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Nitrogen vacancy (NV) centers in diamond have useful properties for detecting both ac and dc magnetic fields
with high sensitivity at nanoscale resolution. The vector detection of ac magnetic fields can be achieved by using
NV centers having three different orientations. Here, we propose a method to achieve this by using NV centers
of single orientation. In this method, a static magnetic field is applied perpendicular to the NV axis, leading to
strong mixing of the my = —1 and 1 electron spin states. As a result, all three electron spin transitions of the
triplet ground state have nonzero dipole moments, with each transition coupling to a single component of the
magnetic field. This can be used to measure both the strength and orientation of the applied ac field. To validate
the technique, we perform a proof-of-principle experiment using a subset of ensemble NV centers in diamond,
all having the same orientation. This method is equally applicable to single NV centers.
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I. INTRODUCTION

Sensitive detection of magnetic fields is an essential task
in many areas of science, technology, and medicine. Sen-
sors based on different techniques have been developed for
this purpose [1-4]. Among these, sensors based on nitro-
gen vacancy (NV) centers in diamond have the advantages
of room-temperature operation and high-sensitivity detection
with nanoscale resolution [5—7]. Additionally, NV centers are
useful for detecting both ac and dc magnetic fields [8—15].

Sensitive detection of ac magnetic fields produced by spins
and charges at micro- and nanoscales have interesting appli-
cations in magnetic resonance and condensed matter physics.
Methods based on different technologies have been developed
for this purpose [16-23]. In many cases, it is desirable to
measure not only the magnitude, but also the orientation of
the magnetic fields. Important examples where the vector
detection of ac fields is important include magnetic excitations
and current distributions in materials [24]. Most of the existing
methods for detecting ac magnetic fields in the microwave
(MW) frequency range lack vector detection capabilities or
nanoscale resolution.

Small sensor size, long-coherence times, and C3, symme-
try of NV centers can be beneficial for the vector detection
of dc and ac magnetic fields. The vector detection of dc
and slow time-varying fields by using NV centers have been
thoroughly investigated [25-33]. Here, we focus on the vector
detection of fields with frequency greater than 1 MHz. For
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small static magnetic fields, the quantization axis of NV cen-
ters is pointed along the NV axis. The electron spin dipole
moments, in general, are perpendicular to the quantization
axis and hence only the components of the applied ac fields
that are perpendicular to the quantization axis interact with
the spin transitions of the center. Therefore, to achieve the
vector detection of ac fields using conventional technique,
at least, three NV centers having varied orientations are es-
sential. This has been demonstrated by using ensemble NV
centers [34]. However, the requirement of multiple NV centers
with different orientations puts a restriction on the sensor size
and limits its applicability for nanoscale imaging. Recently,
vector detection of ac magnetic fields by a single NV center
has been demonstrated by using a method known as rotating-
frame Rabi magnetometry [35]. In Ref. [35], the components
of the applied ac field have been measured by tuning the
Rabi frequencies of NV spin transitions to different resonance
conditions. However, this method requires that the Rabi fre-
quencies of the electron spin transitions are comparable to
their transition frequencies, which is a stringent prerequisite.
A vector detection scheme using level anticrossings of an
NV center coupled to a first-shell '*C nuclear spin has been
reported in Ref. [36]. The anticrossings used in Ref. [36]
occur when the energy level splitting due to the Zeeman
interaction of the NV electron spin is equal to the splitting
due to the hyperfine interaction of first-shell '3C nuclear spin.
The disadvantage of this method is that it requires a first-shell
13C atom; the probability of finding such a configuration is
merely 3.3%. Moreover, the bandwidth of the sensor is very
narrow.

NV centers with a transverse magnetic field have been
previously used for electric-field sensing [37], suppression of

©2024 American Physical Society


https://orcid.org/0000-0002-3552-7086
https://orcid.org/0009-0001-3883-6888
https://orcid.org/0009-0000-9189-9776
https://orcid.org/0000-0002-0843-3826
https://orcid.org/0000-0002-7349-3032
https://orcid.org/0000-0003-1100-5950
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.195424&domain=pdf&date_stamp=2024-05-17
https://doi.org/10.1103/PhysRevB.109.195424

POOJA LAMBA et al.

