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Calibration of

Magnetic Force or Scanning Hall Probe Microscopes

TECHNICAL FIELD

The invention refers to the field of magnetic force or
Hall probe microscopy. It is based on the subject-matter
as set forth in the preamble of the claims 1, 3 and 6.

BACKGROUND ART

The invention refers to a state of the art as presented
in the article of J.-G. Zhu et al., "“Magnetic force mi-
croscopy image restoration technique for removing tip de-
pendence", Journal of Applied Physics Vol. 83 (11), p.
6223-6225 (1998). It is proposed to use samples that ap-
proximate a point source of magnetic field, i. e. a mag-
netic monopole or dipole, in order to determine an im-
pulse response function of the magnetic force microscope
(MFM) tip. The impulse response function is then used to
deconvolve raw MFM-images in the Fourier space. This
method has severe drawbacks. The better the sample ap-
proximates a point source the smaller the MFM-signal will
be. This severely limits the accuracy of the calibrationf
due to the small signal-to-noise ratio of the measure-
ment. Moreover, point source samples are difficult to
produce. Their spatial extent 1limits the accuracy to
which the impulse response function can be determined.
For repeated calibrations repeated positioning of the
point source sample is necessary.

Principles of operation of MFMs are shown in the article
of D. Rugar et al., "Magnetic force microscopy: General
principles and applications to longitudinal recording me-
dia", Journal of Applied Physics, Vol. 68 (3), P. 1169~
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1183 (1990). The MFM response is analyzed in direct space
by modelling the tip geometry and cantilever tilt. How-
ever, the geometric tip model is complicated and of lim-

ited value since four fitting parameters are used.

Another tip calibration technigue is presented in the ar-
ticle of L. Kong et al., “Quantification of magnetic
force microscopy using a micronscale current ring", Ap-
plied Physics Letters Vol. 70 (15), p. 2043-2045 (1997).
A controlled magnetic field of a ring conductor with Ilpm-
Spm diameter is probed by the tip. The resulting MFM-
signal is interpreted in terms of a magnetic mdnopole and
dipole strength of the tip. Again a tip model is required
to quantify magnetic properties of the tip.

Principles of operation of Scanning Hall probe microsopes
(SHPM) are shown in the article of A. Oral et al., "Real-
time scanning Hall probe microscopy", Applied Physics
Letters Vol 69 (9), p. 1324-1326 (19%6). A tip comprising
a submicron Hall probe manufactured in a GaAs heter-
ostructure is scanned over the sample to measure the mag-
netic stray £field using conventional scanning tunneling
microscopy positioning techniques. However, the magnetic
field sensitivity decreases on the length scale of the
Hall probe tip and requires calibration for absolute
stray field measurements.

BRIEF SUMMARY OF THE INVENTION

It is the object of the invention to provide a simplified
and improved calibration method for magnetic force micro-
scopes [(MFM) and scanning Hall probe microscopes {(SHPM).
This object is achieved according to the invention by the
subject-matter as set forth in claims 1, 3 and 6.

The invention resides in a method for calibrating a mag-
netic force microscope or a scanning Hall probe micro-
scope, wherein raw MFM- or SHPM-images of a sample pro-
ducing an arbitrary magnetic stray field are measured,
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the sample magnetization or current distribution patterns
are estimated, the corresponding magnetic stray fields
are calculated and, from the raw MFM- or SHPM-images and
the magnetic stray fields, an instrument response func-
tion IRF is determined. The instrument response function
IRF contains information on the magnetic stray field dis-
tribution of the tip and the tilt and mechanical behav-
iour of the cantilever. By using a calibrated tip the
magnitude and distribution of magnetic stray fields of
arbitrary samples can be determined. Through this, also
the magnetization or current distribution in the samples
can be found.

The method according to invention allows to measure
rather than to model the instrument response. The mag-
netic stray field distribution or sensitivity of the tip
is determined with high precision and without restriction
to magnetic monopole or dipole models. The need for pre-
paring samples with a specific pattern of magnetic field
sources is eliminated.

In one embodiment the instrument response function IRF is
calculated by deconvolution in Fourier space of the raw
MFM- or SHPM-image with the magnetic stray field.

In another embodiment a plurality of MFM- or SHPM-images
is measured and an average of their instrument response
functions IRF, is determined.

In an additional embodiment, based on the averaged in-
strument response function IRF,, an iterative calculation
of approximate sample magnetization patterns, approximate
sample magnetic stray field distributions and improved
averaged instrument response functions IRF; (j=1l.m) is
performed. With an increasing number of iterations 3 the
instrument response functions IRF; converge towards a
"true" instrument response function. :

In other embodiments a tip calibration function quip,
characterizing the magnetic stray field distribution of
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the tip of a magnetic force microscope, is derived from
the instrument response function IRF.

