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ABSTRACT 

Magnetometry based on Optically Detected Magnetic Resonance (ODMR) of NV– colour centers in 

diamond is a well-established method for sensitive detection of magnetic field intensity and 

direction. However, ODMR spectra are inherently independent of magnetic field polarity which is a 

key parameter for applications such as reading of magnetic bits in HDD and for the understanding 

of physical phenomena in nanomagnetism. Recently a method has been implemented for digital 

detection of magnetic field polarity by NV– centers in diamond simply by monitoring the changes of 

a magnetic field demodulated photoluminescence (PL) signal in condition of magnetic resonance 

(i.e. microwave assisted or ODMR) Unlike other methods, the demodulated PL signal shows a 

complete sign inversion rather than an intensity shift, thus making the detection of magnetic field 

polarity direct and unambiguous. Here, it is reported that the same method can be applied to off-

resonance condition (i.e. optical), that is by detecting the photoluminescence signal locked to a 

demodulating magnetic field without microwave resonant excitation, which simplifies the set-up. 

Furthermore, a sensitivity study has been conducted resulting in up-to-standard sensitivities of a few 

𝜇T/√Hz for both microwave-assisted and only-optical detection in a low-cost and simple cw-

ODMR set-up. It is concluded that the simplified set-up required for the optical method comes at 

expense of reduction of sensitivity by 36%. Overall, potentially these features make the 

demodulated PL on magnetic resonance as well as off resonance suitable for real-time digital 

detection of magnetic field of magnetic bits in HDDs and for the study of magnetic phenomena at 

nanoscale.  
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INTRODUCTION 

Magnetometers enable the detection of magnetic field intensity and direction, and play a crucial role 

in various fields from geophysics, medicine, space science to the understanding of novel magnetic 

phenomena at nanoscale.1 High sensitivity to magnetic field intensity is a key parameter to extract 

accurate information from the system under study. The most sensitive magnetometers include 

fluxgate magnetometers, proton precession magnetometers, optically pumped magnetometers, 

superconducting quantum interference devices (SQUIDs). More recently, negatively charged 

nitrogen-vacancy (NV–) colour centers in diamond2 have demonstrated high sensitivity to nanoscale 

magnetic field detection under ambient conditions; thus opening new frontiers in biological 

imaging,3 material science,4, 5 and quantum sensing.6 Magnetometers base on NV– centers in 

diamond relies on a Optically Detected Magnetic Resonance (ODMR)7, 8 which detects magnetic 

resonance transitions via changes of the photoluminescence (PL) signal. ODMR enables direct 

measurements of magnetic field vector direction and magnitude by observing the Zeeman 

separation of the ODMR signals of the four magnetically inequivalent NV– spin centers (S = 1) in 

the diamond crystal structure. In some applications the magnetic field polarity is of interest such as 

read-out of digital information in magnetic Hard Disk Devices (HDD)9 as well as for the detection 

of magnetic orders and phenomena in nanomagnetism such as magnetic vortexes.5 In this regard, 

ODMR spectra are inherently insensitive to magnetic field polarity.10 This limitation can be 

overcome with the application of a bias magnetic field,5, 11 or by using circularly polarized 

microwave excitations (σ+ or σ–).12-14 In the first case a bias magnetic field is used to separate the 

eight ODMR dips corresponding to four doublets resonances of the NV– sites. The PL signal of the 

ODMR dips due to the sample’s stray field is monitored at maximum slope. A shift of the ODMR 

resonance dips to higher or lower frequency occurs depending on the sample magnetic field 

polarity, thus resulting in an increase or decrease of the PL signal, respectively. The second method 

relies on the selectivity of the electron spin transitions ms = 0 → +1 and 0 → –1 by left (σ–) and 
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right (σ+) circular microwave polarization respectively. Thus, for a given polarization only one of 

the two electron spin transitions is observed depending of the magnetic field polarity. More, 

recently a new method has been proposed where the symmetry of the first-derivative ODMR 

spectral lines recorded after demodulation of a small applied magnetic field directly correlates to the 

magnetic field polarity.15 This method opens up unambiguous and direct real time detection of the 

magnetic field polarity. Here, it is found that the “demodulation field” method can be implemented 

off-resonance condition (i.e. optical) that is by detecting the photoluminescence signal locked to a 

demodulating magnetic field. Unlike ODMR (i.e. microwave-assisted) where a microwave source 

in proximity of the diamond is required to match the magnetic resonance condition, the optical 

method (i.e. microwave-free) provides a simpler set-up with a more straightforward implementation 

in microscopy application.9 More importantly, the optical method avoids heating effects due to high 

power microwaves, thus enabling magnetometry studies of sensitive samples such as high 

transition-temperature superconductors, two-dimensional magnetic materials, and biological 

samples.9, 16-19   

Furthermore, the sensitivity of the optical and microwave-assisted  methods have been investigated 

with the aim to extract the smallest magnetic field intensity and polarity.  The two methods are 

compared to find out their potentialities and limitations in view of their applications in 

magnetometry.   

