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ABSTRACT 

This work reviews new methods of optical magnetometry and presents the research conducted in the Center of Magneto-
Optics Study and the Photonics Department of Jagiellonian University. Using rubidium atoms contained in cm-long glass 
cells and amplitude-modulated laser light, magneto-optical signals of extremely small widths are recorded. These signals 
allow measurements of the magnetic fields with the sensitivity comparable to that achieved with the magnetometers 
based on Superconducting Quantum Interference Devices (SQUIDs). The advantage of the described method is the 
possibility of precision magnetometric measurements of strong magnetic fields. 
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1. INTRODUCTION 
Magnetic field measurements are presently performed with the use of several methods. Depending on physical 
mechanisms they can be split into three different groups based on:   

• magnetic properties of materials, 

• superconducting materials, 

• magneto-optical properties of materials. 

The methods belonging to these groups differ in their sensitivities, dynamic ranges, as well as in typical dimensions, 
prices, and maintenance of necessary devices.  

Representative devices belonging to the methods exploiting magnetic properties of materials are flux 
magnetometers1, magnetoresistors2, and magnetic tunnel junctions3. Typical sensitivities of these devices are between  
1 pT Hz-1/2 and 1 nT Hz-1/2.  

Another kind of devices are the magnetometers that exploit superconducting tunneling junctions, the so-called 
SQUIDs4. They permit reaching very high sensitivity, low noise level, and measurements of rapidly changing fields. 
SQUIDs were the most sensitive magnetometers for many years. Their serious drawbacks, however, are the big 
dimensions and high exploitation costs caused by the need of using cryogenic techniques.  

The third group of magnetometers is set up by the devices using magneto-optical effects. They exhibit high 
sensitivity comparable to5,6 or even superpassing7 that of SQUIDs. Moreover, magneto-optical magnetometers can be 
made smaller and less expensive than SQUIDs.  

This work reviews the methods of modern optical magnetometry based on nonlinear magneto-optical phenomena 
with particular emphasis on the research conducted in the Center of Magneto-Optical Research and in the Photonics 
Department of the Institute of Physics of Jagiellonian University in Kraków. 
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The paper is organized as follows. In Section 2 the principles of nonlinear Faraday Effect are discussed together with 
its applications for precision magnetic field measurements. In Section 3, the basics of new methods of magnetic field 
measurements using nonlinear Faraday effect with modulated light beam are presented. In this Section we describe 
possibilities of employing the effect for ultra-precise measurements of magnetic fields of higher intensities. Here we 
concentrate mainly on our own work. In Section 4, the presently most sensitive magnetometric method is presented. 
Section 5 is devoted to the discussion of a possibility of miniaturization of the optical magnetometers and Section 6 
summarizes the paper.   

2. MAGNETOMETRY BASED ON NONLINEAR FARADAY EFFECT 
In 1946, M. Faraday noticed that polarization plane of a linearly polarized light beam undergoes rotation when the light 
beam propagates through a material sample placed in a longitudinal magnetic field8. Detailed studies revealed that 
rotation angle ϕ is proportional to the magnetic field intensity B, and to length d of the propagation distance in active 
medium 

ϕ = VdB.       (1) 
The coefficient of proportionality in Eq. (1) is known as the Verdet constant V which determines the ability of a given 
medium to rotate the polarization plane.  

Some tens years later an analogous experiment has been performed in atomic gas media9 with nearly resonant light 
beams. The results differed from those obtained with the solid samples. It was noticed that the rotation angle has a strong 
dependence on the light frequency ω, V(ω)≠const. The angle appeared the biggest when the light frequency was in 
resonance with the atomic transition and decreased to zero with increasing light detuning from the resonance. In 
addition, it was revealed that the dependence of the angle on the magnetic field intensity is characterized by a dispersive 
curve with the width determined by the Doppler width of the atomic transition.  

