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Characterization and calibration of MFM tip.
Quantitative measurements in Magnetic Force Microscopy.

Theory basics

Since the majority of all Scanning Probe Microscopy techniques is based on the force or force derivatives detection, the
starting relation is:
FsFE

is an energy of tip-sample interaction.
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Particularly for Magnetic Force Microsocpy E can be expressed in terms of a convolution of a tip magnetization
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Mtip and a stray field from the sample Hsample or, vise versa, as a convolution of the tip stray field Htip and the sample
magnetization Msample:
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where integration is performed over the whole magnetic volume of the tip (first relation) or the sample (the second one). In
case of no perturbation between the tip and the sample both approaches should give equal results.

Therefore, generally speaking, having measured forces (or their derivatives) acting between a tip and a sample, it is
theoretically possible to restore tip magnetization distribution Mtip if stray field from the sample H_wmple is known in detail.

And then, using so calibrated tip with known Mtip one can extract stray field distribution from unknown sample using MFM
scanning. Vise versa, upon some model assumptions on distribution of the stray field from MFM tip Htip and having assessed
this value numerically, one can restore magnetisation distribution Msample within unknown sample. At the same time, care

should be taken in interpreting a stray fields out of the media emanating them because exactly the same outer distribution
of magnetic field can be generated with different bulk conditions [1174].

In most cases, and for MFM in particular, tip-sample interaction is substantially one-dimensional and consideration of only
z-component of force derivative F’, gives satisfactory numerical estimations:
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By now phase shift detection scheme is most widespread for force gradient mapping in MFM because phase shift is
proportional to the force derivative F':



2
ﬁqg: _EEFI i _Ea_zE
k dz k oz

tip— sarple

Besides one-dimensional approximation, a number of another simplifications are made due to complexity of the problem
of magnetic interactions.

First, one can only guess on the real distribution of magnetisation Mtip in the MFM tip. Therefore, some simplified models
has been proposed to replace real tip with an appropriate approximation.

There are two most widespread approaches developed to date: point probe model [2649] and extended (magnetic)
charge model including a number of their implementations.

Point probe model assumes that magnetic tip can be replaced with a single magnetic pole of monopole g or dipole m
nature, both being constant scalar and vector respectively (Fig. 1a).
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Fig. 1. The most widespread models of MFM tip. a) Point probe model. MFM tip is approximated by a
single point pole of monopole g or dipole m nature. b) Extended charge model. One of the model
implementation is shown. MFM tip is approximated by pyramid with different magnetizaton vectors
on different facets. Active imaging volume is depicted in white. See also Fig. 3.

Expression for monopole approximation can be written as:
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and for dipole approximation as:
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where Meff is effective uniform tip magnetization and Veff is effective imaging volume of the tip.
Combining both contributions the resulting force in one-dimensional case can be expressed as:
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and force derivative as

oF ___oH, OH azH*’+m 0°H.,
L I T -

oz 0z * oz
As a matter of fact, point pole approximation is rather rough due to above simplifications, and fails to explain entire stray
field from the tip [2604]. The advantage is that the field calculation is simple and application to the theory of MFM is
straightforward. This approach is continuously being applied by many reserchers.

Extended charge model looks much more realistic assuming that magnetic charges in the tip volume are nonpoint like
(Fig. 1b). Unfortunately, implementations of this model are more complicated. Working in Fourier domain helps to simplify
calculations in this case.

Both models become inaccurate if the samples with characteristic dimensions of magnetic features different from those
used for calibration are investigated. By now neither model is able to guarantee "absolute" calibration of the given tip. Thus,
recalibration for various samples is necessary.

Limitations of current magnetic force imaging techniques give rise to refinement of existent theoretical backgrounds and
development of novel experimental approaches such as that described by Schaffer et al. [2597]. The process to find out
reliable and universal quantification in MFM steadily goes on.

One should also take into consideration, that measured MFM signal is a convolution of so-called instrumental response
function and pure MFM signal. So, to extract pure MFM signal specific deconvolution procedures should be performed. This
effect is as much as smaller are the magnetic features on the sample surface.

