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We have recently demonstrated an AC magnetic field sensing scheme using a simple continuous-wave optically detected magnetic resonance of
nitrogen-vacancy centers in diamond. This scheme is based on electronic spin double-resonance excited by continuous microwave and
radiofrequency (RF) fields. Here, we measure and analyze the double-resonance spectrum and magnetic field sensitivity for various microwave
and RF frequencies. We observe a clear anticrossing of RF-dressed electronic spin states in the spectrum and estimate the bandwidth to be
approximately 5 MHz at a center frequency of 9.9 MHz. © 2019 The Japan Society of Applied Physics

nitrogen-vacancy (NV) center is a defect in
diamond where two adjacent carbon atoms are
replaced by a nitrogen and a vacancy. It is possible
to initialize the electronic spin states of negatively charged
NV centers by illuminating them with green laser light."
Additionally, photoluminescence from NV centers provides a
way to read out spin states.”> Moreover, spin states can be
manipulated with microwave pulses,” and the coherence
time of an NV center can be as long as 2 ms even at room
temperature.” These properties show the potential for NV
centers to be used in hybrid devices® and high-performance
magnetic field sensors'®'? in a wide range of applications,
including, among others, vector magnetic field sensing'>>%
and magnetic field imaging.'>?'~*?

In conventional AC magnetic field sensing, pulsed-opti-
cally detected magnetic resonance (pulsed-ODMR) has been
used.'®'" Although pulsed-ODMR provides high sensitivity,
it requires sophisticated calibration of the pulse control. In
particular, the detection of high-frequency AC magnetic
fields using conventional pulsed-ODMR is technically chal-
lenging because of the requirement for short pulse intervals
(of the order of nanoseconds). Furthermore, AC magnetic
field sensing with pulsed-ODMR requires high-speed mea-
surements, and it is not straightforward to obtain these using
wide-field imaging with CCD cameras, which do not have a
sufficiently rapid response.'

Recently, our group has proposed and demonstrated a
novel technique for AC magnetic field sensing with contin-
uous-wave ODMR (CW-ODMR), which does not require
pulse control or high-speed measurements. This scheme is
based on double-resonance of sublevels of spin-triplet states
of NV centers excited by simultaneous application of
microwaves and radiofrequency (RF) fields.** The micro-
waves probe NV centers dressed by the RF fields, which
correspond to the target AC magnetic fields. In the ground
state manifolds of the NV centers, there are three states, for

example, |B), |D), and |0). These states are eigenstates of spin
triplets of NV centers under the application of stress or an
electric field. When the RF field is resonant with the
transition between |B) and |D), there are changes in the
ODMR spectrum as the microwave frequency is swept. Such
changes in ODMR signals allow detection of AC magnetic
fields.

In Ref. 24, AC magnetic field sensing with CW-ODMR
was demonstrated with a fixed frequency resonant with the
transition between |B) and |D). However, for practical
purposes, it is important to determine the bandwidth of an
AC magnetic field sensor. In this paper, we investigate the
frequency dependence of the sensitivity of an AC magnetic
field sensor using CW-ODMR to estimate the bandwidth. We
perform a double-resonance experiment with CW-ODMR in
which we sweep the frequencies of both the microwave and
the RF field. In the spectrum, we clearly observe anticrossing,
which corresponds to Autler—Townes (AT) splitting induced
by the RF field. We find that the experimental results are
consistent with those of theoretical calculations. Finally, we
estimate the sensitivity of the AC magnetic field sensor at
several frequencies using both experimental and theoretical
results, and we again find good agreement between them.

