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We demonstrate a cavity-enhanced room-temperature magnetic field sensor based on nitrogen-
vacancy centers in diamond. Magnetic resonance is detected using absorption of light resonant with
the 1042 nm spin-singlet transition. The diamond is placed in an external optical cavity to enhance
the absorption, and significant absorption is observed even at room temperature. We demonstrate
a magnetic field sensitivity of 2.5 nT/

√
Hz, and project a photon shot-noise-limited sensitivity of

70 pT/
√

Hz for a few mW of infrared light, and a quantum projection-noise-limited sensitivity of

250 fT/
√

Hz for the sensing volume of ∼ 90 µm× 90 µm× 200 µm.

PACS numbers: 07.55.Ge, 76.30.Mi, 81.05.ug

Optical sensing of magnetic fields [1], electric fields
[2, 3], rotations [4–6], and temperature [7–10] can be
achieved using negatively charged nitrogen-vacancy (NV)
centers in diamond. Single NV centers and ensembles
of NV centers can be detected with high spatial resolu-
tion and can be used as sensors with nm, µm, or mm
resolution [11–14]. Most of these sensors are based on
fluorescence detection of the NV center’s spin state and
suffer from low photon detection efficiency and back-
ground fluorescence. Even with improved photon collec-
tion [15–17], current state-of-the-art magnetic field sen-
sors [17] can only reach sensitivities which are several
orders of magnitude worse than the quantum projection
noise (PN) limited sensitivity [14, 18] associated with the
finite number of sensing spins. Sensors based on detec-
tion of infrared (IR) absorption [19] achieve high photon
detection efficiency and can reach a sensitivity closer to
the PN-limit compared to sensors based on fluorescence
detection when a cavity is used to enhance the detection-
contrast [20]. Previously, absorption of IR light has been
used for magnetometry at cryogenic temperatures (∼ 70
K) [19] where the absorption is much stronger than at
room temperature. In this work, a diamond plate is
placed in an external cavity which enhances the absorp-
tion from the NV centers and the spin-state detection-
contrast. The device is used as a magnetic field sen-
sor operated at room-temperature, but could be used for
other applications requiring high optical depth such as
electromagnetically induced transparency [3]. Here the
use of a cavity could enable low-power, high-fidelity non-
linear optical processes such as quantum optical storage
[21].

The level structure of the NV center is shown in
Fig. 1(a). Electron spin-triplet and spin-singlet states
are labeled 3A2, 3E and 1E, 1A1, respectively. The NV
center can be excited optically from the ground state
3A2 to the state 3E. From the 3E state, the NV cen-
ter can decay to the 3A2 state through a spin-conserving
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FIG. 1: (a) Levels and transitions of the NV center. Solid
lines indicate optical and microwave transitions; dashed lines
indicate non-radiative transitions. (b) Setup. The cavity was
placed inside a sound insulation enclosure (not shown).

transition which leads to fluorescence in the 637-800 nm
wavelength range. It can also decay to the upper sin-
glet state 1A1 through a spin-nonconserving transition,
which occurs with higher probability for the ms = ±1
states compared to the ms = 0 state [22, 23]. From
the 1A1 state, the NV center decays through a 1042 nm
transition to the metastable 1E singlet state, which has
a lifetime of ∼ 200 ns at room temperature [24]. The
NV center then decays from the 1E state back to the
3A2 ground state. Under continuous illumination with
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sufficiently strong green pump light at 532 nm, the NV
center is mainly in the 3A2 ms = 0 ground state and the
1E metastable singlet state. Due to the spin-dependent
transition rates, application of microwaves on resonance
with the ms = 0 ↔ ms = ±1 transitions leads to in-
creased population of the 1E metastable singlet state.
Absorption of 1042 nm light can therefore be used as a
probe of the transitions within the spin-triplet ground
state [37].