PHYSICAL REVIEW B 109, 195424 (2024)

electron spin decoherence [36,38], temperature sensing [39],
and magnetic field angle sensing [40].

Here, we propose and demonstrate a method for the vec-
tor detection of ac magnetic fields via NV centers of single
orientation. This method, which is also applicable for single
NV centers, exploits the energy level anticrossing that occurs
within the mg = %1 subspace when a static magnetic field is
applied perpendicular to the NV axis. Particularly, for mag-
netic fields of strength up to few tens of mT, the eigenstates
of the electron spin of the center at this level anticrossing can
be approximately written as |0), H\Z”), and |*1\>/"'§"1>’ where
|mg) = |0), |£1) refer to the eigenstates of the electron spin
operator S, and z is orientated along the symmetry axis of the
NV center. All three transitions between these levels, includ-
ing the transition in the mg = 41 subspace, have strong dipole
moments and their directions are perpendicular to each other.
Only the component of the applied ac field that is oriented
parallel to the dipole moment can excite the corresponding
transition. This can be used to measure both strength and
orientation of the applied ac field. The amplitude of the vector
components of the ac field can be measured by on-resonantly
exciting each of the three transitions. The frequencies of these
transitions can be tuned to match the frequency of the ac field
by varying the strength of the static magnetic field.

This paper is arranged as follows. In Sec. II, we describe
the method, and in Sec. III, we demonstrate the method ex-
perimentally by using an ensemble of identically oriented
NV centers in diamond. Finally, in Sec. IV, we discuss and
conclude.

II. METHODOLOGY

The NV center is a point defect in diamond with Cs,
symmetry [41,42]. It has spin-1 ground and excited states. Op-
tical pumping causes polarization of its electron spin into the
mg = 0 state. Since the intensity of the fluorescence emitted
by the center depends on its spin state, it is possible to read
the spin state of the center optically. The Hamiltonian for the
electron spin of the ground state of the NV center in an applied
static magnetic field can be written as

Ho = DS? + y.B(sin 0 S, + cos 6 S,). (D)

Here, we set & = 1 and use frequency units for energy. S/,
represent the components of the spin-1 angular momentum
operator. D = 2870 MHz is the zero-field splitting between
the |mg) = |0) and |%1) states. y, represent the gyromagnetic
ratio of the electron spin. B and 6 represent the strength
and polar angle of the static magnetic field in a coordinate
system whose Z axis is aligned with the symmetry axis of the
center, as shown in Fig. 1(a). For 6 # 0, the X axis is defined
as the direction of the projection of the field into the plane
perpendicular to the Z axis.

The |mg) = |+1) states, which are degenerate in zero
magnetic field, split due to the Zeeman interaction and this
splitting is proportional to the strength of the applied static
magnetic field. When the field is applied parallel to the NV
axis or at a small angle to it, mg is a good quantum number
and the eigenstates of the electron spin are |0), |—1), and
[1). As shown in Fig. 1(b), the transitions |0) «— |—1) and
|0) <— |1) are allowed and the transition between the states
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FIG. 1. (a) Schematic diagram of the NV center in diamond and
the static magnetic field. (b) Energy level diagram of the ground
state of the NV center and the allowed transitions between them
when B is oriented parallel to the NV axis. (¢) Frequencies of energy
levels of the mg = %1 subspace as a function of 6 for B = 10.7 mT.
(d) Energy level diagram when B is oriented perpendicular to the
NV axis. The transition labeled by Z has a dipole moment along
the NV axis, the transition labeled by X has a dipole moment along
the direction of B, and the transition labeled by Y has a dipole
moment perpendicular to both these directions.

|—1) and |1) is forbidden. The transition dipole moments
of the allowed transitions are oriented perpendicular to the
NV axis and thus can be excited by components of resonant
microwave fields that are oriented perpendicular to the NV
axis.

