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Abstract

We propose a high-sensitivity magnetometry scheme based on a diamond Raman laser with visible
pump absorption by an ensemble of coherently microwave driven negatively charged
nitrogen-vacancy centres (NV ™) in the same diamond crystal. The NV~ centres’ absorption and
emission are spin-dependent. We show how the varying absorption of the NV~ centres changes the
Raman laser output. A shift in the diamond Raman laser threshold and output occurs with the
external magnetic field and microwave driving. We develop a theoretical framework with
steady-state solutions to describe the effects of coherently driven NV~ centres including the charge
state switching between NV~ and its neutral charge state NV° in a diamond Raman laser. We
discuss that such a laser working at the threshold can be employed for magnetic field sensing. In
contrast to previous studies on NV~ magnetometry with visible laser absorption, the laser
threshold magnetometry method is expected to have low technical noise, due to low background
light in the measurement signal. For magnetic-field sensing, we project a shot-noise limited DC
sensitivity of a few pT /v/Hz in a well-calibrated cavity with realistic parameters. This sensor
employs the broad visible absorption of NV~ centres and unlike previous laser threshold
magnetometry proposals it does not rely on active NV~ centre lasing or an infrared laser medium
at the specific wavelength of the NV~ centre’s infrared absorption line.

1. Introduction

Negatively charged nitrogen-vacancy (NV™) centres in diamond are being widely explored as quantum sensors
for magnetic fields [1-4], electric fields [5, 6], pressure [7] and temperature [3, 8]. They are also promising
candidates for qubits [9], fluorescent biomarkers [10—12], nanoscale [13, 14] and microscale [15, 16] mag-
netic field mapping, decoherence microscopy [17—19], nanoscale nuclear magnetic resonance [20], optical
trapping [21], laser-cooling [22] and gyroscopes [23]. For sensing, NV~ centres have the potential to achieve
room-temperature operation enabling sensing without the need for insulation barriers between the sensor and
sources such as biological tissue. Such complications are needed in other high-sensitivity technologies such as
cryogenic superconducting quantum interference devices and vapour cell magnetometers.

Laser threshold magnetometry (LTM) [24-28] is a new concept of magnetic field sensing that harnesses
the non-linearity of a laser cavity to strongly improve sensitivity to small magnetic field changes. Microwave
(MW) driven negatively charged NV~ centres were proposed [24] as an active laser gain medium, such that
the laser threshold shifts with the external magnetic field. Small magnetic field changes then result in strong
changes of the laser output power, leading (theoretically) to a huge improvement of the shot-noise limited DC
sensitivities potentially down to the order of fT' /v/Hz for a crystal sensing volume of 1 mm?®. Such sensitivity

© 2021 The Author(s). Published by IOP Publishing Ltd
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range would be several orders of magnitude better than even the state of the art AC magnetometry with NV~
centres [29]. Although the stimulated emission of NV~ centres without an external cavity [25] and also the
amplification of an external continuous-wave (CW) laser transmission due to the optical gain by the stimulated
emission of NV~ centres in an optical cavity at steady state [26] have been shown in experiments, the challenge
ofachievinga CW NV~ lasing required for the LTM is still outstanding to the best of our knowledge. A variation
has been proposed [28], which does not require active NV~ lasing, but instead the idea is to use infrared (IR)
singlet transition of the NV~ centre (1042 nm) as a variable absorber inside the cavity of another IR active
gain medium, thus can shift the IR laser threshold with the external magnetic field. This study predicted a
theoretical shot-noise DC sensitivity around 700 fT /+/Hz. However, for this idea to work an intracavity IR
laser medium needs to be matched with the relatively narrow absorption line upon which sensing is then based.
Moreover, the IR wavelength absorption by NV~ centre is weak compared to visible wavelength absorption.
Both are promising and recent concepts, which have not yet been experimentally realised.

Here we propose a new absorptive LTM approach using the broad visible absorption spectrum of the NV~
centre as a magnetically controlled absorber [30, 31] of the pump wavelength inside the cavity of a diamond
Raman laser. Raman lasers rely on amplification of a cavity Stokes field through stimulated scattering of a pump
by zone-centre phonons [32]. Hence the threshold of a diamond Raman laser is influenced by the intensity
of the pump field or the cavity quality factor at the Stokes frequency, and is dependent on absorption by
impurities. As a result, traditional diamond Raman lasers require highly perfect diamond crystals, and so defect
centres are seen as sources of scattering and loss. Investigating the effects of NV~ centres in diamond Raman
lasing [33—35] is an interesting new perspective for sensing using the concept of LTM. Since the absorption of
the pump by NV~ centres changes the threshold of the Raman laser, the Raman laser threshold in turn changes
with external magnetic field. We provide the first investigation of the effects of absorption by NV~ centres on
diamond Raman lasers and our study shows that NV~ centres in diamond Raman crystal can instead be a
resource for sensing based on the spin-dependent ground state population of these centres and its variation
with magnetic field.

Compared to most NV~ magnetometry schemes our approach is based on the existing absorption-based
magnetometry, which relies on the absorption of a visible external laser transmitting through the diamond with
NV~ centres [30, 31]. This absorption-based scheme has opposite behaviour of bright and dark states: upon
transition to the ‘darker’ m, = +1 state the relatively long-lived singlet state is populated and thus the ground
state population reduced. This results in reduced NV~ absorption and thus stronger Raman laser output in
our case. Thus the commonly ‘darker’ m; = £1 state, which shows less fluorescence, actually leads to higher
signal output than the m, = 0 spin state in the absorption-based scheme.

