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We have used electron holography to investigate the local magnetic behavior of isolated

ferromagnetic nanowires (NWs) in their remanent states. The NWs consisted of periodic magnetic

layers of soft, high-saturation magnetization CoFeB alloys, and non-magnetic layers of Cu. All

NWs were fabricated by pulsed-potential electrodeposition in nanoporous alumina membranes.

The NW composition and layer thicknesses were measured using scanning transmission electron

microscopy and energy dispersive spectroscopy. The magnetization of individual NWs depended

upon the thicknesses of the layers and the direction of an external magnetic field, which had been

applied in situ. When the CoFeB was thicker than the diameter (50 nm), magnetization was axial

for all external field directions, while thinner layers could be randomized via a perpendicular field.

In some cases, magnetization inside the wire was detected at an angle with respect to the axis of

the wires. In thinner Cu/CoFeB (<10 nm each) multilayer, magnetic field vortices were detected,

associated with opposing magnetization in neighbouring layers. The measured crystallinity, compo-

sitions, and layer thicknesses of individual NWs were found to be significantly different from those

predicted from calibration growths based on uniform composition NWs. In particular, a significant

fraction of Cu (up to 50 at. %) was present in the CoFeB layers such that the measured magnetic

induction was lower than expected. These results will be used to better understand previously

measured effective anisotropy fields of similar NW arrays.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4887488]

I. INTRODUCTION

During the past two decades, one-dimensional (1D)

nanomaterials have attracted considerable attention due to

their important role in miniaturizing electronic devices. In

particular, 1D ferromagnetic nanowires (NWs) are of inter-

est, due to their unique physical properties, and possible

application in magnetic recording,1,2 spin electronics,3

microwave materials,4 and sensor devices.5,6 Single phase

or uniform composition magnetic NWs exhibit properties

potentially useful for small, light, ultrahigh-density memory

devices,7,8 while multilayered magnetic NWs, for which the

thickness of the magnetic and non-magnetic layers can be

controlled at the nanometer scale, also appear promis-

ing.9,10 In either case, the macroscopic properties of arrays

of these NWs are highly dependent upon the uniformity of

individual NW diameters, composition, and crystal

structure.

Electrodeposition into a nanoporous alumina membrane

is one method of ferromagnetic NW array fabrication.10

Electrodeposited magnetic NWs have been proposed for

high frequency applications11 and for high-density storage

media12 due to their relatively low cost of fabrication and the

possibility of manipulating their magnetic properties by

adjusting the composition and geometric parameters of the

array.10,13 Electrodeposited multilayer NWs offer additional

possibilities for tuning the magnetic anisotropy and magnet-

ization response by controlling their diameter, inter-wire dis-

tance, composition, and layer thicknesses.4,10 Understanding

the effects of these geometric parameters on the magnetic

remanence, the effective magnetic anisotropy, and the micro-

wave permeability of individual and arrays of magnetic NWs

is crucial to their design for a given application.

The effective magnetic anisotropy of arrays of long

NWs, with small diameter and uniform composition, has

been obtained by magnetometry and by ferromagnetic reso-

nance (FMR) measurements. The results are generally well

accounted for, quantitatively related to the geometric param-

eters, using a simple model based on the dipolar interaction

between uniformly magnetized wires.4,10 In particular, the

effective permeability from FMR measurements of such

arrays exhibits a double resonance at small, non-saturating,

fields, a behavior that was quantitatively explained by

assuming two populations of mutually interacting bistable

NWs.14 Under axial fields at low frequencies, large diameter

(150 nm and above), uniform composition wires exhibit a
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linear, anhysteretic response typical of a hard axis, as pre-

dicted by the simple model.4,10,15 And small diameter

(20 nm) uniform composition arrays exhibit rectangular hys-

teresis loops, typical of an easy axis, as expected. However,

angle-dependent, vectorial, magnetometry of similar uniform

arrays, suggested that the mechanism for magnetization re-

versal consists of a mixture of coherent and incoherent rota-

tions, and that the relative importance of each mechanism is

related to the wire diameters.15 These observations could not

be explained by a simple model of uniformly magnetized

bistable wires, with dipolar interactions only. And the agree-

ment was only qualitative when such a model was applied to

arrays of multilayer NWs.4,10

The basic structural unit in a multilayered NW is a peri-

odic row of non-magnetic/magnetic cylinders of radius r. If

each magnetic cylinder is of thickness, t, then depending

upon the aspect ratio, t/r, the expected magnetic state may

range from a vortex to a flower state.20 For large aspect

ratios (t/r> 1), calculations indicate that the remanent mag-

netization should be uniform along the axis of the wire, with

small radial deviations at the top and bottom. This is called

an out-of-plane flower state.21 For thinner, disc-shaped, cyl-

inders, with smaller aspect ratios (t/r< 1), the configuration

is called an in-plane flower state. This should have a rema-

nent magnetization nearly perpendicular to the axis of the

disc, with opposite directions in alternating neighbouring

discs. Magnetometry measurements of arrays of periodic Cu/

CoFeB NWs have confirmed that their average magnetic ani-

sotropy is a function of the thickness of each layer4 leading

to a weaker anisotropy of the arrays compared with uniform

NWs,4 as expected. However, quantitative agreement with

dipolar models has not been found.