A real breakthrough in studies of the Faraday effect came with the advent of lasers and their application to atomic 
spectroscopy. First measurements of that kind were performed by W. Gawlik et al. in 197410. They showed that with 
intense light sources the dependence of the rotation angle on the magnetic field is more complicated than in the case of 
weak light. In particular, very narrow new structures appeared close to B=0. It was found that the rotation angle 
associated with these narrow signals depended on the light intensity, hence they were related to the nonlinear Faraday 
effect. More accurate measurements allowed discovery of a complex structure of these new signals in most cases 
consisting of two contributions of different widths. The wider contribution has the widths related with the natural 
linewidth Γ of the atomic transition under consideration, associated with the finite lifetime of excited atomic states. The 
narrower contribution is associated with the atomic coherence, i.e., with given phase relation of atomic sublevels of the 
ground atomic state and its width γ  (γ << Γ) is inversely proportional to the lifetime of these coherences.  

When using glass cells as containers of atoms for rotation studies at low gas pressures, the atomic mean free paths 
reached hundreds of meters so that the probability of atomic collision destroying the coherence of their sublevels was 
negligible. The effective lifetimes of atomic ground-state coherences in such cases are related with the atomic transit 
time across the laser beam. An atom leaving the laser beam strikes nonelastically the cell wall and returns to the beam 
with no coherence.  For typical conditions of thermal atoms and light beam diameters of a few mm, these times are of the 
order of some μs. Consequently, the narrow structures are some kHz wide with rotation angles amounting to some mrad 
(Fig.1).  

There are two principal methods which allow extension of the atomic coherence lifetimes. In the first method one 
adds a buffer, noble gas under pressure of 1-100 mbar to the cell containing the investigated atomic vapor. Since 
collisions with the noble gas atoms are highly elastic, they do not destroy atomic coherences, yet reduce their mean free 
path and extend the time over which the atoms can interact with light without destroying their coherence in a wall 
collision. This significantly reduces the width of the narrow contribution to the rotation curve. The second method is 
based on coating the inner cell walls with special anti-relaxation layers, in most cases made of paraffin. Such coating 
prohibits coherence destruction in a wall-atom collision, extends its lifetime, thereby narrowing of the width of the 
magnetorotation resonance is observed. Both methods are capable in extension the coherence lifetimes up to some 
hundreds of ms. This allows observation of magnetorotation resonances narrower than 1 Hz at rotation angles of the 
order of some μrad (Fig.1).  

 



Each of the methods has its advantages and drawbacks. Thanks to a long mean free path, the application of paraffin 
coatings allows averaging of magnetic field inhomogeneities over the whole cell volume. In contrast, the method using 
buffer gas constrains atomic movement and allows deriving information on the specific magnetic field distribution 
within the cell. More details on the physical principles of nonlinear magneto-optical effects can be found in recent 
review11. 

 

Fig. 1. Angle of magneto-optical rotation as a function of the magnetic field measured with the cell with anti-relaxation-wall coating. 
Broader central dispersive structure is associated with atomic transit across the light beam and narrower structure around B=0 (see 
inset) is due to wall coating. The overall linear slope of the rotation dependence is determined by the atomic excited state lifetime. 
Based on reference12.  

For weak magnetic fields, such that ΩL<γ, where ΩL=gμBB/ħ is the Larmor frequency, g is the Landé factor, μB is the 
Bohr magneton, and ħ is the Planck constant divided by 2π, the rotation angle depends linearly on the magnetic field 
intensity. This allows application of the nonlinear Faraday effect for very accurate measurements of magnetic fields. 
Theoretical estimation of the highest sensitivity that can be achieved with alkali atoms contained in an anti-relaxation-
coated cell in room temperature is 10-16 T Hz-1/2. Thus it is comparable with the sensitivity of SQUIDs. 

Most significant advantage of this method is its instrumental simplicity. The most essential elements of the methods 
are: the glass cell containing the atoms affecting the polarization plane filled with buffer gas or covered by anti-
relaxation layer, the laser emitting light of frequency tuned to resonance with the atomic transition, the high quality 
polarization optics including a linear polarizer and balanced polarimeter.  

