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Abstract

Performing magnetization studies on individual nanoparticles is a highly demand-

ing task, especially when measurements need to be carried out under large sweeping

magnetic �elds or variable temperature. Yet, characterization under varying ambient

conditions is paramount in order to fully understand the magnetic behavior of these

objects, e.g., the formation of non-uniform states or the mechanisms leading to mag-

netization reversal and thermal stability. This, in turn, is necessary for the integration

of magnetic nanoparticles and nanowires into useful devices, e.g., spin-valves, racetrack
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memories or magnetic tip probes. Here we show that nano-superconducting quantum

interference devices based on high critical temperature superconductors are particularly

well suited for this task. We have successfully characterized a number of individual

Co nanowires grown through focused electron beam induced deposition and subse-

quently annealed at di�erent temperatures. Magnetization measurements performed

under sweeping magnetic �elds (up to ∼ 100 mT) and variable temperature (1.4 − 80

K) underscore the intrinsic structural and chemical di�erences between these nanowires.

These point to signi�cant changes in the crystalline structure and the resulting e�ective

magnetic anisotropy of the nanowires, and to the nucleation and subsequent vanishing

of antiferromagnetic species within the nanowires annealed at di�erent temperatures.

Keywords

NanoSQUID, magnetization measurements, magnetic nanowires, focused electron beam in-

duced deposition, magnetization reversal

Introduction

Beyond well-studied two-dimensional (stripe-like) planar magnetic nanowires, the scienti�c

community is increasingly interested in their three-dimensional (3D) counterparts.1 Not be-

ing restricted to the plane, 3D nanowires (NWs) o�er new functionalities with potential for

applications such as vertical racetrack memories,2 magnetic logic,3 magnetic nano-cantilevers

for high-resolution imaging4 or actuators.5 Due to their geometry, these objects also o�er

a richer variety of available magnetic con�gurations and possible domain walls with very

attractive topological and dynamical properties that are appealing from a fundamental and

technological point of view.6,7

Magnetic characterization of such small objects still poses many technological challenges

in terms of spin sensitivity and operation conditions, i.e., the possibility of applying large
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magnetic �elds and operating at broad temperature ranges. Magneto-Optical Kerr E�ect

(MOKE) microscopy, Hall sensors and o�-axis electron holography have been successfully

applied to the study of 3D magnetic NWs.8�11 However, MOKE does not usually o�er the

possibility of working under variable temperature and provides very poor sensitivity. Hall

sensors, on the other hand, are noted for operating in extraordinary large magnetic �eld

and temperature ranges being, however, not well-suited for ultra-sensitive sensing. Elec-

tron holography is characterized by its capability to produce spatially resolved quantitative

imaging of the magnetization states as a function of temperature and magnetic �eld,12 even

tomographic.13 However it has also limited sensitivity and the stability requirements impose

remarkable experimental constraints. More recently, ultra-soft oscillating microcantilevers

have been operated as force sensors to detect individual magnetic NWs.14 The sensitivity

can reach impressive values of few Bohr magnetons when using cantilevers made of, e.g.,

carbon nanotubes.15 Such an approach is, however, technologically very challenging and the

results can not be interpreted straightforwardly. Alternatively, nano-Superconducting Quan-

tum Interference Devices (nanoSQUIDs) provide a direct measure of minute fractions of the

magnetic �ux quantum (Φ0).16�19 These sensors were indeed used in the �rst pioneering

experiments for detecting individual magnetic nanoparticles and NWs.20,21 Being supercon-

ducting, nanoSQUIDs are usually restricted to narrow temperature and �eld ranges. We

have beaten such limitations by using the high critical temperature and high critical �eld

superconductor YBa2Cu3O7 (YBCO) and grain boundary Josephson junctions.22,23 The re-

sulting nanoSQUIDs are fully operative upon large in-plane applied magnetic �elds (up to

µ0H = 1 T) and broad temperature ranges (mK < T < 80 K).24

Regarding fabrication, 3D NWs can be synthesized using both chemical and physical

methods. In the former case, templates such as, e.g., alumina matrices,25 carbon nanotubes10

or GaAs NWs14 are required to produce vertical NWs and hollow nanotubes. Among phys-

ical methods, Focused Electron Beam Induced Deposition (FEBID) stands out as it allows

depositing 3D nanoscopic objects with arbitrary shape and dimensions down to few tens of
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nm in a single step.26 Unfortunately, Co- and Fe-FEBID magnetic deposits are often formed

by nanocrystals with poor metallic content due to the presence of carbonaceous impurities.

