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We demonstrate remote detection of nuclear magnetic resonance
(NMR) with a microchip sensor consisting of a microfluidic channel
and a microfabricated vapor cell (the heart of an atomic magne-
tometer). Detection occurs at zero magnetic field, which allows
operation of the magnetometer in the spin-exchange relaxation-
free (SERF) regime and increases the proximity of sensor and
sample by eliminating the need for a solenoid to create a leading
field. We achieve pulsed NMR linewidths of 26 Hz, limited, we
believe, by the residence time and flow dispersion in the encoding
region. In a fully optimized system, we estimate that for 1 s of
integration, 7 � 1013 protons in a volume of 1 mm3, prepolarized
in a 10-kG field, can be detected with a signal-to-noise ratio of �3.
This level of sensitivity is competitive with that demonstrated by
microcoils in 100-kG magnetic fields, without requiring supercon-
ducting magnets.

microfluidics � signal-to-noise ratio � mass-limited sample

Remote detection of nuclear magnetic resonance (NMR) (1),
in which polarization, encoding or evolution, and detection

are spatially separated, has recently attracted considerable at-
tention in the context of magnetic resonance imaging (2),
microfluidic flow profiling (3, 4), and spin-labeling (5). Detec-
tion can be performed with superconducting quantum interfer-
ence devices (SQUIDs), inductively at high field as in refs. 3–5
or with atomic magnetometers as in ref. 2. To most efficiently
detect the flux from the nuclear sample, it is typically necessary
to match the physical dimensions of the sensor and the sample.
Thus, small, sensitive detectors of magnetic f lux reduce the
detection volume, thereby reducing the quantity of analyte.
Microfabricated atomic magnetometers (6) with sensor dimen-
sions on the order of 1 mm operating in the spin-exchange
relaxation-free (SERF) regime (8) have recently demonstrated
sensitivities of �0.7 nG/�Hz (7), with projected theoretical
sensitivities several orders of magnitude higher. (In this article,
we use Gaussian units; 1 nG � 100 fT.)

In this work, we demonstrate remote detection of pulsed and
continuous-wave (CW) NMR with a compact sensor assembly
consisting of an alkali vapor cell and microfluidic channel,
fabricated with lithographic patterning and etching of silicon.
We realize pulsed NMR linewidths of �26 Hz, limited, we
believe, by residence time and flow dispersion in the encoding
region. Estimates of the fundamental sensitivity limit for an
optimized system, assuming a modest 10-kG prepolarizing field,
indicate detection limits competitive with those demonstrated by
microcoils in superconducting magnets (9–14). Hence, the tech-
nique described here offers a promising solution to NMR of
mass-limited samples—for example, in the screening of new
drugs—without requiring superconducting magnets.

The atomic magnetometer operates in the SERF regime
(achieved when the Larmor precession frequency is small com-
pared with the spin exchange rate), currently the most sensitive
technique in atomic magnetometry. Optical pumping and prob-
ing of the alkali vapor are accomplished with a single laser beam
(7). In addition to integration of sensor and microfluidic channel

on a single chip, a key feature distinguishing the present work
from previous applications of atomic magnetometers to the
detection of NMR (15, 16) or MRI (2) is that the detection
region (both magnetometer and nuclear sample) is at zero
magnetic field. This eliminates the need for a solenoid around
the detection region (along with the associated noise) and
increases the proximity of sensor and sample. A secondary
advantage of having both sensor and sample at zero field is that
it is the only point at which the Zeeman resonance frequencies
of both alkali and nuclear spins coincide, yielding sensitivity to
all three components of the nuclear magnetization. This may
prove important for the development of new algorithms for
efficient remote detection.

The experimental setup is shown in Fig. 1. Tap water flows
through 800-�m-inner-diameter Teflon tubes from a reservoir in
a prepolarizing field to an encoding region and finally through
the microchip, which is housed inside a four-layer set of magnetic
shields. The prepolarizing field is provided by a 7-kG permanent
magnet, and the volume of the reservoir is �10 cm3, large
enough that the water spends several longitudinal relaxation
times (T1) in the prepolarization field. The encoding region
consists of a bulb �4 mm in diameter and a Helmholtz coil used
to apply audio frequency (AF) pulses. An anti-Helmholtz coil
was used to shim longitudinal gradients of the ambient magnetic
field in our laboratory (�250 mG) to a uniformity of �1 mG
over a 5-cm baseline. For the present set of measurements, the
flow rate was �1.5 ml/s, so that the time required to fill and
empty the bulb was approximately �res � 22 ms and the distance
from the encoding region to the detection region was �50 cm.

The sensor chip consists of a vapor cell (the atomic magne-
tometer) and channel constructed by anodically bonding glass to
a 1-mm-thick etched Si substrate. The transverse dimensions of
the vapor cell and fluid channel are both �2 � 3 mm. The
fabrication techniques are described in more detail in ref. 17.
The vapor cell contains 5,000 torr of N2 buffer gas and Cs, chosen
primarily because its saturated vapor pressure is higher than that
of K or Rb, allowing operation of the sensor at lower temper-
atures. The vapor cell is sandwiched between two indium
tin-oxide (ITO) resistive heaters. The heaters, powered by DC
current (AC current caused several heaters to crack for unknown
reasons), saturated the magnetometer, necessitating cycling of
the heaters on and off. When the heaters were off, considerable
(repeatable) drift in magnetometer signal occurred due to
temperature drift; hence, alternate measurement periods were
used for the acquisition of the NMR signal and recording of
background drift. To optimize the magnetometer, the current in
the heaters was adjusted until the cell comprised approximately
one absorption length. We did not measure the temperature
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