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1 Abstract
The aim of this lab practice is to learn the basics of an experimental technique called optically
detected magnetic resonance [1, 2] (ODMR) that belongs to the family of magnetic resonance
measurements such as nuclear magnetic resonance (NMR) or electron spin resonance (ESR)
(also known as electron paramagnetic resonance). ODMR is a form of electron spin resonance
but instead of measuring the absorbed or reflected microwaves directly, ODMR detects the
changes in the photoluminescence (or the absorption in a rare case) intensity that arise in a
presence of an electronic spin transition between two spin sublevels with different luminescence
decay rate.

ODMR can be detected on spins that are involved in an optical transition enabling us to
separate our signal from a background caused by other paramagnetic impurities that are op-
tically "silent". ODMR promises high sensitivity detection of spin transitions in organic and
inorganic semiconductors (such as carbon nanotubes, fullerenes and defects in various bulk
semiconductors) due to the fact that in the (visible) optical regime easy to use detectors with a
quantum efficiency close to one are already in use. In contrast, microwave detectors are limited
by thermal noise and detection of single microwave photons is still a challenge [3].

We study ODMR on one of the most famous systems in this field, namely the negatively
charged nitrogen-vacancy (NV) center in diamonds. The NV centers have spin-triplet ground
and excited states deep in the wide bandgap (5.5 eV) of the diamond host, making them
behave like well-isolated and protected single molecules. This isolation manifests in long spin-
coherence time making NV centers and similar complex defects a possible realization of quantum
information storage with the advantage of optical addressability.

In this lab practice students will get familiar with (i) the basics of the ODMR technique
(ii) the theory of NV centers and (iii) the data analysis of ODMR experiments based on spin
Hamiltonian simulations (use of Python or Matlab is preferred).
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2 Theoretical background
Pure diamond has a bandgap of about 5.5 eV and is transparent and diamagnetic. Native
defects or some impurities form atomic-sized defects called point defects in the lattice which
may emit visible light upon illumination. These types of point defects are called color centers.
Some of these defects, namely the nitrogen-vacancy and the silicon-vacancy (SiV) have been
subject to rigorous research owing to their relatively known atomic and electronic structures.

The negatively charged NV defect, briefly NV center, has an electron spin triplet ground state
in diamond. The longitudinal or spin-lattice relaxation time of the ground state electron spin
(the average time that the spin spontaneously flips from one state to the other) is in the order
of milliseconds at room temperature, therefore, the electron spin resonance of the defect can be
well observed at room temperature and above up to 600 K. Furthermore, the diamond NV center
fluoresces in the red and infrared wavelength region, therefore, it is also called color center as it
can color the transparent pure diamond to pinkish or red color depending on the concentration
of the NV defects in diamond. As will be discussed below the NV center has the property that
the fluorescence intensity is spin state dependent, i.e., it is brighter for the ms = 0 than that for
the ms = −1 or ms = +1 spin states of the triplet. This effect can be harnessed to detect the
electron spin resonance by monitoring the change in the fluorescence intensity while driving the
spin by alternating magnetic fields in the radiofrequency or microwave region. This technique
is called Optically Detected Magnetic Resonance (ODMR). Depending on the diamond surface
structure thousands or millions of photons per seconds are emitted from a single NV center that
can be well observed by sensitive detectors, therefore, single spin readout and initialization are
viable with this technique when combined with a confocal microscope setup for concentrating
the excitation density to a small volume around NV center and collecting the emission of the
NV center from the same volume. Detailed descriptions of NV centers can be found in two
recent review papers [4, 5]. Here, we provide a simplified overview of the properties of the NV
center.

2.1 Nitrogen-vacancy center
The nitrogen-vacancy (NV) center is a color center in diamond, where one carbon atom is
missing (vacant lattice site) and another neighboring carbon atom is substituted by a nitrogen
atom as shown in Fig. 1.

