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Laser-Assisted Magnetic Resonance: Principles
and Applications
Dieter Suter and Jörg Gutschank
Universität Dortmund, Fachbereich Physik, 44221 Dortmund, Germany,
dieter.suter@physik.uni-dortmund.de
Summary. Laser radiation can be used in various magnetic resonance experiments.
This chapter discusses a number of cases, where laser light either improves the
information content of conventional experiments or makes new types of experiments
possible, which could not be performed with conventional means. Sensitivity is often
the main reason for using light, but it also allows one to become more selective, e.g.
by selecting signals only from small parts of the sample. Examples are given for
NMR, NQR, and EPR spectra that use were taken with the help of coherent optical
radiation.

1 Introduction
The interest in the ﬁeld of magnetic resonance spectroscopy is based largely
on the huge potential for applications: spins can serve as probes for their
environment because they are weakly coupled to other degrees of freedom. In
most magnetic resonance experiments, these couplings are used to monitor
the environment of the nuclei, like spatial structures or molecular dynamics.
While the direct excitation of spin transitions requires radio frequency
or microwave irradiation, it is often possible to use light for polarizing the
spin system or for observing its dynamics. This possibility arises from the
coupling of spins with the electronic degrees of freedom: optical photons excite
transitions between states that diﬀer both in electronic excitation energy as
well as in their angular momentum states.
1.1 Motivation
Some motivations for using light in magnetic resonance experiments include
•

Sensitivity: In many cases, the possible sensitivity gains are the primary
reason for using optical methods. Compared to conventional NMR, sensitivity gains of more than 10 orders of magnitude are possible. The ultimate
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limit in terms of sensitivity was reached in 1993, when two groups showed
that it is possible to observe EPR transitions in single molecules [1, 2].
The same technique was later used to observe also NMR transitions in a
single molecule [3].
Selectivity: Lasers can be used to selectively observe signals from speciﬁc
parts of the sample, like surfaces, at certain times which may be deﬁned
by laser pulses with a resolution of 10−14 s, or from a particular chemical
environment deﬁned, e.g. by the chromophore of a molecule or the quantum
conﬁned electrons in a semiconductor.
Speed: Magnetic resonance requires the presence of a population diﬀerence
between spin states to excite transitions between them. In conventional
magnetic resonance, this population diﬀerence is established by thermal
relaxation through coupling with the lattice, i.e. the spatial degrees of
freedom of the system. At low temperatures, this coupling process may
be too slow for magnetic resonance experiments. In the case of optical
excitation, the population diﬀerences are established by the polarizing laser
light. Depending on the coupling mechanism, this polarization process
can be orders of magnitude faster than the thermal polarization process,
independent of temperature.
Electronically excited states: If information about an electronically excited
state is desired that is not populated in thermal equilibrium, it may be
necessary to use light to populate this state. It is then advantageous to
populate the diﬀerent spin states unequally to obtain at the same time
the polarization diﬀerences that are needed to excite and observe spin
transitions.

1.2 What Can Lasers Do?
Light can support magnetic resonance experiments in diﬀerent ways. They
can, e.g., initiate a chemical reaction that one wishes to observe, like in photosynthetic processes. These light-induced modiﬁcations of the sample will
not be considered here; instead we concentrate on the use of light for the
magnetic resonance experiment, where light aﬀects directly the spin degrees
of freedom, rather than spatial coordinates. Typically, the laser is then used
either to increase or to detect the spin polarization of nuclear or electronic
spins.
These two approaches are largely independent of each other: It is, e.g.,
possible to use optical pumping to enhance the spin polarization and observe
the transitions with a conventional NMR coil; conversely, optical detection can
be used with or without increasing the population diﬀerence with laser light. In
many cases, however, it is advantageous to combine both approaches. In some
cases, a single laser beam may provide an increase of the spin polarization and
an optical signal that can be related to a component of the magnetization. In
others, a pump-probe setup separates the excitation and detection paths.
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In addition to these applications of lasers, light can also be used to drive the
dynamics of spin systems, e.g. through Raman transitions [4]. For this review,
however, we will concentrate on the issues of increasing the spin polarization
and on optical detection.

2 Optical Polarization of Spin Systems
Magnetic resonance spectroscopy requires a spin polarization inside the medium. In conventional magnetic resonance experiments, this polarization is established by thermal contact of the spins with the lattice. This process is
relatively slow, especially at low temperatures, where relaxation times can be
many hours, and it leads to polarizations that are limited by the Boltzmann
factor. Photon angular momentum, in contrast, can be created in arbitrary
quantities with a polarization that can be arbitrarily close to unity. If it is
possible to transfer this polarization to nuclear or electronic spins, their polarization can increase by many orders of magnitude.
A number of diﬀerent approaches have been used to achieve this goal.
The oldest and best known approach is known as optical pumping [5]; it was
originally demonstrated on atomic vapors [6] and later applied to condensed
matter. While optical pumping allows one to create very high spin polarization
in atomic vapors, it is less suitable for applications to anisotropic systems such
as low symmetry solids. Other techniques were therefore developed, which can
still be used in such an environment. While optical pumping was originally
implemented with conventional light sources, most of the other approaches
require the use of coherent optical radiation, i.e. laser light.

Fig. 1. Four ways for optically increasing the spin polarization.

