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[1] We have developed a new scanning magnetic microscope to image with micrometric resolution
magnetic fields originating from room temperature polished samples. This microscope is based on a giant
magnetoresistance (GMR) sensor working at room temperature. These magnetic sensors are sensitive to
the in-plane components of the magnetic field. The size of the sensing element is 9 yum x 36 pm. The noise
of the GMR sensor is dominated by a low-frequency 1/f noise. The field equivalent noise of the sensors is
10 nT/+/Hz at 1Hz and decreases to 0.3 nT/+/Hz above 1 kHz for a 1 mA sensing current. The spatial
resolution of the system is ~20 pum, and its peak-to-peak noise during operation is ~250 nT. Its high
spatial resolution and a minimum sensor-to-sample distance of 30 um compensate for its rather moderate
field sensitivity. This room temperature small-sized and rugged magnetic microscope appears as a powerful
instrument for small-scale rock magnetic investigations.
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1. Introduction

[2] In the last decade, investigations of small-scale
magnetic properties of terrestrial and extraterrestrial
rocks have benefited from the development of high-
resolution and high-sensitivity magnetic scanning
devices devoted to Earth Sciences. This broke
through, in particular, with the emergence of a
number of scanning Superconducting Quantum
Interference Device (SQUID) microscopes [ Thomas
and Moyer, 1992; Nowaczyk et al., 1998; Egli and
Heller, 2000; Baudenbacher et al., 2002, 2003;
Wang et al., 2003; Fong et al., 2005].

[3] Magnetic scanning techniques based on high—
transition temperature (high-Tc) SQUID sensors
have emerged about ten years ago in the field of
Earth Sciences [Nowaczyk et al., 1998; Egli and
Heller, 2000] with sensors that are cooled down to
the boiling temperature of liquid nitrogen (77 K).
This magnetic mapping technique is faced with
problems related to the cooling system and the
temperature difference between the sensor and the
sample held at room temperature. These problems
make the experiments somewhat delicate. More-
over, spatial resolution of these instruments was
never better than ~1 mm. Consequently, these
high-Tc SQUID scanning magnetometers have
never really been successfully applied to rock
magnetism or paleomagnetism studies besides the
pilot study in which they are described.

[4] At present, the most powerful of these instru-
ments is the low—transition temperature (low-Tc)
SQUID microscope [Baudenbacher et al., 2002,
2003; Fong et al., 2005]. This instrument is able
to map the vertical component of the magnetic field
above polished slices and thin sections with a spatial
resolution of ~100 pym and a subnanotesla field
sensitivity. However, this high-performance low-Tc
SQUID microscope requires very specific techno-
logical skills since the sensor is cooled down at 4 K
and brought into a very close proximity, ~100 pm at
best, to the sample that is held at room temperature.

This is a challenging task as the 4 K SQUID sensor is
only separated from the room temperature medium
by a 35-um-thick sapphire window, making
therefore the experiments somewhat difficult and
costly. In spite of this limitation, these instruments
have produced a significant amount of scientific
results in the field of Earth and planetary sciences
[Weiss et al., 2000; Gattacceca et al., 2006; Weiss
et al., 2007a, 2007b, 2008].

[s] On one hand, SQUID-based instruments
have now achieved impressive field sensitivity
and can detect magnetized particles with moment
~107" Am? (ie., 10° better than conventional
SQUID magnetometer) but on the other hand, they
are now very close to their ultimate achievable
spatial resolution both because of the sensor diameter
and sensor-to-sample distance.

[¢] In order to circumvent problems that mostly
emanate from the elevated cost and technical
complexity of the cooling systems, new genera-
tions of room temperature scanning magnetic field
techniques have been recently developed.

