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Abstract. Using single-walled carbon nanotubes homogeneously coated with

ferromagnetic metal as ultra-high-resolution magnetic force microscopy probes, we

investigate the key image formation parameters and their dependence on coating

thickness. The crucial step of introducing molecular beam epitaxy for the

magnetic coating deposition allows highly controlled fabrication of tips with small

magnetic volume, while retaining high magnetic anisotropy and prolonged lifetime

characteristics. Calculating the interaction between the tips and a magnetic sample,

including hitherto neglected thermal noise effects, we show that optimal imaging is

achieved for a finite, intermediate-thickness magnetic coating, in excellent agreement

with experimental observations. With such optimal tips, we demonstrate outstanding

resolution, revealing sub-10 nm domains in hard magnetic samples, and non-

perturbative imaging of spin structures in soft magnetic materials, all at ambient

conditions with no special vacuum, temperature or humidity controls.

PACS numbers: 68.37, 75.75, 81.07, 75.70
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1. Introduction

Intense fundamental and applied research on nanomagnetic materials and devices

has generated an increasing demand for ultra-high resolution, non-invasive imaging

of magnetic domain nanostructures [1, 2, 3, 4]. In particular, to keep pace with

continuously improving magnetic recording media, currently in the Tbit/in2 range [5],

the ability to resolve sub-10 nm magnetic features is a necessity. In parallel, for imaging

of complex spin structures in soft magnetic samples [6, 7, 2, 8, 9, 10], especially in device

geometries such as racetrack memories [3], a weak probe-sample interaction is required

to minimize disturbance of the magnetic configuration. Magnetic force microscopy

(MFM) is commonly used due to its high resolution and convenience, with significant

enhancement in imaging efficiency due to the recent introduction of ferromagnetic-thin-

film-coated carbon nanotube (MFM-CNT) tips [11, 12, 13]. The combination of the

small diameter and high aspect ratio of carbon nanotubes results in the formation of a

well defined magnetic volume with high anisotropy, allowing both soft and hard magnetic

materials to be accessed [11, 12, 14, 15, 13, 16]. The small volume of magnetic metal

coating at the tip leads to improved resolution, with magnetic domains in storage media

imaged at ultra-high densities from 700 to 1400 kFCI (350 Tbit/in2)[13, 16]. Meanwhile,

the magnetic field of such tips is sufficiently weak not to perturb the magnetization of

permalloy thin film microstructures, allowing the nanoscale observation of vortex cores

and domain walls in these materials [15].

For the highest quality images, understanding and optimizing not only the MFM-

CNT tips themselves, but also their interaction with the sample is critical. Finite-

element simulations of such tips with different CNT diameter and magnetic coating

thickness suggest that the highest resolution and most uniform magnetization should

be achieved with very thin magnetic coatings of small diameter CNT [16]. However,

experimentally, image quality was observed to decrease for smaller probes with thinner

coatings [13, 16], suggesting that these simple considerations do not lead to the

right choice for optimum results. Significantly better imaging was obtained with

an intermediate thickness of the magnetic coating layer. This effect was variously

attributed to the influence of decreasing contrast with a smaller magnetic volume,

weak magnetic dipole interaction [13] or to discontinuities in the magnetic coating

layer resulting in a transition to the superparamagnetic state [16]. To date, however,

all the proposed theoretical models are constructed for an ideal situation, neglecting

thermal noise and magnetic disorder intrinsically present in real system. Meanwhile,

the MFM-CNT experiments were done using multi-walled CNT, whose relatively wide

diameters inherently limit the minimum tip size, making a comparison to a point-

probe approximation difficult[13], and necessitating more complex models to accurately

describe the interaction[16]. Combining a theoretical analysis of MFM-CNT imaging

and its limitations in a real system with the development of single-walled CNT-based

tips with a highly uniform magnetic coating, and the characterization of the resulting

imaging properties is therefore a crucial step to advance this technique, and establish it
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as a next-generation tool for magnetic characterization.

In this Letter, we report on such a combined investigation, analyzing both

experimentally and theoretically the optimal conditions for MFM imaging in real

systems, taking into consideration the inherent physical limitations on sensitivity

and resolution. To obtain the highest quality tips, we introduce the deposition

of the magnetic metal coating via molecular beam epitaxy on single-walled CNT,

allowing unprecedented sub-10 nm resolution under ambient MFM imaging conditions.

Theoretically, we model the interaction of such MFM-CNT tips with a magnetic sample

in the presence of thermal noise, reconstructing the resulting image, and quantifying the

resolution as a function of the magnetic coating thickness, in excellent agreement with

experimental observations. The advantages of these magnetic single-walled CNT–based

tips are demonstrated on geometrically-confined spin structures in micropatterned soft

magnets, as well as on domains in hard magnetic samples.