In our experiment, we apply external magnetic fields to
obtain a clear spectrum, whereas the previous demonstration
of AC magnetic field sensing with CW-ODMR was done
without any applied magnetic field.** NV centers have four
possible crystallographic axes, and we apply a magnetic field
perpendicular to one of these. The magnetic field lifts the
degeneracy of the NV centers so that the resonant frequency
of one-quarter of the NV centers differs from that of the other
NV centers, as shown in Fig. 1. Importantly, with an applied
magnetic field of a few millitesla perpendicular to the
crystallographic axis, the energy eigenstates are still approxi-
mately described by |0), |B), and |D). Thus, AC magnetic
fields can induce a transition between |B) and |D), thereby
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Fig. 1. (Color online) Energy levels of NV centers. (a) Without an external
DC magnetic field, NV centers with different crystallographic axes have the
same resonant frequency, and there are two microwave (MW) resonances in
the spectrum. Under resonant excitation by an RF field, there are four MW
resonances (dotted lines), which correspond to AT splitting caused by the RF
field. (b) With an applied DC magnetic field perpendicular to one of the four
possible crystallographic axes, the degeneracy between the axes is lifted, and
there are eight MW resonances in the spectrum. By means of frequency
selectivity, we focus on the NV centers with axes perpendicular to the
applied DC magnetic field.

allowing AC magnetic field sensing with CW-ODMR. We
used the orientation being about 40% and liner polarized
light, but we applied the lower MW power than Ref. 24, so
the contrast in our experiment is around one-quarter of that in
Ref. 24. However, we can avoid the mixing of signals from
the four different types of NV centers, and so the spectrum
becomes much cleaner than that in Ref. 24. This makes it
possible for us to perform a systematic study of the
bandwidth of the AC magnetic field sensing with CW-
ODMR.

For the theoretical part of our results, we apply a magnetic
field perpendicular to one of the four possible crystallo-
graphic axes. In this setup, we can eliminate the signals from
NV centers with the other three crystallographic axes through
detuning. Therefore, we perform the theoretical analysis only
for those NV centers where the applied magnetic field is
perpendicular to the crystallographic axis.The Hamiltonian of
the NV center is

A~

x) + gﬂlexS‘x,
ey

~2 ~2 ~2 PNEPN A
Hyv = DS, + E(S; — 8,) + Ey(5.S, + S,

where § is the spin-1 operator of the electronic spin, D is the
zero-field splitting, E, and E, are the strains along the x and y
directions, and g, B, is the Zeeman splitting. In addition,
without loss of generality, we can take the magnetic field
perpendicular to the crystallographic axis to be in the x
direction of the NV center. The ground state is |0), and we
define the dark and bright states as |D) = %(ll) —|=1))
and |B) = %(Il) + |—1)), respectively. Under the condition
D > gu, B, > E,, we can rewrite the Hamiltonian as

where

E (gljbex)z l (gﬂbe)z
2 D+E, 2 D+E,

This has the same form as the Hamiltonian without an
applied magnetic field. Importantly, this analysis shows that
the applied magnetic fields increase the effective strain from
E, to E/. Tt is known that two dips are observed around
2.87 GHz in CW-ODMR with zero magnetic field. Such dip
structures occur when external driving induces transitions
from the ground state |0) to another energy eigenstate such as
IB) or |D).*>"** A similar pair of dips should be observed in
ODMR in our setup owing to the form of the Hamiltonian in
Eq. (2).

Let us consider the dynamics of the NV centers with
driving fields. In our experiment, we performed double-
resonance spectroscopy by simultaneously applying micro-
wave and RF fields. Here, the RF fields correspond to the
target AC magnetic fields. The Hamiltonian of the driving
fields is

D' =D+ E'=E. +

X

3

Heo= 32 'YeBﬁ/RvS‘j cos (wmw?) + B §j cos (wact),
J=xy.2

)

where 7, is the gyromagnetic ratio of the electron spin, Byw
and Byc are the amplitudes of the microwave and RF fields
respectively, and wyvw and wpc are their respective driving
frequencies. The total Hamiltonian of an NV center with
driving fields is H = Hny + Hex. In a rotating frame with
U = —uwac|D) (D] — wmwl|0) (0], the effective Hamiltonian is

H ~ (D — www + E.)|B) (B
+ (D — wwmw — Ex + wao)|D) (D]
+ 2% Byiw(IB) (0] + 10) (BI)
+ 57BSUIB) (D] + D) (B, (5)

where we have used the rotating wave approximation.
Because we consider an ensemble of NV centers, we can
treat the system as a harmonic oscillator, and so the
Hamiltonian can be written as