[7] A room temperature scanning magnetic micro-
scope based on an amorphous wire magnetoimpe-
dance (MI) sensor was proposed by Uehara and
Nakamura [2007, 2008]. This scanning MI micro-
scope maps the vertical (i.e., perpendicular to
sample plane) component of the magnetic field, as
do the SQUID-based microscopes. This instrument
achieves a spatial resolution of 400 pm and a field
sensitivity of 10 nT. However, to be operational, the
MI sensor requires application of a constant bias
field of ~50 uT, which induces a magnetic field in
the sample. Moreover, the 5.5-mm-long wire length
integrates the field over its length. Consequently,
these problems tend to blur the magnetic images,
and prevent from getting a spatial resolution better
than half a millimeter.

[8] Recently, Kletetschka and Adachi [2008] have
developed a Hall effect—based scanning magnetic
field device that also provides maps of the vertical
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Figure 1. Simplified schematic displaying the main features of the GMR-based scanning magnetometer. (a) Rough
sketch illustrating the GMR-based measuring system, with GMR sensor head (see also Figure 1b) (indicated by 1),
Plexiglas sample holder (indicated by 2), Micrometric screw controlling the vertical sensor-to-sample distance with a
precision of 5 ym (indicated by 3), Plexiglas sample holder stage driven by two DC servomotors allowing horizontal
displacements of the sample underneath GMR sensor whose horizontal position is kept fixed (indicated by 4), X-Y DC
servomotors move the stage with a positioning precision of 1 um (indicated by 5), preamplifier (indicated by 6),
electronic control unit where output voltage signals of the GMR sensor proportional to the magnetic field are digitized
(indicated by 7), and a personal computer through which acquisition of the digitized data and stage motion sequences
are controlled (indicated by 8). (b) Close-up view of the yoke-type giant magnetoresistance (GMR) sensor. Hatched
area representing the active region with size of the sensing element of 9um x 36 um. A DC current (£I) biases the
sensor, and the voltage output (+V) is proportional to the resistance of the active region and hence proportional to the
magnetic field. (¢) A spin valve structure showing a two magnetic layer GMR. The magnetically soft free layer is very
sensitive to small fields whereas the magnetically hard layer is insensitive to moderate fields.

component of the magnetic field. This instrument
has submillimeter spatial resolution and sensitivity
better than 10 nT.

[s] All the above mentioned magnetic imaging
devices are sensitive to the vertical component of
the magnetic field above the surface of polished
samples.

[10] In this paper, in the framework of the efforts of
the paleomagnetism and rock magnetism commu-
nity to map magnetic field at inframillimeter scale,
we have developed a new solution: a room tem-
perature scanning magnetic microscope using a
giant magnetoresistance (GMR) sensor that maps
the horizontal (i.e., in the sample plane) compo-

nents of the magnetic field above polished samples.
It appears to be a powerful and promising instru-
ment for paleomagnetic and rock magnetic inves-
tigations as it allows depicting magnetic field
above polished samples with a spatial resolution
down to about 30 pm.

2. Description of Scanning GMR-Based
Microscope

[11] Our current prototype microscope is based on a
giant magnetoresistance (GMR) sensor operating at
room temperature [Pannetier-Lecoeur et al., 2007].
Figure la provides a schematic view of the main
features of the GMR-based magnetometer. The
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Figure 2. Magnetic field generated by an “infinite”
wire carrying a 230 mA static current. Circles represent
the data measured with a sensor-to-sample distance set
to 800 pum. Solid line is the modeled field at 800 pm,
and broken lines are the modeled fields at 780 pm and
820 pum.

sensor, patterned in a 36-pm-long yoke-type shape
(Figure 1b), is made of a soft magnetic layer and a
hard magnetic layer separated by a copper layer
(Figure 1c). The moment of the free layer aligns
with the external magnetic field and at zero external
magnetic field, it is perpendicular to the magnetic
hard layer. The GMR effect resides in a large
variation of the electrical resistance in response to
an applied field, which rotates the free magnetic
layer. To reduce the contact resistance noise, a DC
current flows through the GMR sensor and a
voltage is measured across the active part (hatched
area in Figure 1b) of the sensor. This output voltage
signal is directly proportional to the magnetic field
along the small width of the sensor. The voltage to
magnetic field calibration factor was estimated by
placing the sensor at the center of a coil, which was
previously calibrated with a gaussmeter.

