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Electrical detection of nitrogen-vacancy (N-V) centers in diamond is advantageous for developing and
integrating quantum information processing devices and quantum sensors and has the potential to achieve
a higher collection efficiency than that of optical techniques. However, the mechanism for the electrical
detection of N-V spins is not fully understood. In this study, we observe positive contrast in photocurrent
detected magnetic resonance (PDMR). Note that negative PDMR contrast is usually observed. To discuss
the sign of the PDMR contrast, we numerically analyze the dynamics of photocarrier generation by N-V
centers using a seven-level rate model. It is found that the sign of the PDMR contrast depends on the
difference in the photocurrent generated from the excited states and the metastable state of N-V centers.
Furthermore, we demonstrate ac magnetic field sensing using spin coherence with the PDMR technique.
ac magnetic field measurement with the PDMR technique is still challenging because the noise from a fluc-
tuating magnetic environment is greater than the measured signal. Here, we introduce noise suppression
using a phase-cycling-based noise-canceling technique. We demonstrate electrically detected ac magnetic
field sensing with a sensitivity of 29 nT Hz−1/2. Finally, we discuss sensitivity enhancement based on the
proposed model.

DOI: 10.1103/PhysRevApplied.19.034061

I. INTRODUCTION

Nitrogen-vacancy (N-V) centers in diamond are promis-
ing candidates for room-temperature quantum sensors due
to their long electron-spin coherence under ambient con-
ditions [1–4]. N-V-based quantum sensors can be used in
applications, such as biosensors [5–7], nanoscale nuclear
magnetic resonance [8–11], and nuclear magnetic reso-
nance imaging [12–14]. In previous demonstrations, the
N-V electron spin was detected optically. Another method,
called photocurrent detected magnetic resonance (PDMR),
has attracted attention. The PDMR technique can read
out the N-V electron spin [15–19] and coupled nuclear
spins [20,21]. Electrical detection is expected to achieve a
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higher collection efficiency than that of optical techniques
by optimizing the electrode structure [18]. For optical
detection techniques, the photon collection efficiency is
inherently limited by the high refractive index of diamond.
In addition, the electrical detection technique is particu-
larly advantageous for developing and integrating quantum
sensors and other quantum devices [20,22]. Nevertheless,
there has been no demonstration of electrically detected N-
V-based quantum sensing using spin coherence controlled
by microwave (MW) pulses, which corresponds to quan-
tum coherence defined by Degen et al. [2] to describe
the quantum sensor. Although electrically detected MW-
free sensing [22] and dc magnetic field sensing with
the continuous-wave PDMR technique [23] have been
reported, a method that combines electrical readout and
pulse control is difficult to implement because electrical
detection is susceptible to noise currents from fluctuating
magnetic field environments. By applying a phase-cycling-
based noise-canceling technique [24] to suppress the noise
current induced by a fluctuating magnetic environment,
in this study, we demonstrate the electrical detection of
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an ac magnetic field using N-V electron-spin coherence.
Furthermore, we report the observation of the positive
PDMR contrast, which is unambiguously determined using
a time-resolved current detection technique. We discuss the
PDMR mechanism based on the observed positive contrast
and the outlook for the enhancement of the sensitivity of
N-V-based quantum sensors.

The PDMR signal of N-V centers is a spin-dependent
photocurrent change resulting from the charge-state con-
version between N-V− and N-V0 [15–22,25–28]. The pho-
tocarriers (electrons and holes) are generated under 532-
nm laser illumination following the steps illustrated in
Fig. 1(a). The first step is the excitation from the 3A2
ground state to the 3E excited state of N-V− followed by
electron ionization to the conduction band. There are two
possible ionization pathways [15,26,28]: from the triplet
3E state shown in Fig. 1(a, I, i) and from the singlet 1E
state after intersystem crossing shown in Fig. 1(a, I, ii).
The ionization changes the N-V charge state to N-V0. Next,
N-V0 is excited from the 2E ground state to the 2A2 excited
state and subsequently photoionized to N-V− by emitting a

hole into the valence band [Fig. 1(a, II)]. The electron and
hole act as photocarriers and are detected as an electric cur-
rent in PDMR. The spin-dependent photocurrent originates
from a higher transition probability of |±1〉 in the N-V− 3E
excited state to the 1A1 singlet state. The application of res-
onant MWs to the initialized electron spin state |0〉 either
decreases or increases the photocurrent when the N-V−
electron is ionized from the triplet 3E [Fig. 1(a, I, i)] or the
singlet 1E [Fig. 1(a, I, ii)], respectively. Thus, the sign of
the PDMR signal depends on the electron ionization path.
We discuss the dominant pathway later.