Diamond can be created either by high pressure high temperature method (similar to the
natural process) or by chemical vapor deposition. In both cases, nitrogen can be added during
the process resulting in yellow crystals. Pure diamond (typically CVD grown) can later be
doped by direct ion implantation of nitrogen which is a promising way to design NV center based
devices. Then to create vacancies, the nitrogen-containing diamond is exposed to irradiation
(electron, neutron or ion beam). These vacancies are not necessarily next to a nitrogen atom
but above 600 ◦C they are mobilized and during their diffusion, they either recombine with an
interstitial carbon atom (most probably knocked out during irradiation) or form an NV center.
To form a large ensemble of NV centers, heavily N-doped diamond sample (typically, HPHT
diamonds) is irradiated to create vacancies, and then annealing is applied to administer these
vacancies to create complexes with nitrogen, NV defects. The negative charge is provided by
those nitrogen atoms substituting carbons in the diamond lattice that do not form a complex
with the vacancies. For creating single NV centers, high quality pure CVD diamond is typically
bombarded by nitrogen ions which introduce both N dopants and vacancies, and annealing is
applied to form the NV defects. The depth of nitrogen ions in the diamond lattice depends
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Figure 1: Schematic atomic structure of nitrogen-vacancy center embedded in diamond. The
nitrogen atom sits substitutionally i.e. three of its five electrons create bonds with
carbon atoms. From the vacancies side, three dangling bonds are present. These
three electrons and the two non-binding electrons of the nitrogen form the electronic
scheme of the neutral NV center. Its negatively charged form (the subject of this lab
practice) gets its sixth electron from another nitrogen atom in its vicinity.

on the kinetic energy of the ion flux, thus the depth of NV centers can be also controlled by
this technique. However, the orientation of the NV centers in diamond cannot be controlled by
these techniques. By fine controlling the parameters of CVD growth of (111) oriented diamond,
NV centers can be introduced at the atomic steps, which results in preferentially oriented NV
centers with axis perpendicular to the (111) surface. The alignment of the NV centers has the
advantage that they all share the same symmetry axis in the diamond crystal.

NV centers exist in various charge states. The most commonly observed charged states
are the negatively charged NV− and the neutral NV0. Since most applications rely on the
negatively charged NV defect, we will use NV center synonymous for NV−. It exhibits robust
spin-optical properties at room temperature which, together with the diamond’s exceptional
stability, enables to use it in a variety of applications without the need for additional cooling
or vacuum. Some of the most interesting applications range from the realization of quantum
memory to magnetic field and temperature sensing [4]. We note that low-temperature operation
is required for some quantum information processing experiments such as to produce spin-to-
photon interface because of the temperature dependence of the spin sublevels in the optically
excited state. The NV center’s symmetry axis lies along the ⟨111⟩ direction and its transition
optical dipole moment is orthogonal to this axis. It is noted that the ⟨111⟩ axis is a body
diagonal in the Bravais-cell of diamond, and there are four possible symmetrically equivalent
[111] axes. As a consequence, there are four possible orientations of NV center in diamond.

6



2.1.1 Electronic structure and fluorescence spectrum

The simplified electronic structure of the NV center is shown in Fig. 2. The ground state and
the excited state are spin triplets having a strong spin-spin interaction resulting in a zero-field
splitting of the m = 0 and m = ±1 states. The excited electrons can relax directly by emitting
photons in the visible red regime or via two singlet states (see "interm." in figure). The latter is
possible due to intersystem crossing which does not conserve the spin state. In this particular
case the m = 0 sublevel of the ground state is preferred therefore upon illumination the spin
state population differs from that of the Boltzmann equilibrium.

Figure 2: Energy level scheme of the negatively charged nitrogen-vacancy center in diamond.
Figure adapted from ref. [7]. Note the weaker ISC transition from the ms = 0 state
to the intermediate state as denoted by a grey line.