[12] The GMR sensor is sensitive to the intensity
and sign of the component of magnetic field per-
pendicular to the yoke (Figure 1b). Therefore,
scanning the surface of a polished sample with the
GMR sensor provides a map of one of the horizon-
tal components of the magnetic field above the
sample. The size of the sensing element is 9 ym X
36 pum. The noise of the GMR sensor is dominated
by a low-frequency 1/f noise. The field equivalent
noise of the sensors is 10 nT/+/Hz at 1Hz and

decreases to 0.3 n7/ V/Hz above 1 kHz for a 1 mA
sensing current. The sensor has a bandwidth of
2.5 kHz. During scanning operations, the peak-to-
peak noise is about 250 nT. The spatial resolution of
the sensor is about 20 pm. This scanning GMR-
based magnetometer operates at room temperature
and does not require any cooling mechanism. Thus
the room temperature sample can be brought into
very close proximity down to contact to the sensor.
Practically, to avoid damages to the sensor, the
minimum sensor-to-sample distance during scan-
ning operation is around 30 pym. The proximity of
the sensor to the sample compensates for its rather
low field sensitivity. Indeed, the sensor-to-sample
distance is a crucial consideration as the magnetic
field intensity as well as the spatial resolution
decreases with increasing sensor-to-sample
distance. However, when scanning with a small
sensor-to-sample distance, the magnetic field generated
by the 1 mA current flowing into the GMR (2 uT at
100 pm distance, 10 uT at 20 um distance) may
generate an induced magnetization in the sample.
This effect is difficult to quantify in details but it is
probable that for scanning distances of a few tens of
pm the contribution of this induced magnetization
will not be negligible. We are currently working
on a sensor configuration where we add close
(100 nm) to the sensor current line a second current
line flowing in the opposite direction to cancel out
the magnetic field generated by the sensor.

[13] The instrument is housed in a magnetically
shielded room with a residual field <500 nT at
CEREGE (Aix-en-Provence). It consists of a GMR
sensor mounted on a Plexiglas rod, a Plexiglas
sample holder mounted on two DC servomotors,
and an electronic control unit (Figure la). A
computer is used to run measurements and collect
data. The sample can be moved horizontally with
respect to the fixed sensor along the X and Y
directions with a positioning precision of 1 um,
thanks to the two DC servomotors. The distance
between sensor and sample is set by moving the
sensor vertically down to contact with the sample
and subsequently moving it up to the desired
height with a micrometric screw with a 5 pum
precision. As done by, e.g., Baudenbacher et al.
[2002], the accuracy of the sensor-to-sample dis-
tance was verified by scanning a 150 mm long and
100 pm diameter copper wire carrying a static
current of 230 mA with a sensor-to-sample distance
set to 800 um (Figure 2). The comparison of the
measured and modeled magnetic fields generated
by the current in the wire shows that the scanning
distance is accurate to about £10 pum.

4 of 10



5 i . r)
&" gggghig}éss“y(u HANKARD ET AL.: GMR-BASED SCANNING MAGNETOMETER 10.1029/2009GC002750

- Geosystems

J

[14] The displacements of the sample below the
GMR sensor, whose horizontal position is kept fixed,
provide field measurements along one horizontal
direction. The output voltage across the active region
of the sensor (hatched area in Figure 1b) is propor-
tional to the magnetic field. This voltage signal is
amplified in the electronic unit and finally digitized.
The GMR sensor can measure field intensities up
to 600 uT. Beyond this maximum field, the
sensor response becomes nonlinear with a hysteretic
behavior.

[15] In this paper, we report experimental valida-
tion measurements of magnetic field distribution of
various samples performed with this new GMR
scanning device.