118

Dieter Suter and Jörg Gutschank

2.1 Optical Pumping
The possibility to use optical radiation for exciting and detecting spin polarization can be traced back to the angular momentum of the photon. Photons
as the carriers of the electromagnetic interaction carry one unit () of angular
momentum, which is oriented either parallel or antiparallel to the direction of
propagation of the light. In an isotropic environment, angular momentum is
a conserved quantity. When a photon is absorbed by an atom or molecule, its
angular momentum must therefore be transferred to the atom. The resulting
angular momentum of the atom is equal to the vector sum of its initial angular
momentum plus the angular momentum of the absorbed photon.
The use of angular momentum conservation for increasing the population
diﬀerence between spin states was ﬁrst suggested by Alfred Kastler [7, 8, 5].
If an atom is irradiated by circularly polarized light, the photons have a spin
quantum number ms = +1. Since the absorption of a photon is possible only
if both, the energy and the angular momentum of the system are conserved,
the atoms can only absorb light by simultaneously changing their angular
momentum state by one unit.
After the atom has absorbed a photon it will reemit one, decaying back
into the ground state. Spontaneous emission can occur in an arbitrary direction in space and is therefore not limited by the same selection rules as the
excitation process with a laser beam of deﬁnite direction of propagation. The
spontaneously emitted photons carry away angular momentum with diﬀerent
orientations and the atom can therefore return to a ground state whose angular momentum state diﬀers by ∆m = 0, ±1. The net eﬀect of the absorption
and emission processes is therefore a transfer of population from one spin state
to the other and thereby a polarization of the atomic system.
2.2 Spin Exchange
Spin polarization can be transferred between diﬀerent reservoirs not only
within one atomic species, but also between diﬀerent particles. This was ﬁrst
demonstrated by Dehmelt who used transfer to free electrons to polarize them
[9]. Another frequently used transfer process uses optical pumping of alkali
atoms, in particular Rb and Cs and transfer of their spin polarization to noble gas atoms like Xe. These atoms cannot be optically pumped from their
electronic ground state (although He can be pumped in the metastable state
[10, 11]); spin exchange allows one to optically pump an alkali gas (typically
rubidium) and transfer the spin polarization from there to the Xe nuclear spin.
This method was pioneered by Happer [12], applied to the study of surfaces
[13, 14], and used in a number of medical applications [15, 16, 11].
The transfer from alkali to noble gas atoms is relatively eﬃcient when
the two species form van der Waals complexes. During the lifetime of this
quasi-molecule, the two spins couple, mainly by dipole-dipole interaction. This

Laser-Assisted Magnetic Resonance

119

coupling allows simultaneous spin ﬂips of the two species which transfer polarization from the Rb atoms to the Xe nuclear spin. Typical cross-polarization
times are on the order of minutes, but the long lifetime of the Xe polarization
permits to reach polarizations close to unity. The spin polarization survives
freezing [17] and can be transferred to other spins by thermal mixing [18].
2.3 Excited Triplet States
In many classical optically detected magnetic resonance experiments, absorption of light excites the system into a singlet state that can, through nonradiative processes, decay into a triplet state, whose energy is below the excited singlet state. This intersystem conversion process as well as the decay of
the triplet state can be spin-dependent, therefore creating a signiﬁcant spin
polarization of the triplet state. In many systems, these processes are quite
eﬃcient, even for unpolarized light, generating a high degree of spin polarization in the triplet state. Under certain conditions, this polarization of the
electron spin can also lead to a polarization of the nuclear spin, which survives
when the molecule returns to its ground state.
2.4 Spectral Holeburning

Crystal field
Free atom

degenerate angular
momentum states

degeneracy lifted

Fig. 2. Quenching of angular momentum by interaction with the crystal ﬁeld.

When the spin is located in a host material with low symmetry, the electronic angular momentum is quenched. Figure 2 shows the situation schematically: While angular momentum states with total angular momentum J are
2J + 1 fold degenerate in free space, the Coulomb interaction of the atom
or ion with neighboring charges (electrons and nuclei) lifts this degeneracy.
The resulting states are usually no longer angular momentum eigenstates.
While this argument applies directly only to orbital angular momentum, the
spin-orbit interaction often is strong enough to also quench the electron spin.
If the angular momentum is quenched, optical pumping with circularly
polarized light becomes ineﬃcient for excitation of spin polarization. In these

120

Dieter Suter and Jörg Gutschank

systems, other approaches may increase spin polarization. One possibility exists when the diﬀerent spin states can be distinguished in frequency space,
i.e. when the energy diﬀerence between them is larger than the homogeneous
width of a suitable optical transition. The situation is shown schematically in
the lower right of ﬁgure 1: The laser only excites those ground state atoms
whose spin is in the ↑ state. Since the excited state can decay to both ground
states, the population accumulates in the |g↓  state. This allows one to use
a laser to selectively depopulate one of the spin states, while increasing the
population of the other states.
Since the inhomogeneous width of the optical transitions is usually large
compared to the energy of magnetic resonance transitions, it is rarely possible
to address only a single spin state. The laser frequency selects then a subset
of all the spins, for which the resonance condition is fulﬁlled; only for those
systems, the spin polarization will be increased. This situation is known as
spectral holeburning, since the depopulation of speciﬁc spin states reduces
the absorption of light at the frequency of the pump laser beam. Additional
details are discussed in the context of optical detection.

3 Optical Detection
Any magnetic resonance experiment includes a scheme for detection of timedependent components of the spin polarization, usually as a macroscopic magnetization. In NMR, the precessing transverse magnetization changes the magnetic ﬂux through the radio frequency (rf) coil. According to Faraday’s law,
the time derivative of the ﬂux induces a voltage over the coil, which is detected as the free induction decay (in pulsed experiments) or as a change in
the impedance of the coil (in continuous wave experiments).
The optical detection schemes that we discuss here can sometimes replace
this inductive detection. They can be used together with optical polarization
or they can be combined with conventional excitation schemes.
In suitable systems, optical detection provides a number of advantages
over the conventional method: First, optical radiation introduces an additional resonance condition, which can be used to distinguish diﬀerent signal
components and thereby separate the target signal from backgrounds such as
impurities. Second, optical radiation can be detected with single photon sensitivity (in contrast to microwave or radio frequency radiation). This has made
detection of single spins possible in suitable systems. A third possible use of
the optical radiation is that the laser beam breaks the symmetry of isotropic
samples, such as powders or frozen solutions. As we discuss in Section 5.3, this
allows one to derive the orientation of tensorial interactions, such as electron
g-tensors or optical anisotropy tensors from non-oriented samples.
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3.1 Circular Dichroism
An early suggestion that magnetic resonance transitions should be observable
in optical experiments is due to Bitter [19]. The physical process used in
such experiments may be considered as the complement of optical pumping:
the spin angular momentum is transferred to the photons and a polarization
selective detection measures the photon angular momentum.

|e>

|g>
Fig. 3. Optical detection through circular dichroism.

