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Using off-axis electron holography under Lorentz microscopy conditions to experimentally deter-

mine the magnetization distribution in individual cobalt (Co) nanowires, and scanning precession-

electron diffraction to obtain their crystalline orientation phase map, allowed us to directly visualize

with high accuracy the effect of crystallographic texture on the magnetization of nanowires. The

influence of grain boundaries and disorientations on the magnetic structure is correlated on the basis

of micromagnetic analysis in order to establish the detailed relationship between magnetic and crys-

talline structure. This approach demonstrates the applicability of the method employed and provides

further understanding on the effect of crystalline structure on magnetic properties at the nanometric

scale. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923745]

INTRODUCTION

For society to continue current technology trends, a

comprehensive understanding of nanoscale materials and

their physical properties are necessary within the scientific

community. In particular, magnetic nanostructures of differ-

ent size, shape, and composition (e.g., nanoparticles, nano-

wires, and thin films) possess a great potential to improve

areas such as magnetic data storage and electromagnetic

sensing.1–4 Lately, magnetic nanowires (Co, Fe, and Ni)

have been studied experimentally and by simulations.5–8 For

example, depending on their diameters, the magnetization of

these nanowires is known to reverse via either transverse

walls or vortex walls. In thin ferromagnetic nanowires

(diameter< 40 nm), a simple domain wall nucleates and

propagates along the nanowire axis, while the reversal of

thick nanowires (diameter more than 40 nm) is achieved via

localized curling or vortex mode.7 The magnetization direc-

tion of each magnetic domain can also be influenced by the

magnetocrystalline anisotropy, typically following the easy

magnetization axis to minimize the magnetocrystalline

energy. Therefore, the magnetization behavior in these nano-

structures is dominated by the competition between shape

anisotropy and magnetocrystalline anisotropy. In many

cases, this competition can frustrate the magnetization. It is

expected that the magnetostatic coupling between nanostruc-

tures will strongly influence their response to an external

field, and therefore also influence subsequent device

performance.8–10

However, it is difficult to observe the magnetization of

individual nanowires and even more difficult to observe the

crystalline grains within a nanowire. Some bulk measure-

ments, such as first order reversal curves (FORC), can be

used to observe averages and distributions of magnetizations

and coercivities.11 Magnetic force microscopy can image

magnetization along a nanowire.12,13 Other techniques use

scattering to observed periodicities in magnetization and/or

structure, for example, small angle neutron scattering

(SANS).14 Magnetic imaging in transmission electron mi-

croscopy (TEM) can be performed in different modes such

as differential phase contrast microscopy, off-axis electron

holography and Lorentz microscopy.15–21 But the correlation

between magnetization and individual grains has been elu-

sive until recently.22–27 In this matter, TEM offers the possi-

bility to combine specialized techniques to investigate

structure-property relationships at scales ranging from a few

microns to a few nanometers.28–33 For instance, off-axis

electron holography affords the study of the magnetization

distribution inside nanostructures in a detailed manner,

while the coupling of nano-probe scanning and precession

electron diffraction is a powerful technique developed to

automatically obtain crystallographic orientation/phase maps

of nanosized polycrystalline structures.34 Precession electron

diffraction (PED) is a technique that collects electron diffrac-

tion patterns under a conical oscillation of the electron beam

leading in a significant reduction of the dynamical effects

due to the thickness of the sample. In addition, PED provides

oriented electron diffraction patterns even if the crystal is not

perfectly aligned to a particular zone axis, which improves

the measurements in the indexation process.35

In this work, the magnetization and crystalline orienta-

tions of high aspect ratio Co nanowires were mapped in a

transmission electron microscope. The field of view of

electron holography and PED-assisted automated crystal ori-

entation mapping (ACOM) in TEM can vary from few
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nanometers to up to 2 lm.36,37 The nanowires had diameters

of 95 nm 6 5 nm and lengths of 240 nm–5.75 lm for aspect

ratios (R¼Length/diameter) that varied from 2.5 to 60. The

magnetic flux distributions were experimentally observed

using off-axis electron holography under zero magnetic field

conditions, and phase maps were acquired and employed to

distinguish magnetization from individual nanocrystals with

high accuracy. The crystal structure was determined by TEM

and mapped by ACOM-TEM. Finally, micromagnetic analy-

sis was performed at individual nanowires to visualize and

understand the effects of the crystallographic texture on the

magnetization of the nanowire.

