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Magnetic nanoparticles are widely used as biochemical
markers, drug-delivery carriers, and imaging contrast
agents.[1] The precise determination of the position and
number of particles in a sample at a given time is vital for
these purposes. In many applications, such as assay analysis on
microchips and in vivo imaging,[2, 3] the magnetic particles are
far from the detectors, on the order of several millimeters to a
few centimeters. This makes it challenging to obtain desired
spatial information and sufficient detection limit because of
the dependence of magnetic field strength on r�3, where r is
the distance between the sample and the detector.

Successful imaging of magnetic nanoparticles in practical
settings must fulfill two criteria. One is high sensitivity in
detecting a dc magnetic field. The other is the capability of
resolving spatial information at a long detection distance.
Various magnetic force microscopy and magnetic resonance
force microscopy techniques,[4] which usually have a detection
range of around a few nanometers or less, are thus not
suitable for these applications. Similarly, room-temperature
giant magneto-resistive sensors are applicable only when the
sensor is placed within a few micrometers of the sample.[5]

Large-scale magnetic imaging modalities often lack sensitiv-
ity because of the distance dependence of the magnetic field
and magnetic response; the reduced sensitivity requires the
use of impractical amounts of sample.[6] Indirect detection of
magnetic particles has also been investigated. Optical detec-
tion offers high sensitivity, but it requires a transparent
environment, which is not possible in many cases.[7] Sepa-
rately, conventional magnetic resonance imaging offers high
spatial resolution through encoding with gradient magnetic
fields, but the drawbacks include poor sensitivity to dc
magnetic fields and the requirement of a superconducting
magnet.[8]

Atomic magnetometry is one of the most sensitive
techniques for measuring dc magnetic fields.[9] Unlike the
rival superconducting magnetometers or cryogenically cooled
giant magneto-resistive sensors,[10, 11] the use of atomic mag-
netometers is facilitated by the fact that they require no
cryogenics. Atomic magnetometers have been used to detect
magnetic particles; however, no spatial information was
extracted, nor could the amount of the sample be deter-
mined.[12] Since the magnetic field is a function of both the

number of nanoparticles and their distance from the detector,
it is difficult to resolve spatial information without prior
knowledge of the amount of the sample.

To address this problem, we present a scanning imaging
method that utilizes a novel atomic magnetometer to
generate a map of the magnetic field. From the full magnetic
field profile, instead of a single-point measurement, we
demonstrate that the spatial information can be resolved,
and the amount of the magnetic sample can be obtained
simultaneously. Furthermore, we perform a series of scans to
obtain a two-dimensional magnetic image of the sample,
which demonstrates the accuracy of the distance measure-
ment and the reproducibility of the measured amount of the
magnetic sample.

Scheme 1 shows the experimental configuration. A
cesium-based atomic magnetometer is located several milli-
meters away from an assemble of magnetic nanoparticles to
be measured. The magnetic sample can be scanned both

perpendicular to the propagation of the laser (x axis) and
parallel to the laser (d axis). The atomic magnetometer
measures the magnetic field generated by the nanoparticles at
each position during the scans. The result for a single scan
along the x direction is shown in Figure 1.

Without prior knowledge of the precise amount of the
sample or its distance from the Cs detector, we show that
analyzing this profile yields both spatial information and the
amount of the magnetic sample. Based on the experimental
geometry and since the magnetic field corresponds to the
overall dipolar field of the sample particles, the profile follows
Equation (1). Here, B is the magnetic field measured by the

B ¼ B0 þ
m0M
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magnetometer, and B0 is the baseline correction. The symbol
x0 represents the position on the x axis that corresponds to the
maximum signal, which is normalized to zero in Figure 1 for
convenience. M is the magnetization of the magnetic particles,
and d is the distance between the sample and the detector. By
performing a least-square fit on the magnetic field profile, we
obtain both the magnetization of the particles and the

Scheme 1. Imaging of magnetic nanoparticles at a long distance. A
laser beam generates ground-state coherence in Cs atoms, which
rotates the polarization of the incident laser beam. The degree of
rotation is a measure for the magnetic field of the sample.
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distance between the sample and the detector: (5.589�
0.047) � 10�10 Am2 and (6.709� 0.020) mm, respectively. We
would like to point out that since atomic magnetometers
directly measure the absolute value of magnetic fields, the
magnetization value needs no calibration.

To demonstrate two-dimensional scanning imaging, we
performed a series of x-axis scans at different distances. The d
values were varied in increments of 100 mm by moving the
nanopositioning stages that hold the sample. The magnetic
field is a function of both the x position, which is controlled by
a linear actuator, and the d position, which is obtained from
the experimental magnetic profile. The resulting two-dimen-
sional image is shown in Figure 2. The maximum value of the
magnetic field (at x = 0) decreases as the sample moves
farther from the detector. Because of the small amount of the
sample and the large separation between the sample and the
detector, the amplitude of the signal is several hundreds of
picotesla—much smaller than the signal in magnetic force
microscopy.

From the two-dimensional image, we first examine the
accuracy of the d parameters obtained from fitting the
magnetic field profile. The fitted d values are listed in

Table 1, along with the readings from the nanopositioning
stages for comparison. The error bars are all less than 23 mm.
Importantly, from the relative distance movement Dd, the
values obtained from the image agree well with the readings
from the nanopositioning stages. The accuracy is within
15 mm.