First order reversal curve (FORC) measurements16 can

separate, to some extent, the intrinsic thresholds of individ-

ual magnetic elements, from their interaction with other ele-

ments. Such measurements on uniform composition NW

arrays17,18 indicated that switching of an individual wire is

an incoherent process, with nucleation somewhere in the

wire, followed by rapid reversal of the entire wire. In the

case of multilayer wires, FORC studies19 indicated that the

reversal is a combination of reversible and irreversible proc-

esses. While we have speculated that discrepancies between

the simple model predictions and results for multilayered

NWs could be due to errors in the estimation of the layer

thicknesses, composition and homogeneity, and finite inter-

face abruptness, we have not been able to confirm such

features.

Off-axis electron holography (EH) is able to study the re-

manent state of nanoscale magnetic materials. Combined with

the conventional capabilities of scanning and transmission

electron microscopy (STEM) for the characterization of com-

position and nanostructure, the magnetic remanent state of

individual nanoscale magnets can be determined. EH analysis

has already provided some insights into the magnetic proper-

ties of individual ferromagnetic NWs, including their mag-

netic anisotropy, interface anisotropy, and multilayer coupling

as a function of their size, shape, and structure.21–23 In particu-

lar, the saturated magnetic properties of single phase (Co and

Ni) and multilayer (Cu/Co) NWs of radii ranging from 20 to

150 nm, and a few microns in length21 have been investigated.

However, the magnetic spatial resolution in this study was

limited to 70 nm.21 EH has more recently been carried out on

smaller single-crystalline Co wires (4 nm diameters) with a

spatial resolution of less than 10 nm.22 The remanent magnet-

ization state was found to be along the axis of the wire, due to

the high aspect ratio, as expected.

Here, we have studied the local properties of individual

NWs composed of periodic Cu/CoFeB multilayers with vari-

ous nonmagnetic/ferromagnetic (N/FM) layer thicknesses.

We specifically investigated the magnetic structure of the

individual layers, along with their thickness, interface

abruptness, and composition, and were able to detect mag-

netic signals from 8 nm trilayer components. We have com-

pared their individual magnetic properties to average

properties of arrays of similar NWs obtained from static

magnetometry measurements.10

II. ELECTRON HOLOGRAPHY

STEM is a powerful collection of techniques for charac-

terizing the microstructure of materials. However, only in-

tensity is recorded in the final images24,25 while information

about the phase of the electron wave after it has traveled

through the specimen is lost. EH is a unique technique that

determines both the amplitude and phase shift of the electron

wave via electron interference.26 This phase shift is related

to the electrostatic potential of the specimen and to the com-

ponent of the magnetic induction in the plane perpendicular

to the electron beam. Therefore, quantitative information

about magnetic and electrical properties of materials may be

obtained.

In a STEM with a highly coherent electron source, such

as a field emission gun (FEG), off-axis EH can be applied by

positioning the area of interest of the specimen so that it cov-

ers half of the electron beam. Thus, one half of the beam

passes through the specimen, while the other half is undis-

turbed by the specimen. An electron biprism (a fine wire) is

located underneath the specimen (close to a conjugate image

plane in the microscope). When sufficient voltage is applied

to it, the two parts of the beam interfere at the image plane to

make a hologram. If the specimen to be examined is mag-

netic, the off-axis EH can be carried out in a field-free envi-

ronment. To do so, the conventional microscope objective

lens, which has a large magnetic field (1.9 T) along the beam

direction, is switched off and another lens (the so called

Lorentz lens), which is below the specimen, is used for imag-

ing. The Lorentz lens is sufficiently weak and distant from

the sample that it cannot influence magnetization at the sam-

ple plane.

For a thin specimen, when dynamic diffraction can be

ignored,27 the electron phase as a function of position in one

dimension is expressed by28

/ xð Þ ¼ CE

ð

V x; zð Þdz�
e

�h

ð ð

B? x; zð Þdzdx; (1)

where CE is an electron beam energy-dependent constant

(8.24 or 7.29 rad V�1lm�1 at an acceleration voltage of 120
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or 200 kV, respectively), x is in a direction in the plane of the

specimen, z is in the direction of the incident electron beam,

V is the mean inner potential (MIP) of the specimen, and B?

is the component of the magnetic induction perpendicular to

both x and z. For a sample with a thickness profile t(x), when

V and B? are constant along z, Eq. (1) can be written as

follows:

/ xð Þ ¼ CEV0 xð Þt xð Þ �
e

�h

ð

B? xð Þt xð Þdx: (2)

The gradient of the phase can be expressed by differentiating

Eq. (2) with respect to x to give

d/ xð Þ

dx
¼ CE

d

dx
V0 xð Þt xð Þ

� �

�
e

�h
B? xð Þt xð Þ: (3)

