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Application of polycrystalline diamonds for magnetometry based
on interactions of nonequivalently oriented groups of NV centres
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Abstract. The possibility of using polycrystalline diamonds for
measuring weak magnetic fields based on cross-relaxation interac-
tion between nonequivalently oriented NV-centre groups is theo-
retically shown and experimentally demonstrated.
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The unique properties of negatively charged nitrogen-
vacancy (NV) centres in diamond make them attractive for
various applications, among which magnetometry is most
promising and ready for commercial use [1]. A standard
magnetometry scheme using NV centres is based on opti-
cally detected magnetic resonance (ODMR) [1-4]. This
method consists in observation of dips appearing in the opti-
cally (usually nonresonantly) excited fluorescence of NV
centres upon scanning the microwave radiation frequency
and can be used in a wide temperature range, from cryogenic
temperature [5, 6] to 700 K [7]. The possibility of operation
with both single defects and their ensembles makes it possi-
ble to select an optimal combination of spatial resolution
and measurement accuracy for a particular problem. A sub-
stantial limitation of this approach is the use of microwave
radiation, which restricts the spectrum of possible applica-
tions.

Recently, some magnetometry schemes with NV centres
without using microwave radiation have been proposed. To
measure strong fields, it was suggested to use the effect of a
decrease in the fluorescence intensity [8] and a change in the
spin relaxation contrast [9] in a magnetic field, but these
methods have a relatively low sensitivity. A protocol for mea-
suring weak magnetic fields based on anticrossing of spin sub-
levels of the ground state of NV centres was proposed in [10].
This protocol requires application of an additional strong
(~1000 G) magnetic field, which somewhat restricts the range
of its application. A promising but rather complicated method
is based on the effect of electromagnetically induced transpar-
ency [11].
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In [12], we proposed and experimentally demonstrated a
method for magnetic field measurement based on the obser-
vation of cross-relaxation resonances in NV centres in dia-
mond single crystals. The method consists in the following.
The axis of NV centres in diamond crystal can be oriented
along four different directions, namely, [1,1,1], [-1,1,1],
[1,-1,1], and [1,1,-1]. The frequencies of transitions between
the ground state sublevels depend on the magnetic field
strength and direction and, in general, do not coincide for NV
centres with different orientations. At some magnetic field
directions, the transition frequencies for one or several groups
of NV centres may coincide, which will lead to cross-relax-
ation interaction between them and to a change in the signal
of optically induced fluorescence.

Let a magnetic field be a sum of an unknown constant
field and a scanned field. In this case, the dependence of the
fluorescence intensity on the scanned field may exhibit up to
nine cross-relaxation resonances. The resonance positions
depend on the constant magnetic field and, therefore, can be
used for its measurement. The proposed method ensures a
high measurement accuracy and does not require microwave
radiation, strong magnetic fields, etc. However, for precision
measurements, it is necessary to highly accurately orient the
scanned magnetic field with respect to the crystal axes. In
addition, some problems may arise with measuring weak
magnetic fields insufficient for complete splitting of reso-
nances.

In the present work, we consider the possibility of using
polycrystalline diamonds for magnetometry based on cross-
relaxation interaction of NV centres. Note that the possibility
of using polycrystalline samples and nanocrystals with ran-
dom axis orientations for magnetometry was also discussed in
works [13, 14].