Figure 3 illustrates this for the same model system that we considered
for optical pumping. Light with a given circular polarization interacts only
with one of the ground state sublevels. Since the absorption of the medium
is directly proportional to the number of atoms that interact with the light,
a comparison of the absorption of the medium for the two opposite circular
polarizations yields directly the population diﬀerence between the two spin
states. This population diﬀerence is directly proportional to the component
of the magnetisation parallel to the laser beam.
Early experimental implementations of these techniques were demonstrated in atomic vapors [20, 21, 5], where angular momentum conservation is
exact and the principle is directly applicable. Similar considerations hold also
for solid materials [22], although, as we discussed above, angular momentum is
not always a conserved quantity in such systems. It depends therefore on the
symmetry of the material if absorptive detection is possible [23]. Nevertheless,
even small optical anisotropies can be measured; changes in these parameters
upon saturation of the spins provide a clear signature of magnetic resonance
transitions [24].
While most implementations measure the longitudinal spin component by
propagating a laser beam parallel to the static magnetic ﬁeld, it is also possible
to observe precessing magnetization with a laser beam perpendicular to the
static ﬁeld [25]. The two approaches provide complementary information [26]
and a combination of longitudinal and transverse measurements is therefore
often helpful for the interpretation of the spectra.
3.2 Photoluminescence
Photoluminescence is another important tool for measuring spin polarization.
Depending on the system, the intensity or the polarization of spontaneously
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emitted photons can be a measure of the spin polarization in the ground
– or in an electronically excited state. In free atoms, angular momentum
conservation imposes correlations between the direction and polarization of
the spontaneously emitted photons which depend on the angular momentum
state of the excited atom. Photoluminescence has therefore long been used to
measure spin polarization in electronically excited states [27, 28].
Spin polarization in the electronic ground state also aﬀects the photoluminescence, since the absorption of polarized light depends on the spin state.
If the spin orientation prevents absorption of light, the intensity of the photoluminescence decreases correspondingly. The intensity and polarization of the
photoluminescence can therefore serve for detecting ground state spin polarization and, e.g. by saturation with a resonant rf ﬁeld, for detecting magnetic
resonance transitions [29, 30].
Hanle effect

Polarization of luminescence
Sz

B
S(τ)
ωL

0 ∆B

B

Fig. 4. Hanle eﬀect: A magnetic ﬁeld perpendicular to a circularly polarized excitation laser forces Larmor precession of the electron spins. The spin polarization of
the excited electrons decreases therefore with increasing magnetic ﬁeld strength.
.

The eﬀect of Larmor precession on the spin polarization of excited states
has been observed as early as 1924 by Hanle [31]. He noticed that the polarization of the photoluminescence decreases if a magnetic ﬁeld is applied
perpendicular to the direction of the spin polarization. The observed polarization of the photoluminescence changes with the ﬁeld B0 as
< Sz >=

∆B 2
,
∆B 2 + B02

(1)

where the width ∆B = (Γr + Γs )/γ is determined by the gyromagnetic ratio
γ and the relaxation rates Γs and Γr of the spin and excited state population.
The Hanle eﬀect can also be observed in four-wave mixing experiments [32]
in atomic vapors as well as in crystals [33]; in this case, signiﬁcant polarization of the photoluminescence is only obtained if the crystal has high enough
symmetry and mechanical strain is small enough to avoid depolarization. It is
particularly suitable for measuring spin polarization in semiconductors with
a direct band gap, such as GaAs [34].
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3.3 Coherent Raman Scattering
Raman processes are optical scattering processes in which the frequency (and
therefore the wavelength) of the scattered light diﬀers from that of the incident
light [35]. The energy diﬀerence between the incident and the scattered photon
is absorbed (or emitted) by excitations of the material in which the scattering
occurs. While this excitation of the material is often a vibration, it can also be
associated with spin degrees of freedom, in which case the scattering process
can be used to detect magnetic resonance transitions.

|3>
Laser
Laser

|1>

|2>
Microwaves

Fig. 5. Coherent Raman scattering from a three-level system. Laser excitation
creates a coherence between levels |1 and |3 and microwaves between |1 and |2.
The resulting non-linear polarisation in the third transition creates a Raman wave.

Figure 5 shows the relevant process for the simplest possible case: The
two states |1 and |2 represent two spin states of the electronic ground state,
while |3 is an electronically excited state. If a microwave ﬁeld (rf in the case
of nuclear spin transitions) resonantly excites the transition between states
|1 and |2, it creates a coherence between the two spin states. Similarly, the
laser excites an optical coherence in the electronic transition |1 ↔ |3. Since
the two transitions share state |1, the two ﬁelds create a superposition of all
three states, which contains coherences not only in the two transitions that are
driven by the external ﬁelds, but also in the third transition |2 ↔ |3. If this
transition has a non-vanishing electric dipole moment, this coherence is the
source of a secondary optical wave, the Raman ﬁeld. As the ﬁgure shows, the
frequency of this wave diﬀers from that of the incident wave by the frequency
of the microwave ﬁeld. It has the same spatial dependence as the incident
laser ﬁeld and therefore propagates in the same direction. If the two optical
ﬁelds are detected on a usual photodetector (photodiode or photomultiplier),
they interfere to create a beat signal at the microwave frequency.
The type of scattering process used for magnetic resonance detection is referred to as “coherent” Raman scattering [36] since the Raman ﬁeld is phasecoherent with the microwave as well as with the incident laser ﬁeld. This
is an important prerequisite for the detection process: If the laser frequency