RESULTS

In order to perform a reliable magnetic analysis, we

selected an isolated Co nanowire that was mounted on the

carbon film of a lacey carbon copper grid. A TEM micro-

graph is presented in Figure 1(a), showing that no other

nanowire is near the nanowire under study, thus avoiding

any interaction of magnetostatic nature. An electron holo-

gram of the nanowire was recorded as reference of the initial

state of the Co nanowire, Figure 1(b), and its corresponding

unwrapped phase image is displayed in Figure 1(c). Similar

features were observed for another nanowire’s holograms, as

shown in supplementary Figure S1.44

In electron holography, phase information from several

contributions regarding thickness, magnetic, electric, and

stress fields can be resolved by means of suitable mathemati-

cal analysis.38 In particular, the separation of electrostatic

and magnetic phase shifts was performed by in situ magnet-

ization reversal, carried out by the sequential application of

magnetic fields of 63.7 kOe, via the objective lenses, along

the main axis of the nanowire, and computing the digital

operation between the corresponding holograms (Bþ and

B�). The magnetic field applied was previously calibrated

and the characterization of the contribution of the objective

lens is included in supplementary Figures S2 and S3. The

mathematical procedure on the images to extract separately

the electrostatic or the magnetic contribution is described by

the following equations:26

1

2
u2 þ u1½ � ¼ CEVot; (1)

1

2
u2 � u1½ � ¼

e

�h

ð ð
B? x; yð Þ � dx � dz; (2)

where /1 and /2 correspond to the unwrapped phases

extracted from Bþ and B� holograms, respectively, CE is an

energy dependence constant, Vo is the mean inner potential of

the material, t is the thickness of the nanowire, e is the elec-

tron’s charge, h is the Planck constant, and B? correspond

to the magnetic induction component normal to the plane

containing the nanowire. The retrieved phases used for this

analysis are shown in supplementary Figure S5. In this way,

the electrostatic contribution obtained by Eq. (1) is shown in

Figure 2(a), alongside its amplification (Figure 2(b)) obtained

from three times the cosine of the electric phase. On the other

hand, the pure magnetic phase contribution (Figure 2(c)) is

obtained by computing half of the difference between supple-

mentary Figures S5c and S5e, as stated in Eq. (2). The corre-

sponding phase contour (displayed in Figure 2(d)) was

amplified as three times the cosine of the magnetic phase

image. These contours have a direct correspondence to the

magnetic flux lines inside the nanowire, indicating a predomi-

nant axial orientation for the magnetization, including some

marked deviations visualized as wavy flux lines. No magnetic

domain wall was observed in this wire. In addition, the stray

fields leaking around to the tip are a consequence of the for-

mation of a vortex structure observed at the tip in which sur-

rounding uncompensated flux lines results in the asymmetric

magnetic contours observed in the image. The magnetic

phase profile across the highlighted arrow in Figure 2(c) is

plotted in Figure 2(e), showing that it corresponds to the pre-

dicted phase shift, consistent with the local magnetic induc-

tion within the nanowire.

