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� Freestanding nanowhisker grow for
BCC Fe, FCC Co and HCP Co.

� Nanowhiskers are always magnetized
along the whisker axes.

� Only single magnetic domain
structures are seen by electron
holography.

� Observations are consistent with
magnetic energy density
considerations.
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a b s t r a c t

Fe and Co nano-whiskers and Co platelets were synthesized via physical vapor deposition without any
template and catalyst. Transmission electron microscopic analyses revealed that the Fe whiskers were
all single crystal with whisker axis along [1 0 0] crystallographic direction. Both FCC and HCP crystal
structures were found in the Co whiskers with stacking faults and micro-twins. Off-axis Electron holog-
raphy results showed that all the whiskers synthesized were magnetic single domain structures. Vortex
state was observed in a small platelet of high symmetry.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanowires are promising building blocks of novel nanodevices
thanks to their physical, chemical and material properties. As their
size becomes smaller, the electrical conductivity decreases [1], and
mechanical strength increases [2–4]. This is often attributed to the
increasing surface to volume ratio, extra internal interfaces and
other deviations from bulk crystals. Modern applications of nanos-
tructures often rely on one or more of those properties. Sensor [5]
or actuators [6] rely often on the changes in e.g. resistance or
piezoelectricity as a function of mechanical loading. The propaga-
tion and steering of nano- and microrobots on the other hand is
facilitated by application of magnetic thin films and nanoparticles
[7,8]. It is well known that magnetic domain structure is also influ-
enced by the overall geometry of the devices. Smaller dimensions
lead typically to single magnetic domain structures.

Magnetic whiskers, or wires, have been successfully prepared
via different methods, such as reduction of halides [9,10], elec-
trodeposition with porous anodic alumina templates [11,12], and
decomposition of perovskite [13], etc.. Reduction of halides results
in whiskers with diameters of several micrometers [9,14] and are
not electron transparent. Template based methods [15] produce
nanowires with magnetization direction parallel to their structure
axis. However, these nanowires are prone to defect incorporation
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in their bulk and on the surfaces [16]. Moreover, their cross-section
are determined by the pores, which results in non-
thermodynamically equilibrium surface crystallography. Decom-
position of perovskites is used to synthesize freestanding ferro-
magnetic wires, but is limited by the choice of materials.
Additionally, due to the process, the surface is roughened by the
process [13]. As such, it is difficult to rule out contributions from
defects when considering the reported magnetic properties of the
nanowires prepared by these methods.

A further challenge for applications is to combine different
materials in a single structure. Bamboo structures can be grown
by changing the sequence of materials during fabrication [17,18].
Layered or core–shell structures are fabricated by growing a sec-
ond material on the surfaces of the first one [19]. Again, control
of defects and surface quality is desired to separate genuine phys-
ical material parameters from effects introduced from the fabrica-
tion processes.

Nano-whiskers have been proven to be defect-scarce and with
perfect surface facets [3,20,21]. No dislocations, especially no axial
screw dislocations are found in the Au, Ag and Cu whiskers grown
by physical vapor deposition. No grain boundaries are observed for
pristine whiskers, with high quality symmetrical tilt grain bound-
aries introduced only beyond the predicted theoretical strength via
propagation of Schockley partial dislocations [20,22]. The cross-
section of the whiskers are determined by the thermodynamic
minimum energy configuration and surface facets which are pre-
dicted by theWulff shape. The crystallographic quality of the facets
is high which allows for heteroepitaxial growth at room tempera-
ture [21,23]. Therefore, thanks to the absence of structural defects
and chemical impurities, single crystal whiskers synthesized with
physical vapor deposition with perfect facets are ideal for investi-
gating the magnetic properties of transition metals (Fe and Co)
without the potential influence of any defects. Theoretical limits
of the magnetic properties may be reached with such materials
[24,25]. The investigation of individual ferromagnetic nano-
whisker is of interest, because it establishes a base line for the
magnetic properties before device integration. Research interest
on the magnetic properties of transition metal whiskers are also
stimulated by their potential applications. The high magnetic
shape anisotropy and high coercivity attributed from the large
aspect ratio make whiskers particularly interesting for ultra-
high-density magnetic recording system [26]; hyperthermia can-
cer treatment [27]; magnetic nanowire–enhanced opto-magnetic
tweezers [28]; electro-drive actuators [29].