When the angle between the NV axis and the static mag-
netic field is close to 7 /2, there is a strong mixing between the
states |mg) = |—1) and [1). As shown in Fig. 1(c), the plot of
energy levels versus angle 6 shows anticrossing at 6 = /2.
For magnetic fields of strength up to few tens of mT, the
eigenstates of the electron spin at § = w /2 can be approxi-
mately written as |0), |—), and |+), where |—) and |+) are
defined as J%('—l) — 1)) and %0—1) + 1)), respectively.
The separation between the states |—) and |+) is of the order

of %. All three transitions between the states |0), |—), and
|+) are allowed and have strong dipole moments [Fig. 1(d)].
Most importantly, the orientations of dipole moments of these
transitions are orthogonal to each other. The dipole moment
of the transition between the states |—) and |+) is parallel
to the NV axis, the dipole moment of the transition between
the states |0) and |+) is along the direction of the magnetic
field, and the dipole moment of the transition between the
states |0) and |—) is oriented perpendicular to both these
directions. In the coordinate system defined earlier in this
section, [(—[S;|+)| ~ 1, [{0[Sy|+)| ~ 1, and [(O]Sy|—)| ~ 1,
while all other matrix elements are close to zero. This can be
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FIG. 2. (a) Coordinate system with static and ac magnetic
field orientations. (b) Transition probabilities of |0) <— |+) and
|0) «<— |—) transitions as a function of 1 for 6 = 7 /2.

utilized for the vector detection of ac magnetic fields that are
on resonance with these transitions.
A linearly polarized ac magnetic field can be expressed as

-

Bae = Bac(sing cosnx +sin¢ sinny + cos ¢ 2)
X cos(wt + @), 2)

where B,., ¢, and n are the strength, polar, and azimuthal
angles of the field, respectively. w and ¢ are the angular
frequency and phase of the field. A schematic representation
of By, and the angles ¢ and 7 is given in Fig. 2(a). The
Hamiltonian corresponding to the interaction of the ac field
with the electron spin of the NV center can be written as

Hac = VeBac - S. 3)

The purpose of this paper is to determine the parameters
By, ¢, and 1 of the ac field from experimental measurements.
As shown in Fig. 2(b), the probabilities of the transitions
|0) «<— |—) and |0) <— |+) have a sinusoidal dependence
on the angle n between the static field and the transverse
component of the ac field. When n = 0 (n = m/2), the prob-
ability of the transition |0) «— |—) (]0) «<— |+)) is close
to zero and the probability of |0) «— |+) (|0) <— |—)) is
close to one. Therefore, by comparing the experimental am-
plitudes or Rabi frequencies of the aforementioned transitions
for a fixed transverse orientation of the static field, we can
determine the angle 1. Once 7 is known, B,. and ¢ can be de-
termined by comparing the Rabi frequencies of the transition
|—) <—> |+) and any one of the two transitions |0) <— |—)
and |0) <— |4). When the frequency of the applied ac field
matches the frequency of the transitions, whose dipole mo-
ment is along the direction of the field, it induces transitions,
which may be observed as a drop in the fluorescence emitted
by the NV centers under optical illumination. This effect is
known as optical detection of magnetic resonance (ODMR)
[43,44]. The relative amplitudes of the resonant dips of the
three transitions in the continuous-wave (cw) ODMR experi-
ments can be used to determine the parameters of the ac field.
Alternatively pulsed ODMR experiments as described in the
next section can be performed to measure the Rabi frequencies
of the transitions.

For a fixed static field, the transition frequency of
the transition |—) <— |+) is very different from that of
the transitions |0) «— |—) and |0) «<— |+). So, vector

detection at a fixed static field requires tuning of the frequency
of the ac field to frequencies of the transitions |0) «— |—)
and |—) «<— |+). Vector detection of an ac field of fixed
frequency requires application of two different static magnetic
field strengths. In the next section, we describe the experi-
mental implementation of the protocol at a fixed static field
of strength 10.7 mT. We discuss the procedure for the vector
detection of an ac field of fixed frequency in the last section.

