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Scanning Hall probe microscopy has been used for the quantitative measurement of the
z-component �out-of-plane� of the stray magnetic fields produced by Nd–Fe–B hard magnetic films
patterned at the micron scale using both topographic and thermomagnetic methods. Peak-to-peak
field values in the range 20–120 mT have been measured at scan heights of 25–30 �m above the
samples. Quantitative comparison between calculated and measured field profiles gives
nondestructive access to the micromagnets’ internal magnetic structure. In the case of
topographically patterned films the average value of remanent magnetization is extracted; in the case
of thermomagnetically patterned films the depth of magnetization reversal is estimated. The
measured field profiles are used to derive the spatial variation in the field and field gradient values
at distances in the range 0.1–10 �m above the micromagnet arrays. These length-scales are
relevant to the application of the micromagnet arrays for lab-on-chip applications �trapping and
confinement of magnetic particles�. Very large field and field gradient values as high as 1.1 T and
4.1�106 T /m, respectively, are estimated. © 2010 American Institute of Physics.
�doi:10.1063/1.3486513�

I. INTRODUCTION

Integrated micromagnets have many potential applica-
tions in various types of magnetic microsystems. They may
operate as sensors, actuators, motors, levitation/trapping de-
vices, generators, or switches and have applications in fields
as diverse as electronics, telecommunications, automotive
and aerospace, astronomy, medicine, biotechnology, and
logistics.1–6 In a first step toward their fabrication, triode
sputtering has been shown to be suitable for the preparation
of thick films ��1 �m� of high performance rare earth-
transition metal �RE-TM� materials �Sm–Co, Sm–Co–Cu–
Fe–Zr, Nd–Fe–B� over large surface areas.7–12 To produce
the magnetic field distributions and field gradients required
in microsystems, the hard magnetic films need to be laterally
patterned on the micron-scale. Such patterning of thick
RE-TM films has been achieved using microfabrication tech-
niques such as lithography, etching, planarization,13–16 and
more recently using thermomagnetic patterning.17 Quantita-
tive characterization of the stray fields produced by micro-
patterned thick hard magnetic films is needed to assess the
magnetic quality of the micromagnets as well as to optimize
the design of microsystems incorporating these micromag-
nets. Both magneto-optic imaging using magneto-optic indi-
cator films �MOIFs�18 and scanning Hall probe microscopy
�SHPM� have been developed for the characterization of
stray magnetic fields.19–22 For the specific case of magne-
tized micropatterned high performance hard magnetic films,
magneto-optic imaging using planar MOIF has been

used.23,24 In this paper we describe the use of a SHPM to
measure the stray fields produced by micropatterned hard
magnetic Nd–Fe–B films of thickness in the range
4–38 �m, destined for use in magnetic microsystems. The
measurements are compared with calculations so as to as-
sess, in a nondestructive manner, the influence of micropat-
terning on the films’ magnetic microstructure �average rem-
anent magnetization, �-magnet volume�. Finally, the spatial
variation in field and field gradient are compared for two
different types of micromagnet arrays.

II. EXPERIMENTAL DETAILS

A. Preparation of microstructured hard magnet films

NdFeB films were deposited by high rate triode sputter-
ing onto thermally oxidized Si substrates. The films were
deposited at a substrate temperature of 450 °C, and subse-
quently annealed at 750 °C for 10 min, so as to induce an
out-of-plane texture.11 100 nm Ta layers were deposited as
buffer and capping layers to prevent diffusion into the sub-
strate and oxidation of the hard magnetic layer. The films
were patterned at the micron scale using either topographic
or thermomagnetic patterning �Fig. 1�. The latter technique
exploits the fact that when we heat a hard magnetic film we
reduce its coercivity. A magnetized film is locally heated by
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FIG. 1. Schematic side-view representation of �a� topographically and �b�
thermomagnetically patterned films.
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laser irradiation through a mask, in the presence of an exter-
nal magnetic field which is weaker than the film’s room tem-
perature value of coercivity. Only those sections of the film
which are heated are remagnetized in the direction of the
applied field. More details of the technique can be found
elsewhere.17 In the case of topographic patterning, 38 �m
thick films were deposited and annealed on Si substrates
structured using deep-reactive ion etching �DRIE�, and then
unidirectionally magnetized out-of-plane.25 In the case of
thermomagnetic patterning, 4 �m thick NdFeB films were
patterned in the out-of-plane direction through a mask con-
taining 50 �m wide stripes.17

Both the topographically and thermomagnetically pat-
terned films had coercivity values of about 1400 kA/m.