NV center has a spin-triplet ground state (g) and a spin-triplet excited state (e). The no-
phonon or zero-phonon opical transition energy (so called, zero-phonon line or ZPL) is at
1.945 eV (637 nm). This is a typical fingerprint of the NV center in the absorption or flu-
orescence spectrum which is manifested as a peak in the spectra. Optical transition induced
a large change in the geometry of the defect mediated by phonons (lattice vibrations). As a
consequence, the so-called Debye-Waller factor, defined as the total intensity of the ZPL emis-
sion divided by the total emission, is only about 3% for NV center. This results in a relatively
small peak at ZPL and a very broad phonon sideband (PSB) in the absorption and PL spectra
at room temperature (see Fig. 3), whereas the ZPL peak becomes very characteristic at liquid
nitrogen temperature and below. The largest absorption cross-section occurs in the green region
(∼ 2.3 eV, 532 nm to 520 nm wavelengths) which falls to the PSB in absorption whereas the
largest intensity emission occurs around 700 nm. Therefore, the defect can be well photo-excited
off-resonantly, i.e., not at the ZPL wavelength, and the detection wavelength region can be well
separated from the excitation wavelength due to the large Stokes-shift of the NV center. When
the NV center is excited to the PSB of e then the phonons cool down quickly to the vibronic
ground state of e (picosecond timescale). The average PL lifetime of the e vibronic ground state
is about 10 ns.
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Figure 3: Fluorescence spectrum of the NV center at room temperature under excitation with
a green laser. The exciting laser beam is partially reflected which results in a small
peak at 532 nm in the spectrum even when a longpass edge filter is applied. The
spectrum shows a ZPL peak at 637 nm and the characteristic phonon sideband at
higher wavelengths extending to the near IR range.
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2.1.2 The spin Hamiltonian of the NV center

As we covered earlier, the negatively charged NV center is a S = 1 system. Due to strong
electronic spin-spin dipolar interaction even in the absence of an external magnetic field, the
m = 0 and m = ±1 states are split hence the name zero-field interaction or zero-field splitting.

H = hŜT DŜ + µBBT gŜ. (1)

The D tensor is traceless and symmetric. In its eigenframe, the D tensor is diagonal and the
zero-field part of the Hamiltonian is

HZF S = DxŜx
2 + DyŜy

2 + DzŜz
2 = D

(
S2

z − 1
3S (S + 1)

)
+ E(Ŝx

2 − Ŝy
2), (2)

where we use the parameters:

D = 3
2Dz and E = Dx − Dy

2 .

The parameter E is two orders of magnitudes smaller than D and is therefore often neglected
although it induces the splitting of the m = −1 and the m = 1 states which manifests in the
splitting of the zero-field ODMR spectrum as will be shown later. During this lab course, we
focus on the zero-field interaction and the electronic Zeeman splitting, therefore other terms such
as the hyperfine or nuclear Zeeman interactions are neglected in the finite field spin Hamiltonian:

H = D

(
Ŝz

2 − 1
3S (S + 1)

)
+ E(Ŝx

2 − Ŝy
2) + µBgeBzŜz (3)

Fig. 4a shows the energy levels in a finite magnetic field when the magnetic field direction
matches that of the zero-field splitting. In fig. 4b the same spin system is studied with the
magnetic field direction being perpendicular to the zero-field splitting. We used a D parameter
of 2875 MHz in the simulations. In task 5.10, this is to be reproduced.

(a) B∥111 (b) B⊥111

Figure 4: Energy levels as a function of the external magnetic field in (a) parallel and (b)
perpendicular case.
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2.2 Optically detected magnetic resonance
Many color centers could exhibit a two-level (g and e) system. What makes NV center unique
among them is that the PL lifetime of the excited state e is spin dependent. In particular,
the | ± 1⟩ spin state of e, shortly, |e, ± 1⟩ is significantly shorter (∼ 8 ns) than that of |e,0⟩
(∼ 12 ns). From |e,0⟩, the electron decay almost exclusively radiatively to g whereas an efficient
non-radiative pathway also exists for |e,±1⟩ towards |s⟩ beside the radiative one (see Fig. 2). As
a consequence, the |e,0⟩ state is brighter than the |e, ± 1⟩ state. This spin-flipping non-radiative
scattering is called intersystem crossing. In other words, the brightness of the fluorescence
correlates with the electron spin state of the NV center. Since in the absorption process the
spin state is conserved, the spin state in the ground state can be read out by monitoring the
intensity of fluorescence.