124

Dieter Suter and Jörg Gutschank

drifts, the frequency of the incident ﬁeld as well as that of the Raman ﬁeld
are shifted by the same amount. As a result, the diﬀerence frequency is not
aﬀected and the resolution of the measurement is not aﬀected by laser frequency jitter or broad optical resonance lines [37]. Coherent Raman processes
provide therefore a combination of high resolution with high sensitivity.
Like in conventional magnetic resonance experiments, the excitation of the
magnetic resonance transition indicated in Fig. 5 can be performed either in a
continuous (cw) [38] or pulsed [39, 40] mode. Furthermore, the microwave or rf
ﬁeld can be replaced by optical ﬁelds, applied to the two electronic transitions,
that can excite the spin coherence by another Raman process [41, 42, 43].

Laser
frequency

Magnetic field

B0

Fig. 6. Two-dimensional optically detected EPR (ODEPR) spectrum as a function
of the laser frequency and the magnetic ﬁeld strength. The result is a complete
microwave resonance spectrum for each laser wavelength. The projections on the
axes represent the conventional EPR and absorption spectra.

Since the coherence that generates the signal is excited by two resonant
ﬁelds, it depends on the frequencies of both ﬁelds. As shown in Figure 6,
the resulting signal is doubly resonant and contains therefore information
about the optical as well as the magnetic resonance transition. As with other
two-dimensional experiments, it allows one to correlate information from the
two frequency dimensions. Examples that demonstrate this feature will be
discussed in section 5. While we have discussed the process here as involving
magnetic resonance transitions in the ground state, equivalent processes are
also possible that relate to spins of electronically excited states.
3.4 Spectral holeburning
In section 2.4, we discussed how narrowband lasers that cause spectral holeburning can increase the polarization of spins, in analogy to optical pumping.
In most such experiments, a second laser beam, whose frequency can be swept
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around the frequency of the pump beam, is used to monitor the changes in
the populations. The resulting spectra are known as holeburning spectra [44].

Absorption

Antihole:
increased
absorption
Spectral hole:
reduced absorption

νP νT

νP νT

0

Fig. 7. Schematic representation of a holeburning spectrum. The hole represents
reduced absorption, the “antiholes” increased absorption. The separation between
hole and antihole is equal to the transition frequency of the two spin states.

As shown in Figure 7, holeburning requires a pump and a probe laser beam.
The pump laser modiﬁes the population of those atoms for which the laser
frequency matches an electronic transition frequency. When the probe laser
hits the same transition, the absorption is reduced in line with the smaller
population of the relevant ground state. The population that has been removed from this state is accumulated in the other spin state. When the probe
laser frequency is tuned to the transition from this ground state to an electronically excited state, it ﬁnds increased absorption, which is referred to as
an “antihole”. The separation between the hole and antihole matches the energy diﬀerence between the two spin states and the hole burning spectrum
can therefore measure magnetic resonance transition frequencies [45]. While
this discussion has centered on spin transitions between electronic ground
states, the procedure also allows one to measure energy diﬀerences between
spin states of electronically excited states [46].
The optical detection techniques discussed here were chosen to represent
the most frequently used approaches. There are several additional techniques
which cannot be discussed, which include purely optical techniques like photon
echo modulation [47, 48]
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4 Applications to NMR and NQR
4.1 Rare earth ions
Ions of rare earth elements have been studied extensively with high resolution
optical spectroscopy [49, 50]. The relevant optical transitions are between f
electron states and have relatively small homogeneous and inhomogeneous
broadening.
1D

0.92 MHz
1.57 MHz

2

Electronic
transition

141

Pr quadrupole
splittings (I=5/2)
7.06 MHz

3H
4

14.11 MHz

Fig. 8. Relevant level scheme for

141

Pr doped into YAlO3 .

Figure 8 shows the relevant energy levels for the 141 Pr ion doped into the
host material YAlO3 . The electronic ground state as well as the electronically
excited states are split into substates that diﬀer with respect to their nuclear
spin coordinates. The separation between these spin states is due to nuclear
quadrupole coupling and second order hyperﬁne coupling, which combine into
an eﬀective quadrupole interaction [51, 52].
Excited state
splittings

Ground state quadrupole splittings

Theory

Commercial laser

Stabilized laser

-20

-10

0

10

20

Laser frequency difference [MHz]

Fig. 9. Holeburning spectrum of Pr:YAlO3 .

One approach to measure the NQR transition frequencies is by holeburning
spectroscopy, as shown in Figure 9. Since pump and probe laser beam can each
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be resonant with nine diﬀerent transitions (from three ground- to three excited
states), the holeburning spectrum, which depends on the diﬀerence between
the pump and probe laser frequencies, has a total of 81 resonances. A number
of these resonances have identical frequencies (e.g. νP − νT = 0), resulting in
a total of 49 distinguishable frequencies.
The width of each resonance line increases with the laser frequency jitter.
As the comparison of the middle and lower traces shows, it is therefore important to use a narrowband laser for measuring these spectra. In this example,
the laser linewidth was ≈ 30 kHz; the width of the observed resonance lines
was therefore close to the homogeneous width of the optical transition [46].
The amplitudes of the individual resonance lines depend on the optical
transition matrix elements and are proportional to the overlap integral χg |χe 
of the ground- and excited state nuclear spin states. While the nuclear spin is
not involved in the electronic transition, the electronically excited state can
have diﬀerent quantization axes than the ground state if, as in this example,
the eﬀective quadrupole interaction changes with the electronic excitation.
The precise measurement of the holeburning spectrum allows one then to
determine the relative orientation of the principal axis system between the
ground- and excited states [46].
Pr3+:YAlO3
1D

2

| 1/2>
| 3/2>
| 5/2>

λ = 611 nm 0

1

2

| 1/2>
| 3/2>

3H
4

| 5/2>

0

10

20

frequency (MHz)

Fig. 10. Raman-heterodyne detected NQR spectra of Pr:YAlO3 . All six resonances
can be detected in a single wide frequency scan, but the low frequency part, which
is associated with the NQR transitions in the electronically excited state has been
expanded in the upper part of the ﬁgure.

