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We show that magnetometry measurements based upon the magneto-optical Kerr effect and high

resolution optical microscopy can be used as a noninvasive probe of magnetization reversal for

individual nano-structures. Our measurements demonstrate single pass hysteresis loop

measurements for sample sizes down to 30 nm width. A quantitative signal-to-noise ratio

evaluation shows that our approach achieves an at least 3-fold improvement in sensitivity if

compared to focused laser based nano-magnetometry. An analysis of the physical limits of our

detection scheme enables us to estimate that measurements for structures with single digit nm

widths and magnetic moments of 10�16 Am2 are feasible. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3701153]

Miniaturization of ferromagnetic elements is a key

thrust area in the field of magnetism and relevant for a wide

range of applications, such as magnetic devices for high-

density storage,1 magnetic field sensors,2,3 biosensors,4 and

logic elements.5 Continuous advances in nanofabrication

technology are, therefore, pushing the dimension of ferro-

magnetic structures into the realm of the extreme nanoscale

regime. Besides well-established multi-step lithography

techniques being commonly used for the fabrication of mag-

netic nanostructures, an alternative has been proposed and

developed during the last years by facilitating electron beam

induced deposition (EBID).2,3,6–9 This technique is a poten-

tially very attractive alternative at least for some nano-

technology aspects, such as rapid prototyping, because it is a

one-step technique and, thus, relatively simple, flexible, and

fast. Also, it has the potential of engineering and fabricating

extremely small structures, even below the 1 nm length

scale.10

In EBID, an electron beam is used to decompose an

appropriate precursor gas into its volatile and nonvolatile

components, as shown in Fig. 1. The nonvolatile component

then forms a deposit of predefined size and shape on the sub-

strate. An example can be seen as the inset of Fig. 1. For

most materials, however, it has been found to be a most chal-

lenging task to fabricate even moderately pure, small struc-

tures by this EBID method. Nonetheless, it has already been

shown that EBID allows the growth of cobalt magnetic struc-

tures with an exceptionally high purity of up to 95 atomic

percent (at. %) of cobalt.9 Regarding the deposition resolu-

tion, lateral sizes down to 30 nm have recently been demon-

strated by using low beam currents and adjusted precursor

flux.11 In the same work,11 it was shown by means of elec-

tron holography, that such 30 nm wide Co wires are indeed

ferromagnetic. However, due to the limitations of applying

and freely modifying magnetic fields inside an electron

microscope, more comprehensive studies of the magnetism

in these wires were not possible.

Although microscopic probes capable of imaging mag-

netic states in ultrasmall structures have been developed,

such as Lorentz microscopy,12 electron holography,12,13 and

scanning electron microscopy with polarization analysis,14

and are thus capable of detecting magnetism in very small

volumes, they are generally not compatible with the applica-

tion of relevant magnetic field sequences for the study of

magnetic responses or magnetization reversal. While this

limitation is less severe for other magnetic microscopy tech-

niques, such as spin-polarized tunnel microscopy (spin-

STM)15 or magnetic force microscopy and related resonance

techniques,16 there are other limiting boundary conditions

such as the in situ preparation requirement for spin-STMs,

for instance, which severely limit their broad utilization.

There are other highly advanced magnetometry techniques

that have been demonstrated to be sufficiently sensitive for

nano-scale magnets, such as Hall-probe based techniques as

well as micro- and nano-SQUIDs.17 Unfortunately, these

techniques, while having excellent sensitivities, require the

fabrication of specialized samples and are, therefore, neither

flexible nor compatible with general samples and sample

shapes. Nonetheless, it is most desirable to study the magnet-

ization reversal of individual ultrasmall structures and have a

general, flexible, and non-destructive tool to do so. Arrays of

FIG. 1. (a) Schematics of the EBID process; the inset shows a scanning

electron microscopy image of a cobalt pillar array fabricated by EBID.a)Electronic mail: e.nikulina@nanogune.eu.

0003-6951/2012/100(14)/142401/4/$30.00 VC 2012 American Institute of Physics100, 142401-1

APPLIED PHYSICS LETTERS 100, 142401 (2012)

Downloaded 09 Jan 2013 to 158.227.185.40. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3701153
http://dx.doi.org/10.1063/1.3701153
http://dx.doi.org/10.1063/1.3701153
http://dx.doi.org/10.1063/1.3701153


many nanostructures, which collectively are magnetic enti-

ties that are large enough for more conventional magnetome-

try techniques, represent a serious limitation due to statistical

averaging and smoothing out of results caused by unavoid-

able fabrication variability, defects, and interactions within

such structures.

In this paper, we report the fabrication of high purity,

ultrasmall Co nanostructures with lateral dimension down to

30 nm and the measurement of their magnetic properties by

means of magneto-optical Kerr effect (MOKE) magnetome-

try, utilizing a MOKE microscope for the measurement of

single shot hysteresis loops of individual ultrasmall nano-

magnets. This experimental achievement represents a sub-

stantially improved sensitivity with respect to focused laser

based MOKE nano-magnetometry setups, which have been

employed so far for such studies.18–22 Our results demon-

strate that the combination of EBID and MOKE microscopy

makes it possible to explore the magnetization reversal of

individual ultrasmall magnetic nanostructures with lateral

dimension down to the 30 nm length scale and below and,

thus, opens up a broadly applicable avenue to perform sys-

tematic research on individual nano-scale magnets.