A quantitative evaluation of the magnetic flux can be

obtained from the retrieved phase maps, considering that

between two adjacent contour lines there is a magnetic flux

of h/e¼ 4.1� 10�15 Wb, so a phase difference of 2p corre-

sponds to a magnetic flux quantum of h/e. Then, the total

phase shift (Du) across the nanowire in the unwrapped phase

image is proportional to the total flux, thus the magnetization

can be evaluated by the following equation:26

M ¼ Du � /0

2p � l0 � S
; (3)

where S is the cross-section area of the nanowire, l0 is the

magnetic permeability of the vacuum, and /0 is the magnetic

flux quantum (h/e). The magnetization was quantitatively

evaluated from the total phase shift as M¼ 1.42� 106 A/m

which correspond very well to the saturation magnetization

of Co (of 1.43� 106 A/m (Ref. 38)). To obtain the magnetic

flux direction, it is necessary to compute the gradients (in

both directions x and y) of the pure magnetic phase image.

Then, the magnetic phase shift across the nanowire is propor-

tional to the magnetic flux enclosed by the interfering trajec-

tories of the electron beam.

In order to correlate the magnetic flux with crystalline

structure, we performed PED-assisted ACOM in the same

FIG. 1. (a) Low magnification TEM image of a Co nanowire. (b) Electron

hologram where the inset shows the FFT from the sideband that was used to

reconstruct the phase image. (c) Unwrapped phase image, displaying the

phase variations characteristic of magnetic samples.
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nanowire. The PED-ACOM operation module is coupled

with the microscope coils to scan the area of interest with a

nanometer-sized electron beam (supplementary Figure S6),

and record electron diffraction patterns at each step with an

ultra-fast external charge coupled device camera (CCD). The

spatial resolution of the crystal orientation map depends on

the electron beam scanning step size and on the probe size

used. The crystal structure of the nanowire was analyzed

with the full set of diffraction patterns taken during the scan-

ning session. The off-line data processing software performs

spot recognition by template matching, computing the corre-

lation index between the experimental spot pattern and the

calculated spot pattern in the template. To estimate the

degree of confidence of the pattern matching, a reliability

map is generated from the two maximum values obtained

from the correlation index. Its value ranges from zero-black

to 100-white, and it indicates how safe or unique a solution

is.34 Additionally, an index map is generated which measures

the degree of correlation, giving information on structural

features according to the index matching. In this way, we

obtain full information about the crystalline orientation and

the degree of polycrystallinity in a fast and automated man-

ner. For the Co nanowires, the best results yielded for the

hexagonal phase, founding no cubic phase structure in the

system. In Figure 3, the crystal orientation map of the same

Co wire analyzed by electron holography is presented. In

Figure 3(a), the crystal orientation map is displayed with

respect to the “x” direction of the scanned area, and in

Figure 3(b), the crystal orientation map is displayed with

respect to the “y” direction of the scanned area. In Figure

3(c), the crystal orientation map is displayed with respect to

the “z” direction of the image plane, which is the direction

perpendicular to the scanned area. All crystal orientation

maps have been overlapped with the index map to improve

data representation. In Figure 3(d), a representative hexago-

nal prism displays with main colors the three faces of the

color map code necessary to interpret the crystal orientation

map. Overall, the nanowire revealed a polycrystalline nature,

comprising a variety of grain sizes and orientations. Small

grains with variable orientations are observed at the tip, and

some sparse in other parts of the nanowire; whereas larger

grains, mostly oriented towards the [0001] direction, are

observed to compose most part of the nanowire. The disori-

entation among grains ranges from 21� to 70� (supplemen-

tary Figures S7 and S8).

DISCUSSION

For isolated nanowires, the orientation of the magnetiza-

tion results from the competitive interaction between the

FIG. 2. (a) and (b) Electrostatic phase

contribution and its corresponding

amplification (three times the cosine of

the electric phase), respectively. (c)

and (d) Magnetic phase contribution

and its corresponding amplification

(three times the cosine of the magnetic

phase), respectively. (e) Phase shift

across the highlighted arrow in the

magnetic phase image in (c).

FIG. 3. Crystal orientation map of the

Co nanowire with color code with

respect to (a) x, (b) y and (c) z. The y

direction of the scanned area is aligned

roughly along the axis of the nanowire.

