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We present progress towards the development of an atomic magnetometer capable of accurate scalar and vector mag-
netic field measurements with high sensitivity and no need for external calibration. The proposed device will use the
interaction between a bi-chromatic laser field and rubidium vapor to derive magnetic field strength and direction from
measured amplitudes of Electromagnetically Induced Transparency (EIT) resonances. Since the proposed method re-
quires precision control of light polarization, we observe the performance capabilities of a liquid crystal device to rotate
the polarization of the laser field. Another goal in this project is to optimize and characterize EIT resonances by vary-
ing laser frequency, modulation strength, and polarization locking parameters to most precisely measure and accurately
describe magnetic fields. Finally, we realize a method to derive field direction from comparisons of EIT resonance
strengths. The work completed herein will inform the greater project’s noise reduction, component manufacturing, and
device refinement steps that aim to produce the first compact and unobtrusive vector magnetometer.

I. Introduction

The precise measurements of the magnitude and direc-
tion of a magnetic field have long been achievable, but the
instruments and methods used are often inherently imper-
fect. Hall probes and search coils use Lorentz forces and
magnetic induction to spatially dislocate electrons in met-
als to create measurable voltages indicative of magnetic field
strength. Magneto-resistive sensors use spin-dependent tun-
neling through magnetic thin films and are more sensitive
than Hall probes. The most sensitive magnetometers we have
today are the superconducting quantum interference device
(SQUID) and the atomic magnetometer; both take advantage
of quantum effects to translate magnetic fields into measur-
able quantities1.

Today, only atomic magnetometers are truly considered ac-
curate as they rely on fundamental constants of nature like the
atomic g-factor (measured with high accuracy for most atoms)
and the bohr magneton. Other instruments rely too heavily on
uncontrolled variables or material properties. However, many
types of atomic magnetometers are scalar devices, sensitive
only to the total magnetic field value, and cannot determine
the vector components of a field, which is crucial informa-
tion for a plethora of magnetometer applications in aircraft,
spacecraft, geological surveys, positioning systems, and sub-
marine vision2. Many modifications to the atomic magne-
tometer have been implemented, but all attempts to date either
degrade accuracy or apply an external field which can interfere
with nearby sensors.

This thesis is a part of a longer-term project aimed to
demonstrate a vector atomic magnetometer operating at Earth-
like magnetic field and capable of measuring magnetic field
strength with sub-picotesla precision. For these experiments
we will rely on Rubidium-87 (87Rb) atoms interacting with
a bi-chromatic laser field whose frequency will be tuned to
match two optical transitions in Rubidium atoms. Under
these conditions have observed several spectrally narrow res-
onances in the laser transmission. This effect is called Elec-

tromagnetically Induced Transparency, or EIT, and is caused
by quantum interference of the multiple excitation pathways
of a valence electron in Rb atoms. The position of each res-
onance will allow us to precisely determine the magnitude of
the external magnetic field, while the relative amplitudes of
the peaks provide information regarding the orientation of this
field with respect to the propagation direction and the polar-
ization of the laser beam.

The unique advantage of this approach is that no external
calibration is required, a drawback of other magnetometers;
the magnetic field orientation will be measured relative to the
laser light polarization and propagation vector. Contrasting
with existing devices, this project will combine scalar accu-
racy, long-term stability, vector measurement capability, and
the absence of interfering applied fields into a single sensing
unit. In the future, such a unit could be manufactured as a
compact, chip-scale device that would facilitate magnetic ob-
ject measurement and location tracking.

My role in this project is the optimization of EIT reso-
nances to provide maximally accurate and precise magnetic
field measurements, as well as the evaluation of vector magne-
tometer performance. This work will ensure this magnetome-
ter’s stability and accuracy even in the presence of technical
noise and component fluctuations.

II. Theory Overview

A. Coherent Population Trapping

The central concept for this magnetometer’s operation is
electromagnetically-induced transparency (EIT) made possi-
ble through coherent population trapping (CPT) in rubidium
vapor. A laser can be set to emit light of a frequency which
matches a resonance frequency of rubidium; the atom may ab-
sorb a photon and move into an excited state in this case, later
emitting a photon and moving back into the ground energy
state. If we employ a bi-chromatic laser such that it emits



two coherent frequencies of light, each matching a resonant
frequency of rubidium, we may place the atom in a superposi-
tion state. The requirement for this state is that the difference
between the each laser frequency and resonance frequency be
about the same.