The spectrum can be simpliﬁed considerably if the Raman scattering experiment is used instead. In this case, every nuclear spin transition gives rise
to a single resonance at the transition frequency. Figure 10 shows an example
of a coherent Raman spectrum of Pr:YAlO3 in zero magnetic ﬁeld, which was
recorded by irradiating the optical transition at 611 nm with a laser beam and
measuring the Raman-heterodyne signal while sweeping the rf frequency. In
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the example shown here, the three NQR transitions at 7, 14, and 21 MHz occur
within the electronic ground state, while the three low-frequency transitions
(< 3 MHz) belong to the electronically excited state.
4.2 Sign Information
An interesting case of additional information that is unavailable with conventional techniques is the sign of the nuclear quadrupole interaction. As is well
known [53], conventional magnetic resonance experiments cannot provide the
sign of the quadrupole coupling. In the simplest case of axial symmetry, the
Hamiltonian HQ of the nuclear quadrupole interaction is given by a coupling
constant D times the square of the nuclear spin operator Iz , HQ = DIz2 . The
coupling constant D is determined by the size of the nuclear quadrupole moment and the electric ﬁeld gradient. It can be measured either in the absence
of a magnetic ﬁeld, which corresponds to the case of pure quadrupole coupling, or in a high magnetic ﬁeld, which corresponds to the case of high-ﬁeld
NMR.
Levels (B=0)

NQR

NMR

HR optical

m = 5/2

D>0

3/2
1/2

Frequency

Frequency

Frequency

Frequency

Frequency

Frequency

m = 1/2
3/2

D<0
5/2

Fig. 11. Measurement of the nuclear quadrupole coupling by NQR, NMR and
optical spectroscopy. Only the optical spectra distinguish the sign of the interaction.

Figure 11 shows schematically the NQR (zero magnetic ﬁeld) and NMR
spectra of a spin I = 5/2 with axial quadrupole interaction. The spectra for
the positive and negative coupling constant D are identical, unless the spin
temperature becomes very low or dipolar couplings are resolved. The optical
spectrum, however, shown on the right, clearly distinguishes the two cases.
In practice, the inhomogeneous broadening of the optical transitions prevents one from measuring such spectra directly. It is nevertheless possible to
use optical and optical-rf double resonance experiments that produce spectra
that clearly distinguish the two cases. In the case of Pr3+ in the host material
YAlO3 , the coupling constant turned out to be negative [54].
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4.3 Semiconductors
Semiconductors have become a very active area for applications of optically
enhanced magnetic resonance. Detection usually relies on changes in the polarization of the photoluminescence. Depending on the sample, the photoluminescence may be dominated by light from trapping sites such as point defects
or by recombination of conduction electrons. Point defects usually dominate
in indirect semiconductors and amorphous materials [55], while very pure,
MBE-grown III/V materials show predominantly interband recombination.
Under these conditions, the magnetic resonance signal may originate from the
whole sample, while it provides information on localized parts of the material
if the recombination is due to defects or heterostructures [56].
Optical pumping occurs by ﬁrst polarizing the electron spin system [57].
Using a photon energy close to the bandgap, optical excitation creates spinpolarized electron-hole pairs. In bulk materials, this spin polarization is not
complete, because optical pumping excites diﬀerent degenerate transitions
that lead to diﬀerent spin states. In quantum well materials, however, the
degeneracy is lifted and electron spin polarization can reach values close to
unity [58, 59]. The hyperﬁne coupling transfers part of this polarization to the
nuclear spins [60], which can reach polarizations of more than 50%.
Detection often relies on the Hanle eﬀect: the hyperﬁne interaction of
polarized nuclear spins creates an eﬀective magnetic ﬁeld, which tends to depolarize the photoluminescence [61, 62]. A number of speciﬁc rf excitation
schemes have been developed to optimize the optical detection process. The
conventional procedure relies on saturation of the nuclear spins, which may
lead to power broadening. Other techniques include two-dimensional procedures [63] or beat signals between diﬀerent isotopes [64]. It is also possible,
however, to apply an rf pulse and observe the free induction decay as a modulation of the polarization of the photoluminescence [65].
Materials like GaAs crystallize in a cubic lattice; the symmetry at the
site of the nuclei is high enough that the electric ﬁeld gradient (EFG) tensor vanishes and the three allowed dipole transitions of the I=3/2 nuclei are
degenerate in an ideal crystal. Optically detected NMR spectra of quantum
wells show quadrupole splittings of several tens of kHz, indicating that the
EFG tensor does not vanish in this case. One cause for the nonvanishing
quadrupole coupling is a distortion under the inﬂuence of mechanical strain
[66]. Other possibilities include electrical ﬁelds [67]: Since the site symmetry of
the nuclei does not include an inversion center, electric ﬁelds also can induce
a nonvanishing EFG [68, 69].
Figure 12 demonstrates how laser-assisted NMR is capable of measuring
small variations of the crystal structure in a multiple quantum well sample
with a spatial resolution of some tens of nanometers. The spectra from the
individual quantum wells all show distinct quadrupole splittings, which become smaller as the quantum well thickness decreases. At the same time, the
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Fig. 12. Variation of quadrupole splittings in a multiple quantum well sample.