The article is organized as follows: preliminary studies have been conducted to extract the optimal 

modulation amplitude and frequency for the highest sensitivity measurement. Then, an experiment 

has been realized to explore the potential of optical and microwave-assisted digital detection of a 

magnetic field whose polarity is switched from positive to negative alternatively, thus simulating 

digital detection encoded in magnetic bits of magnetic HDDs or magnetization dynamics of a 

magnetic sample. Finally, the results are compared with other methods previously reported in 

literature.   
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Figure 1 a) Crystal structure of diamond with NV– centers in the four inequivalent positions (NV1, 

NV2, NV3 and NV4) within the unit cell. Red, green and blue axes correspond to the a, b and c 

crystallographic axes respectively. b) Jablonski energy level diagram (not in scale) of a NV– center 

(S = 1) with axial and rhombic zero field splitting for the ground state, D and E and the excited 

state, D’ and E’. Arrows thickness indicates transition probabilities. Schemes of the magnetic field 

modulated photoluminescence signal in condition of magnetic resonance (i.e. microwave assisted or 

ODMR) (c) and off-resonance (i.e. optical), (d). 

 

RESULTS AND DISCUSSION 

Figure 1a shows the diamond structure within the unit cell with the NV– center and its C3v 

symmetry. The nitrogen atom can replace any of the four carbon sites in the diamond tetrahedron, 

thus providing four inequivalent NV– centers each with its own spin quantization axis. In Figure 1b 

is reported the Jablonski diagram with the S = 1 ground and excited states zero-field split by axial 

(D) and rhombic (E) distortions. In zero magnetic field the four NV– sites are magnetically 

equivalent. When an external magnetic field is applied the energy levels are split by Zeeman 

interaction, and each NV–  site experiences a different magnetic field projection, thus resulting in 
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four doublets in the ODMR spectrum. 

 

Figure 2. ODMR spectra recorded at fixed modulation amplitude Bmod = 350 μT and different 

frequencies (a) and at fixed 1.6 KHz modulation frequency and different Bmod (b). 

 

Figure 2 shows the ODMR spectra recorded on NV– centers in diamond by demodulating an 

oscillating magnetic field (Bmod), (Figure 1c). In order to find the optimal signal-to-noise ratio (S/N, 

the ODMR spectra are recorded as function of the magnetic field frequency at the maximum Bmod 

amplitude. From these spectra the peak-to-peak intensities (Ipp) and linewidths (LWpp) have been 
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extracted and plotted as function of the frequency in Figure 3. 

 

Figure 3 Peak-to-peak intensity (Ipp) versus modulation field frequency (a) and amplitude (b) and 

peak-to-peak linewidth (LWpp) as function of the modulation field frequency (c) and Bmod amplitude 

(d). Insets in (a) and (b) are the signal to noise ratios of the data reported in the main graphs.  

 

The semi-log plot Ipp as function of the microwave frequency shows a constant value in the range 

0.1 – 1 KHz with a steep decrease for higher frequencies (Figure 3a). A low-pass filter has been 

applied after signal demodulation and it is adjusted to reach low noise signal without cutting the 

frequency signals near DC. The S/N obtained by dividing the Ipp by the standard deviation (SD) of 

the off-resonance spectral range shows a maximum at (1.6 ± 0.2) KHz with a low-pass filter of 5 

Hz. Instead, LWpp shows a monotonic decrease with frequency Figure 3b. Therefore, a modulation 

frequency of 1.6 KHz has been chosen as the “best” frequency. The next step is to search for 
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optimal magnetic field modulation amplitude. The results reported in Figure 3c show that the Ipp 

increases linearly for Bmod < 100 μT, and for larger values it increases monotonically without 

reaching saturation. The S/N ratio (inset of Figure 3c) increases linearly across the whole magnetic 

field modulation amplitude. The spectral linewidth is constant for Bmod < 150 µT, and it increases 

for larger values (Figure 3d). The effect of the magnetic field modulation amplitude translates into 

modulation of the microwave amplitude due the Zeeman effect, which in turn translates into a 

modulation of the PL signal. A larger modulation amplitude implies a modulation of larger portion 

of the photoluminescence spectrum which leads to a larger PL signal.  However, when the 

modulation amplitude becomes comparable to about a third of the narrowest spectral line the 

spectrum becomes distorted, the photoluminescence decreases, and the spectral resolution is 

reduced. From these data the optimal combination of modulation frequency and magnetic field 

amplitude for largest S/N ratio of ODMR spectra is 1.6 KHz and Bmod = 150 µT. For highly-

sensitive detection of the magnetic field of soft magnets and antiferromagnets it is crucial that the 

Bmod does not perturb their intrinsic magnetic properties. Therefore, the smallest modulation 

amplitude is desirable. From the fitting of the S/N versus Bmod it is extracted a magnetic field of ~ 

0.4 µT for a S/N ratio of ~ 1 (inset Figure 3c). This value sets the lower bound for magnetic field 

amplitude necessary to detect a signal. In practice, a value larger than two or three times is 

necessary.   

