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ABSTRACT

Investigating the local micromagnetic structure of ferromagnetic nanowires (NWs) at the nanoscale is essential to study the structure-
property relationships and can facilitate the design of nanostructures for technology applications. Herein, we synthesized high-quality iron
and cobalt NWs and investigated the magnetic properties of these NWs using off-axis electron holography. The Fe NWs are about 100 nm
in width and a few micrometers in length with a preferential growth direction of [100], while the Co NWs have a higher aspect-ratio with
preferential crystal growth along the [110] direction. It is noted that compact passivation surface layers of oxides protect these NWs from fur-
ther oxidation, even after nearly two years of exposure to ambient conditions; furthermore, these NWs display homogeneous ferromagnetism
along their axial direction revealing the domination of shape anisotropy on magnetic behavior. Importantly, the average value of magnetic
induction strengths of Fe NWs (2.07 {+} 0.10 T) and Co NWs (1.83 {+} 0.15 T) is measured to be very close to the respective theoretical value,
and it shows that the surface oxide layers do not affect the magnetic moments in NWs. Our results provide a useful synthesis approach for
the fabrication of single-crystalline, defect-free metal NWs and give insight into the micromagnetic properties in ferromagnetic NWs based
on the transmission electron microscopy measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145337

INTRODUCTION resolution of imaging.”* To realize these applications, the very
first step is to fabricate high-quality magnetic NWs structures. In
this regard, several fabrication routes, including wet-chemistry,("”‘m
electrochemical deposition (ECD) with porous alumina tem-

plates,' " chemical and physical vapor depositions (CVD'* '

Owing to their novel magnetic properties that arise from the
unique one-dimensional (1D) structure, there have been intense
research interests in ferromagnetic NWs from both academic and

applied perspectives for the last few decades." © Some of the intrin-
sically magnetic NWs with high aspect-ratio show great poten-
tial at miniaturized magnetic sensors, such as the Magnetic Force
Microscope (MFM) probe, for it contributes to enhancing the

and PVD'""), and focused electron-beam-induced deposition
(FEBID),”"”” have been established to obtain various types of 1D
magnetic structures. Generally, most of the magnetic NWs fabri-
cated via ECD and FEBID techniques are found to be polycrystalline
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with various grain sizes and possess a high density of crystalline
grain boundary defects."””' The wet-chemistry method can effec-
tively synthesize single-crystalline compounds and oxide-type mag-
netic NWs,”” but the synthesis approach of (Fe, Co, Ni) metal
NWs is still a challenge. Using the PVD approach, we have pre-
viously demonstrated the growth of free-standing single-crystalline
nanowhiskers of varieties of different materials (copper, gold, and
silver) on partially carbon-coated, oxidized Si (100), (110), and (111)
substrates under molecular beam epitaxy (MBE) conditions.'”*’ In
this report, we further explore the PVD scheme to synthesize the
single-crystalline Fe and Co NWs.

The structural and magnetic properties of as-synthesized NWs
can be examined via a range of micro-spectroscopy and magne-
tometry characterization tools.”” Conventional x-ray diffraction and
magnetometry measurements are usually carried out on a large
number of NWs”>'*"'* and yield only averaged structural and mag-
netic information because of their relatively poor spatial resolution
and limited sensitivity for nanosized samples. In contrast, the TEM
techniques can provide a structural and compositional characteri-
zation of materials with atomic-scale resolution;'®**** furthermore,
imaging of magnetic domain walls is routinely performed on mag-
netic thin films by using the Lorentz-Transmission Electron Micro-
scope (L-TEM).”” However, Lorentz-Fresnel imaging has difficulty
in studying the magnetic properties of some nanostructures due to
existing Fresnel fringes of boundaries at the edge of NWs and no
magnetic contrasts for the single magnetic domain. On the other
hand, electron holography (EH) in the L-TEM has great potential
for magnetic properties characterization,'”””** and it can record the
phase shift of high-energy electron waves that pass through samples
in the nanometric spatial resolution, which directly reflects the mag-
netic and electrostatic potential in and around the specimen.” Some
representative EH studies of magnetic nanostructures including var-
ious types of magnetic nanostructures have been reviewed.”’ The
quantitative determination of nanoscale spin textures in 20-nm iron
nanocubes’’ and the investigation of three-dimensional magnetic
distribution of Co NWs” have also been reported. Thus, the TEM-
based EH technique is now considered an ideal tool for studying the
magnetic properties of nanosized materials at a single nanostructure
level.”>"”