This yields degraded magnetic and transport properties compared with pure bulk materi-

als. Recently, high-quality Co-FEBID NWs have been obtained by implementing an ex-situ

annealing process in high vacuum conditions.27 Increasing the annealing temperature up to

600 ◦C improves the degree of crystallinity, increasing also the Co purity and saturation

magnetization up to values very close to bulk crystalline Co.

Here we present a thorough study of individual Co-FEBID NWs annealed at di�erent

temperatures by using YBCO nanoSQUID sensors. For this purpose we have �rst devel-

oped an extremely precise technical protocol that has allowed the growth, annealing and

subsequent integration of individual Co-FEBID NWs onto nanoSQUIDs with nanometric

resolution. Thanks to the latter, we achieve excellent sample-sensor magnetic coupling.

This fact, together with the high spin-sensitivity of YBCO nanoSQUIDs, allows us distin-

guishing minute magnetic signals produced by domain wall nucleation, pinning/depinning

or complete magnetization reversal.

As demonstrated in Ref. 27, NWs annealed at di�erent temperatures undergo dras-

tic structural and chemical changes. These changes have dramatic consequences on the

magnetic response of the NWs that become only apparent when performing magnetization

measurements at variable temperature. We have succeeded in observing such e�ects thanks

to the broad operation temperature range of YBCO nanoSQUIDs. Based on the observed

temperature-dependent magnetization switching of the NWs, we have classi�ed them into

three groups. The behavior of the as-grown NW reveals the existence of many defects or

impurities and, more importantly, large spin frustration. NWs annealed at 150 and 300 ◦C

seem to be in�uenced by the presence of sizable antiferromagnetic crystals. These e�ects

diminish in NWs annealed at 450 and 600 ◦C which exhibit higher crystal and chemical

quality and increased anisotropy.
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Results

Experimental setup. 3D Co-FEBID NWs are fabricated by FEBID in a dual-beam system

equipped with an electron and a Ga Focused Ion Beam (FIB) column, using Co2(CO)8

precursor gas (see Methods section). Fabrication parameters are chosen to maximize the

resulting Co purity while preserving good spatial resolution.28 One NW is left as-grown (see

Fig. 1a) whereas the rest are annealed at di�erent temperatures in high-vacuum conditions

as described in the Methods section. As demonstrated in Ref. 28, all NWs consist of an inner

magnetic Co core surrounded by a ∼ 5 nm-thick non-magnetic layer. Resulting geometrical

parameters of all NWs can be seen in Table 1. The as-grown NW and those annealed at 150,

300, 450, and 600 ◦C are denoted as RT-, 150-, 300-, 450-, and 600-NW, respectively.

A Scanning Electron Microscopy (SEM) image of a typical nanoSQUID device can be

seen in Fig. 1b (see Methods section for details). These devices are operated in a variable

temperature insert (minimum temperature ∼ 1.4 K) equipped with a rotator that allows

aligning the nanoSQUID with respect to the externally applied magnetic �eld (indicated by

a yellow arrow in Fig. 1b). Field must be aligned parallel to the SQUID substrate and

perpendicularly to the grain boundary's plane so that no magnetic �ux is coupled both to

the nanoloop and to the Josephson junctions. Magnetization measurements are performed

by sweeping the external magnetic �eld and measuring the total �ux Φ captured by the

nanoSQUID loop as the NW is driven through magnetization reversal.

NWs are transported using an Omniprobe nanomanipulator installed in the dual-beam

system. Here, we describe brie�y the transport protocol used for the annealed NWs (see

the Supporting Information for more details on the transport of RT-NW). Thin (few µm-

thick) Cu lamellae where NWs have been grown and annealed are used as carriers. The

nanomanipulator tip is attached to the corresponding Cu lamella by Focused Ion Beam

Induced Deposition (FIBID) of Pt using CH3CpPt(CH3)3 precursor gas (see Fig. 1c left).

The carrier is then located with nanometric resolution over the sensor surface so that the

corresponding NW's long axis is parallel to the externally applied magnetic �eld with the
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end tip lying close to the nanoloop (see Fig. 1c right). A second Pt-FIBID deposit is used to

�x the carrier to the substrate. The nanomanipulator tip is �nally released by FIB-cutting.

After the transport process, all NWs lie at equivalent positions chosen so to guarantee an

optimum NW-sensor coupling (see Fig. 2a). For this purpose, the NWs' end tip lies at just

x ∼ 100− 300 nm from the nanoloop (see Fig. 1c, right panel). The corresponding vertical

distance z measured from the NWs' end tip to the surface of the sensor is given in Table 1.

