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We create a working model of a magnetometer of a new type that is based on using cross-relaxation resonances
in ensembles of NV-centers in diamond. This type of magnetometer does not require microwave radiation. For a
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sensor made out of a 300 micron diamond we demonstrate the magnetic field sensitivity of around 18 nT/Hz"/~“.

Keywords: cross-relaxation, NV-center, quantum magnetometer.

DOIL 10.21883/TP.2022.11.55183.138-22
Introduction

At present, NV-centers in diamond are considered as
a promising quantum system for high-sensitivity optical
magnetometry [1,2]. Progress in research leads to a gradual
transition from laboratory experiments to the creation of
working prototypes of quantum magnetometers (see, for
example, [3-6]).

A significant disadvantage of the ,traditional® NV-center
magnetometry scheme based on the observation of optically
detected magnetic resonance [1-6], is the need to use
microwave radiation (frequency ~ 2.8 GHz). The use of
microwave radiation limits the scope of applicability of
the method, as in some cases its use can be difficult,
for example, near conductive materials, or can lead to
undesirable effects on the object of study, for example,
in biology and medicine. Because of this, alternative
approaches to the implementation of magnetometry with
NV-centers are being actively developed. One such op-
tion is an approach based on fluorescence reduction in
strong (on the order of tens mT) magnetic fields [7-9].
However, this method has a low sensitivity. ~ Another
method for implementing magnetometry is based on the
effect of anti-crossing of the spin sublevels of the ground
state [10,11]. A significant disadvantage of this method
is the need to apply a sufficiently strong (on the or-
der of 0.1T) and precisely oriented magnetic field to
the diamond, which complicates the sensor construction
and limits the applicability of the magnetometer. There
is also a method for measuring the magnetic field us-
ing the effects observed when the diamond with NV-
centers is exposed to HF radiation (1-10MHz) [12].
This approach, according to the authors, due to the
absence of microwave radiation and the small size of
the sensor can become promising for biomedical re-
search. Another fully optical, though rather difficult to
implement, method is based on the effects of coherent

population trapping and electromagnetically induced trans-
parency [13,14].

Previously, we proposed a method for measuring the
magnetic field based on cross-relaxation resonances in an
ensemble of NV-centers in diamond [15,16]. The method
does not require the use of additional factors, such as
strong magnetic field or HF or microwave radiation. The
purpose of this work is a practical implementation of the
magnetometer model based on this principle.

1. Magnetometer operating principle

NV-centers in diamond have a system of energy levels
and transitions (Fig. 1,a), in which optical pumping causes
predominant occupancy of the ms =0 spin sublevel of
the ground state. The observed fluorescence is also
spin-dependent (brighter for ms = 0). The ,traditional”
scheme of NV-center magnetometry uses the measurement
of frequencies of transitions between the ground state
sublevels, dependent on magnetic field, by fluorescence
reduction when microwave radiation is applied (optically
detected magnetic resonance (ODMR) method).

The model uses a method that does not require mi-
crowave radiation, based on the observation of cross-
relaxation resonances in an ensemble of N'V-center [15,16].
The essence of the method is as follows. In a diamond
crystal four different directions of the NV-center axis are
possible: [1,1,1], [-1,1,1], [1,—1,1], [1,1, —1] (in the
coordinate system associated with the major crystallo-
graphic axes (Fig. 1,b)). The frequencies of microwave
transitions between the ground state sublevels depend on
the magnitude of the magnetic field and its projection
on the NV-center axis. If the magnetic field has equal
moduli of projections onto the axes of two groups of NV-
centers, the frequencies of microwave transitions for the two
groups coincide. This leads to a cross-relaxation interaction
between them and a change in the fluorescence signal.
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Figure 1. a — scheme of NV-center levels, solid arrows show optical transitions between the spin sublevels of the ground — *A; and
excited — *E states with spin projection preservation, dotted arrows show additional relaxation path of ms = =1 sub-levels of excited
state without spin projection preservation; b — four possible orientations of the NV-center; ¢ — cross relaxation resonance, at the center
of the resonance the frequencies of transitions between ground state sublevels for two or more groups of differently oriented NV-centers

coincide, outside the resonance — do not coincide.