Other objects, features and advantages of the present in-
vention will become apparent from the dependent claims

and the description in comnnection with the drawing.

BRIEF DESCRIPTION OF THE DRAWINGS

The description refers to the accompanying drawing, in
which

Fig. 1 shows a block diagram of the iterative calculation
procedure to determine an improved averaged in-
strument response function IRFj.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The invention refers to a method for calibrating a mag-
netic force microscope (MFM) or a scanning Hall probe mi-
croscope (SHPM). The MFM or SHPM comprises a small canti-
lever with a microscopic tip that is movable laterally
above a sample surface. In the MFM the tip consists of or
is coated with a ferromagnetic material. In the SHPM the
tip consists of or comprises a microscopic Hall sensor.
In the MFM the magnetic interaction between the tip and
sample surface leads to optically detectable cantilever
deflections. In static measurements the deflections are
proportional to the interaction force. In dynamic meas-
urements the shift of the cantilever resonance frequency
is proportional to the force gradient. In the SHPM the
Hall-voltage caused by the average of the magnetic flux
portion, that emanates from the sample and passes through
the Hall-probe, is measured. By laterally scanning the
sample and measuring the force, force gradient or Hall-
voltage as a function of posgition a raw MFM- or SHPM-
image S of the sample is generated. An instrument re-
sponse function IRF shall be provided in order to deter-
mine from the raw MFM- or SHPM-image S an improved or
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true stray field distribution of the sample. Thereby in-
strument-related features contained in the raw image S
are compensated for.

The invention solves the problem of determining reliable
instrument response functions. According to invention a
sample with an irregular sample magnetization pattern M
over an extended area is provided. Based on the raw MFM-
or SHPM-image S of the sample an approximate sample mag-
netization pattern My and therefrom an approximate sample
magnetic stray field distribution H; are determined. An
instrument response function IRF is then calculated from
the raw MFM- or SHEPM-image S and the approximate magnetic
stray field distribution Hy. The instrument response func-
tion IRF is then applicable to correcting arbitrary raw
MFM- or SHPM-images. Thus it serves as a general cali-
brating function for the MFM or SHPM.

The irregularity of the sample magnetization pattern as-
sures that a great variety of magnetization wavevectors
in the sample surface plane are measured and acéordingly
the instrument response function is determined for a
broad spectrum of wavevectors. The sample magnetization
and magnetic stray field are related to each other by
physical equations, as may be seen e. g. from the article
by D. Rugar et al.. These equations shall be applied to
the specific sample under investigation. In the case of
calculations in Fourler space the relationship between
magnetization and stray field can be described by a mul-
tiplicative field transfer function HTF(k), as shown in
the article by H. J. Hug et al., "Quantitative magnetic
force microscopy on perpendicularly magnetized samples”,
Journal of Applied Physics Vol. 83 (1l), p. 5609-5620
{1998) .

In a preferred embodiment the instrument response func-
tion IRF is calculated from S and Hy by a deconvolution in
Fourier space, by a Wiener filtering (W. H. Press, B. P.
Flannery and S. A. Tenkolsky, "Numerical recipes in Pas-
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cal", paragraph 12.6, Cambridge University Press, Cam-
bridge (1989)), by a conjugate gradient method (R. J.
Griessen, "Fast determination of 2D current patterns in
flat conductors from measurement of their magnetic
field", Physica C 295, 177 (1998) or M. Hestenes, "Conju-
gate direction methods in Optimization®", Springer Verlag,
New York (1980)), or by a maximum entropy method (N. Wu,
"The maximum entropy method", Springer Verlag, Berlin
(19397} ).

A further solution according to¢ invention consists in
that, based on the raw MFM- or SHPM-image S, an approxi-
mate sample magnetization pattern M; and therefrom an ap-
proximate magnetic stray field distribution Hy are deter-
mined, the Fourier space distributions of the raw MFM- or
SHPM-image S(k) and of the approximate magnetic stray
field distribution Hy(k) are calculated and an instrument
response function IRF(k) is calculated according to the
equation IRF(k)=S(k)/Ho(k). By calculating in Fourier ra-
ther than direct space complicated deconvolution inte-
grals can be replaced by simple divisions.