Hysteresis loops. Fig. 2b shows representative hysteresis loops measured at 15 K for

each NW (�ve curves are shown in each panel). Loops are square-shaped indicating that

the NWs are in the quasi single-domain state (as expected due to their large aspect-ratio)

and that the �eld is applied along the NW's easy axis. In the classical model of Stoner-

Wohlfarth,29 the magnetization reversal of a single domain particle takes place coherently,

i.e., all magnetic moments reverse at unison. This is only true for very small magnetic

objects (few nm). More conveniently, magnetic moments will tilt around the easy axis of

the NW in a vortex-like con�guration which saves some magnetostatic energy at the cost of

exchange energy (curling model).30 This is a quite accepted mechanism for magnetization

reversal in NWs that will serve us as starting point to analyze our experimental data.

Under these circumstances and, assuming a negligible contribution of the magnetocrys-

talline anisotropy due to the standard polycrystalline nature of the NWs, the nucleation

magnetic �eld is given by Hcur
n = κMs(λex/R)2.30 Here, the exchange length λex is de�ned as√

2A/µ0M2
s , µ0 being the magnetic permeability constant,Ms the saturation magnetization,

A the exchange sti�ness, R the radius of the NW and κ = 3.39 for an in�nite cylinder. We

will approximate Ms = p × Ms(bulk) and A = p × A(bulk), with p being the Co purity

(0 < p < 1), and Ms(bulk) = 1.4 × 106 A/m and A(bulk) = 2.5 × 10−11 J/m for pure crys-

talline Co. We highlight that, within this very simple model, the resulting values of Hcur
n are

independent of p and l, depending only on the radius of the NW as Hcur
n ∝ 1/R2. Inserting

the R values listed in Table 1 yields the values indicated in Fig. 2b with dashed lines.

In the case of RT- and 150-NW, the curling model overestimates by far the experimentally
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measured nucleation �elds. This is usually found in practice as, in real NWs, magnetization

reversal is more likely to undergo a nucleation and propagation process. Such a process is

energetically favorable and takes place at �elds much lower than Hcur
n . In this scenario, a

small reversed region is �rst nucleated by curling together with the corresponding domain

wall.31 Subsequently, this domain wall moves rapidly (ns - ps timescales) through the NW

until the magnetization reversal is complete. Strikingly, in the case of 300-, 450- and 600-

NW, the Hcur
n values are slightly underestimated. This suggests some additional structural

di�erences between the samples annealed at higher temperatures as also supported by the

evident di�erences in the hysteresis loops.

These di�erences can be better seen by enlarging the �eld region in which magnetization

switching events take place (Fig. 2b bottom panels). Inspection of these curves reveals that

the switching of RT-NW takes place in several steps. This is typically found when magne-

tization reversal follows a nucleation/propagation process, as discussed previously. Starting

from the quasi-single domain saturated state at large positive (negative) magnetic �elds,

the �rst step observed in the hysteresis curve when decreasing (increasing) the sweeping

magnetic �eld stems from the nucleation of the small reversed region and the corresponding

domain wall. This serves to de�ne the experimental nucleation �elds, i.e., H+
n and H−

n , for

increasing and decreasing magnetic �elds, respectively (as an example, one value of H+ is

indicated by an arrow in Fig. 2b bottom panel). The presence of steps suggests that RT-NW

is not completely homogeneous, containing structural defects, impurities or a certain degree

of surface roughness that behaves as pinning defects for the moving domain wall.

On the other side, magnetization reversal of the rest of the NWs takes place in extremely

well de�ned single switching events (indicated by the respective arrows in Fig. 2b), de�ning

the nucleation �elds H±
n . This suggests that these NWs have fewer (or a di�erent kind of)

defects as compared to RT-NW. In the case of 300-NW, an additional minor step (thick green

arrows) is always observed at large (positive and negative) magnetic �elds, after the main

switching event has taken place. Interestingly, in the case of 600-NW, and for decreasing
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sweeping magnetic �elds only, three clearly separated switching events can be distinguished.

These are highlighted by three arrows (black and grey) in Fig. 2b. The latter suggests the

occurrence of three di�erent reversal paths that are undertaken stochastically.

We highlight that such peculiarities become apparent only for single shot measurements

performed on individual NWs. To illustrate this, in Fig. 2c we plot the hysteresis loops

resulting after averaging over 30 − 50 curves measured at 15 K. This serves to mimic the

results that one would obtain when measuring a large number of identical NWs. The same

would apply to measurements where averaging large number of hysteresis loops is required to

achieve a tolerable signal-to-noise ratio, i.e., typical MOKE signals. For instance, a reversal

process consisting of many-step events as that of RT- or 300-NW can not be distinguished

from the occurrence of distinct switching events as the case of 600-NW.