B. Scanning Hall probe microscope

Second-generation quantum-well Hall sensors based on
a two-dimensional �2D� electron gas26 were used to measure
the z-component of the stray magnetic field patterns above
the micropatterned films. The probe used here contains three
Hall crosses of active area size 4�4, 10�10, and 40
�40 �m2 �Fig. 2�a��.27 Figure 2�b� shows a schematic dia-
gram of the scanning Hall probe microscope set-up. The
probe is glued onto a commercial quartz tuning fork which
serves as a contact sensor in a way similar to that used in the
design of a superconducting quantum interference device
force microscope.28 The sample stage is attached to a piezo-
actuator, the vertical position of which can be varied in the
range of 30 �m. The voltage on the piezoactuator is regu-
lated by a closed-loop proportional-integral-derivative �PID�
control where the amplified amplitude of the signal from the
tuning fork is supplied to the input of the PID. The piezoac-
tuator and sample stage is fixed on a set of three stepper-
motors, allowing the controlled positioning of the sample
stage in three directions �x ,y ,z� with a spatial resolution of
0.1 �m.

To prevent damage to the Hall crosses by contact with
the sample, the probe is slightly inclined with respect to the
sample stage. The inclination angle �typically 5�0.5°� was
measured optically. Since the inclination angle is relatively
small, the measured signal was taken to be the vertical com-
ponent of the film’s stray magnetic field. Knowing the incli-
nation angle and the distance between the edge of the probe

and the center of the Hall cross, the distance between the
Hall cross and the surface of the sample being measured was
deduced. The magnetic field resolution of the probe was es-
timated to be better than 10 �T �at the frequency 1000 Hz
and the time constant 5 ms� in the measurement range �1 T
but taking into account the system noise during scanning, the
magnetic field accuracy was about 100 �T.

C. Calculation of stray field patterns produced
by microstructured magnetic films

The magnetic field patterns generated by microstructured
magnetic films have been calculated using the model of
equivalent Amperian currents.29–31 This model, which as-
sumes rigid magnetization patterns, is applicable to the thin
film magnets studied here since they are highly coercive and
strongly out-of-plane textured �i.e., the film’s magnetization
may be considered to remain uniform, even in the presence
of large demagnetizing fields, although the induction may be
nonuniform�. This rigidity of magnetization also allows the
application of superposition principles for systems composed
of many elements.

For the case of an equivalent solenoid in the form of a
rectangular prism 2a�2b�2h, representing a prismatic
magnet magnetized along the z-axis, the magnetic induction
for values at any point of observation P�x0 ,y0 ,z0� can be
expressed by the following analytical expressions:
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The equivalent current I is to be replaced by 2hBr /�0,
where Br is the permanent magnet’s remanence.

In the cases where the calculations were compared with
SHPM measurements, the sensor’s active area is taken into
account by assuming that the sensor response is proportional
to the average magnetic field in the active area �total mag-
netic flux divided by the active area�.

FIG. 2. �Color online� �a� Plan-view image of the Hall probe containing
three active areas; �b� schematic diagram of the scanning Hall probe micro-
scope set-up.
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III. RESULTS AND DISCUSSION

A. Characterization of topographically patterned films

An optical plan-view image of the topographically pat-
terned substrate is shown in Fig. 3. The patterned substrate
has etched features of a constant depth 40 �m, constant
length 2 mm and variable widths in the range 10–50 �m.
The Hall probe was scanned above the sample at an esti-
mated height of 25�3 �m �Hall probe active area size=4
�4 �m2, measurement step size along y is 5 �m�.