In contrast to the existing visible absorption-based magnetometry [30, 31], in which change in the laser
transmission with magnetic field is of interest, our method working at a laser threshold has the advantage of
significant reduction of background light, with which a low technical noise while measurements is expected.
The present concept allows the combination of NV~ centres with an established active laser system [34-36],
which is also based on diamond crystals. Comparing with two separate media in the IR LTM proposed in [28],
the absorption and light generation in our present study can be realised in a single crystal. The properties of
the Raman gain mechanism offer a wide diversity of options for implementing the Raman laser: operation
is compatible with almost any wavelength throughout the wide transmission band of diamond, overlapping
with the broad visible absorption band, IR absorption, and both near IR as well as IR emission of the NV~
centre. The broad visible wavelength absorption, which is the focus in the present study, allows for multiple
laser wavelengths in the visible range and improves robustness of the sensing concept against wavelength fluc-
tuations relative to the narrow absorption of the IR transition. Laser operation is also compatible across a
wide range of temporal regimes (continuous to ultrafast pulses) [37—41]. Designs have been demonstrated in
several physical formats including high-power free-space designs [35], efficient monolithic devices [42] and
miniature on-chip devices with low threshold (<80 mW [43]). Hence magnetic field sensors based on Raman
lasing may take a variety of forms and operate across a wide range of scales.

This article is organized in three sections. In section 1, we model a CW diamond Raman laser in a
Fabry—Perot cavity with intra-cavity absorption by MW driven negatively-charged NV~ centres in the same
diamond crystal. We show numerical results of the Raman laser output in the presence of an external magnetic
field and its sensitivity in section 2. In section 3, we conclude by discussing the implications of the results in
actual experimental scenarios.

2. Model

We model CW diamond Raman laser system that works at ambient conditions, considering MW driven NV~
centres in the same diamond crystal as intra-cavity absorbers. The visible absorption band of the NV~ centres,
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more precisely the diamond crystal containing NV~ centres roughly spans from 450 nm to 700 nm [1, 22,
44, 45]. The zero-phonon line (ZPL) of the NV~ centre is at 637 nm, which corresponds to around 471 THz.
Due to the characteristic diamond Raman shift, the Raman laser frequency is 40 THz lower than that of the
pump light frequency, i.e. the respective wavelength is higher. NV~ centres can in principle absorb both pump
and Raman wavelengths, if both these wavelengths fall into the absorption band of the centres. Magnetic-field
detection using the absorption by NV~ centres is possible only if there is a steady-state population in the NV~
centres’ ground state available for spin manipulation. The intense intra-cavity field of the Raman wavelength
will quickly saturate the NV ~s to its excited state or singlet states, thus removing any potential for the vari-
ation of ground state population and absorption. Furthermore bistable behaviour [46—48] above threshold
can occur, since NV~ centres are saturable absorbers. Hence we consider the desired operating condition with
pump wavelength in the absorption spectrum of the NV~ centres, i.e. below the ZPL, and a Raman wavelength
outside that absorption spectrum, i.e. above the ZPL.

For this study, we consider that the pump wavelength (A;) is 620 nm (around 484 THz), which is at the
upper end of the NV~ absorption spectrum, and thus the corresponding Raman wavelength (\,) is around
676 nm (around 444 THz). Though the tail of the experimental absorption band of diamond containing NV~
centres includes the Raman wavelength around 676 nm [22, 45], we neglect the absorption of this wavelength
by the NV~ centres for two reasons. First, the Raman laser photons are not expected to excite NV~ centres from
their ground state to the excited state, since these photons are red-detuned by around 27 THz with respect to the
ZPL of the NV~ centre. Second, we do not expect a significant steady-state population to occupy the phonon
levels of the NV~ ground state, as they have extremely short lifetime on the order of picoseconds [24]. Hence,
we consider that the NV~ centres absorb only the pump wavelength at 620 nm.

The steady-state population in the NV~ centres’ ground state can also be affected due to the light-induced
charge state switching of between NV~ centres and their neutral charge state, denoted as NV centres [26, 44,
49-51]. Thus we consider in our model that the NV~ centre in the diamond can have two charge states NV~
and NV? due to the light-induced charge state switching. For the rest of this study we denote the light induced
charge state switching from NV~ to NV as the ionization process and the reverse switching from NV° to NV~
as the recombination process. The charge state switching due to the wavelengths that we consider in this study
is expected to be a two photon process [26, 44, 49, 51]. That is, the charge state switching happens from the
excited state after the respective centre gets excited by the light. The minimum photon energy required for the
ionization process, i.e. for removing an electron from the excited state of the NV~ to the valence band, which
is located around 0.6 eV [49] above it, is expected to be around 1.56 eV [52]. Similarly, for the recombination
process the minimum photon energy required to extract an electron from the P1 (nitrogen atom) centres,
which are expected to be one of the main charge donors is 1.7 eV [53-56]. Since both the A, (around 2 eV)
and \; (around 1.84 eV) have the photon energy higher than these specified energies, they can in principle
induce charge state switching from the excited states of NV~ and NV°. However, both these wavelengths are
not expected to excite NV since A, and ), are around 38 THz and 78 THz respectively red-detuned with
respect ZPL of the NV? at 575 nm [1]. In order to excite NV charge state, we require an additional laser whose
wavelength is <575 nm. In this study we consider continuous pumping of an additional CW green laser ()
close to 532 nm through the cavity to help re-pumping the NV back to its negative charge state.