In this study, we employ the PVD method to synthesize the
high-quality Fe and Co NWs. Then, we use the Selected Area Elec-
tron Diffraction (SAED), the High-Resolution Transmission Elec-
tron Microscopy (HRTEM), and the energy-filtered imaging to
characterize the structural and compositional properties of these fer-
romagnetic NWs in the atomic-scale resolution; furthermore, we
study the magnetic properties of these NWs including the distri-
bution of the magnetic field and their magnetic induction strength.
These ferromagnetic NW's with a high aspect-ratio (tens of microm-
eters in length and tens of nanometers in diameter) are found to
be single-crystalline without obvious planar defects and exhibit a
magnetic single domain state.

EXPERIMENTAL
Sample preparation

Synthesis of Fe and Co NWs is carried out in an ultra-high vac-
uum (base pressure ~107'% mbar)-MBE system (DCA Instruments,
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Finland). Ultra-pure Fe and Co are placed in crucibles located in
effusion cells, heated via a filament. In order to activate the atom
diffusion on the substrate surface, which is crucial for the nucle-
ation and subsequent growth of the crystal whiskers, the substrate
is heated to nearly 60% of the melting temperature (Tre = 800 °C,
Tco =760 °C). In our case, the Fe and Co whiskers are grown directly
on Mo wires (0.45 mm diameter) without any pretreatment.

Composition and structure property measurements

For TEM observations, Fe and Co NWs have been scratched
off the Mo substrate and transferred to Cu-grids. The bright-field
(BF) images and the corresponding SAED are performed on a TEM
(JEM-ARM 200F) with spherical aberration correctors integrated
into the image-forming system and the illumination system. The
elemental mappings of these whiskers are measured on an Energy
Dispersive X-ray (EDX) detector in the same TEM.

Electron holography characterization

Off-axis EHs are acquired in the Lorentz mode using an image-
aberration-corrected microscope (FEI Titan 60-300), which is ded-
icated to EH and in situ magnetizing. This TEM operates with an
ultrahigh-brightness field emission gun and is equipped with a wide
pole piece gap. The gold coated thin electrostatic biprism (<1 ym)
is located at the position of the selection area aperture and is elec-
trostatically biased by hundreds of volts. Applying a suitable positive
voltage (~100 V) to the biprism causes overlap between the objective
wave and reference wave and results in the formation of the inter-
ference fringe pattern on the detector (the holographic interference
fringe spacing is about 2.8 nm and the used sideband is 1/3 of the
sideband to the center band and, as a result, the attainable spatial
resolution is estimated to be ~8 nm).

In order to extract magnetic field distributions from the
recorded phase shift, we use an in situ magnetizing process. To
mitigate the phase artifacts introduced by electromagnetic lens dis-
tortions and biprism charging effects, we also record a reference
hologram without the specimen under otherwise identical illumina-
tion conditions; in order to reduce the noises in the phase images,
a cumulative acquisition approach is used to record 30 holograms
with an exposure time of 2 s for each hologram. A set of custom-
made Matlab codes is used to reconstruct phase images via the
Fourier transform and band filter method and to align the multi-
ple phase images via the cross correlation method prior to averaging
the phase images for enhanced phase sensitivity. Moreover, to sepa-
rate electric and magnetic phase contributions, pairs of phase images
of reversed magnetization distributions were manually aligned and
subtracted from one another.