The 2D image and two one-dimensional �1D� profiles of
the out-of-plane magnetic field component, measured by the
SHPM are shown in Fig. 4. The profile in Fig. 4�a� corre-
sponds to a scan made towards the center of the motif while
the profile in Fig. 4�c� corresponds to a position close to the
bottom edge of the motif. The 1D profiles show that the
amplitude of the magnetic field produced at a given height
above the sample decreases as the feature width decreases.
Features as small as 15 �m are resolved at a scan height of
25 �m. The measured profiles have a vertical off-set, the
magnitude of which is greater for the measurement made
near the bottom edge of the motif.

The Bz /Br profile at a height of 25 �m above the center
of such a topographically patterned film, where Br is the
remanent induction of the magnetic material, was calculated
analytically. The geometry of the modeled structure was
based on a scanning electron microscope �SEM� image of the
film’s cross section, shown in Fig. 5�a�. Assuming a parallel-
epiped shape for the magnets and neglecting the deposit on
the sidewalls of the trenches, calculations were made either
considering or neglecting the magnetic material deposited at
the bottom of the trenches �Fig. 5�b��. Note that the thickness
of the sidewall deposit is only about 5 �m and its overall
volume content becomes less significant as the feature width
increases. The calculated profiles in Fig. 6 reveal that the
bottom magnets contribute only to a slight shift in the verti-
cal off-set of the Bz /Br profile but to no appreciable differ-
ence in the peak-to-peak induction. The overall shape of the
calculated profiles is in very good agreement with the mea-
sured profile �Fig. 4�a��, thus validating the assumptions
made in modeling the structures. Calculations �not shown
here� demonstrate that the vertical off-set in the field values
has two contributions: �i� the nonpatterned film sections in
proximity to the patterned motif and �ii� the finite length of
the motif’s features. This explains why the vertical off-set is
stronger in the profile measured at the edge of the motif than
that measured towards the center of the motif.

The calculations and measurements show that both peak-
to-peak magnetic field values, Bz

p–p, and the ratio Bz
p–p

�50 �m� /Bz
p–p normalized for features of different widths

with respect to the widest 50 �m one vary with the distance

FIG. 3. Optical plan-view image of a part of the topographically patterned
substrate.

FIG. 4. �Color online� 2D image �b� and 1D profiles of the out-of-plane
magnetic field component of topographically patterned 38 �m thick NdFeB
film unidirectionally magnetized out-of-plane measured towards the center
of the motif �a� and near the edge of the motif �c�.

FIG. 5. �a� SEM image of the fractured cross-section of a 38 �m thick
NdFeB film deposited on a Si wafer patterned by DRIE �the film section
shown here has 20 �m wide features�; �b� schematic representation of the
structure assumed for analytical calculation of the stray field patterns pro-
duced by the topographically patterned film �note that the deposit on the
sidewalls is neglected�.

FIG. 6. �Color online� Calculated 1D profiles of the out-of-plane magnetic
field component along the center of the motif, normalized to the value of
remanent induction of the magnetic material, assuming a scan height of
25 �m.
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above the films �Table I�. The best agreement between ex-
periment and calculation is achieved for the calculation
which assumes a probe to sample distance of 25 �m �Table
I�. This is in excellent agreement with the estimated sample
to probe distance �see above�.

A comparison between the measured and calculated
peak-to-peak magnetic induction at the determined scan
height of 25 �m reveals that the average value of the rem-
anent magnetization is about 1 T. This value is less than the
value of 1.4 T, estimated for continuous �nonpatterned�
films.11 This reduction in the average value of remanence is
attributed to local modifications in the crystallographic tex-
ture developed in films deposited on patterned substrates.
Accordingly, both SEM imaging of the grain structure and a
comparison between in-plane and out-of-plane hysteresis
loops measured with an extraction magnetometer on an en-
semble of motifs confirmed that these topographically pat-
terned films are less well textured than continuous ones.25