Micro-sized Fe whiskers [10,30] were reported to be multi-
domain structures magnetized along the direction of the magne-
tocrystalline easy axes. The magnetic coercive force was found
close to the theoretic value. The coercivity increases with decreas-
ing whisker diameter. The whiskers even exhibit a single domain
structure when the diameter is small enough. A strong magnetic
anisotropy along the whisker axis was reported in single crystal
Ni nanowires (with h1 0 0i and h1 1 1i as the axial directions), as
well as in Co and Fe nanowire, regardless of the crystallographic
orientation [11,13]. The shape anisotropy of the nanowires and
the dipolar interactions between them dominates over the other
magnetic contributions (e.g. magnetocrystalline anisotropy).

The aforementioned previous studies for nanosized wires are
always limited by the quality of the investigated structures. There-
fore, it is worthwhile to investigate defect-scarce nano-whiskers
with perfect bulk and surface crystal structure to differentiate
between genuine size effects and possible defect influences.

In the case of whiskers, it is assumed that the magnetic easy
axis (as result of balance between magnetocrystalline anisotropy
and shape anisotropy) to be either perpendicular or parallel to
the whisker axis. This reduces the possible domain configurations
to only three (Fig. 1), based on Kittel’s models [25]. For the sake of
2

simplicity, the magneto-striction effects are neglected. The cross
section of the whiskers is further assumed to be square shape with
width W.

Fig. 1-a shows the case where the magnetocrystalline easy axis
is perpendicular to the whisker axis and when the magnetocrys-
talline anisotropy overrules the shape anisotropy. In this case, a
multi-domain structure with antiparallel up and down domains
of thickness D is formed. Including the saturation magnetization
Ms, the magnetostatic energy per unit area can be assumed as

ems ¼ 2� 0:85Ms
2D ¼ 1:7Ms

2D: ð1Þ
The factor of 2 arises from the fact that two surfaces have to be

taken into account [31]. The domain wall energy per unit area is

ew ¼ rwW
D

: ð2Þ

where rw is energy per unit area of a domain wall. The total energy
per unit area is minimal when

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rwW

1:7Ms
2

s
: ð3Þ

At which point the (minimum) energy per unit surface area
becomes

emin ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7rwW

p
�Ms: ð4Þ

The corresponding minimum energy per volume is

emin ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7rwW

p �Ms � 2LW
LW2 ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7rw

W

r
�Ms: ð5Þ

For the configuration shown in Fig. 1b, the whisker is composed
of two elongated domains with the flux circuit being closed inter-
nally by triangular caps. The magnetostatic energy in this case is
zero. Only the domain wall energy needs to be taken into account.
Considering only the larger contribution from the 180� domain
walls parallel to the whisker axis, the domain wall energy per vol-
ume is

ew ¼ rwWL
V

¼ rw

W
: ð6Þ

Finally, for the configuration shown in Fig. 1c, the whisker con-
sists of only one domain magnetized along the whisker axis. Only
the magnetostatic energy needs to be considered. With magnetiza-
tion M, its volume density is

ems ¼ 1
2
NdM

2: ð7Þ

The demagnetizing coefficient Nd is equal to a prolate spheroid
with the same aspect ratio [32].

The aim of the paper is the analysis of the magnetic domain
structure in ferromagnetic nanowires via electron holography.
The experimental results are connected to theoretical predictions
derived from basic magnetic energy density considerations. It is
evidenced, that even for materials where the crystallographic ori-
entation of the bulk easy axis is not parallel to the axial direction
of nanowires, the occurrence of a single magnetic domain without
domain boundaries can be described and predicted in the frame-
work of the minimization of the energy density.