width of the satellite lines increases, indicating an increase in the variation of
structural distortion and/or electric ﬁeld distribution.
4.4 Surfaces and Interfaces
Quasi-twodimensional systems have always proved diﬃcult to investigate by
conventional NMR, since the number of spins in these systems is quite small
[70, 71]. Most of the NMR work on surfaces has therefore concentrated on
systems with large surface to volume ratio like Zeolites [72], where most of
the atoms are close to the interface. Increasing the spin polarization by optical
pumping has signiﬁcantly improved the sensitivity of this type of experiments.
In particular the transfer of spin polarization from optically pumped alkali
atoms to Xe nuclear spins [12] has allowed to study the eﬀect of surfaces on
the magnetic resonance spectrum [73, 74].
For experiments with oriented surfaces, the use of light for optical pumping
as well as for detection brings, apart from the sensitivity advantages, also the
possibility to select signal contributions that originate from atoms that are
close to the surface. For this purpose, changes in the penetration depth of
light with wavelength [75] have been used, but more frequently, the selection
is achieved by reﬂecting a laser beam from the interface being investigated.
The reﬂection coeﬃcient for the laser beam depends on the refractive indices on both sides of the interface and is therefore aﬀected by atoms close to
the interface that are resonant with the laser light. The changes in the reﬂection coeﬃcient, which can be measured through changes of the amplitude and
polarization of the reﬂected beam contain therefore information on the atoms
close to the interface. The combination of optical pumping with this type of
optical detection provides suﬃcient sensitivity, so that it is no longer neces-
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sary to use samples with high surface to volume ratios and allows therefore
studies on oriented surfaces.
One method that relies on such a technique was used to study nuclear
quadrupole resonances of Pr3+ in LaF3 [76]. In this case, the beam was reﬂected from an optically dense material. The reverse is also possible: if the
laser beam undergoes total internal reﬂection at an interface to an optically
less dense medium, an evanescent wave penetrates into the thinner medium
by a distance of the order of the optical wavelength. Atoms in this evanescent wave can thus modify the reﬂected laser beam by absorbing light from
it. Similarly, the presence of resonant atoms changes the refractive index of
the medium and thereby the reﬂection coeﬃcient. Both eﬀects can be used
for measuring magnetic resonance spectra of atoms that are within an optical
wavelength of the reﬂecting surface [77, 78, 79, 80, 81]

5 EPR
5.1 Experimental Approach
Optically detected magnetic resonance has long been used to study electron
spin resonance in various environments. The classical technique measures the
photoluminescence while irradiating an EPR transition with a microwave ﬁeld
and sweeping either the frequency or a magnetic ﬁeld. A number of reviews
has appeared that discuss such experiments [82, 28, 83]. We therefore concentrate here on a more recent development, where coherent Raman scattering is
used to probe EPR transitions. The examples that we discuss will be mostly
metalloproteins, where the information gained with optical-microwave double
resonance experiments has proved very useful for identifying the electronic
structure of the active centers.
As discussed in section 3.3, coherent Raman scattering is driven by two
electromagnetic ﬁelds: microwave radiation and laser light, which are tuned
to an optical and a magnetic dipole transition in the sample. The sample
is placed in a magnetic ﬁeld to lift the degeneracy of the Zeeman levels. If
the laser and microwave ﬁelds are both resonant with a transition in the
sample, the transmitted laser beam is modulated at the microwave frequency.
This modulation is picked up by a fast photodiode The signal can be phasesensitively down-converted (lock-in detected) with microwaves to yield the
optically detected EPR (ODEPR) signal.
While the underlying process can be understood as a coherent Raman
process [84], the experiment may also be discussed in terms of modulated circular dichroism [26]. In this model, the resonant microwave irradiation excites
transverse magnetisation precessing at the microwave frequency around the
static ﬁeld. As shown in Fig. 13, the precessing magnetisation modulates the
circular dichroism and thereby the absorptivity of the sample for circularly
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Fig. 13. Continuous wave excitation of EPR creates transverse magnetization Mt
that rotates at the angular frequency ωM W around the static magnetic ﬁeld B0 . The
absorption of circularly polarized light is therefore modulated sinusoidally.