2. Experimental details

To fabricate the tips, single-walled CNT were grown on commercial Si-based atomic force

microscopy probes (µMasch NSC18, ∼3.5 N/m, ∼75 kHz) by chemical vapor deposition

[17, 18], resulting in individual CNT or thin bundles 2–5 nm in diameter, 1–5 µm long,

at the tip apex. To obtain good image quality, these CNT were shortened by electrical

etching at 5–10 V on a sputtered Nb surface, to typical lengths of 300–500 nm. A thin

Co film (nominal thickness tn 5, 10, or 15 nm) was then deposited on the shortened

CNT tips by molecular beam epitaxy in ultra high vacuum (10−10 mbar) at room

temperature, at a rate of 4 nm/hour and 360 degree sample rotation. This very low-

rate Co growth on the CNT tips in a clean ultra high vacuum environment resulted in a

uniform and homogeneous formation of a well-adhered magnetic metal layer, eliminating

any need for preliminary functionalization of the CNT ‡. To prevent the oxidation and

deterioration of the thin Co layer, 10 nm Au was subsequently added as a protective

coating [11, 19] in-situ, without breaking the vacuum. Scanning electron microscopy

(JEOL 7500, 2kV) was used to characterize the tip after the Co/Au deposition, as shown

in figure 1, confirming the uniform deposition of the metal layer with no discontinuities,

and allowing us to directly measure the final tip diameter dt. Finally, to improve the

signal-to-noise ratio of the probe, 8 nm of reflective Al on a 1 nm Ti adhesion layer

were electron-beam deposited on the back of the cantilever at a rate of 0.02 nm/s,

shielding the tip itself during this step [18]. In this study, a total of 24 different tips

were investigated: 8 with average tn = 5 nm, dt = 20 nm; 4 with average tn = 10 nm,

dt = 25 nm; and 12 with average tn = 15 nm, dt = 30 nm. The tips survived extended

use for over a year, demonstrating the strong adhesion between the CNT and Co and

efficiency of the protective Au layer.

To characterize their performance, the MFM-CNT tips were directly compared

‡ As well, MBE is less destructive as compared to the conventional sputtering technique, where single-

walled nanotubes can be substantially damaged, buckled and strongly bent in the process of deposition
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Figure 1. SEM images of MFM-CNT tips homogeneously coated with (a) 5 nm, (b)

10 nm and (c) 15 nm of Co. Scale bar is 100 nm.

with commercial MFM probes (Veeco MESP,Cr/Co, ∼2 N/m, ∼70 kHz). The MFM

measurements were carried out in a commercial atomic force microscope (VEECO

Dimension 3100 with Nanoscope V controller) in standard dynamic (tapping)-lift mode

detecting the oscillation phase shift in air at room temperature, where the quality factor

of the MFM-CNT tips was approximately 350. The lift height and scan rate were

optimized for each probe to obtain the best image. First, to verify the imaging quality

of the MFM-CNT tips, and to investigate the effects of varying Co coating thickness,

we used a standard hard disk with (perpendicular recording, Seagate Momentus 5400.6,

nominal bit length 17 nm [18]) with a root-mean-square (rms) surface roughness of

0.2 nm from topography measurements. Using the MFM-CNT tips with the highest

resolution, we then extended our studies to square (5×5 µm2, 25 nm thick) and

rectangular (4.5×9 µm2, 25 nm thick) soft magnetic films with a rms surface roughness

of 0.355 nm, in which a variety of more complex spin structures could be accessed

[6, 8, 20]. These samples were fabricated by electron beam lithography in combination

with a lift-off process from 25 nm-thick films of permalloy (Source Material Ni:Fe, 83:17

wt) deposited by thermal evaporation at a base pressure of 5x10 −6 mbar and with a 2

nm Al capping layer on a patterned PMMA (polymethyl methacrylate) resist.

3. Results and discussion

We find that the resolution and contrast of the MFM-CNT images varies significantly

with the thickness of the Co layer, in agreement with previous studies of ferro-

magnetically-coated multiwalled-CNT tips [13, 16]. As shown in figure 2(b), with only

5 nm of Co, it turns out to be difficult to identify individual bits. The small magnetic

volume of the tip results in weak tip-sample interaction, giving a signal amplitude

comparable to the measurement noise. However, as can be seen in figure 2(c, d), with

increasing Co thickness, we observe significant improvement in the signal-to-noise ratio.