H = wpb'b + wgd'd + Jb'd + bd"y + \b + 5", (6)

where w, =D + E — wmw, wy=D — E — wyw + Wac,
J = l%BffC), and A\, = lfyeBIS,’l‘\),\,. This Hamiltonian shows
that the states |B) or |D) are coupled by the applied RF fields
(which correspond to the target AC magnetic fields), re-
sulting in RF-dressed states of the NV centers between |B) or
|D). From the Heisenberg equation, we obtain

% = —.u}bb,\ — leA - l)\b - Fbé,

dt

Z—d = —iwgd — iJb — Td, (7)
t

where I}, and I; are the decay rates of the states |B) and |D),

e ) a2 a2 respectively. Because the system becomes steady in CW-
H=D'S; + E(S: — Sy, () ODMR, we set db/dt = dd/dt = 0 and obtain
100901-2 © 2019 The Japan Society of Applied Physics
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b —Ap(wa — L)
(wp — L) (wa — i) — J*
d= M) : (8)
(wp — i) (wg — iLy) — J?
The probability of the state remaining as [0) is

py=1- b'h — d'd. This probability corresponds to the
amount of photoluminescence in the ODMR. From the above
expressions, we can calculate the resonant frequency of the
microwaves as

1
way = 2D & wne & JCE, — wnc)? + (B}, 9)

and so there are four resonances in the ODMR, which
correspond to AT splitting caused by the RF field on resonant
excitation. We can calculate the sensitivity to magnetic fields
as

6S
\dp, /dB|

where 6 S is the standard deviation of the signal.

We now describe our experimental setup to investigate the
bandwidth of AC magnetic field sensing with CW-ODMR.
We used the same experimental setup in Ref. 24 except
applying a DC magnetic field. To apply the DC magnetic
field perpendicular to one of the crystallographic axes of the
NV centers, we used a magnet positioned under the antenna.
To measure the photons emitted from the NV centers, a
single-photon-resolving detector was used.

We explain our results as follows. We used the same
diamond sample that was used in the experiment in Ref. 24
where we adopt fabrication techniques introduced in
Refs. 5,30,31. First, we measured the ODMR without an
AC magnetic field, sweeping the microwave frequency as
shown in Fig. 2(a). We observe two resonances in this
frequency range, as expected from the form of the
Hamiltonian in Eq. (2), and these resonances indicate the
transitions from |0) to |B) and |D). The difference in contrast
for the two peaks observed in Fig. 2(a) comes from the
difference in microwave reflection for each frequency. From

(z) _

AC = 10)

—
QO
~
—
O
~

this result, the frequency difference between |B) and |D) is
determined to be 9.9 MHz. This frequency difference is larger
than that observed in Ref. 24, which can be explained by the
applied orthogonal magnetic fields as described in Eq. (3).

Second, we performed a double-resonance experiment.
More specifically, we measured the ODMR by applying both
microwave and RF (AC magnetic) fields and sweeping the
frequencies of both, as shown in Fig. 2(b). The microwave
field causes a transition between |0) and the RF-dressed
states, and a reduction in photoluminescence occurs owing to
this resonance. Importantly, we observe anticrossing in
Fig. 2(b) when the RF frequency is around 9.9 MHz. This
corresponds to the transition frequency between |B) and |D)
with AT splitting caused by the RF field. By contrast, when
the RF frequency is much smaller than 9.9 MHz, the RF
fields are well detuned, resulting in reduction of the contrast
of the peak in the spectrum. When we use the RF driving
with nearly zero frequency, the spectrum is similar to the
conventional ODMR which shows two large peaks corre-
sponding to the bright state and dark state of the NV centers.
From the ODMR, we determine the resonant frequency by a
Lorentzian fitting. In Fig. 2(c), we compare these experi-
mental results with the analytical solution given by Eq. (9),
and we find that there is generally a good match between
theory and experiment, except for small resonances observed
in experiments where the RF frequency is below 4 MHz and
the microwave frequency is above 2.890 GHz or below
2.877 GHz. These small resonances might come from a
two-photon process that violates the rotating wave approx-
imation. However, such an analysis is complicated and out of
the scope of this paper, and so their investigation is left as a
topic of future work.