As can be seen from the above equations, in any phase

image obtained from magnetic materials, both the in-plane

magnetic field and the MIP contribute. To distinguish the

magnetic contribution from that of the MIP, one can acquire

holograms from each side of the specimen by turning it

over, and then subtracting the two. The magnetic contribu-

tion to the phase shift changes sign while the MIP term

stays unchanged. But a more practical method29 is to tilt the

specimen by 630� and switch on the objective lens at each

angle to apply a magnetic field parallel to the beam direc-

tion. This then generates components of magnetic field

along the axis (an in-plane component) and perpendicular

to the axis of the specimen. Tilting the specimen with the

same angle in two opposite directions generates two equal

in-plane magnetic fields with opposite directions. Once the

sample is magnetized in either direction, the objective lens

is turned off and the specimen is tilted back to 0� to record

a hologram of the area of interest for each tilt. By taking the

difference in the total phase shift from the two holograms,

one obtains twice the magnetic contribution of the specimen

to the phase shift.

The method described above relies on the assumption

of having identical magnetic structures (with different mag-

netic signs) between the reversal experiments. For NWs

with large aspect ratios (t/r> 1, elliptical shape), complete

reversal of magnetization is feasible. However, for NWs

with smaller aspect ratios (t/r< 1, disk-shape), the reversal

pairs may not have identical magnetic structures. One needs

to reverse each wire more than once to check the reproduci-

bility of the measured phase shift. To calculate B? from Eq.

(3), one needs the magnetic thickness of the specimen.

Since this is likely to be smaller than the total (physical)

thickness because of factors, such as surface oxidation, cal-

culations based on the total thickness represent an upper

limit on B?.

III. EXPERIMENTAL

The NW arrays were electrodeposited into nanoporous

alumina membranes that were obtained by a two-step anod-

ization technique.30 The average pore diameter and inter-

pore center-to-center distances were 40 nm and 110 nm,

respectively, as determined by scanning electron microscopy

(SEM), giving an average porosity of 10%. Prior to deposi-

tion, a Ti adhesion layer (15 nm) and a Au layer (1lm) were

sputtered onto the backside of the alumina membrane. The

Au/Ti/alumina film acted as the working electrode (cathode)

in the electrochemical cell, and a platinum sheet was used as

the counter electrode (anode) with a saturated calomel refer-

ence electrode.4 The NWs were grown inside the pores by

pulsed-potential electrodeposition31 to produce quasi-

hexagonal arrays of NWs.4,10 Multilayer NWs were fabri-

cated using a single electrochemical bath by switching the

cathode potential, V, between two values, VFM and VN (�1V

and �0.56V, respectively), where VFM is the cathode poten-

tial used to deposit the ferromagnetic metal layer (CoFeB)

and VN the same for deposition of the nonmagnetic metal

layer (Cu). Since VFM is larger than VN, Cu would also de-

posit during the deposition of the magnetic layer at VFM.

Therefore, the electrolyte Cu ion concentration was made

more dilute compared with the magnetic metal ions to reduce

its rate of incorporation into the magnetic layers.

The electrolyte used for the electrodeposition consisted of

an aqueous solution of CoSO4�6H2O (0.176M), FeSO4�6H2O

(0.03M), H3BO3 (0.7M), CuSO4�5H2O (0.003M), (CH3)2
NH:BH3, and Na saccharin (0.005M), at pH¼ 3.5. NW multi-

layers with nominal periodic non-magnetic/ferromagnetic layer

thicknesses, tN/tFM, of 7/9 nm, 10/50 nm, and 75/75 nm and one

tri-layer thickness geometry tN/tFM/tN/tFM of 50/9/3/9 nm, were

studied. These layer thicknesses were estimated based on

growth rates from constant-current electrodeposition of uniform

composition NWs in a larger alumina membrane (pore diame-

ter 170nm). An electrodeposition efficiency of 100% for the

Cu layers and 70% for the CoFe layers was assumed. For

STEM, wires were drop cast onto holey-carbon coated Cu grids

after dissolving the nanoporous membranes in either sodium

hydroxide (1M of NaOH, 6 h at room temperature) or phos-

phochromic acid (0.5M H3PO4þ 0.2M of H2CrO4, 2 h at

70 �C).

The STEM was equipped with a field-emission source,

operating at 200 keV or 120 keV, an annular high-angle dark

field detector, an energy-dispersive spectrometer (EDS), a

rotatable electrostatic biprism, and a charge-coupled-device

(CCD) camera. EH was carried out in a fixed beam TEM

mode, while a scanning nanoprobe in STEM mode was used

for compositional line maps via EDS analysis of x-ray emis-

sion. The microscope objective lens was turned off while the

holograms were being acquired so that the NWs could be

measured in a magnetic-field-free condition (less than 5

Gauss). Images were acquired via a Lorentz lens located

below the sample. As discussed above, to separate the mag-

netic contribution from the MIP, we conducted an in situ

magnetization reversal experiment by turning on the current

of the objective lens while the sample was tilted. For each

pair of holograms, the sample was tilted either 630� (when

120 keV was used) or 620� (when 200 keV was used). The

NW orientation with respect to the tilt axis of the holder

determined the magnitude and direction of the applied mag-

netic field. A biprism voltage of 140V and a magnification

of 42 000 were used in Lorentz mode with an average mag-

netic resolution of 7.5 nm or 15 nm depending upon the

microscope. The resolution of EH is equal to three times the

023902-3 Akhtari-Zavareh et al. J. Appl. Phys. 116, 023902 (2014)
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holographic fringe spacing.26 Reference holograms were