3. Measurements and Discussion

3.1. General Features

[16] The current prototype allows scanning one
horizontal component of the magnetic field at
constant height above polished samples. It offers
the possibility to map magnetic field at different
distances above the sample by simply increasing
the sensor-to-sample distance as well as to map the
two horizontal components of the magnetic field
(By and Bx) by simply rotating the sample holder
by 90° without having to lift the sensor so that the
sensor-to-sample distance remains unchanged. The
error in the rotation angle of the stage is negligible
(<1°). However, there is fairly large inherent im-
precision when repositioning the sample after ro-
tation because in the general case the sample is not
perfectly centered on the stage. Therefore the
superimposition between the two magnetic maps
is not a trivial exercise. This problem will be
overcome in the future by measuring simultaneously
the two horizontal components of the magnetic
field by using two perpendicular sensors with a
known spatial offset. Measuring the two horizontal
components is crucial for the inversion of magnetic
field data acquired with the GMR-based scanning
system in order to access to magnetization sources
distribution, namely the intensities and directions
of the magnetized areas within the sample.
Indeed, the third component of the magnetic field
(the vertical component) can be calculated from
the two horizontal components [Lima and Weiss,
2009]. Also the measurements at various sensor-to-
sample distances will make data inversion more
robust (see, e.g., Quesnel et al. [2007, 2008] for
a similar discussion regarding the inversion of
satellite data).

[17] In the following, we report magnetic field
measurements of samples associated with natural
remanent magnetization (NRM) and saturation
remanent magnetization (sIRM) in order to exem-
plify the detection capabilities and the high reso-
lution of this prototype GMR-based microscope.

3.2. Test Using a Natural Sample
With a Simple Geometry

[18] We first test our prototype with a relatively
simple sample. We used a 450-pym-diameter melted
micrometeorite (Figure 3a) sampled in Antarctica
[Rochette et al., 2008]. The choice of this particular
sample was dictated by the need to have a simple
shape, to ease the comparison of true measurements
to predicted ones. This micrometeorite was saturated
with a 1 T magnetic field and has a magnetic moment
of 2.60 x 1077 Am?* as measured independently
with a 2G SQUID magnetometer. We provide mag-
netic measurements performed at sensor-to-sample
distance at 600 um with a step size of 70, 80 and
75 pm (Figures 3c—3e), as well as corresponding
modeled magnetic maps (Figures 3f—3h). These
three sets of magnetic maps correspond to the same
sample saturated along three orthogonal directions.
In Figure 3c, the sample is saturated along the
scanning and measuring direction (v axis). The
dipolar structure of the source is clearly visible with
the maximum field located above the sample, with
weaker opposite sign lobes on the top and bottom
sides. Figure 3d displays the magnetic map when the
sample is saturated in plane (x axis) but perpendic-
ular to the scanning and measuring direction. This
map exhibits the expected four-lobe structure with
equal absolute negative and positive extrema. Finally,
Figure 3e exemplifies the case when the sample is
saturated along the vertical axis, with two opposite
sign lobes, the negative located at the top and the
positive at the bottom of the sample.

[19] For the modeled maps, we used a forward
approach for a sample with a simple geometry (a
450-pum-diameter sphere) and with a known mag-
netic moment (2.60 x 10~7 Am?). The forward
code is based on an equivalent source dipole (EDS)
approach [Langlais and Purucker, 2007], which
was modified to take into account the planar as-
sumption. The choice of the ESD formalism was
made because this is the method that we will apply
later to solve the inverse problem between magnetic
measurements and magnetization distribution of
more complex samples. The predicted field is very
similar both in shape and intensity to the measured
field. For the case with saturation along y axis, the
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Figure 3. Maps of the magnetic field generated by a 450-pm-diameter cosmic spherule from Antarctica. (a) SEM
image of this micrometeorite that had been exposed afterward to 1 T saturating magnetic field (sSIRM). (b) Experimental
setup illustrating magnetic field data acquisition method above a polished sample. (c—e) Experimental results for the By
component measured at 600 um distance above the same sample saturated along three different orthogonal directions
(Y, X, and Z). The scanning step is 70, 80, and 75 pm. (f—h) Forward modeled field maps of the By components, using
the equivalent dipole source approach (EDS). Simulated maps shown in Figures 3f—3h correspond with experimental
maps in Figures 3c—3e. Note that color scales are modified in order to enhance dynamic contrast of images. Triangles
pointing upward and downward stand for saturation of the scale.