Advantageously a sample with a magnetization vector M
having constant magnitude and two distinct orientations
is provided and an approximate sample magnetization pat-
tern My is estimated by converting the raw MFM- or SHPM-
image S into a binary pattern. This conversion may  be
done by applying a discrimination level to the raw image
S or by using any standard image processing technique to
segment or binarize grey scale images. Such techniques
are discussed e. g. in E. L. Hall, "Computer Image Proc-
essing and Recognition", Academic Press {1982). By choos-
ing a sample with a binary magnetization pattern the pat-
tern may be reproduced or at least be approximated by bi-
narization of the measured magnetic stray field. Prefer-
entially the sample magnetization vector M is aligned
perpendicularly to the scanned sample surface and flips
between up- and down-orientation at magnetic domain
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walls. In such samples there exists an unambiguous rela-
tion between the sample magnetization pattern and the
thereby induced magnetic stray field. Such samples are
eagsy to produce and are readily available.

In a further embodiment an improved instrument response
function IRF, is calculated by measuring several different
MFM- or SHPM-images S; and averaging their instrument re-
sponse functions IRF(k). In particular, based on the av-
eraged instrument response function IRF,, an iterative
calculation of approximate sample magnetization'patterns,
approximate magnetic stray field distributions and aver-
aged instrument response functions IRF; (j=l.m) is per-
formed. A possible calculation scheme is exemplified in
Fig. 1.

A third solution according to invention consists in that
a plurality of raw MFM- or SHPM-images S; (i=l..n), prefer-
entially of different samples or sample areas, is meas-—
ured, first approximate sample magnetization patterns M;,o
and first approximate sample magnetic stray field distri-
butions H;,; are determined, from S; and H;,, first approxi-
mate instrument response functions IRFj,, are calculated
and averaged to form an initial instrument response func-
tion IRF; and the calculation procedure is reiterated by
using a (j-1)-th instrument response function IRFj.; to
recalculate magnetization patterns M;,y, magnetic stray
field distributions Hi,; and a j-th instrument response
function IRF; (j=1.m). Again the deconvolution of the raw
images S; with the approximate magnetic stray field dis-
tributions H;,; yielding the instrument response functions
IRF;,; may be done by division in Fourier space, by Wiener
filtering or by a conjugate gradient or maximum entropy
method.

This third solution is shown in Fig. 1 for the case of
performing calculations in Fourier space. The measured

raw MFM- or SHPM—images S; are Fourier transformed into
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Si(k). The S;(k) may be corrected, e. g. for the effects
of tip canting, are inverse Fourier transformed and bi-
narized by applying a discrimination level. After Fourier
transformation the approximate magnetization patterns
M;, (k) are found. They are multiplied with the field
transfer functions HTF;(k) to form the approximate mag-
netic stray field functions H;,j(k). The field transfer
functions HTF;(k) may depend on the image index i, if the
imaged samples or sample areas contain magnetization vec-
tors M of different orientation, if the samples have dif-
ferent thicknesses, or if the measurements are. performed
at different distances between sample and tip. By divid-
ing the raw Fourier transformed MFM- or SHPM-images S; (k)
by the corresponding magnetic stray field functions
H;,5(k) the impulse response functions IRF;,;(k) as a func-
tion of wavevector k are found. Their arithmetical mean
IRF; (k) multiplied by the field transfer function HTF; (k)
serves for deconvolving the S;(k). Note that j is incre-
mented by 1 in this step. The deconvolved images S;,;(k)
may then restart the process of inverse Fourier transfor-
mation, binarization, Fourier transformation, multiplica-
tion with HTF;(k), division S;(k)/Hij(k), formation of an
improved average impulse response IRF; and again deconvo-
Iution of S;{k). In practical experiments it was shown
that already few images (n=4..5) and few iterations
(j=3..4) are sufficient to produce reliable instrument re-
sponse functions IRF;(k). Simulated MFM-images based on
these IRFj(k) deliver excellent reproductions of measured
MFM-images and outperform by far simplifying monopole or
dipole models of the MFM-tip.

It is desirable that the sample magnetization pattern M
contains a sufficiently broad two-dimensional Fourier
spectrum and a sufficient area in order to characterize
the instrument response function IRF with a predefined
precision. In particular, the sample magnetization pat-
tern shall also contain features of a size comparable to
or smaller than the spatial variations of the tip mag-
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netic stray field (in MFM) or tip magnetic field sensi-
tivity (in SHPM) that is to be calibrated. As an alterna-
tive requirement the magnetization pattern of the cali-
bration sample shall have a Fourier spectrum at least as
broad as the samples to be measured.