The electron beam induced deposition of cobalt was per-

formed in a Helios NanoLabTM DualBeamTM (FEI, Nether-

lands) equipped with a Schottky field-emission electron gun

and an integrated gas injection system (GIS). For the fabrica-

tion process, the following parameters were used: background

vacuum¼ 2�10�4 Pa, precursor gas pressure¼ 8�10�4 Pa,

dwell time¼ 1 ls, pitch¼ 5 nm, and sample to GIS-tube

distance¼ 50 lm. While a large number of different structures

were fabricated and studied, we focus here on three specific

sets of cobalt structures, for which experimental results are

presented. Each set consists of four structures with the same

length of 5 lm and different widths of 5 lm, 2 lm, 1 lm and

the minimum 1 pixel line for deposition. A SEM picture of

one of these sample sets is shown in Fig. 2(a), while Table I

lists key parameters for all three sets, namely: the deposition

conditions, the SEM verified dimensions for the smallest

structure in each set, as well as the atomic composition as

measured by energy-dispersive x-ray spectrometry (EDX) for

test structures grown under identical conditions. The dimen-

sions listed in Table I demonstrate that with the appropriate

deposition conditions, we were able to create wire structures

down to 30 nm width. This particular structure is visible on

the left hand side of Fig. 2(a).

Previous studies of the magnetization reversal of indi-

vidual sub-micron wires made use of MOKE systems based

on focused cw laser beams.18–22 The sensitivity of a given

MOKE setup can be defined as the minimum fractional sig-

nal (DI/I0)min detectable with a signal-to-noise (S/N) ratio of

2, where DI¼ I(M) � I(�M) is the MOKE signal variation

upon reversal of magnetization and I0¼ [I(M) þ I(�M)]/2 is

the average light intensity signal. While the fractional

MOKE signal DI/I0 for a continuous film does not depend on

the illuminated area, the MOKE signal amplitude DI is

diluted in the case of individual sub-wavelength magnets

according to the aspect ratio (AR) of the magnet area to the

total illuminated area. Commonly, focused laser beams are

hereby utilized in order to increase AR, and thus (DI/I0)min,

as much as possible. The smallest nanostructure measured in

a single sweep hysteresis loop with S/N¼ 2 that is reported

in the literature is an individual 200 nm wide and 5 nm thick

Permalloy nanowire.22 This represents a single sweep mea-

surement sensitivity of approximately 6� 10�15 Am2 (the

length of the illuminated structure was about 5 lm). A noise

analysis shows that for measurement systems based on

focused laser beams and for a material like Permalloy (Kerr

rotation angle hk � 3 lrad), the maximum S/N that is theo-

retically reachable in a single shot measurement of DI/I0 is

(S/N)max� 2, using the highest laser power available without

causing significant heating of the sample.22 Therefore, this

previously reported measurement has practically achieved

the theoretical performance limit reachable by means of the

focused laser MOKE nano-magnetometry approach. In order

FIG. 2. (a) Scanning electron microscopy image showing the set of EBID

cobalt structures, referred to as set 1 in Table I. (b) Schematic sketch of the

MOKE microscope utilized in this study, including the two operation modes

that it enables: magnetic domain imaging24 and local high resolution

magnetometry.

TABLE I. Deposition conditions, corresponding compositions, and dimensions of EBID grown cobalt structures.

Deposition conditions Content in at. % Dimensions of the thinnest line (L�H�W)

Set 1 30 kV, 2.7 nA, 60 min Co:C:O¼ 82:12:6 5 lm� 20 nm� 30 nm

Set 2 2 kV, 2.7 nA, 3 min Co:C:O¼ 82:13:5 5 lm� 7.5 nm� 55 nm

Set 3 2 kV, 2.7 nA, 30 min Co:C:O¼ 82:13:5 5 lm� 75 nm� 115 nm

142401-2 Nikulina et al. Appl. Phys. Lett. 100, 142401 (2012)
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to push beyond this present limitation in MOKE nano-