polarized light. The modulated signal component is thus proportional to the
EPR signal as well as to the magnetic circular dichroism (MCD) of the sample.
From this rotating MCD, we expect a proportionality of the ODEPR signal
to the MCD, as well as to the classical EPR signal. The proportionality to
MCD was experimentally demonstrated on cytochrome c551 by comparing
MCD and ODEPR data of the same sample [26]. The proportionality factor
between longitudinal and transverse MCD is determined by the ratio of the
M
= ωRabi T2 , where
transverse vs. longitudinal magnetization components, Mxy
z
ωRabi is the Rabi frequency and T2 is the phase memory time.
5.2 Experimental
The experimental setup required for ODEPR experiments is based on a conventional EPR spectrometer, extended by a laser and some optical components
for controlling the laser beam. Detection is based on the modulation signal
from a fast photodiode rather than the microwave signal reﬂected from the
resonator [85]. For many samples of interest, the relevant wavelength range
cannot be covered by a single laser system. It is then necessary to use diﬀerent continuous wave lasers including dye, semiconductor, solid state and gas
lasers.
While the microwave modulation of the transmitted laser beam can be
measured with a single circularly polarized laser beam, it is in practice advantageous to alternate the polarization of the light between left and right
circular and use the diﬀerence as the actual signal. The modulation can be
generated by a photoelastic modulator (PEM) that is placed in the laser beam
before it passes through the sample.
The experimental examples that we will discuss are from frozen solutions of
metalloproteins. These solutions are placed in a cylindrical cuvette of 0.5 mm
inner length and 3 mm inner diameter. The cuvette is mounted inside a rectangular TE102 microwave cavity with its microwave magnetic ﬁeld B1 parallel
to the direction of propagation of the laser beam. The cavity is located inside
a helium bath cryostat and has two openings for transmitting the laser beam.
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The static magnetic ﬁeld B0 of the superconducting split coil magnet is perpendicular to the propagation of the light and thus also to the microwave ﬁeld
B1 . The modulated light (or local oscillator and Raman side-band) is detected
with a fast photodiode which is connected to the microwave receiver setup.
ODEPR spectra are measured in ﬁeld-sweep mode, in close analogy to
conventional EPR spectra, except that ﬁeld modulation is not required. The
resulting spectra are therefore directly absorption and dispersion mode, rather
than their derivatives. After a proper calibration of the instrument [85], the
signal amplitude can be represented as the diﬀerence in absorbance ∆A or
extinction coeﬃcient ∆ between opposite circular polarisations [26].
5.3 Information Content of ODEPR Spectra
The signal generated in this experiment depends on the optical as well as on
the magnetic resonance condition. The additional resonance condition, compared to conventional EPR spectroscopy, provides a possible mechanism for
distinguishing diﬀerent paramagnetic centres. This is particularly important
when pure samples are diﬃcult or impossible to obtain.
Figure 14 illustrates how the ODEPR spectra provide orientational information. The lineshape of the ODEPR spectrum (Fig. 14 c, d) diﬀers signiﬁcantly from that of the conventional EPR spectrum (Fig. 14 e). The diﬀerence
arises from an orientational selectivity: The contribution of every molecule to
the total signal is weighted with its MCD sensitivity for the direction of propagation of the laser beam. If a given molecule has the highest MCD sensitivity
along the molecular z-axis (Fig. 14 a, b), the main signal contribution (Fig. 14
c) arises from molecules whose z-axis is oriented perpendicular to the static
magnetic ﬁeld. For these molecules, the resonant magnetic ﬁeld is determined
by their gx and gy values. The signal is reduced around the gz position of the
spectrum, since molecules with the z-axis along the direction of the magnetic
ﬁeld contribute little to the modulated MCD.
The spectra can be calculated quantitatively by a theory that combines
EPR (to calculate spectral positions) and MCD (to calculate the amplitude).
We discuss here only the case of an axially symmetric system. We calculate
the diﬀerence of the extinction coeﬃcients ∆x (parallel to the laser beam)
for circularly polarised light [86, 87, 88] by averaging over the contributions
from all possible molecular orientations:

∆x ∝
0

π/2

g2
sin θdθ T (θ)f (θ) Cz gz ⊥2 sin2 θ + C⊥ g⊥
g



gz2
cos2 θ + 1
g2


. (2)

Here θ is the angle between the molecular z-axis and the static magnetic ﬁeld,
T (θ) = tanh(g(θ)µB B0 /2kT ) is the Boltzmann factor, and f (θ) describes the
transverse magnetization as a function of molecular orientation, amplitude
and frequency of the microwave ﬁeld. g⊥ and gz are the principal values of the
g-matrix perpendicular to and along the molecular z-axis and g 2 = gz2 cos2 θ +
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Laser
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c) C = 0

ODEPR

d) Cz = 0

gx = g y
e) EPR

gz
B0

Fig. 14. ODEPR lineshapes contain orientational information. Cz represents the
MCD sensitivity in the molecular z-direction and the shaded disk represents the
plane of the axially symmetric molecule. a) Molecules with MCD sensitivity only
along their z-axis do not contribute when the z-axis is perpendicular to the laser
beam. b) They contribute strongly when the z-axis is parallel to the laser beam.
c) Calculated ODEPR absorption (solid line) and dispersion (dashed line) of an
axially symmetric molecule with MCD sensitivity along its z-axis only. d) Calculated
ODEPR when the MCD sensitivity is only perpendicular to the z-axis. e) Calculated
conventional EPR absorption.
2
g⊥
sin2 θ. C⊥ and Cz are the principal values of the optical anisotropy tensor,
which describes the MCD sensitivity.
To obtain the g and C values and the orientation from the experimental
spectrum, we ﬁt the conventional as well as the optically detected EPR spectrum with the same parameter set. For the additional analysis, it is convenient
to calculate the ratio

C⊥
= tan γ,
Cz

(3)

which parametrises the direction of the optical anisotropy with respect to the
g-tensor axis.
A comparison of ODEPR spectra measured at diﬀerent optical wavelengths
shows strong variations of the amplitude and lineshapes of the spectra. This
variation arises because the optical anisotropy tensor C is a characteristic
property of each optical transition. As the laser interacts with diﬀerent tran-
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sitions, the optical anisotropy changes and, according to (2), also the ODEPR
spectrum.
To obtain the anisotropy parameters for each optical transition, we ﬁrst
evaluate the orientation γ as a function of the optical frequency ν. We then
ﬁt this angle together with the longitudinal MCD ∆z (z indicating parallel
to B0 ) to a sum of contributions i from each optical transition at position pi
with width wi ,

2
2
∆zi e−(ν−pi ) /2wi
(4)
∆z (ν) =
i

and

+
γ(ν) = arctan

2

2

C⊥i e−(ν−pi ) /2wi
i
−(ν−pi )2 /2wi2
i Czi e

,
.