measured extrema are —14.6/+74.7 uT, while these
are predicted to be —17.5/+83.5 yT. Predictions for
saturation along x axis are equally satisfactory, with
measured and predicted extrema equal to —17.0/4+18.2
and £23.6 uT, respectively. This consistency also
holds for the sample saturated along Z axis with
values of —70.1/+65.1 and £72.4 uT for the mea-
surements and the predictions, respectively. The
overall similarity of the measurements to the pre-
dictions suggests that the measurements are reliable
and accurate. The good estimate of the field extrema
values confirms that the sensor-to-sample distance is

accurate. There are however noticeable geometrical
dissimilarities between measured and modeled
maps. The most striking dissimilarity is the rotation
between the experimental and modeled maps
(Figures 3c and 3f, for instance) as well as “distor-
tion” of the experimental maps (Figure 3c, for
instance). First, this is due to the micrometeorite that
is not a perfect sphere (Figure 3a). Second, there is a
probable slight relative misalignment between the
sensor and the magnetization direction of the sample
whereas in the modeled maps the magnetization is
taken exactly toward the Y and X directions. The
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Figure 4. Magnetic image of George Washington’s face in a dollar bill saturated at 1 T along the vertical (out-of-
page) direction. (a) Picture of the sample. (b) Magnetic field map of the horizontal component By as measured at
60 pm above the bill. Scanning step is 50 ym along the x axis and 30 um along the y axis. Triangles pointing upward

and downward stand for saturation of the scale.

apparent rotation and distortion of the measured
maps can therefore be accounted for the combination
of the modeled By and Bx maps (Figures 3f and 3g):

Bymeasured = Bymodelled cosa + meodelled simc,
where « is the misalignment angle.

3.3. Illustration of the Spatial Resolution
of the GMR Scanner

[20] Mlustrations of the high spatial resolution of
our prototype are provided in Figures 4 and 5.
Several authors have already realized magnetic
scans of a one-dollar bill (whose ink contains
ferromagnetic particles) in order to check for the
resolution of their instruments [Howells et al.,
1997; Uehara and Nakamura, 2007; Kletetschka,
and Adachi, 2008; Uehara and Nakamura, 2008].
Figure 4 is a magnetic map obtained with the GMR
scanner with a sensor-to-sample distance of 60 ym.
This portion of the bill was magnetized by a
downward 1 T magnetic field and had a bulk
sample magnetic moment of 3.68 x 10°° Am” as
measured with a 2G SQUID magnetometer. Our
image shows details of the facial expression that
are about 150 pm in size.

[21] Figure 5 displays a line scan as measured
40 um above a hemo-ilmenite ore sample from
Allard Lake, Quebec [Hargraves, 1959; McEnroe
et al., 2007] with a step size of 4 pm. This sample
consists of ilmenite host grains (darker) with large
hematite exsolution lamellae (lighter) parallel to
(0001) and with second and subsequent genera-
tions of hematite lamellae also parallel to (0001).
Large 1st generation hematite lamellac are 40—
50 pum thick. Within these hematite lamellae are

finer ilmenite exsolution from a few microns to few
nanometers in thickness [McEnroe et al., 2007].
The natural remanent magnetization of this ore
sample is 95 A/m, is in plane, and pointing to the
bottom of the picture. This is a favorable case
where the negative anomalies are centered above
the magnetic sources (see Figure 3¢). The line scan
shows a very detailed correspondence with the
hematite lamellae (Figure 5). Features that are only
a few tens of um are easily resolvable.

-20 0

.