Let the magnetic field be the sum of unknown constant
and scanning fields B* = B4 + BS°b*, where B — the
constant magnetic field, B¢ — the magnitude of the
scanned field, b* — the unit vector in the scan direction.
When the transition frequencies for two or more groups
of differently oriented NV-centers coincide, cross-relaxation
resonance is observed in the fluorescence dependence on
the scanned field (Fig. 1,¢). In the general case, up to
nine resonances can be observed, the positions of which are
described by the expression:

Bi = — (B, vi)/(b*, wi), (1)
where v; — vectors [1,0,0], [0,1,0], [0,0,1], [0,1,1], [1,0,1],
[1,1,0], [0, -1, 1], [-1,0, 1], [1, =1, Q]

The positions of the resonances depend on the constant
magnetic field and can therefore be used to measure it.
Various measurement schemes are possible. We followed
a protocol similar to the one outlined in the [16]. The

=10,0, 1] axis was chosen as the scanning direction
(misalignment angles up to 5° are permissible). The
dependence of the fluorescence signal on the z-component
of the scanned field was measured, respectively the position
of the resonances on it by = b3°B;. With this choice of
scanning direction, for four vectors v; the denominators
in expression (1) are small and the corresponding reso-
nances are not observed, the positions of the other five are
given by the expressions

bioor; = —Bg°, (2)
bioi = —(B¥ +BX)/(1 + a), (3)
bi-101 = (BY® — B®)/(1 - a), (4)
bio11) = —(B§° +BE)/(1+p). (5)
b1y = (BY® —BZ)/(1-p), (6)

where @ = b$¢/bS, B = bse/bC.
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Note that in the area of small magnetic fields the
resonances are not split, besides, it is not always possible
to unambiguously match the positions of the resonances
with the expressions of the system (2)—(6). To overcome
these drawbacks, an additional bias magnetic field (see [16])
can be used, which splits the resonances and allows to
determine their order. Let X-component of the bias field
be greater than y-component and both be positive, in which
case the positions of resonances (numbered in ascending
order): by = b[101], by = b[on], by = b[001], by = b[ofu],
bs =Dbj_101]. The measured magnetic field B leads to a
shift of resonances Aj. From expressions (2)—(6) we can
obtain the following expressions for B:

B, = —As, (7)
Bx = [(1 —a)As — (1 4+ a)A]/2, (8)
By = [(1 — B)As — (14 B)Ad]/2, 9

)
The coeflicients a=(bs + b;—2bs)/(bs—Dby)
and B=(bs+by —2b3)/(bs —by) are also expressed
through the resonance positions.

Thus, to measure the magnetic field, it is necessary to
measure the positions of the resonances and their shifts
relative to the positions corresponding to the zero measured
field.

2. Model layout

The photographic image of the model is presented in
Fig. 2. The model consists of the optical part I, the
electronics unit 2 and sensor 3, as well as the laser 4
and the balanced photodetector 5. All parts of the model
are connected by flexible multimode optical fibers and/or
wires and can, if necessary, with minimal rework be placed
inside a common enclosure. The model is controlled by a
computer (not shown in the illustration).
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Figure 2. Photo of the model: / — optical unit, 2 — electronic
unit, 3 — sensor, 4 — laser, 5 — balanced photo detector.

A block diagram of the model is shown in Figure 3,a.
The optical part of the model (Fig. 3,a and photo in 3,b) is
assembled from Thorlabs elements, which can be connected
to each other in various combinations. This approach
allowed us to try out different model layout options and
choose the optimal configuration.

In Fig. 3 the optical unit is assembled on the basis
of two structural cubes CMI1-DCH/M and DFM1/M, in
which mirrors and filters are mounted. F950FC-A colli-
mators with AD15F adapters and PAF2P-A10A fiber port
are used for input and output of radiation from optical
fibers. The laser radiation reflected from the DMLP605R
dichroic mirror enters the sensor, the fluorescence signal
from the sensor passes through the dichroic mirror, is
additionally filtered by the FELHO0600 light filter and
enters through the optical fiber to the PDB450A balanced
photodetector. ~ Part of the laser radiation is diverted
by the BSN10OR semitransparent mirror and fed through
the fiber port to the second input of the balanced pho-
todetector. Neutral filters (not shown in the diagram)
were used to adjust the intensity, the port setting was

used to precisely equalize the signals on the balanced
photodetector.

A PLM 520 (520nm) laser module with multimode
fiber output or a Cobolt 06-91 (532nm) laser with fiber
coupling system were used as a source. The best results
were obtained with the Cobolt laser, the use of a balanced
detection scheme allowed to significantly suppress residual
noise of laser intensity.