Temperature dependence of 〈Hn〉. Di�erences between the NWs become even more

evident when performing measurements at variable temperature. The T -dependence of 〈Hn〉

is shown in Fig. 3. Here, 〈Hn〉 = (〈H+
n 〉 − 〈H−

n 〉)/2 with 〈H±
n 〉 being the mean value of H±

n

after averaging over 30-50 curves measured at each temperature. In the case of RT-NW,

〈Hn〉 values decrease with increasing temperature roughly following a power-law. In the case

of 150-NW, 〈Hn〉 exhibits three regimes: it increases �rst with increasing temperature up to

T < 30 K; for T > 30 K, 〈Hn〉 decreases showing a large step at T = 60 K. A similar step

can be also observed for 300-NW. In these two later cases, i.e., 150-NW and 300-NW, 〈Hn〉

depends almost linearly on T . Finally, in the case of 450- and 600-NW, 〈Hn〉 decreases for

increasing temperature and a clear �attening is observed at low temperatures below ∼ 20 K.

Such decrease of the nucleation �eld as the temperature is increased is found when magne-

tization reversal follows a thermally activated process, as typical in magnetic nanoparticles.

On the other hand, the remarkable di�erences between the T -dependence of the nucleation

�eld of each NW (power-law, linear or T -independent behavior at low temperatures) point

to a quite intricate scenario. We can speculate that these di�erences are due to structural

changes going on in the NWs at intermediate annealing temperatures that lead to di�erent
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nucleation mechanisms for the reversed domain.32 This issue will be treated in detail in a

separated publication.

In the case of RT-NW, the large scattering found in the 〈Hn〉 vs T values suggest that

this NW might �nd multiple almost-equivalent paths to reverse their magnetization. This

can be due to the presence of pinned Co atoms or antiferromagnetic species, e.g., CoO or

Co3O4. These oxides are very likely to be present at the surface of the NW and even in the

core. Interaction between ferromagnetic Co nanocrystals and pinned Co atoms or antifer-

romagnetic regions leads to spin frustration that typically exhibits a non-reproducible (spin

glass-like) behavior along di�erent measurements. In this scenario, the energy landscape

and, therefore, the e�ective reversal path, varies fairly from one hysteresis measurement to

the other leading to a quite broad distribution of nucleation �elds.

Finally, the behavior of 150- and 300-NW can be tentatively explained as follows. The

hysteresis loops of 150-NW measured at T < 35 K are slightly shifted towards positive H

values (see Fig. 2b). In this temperature range the nucleation �eld also exhibits other

counter-intuitive behavior, like the fact that 〈Hn〉 increases for increasing temperatures.

This is contrary to what is expected for a thermally activated process and is usually found

in exchange-biased systems.33 It is tempting to associate such a behavior with the presence

of some amount of Co3O4 phase being antiferromagnetic below ∼ 35 K. CoO has a very

large Neél temperature TN close to room temperature but Co3O4 exhibits 30 < TN < 40 K,

typically.34 At T < TN, the exchange bias e�ect might lead to the aforementioned positive H-

shift.35 This e�ect disappears at T > 35 K. In this temperature range 〈Hn〉 values decrease for

increasing temperature and hysteresis loops are well centered around zero �eld (not shown).

In addition to that, a small negative H-shift is observed at T > 60 K for both 150- and

300-NW. A more comprehensive analysis of this behavior will be also given in a separate

publication.

E�ects of the annealing temperature on the crystalline structure. Regarding

the internal structure of the NWs it will be useful to focus on the experimentally measured
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nucleation �eld of each NW at �xed temperature, e.g., T = 1.4 K. It is important to highlight

that, according to the simple curling model of magnetization reversal, the nucleation �eld

does not depend on p but depends strongly on the radius of the NW as ∝ 1/R2. The

same also applies to more realistic models including nucleation/propagation of magnetic

domains. This can be easily seen by performing micromagnetic simulations and considering

the actual geometry of each NW (see Methods section). Simulations assume zero temperature

and neglect any contribution of the magnetocrystalline anisotropy. In Fig. 4a we plot the

numerically calculated nucleation �elds multiplied by R2 (solid line). These results must

be compared with 〈H1.4
n 〉R2, i.e, the averaged nucleation �eld measured for each NW at

the lowest experimental temperature (T = 1.4 K) multiplied by R2 (colored dots). As

expected, numerical calculations lead to an approximately �at horizontal curve. Interestingly,

experimental points exhibit a striking crossover: 〈H1.4
n 〉R2 corresponding to RT- and 150-NW

lie well below the calculated data points whereas values obtained for 300-, 450- and 600-NW

are much larger than expected. The behavior of RT- and 150-NW is not surprising since

defects, unavoidable in real NWs, behave as localized nucleation points for reversed domains.