Finally, we measured the bandwidth of AC magnetic field
sensing with double-resonance CW-ODMR. The sensitivity
depends on the strength of the microwave driving. In the
weak driving regime, the signal increases as the microwave
driving strength increases, while the linewidth has low
dependence on the driving. Meanwhile, in the strong driving
regime, the signal intensity does not have a high dependence
on the driving strength while the linewidth increases owing to
the power broadening as the driving strength increases.
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(Color online) (a) CW-ODMR spectrum with applied magnetic field perpendicular to one of the four possible crystallographic axes. We observe

resonances corresponding to |B) and |D) of the NV centers with axes perpendicular to the magnetic field, while other NV centers with different axes are detuned
by the magnetic field. (b) CW-ODMR with different frequencies of the microwave and AC magnetic (RF) fields. The degree of color shading indicates the
amount of photoluminescence. A clear anticrossing structure is observed around |B)-D) resonance (shown by dotted line), and this is a manifestation of the RF-
dressed states |[B) and |D). (c) Comparison between theory and experiment. The resonant frequency observed in the experiment is plotted, and these data are
fitted to the theoretical formula in Eq. (9). There is generally good agreement between theory and experiment.
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Fig. 3. (Color online) (a) Optical signal strength plotted against amplitude of the AC magnetic field (RF) in CW-ODMR. Here, the frequency of the AC

magnetic field is fixed at 9.9 GHz. The signal shows a quadratic dependence on the amplitude, and we fit these results using the same method as in Ref. 24. (b)
Plot of the standard deviation of the signal in CW-ODMR against time. (c) Plot of the sensitivity of AC magnetic field sensing with CW-ODMR against
magnetic field frequency. The bandwidth is estimated to be approximately 5 MHz.

Therefore we choose the microwave driving strength based
on when the power broadening starts being observed. Here,
the microwave frequency for ODMR was fixed at
wmw = D + 0.5wpc to measure an AC magnetic field with
a frequency wyc. The sensitivity can be estimated from the
signal change in ODMR and the signal fluctuations.” As
contrast (or the inverse of linewidth) increases, the sensitivity
linearly increases owing to the larger signal change in the
ODMR. We plot the signal change and fluctuations for
oac=99MHz in Figs. 3(a), 3(b). In our setup, the
sensitivity is around 4.9 uT/ JHz, which is comparable
with the sensitivity in the previously demonstrated AC
magnetic field sensing with CW-ODMR.>? Similarly, we
estimate the sensitivity at different frequencies of the target
AC magnetic fields, and we plot it in Fig. 3(c), where we
have normalized the sensitivity using the value at a frequency
oac =99MHz. We have also fitted these experimental
results with our theoretical formula in Eq. (10), using I’
»=14=1 as a fitting parameter. We find good agreement
between theory and experiment, obtaining I' ~ 2 MHz, which
is roughly consistent with the linewidth observed in the
ODMR in Fig. 2(a). These results show that the bandwidth of
our AC magnetic field sensor is approximately 5 MHz. The
bandwidth depends significantly on the linewidth.

In conclusion, we have analyzed the bandwidth of AC
magnetic field sensing using CW-ODMR based on electronic
spin double-resonance of NV centers in diamond. We have
performed CW-ODMR by applying both microwave and RF
fields with various frequencies. Consequently, we have
observed an anticrossing structure in the spectrum, which
agrees with our theoretical prediction. This corresponds to
AT splitting of RF-dressed states. Based on these results, we
have investigated the sensitivity of AC magnetic field sensing
at several frequencies. We find that the bandwidth is
approximately 5 MHz at a center frequency of 9.9 MHz. At
the center frequency, the sensitivity of our setup is estimated
to be 4.9uT/Hz. Our results pave the way to the
realization of a practical AC magnetic field sensor using a
simple CW-ODMR setup. Furthermore, we expect these
results to provide the basis for application of the phenomenon
involving coupling between |B) and |D). While we are
preparing our manuscript, we recognize a similar paper that
is also related to the double-resonance spectrum,3z) which
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may be useful for AC magnetic field sensing with CW-
ODMR.
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