Experimental techniques

A number of approaches have been proposed to acquire both qualitative and quantitative description of magnetic tips in
order to make MFM imaging quantitative. These approaches can be divided into two main groups: techniques based on MFM
scanning over current carrying structures formed on a calibration sample surface and the others which use another principles
involving MFM for successive correction of initial approximations or do not use MFM at all.

Let us begin from the second group. This group comprises Resonant Torque Magnitometry (RTM) [2633, 2621], Lorentz
electron tomography [2603], electron holography [2664] and some other methods.

These methods help understanding peculiarities of magnetic field distribution in the nearest vicinity of the magnetic tip
and are to be considered as independent ways to develop reliable and simple MFM-like method of tip
characterization/calibration.

Resonant Torque Magnitometry allows a hysteresis loop to be obtained by applying a local field to the tip, either along the
tip axis or normally to it, and measuring torque response of the tip [2621]. A sensitivity of better than 10712 emu (10'15

A-m2) has been reported by Heiydon et. al [2633]. Measurements were performed in-situ that is of great importance
especially when images are made in the presence of bias fields. At the same time this technique is rather exotic and cannot
be implemented in common laboratories. RTM also impose some limitations to the measuring conditions.

Lorentz electron tomography used by McVitie et al. [2603] registers deflection of accelerated electron beam influenced by
magnetic field in the nearest vicinity of MFM tip (Fig. 2).
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Fig. 2. Schematic of differential phase contrast imaging technique of Lorentz microscopy
applied to a MFM tip (McVitie et al. [2603]). This imaging mode is implemented on a
scanning transmission electron microscope.

This technique gives the real, but integral field distribution near the tip apex not distorted by any external fields. The data
obtained easily reveal anisotropy of the field around the axis of the tip due to its nonideal piramidal form. Small tilt over the
measured surface as well as some unwanted effects ([2663]) also contribute to the final result. Then, specific tomographic
reconstruction is implemented to restore the real field distribution. The authors compared data obtained by electron
tomography with the results of calculations according to most common approximations of MFM tip magnetic state such as
point pole and extended charge models. It was found that the field from MFM tip has contributions which are point like and
nonpoint like. While the central part of the field can be well represented by a point or localized charge, the modeling of
extended tails of the field implies nonlocal magnetic charge distribution. The profile of magnetic field using extended charge

model (Fig. 3) can be ideally fitted by means of fitting parameters. There are, though, some difficulties in interpretation of
thus obtained results.



Fig. 3. Representation of MFM tip by magnetic layer of thickness t with predefined magnetization
distribution according to extended charge model used by McVitie et al. [2603] for Fourier space
calculations.

Another technique involving multiple MFM sessions and Fourier transforms is developed by Hug, van Schendel et al.
[2632, 2604]. It is a sophisticated iterative procedure for MFM tip calibration using transfer-function approach. The sample
under scanning is specialty sandwich-like Cu/Ni/Cu structure with strong perpendicular magnetization. Authors came to
conclusion that the point monopole and dipole models of the MFM tip are not suitable to describe the tip calibrations found in
the experiment. And in spite of the fact that a reasonable agreement between the simulation and the measurement is
obtained with a monopole model with additional tip-sample distance, it is not recommended to use a point pole model for the
evaluation of MFM data acquired on a sample with domains with a different size than those of the sample used for
calibration. Even using extended charge model one should recalibrate the tip to investigate samples with magnetic feature
sizes different from used for calibration. The authors found point pole probe approach inadequate when interpreting
submicron magnetic features which are comparable to the tip size, though this approach may be still applicable for the
structures with relatively large features and large lift heights. The maximum magnetic flux density at the tip end was
estimated about 0,01 Tesla for about 10 nm Fe layer covered with about 15 nm Au coatings. The sensitivity is found to be in
the microtesla range for stray field variations on the order of 100 nm.