II. EXPERIMENTS

The sample used in this study is a high-pressure high-
temperature synthesized diamond that contains an ensem-
ble of N-V centers with a concentration of approximately
1.4 × 1017 cm−3. The N-V centers are created by 2-MeV
electron irradiation with a fluence of 1 × 1017 cm−2 at
745 °C, followed by annealing at 1000 °C for 1 h in an
argon atmosphere. Interdigital electrodes with the structure
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FIG. 1. (a) Schematic diagram of PDMR measurement of N-V− center. Photoexcited carriers are generated under 532-nm laser
illumination [processes shown in (I–II)]. Process (I) includes a reported ionization path [solid arrow, (i)] and a proposed ionization
path [dashed arrow, (ii)]. (b) Process of PDMR measurements. (c) Schematic diagram of PDMR spectrometer.
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Au(100 nm)/Pt(5 nm)/Ti(30 nm) are fabricated on the
diamond surface for electrical spin detection. The distance
between electrodes is approximately 10 μm.

We use the home-built PDMR spectrometer shown in
Fig. 1(c). MW pulses are applied to the N-V centers with
a single-turn coil with a resonance frequency of approxi-
mately 2.87 GHz. A 532-nm laser illuminated the sample
through a lens with a focal length of 100 mm (spot size of
approximately 1 × 105 μm2) to initialize N-V electron spin
and generate photocarriers from the N-V centers. The time
transient of the photocurrent is measured using a digitizer
at 100 MSa s−1 through a current amplifier at a constant
bias voltage. In the home-built PDMR spectrometer, the
sign of the PDMR contrast is unambiguously defined using
the digitizer instead of a lock-in amplifier. A coil con-
nected to an arbitrary waveform generator (AFG) is used
to generate a test ac magnetic field.

We use the pulse sequence shown in Fig. 1(b) to mea-
sure the transient of the photocurrent at an applied bias of
5 V without an external magnetic field. After the N-V elec-
tron spins are initialized by the first laser pulse, the MW
sequence is applied to control the electron spin for various
measurements, including pulsed PDMR and the coherence
time (T2) of the N-V electron spins. In ac magnetic field
sensing, the MW and ac field sequence is applied. Finally,
the laser pulse illuminated the N-V centers to generate pho-
tocarriers. In this study, we choose a laser pulse length of
50 μs and a MW power of approximately 250 mW (π pulse
width: 110 to 140 ns). The PDMR signal intensity (�Q),
with units of coulombs (C), is defined as �I integrated
over the time during which the photocurrent was changing(
�Q ≡ ∫

�Idt
)

[20], where �I is the difference between
the detected photocurrent with on-resonance MW pulses
and that with off-resonance or no MW pulses, as shown in
Fig. 1(b).

III. RESULTS AND DISCUSSION

First, we measure the resonance frequency and the con-
trast of the PDMR signal using a pulsed PDMR technique
with the pulse sequence shown in Fig. 2(a) with a sweep-
ing MW frequency. Figure 2(b) shows �Q as a function
of the MW frequency obtained from the pulsed PDMR
measurement. The squares and the solid red line corre-
spond to the experimental data and the curve-fitting results
obtained using a Lorentzian function, respectively. We
obtain a resonance frequency of approximately 2.87 GHz
and a positive signal contrast of approximately 5%. The
observed resonance frequency is in good agreement with a
N-V center’s zero-field splitting [29], which confirms that
we observe the PDMR signal of the N-V centers with the
pulsed PDMR technique.