This decreases the e�ective energy barriers for magnetization reversal, thus the nucleation

�elds. These e�ects can be emulated by means of numerical simulations. For this purpose,

we assume that there are a number (∼ 250) of randomly distributed pinning centers (5 nm-

radius spheres) having randomly �xed magnetization. In these simulations we also neglect

the contribution of the magnetocrystalline anisotropy. The results can be seen in Fig. 4a

(open stars). Interestingly, the numerically calculated nucleation �elds are largely reduced as

compared to those obtained in the absence of pinning centers. As discussed previously, pinned

defects serve as nucleation centers for the reversed magnetization, triggering switching.

On the other hand, the behavior of the NWs annealed at larger temperatures suggests

that magnetocrystalline anisotropy, Ku, can not be neglected in these samples. This can be

implemented in the numerical simulations by assuming a net uniaxial anisotropy constant

Ku = βKu(bulk) where Ku(bulk) = 5.2 × 105 J/m3 is that of bulk crystalline Co. As

10
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it can be seen in Fig. 4a, experimental data (colored dots) can be nicely accounted for by

simulations setting β = 0.09 (crosses). This behavior might originate from the crystallization

of larger and larger pure Co crystals as annealing temperature increases. To prove this, High

Resolution Transmission Electron Microscopy (HRTEM) imaging has been performed to

monitor the structural change of the NWs with increasing annealing temperature (Fig. 4b).

The RT-NW shows the typical nanocrystalline microstructure, with no texture, as the fast

Fourier transform (FFT) of a small area of the image evidences a di�use di�raction ring.

For the 150-NW, some individual Bragg di�raction spots can be observed in combination

with the di�use di�raction ring, which indicates the presence of grains of larger size. In the

300-NW case, the di�use scattering has vanished and areas with superposition of di�erent

crystals are most commonly detected. In the 450-NW, the FFT patterns reveal that larger

areas exhibit a microstructure composed of single crystals. In this case, the grain size

becomes similar to the NW diameter, identifying fewer regions with overlapping between

di�erent crystals. Finally, in the case of 600-NW, the nanostructure is constituted by several

large crystals, whose lateral size is the NW width and separated from each other by grain

boundaries expanded along the whole diameter. Examples of di�erent crystal structures are

shown in Fig. 4b, where face-centered-cubic (fcc) and hexagonal-closest-packed (hcp) Co

crystals have been found.

E�ects of the annealing temperature on the Co purity. Magnetization measure-

ments allow us extracting information about the Co purity as well. From the total signal

captured by each nanoSQUID (Φexp, see Fig. 2b) it is possible to numerically estimate

the total magnetic moment of the NWs (µNW). For this purpose, experimental values of

Φexp must be compared with the calculated �ux Φtheo = |φµ|µNW, where φµ is the averaged

coupling factor for each nanoSQUID across the NW volume (see Methods section). The

obtained values of µNW and the resulting Co purity, de�ned as p = µNW/VmagMs(bulk), are

given in Table 1. Remarkably, p increases for increasing annealing temperature in very good

agreement with results obtained from Electron Energy Loss Spectroscopy (EELS) chemical
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analysis in Scanning Transmission Electron Microscopy (STEM) mode, as shown in Fig. 4c.

The average Co composition increases from 72 atom % of RT-NW up to 78 % for 150-NW,

88 % for 300-NW, 92 % for 450-NW and 94 % for 600-NW. Accordingly, the core average

net magnetic induction, obtained by o�-axis electron holography experiments (see Fig. 4d),

increases from 0.91 T for RT-NW up to 1.22 T for 150-NW, 1.36 T for 300-NW, 1.49 T for

450-NW and 1.61 T for 600-NW, reaching a value very close to the bulk magnetic induction

of 1.76 T.

Discussion

Considering these experimental data, it is possible to provide a tentative interpretation of

the results. According to our observations, samples could be divided into three groups.

RT-NW. The RT-NW exhibits clear signs of high structural disorder and an important

degree of magnetic frustration leading to a spin glass-like behavior. This is evidenced by

the presence of a multiple-step magnetization reversal ( Fig. 2b) and the large scattering

observed in the 〈Hn〉 vs T values (see Fig. 3) The T -dependence of 〈Hn〉 follows the typical

power law observed for thermally assisted magnetization reversal in nanoparticles.

150- and 300-NW. Annealing the NWs seems to reduce the degree of disorder as

suggested by the reduced number of steps in the hysteresis loops ( Fig. 2b). In addition to

that, we observe a striking trend change in the T -dependence of 〈Hn〉 that becomes roughly

linear ( Fig. 3) together with an important increase of the nucleation �eld (crossover shown

in Fig. 4a). These observations point to signi�cant structural changes taking place in the

annealed NWs having an in�uence on the switching mechanisms and the e�ective anisotropy

of the NWs.