RESULTS AND DISCUSSION

The morphology and crystal structure of the as-synthesized
metal NWs are first examined by Scanning Electron Microscope
(SEM) and TEM, respectively. Fe NWs sparsely grow on the Mo
substrate by the observations of SEM [see Fig. 1(a)]. The Fe NWs
exhibit variations in diameter (tens to hundreds of nm) and in length
(a few to tens of micrometer), and upon close examination, most of
them have whisker-like morphology with a sharp apex. Figure 1(b)
shows a representative BF image of Fe NWs together with one of
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the corresponding SAED patterns as an inset. Several SAED patterns
with sharp spots are taken along the nanowire (NW) axis revealing
the single-crystalline nature of the NW without planar-type twin-
ning or stacking fault defects. Furthermore, the SAED patterns of
Fe NWs can be indexed with a body-centered cubic (BCC) structure
(a-Fe),”* and the preferential growth direction (axial direction)
can be determined along the [100] crystallographic direction.”

Similar SEM and TEM measurements on the Co NWs are also
carried out. Figure 1(c) shows a typical morphology of Co NWs
grown on the Mo substrate. Note that in comparison to the growth
of Fe NWs, the density of Co NWs is much less and the lengths
of Co are apparently longer than those of Fe NWs. As for crys-
tal structure observation, the BF images and corresponding SAED
patterns of Co NWs reveal their single-crystalline nature without
twinning defects or planar stacking faults [see Fig. 1(d)], which are
similar to the results of Fe NWs; additionally, the crystal structure of
Co NWs can be deemed a face-centered cubic (FCC) structure,” and
their preferential growth direction is along the [110] crystallographic
direction.”

It is well known that Fe and Co are prone to rapid oxidation
upon exposure to ambient conditions, which makes them inappro-
priate for many applications. In the present study, although the Fe
and Co NWs are produced in the ultra-high vacaum MBE chamber,
the metal NWs are exposed to ambient conditions after removing
from the MBE system. Thus, it is expected that the surface layers of
Fe and Co NWs could be oxidized under ambient conditions. The
High-Angle Annular Dark Field (HAADF) images of the Fe NW tip
apex indicate that the thickness of Fe NW is uniform and there is a
flat oxide shell covering the surface [see Fig. 2(a)]. To examine the
extent of oxidation on these metal NWs, we performed the elemental
mappings of Fe NWs based on the EDX characteristic spectroscopy

ARTICLE scitation.orgljournalljcp

FIG. 1. (a) SEM micrograph and (b) TEM micrograph of
as-synthesized Fe whiskers on Mo millimeter wire. Inset in
(b) is the corresponding SAED pattern of the Fe NW and
the yellow circle indicates (100) crystal plane of BCC a-Fe,
suggesting the [100] preferential growth direction. (c) SEM
micrograph and (d) TEM micrograph of as-synthesized Co
whiskers on Mo millimeters wire. Inset in (d) is the corre-
sponding SAED pattern of the Co NW and the yellow circle
indicates the [110] direction of FCC S-Co crystal structure.

in the Scanning Transmission Electron Microscopy (STEM) mode.
According to the elemental distribution maps of iron [see Fig. 2(b)]
and oxygen [see Fig. 2(b)] in one of the Fe NWs, one can see just the
~5 nm thick shell of oxide around the NWs.

Then, we carry out the HRTEM analysis on Fe NWs. The [100]-
oriented Fe NW with a distinct contrast of the oxide shell is also
reflected in the numerical fast Fourier transform (FFT) patterns of
the shell and core regions [see Fig. 2(d)]. In the oxide shell region, a
typical lattice spacing of ~0.83 nm is measured, which can be associ-
ated with the iron oxide of either Fe;04'* or Fe;03.27"° A similar
HRTEM analysis of Co NWs are also performed, and the lattice
image of [110]-oriented Co NW is shown in Fig. 2(e). The oxide
shell develops an epitaxial relation with the whisker core, which is
evident from the presence of the moiré fringes. Two sets of spots
are observed on the FFT pattern: one from the Co core (red circle)
and the other from the oxide shell (yellow circle). Analysis of the
FFT pattern reveals an epitaxial relationship between the oxide and
the Co core as (001) gxide || (001)co and [100]oyide | [100]co.”” Note that
some spots are due to the presence of the moiré (blue circle).