The experimental setup is shown in Fig. 1(b). 1042 nm
light is provided by an external-cavity diode laser and
532 nm light is provided by a diode-pumped solid-state
laser. The optical cavity consists of two spherical mirrors
each with a radius of curvature of r = 5 cm, an intensity
reflectivity of R = 98(1)% for 1042 nm light, and a trans-
mitivity of T = 70(1)% for 532 nm light. For the first
measurements (shown in Fig. 2), we choose the mirror
spacing l = 5.0 cm resulting in beam waist w0 = 91 µm
and Rayleigh range z0 = 2.5 cm for the 1042 nm TEM00

cavity mode [25]. For the next measurements (shown in
Fig. 3), we choose l = 2.5 cm resulting in w0 = 85 µm
and z0 = 2.2 cm. The IR laser beam was matched to the
TEM00 cavity mode in both cases. The pump laser beam
was overlapped with the IR laser beam in the center of
the cavity, but it was not mode-matched to the cavity.
The waist of the pump beam was 90(2) µm as measured
with a CCD camera. Trace 1 in Fig. 2(a) shows the
transmission of IR light through the cavity while scan-
ning the laser frequency. The frequency interval between
the two resonances is c/ (2l) = 3.0 GHz, where l = 5.0 cm
and c is the speed of light. From Lorentzian fits to the
resonances in trace 1, we find the full width at half max-
imum (FWHM) of the resonances ∆νc = 14.9(15) MHz
and the cavity finesse F = [c/ (2l)] /∆νc = 202(20).
The measured finesse corresponds to mirror reflectivity
R = 98.5(2)% as calculated from Eq. (S3) in the Supple-
mentary Material [26].

Diamond has a refractive index of n = 2.4 which
leads to a reflection of 17% for normal incidence at a
diamond/air interface. Our diamond sample with size
3 mm × 3 mm × 0.2 mm is anti-reflection coated and
has a measured total reflection from both sides of 0.1%
at 1042 nm. The sample was irradiated with relativistic
electrons and annealed as in Ref. [14] in order to increase
the density of NV centers. Trace 2 in Fig. 2(a) shows
the transmission through the cavity when the diamond
is inserted inside the cavity. The peak transmission de-
creases slightly compared to an empty cavity and the
finesse is lowered to F = 165(17) due to additional losses
introduced by the diamond. This value corresponds to
a single-pass loss in the diamond of 0.35%, as calculated
from Eq. (S3) with R = 98.5%. The cavity resonance
frequencies depend on the index of refraction of the dia-
mond. We observe significant linear birefringence of the
diamond [26], as seen in Trace 3 in Fig. 2(a) where twice
the number of resonances are present in the spectrum.

The large linear birefringence constrains the polarization
of the light transmitted through the cavity to be either
along or perpendicular to the diamond’s axis of birefrin-
gence. In the measurements discussed below, we adjusted
the input light polarization to maximize one cavity res-
onance [as in trace 2 in Fig. 2(a)] and locked the laser
frequency to this resonance.

Absorption of light by an NV center depends on the
light polarization, and for both the 3A2 ↔ 3E triplet
transition and the 1E ↔ 1A1 singlet transition, the ab-
sorption is maximal when the polarization is perpendic-
ular to the NV axis and zero when the polarization is
along the NV axis [24]. The NV center’s axis [38] can be
aligned in four different ways in the diamond crystal, cor-
responding to the four [111] crystallographic directions.
Our diamond is cut along one of the (100) planes and
positioned such that its [100] axis coincide with the light
propagation direction [z-direction in Fig. 1(b)]. In this
case, the total absorption by all NV centers is relatively
insensitive to the polarization of the pump and probe
light. This is an advantage when the diamond is birefrin-
gent and the probe polarization cannot be chosen freely.