On the other hand, the presence of antiferromagnetic species becomes much more evident.

This is manifested by the non-symmetric hysteresis loops observed in 150-NW below 35 K

( Fig. 2b) and the fact that 〈Hn〉 increases for increasing temperature (Fig. 3). The latter
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points to the existence of substantial antiferromagnetic crystals that become paramagnetic

above T ∼ 35 K. A similar e�ect is observed for both 150- and 300-NW at T > 60 K where

hysteresis loops are slightly shifted towards negative magnetic �elds. Interestingly, oxygen-

rich regions nucleate in the NW's core precisely for annealing temperatures between 150 and

300 ◦C. This is evidenced by the oxygen chemical maps obtained from EELS measurements

(Fig. 4c). The observed oxygen-rich regions may well correspond to relatively large (∼ 10

nm) Co oxide nanoparticles that would lead to the well known phenomenon of exchange bias

observed experimentally.

450- and 600-NW. Finally, NWs annealed at 450 and 600 ◦C behave very similar. Both

exhibit a similar dependence of 〈Hn〉 on T (Fig. 3) and increased values of the nucleation

�elds (Fig. 4a) suggesting an e�ectively increased (magnetocrystalline) anisotropy as dis-

cussed previously. Remarkably, HRTEM images and FFT patterns provide the existence of

both hcp and fcc Co crystals, forming quite large (∼ 100 nm) crystalline regions separated

by grain boundaries ( Fig. 4c). Being randomly distributed, such crystalline grains might

lead to a net uniaxial magnetocrystalline anisotropy that would indeed increase the result-

ing nucleation �elds. On the other hand, the presence of antiferromagnetic species or spin

frustration is still suggested by the observation of multiple co-existing reversal paths ( Fig.

2b). Indeed, oxygen-rich regions are still visible in the STEM-EELS chemical map shown in

Fig. 4c for 450-NW.

Conclusions

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

Co-FEBID NWs annealed at di�erent temperatures. This has been possible thanks to

the enormous spin sensitivity and broad �eld and temperature operation range of YBCO

nanoSQUID sensors. Experimental results point clearly to an enhanced Co content and

increased degree of crystallinity in NWs annealed at large temperatures (450 and 600 ◦C).
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The latter results in an increased e�ective magnetocrystalline anisotropy, as revealed by the

exceedingly large values for the switching magnetic �elds. On the other hand, antiferro-

magnetic species have a limited in�uence in these NWs. These observations agree very well

with the structural and chemical characterization performed on NWs grown and annealed

under the same experimental conditions.27 Ex-situ annealing magnetic FEBID nanostruc-

tures seems, therefore, to be a very promising strategy to routinely produce high-quality,

pure and crystalline nanomagnets with large spatial and lateral resolution. In addition, our

measurements demonstrate the enormous convenience of using YBCO nanoSQUID sensors

for the magnetic characterization of nanoscopic magnets.

Methods

Fabrication of Co-FEBID NWs

The working principle of FEBID is similar to chemical vapour deposition assisted by an

electron beam. Co-FEBID NWs are fabricated using Co2(CO)8 precursor gas in an FEI

Helios Nanolab 650 dual-beam system. The electron beam current is kept to 100 pA leading

to total deposition times of 40 - 60 s. RT-NW is fabricated onto a 500 nm-thick Si3N4

membrane covered by 10 nm of Al avoiding charge e�ects (see Fig. 1a). The rest of the

NWs are grown on TEM copper grids. The use of metallic grids is paramount to guarantee

good thermalization of the NWs during the postgrowth ex-situ annealing treatment. These

grids are previously thinned and partially cut into microscopic lamellae which facilitates the

subsequent transport steps. Annealing is carried out during 100 minutes in an FEI Quanta

FEG-250 scanning electron microscope equipped with a heating stage (heating ramp of

50◦C/min). After annealing, the heater is turned o� and the sample is left to cool down.
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Nano-SQUID sensors

NanoSQUIDs are made out of a 80 nm-thick YBCO �lm epitaxially grown on a SrTiO3

(STO) bicrystal substrate (24◦ missorientation angle) and covered by 70 nm of gold. The