All crystal orientation maps have been

overlapped with the index map. (d)

Virtual bright field image of the nano-

wire. (e) The three facets from the ori-

entation color code map are illustrated

in the hexagonal prism.
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magnetocrystalline and shape anisotropy. The shape anisot-

ropy energy Esh results from the inner demagnetizing field

(proportional to NxMs, where N the demagnetizing factor

and Ms the saturation magnetization) and is given by39

Esh ¼
1

2
l0NM2

s ; (4)

where l0 is the magnetic permeability of vacuum (4p
� 10�7 H/m). For the hard shape direction (i.e., perpendicu-

lar to the longitudinal nanowire axis) of an elongated wire

with high aspect ratio, N¼ 1=2. By using Ms of Co

(¼1425 kA/m) we have for Esh¼ 12.7 � 105 J/m3. On the

other hand, the magnetocrystalline anisotropy energy, Emc,

in terms of the angle h between the nanowire’s main axis

and the magnetization vector M, is given by39

Emc ¼ K1 cos2hþ K2 cos4h; (5)

where K1 and K2 stand for the first and second magnetocrys-

talline anisotropy constants. For the hard crystalline direction

of the nanowire, h¼ 0 (i.e., parallel to the nanowire main

axis) and, by considering K1¼ 4.5 � 105 J/m3 and K2

¼ 1.4� 105 J/m3 for Co,39 we have Emc¼ 5.9� 105 J/m3.

Therefore, the preferred magnetization orientation is favored

energetically with direction parallel to the longitudinal nano-

wire axis. The similar energy density for both contributions

Esh, Emc, is indicative of the competitive interaction between

them. Our electron holography results (Figure 2) confirm

that shape anisotropy has a predominant role to determine

the nanowire’s magnetization direction along its main axis, a

tendency favored by large elongated grains along the longi-

tudinal axis, with small disorientation from the normal direc-

tion, as revealed by the orientation map. In contrast, at the

tip of the nanowire, the random distribution of easy axis has

a greater influence over the magnetization direction. The

nanowire’s magnetization and its crystalline phase orienta-

tion map are shown in Figure 4. The effect of the crystalline

structure on the magnetization is clearly observed at the tip

of the nanowire where the random crystal orientation of the

grains induced marked fluctuations on the magnetic flux.

The wavy nature of the magnetization within larger grains is

also influenced by the grain orientation and grain boundaries

among crystallites. The Co nanowire is composed of several

hcp grains with different orientations. The grain size, as well

as the crystal orientation of the grains varies along the nano-

wire’s length, including several large grains (200–300 nm)

with the [0001] c-axis lying nearly perpendicular to the long

axis of the nanowire. The c-axis is the easy axis of the mag-

netocrystalline anisotropy in hcp Co.40 The tip of the nano-

wire containing smaller grains (<80 nm) presents the most

disoriented region. In Figure 4(a), the crystal orientation map

with respect to z is over-layered with the reliability map. In

the reliability map, low reliability values are displayed as

dark dots when two or more solutions of the indexation are

closer, meaning that crystal grains are superimposed. A simi-

lar condition occurs at the grain boundaries since both orien-

tations also contribute to the diffraction pattern.