We obtain a steady-state solution to the CW diamond Raman laser system incorporating MW driven NV~
centres at ambient conditions in two steps. Firstly, we model NV~ centres coherently driven by MW including
charge state switching to NV? as the absorbers, in section 2.1. Secondly, we model the diamond Raman laser
including the absorbers to get a pump-laser output relation in section 2.2). The schematic of our model is
shown in figure 1.

2.1. MW driven NV~ centres as the absorbers in the crystal
We assume all the NV~ (and NV°) centres in the crystal are non-interacting and identical absorbers. NV~
(and NV?) centres are typically oriented along four different crystal directions. For simplicity, we work with
only one orientation. This can be achieved in a crystal produced with preferential orientation [57]. At ambient
conditions, each NV~ centre in the ensemble can be represented as a seven-level system as shown in figure 1
[58]. The two spin m, = *£1 levels considered, can be separated by lifting the degeneracy using Zeeman effect
by applying a background magnetic field along the quantization axis [1, 58]. Levels |1), |2), and |3) represent
ms = 0, mg = —1, and m, = +1 levels of the ground state respectively, levels |4), |5), and |6) represent the
ms = 0, mg = —1, and ms = +1 levels of the excited state. We represent the singlet states as a single level.
Furthermore, we also consider NV? centre as a two level system for including the effect of light induced charge
state switching of NV~ and NV? centre [26, 28, 51]. The ground and excited states of the NV? are represented
as |8) and |9) respectively.

The ground state levels |1) and |2) are resonantly driven by MW with a driving (Rabi) frequency Q4. We
assume that the incoherent optical pumping of the NV centres with A, and )y excites the NV centre from
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Figure 1. Schematic of the Raman laser with a diamond crystal containing MW driven NV~ centres including the charge state
switching between NV~ and NV? in the Fabry—Perot cavity. The Fabry—Perot cavity is formed by two highly reflective mirrors
denoted as M1 and M2. Directions of the pump (),) and Raman (,) wavelengths are shown in solid and dotted red arrows
respectively. The pump is considered as a single pass pump, i.e. the cavity mirrors are not reflective for the pump wavelength. The
pump intensity depletes while propagating through the diamond and the light at the Raman wavelength is generated. The Raman
wavelength forms a cavity mode and a laser signal is generated. The laser output is transmitted through both mirrors. A level
structure model of the MW driven NV~ centre including charge state switching present in the diamond is shown in the inset.
Please note that the separation between the levels of both charge states are not in energy difference scale for a clear representation
of transitions. Solid red and green upward arrows represent the optical pumping of the NV centres by the A, and A, wavelengths
respectively. The solid and dashed grey downward arrows represent radiative and non radiative (via the singlet state) decay paths.
The dashed orange arrows represent light induced charge state switching between NV~ and NV°. Brown arrows denote the
coherent MW driving of the NV~ centre with MW driving frequency €24. The transition rate for each transition are denoted next
to the corresponding arrow (please see section 2.2 for more details).

its ground state to excited state with a total pumping rate A = A, + A, where the A, is the corresponding
pumping rate of A, ;. This incoherent optical excitation occurs via spin conserving transitions (An, = 0) and
hence excites the NV centre from states |1)|2), and |3) to states |4), |5), and |6) respectively. These incoherent
optical transitions in fact involve phonon levels of excited states [4), |5), and |6), but since those phonon levels
have extremely short lifetime [59], compared with that of |4), |5), and |6), we neglect them for simplicity.
Since this incoherent laser pumping is spin conserving, the linewidth of the laser used is not critical for NV~
centre system. We treat appreciable coherence only between the |1) and |2) and assume an intrinsic dephasing
rate, I'y between these levels. This intrinsic dephasing rate (I'y) of the NV~ centre ground state is assumed
to be 1 MHz unless specified otherwise [1, 24]. We also consider the effect of laser pumping rates A, and
Ag; on this transition and neglect the spin relaxation since continuous laser and MW driving determine the
spin dynamics on a faster time scale. For the light induced transitions, the transition rate is determined by the
intensity of the light, cross-section of the transition and the energy of a photon at the wavelength of the light
(transition rate = intensity x cross-section of the transition/energy of a photon). We consider the absorption
cross-section for Ag as o4 = 3.1 X 10~ cm~2 [60]. The absorption cross-section, op of the NV~ centre for
the considered pump wavelength () is approximately 1.31 x 10~ "7 cm?, which we obtain from scaling the o,
for 532 nm with a measured absorption spectrum to the wavelength in question [22]. This value of absorption
cross-section is reasonable since a slightly lower value of 1.1 x 10~ cm? for NV~ centre at 632 nm is reported
in [45].