Finally, an experiment has been realized to test the capability to detect the polarity of a magnetic 

field whose sign is alternatively changed from positive to negative. Two methods are compared:  

optical and microwave-assisted lock-in detection both with the aid of demodulating magnetic field 

(Figure 1c and 1d). The two methods can be implemented on the same ODMR experiment with the 

only difference that while detecting the PL signal the microwaves are turned on-resonance or off-

resonance. A primary and a secondary coils are used to generate the fast oscillating magnetic field 

(~ KHz), and the low frequency (~ Hz) square-wave magnetic field directed along one direction (+) 
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and its opposite (–). The secondary coil simulates a sample’s stray field. The amplitude of the 

magnetic fields of both coils at the diamond position are calibrated with an Hall probe. The ODMR 

spectra are firstly recorded consecutively by setting the secondary coil to + and – magnetic field 

polarities (Figure 4a). The ODMR spectra show three man features: (i) the background off-set level 

shifts from positive to negative values (ΔPL), (ii) the ODMR resonances occurring as first-

derivative lineshape have opposite symmetries (ΔODMR), (iii) for each spectrum the symmetries of 

first-derivative lineshapes are opposite for the ms: 0 → +1 and 0 → –1 transitions. The observations 

(ii) and (iii) have been previously analyzed and a proof-of-concept experiment has been carried out 

to demonstrate digital detection with ODMR.15 Instead point (i) is shown for the first time to enable 

digital detection of magnetic fields with relatively high sensitivity. In addition, a direct comparison 

between the optical and ODMR is provided to find out which method is more sensitive to magnetic 

field amplitude and polarity.  

It is first noted that the ΔPL shifts from positive to negative values in Figure 4a occurs as result of 

the spin-mixing of the ms states with the application of a magnetic field orientated off to the NV 

spin quantization axis.20 By applying the square-like varying magnetic field, the average lifetime of 

the ms states for the ensemble of NV– centers is changed, depending on the magnitude and polarity 

of the magnetic field. 
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Figure 4 a) ODMR spectra recorded consecutively for opposite polarities of an applied magnetic 

field. The change of the ODMR and PL intensities are indicated with ΔODMR and ΔPL. b) Real-

time detection of the ODMR (on-resonance, i.e. ν = 2870.5 MHz) and PL (off-resonance) changes 

due to an 1 Hz square-wave magnetic field with different amplitudes. Insets: Gaussian statistical 

distributions of the data with standard deviations. c) on-resonance and off-resonance, ΔODMR and 

ΔPL signals extracted from (b) and plotted as function of the magnetic field amplitude.  

 

The results reported in Figure 4b show the magnetic field demodulated PL signal for different 

strengths of Bmod oscillating at 1 Hz with microwaves set to on-resonance (i.e. ν = 2870.5 MHz) and 

off-resonance In both cases, the demodulated PL signal alternates symmetrically from positive to 
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negative values, thus demonstrating the potential to effectively probe a digital magnetic field 

information encoded in the polarity. Finally, the sensitivity of the two methods has been analyzed 

by reporting the ΔPL and ΔODMR signals extracted from Figure 4b as function of Bmod. The slope 

of the linear fit of the curves provides direct estimation of the sensitivities: (7.5 ± 0.4) V/T and (2.7 

± 0.2) V/T for on and off-resonance respectively (Figure 4c). The microwave-assisted method gives 

a sensitivity larger than the optical method by ~ 36 %.  

The lowest magnetic field detectable has been estimated by calculating the standard deviation (SD) 

of the noise level and dividing it by the sensitivity and the low-pass filter of 5 Hz used for lock-in 

detection. The results for the SDs are: 13 μV and 18 μV for on and off resonance respectively, and 

the corresponding sensitivities are: (0.8 ± 0.1) 𝜇T/√Hz and (2.9 ± 0.5) 𝜇T/√Hz.    