To discuss the PDMR mechanism, we measure the
laser power dependence of the pulsed PDMR peak area.
Figure 2(d) shows the pulsed PDMR peak area (black
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FIG. 2. (a) Pulse sequence used to measure pulsed PDMR
spectrum. (b) Pulsed PDMR spectrum of ensemble of N-V
centers without external magnetic field. (c) Total photocurrent
obtained with pulse sequence shown in (a). Dots and solid line
are the experimental data and fitting results, respectively. (d)
Pulsed PDMR peak area as a function of laser power. Squares
and solid line are the experimental data and the simulation results
obtained using the seven-level rate model, respectively.

squares) and the total photocurrent generated by the pulse
sequence shown in Fig. 2(c) (dots) as a function of the laser
power. The total photocurrent (I ) can be expressed as

I = αβP2

1 + βP
+ bP, (1)

where α, β, and b ≥ 0 are fitting parameters, and P is the
laser power [27,30]. The first term represents the photocur-
rent generated from the N-V centers via the two-photon
process. It shows a quadratic dependence on the laser
power because of the two-photon ionization mechanism
when the laser power is sufficiently weak (βP � 1) to
not saturate the excitation from the 3A2 ground state to
the 3E excited state. In this regime, the photocurrent from
the N-V center can be well described by I ≈ aP2. At
higher laser powers (βP � 1), the power dependence of
the photocurrent from the N-V center becomes linear due
to the saturation of the excitation from the 3A2 ground
state to the 3E excited state. The second term represents
the background photocurrent from other defects via the
one-photon ionization process. The total photocurrent can
be fitted using the quadratic function I = aP2 + bP with
a = 1.2 pA mW−2, b = 0 pA mW−1, and the constraints a,
b ≥ 0 [solid red line in Fig. 2(c)]. Thus, the excitation of
the N-V center from the 3A2 ground state to the 3E excited
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state is not saturated. In addition, the one-photon contribu-
tion is below the noise level and is negligibly small, which
is different from the results in previous PDMR studies
[15,30], where about 10%–20% of the total photocurrent
is attributed to the one-photon process. Figure 2(d) shows
that the pulsed PDMR peak area quadratically increases
with laser power and that the pulsed PDMR signals have
a positive sign, opposite to that for the optically detected
magnetic resonance (ODMR) contrast. Recently, Bour-
geois et al. [30] also observed a positive PDMR contrast.
They argued that while they basically observed a neg-
ative PDMR contrast due to the triplet ionization path-
way, the sign of the PDMR contrast was reversed due to
the one-photon process of acceptor impurities. Since we
did not observe the one-photon contribution to the pho-
tocurrent [see Fig. 2(c)], we attribute the positive PDMR
contrast to the ionization mechanism, i.e., ionization from
the singlet 1E level is the dominant pathway shown in
Fig. 1(a, I, ii).

To further elucidate the excitation dynamics, we analyze
a seven-level rate model considering spin and charge-state
conversion dynamics, as shown in Fig. 3(a). We denote
ms = 0 and ms =±1 in the ground and (excited) states
of N-V− as |1〉 and |2〉 (|3〉 and |4〉), respectively. |5〉
is the metastable singlet state of N-V−. |6〉 and |7〉 are
the ground and excited states of N-V0, respectively. We
denote the transition rate from |n〉 to |m〉 as knm. These
rates include spontaneous decay and laser-induced transi-
tions. We assume that the rates of laser-induced transitions
are proportional to the laser power P, i.e., knm = γ nmP. We
define the coefficients of the laser-excitation rates from |1〉
to |3〉 and from |2〉 to |4〉 as γ 13= γ 24= an. The laser-
excitation rate from |6〉 to |7〉 has been reported to be
γ 67= 1.3an [31]. In this model, an electron in the con-
duction band is generated via the laser-excited ionization
process from N-V− and N-V0. The triplet ionization rate
from either |3〉 or |4〉 to |6〉 has been reported to be
γ 36= γ 46 = 0.037an [31]. A hole in the valence band is
emitted with the charge-state recovery process from N-V0