The NV~ centre population from |4), |5), and |6) spontaneously decay to the ground state via two path
ways [1, 58]. The first one, involves spin-conserving optical transitions emitting near-IR photons, from |4),
[5),and |6) to [1), |2), and |3), respectively. The second one, via non spin-conserving transitions from [4), |5),
and |6) to |1), |2), and |3) through |7). The transition rate corresponding to transition |i) to [j) is denoted as
Rj;. In this study, we consider NV transition rates as R4y; = Rsy = Rg3 = 66.16 us~!, Rs; = Re7 = 91.8 s~
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Ry = 11.1 us™!, Ryy = 4.87 pus™!, R;y = Rys = 2.04 us™! [4, 61]. Here we assume that the transition rates
are not affected by the magnetic field [62], though there are indications that they may vary with the external
magnetic field [58, 63]. Furthermore, we neglect any stimulated emission of NV centres at A, [25, 26, 51], since
no direct evidences of stimulated emission below 700 nm is experimentally reported so far to the best of our
knowledge. Moreover, experimental study in [25] indicated that for a wavelength above 680 nm, the stimulated
emission dominates over the ionization and the cross-over wavelength is close to 660 nm. In the light of this,
our model seems reasonable.

We consider the ionization transition from [4), |5) and |6) to |8) and the recombination transitions from |9)
to [1), |2) and |3) [26, 49, 51, 64, 65]. We represent the ionization transition rate and cross-sections for A/,
as Ay, and oy, respectively. Similarly, we represent the recombination transition rate and cross-sections
for Age/p/r as A" grjpr and 0" g/ Tespectively. Since we consider that all three wavelengths in the present study
induces the charge state switching, we denote the total ionization and recombination transition rates as A" =
Age 4+ A, + Apand A" = A"y + A", 4 A", respectively. We assume that each of the transitions from [4), |5)
and |6) to |8) has a transition rate of A7 and are not spin dependent transitions [28, 64, 65]. Experimental study
with nanodiamond NV centre in [66] reported that this ionization transition can be directly spin dependent.
Similarly, we assume that each of the transitions to |1), |2) and |3) from |9) has a transition rate of A” [28, 64,
64, 66].

We consider o’

8r/p
note that the wavelength considered in [51] is 531 nm. The factor § in the Ng: considers that there are three
transition from |9), which was considered as a single transition in [51]. The ionization and recombination
transitions are expected to be wavelength dependent since the probability of removing electrons from NV~
centres or charge donors like P1 centres can be directly proportional to the energy of the photon [52]. Due
to the lack of experimental evidences to the best of our knowledge, we assume 7, = n;, and 7, = 7;,, and
also assume that the frequency dependence o}, and o, comes through the absorption cross-section part. We
expect 0, > o, and o, > oy since the A, photon is more energetic than that of \;. However, for simplicity of
the calculation and also for not underestimating the charge state switching between NV~ and NV due to the
strong intra-cavity field at \;, we assume o, = 0, and o, = 0. The charge state switching can be tuned in
principle via material engineering of the diamond [55, 56, 67]. The NV is excited by the A, and we consider
that the pumping rate for this is A” = 1.3 x Ag [51]. The spontaneous emission rate of NV? is considered as
Rog = 53 us~! [28, 51, 64, 68]

Since the absorption of the A, by NV~ centre happens from both levels [1)[2), and |3), their populations
determine the intra-cavity absorption by NV~ centres per crystal length, which is relevant to the Raman laser
model in the following section. To obtain populations, the master equation for the density matrix p of the NV~
centre together with NV? centre from the nine-level system can be written as [24, 69-71],

=Ny X Ogr/pand oy, = ngr/p X Og/p> Where n, = 0.037 and n/g,r = 1 % 0.08[51]. Please

d . Q
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where >, p; = 1.

The steady-state solution yields the total ground-state population, p, = p;; + p,; + p33 of the NV~ centre.
Then we can write the exponential absorption per unit length, 5 = 0, Dp,, where D is the density of NV~
centres in the diamond crystal, respectively. Note that we define 3 as an exponent of e, while literature values
are often given as an exponent of 10.

In order to discuss the underlying physics in a simplified manner, we neglect the populations in the levels
|3) and |6), and also the charge state switching for now, but we consider them for the rest of this article. For
a particular A and 4, the resonant MW driving (Ag = 0) evenly distributes the ground-state population of
NV~ centres between |1) and |2) at steady state. On the other hand, the non-resonant MW driving (A, # 0)
unevenly distributes the NV~ ground-state population, preferring |1) over |2). Magnetic sensing based on
NV~ absorption [28, 30, 31] is based on the key fact Rs; > Ry7. Thus at a particular A and 4, more NV~
centre population reaches the singlet level |7), for resonant MW driving (A, = 0), in comparison with the
non-resonant MW driving (A, # 0), where population ends up mainly in state |1) and |4). Since |7) has a
relatively longer lifetime than that of excited-state levels, the ground-state population p, at steady-state for
resonant MW driving is lower than that of non-resonant MW driving [28, 30, 31]. As a result, the absorption
is higher for detuned MW driving (A, # 0) than that of resonant MW driving (A, = 0). Since an external
magnetic field induces detuning through Zeeman splitting, the absorption is also modified by such an external
magnetic field and thus enables magnetic sensing.

2.2. Diamond Raman laser with NV~ centres as absorbers in the crystal

We consider a Raman laser generating light from Raman scattering off a diamond crystal containing also NV~
(and NV?) centres in a Fabry—Perot cavity with pumping at a wavelength ()\,) below the ZPL (schematic is
shown in figure 1). We follow modelling the Raman laser in an approach similar to [72, 73]. However, the
important difference is the consideration of pump absorption, which otherwise is negligible in Raman laser
modelling [73].