Another important property of the decay process is that the state dominantly decays from |s⟩
to |g,0⟩. As a consequence, optical cycles will flip the |g, ± 1⟩ state to |g,0⟩. In other words, the
|g,0⟩ state can be optically pumped to reach a non-equilibrium population in the ground state
manifold so optical pumping may initialize the spin state, here, to m = 0. This phenomenon
is manifested in the photo-ESR studies as a huge enhancement in the intensity of NV-related
ESR signal with reference to the ESR observation in dark.

In the classical ESR measurements of defect spins, the absorption of microwave photons is
observed. We explained above that the NV center shows spin-dependent fluorescence intensity.
As a consequence, measurement of the emitted optical photons can be used to monitor the
spin state of the defect. First, the spin state is initialized to |g,0⟩ state, and that state can
be used as a reference fluorescence intensity (bright state). The spin state may be flipped
by an alternating magnetic field (Ω) which is in resonance with the energy gap of the |g,0⟩
and |g, ± 1⟩ levels. To this end, a microwave antenna should be applied close to the defect
which produces this field. Unlike in ESR measurements operated within a microwave cavity
with a certain microwave frequency typically in 10 − 40 GHz region, the measurement can be
done in zero constant magnetic field with sweeping Ω at relatively low frequencies because the
defect exhibits Dg = 2.87 GHz zero-field splitting in the ground state. Once the microwave
photons hit the resonance between |g,0⟩ and |g, ± 1⟩, the fluorescence intensity should drop.
As a consequence, the electron spin resonance can be observed by the change in the number of
emitted photons. This measurement technique is called optically detected magnetic resonance
(ODMR).

Once an external magnetic field is applied then the |g,±1⟩ levels split as written in Eq. 3. For
one particular configuration, the single electron spin resonance line splits into two distinct lines.
This means that the presence of the constant external magnetic field can be directly observed in
the ODMR spectrum as an extra splitting if the strength of the magnetic field can be resolved
(larger than the observed linewidth in the ODMR spectrum). The splitting depends on the
angle between the direction of the external constant magnetic field and the actual symmetry
axis of the defect. In the typical (100) CVD-grown diamond, the laboratory framework could
be ⟨100⟩, ⟨010⟩, and ⟨001⟩ directions in diamond for the X, Y , and Z components of the
external magnetic field. In this framework, once the magnetic field direction is set to ⟨111⟩, the
magnetic field will be parallel with the symmetry axis of one of the four possible configurations
of the NV center. However, the other three configurations will be not parallel to the axis, and
if the magnitude of the external magnetic field is smaller or comparable to that of the zero-
field-splitting parameter then it will result in other ODMR peaks (3 identical pairs) beside the
ODMR peak of the parallel configuration. Certainly, if all the NV centers were aligned to one
specific configuration, e.g., CVD growth of (111) NV diamond, then the ODMR spectrum is
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greatly simplified.
If the direction of the magnetic field is chosen arbitrarily (does not coincide with the symmetry

axis or symmetry plane of the NV centers) then eight peaks are observed in the ODMR spectrum
(see Fig. 5). Certainly, if the external magnetic field is much larger than the zero-field-splitting
parameter Dg then all the configurations of the NV centers look identical in the spectrum
because of the quantization axis of the spin will be aligned to the direction of the external
magnetic field. By fitting the model Hamiltonian, this complex pattern of ODMR signals may
be used for vector magnetometry, i.e., to identify not just the magnitude but the direction of
the external constant magnetic field.

Figure 5: ODMR spectrum of NV center ensemble in a finite magnetic field. In an arbitrary case
e.g. when the angle between the external field and the four possible NV orientations
are different eight separate resonance lines appear. Note that in this figure even the
hyperfine splitting of the individual NV electron spin transitions caused by the nuclear
magnetic moment of the nitrogen atoms are visible.
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3 Experimental setup and usage
Fig. 6 shows the schematic description of our measurement setup. As explained above, ODMR
detects a slight change in the photoluminescence intensity upon resonant microwave irradiation
therefore first we need a stable photoluminescent signal with a proper signal-to-noise ratio.
Only after this can we proceed to microwave measurements as the usual change in luminescence
intensity (often denoted as ∆PL/PL) is in the range of 10−5 − 10−3.