The superposition state is called a “dark state" because an
atom in this state does not interact with light. Since atoms
in the dark state cannot interact with the EM field, they have
been “trapped" and CPT causes electromagnetically-induced
transparency. The EM field passes through the L-system with
near zero chance of absorption, meaning there is nearly 100%
transmission. Around this pair of frequencies, transmission
increases sharply, forming what will be referred to as an EIT
peak.

B. Zeeman Shifts and Scalar Field Measurement

Several magnetic energy sub-levels exist in the ground state
of the rubidium atom; this is called hyperfine splitting. The
Zeeman effect serves to split these levels by an energy differ-
ence linearly proportional to the static magnetic field applied
to the system, DEm = mh̄gB. Here m is the azimuthal quantum
number, h̄ is the reduced Planck’s constant, B is the magnetic
field strength, and g is a constant. EIT peaks occur between
Zeeman sublevels with Dm = 0;�1;�2, where Dm is the dif-
ference in m between two given levels.

FIG. 1. Atomic levels in the 87Rb 5S1=2 ! 5P1=2 optical transition,
interacting with two EM fields E0 and E1 with frequencies wm sepa-
rated by ground-state hyperfine splitting. Arrows represent possible
transitions between Zeeman sublevels. The horizontal dashed lines
indicate the unshifted positions of Zeeman sublevels. From refer-
ence3.

87Rb has the energy level structure shown in Fig. 1 that
allows for seven EIT peaks caused by CPT. They are sepa-
rated in frequency from their neighboring peaks by Dn = gB.
Therefore, we arrive at a method to measure the magnetic field
strength. The frequency separation of EIT peaks does not de-
pend on the direction of the field, so this is a reliable method
of measuring the scalar magnitude of any external magnetic
field. An example of these EIT peaks found after a laser radio-
frequency (RF) sweep is in Fig. 2.

Field direction affects the coupling strength between mag-
netic sublevels and therefore changes the amplitude of EIT
peaks. Previous studies3, however, have demonstrated the ex-
istence of two permanent peaks corresponding to a�2 that do
not disappear for any field orientation. When the magnetic

FIG. 2. Arrangement of seven EIT resonances evenly spaced in fre-
quency Dn = gB. Each is labeled an where n indicates the peak’s
relative position to the central resonance, separated by Dn = ngB.
The frequency value in the x-label is the approximate frequency of
the central resonance, 6:834 GHz.

field ~B is parallel to the laser vector ~k polarized at f = 0�,
quantum selection rules dictate that Dm = 0 transitions are al-
lowed (the vertical arrows in Fig. 1); this restricts us to lambda
systems that are two levels off of hyperfine splitting, the a�2
peaks. These peaks can be used for reliable scalar field mea-
surements.

C. Field Direction Measurement

The end of Section II B explains how EIT peaks change
in amplitude based on the orientation of the magnetic field.
This phenomenon presents a unique opportunity to measure
the direction of the field without a need for external orienta-
tion calibration. The EIT resonance amplitudes depend on the
relative orientations of three vectors: the laser wave-vector
~k, the laser field polarization f , and the magnetic field direc-
tion ~B4,5. These three vectors are geometrically represented in
Fig. 3.

FIG. 3. Field geometry in the vapor cell. ~k is the laser wave-vector,
always oriented along the central axis of the vapor cell. ~B is the
magnetic field vector, an angle q off of the~k vector. f is the laser’s
polarization, given as an angle relative to the plane formed by ~B and
~k. From reference3.

Transitions between energy levels with the same m (solid
arrows in Fig. 1) are solely enabled by the laser polarization
component along the magnetic field. Transitions between en-
ergy levels with Dm =�1 (dashed arrows in Fig. 1) are solely
enabled by the remaining orthogonal component. Theoreti-
cally, if we examine the possible two-photon transitions and
all their combinations, we can calculate the resulting ampli-
tude of each CPT resonance as a function of the angles be-
tween laser propagation, polarization, and the magnetic field
direction vectors.
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FIG. 4. Experimental Dependence of EIT resonance amplitudes on
polarization angle f in a magnetic field at angle (a) q = 90� and (b)
q = 15� with respect to the laser wave-vector~k. Curves are labelled
to match their corresponding EIT peak(s) in Fig. 2. From reference3.