to N-V− with laser excitation. The charge-state recovery
rate from |7〉 to either |1〉 or |2〉 has been reported to
be γ 71= γ 72= 0.08an [31]. Other reported values of the
spontaneous transition rates are summarized in Fig. 3(a)
[32,33]. Furthermore, this model includes charge-state
conversion between N-V− and N-V0 in the dark. The
dark ionization (di) rate from either |1〉 or |2〉 to |6〉 has
been reported to be k16= k26= di = (100 μs)−1 [34]. The
dark recovery rate (dr) from |6〉 to either |1〉 or |2〉 of
k61 = k62 = dr = 2.7di is estimated according to the charge-
state ratio N-V−: N-V0 ∼ 7:3 with 532-nm laser excitation
[35]. The unknown parameters are an and the singlet ion-
ization rate from |5〉 to |6〉 (γ 56). We numerically analyze
them by solving the model using the pulse sequence shown
in Fig. 2(a). From the population dynamics under the read-
out laser, we calculate the pulsed PDMR peak area using

the following relation:

pulsed PDMR peak area

∝
∫

(γ36 p|3〉(t) + γ46 p|4〉(t) + γ56 p|5〉(t))P dt, (2)

where p|n〉(t) is the population of |n〉 as a function of time.
Here, we choose the same integration time as that used
in the experiments. When we set an = 1.1 × 10−3 W−1

ns−1 and γ 56= 4.4 × 10−3 an, we reproduce the results for
the laser power dependence of the pulsed PDMR contrast
and the pulsed PDMR peak area with a positive scaling
factor [the solid line in Fig. 2(d)]. The observed an is
close to the theoretical estimate of 2.2 × 10−3 W−1 ns−1

obtained using the spot size and the N-V− absorption cross
section [36]. The ratio γ 36(γ 46)/γ 56 ∼ 0.1 is similar to that
reported in a theoretical study [28]. Since the lifetime of |5〉
is longer than those of |3〉 and |4〉, the singlet ionization
probability is higher than that for triplet ionization even
with the low singlet ionization rate. Thus, the singlet ion-
ization pathway can be involved in the excitation dynamics
in the PDMR measurement, as is the ionization from the
triplet excited states.

Next, we discuss the PDMR contrast sign in more detail
using the numerical simulation results. Figure 3(b) shows
�I, which is the difference in photocurrent with and with-
out the MW pulse, as a function of time after the laser
illumination was turned on (tlaser) for a laser power density
of 1.2 × 102 W cm−2. The black, red, and blue curves in
Fig. 3(b) show the sum of �I generated from the excited
states |3〉 and |4〉 (�I 34), �I generated from the singlet
metastable state |5〉 (�I 5), and the sum of �I generated
from |3〉, |4〉, and |5〉 (�I 345), respectively. Figure 3(b)
shows that �I 34 is negative and �I 5 is positive at any
tlaser. On the other hand, the sign of the total photocur-
rent �I 345 is time dependent; �I 345 is negative (positive)
at tlaser < (>) ∼250 ns. This sign change occurs because
|�I 5| is larger than |�I 34| at tlaser � 250 ns. Since the sign
of �I 345 depends on tlaser, the PDMR contrast depends
on the integration time window. Here, we plot the PDMR
contrast as a function of laser power density and k46/k45
for six different integration times [Fig. 3(c)]. We find that
an integration time of below approximately 600 ns gives
a negative PDMR contrast regardless of the laser power
density. When the integration time is longer than approx-
imately 600 ns, the sign of the PDMR contrast depends
on the laser power density. The positive PDMR contrast
increases with increasing laser power density. The maxi-
mum positive contrast is observed for a laser power density
of approximately 1 × 102 W cm−2 at an integration time of
5 μs. When the laser power density is above approximately
1 × 102 W cm−2, the positive contrast worsens because
|�I 34| increases within the short lifetime of the excited
states. When �I 34 is dominant, the sign of the PDMR
contrast is negative. Previous studies [16–18] reported a
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FIG. 3. (a) Proposed seven-level rate model considering spin
and charge-state conversion dynamics. The solid, broken, and
dotted arrows show the laser-excitation rate, spontaneous decay,
and charge-state conversion in the dark, respectively. (b) Differ-
ence in photocurrent with and without on-resonance MW pulse
(�I ) as a function of time after the laser is turned on (tlaser).
The black, red, and blue curves show the sum of �I generated
from the excited states |3〉 and |4〉 (�I 34), �I generated from
the metastable state |5〉 (�I 5), and the sum of �I generated from
|3〉, |4〉, and |5〉 (�I 345), respectively. (c) PDMR contrast as func-
tion of laser power density and k46/k45 for six integration times
(200 ns, 300 ns, 600 ns, 1 μs, 5 μs, and 50 μs).