Taking together with the result of HRTEM, SAED, and EDX,
we determine that the Fe NWs are covered with a thin but com-
pact oxide shell. It is worth noting that these as-obtained NWs are
examined after nearly two years of storage while the oxidation do not
further develop, which is due to the compact passivation oxide shell
covering the metal NWs against entire oxidation under ambient
conditions.

In order to investigate the magnetic properties of these mag-
netic NWs, we map the magnetic field distributions of these NW's
in the nanometric resolution by the off-axis EH technique. Fig-
ure 3(a) shows a schematic representation of the off-axis EH setup
in the TEM. The holograms are recorded with the total phase shift
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FIG. 2. (a) The HAADF image of Fe NWs tip apex. The elementary distribution of iron (b) and oxygen (c) in the Fe NWs tip apex. (d) The HRTEM image of Fe NWs viewed
along the [001] zone axis. Inset (i) and (ii) are the FFT of Fe NWs core and Fe-oxide transitional area. (e) The HRTEM image of Co NWs viewed along [100] zone axis. Inset

is the FFT pattern of Co NW core and Co-oxide transitional area.

in the specimen, including the electrostatic potential along with the
in-plane magnetic potential, so we need to separate each term in
the phase difference while studying the properties of ferromagnetic
NWs by EH. To extract the magnetic potential contribution to the
phase shift, the directions of magnetization in NWs are reversed
in situ in TEM by tilting the sample +75° and activating the conven-
tional microscope objective lens to apply a magnetic field of about
1.5 T to the sample in the electron beam direction. The objective lens
is then turned off and the sample tilts back to 0° for hologram acqui-
sition in a zero-field condition with the specimen at remanence.
After the in situ magnetizing process, the holograms are recorded
with the specimen reversely magnetized. On the assumption that the
in situ magnetizing process obtains a complete magnetization rever-
sal because of the symmetric magnetic hysteresis loop of the mag-
netic NWs, compared with the flipping specimen method, the in situ
magnetizing process eliminates the need of repetition of ex/insertion
of the sample holder, making the magnetizing reversal experiments
easier. Thus, the electrostatic potential contributions, mean inner
potential (MIP), can be separated from the magnetic potential ones
as described previously.”® The difference in the reconstructed phase
images [see Figs. 3(d) and 3(e)] of in situ magnetizing indicates
that the magnetic potential in the two remanent states is completely
reversed, so the electrostatic phase images are equal to the half of

the summation of the two phases [see Fig. 3(f)] and the magnetic
phase images are equal to the half of the subtraction between the
two phases [see Fig. 3(g)].

To study the static magnetic structure of individual Fe NWs at
remanence, one of the isolated Fe NW's with its apex part suspending
on the Cu-grid is selected [see Fig. 4(a)]. The Fe NW is partly (~3 ym
in length) suspended on the edge of the TEM grid making the apex
part of the NW ideal specimen for off-axis EH measurements. Note
that by tilting the NW and judging from the foreshortened image of
tilted NW, we confirm that the end part of NW is lying flat on the
Cu-grid. From the electrostatic phase image [see Fig. 3(f)], one can
estimate the thickness variation in the specimen by assuming a single
value of MIP for the specimen. According to the electrostatic phase
shift formula,””* @ = Cg - V - t, where @ is the electric phase shift
and V) is an uniform assumption MIP of NWs and takes the value of
21 {+} 0.5 V. Because the value of MIP is 24 V for BCC Fe,"”"' which
is in excellent agreement with the calculated value of non-binding
approximations based on the electron atomic scattering factors;”
however, the surface of NWs is covered by compact oxide layers,
whose MIP is about 12 V.'*** Cg is the electron interaction constant
and takes the values of 6.53 * 10° rad/V m” and ¢ is the specimen
thickness, and we determine that the cross section of this Fe NW
is rectangular and the average thickness is about 55 nm, which has
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FIG. 3. (a) Schematic ray diagram of
off-axis electron holography setup. [(b)
and (c)] In sifu magnetizing process
involve the tilting of the specimen and
the activating of the objective lens. [(d)
and (e)] A pair of reconstructed total
phase images with specimen reversely
magnetized. (f) and (g) are the respec-
tive electric and magnetic phase images
obtained from the simple calculation on
total phase images of reversed magneti-
zation in (d) and (e).