Figure 4(b) shows the corresponding magnetization map

to the crystalline region pictured in Figure 4(a). Even though

the observed magnetic flux lines run wavy rather than

straight along the length of the nanowire they follow roughly

the shape anisotropy, confirming the prevailing influence of

the shape anisotropy on the magnetization orientation. The

color of the magnetic flux lines indicates the direction of

magnetization as represented by the color wheel. Most of the

magnetic flux lines point towards the tip of the nanowire

shown in the picture, following the long axis direction, but in

some areas, the magnetic flux lines show alternating colors,

suggesting a change in the direction of magnetization. A vor-

tex structure is present at the tip of the nanowire where the

magnetic flux lines follow a clockwise direction. The uncom-

pensated flux lines of this magnetic structure causes stray

fields observed as flux leakage. The observed vortex lies

along the main axis of the nanowire, as a consequence of the

local competing easy axis promoted by the random orienta-

tion of the polycrystalline structure at the tip. To the best of

our knowledge, this is the first report concerning the use of

electron holography and scanning precession-electron dif-

fraction to describe the effect of crystalline orientation on

the magnetic structure of high aspect ratio nanowires. Unlike

most reports concerning monocrystalline or polycrystalline

magnetic nanowires,30,41,42 in which the formation of do-

main walls is located along their longitudinal axis (i.e.,

beyond the tip), for the Co nanowire shown here, no domain

wall is observed due to the predominant influence of shape

anisotropy along the wire’s main axis and to the local

FIG. 4. (a) Crystal orientation and (b) magnetic phase contour maps of the Co nanowire. The crystal orientation map is displayed with respect to the direction

of observation z (color key code displayed on the right) and is over-layered with the reliability map to reveal zones where crystallites overlap. The magnetic

phase contour map is obtained after amplifying 3 times the cosine of the unwrapped magnetic phase (magnetic flux direction color-wheel displayed on the

right). The outline of the nanowire is marked by the thin white line. Arrows represent the magnetic flux direction.
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competing magnetocrystalline anisotropy axis at the tip. This

marked correlation between crystal structure and magnetiza-

tion distribution is discussed in further detail in the

following.

In order to gain further insight for the correlation between

magnetic and crystalline structure for the studied Co nano-

wires, micromagnetic simulations were performed for a cylin-

drical model with dimensions extracted from TEM images,

namely, 95 nm diameter and 1000 nm length. The polycrystal-

line nature of real nanowire was represented by means of reg-

ular segments of different lengths along the wire main axis

(short regular grains of 65 nm length at the tip together with

large, elongated grain of 200 and 300 nm beyond the tip). For

all the grains, different c-axis orientations of the hcp Co struc-

ture were assigned according to the orientation map from

which the largest disorientations at the tip with smaller grains

were taken as representative values for the corresponding

smaller grains of our model. The magnetocrystalline anisot-

ropy direction within each grain was set according to c-direc-

tions. Micromagnetic calculations were carried out by means

of the dynamic magnetization description given by the

Landau-Lifshitz Gilbert equation of motion and its time inte-

gration technique by means of finite element methods,43 with

the following parameters for hcp cobalt: magnetocrystalline

constant K1¼ 4.5� 105 J/m3 and K1¼ 1.4� 105 J/m3, satura-

tion magnetization Ms¼ 1425 kA/m and exchange constant

A¼ 3.1� 10�11 J/m.39

The calculated magnetization for the Co nanowire model,

corresponding to a plane view intersecting the middle part of

the model along its longitudinal axis, is shown in Figure 5. In

general, the calculated magnetization is consistent with the

magnetic contours shown in Figure 4(b), since the magnetiza-

tion tendency follows the axial direction and, at the tip, a vor-

tex structure is visible, including surrounding magnetization

arrows pointing towards the external surface of the model giv-

ing rise to flux leaking (not shown in the figure). No domain

walls structures are observed beyond the tip along the length

of the nanowire, and some wavy magnetization orientations

are also visible, both features being in agreement with the

electron holography results of Figure 4(b).

Although the experimental magnetic contours reveals

the major influence of the shape anisotropy on the nano-

wire’s magnetization, the more detailed magnetic configura-

tion shown in Figure 4(b) suggests that the interfaces

between disoriented grains must play a more active role on

the magnetization changes of crystals with variable orienta-

tions. In particular, the calculated magnetization distribution

of the random polycrystalline structure at the tip suggests a

counterbalancing effect of the shape anisotropy as a conse-

quence of local competing magnetocrystalline easy axis,

which allows vortex formation. The interfaces between

strongly disoriented grains can produce surface charges, sim-

ilar to those characterizing Bloch walls, which in turn pro-

duces uncompensated flux lines coming out at the nanowire

surface.

On the other hand, the experimental magnetic phase

contours of large, elongated grains with c-axis oriented per-

pendicularly to the longitudinal axis (colored in red and or-

ange in Figure 4(a)), present magnetic wavy flux variations.