A synthetic HPHT diamond crystal irradiated with an
electron beam with an intensity of 10'® electrons per cm?
and annealed at 800°C, measuring about 300 um (Fig. 3,¢)
was used to make the sensor. The crystal had a well-
defined natural shape, in which case some of the faces
correspond to planes perpendicular to the main crystallo-
graphic axes of the diamond (X =11,0,0], Y=[0, 1, 0]
and Z = [0, 0, 1]), and part — planes perpendicular to the
axes of species [1,1,1]. The diamond was glued with the
face perpendicular to the axis Z = [0, 0, 1] to the end of the
optical fiber, so that the fiber axis approximately coincided
with the axis Z of the diamond. A fiber with a core
diameter of 200 um and a numerical aperture of 0.5 and
NOA®63 optical adhesive were used. The fiber together with
the diamond was fixed inside a brass tube with an inner
diameter of 550 um, slightly larger than the diameter of
the fiber sheath (500 um). A magnetic system consisting
of a solenoid creating a scanning magnetic field and two
micro-coils creating a bias magnetic field was mounted on
the tube. The magnetic system could rotate relative to the
tube, allowing the direction of the displacement field to be
adjusted. Note that the model can be used to work with
other sensors of similar design. In particular, in the case of
measurements near a small object, it may be advisable to
use a system of large coils surrounding the object, which
allows you to get as close as possible to the studied point.

The electronic unit of the model is a custom FPGA board,
controlled by a Raspberry Pi 4 Model B microcomputer.
The electronic unit allows us to set the necessary current

Figure 3. « — Model block diagram: / — computer, 2 — electronic unit, 3 — balanced photo detector, 4 — laser, 5 — semi-transparent
mirror, 6 — dichroic mirror, 7 — filter, §-11 — collimators, /2 — brass tube, /3 — diamond crystal, /4 — solenoid, /15 — magnetic
coils, thick lines show optical fibers; b — photograph of the optical part; c — diamond crystal glued to the end of the optical fiber.
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Figure 4. a — cross-relaxation resonances in the fluorescence signal at different magnetic displacement fields (the graphs are shifted for
clarity); b — cross-relaxation resonances after lock-in detection, circles show the centers of resonances.

through the bias coils, constant and alternating compo-
nents of a given amplitude and frequency of the current
through the solenoid, to acquire the photodetector signal
synchronously with the alternating component.

To increase the accuracy of measurements in the model,
the possibility of lock-in detection of the sensor signal
is implemented in the software. The electronic unit is
connected to the computer with an Ethernet cable. The
client application on the computer is used to select operating
modes, set parameters, process and visualize measurement
results.

3. Measurement results

The dependence of fluorescence on the z-component of
the scanned magnetic field is shown in 4,a. The shape
of cross-relaxation resonances depends on the direction and
magnitude of the magnetic bias field, which are controlled
by turning the bias coils and the current through them. All
5 resonances must be well resolved to make measurements.
The fully equidistant pattern of the resonances corresponds
to a bias field oriented along [2,1,0], but this is not required
for measurements. Let us direct the bias field so that
the x-component of the displacement field is larger than
the y-component, and both are positive, and the distances
between the resonances are about the same. For this sensor,
cross-relaxation resonances become well resolved at a bias
field on the order of 2.5—3 mT.

Applying a measured magnetic field to the sensor leads
to a shift of resonances.

From expressions (7)—(9) it follows that to determine
the z-component of the measured field (scalar measurement
regime) it is enough only to measure the shift of the
central resonance, and using positions of all resonances, it is
possible to determine all projections of the measured field
(vector regime).

Note that to match the current through the solenoid
with the z-component of the scanned field, a calibration
measurement is necessary, which can be done by placing
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the sensor in a known magnetic field. Since we did not
set the task of making absolute measurements, we used
an approximate calibration done with a calibrated magnetic
coil powered from a laboratory current source, if necessary,
a more precise calibration can be performed.

Lock-in detection was used to improve the accuracy of
measuring the position of the resonances and, consequently,
the magnetic field. The shape of cross-relaxation resonances
after lock-in detection is shown in 4,b. Since the shift
of the central resonance allows us to determine the z-
component of the measured field, the sensitivity of the
magnetometer (in scalar regime) can be defined as the
ratio of noise to the slope m of the dependence of the
lock-in detector signal on the magnetic field (the derivative
of the lock-in detector signal over the magnetic field) in
the middle of the central resonance. The magnitude of m
at low frequencies is determined by the contrast of the
cross-relaxation resonances. When the frequency of the
alternating component of the magnetic field used to operate
the lock-in detector is increased, a decrease in the response
may be observed.