Figure 6: Schematics of the measurement setup.

In particular, the excitation wavelength of the laser beam is 532 nm (green light) which is
able to efficiently excite NV centers in diamond. The power source of the laser can be set up
to 1.2 A. The power level of the laser is proportional to the driving current. We note that at
high powers due to the lack of proper cooling the laser becomes unstable so a maximum driving
current of 1.0 A is advised since this results in a good compromise between laser stability and
intensity.

The laser beam is guided to the central mirror via a periscope which consists of two adjustable
mirrors. This mirror directs the green light along the optical axis towards the sample that is
exactly in the focus of the right lens (which has a 30 mm focal length).

Upon illumination, the NV centers emit light in the red part of the visible range and in the
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near-infrared regime. As the human eye is limited in this wavelength range, we need a so-called
laser viewing card (a plastic card covered with slow-fading phosphor) to follow the emitted light
and proper laser safety goggles to suppress the reflected green light. The active volume is in
the focal point of the right lens therefore the emitted light gets collimated passing through the
lens. While the central mirror overshadows some of the emitted light, since the loss is only a
few percent of the total intensity, we neglect it in the followings.

The left lens has a focal length of 100 mm and focuses the collimated beam onto the pho-
todetector. Since the intensity of the laser light is many orders of magnitude larger than that
of the emitted light and alone could cause the saturation of the detector, it is equipped with a
bandpass filter (Thorlabs FLH635-10) in order to prevent it from the reflected laser beam.

In an ideal case, the intensity of the fluorescence of the sample should be shown up at 6 mV.
This can be measured easily by connecting the detector to an oscilloscope and observing the
change of the signal while covering and uncovering the laser beam with a sheet of paper. If the
difference is less than 6 mV, then it is advised to further optimize the positions of each optical
element of the system. For example, the laser should reach each element at approximately the
same height, and both the detector and the sample should be in the focal points of the respective
lenses. Since both of them are stationed on x-y-z stages, they can be very precisely positioned.

The diamond sample is placed on a coplanar waveguide which is a specific broadband mi-
crowave antenna. This antenna ends in an SMA type 50 Omega termination and it is also
connected to a microwave source (HP83752A). This microwave source can be swept in the
20 MHz − 20 GHz frequency range. The coplanar waveguide has the highest microwave mag-
netic flux just above the gap separating the inner conductor from the ground therefore it is
advised to check the position of the sample before the measurement.

As OMDR is usually a small signal (meaning less than 1% change in the luminescence) we
apply lock-in detection. The microwave sweeper is modulated by the lock-in, and the detected
signal is demodulated with the same frequency. First, we apply amplitude modulation by
connecting the TTL output of the lock-in with the PULSE IN/OUT port on the sweeper. We
also synchronize the two machines by connecting their TRIG OUT and TRIG IN ports. The
microwave sweeper can also be operated in frequency modulation mode. For that, the FM
INPUT should be connected to SINE OUT plug of the lock-in. The measurement is controlled
via GPIB communication.
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4 Precautions
• Laser radiaton! The 532 nm diode-pumped laser emits green light up to 150 mW. The

laser class is 3B, i.e. eye exposure to the direct or the reflected beam is harmful. Remove
reflective accessories such as watches and jewelry from your wrists! Do not direct the
beam out of the plane of the optical table! Wear laser safety goggles at all times when
the laser is on!

• Magnetic field! With the given power supply, the electromagnet produces magnetic
fields up to 0.3 T. Do not insert metal parts inside the electromagnet!

• Electrical danger! The electromagnet is powered by a 15 V / 10 A power supply. Do
not touch the electrodes! Do not unplug the electromagnet or switch off the device while
the magnet is at field!
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5 Tasks
5.1 Assemble the first ODMR setup
This requires the setting up of the optical path according to the description.