Such disorientations have been described analytically in

equivalent Co nanowires10 for which the magnetization mod-

ulates its orientation along the longitudinal axis, in order to

reduce the demagnetizing energy at the equilibrium state.

The modulation angle h¼ cos(ky) leads to a magnetization

M function (along the x-y plane, Figure 3), given by43

M ¼ Ms½sin ðcos ðkyÞÞ; cos ððcos ðkyÞÞ�: (6)

The magnetization configuration given by Eq. (6) is consist-

ent with both, the experimental magnetic contours (Figure 4)

and the micromagnetic calculation of the magnetization dis-

tribution for large, elongated grains (>300 nm length) with

their c-axis oriented perpendicularly to the main nanowire

axis. Thus, for large grains with perpendicular c-axis orienta-

tion, the predominant effect determining the magnetization

orientation comes from the competition between shape and

magnetocrystalline anisotropies.

CONCLUSION

In summary, we present a novel combination of

advanced electron microscopy techniques, namely, electron

holography and precession electron diffraction-assisted crys-

tal phase orientation mapping to visualize the detailed

correlation between magnetic and crystal structure of Co

nanowires of high aspect ratios. The magnetic structure fea-

tures were explained in terms of the predominant influence

of shape anisotropy at large grains and of the local compet-

ing magnetocrystalline anisotropies axis for the small, ran-

dom oriented grains at the tip. Micromagnetic simulations

confirmed the influence of grain disorientation and grain

interfaces on the magnetic structure of the studied nanowire,

including the asymmetry of the flux leakage and the longitu-

dinal vortex structure observed on the magnetization map.

Therefore, this approach is of great value to display specific

areas of the material where the magnetocrystalline anisot-

ropy plays a major role over the shape anisotropy. The com-

bination of advanced electron microscopy techniques such as

off-axis electron holography and PED-assisted crystal phase

orientation mapping has demonstrated fundamental insight

on the local magnetic structure of nanoscale materials.

FIG. 5. Calculated magnetization for the micromagnetic Co nanowire model, corresponding to a plane view intersecting the middle part of the model along its

longitudinal axis. Grain disorientation information (relative to z axis, Figure 3) was taken from crystalline orientation map of Figures 3 and 4.
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EXPERIMENTAL SECTION

Co nanowires were synthesized inside anodic aluminum

oxide (AAO) templates containing columnar nanopores

(95 þ/� 5 nm diameter) by electrochemical deposition from

an aqueous solution of 155 g/l CoSO4�7H2O and 50 g/l

H3BO3. The latter was used to maintain the pH of the solu-

tion at 5.8. First, one side of each AAO template was coated

with Ti(20 nm)/Cu(200 nm). This side was then adhered to a

Cu contact and sealed using polyacrylate. The open side of

the template was then exposed to the aqueous electrolyte

cyclic voltammetry was used to determine the cathode posi-

tion for Co deposition (�1 V respect to Ag/AgCl reference

electrodes).

Electron holography and PED-ACOM were carried out

in a JEOL ARM microscope operated at 200 kV. Off-axis

electron holography was performed under Lorentz condi-

tions, where the main objective lens is switched off, and the

imaging is achieved using the objective minilens (Lorentz

lens). For PED-ACOM, the scanning step size was set to

1 nm with a spot size of 1.1 nm in nano-beam diffraction

mode using a 20 lm condenser aperture, covering an area of

250 nm � 900 nm. The precession angle was set to 0.9� and

the precession unit was operated at 50 Hz. Each pattern was

acquired at 0.04 s, and the total acquisition mapping time

lasted around 30 min. About 90–100 nm width nanowires

were chosen for the study. For the crystal phase orientation

analysis, we used off-line data processing software by com-

puting the correlation index between the experimental spot

pattern and the calculated spot pattern in the template.

Crystallographic data for the Co nanowire is available in the

supplementary material.44
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