Figure 2(b) shows the cavity transmission of 1042 nm
light as a function of 532 nm pump light power. The drop
in transmission at higher pump powers is attributed to
absorption from a larger number of NV centers in the
singlet states. We observe a large (> 50%) change in
transmission for high pump powers. Such a large change
is possible at room temperature because the absorption
is enhanced by the factor 2F/π due to the cavity com-
pared to a single-pass scheme [26]. Absorption of IR light
due to NV centers can be modeled as a pump power-
dependent loss inside the cavity. The single-pass trans-
mission through the diamond is L0 − A0P/ (P + Psat),
where L0 is the transmission coefficient in the absence
of pump light, P is the pump power, Psat is a satura-
tion pump power, and P/ (P + Psat) is the fraction of
NV centers which are pumped into the metastable sin-
glet state. The data in Fig. 2(b) are fitted to such a
model [using Eq. (S2)] and we find A0 = 2.2(1)% and
Psat = 0.88(3) W. The parameter A0 is related to the
density of NV centers through nNV ≈ A0/ (σIR · d) [26],
where σIR = 3+3

−1·10−22 m2 is the cross-section for IR light
[20, 31] and d is the thickness of the diamond. We calcu-
late nNV = 3.6(1.8) · 1023 m−3 or equivalently 2(1) ppm
which is in agreement with the expected value for this
type of electron-irradiated diamond [14]. The satura-
tion pump power Psat corresponds to a peak intensity
I0 = 2Psat/

(
πw2

0

)
= 70 MW/m2, which is an order of

magnitude smaller than the expected saturation inten-
sity as calculated from the pump light cross-section and
the lifetime of the metastable singlet state [26]. The dis-
crepancy could be due to other pump-power dependent
effects such as photo-ionization of NV centers.

The NV center’s ground-state energy levels shift due to
the Zeeman effect in an applied magnetic field. The Zee-
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FIG. 2: (a) Transmission of IR light through the cavity when the IR laser frequency is scanned. Trace 1: the cavity is empty.
Trace 2 and 3: The diamond is located inside the cavity. The experimental settings for trace 2 and 3 are the same except
for the input light polarization. The spectra have been offset and shifted for clarity. The pump light was blocked for these
measurements. (b) Transmission of IR light (with the laser locked to a cavity resonance) as a function of pump power measured
before the cavity. The pump power inside the diamond is lower due to reflections from the front mirror of the cavity and the
diamond surface. The transmission is here normalized to unity for zero pump power. (c) Transmission (normalized to unity off
resonance) as a function of microwave frequency. A 2.99(1) mT magnetic field is aligned along the z-direction.

man effect can be described by the Hamiltonian HB =
γB · S, where γ = 2π · 28.0 GHz/T is the gyromag-
netic ratio for the NV center. A permanent ring mag-
net is used to apply a magnetic field, B = Bẑ, along
the z-direction which coincide with a [100] direction. In
this case, the angle between any NV center’s axis and
the magnetic field is θ = 54.7◦. For magnetic fields
B � 2πD/ (γ cos θ) ∼ 0.2 T, where D = 2.87 GHz is
the zero-field splitting of the NV center’s ground state
energy levels, the Zeeman shift depends to first order
only on the projection of the magnetic field on the NV
axis. The shift in Hz is ≈ msγB cos θ/ (2π) and is the
same for all NV centers, independent of their orienta-
tions. Microwaves are applied with a wire positioned
on top of the diamond. Figure 2(c) shows the cavity
transmission while the microwave frequency is scanned.
The pump power was 1.0 W for this measurement. Two
magnetic resonances are observed corresponding to the
ms = 0 ↔ ms = −1 and ms = 0 ↔ ms = +1 transi-
tions within the ground state. The resonance frequencies
are fres = D ± γB cos θ/ (2π) and the magnetic field is
determined to be 2.99(1) mT from the frequency differ-
ence between the resonances. The contrast C and the
FWHM ∆νmr of the magnetic resonances [see Fig. 2(c)]
depend on the pump and microwave powers [32], which
were chosen to optimize the magnetic field sensitivity.
For the resonances in Fig. 2(c) we find C = 7.1% and
∆νmr = 9.0 MHz. When detecting IR absorption at
room temperature, such a high contrast is only possi-
ble due to the cavity enhancement which increases C by
the factor 2F/π ∼ 75. The sensitivity to magnetic fields
aligned along the z-direction is in the absence of tech-
nical noise limited by the shot noise (SN) of the probe
light. For the spectrum presented in Fig. 2(c), we find a