2. Experimental methods

The magnetic nanostructures were prepared by physical vapor
deposition in an ultra-high vacuum (UHV) Molecular Beam Epitaxy
(MBE, DCA Instruments, Finland) system with a base pressure of
under 2 � 10�10 mbar. W and Mo wires with diameters of
0.45 lm were used as substrates without any prior treatments or



Fig. 1. Possible domain configurations in a whisker.
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preparations, as the growth of the whiskers has been expected to
be aided by impurities and defects on the surface. For both Fe
and Co whiskers, the substrates were heated up to 760 �C to ensure
sufficient surface diffusion, which is critical for the nucleation and
subsequent growth of the whiskers. The deposition rate was con-
trolled at R = 0.05 nm/s and was monitored with a quartz balance.
Rotation of the specimen plate around its surface normal was
applied during the entire processes in order to improve the homo-
geneity of the deposition.

After the deposition, the specimens were cooled down to RT and
subsequently retrieved from the UHV system for further analysis.
The morphology and the crystallography of the nanostructures
were studied with scanning electron microscopy (SEM, LEO
1530VP Gemini) and transmission electron microscopy (TEM, Phi-
lips CM200 and JEOL ARM1250). The magnetic domain structures
were studied using off-axis electron holography (Hitachi
HF3300C-I2TEM).

For TEM sample preparation, nanostructures (mostly whiskers)
were transferred to a standard 300-mesh TEM grid by scratching
the coated substrate surface. The grids were covered with lacy or
holey C-film for supporting the nanostructures. Lamellae speci-
mens of the cross-section of the whisker were also prepared by
Focused Ion Beam (FIB, FEI Dual-Beam), in order to inspect the
cross-sectional microstructures.

3. Results and discussions

3.1. Co whiskers

After growth (Fig. 2), the entire surface of the Mo wire was full
of Co objects (whiskers platelets and particles) as shown in Fig. 2-a
Fig. 2. SEM micrographs of the surface of (a) a Mo and (b) a W wire after 180 nm (nom
diffraction pattern of Co whiskers with a (c) FCC and a (d) HCP structure.
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whereas on the W wire surface only a few long whiskers were
observed (Fig. 2-b). The result can be explained by the different
surface conditions of the two wires, including the density of
defects and impurities, the wettability of Co related to the interface
energy as well as the mobility of Co atoms on Mo and W surfaces.
Co tends to follow Frank–van der Merwe growth mode on W sur-
faces [33] while a Stranski–Krastanov mode on Mo surfaces has
been observed [34]. Phase transformation of Co (from FCC to
HCP, ~ 430 �C) is expected when cooling down the Co whiskers
from their growth temperature (~760 �C) to RT for further investi-
gations. The growth temperature is above the HCP – FCC phase
transformation but below the Curie temperature. Both HCP and
FCC crystal structures were identified in the Co whiskers by elec-
tron diffraction. A Co whisker with FCC structure is shown in
Fig. 2-c. The whisker axis is along the h1 1 0i direction as indexed
in the electron diffraction pattern (inset). Fig. 2-d shows an HCP Co
whisker from the [0 0 0 1] zone axis. The axial direction of the
whisker in this case is parallel to the h1 2 1 0i direction. The cross
section of Co whiskers was usually a pentagon with size ranging
from 20 to 300 nm, while the length of the whiskers was from 2
to 100 lm. More details about the crystal structures of Co whiskers
will be discussed in a separate paper.