20
/ | By (p;T)

—

=
-<>
r

—
Figure 5. Line scan measured 40 um above a polished
hemo-ilmenite ore sample from Lac Ellen, Quebec. The
step size is 4 pum. The natural remanent magnetization
of the sample is in plane, pointing toward the bottom of
the page. The lighter bands on the reflected light image
are large hematite lamellae with abundant small ilmenite
lamellae within the hematite. The host ilmenite is
darker. The negative magnetic peaks correspond to the
magnetized hematite lamellae.
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Figure 6. Magnetic maps of the field generated by a 1-mm-thick slice of a norite from Norway. Shown are the two
horizontal components (By and —Bx) of the natural remanent magnetization (NRM) field as measured 400 pzm above
the surface of the sample. (a) An optical image of the 1-mm-thick slice of norite showing the ground mass that
contains pyroxene and magnetite (dark areas) and plagioclase feldspar (whitish and greyish zones). Black arrow
indicates the scanning direction. (b) Magnetic map of the By component of the NRM field. (¢) Scan of the —Bx
component of the NRM field. Scanning step in Figures 6b and 6¢ is 150 pym. Color scales follow the same convention
as in Figure 3. Note the good agreement with the optical image in Figure 6a since the most visible nonmagnetic areas
of the scans (bottom right corner of both Figures 6b and 6¢) correspond to the whitish and greyish zones identified in

Figure 6a.

3.4. Natural Remanent Magnetization
Imaging

[22] We have scanned a norite sample from the
Proterozoic Bjerkreim-Sokndal intrusion in Norway
[McEnroe et al., 2004a, 2004b]. This rock carries a
strong natural remanent magnetization of 55 A/m
(1.7 x 107% Am* kg~ '). We performed magnetic
scans on a representative sample (Figure 6a).
Figures 6b and 6c represent magnetic maps of the
NRM By and Bx field components, respectively, as
measured 400 pm above the polished 1-mm-thick
slice of the norite. These magnetic images exhibit
numerous submillimeter-sized magnetic anomalies
within the sample. These correspond to the spatially
heterogeneous distribution of the magnetization
within the sample. The patchy pattern in the sample

is fairly consistent with the optical image (Figure 6a).
Indeed, the whitish and greyish area observed on
the optical image highlighting the presence of
nonmagnetic minerals match the zero-field zones
of the magnetic images (Figures 6b and 6c).

4. Conclusion

[23] We demonstrated the ability of this new room
temperature GMR magnetic scanner to detect and
map the horizontal components of magnetization of
polished rock samples with a high spatial resolu-
tion (down to a few tens of um, the main limitation
being the scanning distance). It is a simple and
rugged device alternative to the more complex
low-Tc SQUID microscope. Although some other
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experiments (such as the low-Tc SQUID micro-
scope running at the Massachusetts Institute of
Technology) have been shown to be much more
sensitive, our prototype compensates for its mod-
erate sensitivity by a high spatial resolution with a
sensor-to-sample distance that can be as low as
30 pum during scanning operation, making it a
valuable instrument for detailed rock magnetic
studies (small-scale identification of magnetic car-
riers in particular).

[24] This instrument is sensitive to the horizontal
components of the magnetic field. Inversion of the
data can be made by using two perpendicular
horizontal components to compute the vertical
one. Data acquisition at different sensor-to-sample
distances also helps constraining inversion.

[25] Following these first promising measure-
ments, further improvements are envisaged:

[26] 1. The width of the sensor will be reduced from
36 pumto 5 pm in order to increase further its spatial
resolution while keeping the same sensitivity.

[27] 2. The ambient residual magnetic field in the
shielding room amounts to <500 nT. Although this
has no significant effect on samples that have been
imparted a sSIRM, we will reduce this residual field
with additional magnetic shields.

[28] 3. A new generation of the device will elim-
inate the noise linked to the electronic unit by using
a gradiometer geometry.

[29] 4. We will also perform simultaneous mea-
surements of X and Y axes.
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