.M.; Belić, D.; Bertagnolli, E. Nitrogen as a carrier gas for regime 

control in focused electron beam induced deposition. Nanofabrication 2014, 1, 16–22, doi:10.2478/nanofab-2014-0002. 

53. Gatel, C.; Snoeck, E. Magnetic mapping using electron holography. In Transmission Electron Microscopy in Micro-Nanoelectronics; 

Claverie, A., Ed.; ISTE-Wiley: London, UK, 2012. 

54. Ivanov, Y.P.; Chuvilin, A.; Lopatin, S.; Kosel, J. Modulated Magnetic Nanowires for Controlling Domain Wall Motion: Toward 

3D Magnetic Memories. ACS Nano 2016, 10, 5326–5332, doi:10.1021/acsnano.6b01337. 

55. Fernandez-Roldan, J.A.; Perez del Real, R.; Bran, C.; Vazquez, M.; Chubykalo-Fesenko, O. Magnetization pinning in modulated 

nanowires: From topological protection to the “corkscrew” mechanism. Nanoscale 2018, 10, 5923–5927, 

doi:10.1039/C8NR00024G. 

56. Tanaka, M.; Shimojo, M.; Takeguchi, M.; Mitsuishi, K.; Furuya, K. Formation of iron nano-dot arrays by electron beam-induced 

deposition using an ultrahigh vacuum transmission electron microscope. J. Cryst. Growth 2005, 275, 2361–2366, 

doi:10.1016/j.jcrysgro.2004.11.337. 

57. Puydinger dos Santos, M.V.; Velo, M.F.; Domingos, R.D.; Zhang, Y.; Maeder, X.; Guerra-Nuñez, C.; Best, J.P.; Béron, F.; Pirota, 

K.R.; Moshkalev, S.; et al. Annealing-Based Electrical Tuning of Cobalt–Carbon Deposits Grown by Focused-Electron-Beam-

Induced Deposition. ACS Appl. Mater. Interfaces 2016, 8, 32496–32503, doi:10.1021/acsami.6b12192. 

58. Takeguchi, M.; Shimojo, M.; Furuya, K. Nanostructure Fabrication by Electron-Beam-Induced Deposition with Metal Carbonyl 

Precursor and Water Vapor. Jpn. J. Appl. Phys. 2007, 46, 6183–6186, doi:10.1143/JJAP.46.6183. 

59. Plank, H.; Noh, J.H.; Fowlkes, J.D.; Lester, K.; Lewis, B.B.; Rack, P.D. Electron-Beam-Assisted Oxygen Purification at Low Tem-

peratures for Electron-Beam-Induced Pt Deposits: Towards Pure and High-Fidelity Nanostructures. ACS Appl. Mater. Interfaces 

2014, 6, 1018–1024, doi:10.1021/am4045458. 

60. Belić, D.; Shawrav, M.M.; Gavagnin, M.; Stöger-Pollach, M.; Wanzenboeck, H.D.; Bertagnolli, E. Direct-Write Deposition and 

Focused-Electron-Beam-Induced Purification of Gold Nanostructures. ACS Appl. Mater. Interfaces 2015, 7, 2467–2479, 

doi:10.1021/am507327y. 

61. Begun, E.; Dobrovolskiy, O.V.; Kompaniiets, M.; Sachser, R.; Gspan, C.; Plank, H.; Huth, M. Post-growth purification of Co 

nanostructures prepared by focused electron beam induced deposition. Nanotechnology 2015, 26, 075301, doi:10.1088/0957-

4484/26/7/075301. 

62. Córdoba, R.; Sesé, J.; De Teresa, J.M.; Ibarra, M.R. High-purity cobalt nanostructures grown by focused-electron-beam-induced 

deposition at low current. Microelectron. Eng. 2010, 87, 1550–1553, doi:10.1016/j.mee.2009.11.027. 



Nanomaterials 2021, 11, 402 20 of 20 
 

 

63. Mulders, J.J.L.; Belova, L.M.; Riazanova, A. Electron beam induced deposition at elevated temperatures: Compositional changes 

and purity improvement. Nanotechnology 2011, 22, 055302, doi:10.1088/0957-4484/22/5/055302. 

64. Roberts, N.A.; Gonzalez, C.M.; Fowlkes, J.D.; Rack, P.D. Enhanced by-product desorption via laser assisted electron beam in-

duced deposition of W(CO)6 with improved conductivity and resolution. Nanotechnology 2013, 24, 415301, doi:10.1088/0957-

4484/24/41/415301. 