negative PDMR contrast because the pulsed PDMR exper-
iments are performed using a short laser pulse duration
(<1 μs) and high-power laser excitation such that two-
photon excitation from the excited states is dominant. In
contrast, we use a long-laser duration of 50 μs with a
5-μs integration time and a low laser power density of
1.2 × 102 W cm−2. As a result, the observed PDMR signals
have a positive sign. We note that because we use a tran-
simpedance amplifier with a 107-V A−1 gain and a 1-MHz
bandwidth, a negative PDMR signal (� 600 ns) could not
be detected under the present experimental conditions.

Since the sensitivity of the ac magnetic field sensing
is proportional to 1/

√
T2, we measure T2 and compare

it to that obtained using ODMR to show that electrical
detection does not deteriorate T2. Figure 4(a) shows the
pulse sequence used for the electrical T2 measurements.
Here, we measure �Q as a function of the total free evo-
lution time (2τ ). ±x in the MW pulses show the MW
phase. We use the phase-cycling technique to remove MW-
induced artifact noise and common-mode noise [20]. The
�Q for the electrical T2 measurement is plotted on the ver-
tical axis of Fig. 4(b) as the difference between �Q with
the (π / 2)+x − (π )+x − (π / 2)−x sequence and �Q with the
(π / 2)+x − (π )+x − (π / 2)+x sequence, where the subscripts
±x show the MW phase. We observe stretched exponential

π/2π/2 πτ τ
+x+x ±xInit. Readout

(b)

(c)
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2τ (μs)
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FIG. 4. (a) Pulse sequence used to measure T2. ±x indicate the
phase of MW pulses. (b) Echo decay shown in �Q as a function
of 2τ . The experimental data (squares) are fitted to a stretched
exponential decay function (solid red line). (c) Echo decay shown
in �PL/PL as a function of 2τ .
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decay (a stretching parameter of 1.2 ± 0.3) with T2 ∼37 μs,
which is very close to the value T2 ∼36 μs separately deter-
mined using the home-built confocal microscope setup
[Fig. 4(c)]. These results indicate that the possible charge
noise caused by ionization and the detection method do not
affect spin coherence.

Next, we demonstrate ac magnetic field sensing with
the electrical technique using the pulse sequence shown
in Fig. 5(a). In this sequence, a Hahn-echo sequence
(π / 2)+x − (π )+x − (π / 2)+y is applied, which is syn-
chronized with the target ac magnetic field B(t) =
Bac cos(2π fac), where Bac and fac are amplitude and fre-
quency of the ac magnetic field, respectively [1–3]. During
the free evolution time of 2τ ∼ f −1

ac , the spin accumu-
lates the phase φ ∝ Bacτ from the alternating field [1–3],
which is projected to Sz with the last (π / 2)y pulse to
readout the phase through the photocurrent oscillating by
sin φ. The phase of the last (π / 2)y pulse can be inverted
as (π / 2)−y to obtain a signal with the opposite sign. We
measure �Q as a function of the amplitude of the test
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FIG. 5. (a) Pulse sequence for ac magnetic field sensing
with electrical detection. Results for ac magnetic field sens-
ing obtained using pulse sequence (b) (π / 2)+x− (π )+x− (π / 2)+y
and (c) (π / 2)+x− (π )+x− (π / 2)−y. (d) Pulse sequence for ac
magnetic field sensing with phase-cycling-based noise-canceling
technique. (e) Results for ac magnetic field sensing with phase-
cycling-based noise-canceling technique. (f) δBmin as a function
of measurement time (T).