acquired from empty holes in the holey carbon-coated cop-

per grids, away from any magnetic NWs. Holograms were

recorded using the CCD camera. To provide quantitative in-

formation about magnetic properties, phase images were

extracted from reconstructions of the holograms with the

help of Sempar software.32

To help interpret the B? contour maps obtained from the

holograms, magnetostatic simulations were performed using

a commercial, finite-element software package. For these, a

magnetic structure consisting of uniform magnetization with

predetermined and identical orientation for all tetrahedral

mesh cells was assumed within the magnetic layers. In other

words, each magnetic layer was treated as a permanent mag-

net with predefined magnetization directions. The uniform

magnetization values and the layer thicknesses for the simu-

lations were taken as the average B? and t measured by EH

and STEM, respectively (Table I). A magnetic relative per-

meability, l equal to unity was used for the non-magnetic

layers, and as such, they had no influence on the field pro-

duced by the magnetic layers. The background was treated

as vacuum, also with a l of unity, and was increased in size

until the boundaries had essentially no influence on the field

produced by the ferromagnetic layers. The B? vector map

was observed on a sagittal plane passing through the center

of the wire.

IV. RESULTS

A typical example of a bright field TEM (BF) image from

a Cu/CoFeB (nominally 10/50 nm) multilayer NW is shown in

Fig. 1(a) with the inset showing a selected area diffraction pat-

tern (SAD). Phosphochromic acid was used to dissolve the alu-

mina membrane in this case. No amorphous alumina debris is

visible around the wire, but its surface is not smooth. The aver-

age diameter is 50 nm. The SAD pattern indicates that both the

Cu and CoFeB regions were random polycrystalline materials.

Analysis of the ring diameters and spacing indicated the

expected phases, face-centered cubic (FCC) Cu and body-

centered cubic (BCC) CoFeB (HRTEM images (not shown)

showed grain sizes varying from 7nm to 25 nm).

The corresponding high-angle annular dark field STEM

image of the same wire is shown in Fig. 1(b), where evidence

for the presence of multilayers is clear from the periodic con-

trast in the image. All layers are aligned with the axis of the

wire. An EDS map along a line in the center of the same

wire resulted in the integrated peaks from Fe, Co, and Cu x-

ray emission, as shown in Fig. 1(c). The Co and Fe distribu-

tions are observed from the darker regions of the STEM

image while those with predominantly Cu peaks are from the

brighter regions. Contrast in this STEM image is propor-

tional to the degree of scattering into the annular detector,

primarily a function of sample mass. Since the density of

CoFe and Cu is essentially identical, the variation in contrast

is primarily due to the greater thickness apparent for the Cu

layers compared with the CoFeB, assuming a cylindrical ge-

ometry. The EDS profiles show that the FM/N interfaces are

abrupt to within 5 nm, 10%–15% of the peak widths.

However, Cu is found in the magnetic layers with a composi-

tion that varied from 5% to 50% of the signal in the Cu

layers. (A background signal from spurious electron interac-

tions with the Cu support grids was subtracted.) The B com-

ponent was not detected (<2 at.%) by EDS. The

nonmagnetic Cu layers were 506 5 nm thick along the axis,

significantly greater than the nominal 10 nm, and the same

thickness as the magnetic layers. The Co:Fe composition ra-

tio from EDS analysis was 2.76 0.5 (x-ray emission cross-

sections for these elements are identical, to within the error).

A summary of the nominal and measured average thick-

nesses from similar STEM analyses of each sample investi-

gated is shown in Table I. The Co/Fe ratio of the magnetic

layers was always a similar value, on average 3, and a signif-

icant Cu composition (50 at. %) was present in all samples.

The measured thickness of individual layers was often

greater than the nominal estimate by different factors that

were highly nonlinear. In particular, when the expected

layers were thinner than the NW diameter (50 nm), both Cu

and CoFeB tended to be thicker than expected. For layer

thicknesses larger than the diameter, the CoFeB layers

tended to be thicker, while Cu grew at the expected rate.

These discrepancies indicate that pulsed-potential electrode-

position of CoFeB and Cu was on average faster in the

smaller pore diameter membranes (50 nm) compared with

the rates anticipated from larger pore (170 nm) constant cur-

rent calibrations.