magnetometry performance, we pursued a different

approach: we have utilized an optical wide-field polarization

microscope optimized for Kerr microscopy (Evico Mag-

netics GmbH, Germany). The microscope is equipped with

an electromagnet that allows the application of a magnetic

field of up to 500 mT along an arbitrary direction in the sam-

ple plane and with a high sensitivity CCD camera that is ca-

pable of taking magnetic-contrast images of the sample

surface with a spatial resolution of the order of 500 nm. The

key feature of our approach is that we can measure the field

dependent local magnetization, i.e., a local hysteresis loop,

by selecting an arbitrary (shape, size, and position in the field

of view) region of interest (ROI), by means of a reduced

number of pixels within the CCD camera array, and use it as

a conventional light intensity detector. A schematic of the

Kerr microscope setup and its operation mode for magne-

tometry is shown in Fig. 2(b). Thanks to this feature, we can

maximize AR well beyond what is achievable by using

focused laser techniques. This is especially relevant for high

aspect ratio nanostructures, such as wires, for which we can

keep the value of AR close to 1 and thus about 2 orders of

magnitude higher than what is achievable with focused laser

beams for truly nano-sized objects. The advantage of keep-

ing AR as high as possible is evident from the measurement

reported in Fig. 3(b), where we show that we are able to re-

cord a single shot hysteresis loop with an average S/N of 4.1

per data point for a 20 nm thick Co wire that is only 30 nm

wide using a ROI of 340� 8 pixels corresponding to

AR� 0.25 (at the optical magnification that we used here, an

individual CCD pixel corresponds to an area of 15� 15 nm2

on the sample surface), as schematically shown in Fig. 3(a).

Renormalized to the S/N¼ 2 criterion, this represents a sin-

gle sweep measurement sensitivity of 2� 10�15 Am2, which

corresponds to a 3-fold improvement over the previously

reported sensitivity using focused laser based MOKE

magnetometry.18–22 Our achievement is further confirmed by

single sweep loop measurements with S/N¼ 4.4 on a 7.5 nm

thick Co wire of 55 nm width, shown in Fig. 3(c), which cor-

responds to a sensitivity of 1.0� 10�15 Am2. Also in this

case, we used the same ROI of 340� 8 pixels corresponding

now to an AR� 0.5. The achievement of a slightly higher

S/N for the wider wire, in spite of the reduction of the

magnetic volume by a factor of about 1.5, confirms that

maximization of the AR is the key factor underlying the

improved performance of our approach. These sensitivity

figures also compare very favorably with the sensitivity of

10�12 to 10�13 Am2 for the latest generation of SQUID mag-

netometer. It is worth to point out that we have not reached

the fundamental limit in our micro-MOKE sensitivity per-

formance. To a good approximation, the S/N scales with the

square root of the light intensity I per unit of area that is

used to illuminate the sample, which in the present study is

1 lW/lm2, about 100 times smaller than that typically used

in focused beams systems. Therefore, by simply increasing I

by 100 times, which is technically feasible, we should be

able to gain an additional order of magnitude in sensitivity

down to 1� 10�16 Am2 without causing significant heating

of the sample. Our experimental achievement also implies

that even substantially narrower and/or shorter Co nano-

structures could be measured in this way by averaging multi-

ple hysteresis loop sequences. In Fig. 4, we compare hystere-

sis loops measured on single isolated Co wires of different

widths and thicknesses (see Table I). A SEM image of each

wire is shown next to the corresponding hysteresis loop. The

magnetic field was applied in the plane of the sample, paral-

lel to the long axis of the wires. Each hysteresis loop shown

in this figure is the average of 9 single shot measurements.

For the cases displayed in Figs. 4(a) and 4(b), namely, the

30 nm and 55 nm wide Co wires discussed above, we find

that upon averaging 9 loops the S/N has increased by a fac-

tor of close to 3 as expected. This confirms that a wire of

less than 10 nm width could be studied by means of our

magneto-optical approach. The remarkably square loop

shape measured for our two narrow wires is expected, given

that the external field is applied along the wire length, which

is the easy axis of magnetization due to shape anisotropy.

We observed coercive field values of 75, 15.5, and 5.5 mT

for 30, 55, and 115 nm wire widths, respectively. The reduc-

tion of the field values triggering the magnetization reversal

as the wire width increases is consistent with the magnetiza-

tion reversal being induced by the nucleation of domain

FIG. 3. (a) Optical microscope image of the set 1 cobalt EBID structures, as

acquired by the MOKE enabled microscope; the red dashed frame shows

schematically the ROI selected to enclose the thinnest cobalt line, which is

only 30 nm wide and barely visible here. (b) Single shot MOKE hysteresis

loop signal using a ROI as indicated in panel (a) for the W¼ 30 nm wide

wire. (c) Same as in panel (b), but for the W¼ 55 nm wide wire.

142401-3 Nikulina et al. Appl. Phys. Lett. 100, 142401 (2012)
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walls at wire ends and their subsequent abrupt displacement

along the wire.23 Interestingly, the loop obtained for the

115 nm wide wire also shows a smaller second feature as it

approaches saturation at 11 mT. This fact indicates that this

wire’s magnetization reversal is more complex, as one

would expect due to its larger cross section area, which ena-

bles meta-stable or even stable non-uniform magnetization

configurations to form near the end points. This type of fine

structure is often lost in large arrays, because its specific

characteristics will depend crucially on fine details of the

nano-scale geometry. This in turn highlights the importance

of studying magnetic properties such as magnetization rever-

sal on individual nano-elements and reinforces the need and

value of characterization methods that have this capability,

such as the one we have demonstrated here.
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