In the case of a polycrystalline sample with random orien-
tations of axes, there is no any preferable direction and,
hence, the fluorescence signal can depend only on the mag-
netic field strength: F(B) = F(B). Dependence F(B) was calcu-
lated using numerical simulation. The energy of dipole—dipole
interaction between NV centres in diamond rapidly decreases
with increasing distance between them, because of which the
simulation was performed assuming that NV centres with dif-
ferent axis orientations interact in pairs and all the possible
(six) pairs contribute with identical weights to the total fluo-
rescence signal. When modelling the fluorescence from a pair
of interacting NV centres, we assumed that cross relaxation
leads to their depolarization, because of which the fluores-
cence signal under the conditions of nonresonance pumping
decreases [1, 12]. It was supposed that the intensity of cross-
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relaxation processes depends only on the difference between
the frequencies of transitions between sublevels of the ground
state of NV centres. The ground state of the NV centres is
a triplet, its sublevels with m = 0 and %1 being split by
~2.88 GHz at a zero magnetic field. For simplicity, we
summed the contributions from all the possible interactions
at the |0) « |+1) and |0) « |-1) transitions. Possible interac-
tions via the |0) < |+1) and |-1) < |+1) transitions were not
taken into account because their frequencies can coincide
only in relatively strong fields. The interaction via the |-1) <
|[+1) transitions of different centres was also ignored because
these transitions are forbidden in the dipole approximation.
The dependence of the fluorescence signal on the difference
between transition frequencies Aw was described by the
Lorentzian profile

Flhw) =1 — C[l 4 (fu—‘fﬂ*l. (1)

Contrast C and characteristic width @, were chosen so that
the calculation results for a single crystal sample corresponded
to the experimental results obtained in [12]. For frequencies
w, and w_ of transitions |0) & |+1) and |0) < |-1), we used the
expression [12, 15]

s = 2‘/3§D(3b2+ 1)”2sin(%+6i), ()

where 0, = n/3, 6_ = 2n/3; b = yugB/D is the dimensionless
magnetic field, D ~ 2.88 GHz, and parameter « is determined
by the expression

2 2.2
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(6 is the angle between the magnetic field and the axis of the
NV centre).

The dependence of the fluorescence signal intensity on the
magnetic field strength was calculated for a particular mag-
netic field orientation with respect to the crystallographic
axes of the sample. Then, we performed averaging over a
large number of random orientations.

The calculation results are presented in Fig. la. The
fluorescence signal dependence for a polycrystalline sam-
ple is shown by the solid curve. For comparison, the dashed
and dotted lines show the dependences calculated for a
monocrystalline sample and different magnetic field direc-
tions (along vectors [1, 2, 3] and [1, 0.25, 0.1], respectively).
One can see that the use of a polycrystalline sample causes
no noticeable increase in the width of the cross-relaxation
resonance. Moreover, resonance in monocrystalline dia-
mond for some magnetic field directions can be even wider.
It is necessary to note that the resonance in the case of
polycrystals has much ‘heavier’ wings, which, nevertheless,
does not affect the accuracy of determination of the reso-
nance peak position.

Following [12], let us represent the magnetic field in the
form of a sum of the measured (B,) and scanned (B,.) mag-
netic fields. In this case, the dependence of the fluorescence
signal on the scanned magnetic field strength will be writ-
ten as

f(Bo) = F((Be+ B)’ + BY), )
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Figure 1. (a) Dependences of the fluorescence signal on dimensionless
magnetic field for (solid curve) polycrystalline and (dashed and dotted
curves, which correspond to different magnetic field directions) single
crystal samples and (b) dependence of the resonance HWHM A on the
transverse magnetic field B,. A, is the cross-relaxation resonance half-
width in the absence of a transverse magnetic field.

where Bj and B, are the longitudinal and transverse (with
respect to the scanned magnetic field) components of the
measured field.

The fluorescence signal profile will exhibit a single cross-
relaxation resonance with a centre at

By =—By. (®)]

Thus, the measurement procedure is reduced to recording
the cross-relaxation resonance position, which allows one to
directly determine the measured field projection on the
scanned field direction. If necessary, one can perform several
measurements with different directions of B, and determine
the magnetic field strength and direction.