Bits with a full-width-half-maximum of 18 and 15 nm can be clearly resolved with tn =

10 and 15 nm Co-coated tips, respectively. Moreover, with tn = 15 nm Co-coated MFM-

CNT tips the characteristic curvature of the individual bits can be detailed with high
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precision at sub-10 nm (figure 2(e)). In comparison, the commercial MFM tips show a

best resolution of 30 nm.

Figure 2. MFM images of a high density hard drive obtained with (a) commercial

MFM probes, (b)–(d) tn 5 nm, 10 nm and 15 nm thick Co-coated MFM-CNT tips,

respectively. All scans were 1 µm in length. In each case, the cross-sectional profile

corresponds to the line indicated on each image, showing the resolution as a function

of the Co thickness. (e) Zoom on the area indicated in (d), showing the intersection of

several bits, and sub-10 nm resolution for the tn = 15 nm Co-coated MFM-CNT tip.

The profile is 10 line average cross section.

Using these high resolution MFM-CNT tips, we then imaged micropatterned

permalloy elements. As shown in figure 3(a, b), with commercial MFM tips it is

difficult to determine the real structure of soft magnetic materials. The stray field

of the tip is strong enough to perturb the magnetic state, displacing the domain walls

and vortex core during imaging [21]. As a result of this interaction, the domain walls

are observed as curved lines, bent towards the tip scanning direction. Furthermore the

vortex core in the middle of the flux closure structure is not visible as the interaction

with the tip distorts the image leading to poor resolution at the center of the structure.

However, with a tn = 15 nm Co-coated MFM-CNT tip, the details of the spin structures

including the Néel walls, cross-tie walls and a vortex core can be observed with a very

high level of detail, as can be seen in figure 3(c–d) . The domain walls appear as

separated double lines, as expected from micromagnetic simulations [22] and theoretical

calculations [21], and are completely straight, as previously shown by non-intrusive high

resolution imaging [20, 23]. For the cross-tie structure in rectangular micropatterned

permalloy elements, antivortex cores and their corresponding subdomain walls, 12–15

nm in width, are clearly resolved (figure 3(e,f)). We note that the location and shape of

each particular spin nanostructure did not change even after repeated scans, confirming

significant reduction of the stray fields produced by the MFM-CNT tips compared to

commercial MFM tips, minimizing the impact of the scan on the spin structure while
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retaining very good contrast. This improved imaging of complex spin structures in soft

magnetic materials achieved with MFM-CNT tips, as mentioned by Kuramochi et al.

[15], is not only a result of their high resolution and low perturbative effects because of

their small magnetic volume, but also due to the high magnetic anisotropy of the tips,

collinear with the magnetization of the imaged domain walls or vortex cores. Whereas

commercial MFM tips require magnetic poling in an external field prior to imaging to

achieve the highest quality scans (with ∼ 30 nm resolution), the tn = 15 nm MFM-

CNT tips show equivalent sub-10 nm resolution and high image quality with or without

magnetization in an external field.

Figure 3. MFM images of the square and rectangular micropatterned elements in

permalloy thin film obtained by ((a), (b)) a commercial MFM tip and ((c)–(e)) a 15

nm Co-coated CNT tip. (e), (f) Close up image of an antivortex core imaged with the

15 nm Co-coated CNT tip.

We emphasize that all these results, comparable or better than previous reports of

maximum MFM resolution under ultra-high vacuum [16, 12, 14], were here obtained

under ambient conditions, without vacuum or humidity control beyond those of a

standard laboratory. The magnetic tips based on single-walled CNT with molecular

beam epitaxy deposition of highly uniform Co layers thus have a clear advantage

over the multi-walled tips demonstrated in previous studies [13, 16]. Although as a

result of their small diameters, these tips are expected to outperform standard MFM

tips or multi-walled MFM-CNT tips in all environments, their high imaging quality

at ambient conditions is particularly promising for the implementation of MFM-CNT

tips to characterize magnetic nanostructures without a cumbersome ultra-high vacuum

environment. For instance, for the analysis of storage media quality at industrial scales,

where rapid throughput requirements make the additional steps of pumping, transfer and

positioning in a vacuum chamber undesirable, such tips could be particularly appealing.
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4. Theoretical modelling

To interpret our experimental observations, and to understand the underlying

mechanisms leading to the outstanding performance of the MFM-CNT tips, we modeled

the tip-sample interaction, and the effect of the Co layer thickness on the resolution

and contrast of the MFM image. In MFM dynamic mode, the magnetic interaction is

detected by the phase shift of the cantilever oscillation, ∆ϕ, which is proportional to

gradient of the vertical force acting on the tip [24] ∆ϕ = −(Q/k) · ∂Fz/∂z, where Q is

the quality factor, k is the cantilever spring constant and the z-axis is chosen along the

axis of the tip. The total magnetic force acting on the tip due to the interaction of its

magnetization ~m(~r) with that of the sample ~m′(~r′) is:

Fz =

∫

tip

d3r

∫

sample

d3r′ F ij
z (~r − ~r′)mi(~r)m

′

j(~r
′), (1)

where F̂z(~r − ~r′) ∼ 1/|~r − ~r′|4 describes the vertical component of the dipole-dipole

interaction [25].