We simplify the system with the following assumptions: both mirrors, M1 and M2 are identical, and highly
reflective only for the first Raman wavelength, but fully transmitting any other wavelengths like the pump
(Ap) as well as all higher-order Raman wavelengths, Ag etc. NV~ (and NVY) centres are uniformly distributed
through the diamond volume in the cavity and the cavity is fully filled with the diamond sample. We neglect
all contributions into the cavity mode from spontaneous Raman emission as well as spontaneous emission
from the NV centres, since the stimulated Raman emission dominates above threshold. We approximate the
fundamental Gaussian cavity mode by a cylinder shape, where the base radius of the cylinder is the cavity beam
waist and also approximate the transverse profile to a flattop profile.

The Raman gain for the stimulated Raman scattering is g.I,I; [72—75], where g, is the plain Raman gain
coefficient, I, is the intensity of the pump beam, and I; is the intensity of the Raman beam. Then the depletion
of the pump when it propagates through the diamond position ! can be written as [73],

T~ Logn, 0t~ 10, (12
where v}, and v, are pump and Raman frequencies corresponding to (\,) and () respectively. Here, 3 =
opDp, represents the pump absorption, I; is approximated to be uniform throughout the cavity and I,,(/)
is a function of length L Strictly speaking the pump absorption 3 = ¢}, Dp, is also a function of position ,
since different pump intensities I,(I) lead to different levels of saturation and thus ground state population
pg(1). Mathematically this dependence manifests itself in the master equation through the pump rate A, (I) =
ol,(1)/hv,. This dependence of 3 on length makes equation (12), difficult to solve together with a coupled set
of master equations from (1) to (11). However, based on a relatively weak reduction of the pump in a single
pass and in order to separate the temporal and spatial variables in the differential equations, we assume that
A is a constant over the length of the cavity. For this, we make the approximation that A, (1) = A, ~ oI /v,
where I is the intensity of the pump entering to the cavity through M1. Since I is the maximum intensity
of the pump wavelength in the cavity, the pump rate that we consider is the maximum value. The resultant
absorption is higher than the actual scenario and as a result the phase noise to the NV~ centres’ ground state
coherence considered is also high. However, this approximation enables us to make a good estimate of the
Raman laser output generation. The solution of equation (12) gives I,(I) as,

I() = I exp—1 (I;pgrlr+ﬁ>. (13)
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If I is the cavity length, then the depleted intensity of the pump when it passes through the diamond sample
can be written as,

AL, = Ig {1 —exp —I (l;pgrlr + ﬁ)] ) (14)

Following the method in [73], the total intensity of stimulated Raman emission generated in a single pass from
equation (14) can be written as,
&l

AL = 8 AL
S A

(15)
The temporal rate of Raman generation is (c¢/n)Al /I [72], where ¢ and n are the speed of light and the
refractive index of the diamond respectively. Hence, the temporal rate equation for the Raman laser intensity
inside the cavity can be written as,

dI, ¢/n

— = —AL — &, 16

dt lC I T4r ( )
where t represents time and &k, is the cavity loss rate through the mirror transmissions. Using equa-
tions (14)—(16), the Ig at steady state can be written as,

I
c/n ko

= - : (17)
Tl - e (ki +5) |

Equation (17) gives a relation between the incident pump intensity IS and the intra-cavity Raman laser intensity
I;. The intensity of the Raman laser output (I°"') emitted from the cavity can, then be written as,

le
c/n

The pump and the Raman laser output power can be obtained by multiplying respective intensities with the
area of the cavity beam (Apeam). Then using equations (17) and (18), we have the pump and laser output
relation incorporating NV~ absorption. We obtain an analytical solution for 8 using the steady-state solution
of the master equations for p, from section 2.1. This analytical solution is a lengthy one and we do not explicitly
write it down here. Since p, is a function of A, § is a function of I. Plugging this analytical form for 3 into
equation (17), we numerically solve the combination of equations (17) and (18), to obtain the pump power for
each Raman laser output power. Then we numerically study the response of such a laser to external magnetic
fields.

out __
" =

Krly. (18)

3. Results and discussion

We consider a micro-cavity Raman laser that leads to strong intra-cavity light intensity and Raman scattering
thereby reducing the laser threshold. An interesting candidate for this would be fibre cavities [26, 76]. We
consider the length of the diamond sample /. as 700 ym and the beam waist radius as 10 ym. We assume a
finesse of 10 000, for the diamond loaded cavity, which makes the cavity loss rate x, = 56.1 MHz. For a cavity
loaded with a pure diamond sample of around 10 pm thickness, a cavity finesse of around 17 000 has been
demonstrated before [77].

Since we are considering a microcavity, for strong pump absorption, we consider a high density of pref-
erentially oriented NV~ centres, D ~ 7 x 107 cm™2, that has been experimentally realized [78]. Diamonds
with even higher density of NV~ centres, but not preferentially oriented have been shown in experiment
[45, 79, 80]. The Raman gain (g,) for the choice of our wavelength is around 14.75 cm GW ! [33, 81].