III. PROOF-OF-PRINCIPLE EXPERIMENTS

The experiments were performed on a home-built confocal
microscope setup equipped with a 532-nm laser for off-
resonant excitation of optical transitions, and radio-frequency
(rf) and MW electronic circuits for resonant excitation of
electron spin transitions. A chemical vapor deposition (CVD)-
grown single-crystal diamond with a nitrogen concentration
of 800 ppb was used. There were hundreds of NV centers
within the excitation volume of the confocal microscope. The
ac magnetic fields, whose vector detection we were trying to
achieve, was generated by a current through a 25-um copper
wire attached to the diamond surface. This work required
precise orientation of the static magnetic field with respect to
the NV axis and it was achieved by using a permanent magnet
attached to two rotational stages whose axes were orthogonal
to each other and crossed at the site of the diamond crystal.
NV centers of all four possible orientations that were within
the confocal spot were excited simultaneously by the laser and
contributed to the total detected fluorescence. However, in the
ODMR experiments, the frequency of the applied field selects
only one specific orientation.

As described in the previous section, we determine 7, the
angle between the transverse component of the ac field and
the static magnetic field. Specifically, Fig. 1(d) illustrates that
when the static magnetic field is oriented perpendicular to the
NV axis, the transition between the states |0) and |+) can only
be excited by a component of the ac field that is parallel to
the static magnetic field. Likewise, the transition between the
states |0) and |—) can be excited by a component of the ac
field that is perpendicular to both static field and NV axis. In
our experimental setup, the direction of the applied ac field is
fixed, but we can change the direction of the static magnetic
field. We recorded cw ODMR spectra by applying a static
magnetic field of strength 10.7 mT at different orientations in
the plane perpendicular to the NV axis. Figure 3 summarizes
the results. When n = 0, the ODMR consists of only one peak
at 2932 MHz corresponding to the |0) <— |+) transition.
The other peak at 2900 MHz corresponding to the transi-
tion |0) «— |—) has negligible intensity. Conversely, when
n = m /2, the peak at 2932 MHz is of negligible intensity
compared to the peak at 2900 MHz. When n = 7 /4, as shown
in Fig. 3(c), both peaks are of equal intensity. In other words,
when the static magnetic field is aligned with the transverse
component of the ac field, the transition |0) <— |—) has
minimum intensity and the transition |0) <— |+) has max-
imum intensity. So, we can determine the direction of the
transverse component of the ac field by simply rotating the
static magnetic field in the plane perpendicular to the NV axis
and look for the direction at which the transition |0) <—> |—)
has minimum intensity and the transition |0) <— |+) has
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FIG. 3. cw ODMR spectra for different orientations of the static
magnetic field in the plane perpendicular to the NV axis: (a) n =
0, (b) n =m /2, (c) n = m /4. Blue dots represent experimental data
and red lines are Gaussian fits of these data. (d) Ratio of amplitudes,
1 /1, as a function of n. Blue dots represent the ratio of amplitudes
determined from the ODMR spectra and the red line represents a
fit of these data to the expression am + ¢, where 1y = 90°
(£0.9).

maximum intensity. The ratio of intensities of these two tran-
sitions as a function of 7 is given in Fig. 3(d). The maximum
of this ratio corresponds to n = 7 /2. From this, we are able to
determine the direction of the transverse component of the ac
field with an uncertainty £0.9°. Alternatively, one can also
determine this at a given magnetic field orientation in the
transverse plane by comparing the Rabi frequencies of the two
transitions.

As mentioned in the last section, B,, the strength of the
applied ac field, and ¢, the angle between the NV axis and
the direction of the ac field, can be determined from the
measured Rabi frequencies of the transitions [0) <— |—) and
|—) «<— |+) for a fixed value of . The Rabi oscillations of
the transition |0) <— |—) can be straightforwardly measured
by using the pulse sequence given in Fig. 4(b) and the result
is shown in Fig. 4(d).