Figures 2 and 3 show results from EH on NWs from the

same sample as shown in Fig. 1, as a function of the influ-

ence of the direction of an applied, external magnetic field

on the remnant magnetic structure of the layers. Fig. 2(a)

shows a hologram obtained at 120 keV and Fig. 2(b) shows

the magnetic contribution to the phase shift, represented by

contours, reconstructed from the hologram in (a), after a

magnetic field of 1 T was applied parallel to the wire axis,

and then removed. Each contour in this map, and all subse-

quent images, represents a phase shift of 0.6 radians, equiva-

lent to a 0.1 T change in B?, calculated from Eq. (3),

assuming an average NW diameter of 50 nm. We observe

that the B? contours are almost exactly aligned with the axis

of the wire with a radial deviation at both ends of a magnetic

layer. Since the aspect ratio of each layer is larger than 1, we

expect to see such an out-of-plane flower state for these

lines. We attribute the small deviations in alignment (< 5�)

TABLE I. Summary of the NW samples investigated listing their periodic

nonmagnetic (Cu)/ferromagnetic (CoFeB:Cu¼ 50:50 at.%) layer thick-

nesses, tN/tFM, nominal values from uniform NW growth calibrations, and

measured values from EDS in a STEM, and average magnetic induction,

B?, calculated from electron holography investigations assuming an average

NW diameter of 50 nm.

Cu/CoFeB layer thicknesses

tN/tFM nm

Magnetic induction

B? T6 0.1

Nominal Measured Measured

10/50 50/506 5 0.5

75/75 80/2306 20 1.0

7/9 12/86 3 0.2

50/9/3/9 50/8/7/86 2 0.3
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to local demagnetizing fields of a given layer and to the

effect on a given layer of its magnetic neighbours. The aver-

age total B? of the magnetic layers is 0.5 T as determined

from the number of magnetic contours in each layer (5). The

magnetostatic simulation of the B? vector map, in Fig. 2(c),

assumes a uniform longitudinal magnetization in each mag-

netic layer and displays the expected direction of the B? con-

tour lines seen in the hologram.

Similarly, Figs. 3(a) and 3(b) show a hologram

(120 keV), and the magnetic contribution of the recon-

structed hologram, but after the application of an external

field perpendicular to the axis. In this case, we expect that

each layer will be in an in-plane flower state. This is what is

observed in some parts of Fig. 3(b) (white boxed areas 1 and

2) where the B? contour lines are at an angle between that of

the wire axis and the direction of the external field applied

before the measurement. Fig. 3(c) shows the simulated B?

vector map with the magnetization of the magnetic layers

alternating between þ45� and �45� relative to the wire axis.

An example of a hologram and its B? contour map,

from a NW with larger layer thicknesses (80/230 nm), is

shown in Figs. 4(a) and 4(b) (120 keV). The magnetic field

was applied parallel to the NW axis. In this case, NaOH was

used to dissolve the alumina membrane. Alumina debris on

the surface of the NW is apparent from the image, based on

the lower contrast and irregular shape of this amorphous ma-

terial. The average NW diameter is 50 nm but the surface of

the wire is not smooth. Based on the B? contour lines of Fig.

4(b) (spacing 0.1 T), it is clear that the magnetization is

along the axis of the NW as expected, with an average total

B? of 1 T.

A hologram and B? contour map of another NW of the

same sample are shown in Figs. 5(a) and 5(b) (120 keV) after

an external magnetic field had been applied at an angle of

45� to the axis. Again, as expected from shape anisotropy,

the magnetization inside the wires is uniform and follows the

shape of the wire. The B? contour line spacing is 0.1 T, indi-

cating a total average measured B? in the magnetic layers, of

1 T. The magnetostatic simulations in Figs. 4(c) and 5(c) pro-

duce corresponding B? vector maps assuming axially mag-

netized layers.

Figure 6(a) shows an example of a STEM image,

obtained at 200 keV, from a Cu/CoFeB (12/8 nm) NW that

was dissolved in NaOH. Like other samples (Figs. 4 and 5),

FIG. 1. (a) Bright field TEM image and SAD pattern (inset) and (b) STEM image (acquired at 200 keV) of a Cu/CoFeB (50/50 nm) NW. (c) Plots of the inte-

grated peak count from EDS along the axis of the same wire (red line in (b)) from Cu, Co, and Fe spectra.
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the presence of alumina debris on the wire is evident. The

NW in Fig. 6(a) has a relatively smooth surface and multiple

layers are present. Note that some of the layer boundaries

have small deviations in orientation with respect to the axis

of the NW, as indicated by an arrow. Fig. 6(b) shows an

EDS map along the red line at the left corner of the same

NW, which has resolved the layer x-ray emission from Fe,

Co, and Cu. The Co and Fe peaks clearly indicate a layer

thickness of 86 2 nm for the magnetic layer, whereas the Cu

profile follows the periodicity of the Fe and Co peaks, with a

thickness of 126 3 nm. The average spatial resolution of the

magnetic phase achievable with this electron microscope

(200 keV) was 12 nm (with a fringe spacing of 4 nm).

Therefore, it was not possible to detect the magnetic signals

from these smaller individual magnetic layers, unless the

effect of a combination of layers was present in the magnetic

phase images.