3.2. Fe whiskers

Fe whiskers were obtained also on Mo andWwires (Fig. 3-a), as
well as on SrTiO3(0 0 1) (STO) substrates with a mediating TiC layer
(Fig. 3-b). The growth temperature was about 760 �C for the Fe
whiskers grown on Mo or W wires and about 810 �C for those
grown on STO substrates. The substrate temperature for Mo and
W wires was close to, for STO higher than the Fe Curie tempera-
inal value) of Co deposition at 760 �C. TEM micrograph and (inset) corresponding
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ture. The morphology of the objects after growth also depends on
the type of the substrate. As shown in Fig. 3, the Fe whiskers grown
on the Mo wire resemble the Co whiskers grown on the same sub-
strate. The axial crystal orientation of the whiskers was fixed but
their relative orientation to the substrate surface was completely
random. This is in contrast to what was obtained on STO substrates
where whiskers with two preferential orientations relative to the
substrate were observed. Careful analysis revealed that the two
growth directions were in fact perpendicular to one another. This
can be understood as due to the 4-fold symmetry of the (0 0 1)
STO substrate. Indeed, since the mediating TiC layer was mostly
amorphous, the growth direction of the Fe whiskers can only be
inherited from the underlying STO substrate. This implies that
the mediating layer in this case merely provided the preferred
nucleation sites (defects, possibly as vacancies or holes) for the
whisker growth, and that an epitaxial relationship was possibly
established between the Fe whiskers and the STO substrate. The
dimensions of Fe whiskers were pretty much the same as the Co
whisker, as cross-sectional size varied from 20 to 300 nm, the
length differed from 2 to 100 lm.

Further microscopic analysis on the cross-sectional lamellae
(Fig. 3-c and -e) indicated that the cross sections of the Fe whiskers
were all rectangular shaped albeit with different aspect ratios. The
cross-sectional planes, cut with FIB, were perpendicular to the
axial direction of the whiskers, which is the [1 0 0] crystallographic
direction of BCC a-Fe. A high resolution HAADF image is shown in
Fig. 3-d: the monocrystalline Fe core of the whisker is surrounded
by a 3 nm thick oxide layer . Two sets of spots were thus found in
the corresponding FFT pattern (inset), one (red circles) corresponds
to the (0 0 1) plane of BCC Fe and the other (yellow circles) corre-
sponds to the (0 1 1) plane of FCC Fe3O4 or c-Fe2O3. It can also be
inferred from the FFT pattern that the sidewalls of the Fe whiskers
were composed of 4 crystal planes of the {1 0 0} family. These are
Fig. 3. SEM micrographs of Fe whiskers grown on (a) Mo wire at 760 �C and on (b) STO
layer was deposited on the surface of the STO substrates prior to the Fe deposition. (c)
(nominal value) of Fe deposition at 760 �C. (d) HAADF image on the same cross section
section of another Fe whisker grown on the same substrate.
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the planes with the lowest surface energy [35]. Finally, it is possi-
ble to derive the epitaxial relationship between the BCC Fe whisker
and the FCC oxide layer by combining all the above data. The result,
(0 1 0)oxidek(1 0 0)Fe and h0 1 1ioxidekh1 0 0iFe, is consistent with
what was reported by Wagner [36] and Stockbridge [37] on large
single crystals Fe at various temperatures, and by Luborsky [38]
on sub-micron Fe whiskers. The oxide thickness is well below
5 nm which is remarkable since the whiskers were stored under
ambient atmosphere, and the bulk Fe is prone to oxidation.

Overall, the growth process for nano-whiskers is not fully
understood, despite its high reproducibility. The historical expla-
nations based on the incorporation of a screw-dislocation parallel
to the whisker axis cannot be confirmed by the microstructural
observations in this work. More specifically, the atomistic growth
process is still elusive. Growing whisker under UHV conditions
minimizes the effect of impurities, which allows geometrical shape
influence on physical properties to be studied on purely genuine
materials.