When designing the model, the dependence of the
cross-relaxation resonance contrast on the optical pump
intensity and the frequency characteristics of the effect were
investigated (Fig. 5). The measurements were made in a
geometry similar to the model scheme with the difference
that the radiation was focused on the diamond crystal using
a lens, which allowed for a wider range of intensities.

The maximum contrast corresponded to the intensity of
about 100 W/cm?; when the intensity was increased to
several kW/cm?, a proportional increase in the fluorescence
signal with a moderate decrease in contrast was observed.
The value of m dropped in the high frequency range, the
cutoff frequency on the level 0.5 at low intensity was 0.5 kHz
and increased with increasing intensity. Based on this
research, the model was designed to work with frequencies
of the alternating magnetic field component in the range of
0.5—-10kHz.
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Figure 6. The slope of the lock-in signal dependence on the magnetic field at the resonance center as a function of the frequency (a)

and amplitude () of the variable magnetic field component.

In the sensor we used, the laser power was limited by
overheating of the diamond sample, leading to the destruc-
tion of the adhesive layer. Stable operation was possible
at the radiation power of 15mW, which corresponds to
the intensity of 50 W/cm?. At this intensity, the value m
decreased with increasing the frequency of the alternating
component of the magnetic field (Fig. 6,a). The noise was
almost independent of the frequency in the range of the
model operation, with distinctive peaks at 0.5 and 1kHz,
related to the peculiarities of the Cobolt 06-91 laser used
(when working with the PLM 520 laser no such peaks were
observed, but the total noise level was higher). To work with
the sensor we selected the frequency 0.75kHz, providing
the best sensitivity, and amplitude 0.16 mT, close to the
optimal (Fig. 6, 5), under these conditions m = 2.6 V/mT.

To measure the noise characteristics of the magnetometer
and to determine the sensitivity (in scalar regime), we used
a technique similar to the one used in [10,11]. The value
of the scanned magnetic field corresponding to the middle
of the central resonance was set. The consecutive values

of the lock-in detector signal were recorded. The square
root of the spectral density normalized by m was calculated.
The results of measurements with the time constant of
the lock-in detector (time of measurement of each point)
7 =0.1s and the number of points 10000 (total length
of the record 1000s) are shown in Fig. 7. The average
noise at frequencies greater than 0.6 Hz is 18 n'T/Hz!/2. The
greater noise at low frequencies, corresponding to the slow
drift of the lock-in detector signal with a characteristic
time on the order of a second or more, which was also
observed in the temporal shape of the signal, may be
related to changes in the magnetic field in the laboratory.
To test this assumption, noise measurements were made
when the sensor was partially shielded with a steel screen
providing about a tenfold reduction in the magnetic field.
We observed a significant decrease in the drift of the lock-
in detector signal, and the magnitude and nature of the noise
at frequencies greater than 0.6 Hz practically did not change.
Thus, the magnetic field sensitivity in the scalar regime with
the sensor used can be estimated as 18 nT/Hz!/2.

Technical Physics, 2022, Vol. 67, No. 11
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Figure 7. Noise spectrum of the magnetometer.

The maximum sensitivity, limited by the photocurrent
shot noise, can be estimated as 6 = +/2qIK/m, where | —
photocurrent, q — electron charge, K = 10’ V/A — gain
of the balanced photodetector amplifier, which under mea-
surement conditions (photocurrent 12.3 uA, corresponds
to fluorescence power 27uW) is 7.6nT/Hz!/2. For the
balanced optical signal detection scheme used in the model,
which allows to significantly reduce the influence of the
laser intensity noise, the shot noise power doubles and,
accordingly, the maximum sensitivity is 2!/? times worse
and is 10.7nT/Hz!/2. Thus, the achieved sensitivity is
only 1.7 times inferior to the maximal possible sensitivity.

To measure the magnetic field, an iterative procedure
is implemented in the model to find the positions of
the centers of the resonances (corresponding to the zero
signal of the lock-in detector). Each step of the iterative
procedure sets the value of the constant component of
the scanned field by, corresponding to the center of the
resonance calculated in the previous step, measures the
lock-in detector signal, and calculates the new value of the
resonance position in the linear approximation:

bn+1 = bn— fn/m,

where m — the slope at the center of the corresponding
resonance.