Figure 7 shows (a) a hologram (200 keV) and (b) a mag-

nified selection of the same hologram, its MIP phase contri-

bution, magnetic phase contribution, and B? contour map of

another Cu/CoFeB (12/8 nm) NW in a parallel applied mag-

netic field. The magnetic phase image (Fig. 7(b)) shows a

small phase change across the NW, associated with the mag-

netic signal from the trilayers. The B? contour map shows

lines parallel to the axis of the NW which can be interpreted

as a B? signal from a combination of layers along this part

of the NW. No B? signal was detected from the hologram of

such NWs for a perpendicular applied magnetic field, prob-

ably due to limited spatial resolution. The magnetostatic sim-

ulation of the B? vector map is shown in Fig. 7(c), where B?

is expected to be concentrated within the wire due to the

proximity of the axially magnetized layers.

Figures 8(a) and 8(b) show a hologram and associated

B? contour map from a sample consisting of a linear array of

periodic FM/N/FM tri-layers separated by large Cu spacer

layers, (50/8/7/8 nm) NW, after magnetization in a perpen-

dicular applied magnetic field. The NW diameter is again

50 nm and the magnetic resolution of this microscope is

7.5 nm (three times the fringe spacing of 2.5 nm). Hence, a

magnetic signal from individual layers was not detected. In

FIG. 2. (a) Hologram (acquired at

120 keV) and (b) associated remnant

B? map of a Cu/CoFeB (50/50 nm)

NW for a magnetic field applied paral-

lel to the axis of the NW prior to the

hologram acquisition. The contour

spacing is 0.1 T. Note that there is a

missing magnetic layer in the middle

of image. (c) Magnetostatic simulation

of the B? vector map with axially mag-

netized magnetic layers (blue repre-

sents the CoFeB layer and yellow

represents the Cu layer).

FIG. 3. (a) Hologram (acquired at 120 keV) and (b) associated B? map of a

Cu/CoFeB (50/50 nm) NW after a magnetic field had been applied perpen-

dicular to the axis of the wire. The contour spacing is 0.1 T. (c)

Magnetostatic simulation of the B? vector map with the magnetization of

the magnetic layers alternating between þ45� and �45� relative to the wire

axis (blue represents the CoFeB layer and yellow represents the Cu layer).
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FIG. 4. (a) Hologram (acquired at

120 keV) and (b) associated B? map of

a Cu/CoFeB (80/230 nm) NW for a

magnetic field applied parallel to the

axis of the NW. The contour spacing is

0.1 T. (c) Magnetostatic simulation of

the B? map with axially magnetized

magnetic layers. The apparent vortex

state in the nonmagnetic layer is due to

artifacts from image processing (blue

represents the CoFeB layer and yellow

represents the Cu layer).

FIG. 5. (a) Hologram (acquired at

120 keV) and (b) B? map of a Cu/

CoFeB (80/230 nm) NW for an applied

magnetic field with a 45� angle with

respect to the axis of each wire. The

contour spacing is 0.1 T. (c)

Magnetostatic simulation of the B?

map with an axially magnetized mag-

netic layers (blue represents the CoFeB

layer and yellow represents the Cu

layer).
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addition, there was no signal detected in the 50 nm Cu spacer

layers between the tri-layers due to magnetic interaction

between the combined layers along the NW. We would

expect to see opposing magnetization in the neighbouring

magnetic layers in this sample because of dipolar interac-

tions. A signal from a combination of the tri-layers through

their dipolar interactions might appear as a vortex. In fact,

such a signal is observed at the bottom-left corner of Fig.

8(b) (white boxed area), where the size of the vortex is con-

sistent with the tri-layer geometry. Different holograms

acquired from the same type of NW showed a similar signal.

No B? signal was detected from the rest of the NW, and the

feature in the middle of the hologram is a phase unwrapping

artifact (a conclusion that is based on comparisons of multi-

ple holograms obtained from same region). Fig. 8(c) shows a

magnetostatic simulation with the magnetizations of the two

magnetic layers in a tri-layer anti-parallel, as expected for

the strong dipolar coupling between these layers.

Finally, Figs. 9(a) and 9(b) show an example of a holo-

gram (200 keV) from the NW of Fig. 8, and its B? contour

FIG. 6. (a) STEM image (acquired at 200 keV) of a Cu/CoFeB (12/8 nm) NW and (b) plots of the integrated peak count from EDS collected along the axis of

the same NW in (a) (red line) from Cu, Co, and Fe spectra.

FIG. 7. (a) Hologram (acquired at

200 keV) and (b) selected area of (a)

with its associated MIP phase contribu-

tion, magnetic phase contribution, and

B? map of a Cu/CoFeB (12/8 nm) NW

for a magnetic field applied parallel to

the axis of the wire. The contour spac-

ing is 0.1 T. (c) Magnetostatic simula-

tion of the B? vector map of the same

geometry (blue represents the CoFeB

layer and yellow represents the Cu

layer).
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map, respectively, for an applied magnetic field parallel to

the axis of the NW. Again, detection of a magnetic signal is

limited by the spatial resolution (12 nm). Most of the B? con-

tour lines in Fig. 9(b) are in fact reconstruction artifacts

except for the lines in the indicated area (white box). In this

region, there is a detectable magnetic signal that is consistent

with a (30 nm) tri-layer, with B? at the same angle to the

axis of NW in both layers. The magnetostatic simulation of

the B? vector map, Fig. 9(c), shows a NW with the likely

anti-parallel alignment for each set of tri-layers consistent

with the contour map. The magnetization of both sets of

magnetic layers of the middle tri-layer is oriented at 30� rela-

tive to the wire axis.