Pfeferentially the above calculation is done for sample
magnetization vectors M oriented perpendicularly to the
scanned sample surface. Then the field transfer function
HTF; (k) is well-known and the stray field calculation is
straightforward and precise. In general the sample may
also contain a current distribution instead of <::1 magneti-
zation pattern M. Furthermore, in the case of dynamic
measurements with MFMs, the raw MFM-images S; depend on
the force gradient rather than the force itself, the mag-
netic stray field distribution H may replaced by its de-
rivative H,, with respect to the z-direction normal to the
sample surface and in Fig. 1 the field transfer function
HTF; (k) shall be replaced by keHTF;(k).

Another embodiment of the invention aims at eliminating
the influence of a cantilever tilt on the MFM- or SHPM-
images S;. For this purpose a lever canting function
LCF(k) is introduced, that relates the measured force or
magnetic flux to the force component or magnetic flux
component in a direction perpendicular to the sample sur-
face. The images S; shall be deconvolved with LCFB (k) .,
where the value of B depends on whether the force or mag-
netic flux (B=1) or the force gradient ({(B=2) is measured.
The lever canting function LCF(k)} is calculated according
to the equation LCF(k)= neVY/k, where n=direction vector
normal to the cantilever axis, Z=(ikx,iky,-k)=gr.adient in
Fourier space and kx, ky=in-plane coordinates and
k=magnitude of the wavevector k. By deconvolving the im-
ages S; with r.crp (k} images with considerably leés distor~
tion of the imaged magnetic structures are produced.

A further important embodiment for the MFM congists in
that a tip calibration function quip(k), characterizing



10

15

20

25

30

35

10

the magnetic stray field distribution of the tip of a
magnetic force microscope, i1s derived from the instrument
response function IRF, IRF; or IRF; (j=l.m). This can be
done by calculating a tip calibration function qip(k) ac-
cording to the equation qtip(]_g)=IRF(1__<)/(LCFB(]_{)oCC) with
B=1 or f=2, where LCF=lever canting function and the con-
stant CC describes the mechanical properties of the can-
tilever. In the following examples for calculating quip(k)
are given for four different kinds of instrument response
functions: (i) IRFguz(k) relating stray field H, to canti-
lever deflection z: PB=1 and CC=c;™; (ii) IRFag/amz(k) re-
lating stray field derivative dH,; to resonance frequency
shift df: P=2 and CC=-{(f,/2ecy); (iii) IRFge/m.(k) relating
stray field H, to resonance frequency shift df: B=2 and
CC=(fook/2ecy); and (iv) IRFgm:(k) relating stray field H,
to phase shift dp between the excitation of the cantile-
ver and the deflection signal: P=2 and CC=(Q/ci), where
fo=resonance frequency, cp=force constant and Q=quality
factor of the free cantilever.

Important applications of the method according to inven-
tion are given in the following. The instrument response
function IRF, IRF,;, IRF; allows to calibrate magnetic
force or scanning Hall probe microscopes, e. ¢g. repeat-
edly before and after measurements. The tip calibration
function gqip{k) allows to magnetically characterize tips
of magnetic force microscopes and in particular to detér.—
mine their three-dimensional magnetic stray field distri-
bution. Consequently, precisely calibrated tips may be
produced. Furthermore, with the help of the instrument
response function IRF(k), IRFo(k), IRFj(k) absolute values
of magnetic stray fields H, magnetization patterns M or
microscopic current distributions may be measured. With
the help of the tip calibration function qip(k) absolute
microscopic magnetic gauging fields may be generated. In
particular, the tip calibration function qip(k) is useful
to characterize the response of integrated circuits, mag-
netic reading heads, Hall sensors or SQUIDS to a local
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magnetic field through scanning a tip with known stray
field over these samples or sensors.
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A method for calibrating a magnetic force microscobe

(MFM) or a scanning Hall probe microscope (SHPM),

where a raw MFM- oder SHPM-image S 1is measured by

scanning a sample with a microscopic tip and an in-
strument response function IRF i1s determined for cali-
brating the MFM or SHPM, characterized by the steps of

a) providing a sample with an irregular sample mag-
netization pattern M or irregular current distribu-
tion over an extended area, '

b) determining, based on the raw MFM- or SHPM-image S
of the sample, an approximate sample magnetization
pattern My and therefrom an approximate sample mag-
netic stray field distribution H, and

c) calculating the instrument response function IRF
from the raw MFM- or SHPM-image S and the approxi-
mate sample magnetic stray field distribution Hs.