B. Characterization of thermomagnetically patterned
films

The 2D distribution of the vertical �out-of-plane� com-
ponent of the magnetic field produced by the thermo-
magnetically patterned film, measured by SHPM �Hall probe
active area size=40�40 �m2, measurement step size is
5 �m� at a height of approximately 30�3 �m above its
surface is shown in Fig. 7�a�. The chosen step size was de-
termined by a compromise between the image resolution and
the measurement time. Note that the spatial resolution of the
measurement device is lower than the step size �5 �m�, for
it depends also on the probe-sample distance �30 �m� and
the size of the probe’s active area �40�40 �m2�. The field
profile measured along the line indicated in this image is
plotted in Fig. 7�b�. The faint dark traces observed on the
white stripes in the 2D image are due to unintentional inter-

ference effects occurring during thermo-magnetic
patterning.17 The nonmonotonic variation in the peak inten-
sities of the field profile can also be attributed to these inter-
ference effects. 2D distributions and field profiles at 30 �m
from the film surface were calculated assuming that the sec-
tions of the hard magnetic film reversed during thermo-
magnetic patterning are parallelepiped in shape �Fig. 7�c��
and have the same value of remanent magnetization as the
nonreversed sections, i.e., 1.4 T.11 In addition, the width of
the transition zone between reversed and nonreversed sec-
tions was assumed to be zero. A 2D distribution calculated
using the known physical parameters of the patterned film
�number of stripes, stripe length, area of nonreversed film
surrounding the stripes� is shown in Fig. 7�d� and field pro-
files for different assumed depths of reversal are shown in
Fig. 7�e�.

The increase in the peak-to-peak height toward the edges
of the pattern in Fig. 7�e� is due to the finite number of
stripes while both the finite length of the stripes and the finite
size of the nonreversed film surrounding the stripes lead to a
vertical off-set. The overall shape of the calculated profiles
�Fig. 7�e�� is in good agreement with the measured profile
�Fig. 7�b��. From the comparison between the peak-to-peak
field values of the experimental and calculated field profiles
it is deduced that approximately 1.3�0.2 �m of the film
was reversed during thermomagnetic patterning. The 15%
error in this evaluation is due to �i� the uncertainty in the
estimate of the probe to sample distance and �ii� to the fact
that the reversed volume was assumed to be a parallelepiped.
This reversal depth agrees relatively well with the value of
1.2�0.3 �m, estimated by comparing the average remanent
magnetization of the as-irradiated film �Mr

i� with the average
remanent magnetization measured following saturation in a
field of 8 T �Mr

s�, measured in a vibrating sample

TABLE I. Calculated and measured maximum, minimum, and peak-to-peak values of the z-component of the
magnetic field above features of different widths; relative values normalized with respect to the 50 �m wide
feature are also given.

Distance
above feature

��m�
Feature width

��m�
Bz

max

�mT�
Bz

min

�mT�
Bz

p–p

�mT� Bz
p–p �50� /Bz

p–p

Calculated 20 50 78 �82 160 1
40 62 �62 124 1.3
30 37 �39 76 2.1
20 9 �16 25 6.4

25 50 56 �60 116 1
40 42 �43 85 1.4
30 22 �23 45 2.6
20 2 �9 11 10.6

30 50 42 �45 87 1
40 28.5 �30 58.5 1.5
30 12 �14.4 26.4 3.3
20 0 �6 6 14.5

Measured 25 �estimated� 50 61 �54 115 1
40 43 �39 82 1.4
30 23 �22 45 2.6
20 7.4 �6.2 13.6 8.5
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magnetometer.17 Note that when the finite size of the Hall
sensor active area is not taken into account, the reversal
depth is estimated to be 1.1�0.2 �m.17

C. Derivation of the field and field gradients
produced at different heights above the
micropatterned hard magnetic films

The micromagnet arrays reported here are of particular
interest for lab-on-chip applications, such as the trapping of
biological species �liposomes, cells, bacteria, etc.� tagged
with magnetic nanoparticles,32 or the levitation/confinement
of diamagnetic objects �cells, water droplets, etc.�.33,34 The
strength of the field and the field gradient produced by a hard
magnet varies strongly with distance from the magnet and it
is important to quantify these parameters at the relevant
length scales. The values of the z-component of the magnetic
field, measured at one given sample-to-probe distance, have
been used to derive the modulus of the magnetic field �B
= �B���Bx

2+By
2+Bz

2�, and two components of its gradient:
�B /�z and �B /�y at three different distances �0.1, 1, and
10 �m� above the micromagnet arrays �Fig. 8�. These dis-

tances were chosen because the typical size of the magnetic
nanoparticles used for tagging is in the range 10–100 nm,
while that of bacteria and cells is of the order of 1 �m and
10 �m, respectively. The calculations were made above the
central micromagnet, with the entire array being taken into
consideration �in the case of the topographically patterned
film, the calculation was made above the central 50 �m
wide micromagnet�. In the calculations the same assump-
tions concerning the micromagnet geometry described in
Secs. III A and III B were made.