Although in general the specific magnetic geometry of the tip should be considered,

the highly elongated shape and small diameter of the thin Co-coated CNT tips permit a

point-probe approximation [24, 26]. We investigate the MFM-CNT tip as a point dipole

of radius dn/2, and total magnetic moment M = (1/6)πd3nmsat aligned along the tip

axis [24, 26, 27]. Moreover, since in our experimental studies we consider only thin film

samples, the 3D integral in Eq. (2) can be reduced to 2D, finally giving the phase shift

in ideal (i.e., noiseless) MFM measurements as:

∆ϕ0(~r) = −(1/6)πd3nmsat

Q

k

∂

∂z

∫

sample

d2r′ F i
z(~r − ~r′)m′

i(~r
′)
∣

∣

∣

z=dn/2+d
, (2)

where d is the distance from the magnetic layer to the sample.

However, to obtain a realistic picture of the tip-sample interactions, we have to

additionally take into account the inherent fluctuations of the measured system: thermal

noise due to the vibration of the tip and cantilever, the roughness of the sample surface,

as well as local variations of the magnetic properties, all neglected in previous studies

[13, 16]. To quantify the noise level and clarify its origin we extracted its statistical

distribution from the signal experimentally measured on uniformly in-plane-magnetized

permalloy thin films with MFM-CNT tips, as shown in figure 4(a). First, we find

that the probability distribution of the phase deviation of the cantilever oscillation

δϕ ≡ ∆ϕ−〈∆ϕ〉 is well described by a Gaussian distribution P(δϕ) ∝ exp (−δϕ2/2〈δϕ2〉)

with the phase dispersion
√

〈δϕ2〉 ≃ 0.05◦ (figure 4(b)).

Moreover, we observe that the noise is highly local: the ensemble averaged

correlation function of the phase deviations G(~r) ≡ 〈δϕ(0)δϕ(~r)〉 has zero correlation

length, as shown in figure 4(c). Meanwhile, we can independently estimate the minimum

detectable force gradient for thermally limited measurements following Hug et al. [27]

as:
√

〈δϕ2〉 =
√

QkBT∆ν/kω0A2, where the tip oscillation amplitude A = 10 nm,

its quality factor Q = 350, the measurement temperature T = 300 K, the bandwidth
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Figure 4. Statistical analysis of the noise of MFM-CNT measurements. (a)

MFM image acquired on a uniformly in-plane-magnetized permalloy film. (b) The

distribution of values of the phase deviation from its mean for the signal measured

in (a), well fitted by a Gaussian function. (c) Spatial ensemble averaged correlation

function of the phase noise. The strong peak at the zero coordinate separation suggests

that the main contribution originates from thermal noise. The height of the correlation

function peak is independent of the sample and magnetic layer thickness, likewise

indicating that the main contribution comes from the thermal noise of the cantilever.

∆ν = 100 Hz, the resonance frequency ω0 = 75 kHz, and the spring constant of the

cantilever k = 3.5 N/m are all known parameters of the experimental measurement. We

find that this estimate yields the same value as that determined experimentally on the

permalloy samples. Thus, since the experimental noise is Gaussian, local, and appears

to coincide perfectly with the theoretical estimate for the thermal noise, we conclude

that its source is primarily the temperature fluctuations of the cantilever.

We can therefore complete our theoretical model by adding together the ideal phase

shift [28] of the noiseless magnetic tip-sample interaction and the noise represented by

a sampled Gaussian random phase shift with the value of the dispersion: ∆ϕ(~r) =

∆ϕ0(~r) + δϕ(~r) found above, where 〈δϕ(~r)δϕ(~r′)〉 = (QkBT∆ν/kω0A
2)δ~r ~r′ . Using this

model, we can now properly evaluate the resolution (the size of the minimal detectable

magnetic feature) for a given CNT-based tip, allowing us to predict the capabilities and

ultimate limits of MFM-CNT tips in real measurements.