SN-limited sensitivity δBSN ≈ (2π∆νmr) /
(
γC
√
R cos θ

)

[3] of 70 pT/
√

Hz using a detected IR power of 2.3 mW
(R is the rate of detected photons).

In order to make a sensitive measurement of the mag-
netic field, we utilize a technique where the microwave
frequency fMW is modulated around a central frequency
fc: fMW = fc + fdev cos (2πfmodt), where fmod is the
modulation frequency and fdev is the amplitude of modu-
lation. The detected signal (the transmission through the
cavity) is demodulated with a lock-in amplifier referenced
to the modulation frequency fmod. The output of the
lock-in amplifier is linear SLI ≈ α (fc − fres) as a function
of fc−fres when |fc − fres| < ∆νmr/2. Besides providing
a linear magnetometer signal, the modulation technique
reduces the sensitivity to technical low-frequency noise.
Trace 1 in Fig. 3(a) shows the transmission while fc is
scanned over the lowest-frequency resonance in Fig. 2(c).
The fast modulation is not visible in this trace due to av-
eraging. The slope α ∝ C/∆νmr is extracted from trace 2
in Fig. 3(a) which shows the output of the lock-in ampli-
fier. Due to the finite response time of the NV centers
to magnetic fields (see Fig. S1), the slope α also depends
on fmod. For fmod = 15.8 kHz, α was reduced by a fac-
tor ∼ 2.2 compared to low modulation frequencies. We
chose fmod = 15.8 kHz since this maximized the mea-
sured signal-to-noise ratio. For fmod < 10 kHz, intensity
noise of the pump laser became a dominant noise source.

The lock-in signal is linear for small changes ∆Bz in
the magnetic field component pointing along the bias
field Bẑ, when the central microwave frequency is set
to fc = D − γB cos θ/ (2π). Under this condition,
the output of the lock-in amplifier was recorded for
10 s. Knowing the slope α, the change in magnetic field
∆Bz(t) = −2π · SLI(t)/ (αγ cos θ) as a function of time
can be calculated [see inset in Fig. 3(b)]. The root-mean-
square (RMS) magnetic field fluctuations [which equals
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FIG. 3: (a) Cavity-transmission signal (top trace) and lock-in signal (bottom trace) as a function of the central microwave
frequency fc which is scanned over a magnetic resonance. (b) Magnetic field noise spectrum. Inset: Magnetic field deviations
from B = 2.5(2) mT as a function of time. The data was binned in 0.05 s intervals for clarity. (c) Noise spectrum for the case
where the microwaves were turned off.

the square-root of the power spectral density of ∆Bz(t)]
are shown in Fig. 3(b). For frequencies in the range 10-
500 Hz we reach a noise floor of 2.7 nT/

√
Hz. For fre-

quencies below 10 Hz additional noise is present. Above
500 Hz the noise decreases due to the finite time con-
stant of the lock-in amplifier (here 320 µs), which reduces
the bandwidth to ∼ 1 kHz. Several noise peaks are also
present.