By common practice, determination of a sample stray field using calibrated MFM tip of given magnetization Mtip is the

most often task investigators have to encounter. This task is successfully solved using MFM tips calibrated by means of the
first group techniques. It is obvious, that only current carrying metal stripes are able to produce well-controllable and regular
magnetic field with predefined distribution Hsample to restore tip magnetization Mtip. Due to micron and submicron scales

these stripes are manufactured by electron beam lithography and may differ in geometry. The following types of strip lines
are reported so far: one straight strip line [2582, 2619]; two or more straight strip lines [2599, 2600, 2631, 2634, 2635,
2639], current rings [2612, 2636, 2637].
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Fig. 4. Typical current strip line configurations for generating of well-defined magnetic field.
a) Two parallel strip lines with regions of various distance between lines (Goddenhenrich et
al. [2631]). b) Current ring (Kong and Chou [2636, 2637], Lohau et al. [2612]).

The first attempt to compare calculated and measured magnetic forces acting between a tip and a sample using current
carrying strip lines was undertaken by Goddenhenrich et al. [2631] in early 90-s (Fig. 4a)). The authors have got
satisfactory qualitative agreement of calculated and measured curves. To get semiquantitative results convolution effects
due to finite tip size should be also taken into consideration.

The distribution of magnetic field gradient for a couple of straight lines is shown in Fig. 5. Simple and comprehensible
animations help to understand how magnetic field and its gradient are distributed over the current carrying lines.




Fig. 5. Distribution of horizontal Hx and vertical Hy components of magnetic field gradient over two
current carrying strip lines of opposite polarity upon height Z in microns. The lines go in parallel to each
other and their cross sections are only shown. Both components are plotted separately for convenience.
Click on the picture to download the full animaiton (80 Kb in a self-extracting archive).

One can see that distribution of Hx component is symmetrical relative to the strip line profile, and
that of Hz is antisymmetrical. After viewing the full animation it is obvious that the distribution of Hx
component changes drastically upon vertical distance Z as opposed to Hy which changes in amplitude
only.

Yongsunthon et al. [2599] consider MFM as a useful method for studying electromigration in metals which is of vital
importance due to continuous shrinkage of integrated circuit dimensions. Proposed calibration structure comprises three
metal strip lines (Fig. 6), of which the left is null-potential grounded line connected to the tip, the central line includes small
slit in the central part thus modeling defect, and the right line is reference one of well defined geometry.

Fig. 6. Current strip line configuration used for in situ calibration of MFM tip by Yongsunthon
et al. [2599].

Null-potential line guarantees the absence of electrostatic component among various tip-sample interactions. It serves to
indicate that no phase shift is present when the tip is scanning above this area. The reference structure is used to normalize
the signal magnitude from the test structure. Also it is intended to determine iteratively so-called instrumental response
function which enables deconvolution of measured MFM signal in order to extract pure MFM response. Using dipole moment
approximation in accordance with point probe model, relative quantification of the MFM signal amplitude to within 10% can
be achieved and absolute current variations can be detected to at least 10%.

Successful application of MFM imaging to map quantitatively current densities around various defects in metal conductors
is reported in the latest works of Yongsunthon et al. [2639] and Rose et al. [2600].

Results presented lately by Kebe and Carl [2634] reflect progress made for more than a decade in MFM tip calibration
using current carrying structures. Beginning from current rings in early works, the authors consider various parallel wire
configurations in this ample paper. Analysis is again conducted using point probe model for approximation of MFM tip.
Having studied many configurations of current carrying lines authors related point probe parameters to the dimensions of
parallel wires and to characteristic decay length of the z-component of the magnetic field produced with them. This allowed
to determine the effective volume Vet of the real magnetic tip relevant in MFM imaging. The authors proposed experimental

technique which allows quantitative measurement of the magnetization of nanoscale ferromagnetic elements with an in-
plane magnetization by calibrated MFM tip.

Kong and Chou have pioneered in using current rings for MFM tip calibration purposes [2636, 2637]. Using monopole and
dipole approximations within a point pole model the authors found that at different lift heights both moments contribute
unequally, which gave rise to the final conclusion that only the dipole moment is relevant for imaging.