To determine the resolution of a tip, we model the phase profile of a stripe of up- and

down-oriented vertical magnetic domains in a thin film, as shown in figure 5(a, c), with

different feature size D. Using the simulated profile, we define the resolution δ as the

minimal feature size for which the contrast C, i.e. the difference between maximum and

minimum phase shifts, is 50% larger than the noise level
√

〈δϕ2〉 (or simply larger than

zero for the noiseless situation), as shown in figure 5(b, d). We performed simulations

for three situations: the ideal case neglecting noise effects, noise-limited measurement in

air (quality factor Q = 350), and noise-limited measurement in vacuum (quality factor

Q = 3500).

The significant role of the thermal noise of the cantilever in MFM imaging with

CNT-based tips can be clearly seen from the dependence of the resolution on the Co layer
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Figure 5. Determination of the resolution using the phase shift profile of a simulated

magnetic domain structure. (a), (c) Simulated magnetic stripes in a thin film with

magnetization perpendicular to the film plane, and varying feature size D. (b), (d)

Corresponding phase cross-section and contrast C. Note that for small enough D,

features will not be resolved even in the absence of noise. (e) Resolution vs. magnetic

coating thickness from theoretical calculation and experimental data for single-walled

and multi-walled MFM-CNT tips. Blue, red and green lines correspond to MFM

measurements in the presence of thermal noise in air and vacuum, and ideal MFM

measurements in vacuum at 4 K, respectively.

thickness, figure 5(e). For an ideal situation, the resolution of the image increases as the

tip radius decreases, and thus the effective size of the tip dipole decreases, suggesting

that the smallest possible tips should be fabricated for optimal imaging §. However,

if we take into account noise during the image acquisition, maximum resolution is in

fact obtained for a finite tip radius with intermediate magnetic coating thickness. This

latter scenario is in excellent agreement with our experimental observations. As shown

in figure 5(e), for both our single-walled MFM-CNT tips, and past work with larger-

radius multi-walled CNT coated with a CoFe thin film, resolution decreases for both

the largest and smallest tip radii, with optimal image quality obtained for ferromagnetic

film coatings 6–18 nm thick.

Finally, to develop a clearer picture of the MFM-CNT tip-sample interaction and

to compare it directly with our experimental results, we modeled the phase image of

§ The resolution does not become zero for the thinnest Co layers modeled, since we have a finite fixed

distance from the tip to sample.
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Figure 6. Simulated MFM image of perpendicularly oriented magnetic domains in

thin film for MFM-CNT tips with tn = 5, 10, 15 and 40 nm in the (e)–(h) presence and

(a)–(d) absence of thermal noise, respectively. One clearly sees that in absence of the

noise the best resolution is achieved for smallest tip (a), while in the presence of the

thermal noise, the best resolution is achieved for a tip of finite thickness (g) of approx.

tn ≃ 15 nm in line with the experimental results. Each image is 100×100 nm2.

a magnetic surface with up- and down-oriented vertical magnetic domains of variable

5–35 nm width, with finite 2 nm domain walls. The calculated MFM image with a 1 nm

pixel size is illustrated in figure 6, as a function of the magnetic coating layer thickness.

We note that, as in figure 5(e), the resolution of larger tips is practically independent of

the strength of noise and simply proportional to the thickness of the magnetic coating,

giving almost identical images for figure 6(d vs. h). In the ideal noiseless case, as the

magnetic layer thickness decreases, resulting in smaller and smaller tip sizes, the image

quality continues to improve, figure 6(c, b, a). However, as soon as measurement noise

is included in the model, an optimal, finite magnetic layer coating gives the best quality

images, figure 6(g vs. f,e), in agreement with the experimentally observed non-linear

dependence of MFM resolution of the magnetic coating layer thickness.
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5. Conclusions

In summary, using molecular beam epitaxy deposition of homogeneous and uniform

magnetic coating layers on single-walled CNT, we have fabricated very sensitive and non-

perturbative MFM-CNT tips with small magnetic volume and high magnetic anisotropy.

Such tips allow for ultra-high sub-10 nm resolution imaging of magnetic nanostructures

in soft and hard magnetic thin films. To understand the mechanism of image

formation leading to this outstanding performance, we constructed a theoretical model

of the tip-sample interaction, approximating the tip as a point-probe, and including

hitherto neglected effects of thermal noise, which is shown to be the dominant factor

limiting measurement sensitivity. This model, in excellent agreement with experimental

observations, allows for a quantitative calculation of the magnetic coating layer thickness

necessary for optimal imaging under a given set of measurement conditions. Based

on our results, such specifically tailored tips can be controllably and reproducibly

fabricated, and readily integrated into existing MFM platforms to produce the next

generation of high-resolution magnetic probes.
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