The magnetic-resonance position depends on the tem-
perature T , since around room temperature the zero-
field splitting D depends linearly on T with the
slope dD/dT = −74 kHz/K [7]. The sensitiv-
ity of our magnetometer to temperature changes is
γ cos θ/ (2π · dD/dT ) = 0.22 K/µT. Fig. 3(c) show the
noise spectrum when the microwaves are off, where the
absorption due to NV centers does not depend on mag-
netic field or temperature. In this case we do not observe
the additional low-frequency noise or the noise peaks.
Based on this observation and additional measurements
performed with a commercial magnetometer (Honeywell
HMC2003), we determine that the noise peaks are due to
magnetic noise in the lab while the low-frequency noise is
due to temperature fluctations of the diamond. The high
pump power leads to significant heating of the diamond
(around 40 K increase for 1.0 W pump power as measured
from the shift in resonance frequency). Thermal fluctua-
tions could arise if the diamond is not in thermal equilib-
rium or if the pump power fluctuates. The low-frequency
noise could be reduced by improving the thermal contact
of the diamond to the mount, by actively stabilizing the
temperature of the diamond, or by reducing or stabiliz-
ing the pump power. Alternatively, temperature changes
could be distinguished from magnetic field changes by
monitoring the positions of both resonances in Fig. 2(c)
or by using a quantum beat technique [33].

The noise floor in Fig. 3(c) is 2.5 nT/
√

Hz and is lim-
ited by laser frequency noise and/or vibrations of the
cavity. The cavity length was 2.5 cm for the measure-
ments presented in Fig. 3 and 5 cm for the measurements

presented in Fig. 2. The cavity resonance width [∆νc in
Fig. 2(a)] is larger for the shorter cavity. A short cav-
ity is preferable, since in this case the magnetometer will
be less sensitive to laser frequency noise. We observed
an improvement of the noise floor with the shorter cav-
ity, demonstrating that laser frequency noise was limiting
the sensitivity for the longer cavity. We believe that laser
frequency noise still limits the sensitivity for the shorter
cavity and that further reduction of the cavity length
would be beneficial. The contribution from the probe
laser intensity noise to the sensitivity is ∼ 0.8 nT/

√
Hz

for fmod = 15.8 kHz.

We have demonstrated a cavity-enhanced, room-
temperature magnetometer based on IR absorption us-
ing NV centers in diamond. We reach a noise floor
of 2.5 nT/

√
Hz and project a SN-limited sensitivity of

70 pT/
√

Hz for our current apparatus. These values
can be compared to the results of 100 pT/

√
Hz and

9 pT/
√

Hz, respectively, measured in Ref. [17], which
used a “side-collection” technique to improve low detec-
tion efficiency for fluorescent photons. Whereas Ref. [17]
performed measurements of a high-frequency AC mag-
netic field, the present technique is sensitive to magnetic
fields from DC-1 kHz. Possible applications of our mag-
netometer include mapping of magnetic fields and gradi-
ents inside magnetic enclosures, zero field nuclear mag-
netic resonance microfluidic detection [35] and detection
of magnetic microparticles [36]. The SN-limited sensi-
tivity of our device could be improved by increasing the
probe power. The 1042 nm transition saturation inten-
sity was predicted to be ∼ 500 GW/m2 [20], which for a
90 µm beam waist corresponds to a saturation power of
6.4 kW. Therefore, saturation effects will not be impor-
tant. A realistic increase of the probe power by a factor of
100 would increase the SN-limited sensitivity by a factor
of 10 to ∼ 7 pT/

√
Hz. Detection of magnetic resonance

using IR absorption enhanced by a cavity has the ad-
vantage that 100% contrast is possible using a critically
coupled cavity [20], and this method is in principle more
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sensitive than methods based on detecting fluorescence
[20]. For any detection method, the sensitivity is funda-
mentally limited by the quantum projection noise [14, 18]
δBPN ≈ (2π) /

(
γ
√
NNVT2

)
∼ 250 fT/

√
Hz, where NNV

is the number of NV centers and T2 = 1/ (π∆νmr) is
the coherence time. A sensitivity in this range is feasi-
ble using a critically coupled cavity and an IR power of
a few hundreds of mW. Optimizing the diamond sample
in terms of density of NV centers, substitutional nitro-
gen atoms, and 13C nuclei could together with dynamical
decoupling sequences [1, 34] lead to narrower magnetic
resonances and even higher sensitivity.
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