V. DISCUSSION

The contribution of the dipolar interaction to the effec-

tive magnetic anisotropy of an array of multilayered NWs

critically depends upon the chemical composition and the

thicknesses of the magnetic layers relative to the non-

magnetic spacer layers. Using Eq. (8) of Ref. 10, and assum-

ing vanishing porosity to model the case of a single wire, the

FIG. 8. (a) Hologram (acquired at

120 keV) and (b) associated B? map of

a Cu/CoFeB/Cu/CoFeB (50/8/7/8 nm)

NW for a perpendicular applied mag-

netic field. The white rectangular area

shows an opposite orientation of mag-

netization in the neighbouring layers

(an apparent magnetic vortex). (c)

Magnetostatic simulation of the B?

map. The magnetization of each set of

tri-layers is anti-parallel, with an arbi-

trary azimuthal alignment (blue repre-

sents the CoFeB layer and yellow

represents the Cu layer).

FIG. 9. (a) Hologram (acquired at

200 keV) and (b) associated B? map of

a Cu/CoFeB/Cu/CoFeB (50/8/7/8 nm)

NW for a parallel applied magnetic

field. The white rectangular area shows

the magnetic contour map correspond-

ing to the effect of a tri-layer with an

angle to the axis of the NW. (c)

Magnetostatic simulation of the B?

vector map, with anti-parallel align-

ment for each set of tri-layers. The

magnetization of both magnetic layers

of the middle tri-layer is oriented at

30� relative to the wire axis (blue rep-

resents the CoFeB layer and yellow

represents the Cu layer).
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effective dipolar anisotropy constant can be expressed as

follows:

Kef f ¼
l0M

2
s

2

3f

2
� 1

� �

¼
l0M

2
s

2

3=2

1þ tN=tFM
� 1

� �

) Bef f

¼ l0Ms

3=2

1þ tN=tFM
� 1

� �

; (4)

where f is the relative thickness of the magnetic layer to the

total thickness of magnetic plus non-magnetic layers (or equiv-

alently, the relative fraction of magnetic material in a single

NW), and l0Ms is the saturation magnetization. The anisotropy

constant can be associated with an effective anisotropy field,

Beff¼ 2Keff/Ms, parallel to the wire axis. As expected, for large

tN/tFM ratios, the value in the bracket is �1, corresponding to

an anisotropy of a thin cylinder, dominated by the �l0Ms

demagnetizing field. In such circumstances, the remanent mag-

netization (assumed uniform in this simplified model) will be

randomly oriented perpendicular to the wire axis. For small

tN/tFM ratios, the bracket is 1/2, corresponding to an equivalent

anisotropy field of l0Ms/2 parallel to the wire axis. It is impor-

tant to emphasize that even thin ferromagnetic layers can ex-

hibit an out-of-plane remanent state due to the dipolar

interaction with other ferromagnetic layers, provided that the

Cu spacers are much thinner than the ferromagnetic layers.

Equation (4) provides a general understanding of the

effect of the saturation magnetization, l0Ms, and of tN/tFM,

on the effective dipolar anisotropy field. A summary of the

measured values for the transverse magnetic induction is

found in Table I. Both the Cu and CoFeB layers were nano-

crystalline (FCC and BCC, respectively) based on SAD pat-

terns. There was no evidence that the CoFeB was amorphous

as reported for Co94Fe5B1 thin films and single composition

NW arrays.31 The NW surfaces were rougher and there was

more evidence of alumina debris present when the template

was dissolved in NaOH, compared with phosphochromic

acid. But when alumina debris was present, it did not appa-

rently affect the EH measurement or sensitivity.

Our off-axis EH technique has been able to resolve mag-

netic volumes as small as (20 nm3) using a single biprism in

a field-emission electron column at 120 keV. The measured

magnetic induction at technical saturation of a thin film of

Co94Fe5B1 electrodeposited on a gold-coated substrate under

conditions similar to those employed for wire deposition was

1.76 0.1 T, in agreement with the bulk value of 1.6 T.33 The

CoFeB layers all exhibited average Co/Fe ratios of approxi-

mately 3, for which the bulk value would be also 1.7 T, if

they contained no Cu. However, increasing Cu content rap-

idly decreases this value, which ranged between 1T and

0.5 T for thicknesses between 230 nm and 50 nm, and was

even smaller for thinner layers. Since the multilayers had

ferromagnetic-nonmagnetic interfacial thicknesses of 5 nm,

it is to be expected that thin layers would have higher aver-

age Cu content, and lower magnetization, as observed.