3.3. Magnetic domain structures

The Fe and Co whiskers synthesized in this work all have perfect
crystal facets with clean and smooth surfaces. These whiskers are
the ideal samples for studying the magnetic properties of materi-
als, as they are not affected by incoherent grain boundaries (ex-
cluding twin boundaries) or impurities. The peculiar geometry of
the whiskers and platelets also provides a unique perspective to
the understanding of size related properties in magnetic struc-
tures. Whiskers and platelets of Fe and Co were studied with elec-
tron holography at room temperature under zero-field conditions.
For each measurement, a second hologram was recorded with the
specimen inverted, in order to separate the mean inner potential
(MIP) with the magnetic field (MAG) contributions in the total
substrate at 810 �C after 180 nm (nominal value) of Fe deposition. A TiC mediating
STEM image on the cross section of a Fe whisker grown on a W wire, after 180 nm
together with (inset) the corresponding FFT pattern. (e) TEM BF image on the cross
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phase shift. A reference hologram was also recorded in vacuum for
each measurement for the correction of instrumental and experi-
mental artifacts.

Fig. 4 shows the electron holography results of a Co whisker.
The morphology of the whisker can be visualized in the amplitude
image (Fig. 4-a). The whisker has a uniform diameter of about
90 ± 2 nm. Fig. 4-b is the MAG phase shift image. The so-called
wrapped phase, calculated as the modulo of 2p, is indicated by
the false color scale. The outline of the whisker is clearly distin-
guishable on the phase shift image. The MAG phase shift was along
the direction perpendicular to the whisker axis, indicating that the
magnetization was along the direction of the whisker axis. A
phase-unwrapping algorithm was later applied to remove the dis-
continuities in the wrapped phase. The contour map (Fig. 4-c) gen-
erated from the unwrapped MAG contribution shows the remnant
magnetic state of the whisker, which allows for quantitative anal-
ysis of the strength and direction of the local flux. The contour lines
were homogeneously distributed within the whisker. Their density
is proportional to the in-plane component of the induction of the
specimen integrated along the electron beam direction. Fig. 4-d
shows the magnetic flux lines, the direction of the measured mag-
netic induction being represented according to the color wheel.
The flux lines within the whisker are parallel to the sidewall show-
ing the magnetization direction of the whisker along the whisker
axis, as pointed out by the white arrow on the image. No distur-
bance from domain wall was observed, indicating a single domain
structure inside the Co whisker. It is worth to mention, that the
Fig. 4. Electron holography results on a Co whisker: (a) amplitude image; (b) MAG pha
plane magnetic induction, the spacing of the contour is 0.75 rad; (d) Magnetic flux lines c
The direction of the measured magnetic induction is indicated according to the color whe
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magnetization direction of the Co nano-whiskers is always parallel
to the whisker axis. The easy magnetization directions are inclined
relative to the whisker axis for both FCC and HCP crystal structures.

Fig. 5 shows the holography results on a Fe whisker. The diam-
eter of the whisker is 70 ± 2 nm. The montage of the 12 holograms
covers a total 2.2 ± 0.05 lm of the 6.25 ± 0.05 lm long whisker. For
BCC Fe whiskers, the whisker axis coincides with the crystal easy
axis, along the h0 0 1i direction. The whiskers were randomly dis-
tributed on the TEM grids, with enough separation between them
to be considered each as an isolated object. Regardless of the mag-
netostriction effects, the energy density of the three previous
described different magnetization configurations can be calculated
for Fe withMs ¼1.714�106 A/m [39] and r180

w;Fe ¼ 2� 10�3 J/m2 [40],
the latter being the specific energy of the (1 0 0)-180� wall. The
aspect ratio of the Fe whisker is c=a �90. This gives a demagnetiza-
tion coefficient of Nd ¼0.00528 [41]. For a multi-domain structure
with magnetization perpendicular to the whisker axis, the mini-
mum energy density is calculated as (see Eqs. (3)–(7))

emin ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7rw

W

r
�Ms ¼ 4:778� 105J=m3; ð8Þ

with a domain size of D ¼
ffiffiffiffiffiffiffiffiffiffiffi
rwW
1:7Ms

2

q
¼16.7 nm (see Equ. (3)).