While the nonlinear Faraday rotation is a very sensitive method for measuring weak rotations related with weak 
magnetic fields, it is limited to weak fields and, similarly to other high-sensitivity methods, it cannot be directly extended 
to fields higher than the widths of the typical resonance curve.  Typical ways of overcoming this limitation is the use of 
additional magnetic field sources, usually in form of calibrated magnetic-field coils. With such coils the nonzero offset 
field can be compensated and the resulting small differential field can be precisely measured. In addition to the limitation 
related to magnetometric method based on nonlinear magneto-optical rotation such solution suffers from a noise of 
current source. That greatly recuses the sensitivity of magnetic field measurements. Additional drawback of the method 
is its limitation to scalar measurements only, which yield absolute value of the magnetic field intensity but no 
information on its direction.  

Both limitations can be successfully overcame with the help of the method employing a modulated light. The 
modulation can be either of the frequency (FM) or amplitude (AM) of the light beam.  

3. MAGNETOMETRY WITH MODULATED LIGHT 
In the case of nonlinear optical processes the light-matter interaction modifies optical properties of the material medium. 
In particular, sufficiently strong pulse of linearly polarized light interacting with the medium creates ground-state 



coherence which is associated with the medium’s birefringence of the axis parallel to the light polarization direction. 
Under influence of an external magnetic field, the axis of this birefringence starts to rotate (precess) around the magnetic 
field with the Larmor frequency ΩL. If the relaxation rate of the atomic ground-state coherence is much smaller than the 
Larmor frequency (γ<<ΩL), the birefringence axis rotates many times before it decays due to atomic relaxation 
processes. Because of thermal atomic motion between two light pulses, a fraction of atoms with the ground-state 
coherence induced by the first pulse leaves the excitation volume. These atoms are replaced by an unexcited fraction that 
exhibits no birefringence. The second light pulse affects these atoms and makes them birefringent too. If the light pulse 
frequency is not synchronized with the Larmor frequency, the optical axes of birefringence associated with subsequent 
light pulses are oriented randomly and average to zero after many pulses. However, if the repetition frequency and the 
Larmor frequency are commensurate and synchronized, a macroscopic birefringence builds up in the medium and its 
axis precesses with the Larmor frequency. Consequently, the polarization plane of the transmitted light oscillates in time 
and the oscillation amplitude reaches maximum when the modulation and Larmor frequencies are synchronized.    

Figure 2 depicts the layout of the system used in the Center of Magneto-optical Research and in the Photonics 
Department of Jagiellonian University in Kraków for studying the magneto-optical effects with the amplitude modulated 
light. In our research, the magneto-optical sample is a glass cell (about 2 cm long) with rubidium atoms (isotope 87Rb).  
A semiconductor diode laser is the light source. The laser wavelength (λ=780 nm) is precisely controlled by an external 
locking system13 and its radiation is amplitude modulated by an acousto-optical modulator. To get maximum sensitivity 
and to reduce ambient fields the cell is placed within a magnetic shield made of three layers of mu-metal. The nonlinear 
Faraday rotation signals are recorded by a balanced polarimeter equipped with high-quality crystal polarizer, two 
photodiodes and synchronous detector (lock-in) at first harmonic of modulation frequency Ωm

4.   

 

 
Fig. 2. Apparatus for measuring rotation of the polarization plane in experiments with AM light modulation. DL symbolizes the 

external-cavity diode laser, OI the optical isolator, SAS denotes the laser frequency calibration system employing saturated 
absorption, DFDL is the laser frequency calibration system based on Doppler-free dichroism13, AOM the acousto-optical 
modulator, λ/4 denotes the quarter-lambda plate, PBS the polarization beam splitter, P the high-quality crystal polarizer, and D are 
photodiodes14. 