3.1. Raman laser LTM

An example of numerical solutions of the Raman laser output as a function of pump laser power, for different
MW driving conditions, is shown in figure 2. Since the absorption by NV~ centres is less for the resonant MW
driving (A4 = 0) than for detuned MW driving (A, # 0) or MW-off case (€24 = 0), the resonant case reaches
the threshold for lower pump powers than the detuned case or MW-off case. As the detuning A, increases,
the laser curves tends towards that of the MW-off case. The threshold corresponding to the MW-off case is
fundamentally limited by the number of NV~ centres in the cavity volume and their internal transition rates.
In figure 2, the laser curve corresponding to resonant MW driving is linear, but as the detuning increases, laser
curves become non-linear and for the MW-off case we can see a bistable behaviour [46—48] in the Raman laser
output. We identify that this transition from linear to non-linear laser curves as we move from resonant MW
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Figure 2. Raman laser output power in milli-Watt (mW) as a function of pump power, for Ay, = 21 MHz and for different MW
driving conditions. The blue dots are the numerically obtained solutions of Raman-laser output power for resonant MW driving
(Ag = 0 MHz) with 2y = 52 MHz. The green dots are the solutions when no MW field driving is present (24 = 0 MHz). The
dashed curves are interpretation laser curves considering that the Raman laser output power should be zero when the pump
power is zero. The gradient shaded region is formed by joining the line plots of numerical solutions corresponding to different A,
from 0 to 200 MHz for {24 = 52 MHz. For a pump power equal to the threshold pump power of the MW-off laser curve, the
Raman-laser output changes through the red line cut. Raman-laser output as a function of detuning is shown in the inset. The data
points are shown in the corresponding gradient colour in the main figure. The red curve in the inset is a Lorentzian function fit.

driving to non-resonant MW driving(or MW-off case) arises basically due to the transition from linear increase
to non-linear decrease in the steady state ground state population p, (and thereby ) when the strong intra-
cavity field at A, increases. Since we are working with the Raman laser that is already turned on, the bistability
behaviour is not expected to affect the present magnetometry scheme. Furthermore, due to the high finesse of
10000 for the cavity, the intra-cavity power corresponding to 18 mW Raman laser output power (multiplying
with finesse/7) can be roughly estimated to be around 57 W and thus one has to be careful about the damage
threshold for experimental studies.

We can apply the LTM method to detect the external magnetic field by assuming that the MW frequency
for driving the NV~ centre is constant at a fixed value and the detuning is induced by some external magnetic
field [24]. For this, we set the pump power to P/, which is the upper threshold value (green curve) in the main
figure 2 [28]. Then looking at the change in the Raman laser output for resonant MW driving corresponding to
P, pump power, we can infer the detuning and thereby the magnetic field present, since Bpc = Ag/7,, where
1/, =5.68 x 107" T Hz! [24]. For the rest of the study we consider A, between 0 MHz and 200 MHz
for numerical estimations. The output power of the Raman laser as a function of the detuning then forms
a peak around zero, as shown in the inset figure of figure 2, since at resonance the absorption is the lowest.
The numerical solution of output power of the Raman laser as a function of the detuning can be fitted with
a Lorentzian line-shape function of the form (amplitude x 0.25 x FWHM? / (Ag +0.25 x FWHM?)) + C,
where FWHM and C are the full-width at half maximum and a constant respectively. For A, < 0, the curve
in the inset mirrors with respect to A, = 0. Since we require only |Bpc| for estimating the DC magnetic field,
we focus on the positive values of A;. The peak width of this curve is set by the power broadening and phase
noise that arises due to the Rabi driving €24, dephasing rate I, and laser pumping A, to the NV~ ground state
coherence. In addition the charge state switching is also expected to contribute to this peak width. The laser
pumping A is determined by the Ay, since we have assumed fixed cavity parameters that roughly fixes the
pump powers and thereby the contribution from Aj,. We explore the effects of MW driving, {24, Ag; and Iy in
figure 3.

Since we are fixing the pump power to P, and looking at the Raman laser output change, any undesired
fluctuations in the pump power is expected to produce noise in the Raman laser output power masking the
magnetic-field signal we want to detect. Thus in experiments, it is important to work with a pump laser that
is stabilized for power. As a result it is interesting to maximise the threshold shift between resonant (A, =
0 MHz) and off-resonant driving (A, = 200 MHz). We therefore explore the threshold pump power shift of
the Raman laser as a function of Rabi driving €24 and laser pumping Ay, in figure 3(a). We choose a region
of values for the (4 and Ay, such that there is significant recombination transition from NV? to NV~ and in
result includes a percentage shift more than 1% as shown in figure 3(a). Both laser pumping Ay, and €24 show
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Figure 3. (a) The shift in threshold pump power for detuned laser curves (A, = 200 MHz) with respect to that of resonant laser
curves (Ag = 0 MHz) as a percentage of threshold pump power of resonant laser curves as a function of {24 and Ag. The
threshold pump power for resonant driving is roughly between 1.065 W (for 24 = 40 MHz and Ay = 15 MHz) and 1.046 W (for
Q4 = 64 MHz and Ay = 27 MHz). The blue and red dots highlight the minimum and maximum values for Ay, that has >1%
threshold shift corresponding to each €24 values. The black dots highlight the A, and €24 values that corresponds to optimum
threshold shift. I'y is I MHz. (b) Raman-laser output power as a function of A, for Ay = 21 MHz, I'y = 1 MHz, and for different
values of 24 (numerical solutions as line plots). (c) Threshold shift as in (a), now as a function of 4 for Ay = 21 MHz, and for
different values of I'g. The dots are the numerical solutions and the dotted, solid, and dashed lines are joining respective
numerical solutions. (d) Raman laser output as a function of A, for Ay = 21 MHz, 24 = 52 MHz, and for different values of Iy
(numerical solutions as line plots).