The transition frequency of the transition |—) «— [+)
is equal to the difference between those of the transitions
|0) «— |—) and |0) «<— |+). From the ODMR spectra in
Fig. 3, itis determined as 32 MHz. Laser illumination does not
create a population difference between the states |—) and [+)
and also these states cannot be distinguished directly from the
intensity of the fluorescence emitted by the NV centers. So, to
measure the Rabi oscillations of the transition |—) <—> |+),
the pulse sequence given in Fig. 4(c) is used. First, the state
|0) is populated by a laser pulse and this population is trans-
ferred to the |—) state by a microwave m pulse. This creates
population difference between the states |[—) and |+). For the
actual Rabi experiment, the transition |—) <— |+) is driven
on resonance by an rf pulse with a frequency of 32 MHz
and variable duration. The resulting dynamics are measured
by transferring the population from |—) to |0) by the second

FIG. 4. Rabi oscillations and the pulse sequences. (a) Electron
spin energy level diagram displaying the transitions whose Rabi
oscillations are measured. (b) and (c) represent the pulse sequences,
and (d) and (e) are the resultant Rabi oscillations of the transi-
tions |0) <— |—) and |—) <— |4) respectively. MW and RF in
(b) and (c) refer to the frequencies of the transitions [0) «— |—) and
|—) «<— |+), which are 2900 and 32 MHz, respectively. In (d) and
(e), blue dots represent experimental data and red lines represent
fits of this data to the expression a cos(2mwvt)exp(—t/Tg) +c. v =
2.24 (£0.01) and 5.49 (£0.02) MHz, and Tz = 2.9 (+1.4) and 1.2
(£0.3) us for (d) and (e), respectively.

microwave 7 pulse and reading it out by applying the second
laser pulse. The corresponding Rabi oscillations are shown in
Fig. 4(e).

The expressions relating the Rabi frequencies and the cor-
responding transition amplitudes can be written as

ﬁzy—;BMw sin ¢ cos 0] (0]S,|+)| = Ros. )
JEZV—;BMW sin ¢ sin n|(0]S,|—)| = Ro_. ©)
ﬁ;—;Brfcosc|<—|Sz|+>| =R_,. ©6)

Here, Byw and Bys represent the amplitudes of the ac field
at frequencies 2900 and 32 MHz, respectively. Ry, = 3.43
(£0.01) MHz, Ry_ = 2.24 (£0.01) MHz, and R_, = 5.49
(£0.02) MHz are the measured Rabi frequencies of the
transitions |0) «<— |+), |[0) «— |—), and |—) «—> |+), re-
spectively. From Egs. (4) and (5), we can write

_ Ro_[{0IS:[+)]
Ro+[{0ISy[=)1"

and the angle 5 is 33.3° (£0.1). As expected, this angle
matches with the angle between the current magnetic field
vector and the X axis, determined from the ODMR spectra
earlier in this section as 34°. This validates the method for
determining 7.

Determining the angle ¢, and Byw, By requires accurate
measurement of the ratio 1% at the site of the sensor. Be-
cause of the large frequency difference between the Byw
and By signals and the simple wire antenna that is used for

tan n 7
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transmission, it is not possible to accurately determine the
ratio 1;;—'; at the site of the sensor in our experimental setup.
By measuring the power levels of the MW and rf signals in
the transmission line immediately after the wire antenna, we
obtain an estimate of the ratio ;;—‘:'N ~ 0.44. By substituting
this ratio and the measured Rabi frequencies into Egs. (4)
and (6), we determine Byw = 0.334 mT, B,y = 0.146 mT,
and ¢ = 18°. To compare the direction of the measured ac
field vector with the calculated one, we define a laboratory
coordinate system in which the Y axis is parallel to the wire
antenna and the Z axis is perpendicular to the diamond sur-
face. In this coordinate system, the direction of the measured
ac field vector is [0.48, 0.30, —0.83]7. From the center of the
wire antenna, the sensor is at a horizontal distance of 44 um
and the vertical distance is approximately 22 um. Using these
experimental inputs, we calculate the direction of the ac field
to be [0.45,0, —0.89]7. The angle between the experimen-
tally determined and the calculated ac field vectors is 18°.
This apparent discrepancy is a result of the uncertainty in
the measurement of the ratio B’fﬂ—‘; in the current setup. This
error can be reduced by minimizing the frequency difference
between the NV transitions used for the vector detection. This,
in turn, can be achieved by performing the experiments at two
different static magnetic field strengths instead of at one field
strength. The associated procedure is described in the next
section.