In the scalar regime only the position of the central
resonance is measured, in the vector regime — the position
of each resonance is calculated in turn at each measurement
step. The positions of the resonance centers in the
absence of the measured field can be used as initial
values; the measurement range in this case is determined
by the width of the cross-relaxation resonances and is
(—200)—(+200) uT for each projection. The values of m
are determined before starting the iterative procedure and
do not change during measurement.

To check the iterative procedure and determine the
sensitivity in this regime, test measurements were carried
out. For scalar measurements, a magnetic coil powered

Technical Physics, 2022, Vol. 67, No. 11

by an Agilent 33250A generator created a square-wave
magnetic field with an amplitude of 12uT and a period
of 10s; in the vector mode, a rectangular pulse of 25s,
generated by the same coil placed at an angle to the sensor,
was used. The measurements showed (Fig. 8) that it takes
1-2 iterative steps to establish the measurement result;
rapid changes in the magnetic field can lead to outlier
measurement results with the duration of one iteration. The
noises in the scalar regime, estimated from the signal on
the square-wave top, agree with the results obtained above.
The vector regime requires determining the positions of
5 resonances, which increases the time required to measure
each point by 5 fold.

4. Discussion. Possible ways to increase
sensitivity

The achieved sensitivity of 18 nT/Hz!/? is not among
the best for magnetometry using NV-centers in diamond,
including methods without microwave radiation. In par-
ticular, work [11] demonstrated sensitivity of 0.3 nT/Hz!/2.
However, the method used in [11] requires the application
of a strong (on the order of 0.1T) and precisely oriented
magnetic field to the diamond, which complicates the
sensor construction and limits the applicability of the
magnetometer. In addition, high sensitivity was obtained
using isotopically pure diamond with '2C 99.97%, in studies
with diamond with natural isotope content the sensitivity
was 6 n'T/Hz!/2 [10] at a higher (~ 200 mW) pump intensity.
A more feasible approach for creating microscopic sensors
without microwave radiation is based on driving diamond
with NV-centers with HF radiation (1—10MHz) [12]. For
a sensor with similar design and parameters to ours, the
stated sensitivity limited by shot noise is 3.6 nT/Hz!/2, and
determined by the observed noise 4—5 times worse. This is
comparable to the sensitivity we demonstrated without the
need for HF radiation.

Note, that the sensitivity we achieved is only 1.7 times
lower than the maximum sensitivity limited by the shot
noise, so that the possibility of increasing the sensitivity by
optimizing the electronic part is practically exhausted.

A natural way to increase the sensitivity limit is to
increase the fluorescence intensity and correspondingly
the photocurrent at the detector, which can be achieved
by increasing the pump intensity or by increasing the
fluorescence collection efficiency. If the heat sink problems
are solved, it is possible to increase the pump intensity by
at least an order of magnitude without significantly reducing
the contrast of the resonances. Various methods are used
to increase the collection of fluorescence. In work [12],
for example, using a larger diameter fiber and a reflective
coating, the resulting photocurrent value (~ 40 uA) is about
three times higher than what we obtained with a similar
diamond crystal and pump intensity. Even more promising
could be the use of special parabolic condenser [17]. It is
also possible to place the photodetector close to the crystal
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(see, for example, [6]) and/or to increase the size of the
active element, which, however, would increase the size of
the sensor.

Another way to increase the sensitivity could be to
increase the contrast of the cross-relaxation resonances by
increasing the concentration of NV-centers. In the available
samples (maximum irradiation dose 10'® electrons on cm?)
we observed an increase in contrast with increasing dose
without broadening of the resonances. Thus, one can
hope for a further increase in sensitivity with increasing
concentration.

The use of isotopically pure diamond could potentially
be of interest for narrowing the cross-relaxation resonances
and increasing sensitivity, but, as far as we know, cross-
relaxation resonances in such samples have not been
investigated. In addition, the sample itself, along with the
low content of '3C, must have a sufficient concentration of
NV-centers to observe cross-relaxation resonances.

Another way to increase sensitivity would be to use a
magnetic flux concentrator [18], but this method would
inevitably lead to a decrease in spatial resolution.

Conclusion

A model of a new type of optical quantum magnetometer
based on cross-relaxation resonances in an ensemble of NV-
centers in diamond was created. A diamond crystal of the
size of about 300 um, attached to the end of the optical
fiber was used as the sensor. The magnetometer does not
use microwave radiation used in traditional magnetometry
scheme with NV-centers, and allows both scalar (one pro-
jection) and vector magnetic field measurement. In scalar
regime, sensitivity to magnetic field 18 nT/Hz!/? has been
demonstrated.
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