characteristic maximum (i.e. optimum). One hand, increasing Ag;, the recombination transition is expected to
increase, which brings more NV~ ground state population. On the other hand, increasing Ay, the excitation of
the NV~ and ionization transition is expected to increase. As a result an optimum value for the laser pumping
Ay is expected. The P; roughly varies from 1.076 W (A;, ~ 13.89 MHz) to 1.06 W (A, ~ 13.68 MHz) as A,
varies from 15 MHz to 27 MHz, since the threshold pump power corresponds to the MW-off case changes
with Ag,.

In order to understand the optimised effect of MW driving €24 in the threshold shift, we consider the laser

pumping Ay, = 21 MHz and plot the Raman laser output curve as a function of A, for different values of {24 as
shown in figure 3(b). Figure 3(b), shows that increasing {24 improves the Raman laser output, but broadens the
resonance peak. The resonance peak broadening for higher €4 is expected due to the significant contribution
into phase noise to the ground state coherence by (g [82]. The effect of I'y explored in figures 3(c) and (d)
shows that improving I'y by an order of magnitude from 1 MHz does not really improve anything. On the
other hand, increasing I'y by an order of magnitude changes both threshold shift and the Raman laser output
resonance peak width. We attribute this effect to the fact that A is the dominant source of phase noise to the

ground state coherence and increasing the I'y by an order of magnitude from 1 MHz makes I'; comparable
to A.

3.2. Sensitivity of the present magnetometry scheme and its optimisation

The dominant and limiting noise in the magnetic field sensing using the present scheme is expected to be the
photon-shot noise and thus we estimate a photon-shot noise limited magnetic field sensitivity of the system [2,
3,24]. If the Raman laser output (P°") varies by an infinitesimally amount dP®" corresponding to an infinites-
imally small change dBpc in the DC magnetic field, for a finite measurement time d, then the photon-shot
noise and the signal photon number that informs about the magnetic field can be written as /(P /hv,)dt
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Figure 4. Sensitivity estimation of the present scheme. (a) The sensitivity (black curve) varies as a function of the MW detuning
Ay, and reaches a minimum value (best sensitivity) at the dotted vertical line. The sensitivity is calculated from the Raman laser
output (red curve and axis), obtained by the Lorentzian fit function to the data as shown in figure 2. The sensitivity increases
towards zero detuning as the slope in the red curve tends to zero. (b) The numerical solutions of the minimum sensitivity for the
Qg4 and Ay, values from figure 3(a) (reproduced here in the inset). These were obtained for I'y = 1 MHz. The sensitivity is lower
(better) for smaller 24 (left side of plot) and for larger A, values (red curve).

and (dP°"/hv,)dr respectively. Then the photon-shot noise limited sensitivity (npc = |dBpc| V/dt) to the DC
magnetic field Bpc can be written from equating the signal photon number to the photon shot noise as [2,
3], npc = v/ hPoUt x |dBpc/dP™|. The derivative |dBpc/dPo™| can be obtained as the inverse of the slope
of the laser output curve as a function of detuning using the gyromagnetic ratio (v,.) of the NV~ centre. We
estimate and explore the minimum sensitivity of the present magnetometry scheme as shown in figure 4.

The sensitivity corresponding to the Raman laser presented in figure 2 as a function of detuning is shown
in figure 4(a). To better determine the slope of the Raman laser output curve as a function of detuning, we
use Lorentzian fit function of the numerical solutions (red colour curve in figure 2 inset). The derivative of
the obtained interpolation function is used to estimate the sensitivity. Close to zero detuning the laser is not
sensitive to the external magnetic field since the slope of the laser output goes to zero. The optimal magnetic
field sensitivity is at a specific detuning value simply found by minimising the expression npc = /v Po4t X
|dBpc/dPo™|, i.e. maximising the slope of the red curve in figure 4(a) divided by the square root of the power
output (|dP"/dAy|)/+/Pe"t. The minimum sensitivity obtained in figure 4(a) is around 5.64 pT v'Hz ! for
a A, of around 67 MHz. Furthermore, the sensitivity can be slightly improved close to 4 pT /+/Hz if we reduce
the pump power of A, towards the threshold of the 200 MHz detuned laser curve.