The sensitivity of the magnetic field measurement can be
calculated by using the formula [45-47]

ng = 8B/nT, 8)

where 8B is the uncertainty in the measurement of the ac
magnetic field, n is the total number of experiments, and
T is the sensing time in each experiment. From the fit of
the Rabi oscillations, we estimate 5z &~ 1 uT/+/Hz, which is
similar to the previously reported sensitivity values [34,35].
The sensitivity of the current method is mainly limited by
the decay time of the Rabi oscillations. The contrast in the
presented ODMR experiments is about 3%. For single NV
centers, a contrast of about 30% can be expected. However,
for single NV centers, the photon shot noise is higher due to
the low fluorescence intensity compared to the ensembles. The
photon count rate in the current experiments is roughly 100
times the count rate of single NV centers. Considering that
the signal-to-noise ratio is proportional to the square root of
the number of detected photons, we expect a sensitivity of the
order of 1 uT/+/Hz for single NV centers as well.

IV. DISCUSSION AND CONCLUSION

The experimental demonstration of the method presented
in the last section uses an ac field of two different frequencies
for the vector detection. However, when the vector detection
of an arbitrary ac field is performed, it may not always be
possible to tune its frequency. The proposed method can be
used for the vector detection of an ac field of single frequency,
but it requires application of a static magnetic field of two
different strengths; one of them is greater than 100 mT, which
is beyond the field strength that our current experimental setup
can produce at the site of diamond crystal. Nevertheless, we
now discuss the procedure to perform vector detection at a

B=146.1 mT
0=m/2
18)
2900 MHz
Z&Y
=)
X 5770 MHz
Y&Z
|o)

FIG. 5. Energy level diagram of the electron spin in the NV cen-
ter for B = 146.1 mT and 6 = 7 /2. Here, |o) = 0.82]0) — 0.58|+)
and |B) = 0.82|4) + 0.58|0). The labels X, Y, and Z represent the
orientation of the dipole moment of the corresponding transitions.

single frequency—as a specific example, we choose a fre-
quency of 2900 MHz. The angle 5 or the direction of the
transverse component of the ac field can be determined by ap-
plying a static magnetic field of strength 10.7 mT in the plane
perpendicular to the NV axis. The frequency of the transition
|0) «<— |—) at this field is 2900 MHz. The orientation of the
static field at which this transition has the lowest intensity is
the direction of the transverse component of the ac field. To
determine the magnitude B,. and the angle ¢, first we can
measure the Rabi frequency of the transition |0) «<— |—) in
the static field of 10.7 mT oriented in the transverse plane
with n = /2. Next, a field of 146.1 mT can be applied in the
transverse plane, with n = 0. This field mixes the states |0)
and |+) and the new eigenstates are |«), |—), and |B), where
|a) = 0.82]0) — 0.58|+) and |B) = 0.82|+) 4 0.58]0). The
state |—) does not mix with the other states, as it is an eigen-
state of both the SZ2 and S, operators. The energy level diagram
for this field orientation is given in Fig. 5. The frequency
of the transition |—) <— |B) is 2900 MHz and it can be
excited by the Y and Z components of the ac field. Since
we already know the direction of the transverse component
of the ac field, the Y component can be made equal to zero by
orienting the static magnetic field along this direction. Note
that the X axis is defined as the direction of the static field.
So, for n = 0, the transition |—) <— |B8) can only be excited
by the Z component of the ac field. By measuring the Rabi
frequency of this transition and using it in combination with
the Rabi frequency of the transition |0) <— |—) at the field
of 10.7 mT, we can determine the parameters B,. and ¢{. An
important point to note here is that the mixing between the
states |0) and |+) decreases the polarization of the electron
spin under optical pumping and that in turn decreases the
ODMR contrast.