oM = (O5m — O5m)/2

X (nm)

FIG. 4. (a) BF image of Fe NW on the Cu-grid. (b) Mag-
netic phase image of the apex part of Fe NW. Three lines
(red, blue and green) mark the positions along the axis for
phase profile extraction. (c) Equal-phase map constructed
by a 6x-amplified original magnetic phase image, illustrat-
ing the projected in-plane magnetic induction field distribu-
tions inside and around the Fe NW. (d) Extracted phase
profiles along the lines marked in (b).
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been confirmed by the Electron Energy Loss Spectroscopy (EELS)
log-ratio technique.

Figure 4(b) shows the magnetic phase map of the apex part
of the Fe NW. In order to visualize the magnetic induction fields
inside and around the magnetic the NW, we construct an equal-
phase map by computing the cosine-function of the magnetic phase
map; note that the value of magnetic phase shift is 6 times ampli-
fied before applying the cosine-function [see Fig. 4(c)]. Based on
the equal-phase map, the stray field emanating from the tip of the
Fe NW is clearly seen, while inside the NW, the equal-phase lines
are too dense to be seen due to the strong induction fields inside
the NW. The specific phase contrast that can be associated with the
formation of the domain wall in the NW is not observed, suggest-
ing that, at remanence, the Fe NW exhibits a uniformly magnetized
state with its magnetization direction pointing along the NW axial
direction. It should be noted that the reconstructed magnetic phase
images may contain spurious phase impurities arising from stray
fields and the phase reconstruction process.” In this work, in order
to extract the projected in-plane magnetization distribution, we use
a newly developed model-based magnetization reconstruction algo-
rithm, by which the magnetization is iteratively reconstructed from
the magnetic phase image recorded using electron holography (see
the supplementary material). The uniformly magnetized state in
NW allows one to estimate the magnetic induction by using the
following formula:”

hADM

eS

B= , 1

ARTICLE scitation.org/journalljcp

where B is the magnetic flux density, # is the reduced Plank’s con-
stant, e is the electron charge, Ay is the magnetic phase shift across
the NWs diameter, and S is the area of the cross section, provided
that the stray fields outside NWs are negligibly weak or not con-
tributing to the A®);. However, due to the strong stray fields around
the tip of NWs, one should avoid using the phase difference near
the tip apex. Instead, the magnetic phase shift at the NWs posi-
tions further away from the tip can be used to measure the magnetic
induction strength. Figure 4(d) plots the line profiles of the magnetic
phase difference across the Fe NW in which the red, blue, and green
profiles are measured at 600 nm, 400 nm, and 200 nm away from
the NW apex, respectively, as marked in Fig. 4(b). The value of the
green profile is obviously lower than other profiles, which indicates
that the strong stray fields outside the NW have obviously affected
the value of A@ys. In order to evaluate the magnetization by using the
simple formula A®y; ~ B * S relating the phase jump across the uni-
formly magnetized NW with cross section area, we select the phase
profile at the position of the red line in Fig. 4(d). Then, we substi-
tute the A®y across the diameter and the S of NW into Eq. (1),
and the magnetic induction strength of Fe NW is measured to be
2.07 {£} 0.10 T, which is nearly equivalent to the theoretical cal-
culation (2.20 T).** ** Note that the magnetic easy-axis of a-Fe is
[100]"° and the axial direction of Fe NWs are also along the [100]
crystallographic direction, hence making the Fe NWs stay in a sin-
gle domain state at remanence after the in situ magnetizing process
in the TEM. The 10% relative high measurement errors are taken
from the phase sensitivity only, and it may become larger when

FIG. 5. (a) BF image of Co NW on the Cu-grid. Inset is
the local amplified images of the apex of NW. (b) Mag-
netic phase image of the apex part of Co NW, in which
the red and blue lines mark the positions along the axis for
phase profile extraction. (c) Equal-phase map constructed
(d) by a 6x-amplified original magnetic phase image, illustrat-

ing the projected in-plane magnetic induction field distribu-
tions inside and around the Co NW. (d) Extracted phase
profiles along the lines marked in (b).