In addition to the spatial information, we compare the
magnetization values obtained from different x scans. Since
the imaging scans are performed with a fixed number of
magnetic particles, the magnetization obtained at different
distances should be the same (within experimental error).
Figure 3 plots the resulting M values as a function of relative

distance Dd, which represents different x scans. For each fit,
the error bar is within 1%. The average magnetization for the
five x scans is 5.483 � 10�10 Am2, with a standard deviation of
0.097 � 10�10 Am2, which is less than 1.8 % of the average.

Our results demonstrate that, with a detection distance up
to 6.7 mm, we have achieved a spatial resolution of 23 mm.
The magnetization, and hence the number of nanoparticles, is
accurate within 1.8% for roughly 30 nL of the sample. It
indicates a detection limit of about 500 pL of the sample being
used here. With micrometer resolution and a subnanoliter
detection limit, our technique fills the gap between micro-
scopic magnetic imaging and long-distance magnetic sensing.

Figure 1. Magnetic field profile of an assembly of approximately 7 � 105

magnetic nanoparticles (experimental data and fitted curve). The inset
shows the geometry of the scanning axes with respect to the laser
beam and the Cs detector.

Figure 2. A two-dimensional scanning magnetic image. Each stripe
represents an x-axis scan. The width of each stripe is determined by
the corresponding error bar of the fitted d value.

Table 1: Comparison between the stage movement and fitted distance
values, d, and measured magnetization results, M.

Stage [mm][a] d [mm] Dd [mm] M [10�10 Am2]

0 6.304�0.020 0 5.353�0.049
0.100 6.408�0.020 0.104 5.415�0.048
0.200 6.519�0.023 0.215 5.505�0.054
0.300 6.616�0.022 0.311 5.551�0.051
0.400 6.709�0.020 0.405 5.589�0.047

[a] The stage positions are relative values to the position of the first
measurement, which is set as 0.

Figure 3. Fitted magnetizations of the sample for the different x scans
which are indicated using relative distances, Dd. M: magnetization, in
10�10 Am2. The error bars are plotted on top of their corresponding
magnetization values.
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It consequently opens new avenues for magnetic imaging
applications: magnetic nanoparticles being used in practical
applications can now be imaged with high resolution and low
detection limit. Of particular interest is the imaging of
magnetic markers employed in lab-on-a-chip devices.[13] Our
technique should be able to identify the channels that contain
magnetic particles and reveal the amount of magnetically
labeled biochemical entities therein.

Our magnetometer offers several unique features com-
pared to other related techniques.[14] The operation temper-
ature of the device is 37 8C, which is compatible with
biomedical assay analysis and in vivo imaging. Geometrically,
the small detector size and overall compact design, which is
less than a tenth of the volume of similar instruments, render
it more viable for practical conditions. In addition, the
stability of the instrument is significantly better than previous
related designs, probably because of the use of a stabilized Cs
laser: it can function for many hours before the sensitivity
needs to be readjusted. Coupled with a fast measurement
time of 30 ms and no signal averaging, the path of the
magnetic particles can thus be continuously monitored for an
extended period, which is valuable for biomedical processes
with slow dynamics.

The sensitivity of our magnetometer may be further
improved.[15] It is worthwhile to estimate the intrinsic
sensitivity of our atomic magnetometer, with a given size of
125 mL and a fixed operating temperature of 37 8C. Based on
modeling by Kitching and co-workers,[16] our sensitivity can
reach 1 fT/(Hz)1/2 when spin-exchange relaxation between
atoms is the limiting decoherence factor, and 0.1 fT/(Hz)1/2

when the magnetometer is operated in a spin-exchange
relaxation-free regime. A 0.1 fT/(Hz)1/2 sensitivity will lead to
a spatial resolution of 2 mm or a detection limit of a few
hundred magnetic nanoparticles, which corresponds to sev-
eral zeptomoles of magnetically labeled biochemical entities.

For applications in which the sample must be stationary
(e.g., when large biomedical systems or geophysical objects
are involved), imaging can be achieved by scanning the
magnetometer. It is also possible to assemble a two-dimen-
sional array for better signal-to-noise ratio and detection
efficiency, especially when multiple samples are being
imaged. Three-dimensional magnetic imaging is also possible
with a scanning magnetometer array. The sensitive axis can be
altered by changing the direction of the bias magnetic field
and propagation of the laser beam.

In conclusion, we have descrbed a scanning imaging
method using an atomic magnetometer for imaging magnetic
nanoparticles. The combination of approximately 20 mm
resolution, nearly 1 cm detection distance, and picoliter-
range detection limit makes this technique uniquely suited for
practical applications of magnetic nanoparticles. Both the
resolution and detection limit have much room for improve-
ment, which will be the focus for future research. In addition,
the integration of all the optical and mechanical components
of the magnetometer is also important for enhanced applic-
ability for routine use in biomedical research.

Experimental Section
The atomic magnetometer was based on the D1 transition of cesium
atoms that are contained in a cubic cell with a volume of 125 mL. The
incident laser power was 8 mW. A capillary loaded with approximately
30 nL of amine-coated magnetic particles (Sigma–Aldrich I-7643) was
placed on a sample holder, which was located several millimeters
from the atomic detector. The number of the magnetic particles was
estimated to be 7 � 105 based on the concentration of the particles
provided by the manufacturer. Prior to the measurements, the
magnetic nanoparticles were magnetized by approaching the pole
face of a permanent magnet vertically. The motion of the sample was
achieved by using an automated linear actuator for x-axis scans and a
pair of motorized nanopositioning stages for d-axis movements. The
magnetic field from the sample was measured by monitoring the
magneto-optical resonance on the polarization rotation of the laser
beam.[14] The sensitivity of the atomic magnetometer is approximately
200 fT/(Hz)1/2. The integration time for each data point is 30 ms.
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