In order to understand the change in spin contrast, we have
measured the optical contrast of the Rabi oscillations when the
static magnetic field is oriented perpendicular and parallel to
the NV axis for different field strengths in the range 5-30 mT.
The ratio of these contrasts (perpendicular/parallel) have been
plotted in Fig. 6. As the field increases from 5 to 17 mT, the
contrast of the transverse field orientation decreases by 2.5
times relative to the contrast of the parallel field orientation.
Above 17 mT, the reduction in contrast continues at a slower
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FIG. 6. Ratio of contrasts in the Rabi oscillations for the static
magnetic field oriented perpendicular and parallel to the NV axis as
a function of the field strength.

rate and it remains higher than in a similar case [48], where the
angle between the NV axis and the magnetic field was kept at
0 =174°.

The aforementioned procedure is intended for the vector
detection of ac fields of frequency greater than 2870 MHz as
this is the lowest frequency for the transitions |0) <— |—)
and |0) <— |+). Now, we discuss the protocol for the vector
detection of fields in the frequency range 1-2870 MHz. The
frequency of the transition |—) <— |B8) is in the frequency
range 1-2870 MHz for static fields of strength 0-145 mT
oriented perpendicular to the NV axis. This transition can
be excited by only the Z component or by Z and Y compo-
nents of the applied ac fields depending upon the strength
and orientation of the static field in the transverse plane of
the NV center. When a static field of strength 0—100 mT is
applied parallel to the NV axis, the frequency of the tran-
sition |0) «<—> |—1) is in the range 1-2870 MHz and it can
only be excited by the transverse components of the ac field.
So, from the Rabi frequencies of the transitions |—) «—
|B) and |0) <— |—1) at appropriate static magnetic fields,
we can determine the strength of the ac field (B,.) and the
angle between the NV axis and the ac field (¢). The Rabi
frequency of the transition |—) <— |8) is proportional to
| cos & (—|S;|B) + sin ¢ sinn{—|S,|B)|, which is minimum at
n = 0 and maximum at = 7 /2 for a fixed value of ¢. So, by
measuring the Rabi frequency of this transition for different

orientations of static field in the transverse plane, we can
determine 7, the azimuthal angle of the ac field. However,
the amplitude of variation in these Rabi frequencies is propor-
tional to the matrix element |(—|S,|8)|, which is very small for
static fields of strength less than 10 mT. Hence, experimental
determination of 7 for ac fields of frequency less than 30 MHz
may be difficult.

In conclusion, we have proposed and experimentally
demonstrated a method for the vector detection of ac fields
by using NV centers having a single orientation. The method
is equally applicable for single NV centers and is therefore
more generally applicable than the conventional method using
multiple NV centers with three different orientations. The
static magnetic field control required in the current work is
technically less demanding compared to the MW field control
required in the rotating-frame Rabi method of Ref. [35]. The
method is applicable over a wide frequency range, limited
only by the achievable optical spin contrast at the transverse
static field orientation. Since this method does not require
NV centers of multiple orientations, it can be used for vector
imaging of ac fields with nanoscale resolution. In particu-
lar, this method is suitable for vector ac field imaging by
using single NV centers of diamond nanopillar probes at-
tached to an atomic force microscope [12,49]. This work
will also be useful for optimal control of quantum registers
based on multiple dipolar coupled NV centers having dif-
ferent orientations in diamond. In such registers, it is not
possible to align a static magnetic field with the NV axes
of all the centers. Designing time-optimal quantum gates
to the electron and '*C nuclear spin qubits of misaligned
NV centers requires accurate knowledge of the internal as
well as the rf and MW control field Hamiltonians. The
vector ac field detection scheme demonstrated in this work
is useful for the precise determination of the control field
Hamiltonian.
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