50

phase (rad)
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considering other sources of error, particularly, the oxide surface
layers on Fe NWs without well-known MIP and the stray field per-
turbation of the reference wave could lead to measurement errors of
NWs thickness.

The magnetic properties of Co NWs also have been investi-
gated using similar off-axis EH experiments. A typical and suitable
Co NW is selected for the EH measurement, whose length is more
than 12 ym and the diameter is about 70 nm [see Fig. 5(a)]. The elec-
trostatic and magnetic potential phase images are obtained by the
above-mentioned in situ magnetizing process and phase separation
method. In the magnetic phase image of the apex part of Co NW, the
blue and red lines mark the positions of magnetic phase profiles at
200 nm and 500 nm away from the apex, respectively [see Fig. 5(b)].
To obviously illustrate the projected magnetic induction field of the
apex part of Co NW, an equal-phase map is constructed in the form
of a cosine-function based on the 6 times amplified magnetic phase
[see Fig. 5(c)] in which the white-black contrast map represents the
projected induction field lines. It is similar to the case of Fe NWs, and
the emanating stray field lines outside the apex and the field lines
inside NWs suggest that the Co NW is also uniformly magnetized
along the axial direction. Due to the higher aspect-ratio of Co NWs,
the values of magnetic phase different in both marked positions are
nearly the same [see Fig. 5(d)]. This indicates that the stray fields out-
side Co NWs are more divergent than Fe NWs and the stray fields
adjacent to Co NWs are relatively weak. We select the phase pro-
file located at 500 nm for the measurement of A®,;; moreover, the
cross section of Co NW is nearly circular, and the area of cross sec-
tion is calculated based on the electrostatic phase shift formula.”""”
According to Eq. (1), the value of magnetic induction strength of
Co NW is 1.83 {+} 0.15 T, which is in good agreement with the
theoretical value (1.88 T)."° However, due to the Co NW with a
high aspect-ratio (tens of micrometer in length vs tens of nanome-
ter in diameter), the shape anisotropy of Co NWs dominates the
magnetocrystalline anisotropy of f-Co with its weak easy-axis along
the [111] direction.”” Consequently, the magnetization direction of
Co NWs is along the axial direction with the [110] crystallographic
direction.

We note that we also conducted a synthesis of Ni NWs and
the magnetic measurement by EH. However, the Ni NWs are in the
form of polycrystalline consisting of grains, and the resultant mag-
netic phase image is of low quality. Further optimization of synthesis
for single-crystalline Ni NWs is still in progress.

CONCLUSION

In summary, we have successfully synthesized high-quality Fe
and Co NWs via the PVD method in the MBE system. Then, we
used a range of TEM techniques to study the crystallinity and com-
position of these metal NWs. The BF images and SAEDs reveal the
single-crystalline nature of these NWs; moreover, the surface of all
NWs is covered by the thin but compact passivation layers of oxides
that prevent their further oxidation under ambient conditions, as
revealed by the elemental mappings and HRTEM images. To quan-
tify the magnetic properties of Fe and Co NWs, we perform the in
situ magnetizing process and off-axis EH measurement to obtain the
magnetic induction field distributions of Fe and Co NWs. The anal-
yses of the EH experiment reveal that these ferromagnetic NWs are
uniformly magnetized along the axis direction, and the measured
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magnetic induction strengths are 2.07 {+} 0.10 T for Fe NWs and
1.83 {£} 0.15 T for Co NWs, which are very close to the respective
theoretical values. Our results provide a route to synthesizing metal
ferromagnetic NWs and exemplifying the magnetic quantification of
nanomaterials at a single nanostructure level.

SUPPLEMENTARY MATERIAL

See the supplementary material for (1) the magnetic phase
images of the original, the corrected one after removal of linear phase
ramps, and the reconstructed one generated from the reconstructed
magnetization, (2) the extent of thickness variations, and (3) the
reconstructed projected magnetization distributions of the Fe and
Co NWs.
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