For relatively thick magnetic layers compared with the

Cu layers, the magnetic contour lines followed the shape of

the NWs, parallel to the axis of the NW with small demag-

netization effects clearly evident in the Cu interlayers

(80 nm). From Eq. (4), the threshold above which a

ferromagnetic layer starts to be dominated by its self demag-

netizing field is tN/tFM> 2. That is, except for the Cu/

CoFeB¼ 80/230 nm sample, the FM layers are expected to

experience stronger self-demagnetization fields than the “re-

magnetizing” dipolar fields of the other layers. Hence, the

measured B? values for the 50/50 and 80/230 nm samples

(0.5 and 1.0 T, respectively) indicate a greater influence of

dipolar coupling in the smaller thickness CoFeB. Again this

assumes that the Cu composition remains high in both

samples.

For thinner layers, a deviation in the direction of the av-

erage magnetic induction of individual magnetic layers,

away from exactly parallel to the axis, was indeed observed.

This is attributed to demagnetizing effects within the layers

and due to the influence of magnetic neighbours. While the

magnetic anisotropy appears to be dominated by the dipolar

interaction, one cannot rule out other contributions. Notably,

the observation of the off-axis remanence in the contour lines

of the NWs magnetized by perpendicular fields suggests also

a contribution to the total anisotropy from a magnetocrystal-

line anisotropy.

Finally, it is important to realize that Eq. (4), which

assumes a uniform magnetization in each layer, neglects the

possibility of vortex or flower states in individual layers, as

discussed in the introduction. In fact, it may come as a sur-

prise to some that the effective anisotropy, estimated from

Eq. (4), is independent of the ratio of the thickness to the di-

ameter of each individual layer. That conclusion is due to the

long range nature of the dipolar interaction, and to the

implicit assumption that the multilayered NW is significantly

longer than it is wide (regardless of the ratio of individual

layers). For the tri-layered samples, however, the situation is

different. There, the strong dipolar coupling between the

neighbouring magnetic layers leads to an anti-parallel con-

figuration of the pairs within a trilayer, effectively screening

out any long range dipolar field from the other sets of tri-

layers. For the smallest thickness layers (8/7/8 nm), magnetic

signals associated with the interaction of neighbouring layers

were detected.

VI. CONCLUSIONS

Crystallographic and magnetic properties of isolated

electrodeposited ferromagnetic multilayer NWs (Cu/CoFeB)

were investigated, using off-axis EH and analytical STEM

techniques. Several nonmagnetic/ferromagnetic layer periods

were studied, including average thicknesses of 50/506 5 nm,

80/2306 20 nm, 12/86 3 nm, and 8/7/8/506 2 nm, as deter-

mined by STEM and EDS analysis. The composition of the

magnetic CoFeB layers was 3/1 Co/Fe with up to 50% Cu.

The B was below the level of sensitivity of the EDS (<2

at. %). The CoFeB and Cu layers were both found to be crys-

talline rather than the expected amorphous magnetic phase.

The presence of a significant Cu in the CoFeB likely had a

strong influence on the anticipated magnetic anisotropy, con-

sistent with results from macroscopic measurements of simi-

lar arrays.10

The observed magnetization in the wires from EH

agreed with our expectations based on the magnetic layer
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aspect ratios (thickness to radius) and the expected dipolar

fields of the neighbouring layers. The magnetization direc-

tion in the wires was predominantly parallel to the longer

dimension of the magnetic volumes and was relatively uni-

form throughout the magnetic layer. However, depending

upon the thicknesses of the layers, the behavior could differ.

An angle between the magnetization and the axis of the wire

was observed for magnetic layers thinner than the diameter

(50 nm). The lower maximum induction values (0.2–1 T)

compared with expected bulk values for CoFeB alloys

(1.7 T) are most likely the result of the high Cu content in

the NWs (50 at.%).

STEM images of Cu/CoFeB (50/50 nm) NWs confirmed

that these wires were multilayered with non-magnetic/ferro-

magnetic interfacial thicknesses of 5 nm. EH showed that an

applied external field available via the objective lens could

control the remanent magnetization direction. As expected,

this could be parallel to the axis of the wire (applied external

magnetic field parallel to the wire axis) or at an angle to the

axis (applied field perpendicular to the axis). It is probable

that magnetocrystalline anisotropy played a primary role in

producing these remanent states and contributed to the small

variations in the crystals seen by waviness in their magnetic

induction contours. The NWs with the largest thicknesses

Cu/CoFeB (80/230 nm) showed a magnetic induction whose

direction followed the wire axis independent of the angle of

the external field. In this case, the dipolar field dominated

the magnetization in all circumstances.

Electron holography from thinner multilayers of Cu/

CoFeB (12/8 nm) and a tri-layer sample Cu/CoFeB/Cu/

CoFeB (50/8/7/8 nm) in NWs with 50 nm diameters did not

provide a detectable magnetic signal from individual layers.

While the existence of these layers was confirmed from EDS

profiling, their individual thicknesses generated a magnetic

induction signal that was presumably below the detection

limit of the technique. However, for both types of NWs,

vortex-shaped magnetic signals, associated with a combina-

tion of layers, were observed. These vortices apparently

formed within the thin tri-layers from the expected opposing

orientations of dipolar-coupled magnetization. Considering

that the dipolar effect from the neighbouring tri-layers

(50 nm distant) would be negligible, instead the tri-layers

behaved roughly like quadrupoles with a much smaller inter-

action range.
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