5.2 Precisely set the positions of both the sample and the detector
The incoming green laser should touch the sample and the scattered red light should be focused
on the detector. To this end, the excitation laser beam should hit the 90-degree prism mirror,
then traverse through the objective lens, which focuses it on the sample.

5.3 Check the DC level of the fluorescent signal
Measure the detector output using an oscilloscope. The detector should be biased and it has an
output current. The oscilloscope has an input impedance of 1 MΩ which corresponds to an I/V
conversion of 106. Use a sheet of paper to cover the laser output and watch the extra voltage on
the oscilloscope when the laser illuminates the sample. The benchmark value is 6 mV additional
signal on the output of the diode as measured with an oscilloscope with a laser power of 100
mW.

5.4 Measure the ODMR signal of the diamond NV centers in zero magnetic field
For this task, set up the system according to the description. The microwave irradiation and
the laser excitation should be turned on, the LI should chop the microwave signal. Then sweep
the microwave frequency with the microwave source.

5.5 Measure the stray field of a magnet
Put the rotating plate with the permanent magnet on it behind the sample holder. The ODMR
lines are split due to the external magnetic field produced by the magnet. Save the spectrum
and measure the distance between the sample and the magnet. Repeat this experiment at
four other distances. Based on the splitting measured and the distances, try to estimate the
magnetic field strength on the surface of the magnet.

5.6 Examine the frequency and microwave power dependency of the ODMR signal
First, set the microwave power output to the highest possible value and change the modulation
frequency. We advise you to choose a logarithmic frequency scale (e.g. 10 Hz, 20 Hz, 50 Hz,
100 Hz etc.) up to a limit where the ODMR signal vanishes. Be careful to choose random
frequencies i.e. avoid 50 Hz and its harmonics. Based on the preliminary results of your
frequency dependent measurement, choose an optimal modulation frequency and record the
ODMR signal at different MW power outputs. A logarithmic scale of microwave power values
is preferred but keep in mind that the MW sweeper is set in dBm values so this is already taken
care of.

5.7 Observe the result of frequency modulated signal
The microwave sweeper enables frequency modulation of the output. Modify the experimental
setup so that the microwave frequency is modulated instead of the amplitude. Change the
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modulation depth i.e. the amplitude of the sine signal coming from the lock-in. Compare the
frequency modulated signal to the amplitude modulated one.

In this section, we focus on the effect of magnetic field on ODMR of NV centers

5.8 Assemble the second ODMR setup
Based on your previous experience, build a second ODMR setup that can be put into the
electromagnet. This way you can study in depth how the resonance lines are split in an external
magnetic field.

5.9 Record the ODMR spectra at different magnetic fields
The power supply can be set between ±10 A generating ±0.3 T in the center of the electromag-
net. Set the current in 1 A steps between ±10 A and measure the ODMR spectra.

5.10 Support the magnetic field dependent measurements with simulation
Build up the spin Hamiltonian of a S = 1 system in an external magnetic field B such as in
eq. 3. To achieve this, look up the literature value of the D parameter. Using this parameter,
calculate the energy levels as a function of the external magnetic field. Choose a basis that
is fixed to the ZFS coordinate system and vary the direction of the magnetic field. Use a
program of your choice (Python, Matlab, Maple etc.). Prepare graphs with the energy levels
for B parallel and perpendicular to the axis of the D parameter (for magnetic field up to 1 T).
The code is to be submitted. Calculate numerically the eigenvectors (or the coefficients on the
Sz basis) as a function of the magnetic field. Show that when the magnetic field is parallel to
the D axis, the original basis vectors remain the eigenvectors but these are strong admixtures
when the magnetic field is perpendicular to the axis of D. Use these calculations to explain the
experimental observations on the energy dispersion and the signal amplitudes. Refs. [8] and [9]
may help with the math.

5.11 Compare the experiment with the simulation
Fit the measured spectra with your simulated data set. In case of a visible discrepancy, try to
explain it considering the parameters in your measurement which are harder to set or estimate
precisely.
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