The idealized straight-walled sharp-cornered geometry
most probably leads to an overestimation of the values of
field and field gradient, especially at the closest distance.
Nevertheless the comparison of fields and field gradients at
different heights above the structures may be considered to
be instructive. In future work finite element analysis will be
used to simulate structures that emulate the observed struc-
ture shape.

At the closest distance of 0.1 �m, the values of the field
modulus and field gradients are maximum for the thermo-
magnetically patterned film �B=1.1 T; �B /�z=−4.1

FIG. 7. �Color online� �a� SHPM image of the out of plane component of the magnetic field pattern measured at 30 �m above the surface of a thermomag-
netically patterned 4 �m thick Nd–Fe–B film. �b� Field profile along the line indicated in �a�. �c� Schematic representation of the structure assumed for
analytical calculation of the stray field patterns produced by the thermo-magnetically patterned film. �d� Analytically simulated 2D image of the sample with
the parameters as in �a�. �e� 1D field profiles of �d� calculated for different assumed depths of magnetization reversal.
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�106 T /m; �B /�y= �1.5�106 T /m�. For both structures
significant fields and gradients are produced only at the
edges of the micromagnets, because of the effect of nonuni-
form demagnetizing field distributions inherent in nonellip-
soidal bodies.35 At larger distances �1 �m and 10 �m�, the
value of the field modulus is greater for the topographically
patterned film �maximum values: 0.5 T and 0.016 T, respec-
tively�. Only for the largest distance �10 �m�, the field gra-
dients are maximum for the topographically patterned film
��B /�z=−0.014�106 T /m; �B /�y= �0.002�106 T /m�.

This disparity reflects �i� the difference in film thickness
�38 �m and 1.3 �m for the topographically and thermo-
magnetically patterned films, respectively�, and �ii� the dif-
ference in their magnetic structure �the topographically pat-
terned films are unidirectionally magnetized and physically
separated by a gap, whereas thermomagnetically patterned
micromagnets are oppositely magnetized and in direct con-
tact, i.e., the structure is fully compact�. The much greater
thickness of the topographically patterned films only be-
comes important for the largest distance considered
�10 �m�. In the case of trapping biological species tagged
with magnetic nanoparticles, the thicker topographic films
would act over a further distance, favoring the initial capture,
while the bipolar thermomagnetically patterned magnets
would better pin the trapped particles. Hybrid topographic-
thermomagnetic structures could be used to optimize both
the capture and trapping of magnetic nanoparticles.

IV. CONCLUSIONS

SHPM has been used for the quantitative measurement
of the stray magnetic fields produced by micropatterned high
performance hard magnetic films. Comparison of experimen-
tally measured field patterns with calculated ones provides
important information concerning the micromagnets’ internal
magnetic structure. In the case of topographically patterned
films, estimation of the average value of remanent magneti-
zation revealed that deposition onto patterned substrates in-
fluenced the crystallographic texture achieved. In the case of
thermo-magnetically patterned films, the depth of magnetiza-
tion reversal was estimated. SHPM is a direct, nondestruc-
tive method, with a good compromise between spatial reso-
lution and measurement range, which is well suited for
quality control of batch fabricated micromagnets and it can
be used to optimize the design of microsystems incorporat-
ing such magnets. The patterned films characterized in this
study generate fields with peak-to-peak z-component induc-
tion values in the range 20–120 mT at heights of 25–30 �m
above the micromagnet arrays. At these distances the field
gradient values are of the order of 103 T /m increasing up to
106 T /m at the magnet surface. A comparison of the derived
z-dependence of the field and field gradient profiles reveals
the relative importance of the film thickness on one hand and
the magnetic structure �noncompact unipolar structure versus
fully-compact bipolar structure� on the other hand. The use
of these micromagnet arrays for the trapping and confine-
ment of magnetic micro-objects is now being studied for
lab-on-chip applications.
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