Lohau et al. [2612] thoroughly studied applicability of point pole model to the quantitative determination of magnetic
state of the tip using current rings of various radii. It was found that MFM images can only be analyzed unambiguously
within the point pole approximation when using either the dipole or the monopole contribution taking into account heights of
the point pole above the sample surface which are different in each case. Both point probe approaches was found to give
identical results independent of the lift height used and it is therefore not necessary to consider a mixture of both
contributions.

A number of papers describe changes in magnetization of MFM tips imposed by external magnetic fields. Use of current
carrying structures becomes here the only way to determine tip magnetic state because any other magnetic sample is
critically affected under strong fields applied, whereas the stray field from such current carrying structures is kept
unchanged. Knowing magnetization reversal of the tip one can study magnetization reversal of magnetic samples.

Typical hysteresis loops for tips of various shape and covered with various coatings are presented in Fig. 7.

Fig. 7. Typical hysteresis loops obtained for various metal coatings of MFM tips. High
coercivity coating has a broad hysteresis loop (solid red line). Low coercivity coating has a
narrow loop (dashed red line). Blue line reflects behavoir of coating deposited on narrow and
long tip. This coating switches as a single domain particle under varying external field and
features almost square hysteresis loop. HC, M, and M, stand for coercivity, remanent

magnetization and saturation magnetization respectively.

In general, magnetic coatings can be divided into two categories: made of high coercivity (CoCr, CoCrPt etc.) and low
coercivity (FeNi, FeCoNi etc.) materials. There were also reports about superparamagnetic [2730, 2567], paramagnetic
[2705], antiferromagnetic [2711] or multilayer [2691] MFM tips. The proper choice depends upon the purposes of a given
study. It is found experimentally that typical coercivity of CoCr tips is between 300-400 Oe, and for low-coercivity tips H_

amounts to 1-5 Oe or less.

One should remember, that high coercivity tips may influence the sample magnetic structure and vice versa. Such
perturbation leads to displacement of domain walls [2615, 2748, 2749], irreproducibility of successively taken images [1111,
1122], and another unwanted effects. As for imaging in applied external magnetic fields, it is desirable to use a tip either
having coercivity far beyond that of the sample (so that the applied field does not affect the tip), or far below it (so that the



tip moment is always aligned with applied field) [2582]. Tapping the sample with the MFM tip during topography acquisition
in interleave or "liftmode" may significantly perturb magnetization distribution in the sample or in the tip. Therefore, if
sample topography is sufficiently smooth, noncontact imaging at fixed height is preferable instead of two-pass technique
such as liftmode.

The more aspect ratio of the tip, the more uniform and predictable is magnetization distribution in the volume of magnetic
coating. The utmost case is narrow needle shaped tip proved to be monodomain, so hysteretic loop of such a tip is of almost
square shape (so-called coefficient of squareness is close to 1.00).

Babcock et al. [2582] systematically studied the magnetic states of a set of MFM probes as a function of uniform external
magnetic field using single current strip line. In order to avoid influence of electrostatic forces entire structure was covered
by thin insulating and metal coatings, the latter being grounded during MFM measurements. It was shown that there are two
different response characteristics for lateral and vertical components of remanent magnetization in the phase images.
Vertical component gives antisymmetric response and the lateral - symmetric one. Such an effect is easily seen from the
field gradient profiles, plotted in Fig. 5. The authors show that after magnetizing even in a strong lateral fields remanent
state is apparently far from horizontal orientation but tilted 30-40° relative to the plane of the sample.
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Fig. 8. Responses of the MFM tip scanning the single strip line (shown above) under various
orientations of external field. (after Babcock at al. [2582])

Carl et al. [2569] describes an experimental technique to determine magnetization reversal and coercivity of MFM tips
using current carrying metal ring. Measurements were conducted in the central part of substantially large (d=2400 nm) ring.
Such a big size guarantees that mainly vertical H, component is present in the central part of the ring and there are no
electrostatic forces present in this area, so shielding metal coating was not exploited. Coercivity H,, remanent magnetization
M,, and saturation magnetization M of the tips from corresponding hysteresis loops were obtained changing external field
from H, to -H,.