The energy density of a two-domain structure with magnetiza-
tion parallel to the whisker axis is

ew ¼ rw

W
¼ 2:8� 104 J=m3: ð9Þ
se shift; (c) MAG phase contour overlaid with the amplitude image showing the in
alculated as the cosine of 7 times the MAG contribution to the measured phase shift.
el and the magnetization direction of the whisker is pointed out by the white arrow.



Fig. 5. Electron holography results of a Fe whisker: (a) amplitude image; (b) MAG phase shift; (c) MAG phase contour overlaid with the amplitude image showing the in plane
magnetic induction, the spacing of the contour is 0.49 rad; (d) Magnetic flux lines calculated as the cosine of 2 times the MAG contribution to the measured phase shift. The
direction of the measured magnetic induction is indicated according to the color wheel and the magnetization direction of the whisker is pointed out by the white arrow.
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At last, the energy density of a single domain structure at satu-
ration magnetization writes

ems ¼ 1
2
NdMs

2 ¼ 7:756� 102 J=m3: ð10Þ

It is obvious from the comparison that single domain is energet-
ically the most favorable structure for Fe whiskers of high aspect
ratio.

Next, this conclusion is applied to the FCC Co whiskers. The easy
axis is along the h1 1 1i direction while their whisker axis is along
the h0 1 1i direction. With Ms ¼ 1:445� 106 A/m, the exchange
stiffness constant A ¼ 3:0� 10�11 J/m [42–44] and the anisotropy
constants K1 ¼ �5:7� 104 J/m3, K2 ¼ 1:3� 104 J/m3 [45], the
specific domain wall energy r180

w;Co ¼ 2
ffiffiffiffiffiffiffiffiffi
AK1

p ¼ 2:6� 10�3J/m2 is
obtained. Taking the same aspect ratio as 50 and the corresponding
demagnetization coefficient Nd ¼ 0.0094 as before, the minimum
energy density for the multi-domain structure with magnetization
perpendicular to the whisker axis is calculated as

emin ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7rw

W

r
�Ms ¼ 3:84� 105 J=m3; ð11Þ
6

with a domain size of D ¼
ffiffiffiffiffiffiffiffiffiffiffi
rwW
1:7Ms

2

q
¼27.1 nm (see Equ. (3)).

The energy density of a two-domain structure with magnetiza-
tion parallel to the whisker axis is

ew ¼ rw

W
¼ 2:6� 104J=m3: ð12Þ

At last, the energy density of a single domain structure at satu-
ration magnetization writes

ems ¼ 1
2
NdMs

2 ¼ 9:81� 102J=m3: ð13Þ

The extra energy density costs from magnetocrystalline aniso-
tropy is calculated as

Demc ¼ emcð110Þ � emc 111ð Þ ¼ K0 þ K1

4
� ðK0 þ K1

3
þ K2

27
Þ

¼ 4:27� 103J=m3: ð14Þ
Even with this extra energy density cost, the single domain

structure is still the lowest free energy state among the three
domain structures considering the dimensions of the whiskers.



Fig. 7. Lorentz microscope image (2 mm under-focus) of a Co platelet with closure
multi-domain structure. The bright and dark lines are the domain walls, and are
highlighted by the red dashed lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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The gain in energy is sufficient to orient the magnetization direc-
tion parallel to the whisker axis even if the whisker axis is not
the easy axis of the material.

Regarding the HCP Co whiskers, the uniaxial symmetry of the
HCP lattice initially caused a large magnetocrystalline anisotropy.
However, for whiskers with very high aspect ratios, the shape ani-
sotropy becomes predominant which forces the magnetization to
align with the whisker axis. Hubert and Schäfer [32] calculated
the critical value of the aspect ratio to be 3.5, at which point the
shape anisotropy constant becomes comparable to the crystal ani-
sotropy constant with Ks � K1 ¼ 4:5� 105 J/m3. The HCP Co whis-
kers synthesized in this study showed aspect ratio much higher
than 3.5, thus it is not unexpected that the whiskers were magne-
tized along the whisker axis due to the predominant shape
anisotropy.