The method according to claim 1, characterized in that
the instrument response function IRF is calculated by
a deconvolution in Fourier space, by a Wiener filter-
ing, by a conjugate gradient method or by a maximum
entropy method.

A method for calibrating a magnetic force microscépe
(MFM) or a scanning Hall probe microscope (SHPM),
preferentially according to one of the previous
claims, where a raw MFM- oder SHPM-image S is measured
by scanning a sample with a microscopic tip and an in-
strument response function IRF is determined for cali-
brating the MFM or SHPM, characterized by the steps of
a) determining, based on the raw MFM- or SHPM-image S,
an approximate sample magnetization pattern M, and
therefrom an approximate sample magnetic stray
field distribution Hp,
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b) calculating Fourier space distributions of the raw
MFM- or SHPM-image S(k) and of the approximate sam-
ple magnetic stray field distribution Hg(k) and

¢) calculating an instrument response function IRF({k)=
S(k) /Ho(k) .

The method according to claim 3, characterized by the

steps of

a) providing a sample with a magnetization vector M
having constant magnitude and two distinct orienta-
tions and ]

b) estimating an approximate sample magnetization pat-
tern My by converting the raw MFM- or SHPM-image S

into a binary pattern.

The method according to one of the previous claims,

characterized by the steps of

a) calculating an improved instrument response func-
tion IRF, by measuring several MFM- or SHPM-images
S; and averaging their instrument response functions
IRF (k) and |

b} in particular, based on the averaged instrument re-
sponse function IRF,, performing iterative calcula-
tions of approximate sample magnetization patterns,
approximate sample magnetic stray field distribu-
tions and averaged instrument response functions
IRF; (j=l.m). '

A method for calibrating a magnetic force microscope
(MFM) or a scanning Hall probe microscope (SHPM},
preferentially according to one of the previous
claims, where a raw MFM- oder SHPM-image S is measured
by scanning a sample with a microscopic tip and an in-
strument response function IRF is determined for cali-
brating the MFM or SHPM, characterized by the.steps of
a) measuring a plurality of raw MFM- or SHPM-images S;
(i=1l.n),
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b) determining first approximate sample magnetization
patterns M; o and first approximate sample magnetic
stray field distributions Hj,o,

¢) calculating from S; and H;j,o first approximate in-
strument response functions IRF;,; and averaging
them to form an initial instrument response func-
tion IRFy; and

d) reiterating the preceding steps b) and c) by using a
(j-1)-th instrument response function IRF;.; to re-
calculate magnetization patterns M;, ;, magnetic stray
field distributions H;,; and a Jj-th instrument re-
sponse function IRF; (j=1.m). '

The method according to one of the previous claims,

characterized in that

a) the sample magnetization pattern M contains a suf-
ficiently broad two-dimensional Fourier spectrum
and a sufficient area in order to characterize the
instrument response function IRF with a predefined
precision and/or

b) the sample magnetization vector is oriented perpen-
dicularly to a sample surface being scanned and/or

c) the sample contains a current distribution instead
of a magnetization pattern M and/or

d) the sample magnetic stray field distribution H is
replaced by its derivative H,, in case of dynamic

measurements.

The method according to one of the previous claims,
characterized in that a tip calibration function
Qrip(k), characterizing the magnetic stray field dis-
tribution of the tip of the magnetic force microscope
(MFM), is derived from the instrument response func-
tion IRF, IRFy or IRF; {(j=l.m).
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9. The method according to claim 8, characterized by the

steps of

a)

b}

calculating a tip calibration function qi (k) ac-
cording to the equation qtip(l_c)=IRF(E)/(LCFﬁ(I_g)*CC)
with f=1 or P=2, where the lever canting function
LCF describes the effects of a cantilever tilt with
respect to the sample surface and the constant CC
describes the mechanical properties of the cantile-
ver and

in particular, calculating a lever canting function
LCF (k) according to the equation LCF{k)=neV/k,
where n=direction vector normal to the cantilever
axis, V=(ikg,iky,-k)=gradient in Fourier space and
kx,ky= in-plane coordinates and k=magnitude of a
wavevector.

10. The method according to one of the previous claims,

characterized in that

a)

b)

c)

the instrument response function IRF(k), IRFo{k),
IRF; (k) is used to measure absolute values of mag-
netic stray £ields H, magnetization patterns M or
microscopic current distributions and/or

the tip calibration function qip(k) 1is used to gen-
erate absolute microscopic magnetic gauging fields
and/or

the tip calibration function qip(k) 1s wused to
characterize the response of integrated circuits,
magnetic reading heads, Hall sensors or SQUIDS to a
local magnetic field.