It was found that properties of theoretically identical tips from various wafers differ widely, sometimes by factor of 2. This
discrepancy can only be attributed to unequal manufacturing conditions rather than to other reasons. Typical coercivity for
CoCr coated tips were found to be within 270-360 Oe and remanent magnetization M_=869-1336 emu/cc. For comparison

the same characteristics were gathered by Superconducting Quantum Interference Magnitometry (SQUID Magnetometry).
Values obtained by SQUID measurements differed from that of MFM widely. For example, H SQUID/Hc mem relation lie within

0,9...2,2 range. It is only MFM that allow estimation of the volume of the tip relevant for image formation. Therefore, the
choice in favour of MFM rather than SQUID magnetometry is preferable to assess most common magnetic properties of the
probing tip.



Using so calibrated tip Lohau, Carl et al. [2602] determined quantitatively the hysteresis loop of a single magnetic dot of
230 nm in diameter taking into account the correction for the tip reversal properties. The technique described in the paper
allows one to measure precisely the coercivity of a given sample H_ sample €VeN if it is comparable with the coercivity of the

tip itself. Furthermore, the shape of the hysteresis loop of small magnetic elements may be obtained with sufficient accuracy
in order to be able to differentiate, e.g., between different reversal modes of magnetic elements.

In conclusion, some general regularities will be given concerning resolution and sensitivity in MFM measurements.

Probe sensitivity over the current strip line can be estimated in terms of minimal magnetic moment within point dipole
approximation:
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where f_ - resonant frequency shift. For example, in case of most commonly used CoCr coatings m, of ~ 6-10"12 emu has
been reported [2582].

MFM resolution and magnitude of the contrast observed in MFM depend upon the geometry and size of the magnetic
material which interacts with the sample stray field. Such working part is also called "active volume" of the MFM tip
(depicted in white in Fig 1b). Both resolution and contrast for "magnetically hard" MFM probes increase as the final portion of
the tip goes long and narrow having flat end [2645]. Such tips are manufactured using Electron Beam Deposition [2643,
2728] or Focused Ion Beam [2647, 2691] techniques. At the same time one should remember, that such tips are easily worn
during tapping while acquiring topography by means of widely used two-pass technique. So, noncontact mode is preferable if
no great topography variations are present on the sample surface.

Horizontal and vertical resolution of MFM imaging differs greatly. Commercial tips are intended mainly for sensing of
vertical field component whereas in-plane components are often out of their capabilities. To make tip sensitive to lateral
forces, one should manage to make the very end of the tip magnetized horizontally. Simple applying of external magnetic
field in horizontal direction will give a little success. The remedy could be making nanoscopic pinhole in the very apex of the
magneitc tip as offered by Folks et al. [2610]. This lead to occurrence of very small region with sufficiently strong horizontal
magnetic moment. Another three- step way to extract information about distribution of lateral magnetic moments from MFM
scans is described by Zhao et al. [2648].

Abelmann et al. [1108] reported results of a great study devoted to comparing the resolution of MFM from various
manufacturers using special reference samples consisting of CoNi/Pt magneto-optic multilayers with different thicknesses. It
was found that resolution does not vary considerably between the different instruments and lies within 30-100 nm range.
Theoretical analysis shows that maximum resolution is governed by the distance between magnetic charges in the sample
and in the tip which is quite different from the physical tip-sample separation. The lower the separation the higher
resolution. Though, reduction of physical tip-sample separation leads to a plenty of smaller details or even artefacts of
nonmagnetic origin. Therefore, reduction of magnetic rather than physical distance between interacting charges becomes a
matter of art.

Dependence of MFM data on the tip magnetization orientation has been studied by Litvinov and Khizroev [2709], who
manufactured the finest cylindrical MFM tip of 50 nm in diameter and 10 nm in height which is one of the best ever reported
physical implementation of the "dipole moment" MFM probe. By controlling the preferred orientation of the magnetization, it
is possible to define directional sensitivity. The preferred orientation is controlled either by choosing a proper magnetic
material with preferred crystalline anisotropy or by applying a sufficiently strong external magnetic field.

Complete list of references to the articles devoted to MFM-related problems is placed in the Reference Collections
section of our Library.

Please, send all comments and suggestions concerning these pages to Library@mikromasch.com
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