The situation is different for platelets with higher symmetry.
The electron holography results on a Co platelet are shown in
Fig. 6. The platelet is a truncated-triangle with a 3-fold symmetry
as can be inferred from the amplitude image (Fig. 6-a). The average
length of the three longer sides is 150 ± 4 nm. The vortex state
observed in the MAG phase shift image (Fig. 6-b) is understood
as due to the high symmetrical shape of the platelet. Larger phase
shift is obtained as one moves towards the center of the platelet.
The phase shift is well confined within the platelet (since the vor-
tex state is a stray field free or flux closure state), with only a few
weak phase shift detected outside the platelet area. The induction
lines (Fig. 6-c) and the magnetic flux lines (Fig. 6-d) indicate the
presence of a magnetic vortex in the platelet. With the absence
of external field, the center of the vortex lies on the central point
of the rotational symmetry of the platelet. The vortex state was
stabilized by the ‘‘round” truncated edges. The sharp angles of
the triangle are not favorable for the vortex state due to the high
exchange energy [46].
Fig. 6. Electron holography results of a Co platelet: (a) amplitude image; (b) MAG phase s
magnetic induction, the spacing of the contour is 0.21 rad; (d) Magnetic flux lines calcula
pass filter was applied to suppress the high frequency noise. The direction of the m
magnetization direction of the whisker is pointed out by the white arrow.
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For large platelets that are not highly symmetric, multi-domain
structures were observed instead. Fig. 7 shows the Lorentz micro-
scope image of such a platelet. The Co platelet exhibited a closure
hift; (c) MAG phase contour overlaid with the amplitude image showing the in plane
ted as the cosine of 4 times the MAG contribution to the measured phase shift. A low
easured magnetic induction is indicated according to the color wheel and the
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multi-domain structure with its domain walls (bright and dark
lines) highlighted by the red dashed lines. The dimension of the
platelet is very different from that of a whisker. The width of the
platelet is 400 ± 10 nm, its length is 1.2 ± 0.02 lm. It seems that,
unlike whiskers, the single domain structure is not favored for pla-
telets with large surface area and small aspect ratio, nor is the vor-
tex state if the platelet is not highly symmetric, the most stable
state in this case is thus the closure multi domain structure.
4. Conclusion

In conclusion, Fe and Co nano-whiskers and platelets were suc-
cessfully synthesized. Both platelets and whiskers are freestanding
with well-defined microstructure. The surfaces are low index crys-
tal planes, with their cross section dominated by the Wulff shape.
The Fe whiskers were found to be of BCC crystal structure, single
crystalline and defect-scarce. In contrast, both FCC and HCP struc-
tures were observed in Co whiskers. Stacking faults and micro-
twins are often observed in Co whiskers. The magnetocrystalline
easy axis of BCC a-Fe is parallel to the Fe whisker axis. For Co whis-
kers, neither the FCC nor the HCP easy magnetization axis is paral-
lel to their whisker axis. Changes in defect density did not
influence the magnetization direction. Remarkably, both Fe and
Co whiskers synthesized in this work were all single domain struc-
tures with magnetization along the whisker axis. The magnetiza-
tion direction was dictated by the predominating shape
anisotropy (rather than the magnetocrystalline anisotropy), as a
result of the high aspect ratio of the whiskers. Vortex state was
observed in highly symmetric small platelets. Larger platelets with
lower level of symmetry, on the other hand, exhibited a multi-
domain structure, but still exhibiting low indexed surface planes.
The result paves way for the fabrication of high-quality core–shell
or layered structures. The perfect surfaces of the nano-whiskers
and platelets allow for homogeneous and position invariant nucle-
ation of a second phase, retaining the defect-scarceness in subse-
quently grown shell or layers.
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