Fig. 4(a) visualizes this dependence with experimental re-
sults3. It depicts a sweep of f while the magnetic field is ori-
ented at angle q = 90�. The amplitudes for a�1 and a�3 are
only nonzero when both polarization vector components par-
allel to and orthogonal to the ~B field component in plane with
polarization (the xy-plane in Fig. 3) are nonzero. The central
peak a0 has zero amplitude when polarization is parallel to ~B’s
polarization plane component. The peaks a�2, as discussed at
the end of Section II B, always have nonzero amplitude, mak-
ing them vital for measuring the scalar magnitude of the field
in any direction.

We see that EIT peak amplitudes exhibit universal extrema
whenever the light polarization is parallel or perpendicular to
the magnetic field’s polarization plane component. This forms
an important basis for measuring magnetic field direction that
is free from dependence on other experimental parameters like
laser power. Thus, knowledge of the polarization direction
f and laser propagation direction ~k can tell us about the az-
imuthal angle of the magnetic field if we compare the relative
amplitudes of measured EIT resonance peaks.

In Fig. 4(b), the relative angle between the laser propa-
gation ~k and magnetic field direction ~B has been reduced to
q = 15�. The overall variation in each of these amplitudes has
decreased significantly. Once the ~B field is parallel to the laser
vector~k, each of these curves flattens entirely. Therefore, by
measuring the variation in the amplitude of a single CPT reso-
nance when f changes, we can establish the angle q between
~k and ~B.

With the scalar magnitude of the field established through
the separation of EIT peaks, the azimuthal angle f established
through the relative amplitudes of the EIT peaks, and the angle
q between the magnetic field and laser propagation direction
established through a resonance’s response to changing polar-
ization, this method fully characterizes any constant magnetic
field vector ~B.

III. Experimental Setup

The optics and electronics components complement each
other for stable experimentation and measurement, but it helps
to look at each separately for the full operational concept to
be realized. In essence, a bi-chromatic laser with a frequency

locking mechanism first shines through a controllable polar-
ization rotator. It then travels through a 87Rb cell in a localized
magnetic field, interacting with the atoms in a way dependent
on the field conditions, and the remaining light arrives at a
photodetector. The transmission data is read on a computer or
oscilloscope and sent back through a feedback loop that locks
the polarization rotator to the angle of peak transmission if
desired.

FIG. 5. Experimental Setup. VCSEL stands for vertical-cavity
surface-emitting laser, the polarization rotator LCVR stands for Liq-
uid Crystal Variable Retarder, VLCV R is the voltage we send to the
LCVR, fPR is a modulation signal added on top of VLCV R, PD is a
photodetector, and the Lock-in Amplifier is a component of the feed-
back loop capable of derivative calculation.

A. Liquid Crystal Variable Retarder

The liquid crystal variable retarder (LCVR) is a key device
of interest because its function is to rotate the plane of polar-
ization of incoming light. In terms of the geometry of Fig. 3,
this device changes f , a key variable in determining magnetic
field direction. The device performs the same function as a
half-wave plate (l=2), however it changes the angle at which
it polarizes incoming light dependent on the voltage applied
to it. This presents the opportunity to change f to specific
angles, sweep f over its whole or partial range of possible
values, and vary f with a desired frequency.

Figure 6 shows a molecular cross-section of the LCVR.
Applying no voltage to the device means all anisotropic ne-
matic liquid crystal molecules are parallel to the fused silica
and alignment layers. Maximum retardance is achieved in
this state. An applied voltage will forcefully rotate and hold
molecules in their rotated state so long as that constant voltage
is applied. In the 0-10 V range the device is capable of taking
in, higher voltages move the atoms towards being perpendic-
ular to the alignment layer. The layer of molecules closest to
each alignment layer are pinned, however, and are unable to
rotate fully. Maximum and minimum retardance do not mean
anything as metrics in this experiment, so the device will be
calibrated in Section IV A, finding a function mapping voltage
to angle and vice versa.
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