The transverse magnetic field component does not affect
the resonance position but leads to its broadening and a
decrease in contrast. From (4), it follows that the fluorescence
signal in the cross-relaxation resonance centre depends only
on B;: F(B)). We will assume that F(B = o) = 1; then, the
expression for contrast can be written as

C(B))=1-F(B)). (6)

From this it follows that the resonance contrast decreases
twofold at B, = A, where A, is the cross-relaxation reso-
nance half-width in the absence of a transverse magnetic
field. The broadening of the cross-relaxation resonance
caused by a transverse field can also be calculated based on
formula (4). The dependence of resonance HWHM A on the
transverse magnetic field is presented in Fig. 1b. One can see
that the resonance for weak fields (B, << A;) almost does
not broaden, while A at strong transverse fields is propor-
tional to B .

Thus, a decrease in contrast and the broadening of the
cross-relaxation resonance caused by a transverse filed can be
considered acceptable for transverse fields with strengths
below or about the unperturbed resonance half-width (in our
experiments, this value is ~5 G).
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To check the theoretical concepts developed in the present
study, we performed an experiment using the scheme pre-
sented in Fig. 2a. As a polycrystalline sample, we used a stack
of ~25 glued diamond crystals (HPHT diamonds with a char-
acteristic size of ~0.25 mm irradiated by an electron beam
with an intensity of 10'8 electron cm=? and then annealed at
a temperature of 800°C) on a glass substrate. The trans-
verse size of the stack was ~2 mm. Excitation was per-
formed by a laser with a wavelength of 532 nm, a beam
width exceeding the transverse size of the batch, and a radi-
ation intensity of 8 W c¢cm™2. The fluorescence was colli-
mated by a lens and detected by a photodiode; the residual
pump radiation was cut off by a light filter. Due to a small
number of crystals in the stack, for better imitation of a
polycrystal, we performed measurements at several (eleven)
rotations of the sample around the longitudinal axis and
averaged the measurement results. The sample was placed
in a scanned magnetic field formed by a solenoid. An addi-
tional magnetic field directed at an angle to the scanned
field was applied to the sample using a magnetic coil (not
shown in Fig. 2a).

The dependences of the fluorescence intensity on the
scanned magnetic field for different currents through the
magnetic coil are shown in Fig. 2b. The longitudinal com-
ponent of the additional magnetic field causes a shift of
the cross-relaxation resonance, while the transverse com-
ponent leads to a decrease in the contrast and to a broad-
ening. The irregular shape of the resonance is related to a
small number of crystals in the stack and, according to
calculations, can be considerably improved by increasing
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Figure 2. (a) Experimental scheme, (b) cross-relaxation resonance at
different magnetic coil currents 7, and (c) dependence of the longitudi-
nal magnetic field component measured by the cross-relaxation reso-
nance position on the magnetic coil current and its linear approxima-
tion.

the number of crystals in the working volume above 1000,
which can be easily achieved by using polycrystalline dia-
mond samples.

Figure 2c shows the dependence of the projection of the
additional magnetic field on the coil current, which was
measured by the cross-relaxation resonance position. The
measured results coincide to a high accuracy with a linear
dependence. Upon measurements, the transverse compo-
nent of the additional magnetic field invariably exceeded
the longitudinal component (the angle between the scanned
and additional fields was larger than 45°). Our experiments
confirm the feasibility of the proposed method for measur-
ing magnetic fields up to several gausses.

Thus, in the present work, we theoretically showed and
experimentally demonstrated the possibility of using poly-
crystalline diamonds for measuring magnetic fields based on
the cross-relaxation between nonequivalently oriented
NV-centre groups. The proposed method can be used for
magnetic fields up to several gausses. The use of polycrystal-
line samples instead of diamond single crystals allows simpli-
fication of the measurement procedure. In particular, in the
case of polycrystalline samples, precise orientation of the axes
is not needed and one observes only one cross-relaxation res-
onance whose position makes it possible to directly determine
the magnetic field projection on a given direction. Note also
that the use of polycrystalline diamonds and diamond pow-
ders instead of single crystals may considerably reduce the
magnetometer cost.
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