Currently, the best magnetic field sensitivity achieved with NV– centers by using pulsed-ODMR 

protocols (e.g. Han echo) is of the order of 1 nT/√Hz for a single NV– center in a single crystal 

diamond. Higher sensitivity can be achieved in an NV– ensemble leading to a pT/√Hz  sensitivity.4, 

21 The results reports in this work are in line and potentially better than continuous wave (cw) 

ODMR studies on single or ensemble NV–  centers at room temperature ~ 1-10 µT/√Hz.6, 22, 23 These 

sensitivities will potentially enable the detection of the magnetic moment of a single electron spin 

up at 10 nm distance. These finding suggests that it is possible to detect the magnetic field induced 

by a range of nanomaterials including biological molecules (e.g. ferritine),24, 25 molecular 

magnets,26 organic molecules (e.g. pentacene),27, 28 magnetic nanoparticles (e.g. iron oxide),29 

skyrmions,11 spin-defects in semiconductors,30-32 magnetism of thin films and 2D magnets.31, 33 

Considering the low cost set-up and simple cw-ODMR method used in this work, the sensitivity can 

be easily competitive with the high sensitivity achieved with pulsed-ODMR methods. Furthermore, 

this method offers some advantages compared to the other methods, i.e. magnetic bias field5, 11 and 

microwave circular polarization.12-14 In fact the methods described in this work makes use of a 

small μT magnetic field oscillating at a few KHz instead of the mT magnetic field required for the 
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“bias field” method. Thus, the stray magnetic field from antiferromagnets and fragile spin 

configurations in magnetic vortexes in nanomagnetism could be detected with minimal perturbation 

of the intrinsic magnetization. In addition, this method requires a simple microstripline carrying 

linearly polarized microwaves instead of more complicated stripline designs where high degree 

control of the microwave polarization is required. 

 

 CONCLUSION 

A method has been implemented for digital detection of magnetic field by NV– colour centers in 

diamond. A demodulated photoluminescence signal by an oscillating small magnetic field has been 

monitored while applying a square wave magnetic field amplitude. The experiment has been 

conducted with two approaches: only optical detection (i.e. microwave free) as well as assisted by 

on resonance microwave excitation. The results indicate that the optical signal switches sign upon 

inversion of the magnetic field polarity. A relatively high sensitivity of (0.8 ± 0.1) 𝜇T/√Hz and (2.9 

± 0.5) 𝜇T/√Hz has been reported for microwave-assisted and optical detection respectively with a 

low-cost set-up and simple cw-ODMR. This method is particularly convenient for applications 

where the magnetic field polarity is of interest such as magnetic bits in HDDs and magnetic 

phenomena at nanoscale. Unlike other methods based on millitesla bias magnetic field or 

microwave circular polarizations, here a microtesla magnetic field is employed. Finally, it is 

concluded that the microwave-free method provides a simpler implementation compared to the 

microwave assisted-method at the expense of the reduction of the sensitivity by 36%. In addition, it 

avoids heating and interference effects due to high power microwaves, thus making the method 

suitable for the study of sensitive samples such antiferromagnets and soft ferromagnets, high 

transition-temperature (Tc) superconductors and biological samples. 
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MATERIALS AND METHODS 

Materials:  150 micron Red Fluorescent Microdiamond with concentration of NV– ~ 2.5-3 ppm 

were purchased from Adámas NanoTechnologies Inc. A single crystal was glued on a 

microstripline.  

Optical set-up: A diode pumped solid state (DPSS) laser (Thorlabs DJ532-40) mounted on a current 

and temperature controller (Thorlabs LDM56F and LDC200C) was used as optical excitation 

source. The laser beam was directed with a dichroic mirror to a 10x objective with nominal aperture 

0.25. The photoluminescence was detected with a silicon photodiode, 350 - 1100 nm, (Thorlabs, 

SM1PD1B), amplified with a transimpedance photocurrent amplifier (Thorlabs PDA200C) and sent 

to a MOKU:GO (Liquid Instruments) reconfigurable FPGA oscilloscope/lock-in amplifier 

interfaced with a PC.  

Microwave module: a microwave module was assembled with a ADF4351 generator (35 – 4400 

MHz) controlled by microprocessor for adjustable frequency sweeps.34 The microwave signal was 

40 dB broadband amplified (max output power 100 mW) for strong excitation and maximization of 

the ODMR contrast before feeding a broad band microstripline realized on a single face copper 

board and FR4 dielectric with thicknesses of 35 µm and 1.6 mm, respectively and terminated with 

50 Ω load. 

Magnets.  Home-made coils with N = 1000 turns and diameter 3 cm.  

Data acquisition: The photoluminescence was detected on channel 1 of the oscilloscope as function 

of time while sweeping the microwave frequency whose start and stop frequency sweep logic-input 

is fed into channel 2. The ODMR spectrum is built up by time to frequency conversion. Lock-in 

detection was made with time constant 20 ms (12 dB/octave) and variable modulation frequency 

and amplitude. All measurements were conducted at room temperature.  
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