ac magnetic field (Bac). Here, we set τ at T2/ 4 [3,37]
and detected the ac magnetic field oscillating at fac =
46 kHz. The phases of the MW pulses show a subscript
of x or ± y in Fig. 5(a). Figures 5(b) and 5(c) show the
results for ac magnetic field sensing with electrical detec-
tion using the pulse sequences (π / 2)+x − (π )+x − (π / 2)+y
and (π / 2)+x − (π )+x − (π / 2)−y, respectively. They show
that background noise increases with Bac when the
pulse sequences (π / 2)+x − (π )+x − (π / 2)+y and (π / 2)+x −
(π )+x − (π / 2)−y are separately applied. This noise is due
to the induced current due to the integration of the ac
coil. To suppress the background noise, we use the phase-
cycling-based noise-canceling technique [24], as shown
in Fig. 5(d). This sequence is the alternating applica-
tion of the pulse sequences (π / 2)+x − (π )+x − (π / 2)+y and
(π / 2)+x − (π )+x − (π / 2)−y. Because this pulse sequence
can suppress frequencies other than the odd-harmonic
components of fmod (approximately 5.8 kHz) [24], the
induced current with a frequency of approximately 46 kHz
can be suppressed. Figure 5(e) shows the results for ac
magnetic field sensing using the noise-canceling tech-
nique with a baseline correction. We observe the oscil-
lation of �Q as a function of Bac. The solid line shows
the curve fitting results obtained using a damped sinu-
soidal function. Using the results for the curve fitting, the
minimum detectable magnetic field (δBmin) can be cal-
culated as δBmin = σ/ max |d�Q/dBac|, where σ is the
standard deviation of the intensity of Hahn-echo measure-
ments. Next, we measure the dependence of δBmin on the
measurement time (T) shown in Fig. 5(f). The solid red
line in Fig. 5(f) shows the curve-fitting results obtained
using the relation δBmin = η /

√
T [1]. The observed data

can be fitted well by the relation. We obtain a sensitiv-
ity of approximately 29 ± 1 nT Hz−1/2 and a minimum
detectable magnetic field of approximately 16 nT for an
approximately 7-s measurement.

Finally, we discuss the electrically detected ac magnetic
field sensitivity (ηac) of the N-V-based magnetometer using
the proposed ionization model [see Fig. 3(a)]. To compare
the sensitivity of PDMR to that of ODMR, we use shot-
noise-limited ηac, which can be expressed as [23]

ηac ∝ 1
|c|√NT2

, (3)

where c and N are the contrast of a PDMR or ODMR
signal and the number of N-V spins, respectively. Here,
we assume that current shot noise is negligibly small.
Although we observe almost the same T2 with elec-
trical and optical detection, the 5% PDMR contrast is
much lower than the approximately 30% ODMR con-
trast obtained from the proposed model. However, we can
enhance the PDMR contrast, e.g., by using excitation at
other wavelengths. For example, the ratio γ 36(γ 46)/γ 56
becomes approximately 0.3 for a 766-nm laser [31]. This
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ratio is 3 times higher than that at 532 nm. For this longer
wavelength, the maximum PDMR contrast is approxi-
mately 0.3. In this situation, PDMR has the potential to
have a sensitivity that is comparable to that of the opti-
cal technique. This study also use the phase-cycling-based
noise-canceling technique to measure the ac magnetic
field, but the odd-harmonic components of fmod cannot
be suppressed by this technique. More suppression of the
noise current induced by the fluctuating magnetic environ-
ment is needed to improve the sensitivity (e.g., by design-
ing a filter function) [2]. Thus, selecting the appropriate
excitation wavelength and designing a filter function will
enhance the sensitivity of the N-V-based magnetometer
with the electrical detection technique.

IV. CONCLUSION

In conclusion, we observe a positive PDMR contrast and
numerically analyze a seven-level rate model to discuss
the sign of the PDMR contrast. The numerical simulation
results show that the PDMR signal has a positive contrast
when �I 5 becomes dominant at a low-laser power density
and a long integration time (�600 ns) is used. We demon-
strate ac magnetic field sensing using a N-V-based quan-
tum sensor with the electrical spin-coherence detection
technique. In the ac magnetic sensing demonstration, the
fluctuating magnetic-environment-induced current noise,
which affects sensing. To suppress such noise, we use a
phase-cycling-based noise-canceling technique. With this
technique, we obtain a sensitivity of ηac ∼29 nT Hz−1/2.
Furthermore, we discuss the enhancement of the sensitivity
of the N-V-based magnetometer with electrical detection.
The proposed technique can be applied to measure ac and
dc magnetic fields, electric fields, and temperature, and
is readily applicable for conventional electrical detection
with a lock-in amplifier.
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