STO grain boundary (GB) is naturally transferred to the YBCO �lm and the GB in YBCO

exhibits Josephson-like behavior. Due to oxygen outdi�usion from the narrow junction and

the ensuing degradation, the fabrication of submicron junctions from grain boundaries in

cuprates is a di�cult task. We have overcome this problem through a careful FIB milling

method that produces a certain amount of redeposited amorphous YBCO and STO covering

the junction edges and preventing oxygen outdi�usion. Following this method, a central

loop with typical dimensions 550×400 nm2 is FIB patterned, intersecting the GB (indicated

as a dashed yellow line in Fig. 1b). This leads to minute inductances below a few tens of

pH and exceptionally low values of the �ux noise ∼ 1 µΦ0/
√

Hz at 100 kHz. The resulting

devices have non-hysteretic current-voltage-characteristics with typical critical currents Ic ∼

500 − 800 µA (at 4.2 K) and normal state resistances R ∼ 1 Ω. The SQUIDs are current-

biased and operated in Flux Locked Loop (FLL) mode using commercial SQUID readout

electronics. FLL operation is possible thanks to the patterning of a narrow constriction

(width ∼ 180 nm, typically) that allows coupling a net magnetic �ux to the nanoloop (see

Fig. 1b). The mutual inductance between the nanoloop and the constriction isM ∼ Φ0/mA.

Magnetization measurements with nanoSQUID

Each nanoSQUID containing one individual NW is mounted in good thermal contact to a

sapphire plate installed in a variable temperature insert (minimum temperature ∼ 1.4 K).

This sapphire plate is mounted on a rotator that allows aligning the nanoSQUID with respect

to the externally applied magnetic �eld with a resolution better than 0.1◦. Magnetization

measurements are performed by sweeping the external magnetic �eld at a �xed rate of

ν = 8.3 mT/s and measuring the output nanoSQUID voltage (Vout) as the NW is driven

through magnetization reversal. A total number of 30 − 50 hysteresis loops are measured
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at each temperature. Vout is converted into units of magnetic �ux threading the nanoloop

Φexp = VoutM/Rf , where Rf is the feedback resistance of the SQUID readout electronics

(Rf = 3.3 kΩ, typically). Di�erences between the total captured �ux (Φexp) from each NW

are due to slight geometrical di�erences between the nanoSQUIDs, di�erences between the

NWs' positions and di�erences in the total magnetic moment of the NWs.

The reproducibility of the fabrication procedure has been checked on 300-NW. For this

purpose, a di�erent NW grown and annealed under the same experimental conditions was

deposited on a di�erent nanoSQUID. Measurements yield very similar results to those shown

here (see Fig. 2 in the Supporting Information).

Calculation of the coupling factor

In order to estimate the average coupling factor, it is necessary to know the exact position

of the NW, its precise dimensions and those of the nanoSQUID. Numerical calculations are

performed using the �nite-element based software package 3D-MLSI:36 A circulating current

is sent around the SQUID loop in 11 current sheets,37,38 taking into account the precise

thickness and in-plane geometry of the device. The magnetic �eld generated inside the vol-

ume occupied by the NW is then used to calculate φµ.23,36 To estimate the error resulting

from the SEM-based measurements of the NW position, φµ was recalculated with the NW

position shifted by ±100 nm, using the maximum deviations as errors for φµ (∆φµ). The

calculated Co purity error given in Table 1 also includes the uncertainty in the measure-

ment of the NW radius (∆r = ±2 nm) and in the experimental total signal coupled to the

nanoSQUID (∆Φexp = ±10 mΦ).

Microstructural, compositional and magnetic analyses by TEM

HRTEM imaging was carried out in a Titan Cube 60-300 system operated at 300 kV,

equipped with an S-FEG, a CETCOR aberration corrector for a objective lens from CEOS

providing subangstrom point resolution, and a 2K×2K Ultrascan CCD camera from Gatan.
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STEM and EELS experiments were performed in a Titan Low-Base 60-300 system operated

at 300 kV, �tted with a high-brightness �eld emission gun (X-FEG) and a CETCOR correc-

tor for the condenser system, which produces an electron probe with a lateral size below 1 Å.

The STEM-EELS experiments were performed using a Gatan Image Filter (GIF) Tridiem

866 ERS, with a 25 mrad convergence semiangle, an energy dispersion of 0.5 eV/pixel with

a resolution of 1.5 eV, a GIF aperture of 2.5 mm, a camera length of 10 mm, a pixel time of