Application of the above described technique results in the, so-called high-field resonance occurring in addition to the 
regular zero-field resonance (Fig. 3). The high-field resonances occur when the magnetic field and modulation frequency 
Ωm fulfill the condition (ΩL=nΩm/2 with n=±1, ±2,...). The width of these resonances is the same, and the amplitude 
comparable with the zero-field resonances. This opens possibilities of application of these resonances for measuring 
magnetic field of higher intensities (Fig. 3). The high-field resonances can be created either by amplitude modulation 
(AM)14 or frequency modulation (FM)15. While in some experiments FM method may be technically easier to apply, AM 
possesses several important advantages. For example, one phenomenon that limits sensitivity of magnetic field 
measurements with the nonlinear Faraday effect is the dynamic Stark effect. Strong light field reduces accuracy of the 



field measurement. The AM method realized in our Center of Magneto-optical Research allows reduction of this effect. 
This is possible since the light frequency is not affected by modulation of its intensity, hence one can find such laser 
tuning that the dynamic Stark effect is minimized.  

 

Fig. 3. Typical rotation signal in the experiment with AM14. The central dispersion structure is the resonance that can be observed in a 
regular rotation experiment with no modulation. Two side dispersive resonances occuring at B≈±2 μT result from synchronous 
interaction of modulated light with rubidium atoms.  

One extra advantage of our method is the possiblity of generating the „comb” of magneto-optical resonances by the 
use of square-wave modulation of the light intensity. The number and amplitudes of the high-field resonances can be 
easily controlled by duty cycle square-wave modulation (Fig. 4). This is possible as the exciting pulses become shorter 
with the decreasing filling factor and, consequently, contain more Fourier components. Application of the magneto-
optical comb may be useful in the situations where a value of some magnetic field needs to be adjusted to an exact 
multiplicity of a given, weaker field.  

 
Fig. 4. Rotation signals with AM with the square-wave of different filling factors: 50% (a), 30 % (b), 25 % (c). The broken curve in 

(c) depicts a theoretical fit14. 

Until recently, the magnetic field measurements based on the nonlinear Faraday effect allowed determination only of 
the absolute value of the magnetic field intensity acting on the magneto-optical sample. Recently, however, the method 
has been developed which permits determination also of its direction16. It has been discovered that nonparallelism of the 
field and light propagation directions leads to additional rotation resonances (Fig. 5). The ratio of the amplitude of these 
new and regular resonances depends on the magnetic field direction relative to the light beam propagation, hence allows 
its determination.  



 
Fig. 5. Rotation signals recorded in nonlinear Faraday effect with modulated light for magnetic fields tilted in the plane formed by the 

directions of the light propagation and polarization. The regular high-field modulation resonance appears at modulation frequency 
of 200 Hz. When the magnetic field direction differs from the beam propagation, θ>0, a new resonance appears at the modulation 
frequency two times smaller, i.e. at 100 Hz. The ratio of the amplitudes of both resonances allows determination of θ16.  

The principle of the discussed magnetometric methods relies on determination of the modulation frequency of the 
polarization plane rotation which, according to Eq. (2) is proportional to the magnetic field intensity.  Such measurement 
can be automated if a feedback is used to run the magnetometer in the, the so-called self-oscillating regime17,18. In a self-
oscillating magnetometer the rotation signal which oscillates at the Larmor frequency, is fed back to the laser intensity 
modulator.  Consequently, the modulation frequency tracks the Larmor frequency and for each value of B the system is 
in resonance. Then is suffices to measure the oscillation frequency to determine the magnetic field intensity B.  