65. Roberts, N.A.; Fowlkes, J.D.; Magel, G.A.; Rack, P.D. Enhanced material purity and resolution via synchronized laser assisted 

electron beam induced deposition of platinum. Nanoscale 2013, 5, 408–415, doi:10.1039/C2NR33014H. 

66. Frabboni, S.; Gazzadi, G.C.; Felisari, L.; Spessot, A. Fabrication by electron beam induced deposition and transmission electron 

microscopic characterization of sub-10-nm freestanding Pt nanowires. Appl. Phys. Lett. 2006, 88, 213116, doi:10.1063/1.2206996. 

67. Plank, H.; Kothleitner, G.; Hofer, F. Optimization of postgrowth electron-beam curing for focused electron-beam-induced Pt 

deposits. J. Vac. Sci. Technol. B 2011, 29, 051801, doi:10.1116/1.3622314. 

68. Gazzadi, G.C.; Frabboni, S. Structural transitions in electron beam deposited Co–carbonyl suspended nanowires at high elec-

trical current densities. Beilstein J. Nanotechnol. 2015, 6, 1298–1305, doi:10.3762/bjnano.6.134. 

69. Henry, M.R.; Kim, S.; Fedorov, A.G. High Purity Tungsten Nanostructures via Focused Electron Beam Induced Deposition with 

Carrier Gas Assisted Supersonic Jet Delivery of Organometallic Precursors. J. Phys. Chem. C 2016, 120, 10584–10590, 

doi:10.1021/acs.jpcc.5b11488. 

70. Klein, K.L.; Randolph, S.J.; Fowlkes, J.D.; Allard, L.F.; Meyer III, H.M.; Simpson, M.L.; Rack, P.D. Single-crystal nanowires 

grown via electron-beam-induced deposition. Nanotechnology 2008, 19, 345705, doi:10.1088/0957-4484/19/34/345705. 

71. Barth, S.; Huth, M.; Jungwirth, F. Precursors for direct-write nanofabrication with electrons. J. Mater. Chem. C 2020, 8, 15884–

15919, doi:10.1039/D0TC03689G. 

72. Friedli, V.; Utke, I. Optimized molecule supply from nozzle-based gas injection systems for focused electron- and ion-beam 

induced deposition and etching: Simulation and experiment. J. Phys. D Appl. Phys. 2009, 42, 125305, doi:10.1088/0022-

3727/42/12/125305. 

73. Schmied, R.; Fowlkes, J.D.; Winkler, R.; Rack, P.D.; Plank, H. Fundamental edge broadening effects during focused electron 

beam induced nanosynthesis. Beilstein J. Nanotechnol. 2015, 6, 462–471, doi:10.3762/bjnano.6.47. 

74. Pablo-Navarro, J. Development and Optimization of 3D Advanced Functional Magnetic Nanostructures Grown by Focused 

Electron Beam Induced Deposition. Ph.D. Dissertation, Universidad de Zaragoza, Zaragoza, Spain, 2020. 

75. Berganza, E.; Bran, C.; Jaafar, M.; Vázquez, M.; Asenjo, A. Domain wall pinning in FeCoCu bamboo-like nanowires. Sci. Rep. 

2016, 6, 29702, doi:10.1038/srep29702. 

76. Rodríguez, L.A.; Bran, C.; Reyes, D.; Berganza, E.; Vázquez, M.; Gatel, C.; Snoeck, E.; Asenjo, A. Quantitative Nanoscale Mag-

netic Study of Isolated Diameter-Modulated FeCoCu Nanowires. ACS Nano 2016, 10, 9669–9678, doi:10.1021/acsnano.6b05496. 

77. Pablo-Navarro, J.; Sangiao, S.; Magén, C.; de Teresa, J.M. Diameter modulation of 3D nanostructures in focused electron beam 

induced deposition using local electric fields and beam defocus. Nanotechnology 2019, 30, 505302, doi:10.1088/1361-6528/ab423c. 

78. Manchon, A.; Železný, J.; Miron, I.M.; Jungwirth, T.; Sinova, J.; Thiaville, A.; Garello, K.; Gambardella, P. Current-induced spin-

orbit torques in ferromagnetic and antiferromagnetic systems. Rev. Mod. Phys. 2019, 91, 035004, doi:10.1103/RevMod-

Phys.91.035004. 

 