15 ms, and an estimated beam current of 270 pA. The magnetic induction was determined

by o�-axis Electron Holography in the Titan Cube 60-300 system mentioned above. These

holographic experiments were performed at 300 kV by switching o� the objective lens and

using the Lorentz lens to form the image. The detailed experimental procedure can be found

elsewhere.28 A motorized electrostatic biprism was excited at 150-170 V to generate an in-

terferometric pattern in an overlapping area of 400-500 nm in width, with a fringe contrast

ranging from 20% to 25%. The hologram acquisition time was 5 s, and they were acquired

at remanence state after the saturation of the magnetization in the two opposite directions

along the longitudinal NW axis by tilting the object by 30◦ and exciting the objective lens

up to a magnetic �eld of 0.3 T. Thus, the electrostatic phase shift can be subtracted and the

magnetic phase shift (ϕMAG) extracted. If the NW axis is set along the x axis, the magnetic

induction component Bx can be obtained as |Bx(x, y)| = (~/et)[∂ϕMAG(x, y)/∂y], where ~ is

the reduced Planck constant, e the electron charge, and t the total variable thickness along

the NW width.28

Micromagnetic simulations

Micromagnetic simulations are performed using the GPU-accelerated MUMAX3 package.39

We set the saturation magnetization Ms = p ×Ms(bulk) and the exchange sti�ness A =

p×A(bulk) with p given in Table 1 andMs(bulk) = 1.4×106 A/m and A(bulk) = 2.5×10−11

J/m for pure crystalline Co. On the other hand, the size of each NW is set to its actual

geometrical dimensions given in Table 1. The cell size is set to 2.4× 2.4× 3.5 nm3 which is
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below the exchange length of bulk Co (λex ∼ 4.5 nm).

Supporting information

NW transport details and procedure reproducibility.
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Table 1: Geometrical parameters of each NW: radius (R) excluding the non-magnetic exter-
nal layer of ∼ 5 nm, length (l), magnetic volume (Vmag), z positions of the NW end tip with
respect to the nanoSQUID surface, total magnetic moment (µNW) and Co purity (p).

R l Vmag z µNW p

(nm) (µm) (106 nm3) (nm) (109 µB)

RT-NW 35.5 1.8 7.13 379 1.1 0.75 ± 0.26
150-NW 31.5 2.3 7.17 1050 1.0 0.84 ± 0.26
300-NW 36.5 2.2 9.21 1055 1.4 0.96 ± 0.25
450-NW 38.5 1.9 8.85 980 1.5 1.06 ± 0.30
600-NW 38.0 2.1 9.53 483 1.8 1.06 ± 0.26
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Figure 1: a: SEM image of an as-grown Co-FEBID NW. b: Typical nanoSQUID device
and schematic of the equivalent electric circuit. The �eld (H) direction, the position of the
grain boundary (GB) and the constriction (see Methods for more details on the constriction)
are highlighted. A current (Imod) �owing through the constriction couples �ux (Φ) to the
nanoloop serving to modulate the nanoSQUID response. Ibias and Vout are the biasing current
and output voltage, respectively. c: False colored images of the NW transport process.
The micromanipulator (blue), the copper lamella (red) and the NW (yellow arrow) are
highlighted. x is de�ned as the in-plane distance between the NW's end tip and the nanoloop
edge.
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Figure 2: a: False colored SEM images of the di�erent YBCO nanoSQUIDs with their cor-
responding Co-FEBID NW (yellow). Scale bars are 1 µm. b: Five representative hysteresis
loops obtained at 15 K for each NW. Φexp is the total signal coupled to the nanoSQUID
from the NW. Dashed lines correspond to the theoretical nucleation �elds resulting from
the curling model of magnetization reversal. Bottom panels show an enlarged view of the
region where magnetization switches direction. The nucleation �elds H±

n are indicated by
black arrows. Gray arrows highlight the existence of distinct switching events in 600-NW
whereas green thick arrows indicate additional minor steps after the main switching event in
300-NW. c: Mean hysteresis loops at 15 K for each NW obtained after averaging over 30-50
curves.
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Figure 3: Temperature dependence of the averaged nucleation �eld for each NW. Notice that
the vertical axis covers 20 mT in the case of RT- and 150-NW, and just 10 mT for 300-, 450-
and 600-NW. In the case of 150- and 300-NW the relevant temperature ranges discussed in
the text are highlighted.
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Figure 4: a: Experimentally determined (colored dots) and numerically simulated (solid line)
nucleation �elds at T = 0 Kmultiplied by R2 for the NWs annealed at di�erent temperatures.
b: HRTEM images of each NW case accompanied by the corresponding FFT of a small area
of the image. c: STEM-EELS chemical maps showing the spatial distribution of Co, C
and O in green, blue and red, respectively. d: Magnetic induction �ux representations
obtained by normalizing the magnetic phase images to the diameter (maximum thickness)
and calculating the cosine of 350 times the normalized magnetic phase. The unde�ned scale
bars in all images correspond to 10 nm. Measurements shown in panels b, c and d were
performed on NWs grown and annealed under the same experimental conditions as those
used for the nanoSQUID experiments.27
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