4. ELIMINATION OF THE EFFECT OF COLLISIONAL RELAXATION  
Independently on other possible factors reducing the sensitivity δB of the magnetic field measurement with the magneto-
optical methods, a fundamental quantum limit exists which may be represented as 

 
NTg

B
B

γ
μ

δ h
≈ ,                 (3) 

where N is the density number. The above relation indicates that increase of the sensitivity of a magnetic field 
measurement may be accomplished by reducing relaxation rate γ of the atomic ground-state coherence, as discussed in 
Sec. 2, and/or by increasing concentration N of the atomic medium. It needs to be remembered, however, that increasing 
of N results in increased probability of collisions between atoms which destroy the ground-state coherence and, in turn, 
reduce the rotation signal. Above a given value of the atomic concentration, the collisions become main relaxation 
mechanism and the ratio γ /N  takes a constant value. When this happens, further increase of atomic concentration does 
not improve the sensitivity of the magnetic field measurement7.  
 

To understand mechanism of the relaxation caused by atomic collisions, it is necessary to realize that alkali atoms, 
mostly used in atomic magnetometry, have two components of the ground-state hyperfine structure with F=I±1/2, where 
I is the nuclear spin, and the rotation frequencies associated with them have has very close but opposite values. If the 
optical axes of individual atomic birefringences rotate in phase, a nonzero net optical birefringence results. If, however, 
after collision the atom changes its hyperfine state, optical axis of its birefringence will rotate with opposite direction 
than before collision. In such case, precession of axes of individual atoms becomes dephased and the whole system 
looses it optical anisotropy.  

It has been shown that the above limitation can be eliminated by raising the atomic concentration so that the 
relaxation rate associated with atomic collisions γcol and hence ground-state relaxation rate γ becomes bigger than the 
Larmor frequency (γ>>ΩL)18. In such case, one can no more associate rotation of the atomic birefringence with a given 
hyperfine sublevel F but only with average rotation.  



Using the method of eliminating the collisional relaxation allows lowering of the quantum limit to the level of  
10-18 T Hz-1/2. Applying this method the sensitivity of 5·10-16 T Hz-1/2 was achieved7 which is the best sensitivity of 
magnetic field measurement obtained with any method. The limiting factors in this work were the residual external 
magnetic field affecting the signals because of imperfections of the magnetic shielding and compensation systems, 
thermal currents induced in the shield, and current-source noise.  

5. MINIATURIZATION  
One fundamental challenge of contemporary magnetometry is its miniaturization. Most of practical instruments used for 
magnetic field measurements has dimensions of the order of 1 m3. Still, there are no principal physical constraints for 
making such devices substantially smaller. On the contrary, recent accomplishments of optoelectronics and 
microfabrication of mechanical systems allow huge reduction of the dimensions of magneto-optical instruments.  

In the National Institute of Standards and Technology in Boulder (USA) active research is going on aiming at 
construction of miniature optical magnetometers and atomic clocks. It has been possible to make atomic vapor cells 
filled with buffer gas as small as few mm3 (see reference20). The coherence lifetimes in such cells are not much shorter 
than in standard glass cells used so far. Development of microfabrication methods allowed also production of other 
optical elements necessary for light beam shaping and generation. In particular, development of the vertical cavity 
surface emitting lasers was an important achievement on the way towards miniaturization. Such lasers have very small 
dimensions and low power consumption. All that made possible to build an optical magnetometer not bigger than about 
1 cm3 (Fig. 6) that can be powered by a battery. The NIST magnetometer21 has reached the sensitivity of 1.5·10-13 T Hz-1/2. 

 
Fig. 6. Prototype of a miniature optical magnetometer; schematic (a), photography (b)21. 

6. SUMMARY 
Optical magnetometers reviewed in this paper open a range of new possibilities in measurements of that basic physical 
quantity. Very wide applications of such devices became possible thanks to enormous increase of sensitivity, accuracy 
and range of measured fields, as well as reduction of the dimensions, production and exploitation costs. One obvious 
such application is in scientific research, for example in physics, astrophysics or geophysics. Other possible applications 
include search of natural resources, nondestructive defectoscopy, military, and medical applications, such as noncontact 
magnetocardiography22 or brain activity studies7. In Poland research in this field is conducted by the Center of Magneto-
Optical Research in the Jagiellonian University in a close cooperation with the University of California at Berkeley.  
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