(5)

5.4 Example 1: Azurin
EPR is used extensively to probe the active centres of metalloproteins [89].
Here we use metalloproteins to illustrate the procedure of extracting orientational information from ODEPR spectra of frozen solutions. Our ﬁrst example is Pseudomonas aeruginosa azurin [88]. The conventional EPR spectra
of azurin have the typical shape of an axially symmetric system, as shown in
Fig. 15 a). The spectrum can be ﬁtted with the following g-values gz = 2.26,
g⊥ = 2.045, the hyperﬁne coupling constants Az = 172 MHz, A⊥ = 27 MHz,
and the EPR linewidth σEPR = 55 MHz.
The corresponding ODEPR spectra (see Fig. 15) are dispersion phase spectra, since the absorption (i.e. in phase) component of the ODEPR signal is
strongly saturated under the experimental parameters typically used in these
experiments (T = 1.8 K, microwave power = 100 mW). This behaviour is
exactly analogous to conventional EPR, where the absorption phase of inhomogeneously broadened lines saturates much faster than the dispersion component [90].
A comparison of the ODEPR spectra in Fig. 15 shows that the lineshape
varies signiﬁcantly with the laser wavelength. This variation indicates that
diﬀerent optical transitions are involved, and that the optical anisotropy coeﬃcients are diﬀerent for these transitions. Fitting the ODEPR spectra with
(2), the orientation angle γ = arctan CC⊥z can be determined for each wavelength. Over a large wavelength range, the angle is close to γ = π, indicating
that the optical anisotropy reaches a maximum for light propagating parallel
to the z-axis of the g-tensor (i.e. molecular symmetry axis) and that the MCD
is negative. Close to 800 nm, the MCD becomes positive (γ ≈ 2π), and in the
region close to 520 nm, the angle reaches γ = π/2.
This variation is a strong indication of an underlying band structure of
the optical transitions. To determine this band structure, the theoretical
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Fig. 15. a) Simulation of conventional EPR absorption (solid line) and dispersion
(dashed line). b) to d) Dispersion type ODEPR spectra of azurin at diﬀerent optical
wavelengths in units of ∆ · 10−3 M−1 cm−1 (dashed line) and ﬁt curves (solid line)
[88].

wavelength-dependence of the orientational angle (5) was ﬁtted to the experimental data simultaneously with a ﬁt of the MCD spectrum. A convincing
agreement between the theory and all available experimental data is obtained
if six optical transitions are considered (see Fig. 16).
As discussed in detail elsewhere [88]), these optical transitions can be assigned to transitions between electronic states of the metalloprotein. The three
higher-energy resonances are charge transfer transitions, the three resonances
at lower energy correspond to ligand ﬁeld transitions. This assignment allows
one to calculate the orientation of the optical anisotropy tensor C with respect to the molecular axis system. Since the orientation of the C with respect
to the g tensor was determined experimentally, one thereby obtains the orientation of the g-tensor within the molecule. The result obtained for azurin
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Fig. 16. Variation of the orientational angle γ with the laser wavelength. Filled
squares represent experimental data, the solid line the theory. The inset shows the
deﬁnition of the orientational angle γ in the molecular coordinate system.
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Fig. 17. MCD spectrum of Azurin (solid line) and its decomposition in six Gaussian
bands (dotted lines).

agrees well with results from the related compound plastocyanin [91], which
had been determined by single crystal EPR.
5.5 Example 2: Rubredoxin
The ﬁrst high spin system, to which ODEPR was applied, is oxidised rubredoxin from Clostridium pasteurianum [92]. This electron transfer protein contains a single high-spin iron sulfur cluster. The optical spectrum has 6 charge
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transfer bands in the visible and near UV region. To cover the most interesting
part of this spectral range, diﬀerent lasers with wavelengths between 459 nm
and 560 nm were used.

Fig. 18. MCD spectrum (solid line, left hand scale) of Rubredoxin with the four
bands (dotted lines). The ratio of Cxy /Cy from ODEPR is indicated with dots (right
hand scale). The inset shows the active site of rubredoxin, with the iron centre and
the four adjacent sulfur atoms. The pseudo-S4 -axis is perpendicular to the plane of
drawing.

The EPR spectrum of rubredoxin (conventional and ODEPR ) can be
explained with a zero ﬁeld splitting of D = +46.3 GHz and a strong rhombic
distortion of E/D = 0.25, where E is the axial and D the rhombic coeﬃcient.
The spectra showed signiﬁcant deviations from the ideal spectrum expected
for these parameters, which can be explained as E/D strain, i.e. a statistical
distribution around the mean value of 0.25. This result indicates that the
protein conformation is quite variable even in the frozen solution.
The strong variation of the ODEPR lineshape with the optical excitation
wavelength allowed us to identify four optical transitions in the wavelength
range covered by our measurements. As in the low-spin cases, the ODEPR
and MCD spectra were ﬁtted with a single parameter set. Figure 18 shows
the MCD of rubredoxin and its decomposition into the four relevant optical
transitions.
Even though optical and EPR experiments had already provided most
of the relevant parameters in rubredoxin, details like the orientation of the
optical and magnetic tensors had remained elusive. With the combination
of ODEPR and conventional EPR it was possible to ﬁnd the positive sign
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of the zero ﬁeld Hamiltonian. Further, the orientation of the g-tensor could
be identiﬁed and the orientation of the optical symmetry axis was found to
be along the direction of largest g-value (perpendicular to the plane of the
drawing, inset of Fig. 18).

6 Conclusions
This article summarizes some of the applications of laser radiation to magnetic
resonance spectroscopy. The discussion concentrates on applications where
the laser light does not modify the sample (apart from the spin system) and
therefore excludes, e.g., EPR spectroscopy of photogenerated states. We have
distinguished between optical processes that increase the spin polarization and
others that are used for the detection. Applications from NMR and EPR were
chosen to illustrate the potential of optical techniques. In particular the EPR
examples show that the laser is not merely an aid for magnetic resonance, but
that the combination of optical and magnetic resonance techniques provides
information that is not accessible from separate single resonance optical and
magnetic resonance spectra.
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