To explore the effect of 24 and laser pumping A, on the minimum sensitivity, we consider Rabi driving
)4 and laser pumping A, values which give a threshold shift >>1%. These are the points shown in blue, black
and red colours in figure 3(a), and are reproduced inset to figure 4(b) for clarity. The corresponding optimum
sensitivities are shown in figure 4(b) as a function of €24. The minimum sensitivity increases for the €24 in
the considered domain, and we attribute this to the noise on the ground state coherence due to MW power
broadening as we discussed above. On the contrary, increasing the laser pumping A, decreases (improves)
the minimum sensitivity as shown by moving from the blue to red curves. However, this effect is not linear
and we attribute this to competing mechanisms. On one hand, increasing A, should increase the noise on the
ground state coherence and increase the ionization transition due to the excitation of NV~. On the other hand,
increasing Ay, will enhance the recombination transitions and also allow a reduction of A;, due to the reduced
threshold pump power, which can reduce noise to the system. The results shown in figure 4(b) suggest that the
second situation dominates. To see the effect of lower {14 values on the minimum sensitivity, we keep the Ag =
21 MHz and explored the minimum sensitivity as a function of 4. The sensitivity slightly improves as the {4
reduces further from the region shown in figure 4(b) and reaches an optimum value of about 4.16 pT /v/Hz
for g = 20 MHz. However, the threshold shift (as in figures 3(a) and (c)) for this is only about 0.67% and
thus we expect significant technical noise due to the challenge in stabilizing the pump power. Reducing 4
further makes the minimum sensitivity worse as an effect of weak coherent MW driving of the ground state
population (reduces the contrast of the resonance peak of the Raman laser output as a function of detuning).

To estimate the sensitivity advantage of a diamond Raman LTM cavity we benchmark our scheme with
conventional ODMR NV~ magnetometry. In conventional ODMR, the volume defined sensitivity (7pc X
y/sensing volume), with a diamond sample having 2 ppm NV~ density and a comparable dephasing rate is
about 100-200 nT +/um? Hz ! (see figure 10.F [83]). The number of NV~ centres in this conventional mag-
netometry sensing volume would be equal to the number of NV~ + NV? centres that we considered in our
cavity, if its sensing volume is around 2 times larger than our cavity volume (around 2.2 x 10~* zm?). Then the
sensitivity, npc of the conventional magnetometry is roughly around 150 — 300 pT /+/Hz, which is roughly
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two orders of magnitude worse than the sensitivities we estimated in the present work. Thus we can conclude
that comparing the two techniques with both CW laser and CW MWs, the absorptive diamond Raman laser
cavity in our scheme results in a sensitivity advantage of two orders of magnitude.

The sensitivity of conventional NV~ magnetometry can further be improved by switching from CW tech-
niques to pulsed and/or lock-in techniques. Focussing only on the sensitivity value, an experimental DC sensi-
tivity with NV~ centres of about 15 pT /+/Hz [84] was demonstrated in 2016. Very recently using a magnetic
flux concentrator this was improved to about 0.9 pT /v/Hz [85] and using improved pulsed sequences [86]
this has been further reduced to about 0.5 pT /+/Hz. In principle these advantages such as a flux concentrator
could be combined with LTM schemes. However, in order to combine pulsed schemes with a laser read-out of
NV~ centres, questions of cavity build-up times and their interference with the read-out times arise. Dynami-
cal calculations are therefore needed to discuss sensitivities of such combinations and the steady-state solutions
presented in this paper are not sufficient.

Comparing our scheme to other LTM schemes, naively we can say that the minimum sensitivity we obtain,
is slightly worse than the 0.7 pT /+v/Hz, projected DC sensitivity for IR LTM in [28], and is a few orders of
magnitude worse than the projected one for the NV~ LTM [24]. The dephasing rates considered in these
works fall within the values we consider in this work. However, a proper comparison should consider the
total number of NV~ centres involved, i.e. the diamond volume and the density of NV~ centres in different
schemes. For application advantages, such as low-power operation and fibre-coupling we chose a microcavity
with a diamond sensing volume of 7 x (10 gm)? x 700 ym = 2.2 x 10~* ym?®. The IR LTM scheme assumed
a diamond volume that is larger by a factor around 3.6 (7 x (50 zm)? x 100 ym) and the NV~ + NV density
larger by a factor of 4 [28] than the present case. The active NV~ lasing scheme assumed 1 mm?® of diamond
sensing volume with an NV density larger by a factor 4 than the present case.

In LTM schemes, the optical cavity parameters can influence the laser output and threshold shift and
thus sensitivity. These are additional parameters compared to conventional NV~ magnetometry, where the
linewidth is typically defined by the NV diamond material and the only corresponding setup parameter is the
photon collection efficiency. These additional parameters can on the one hand be used to adapt a sensor to
serve particular requirements such as wide dynamic range versus sensitivity. On the other hand they can make
performance fabrication-dependent and thus require more calibration. However, we point out here, that the
cavity and fabrication has no influence on the fundamental NV~ centre’s magnetic resonance frequency or its
shift with the external magnetic field, purely defined by the fundamental gyromagnetic ratio. Thus the main
fundamental advantage of NV~ centres over other magnetometer technologies, often labelled ’calibration-free’
measurements, is preserved.

4. Conclusion

We have shown that a low threshold single pass pump diamond Raman laser with absorption of only the
pump wavelength by MW driven NV~ centres in the same diamond crystal can be used to detect external
magnetic fields. The choice of a micro-cavity with high finesse for the Raman wavelength reduces the threshold
powers well below NV~ saturation powers and thus could investigate the role of NV~ centres. We have explored
the response of such a Raman laser as a function of incoherent laser pumping, MW driving strength, and
intrinsic dephasing rate. We find that the laser threshold shifts between on- and off-resonant MW driving
of the NV~ centres, which allows for sensing. The threshold shift can be maximized by tuning the green laser
pumping Ag and MW driving €24, two parameters that can be tuned during experimental study. Furthermore,
we have estimated the DC magnetic field sensitivity and explored the effect of different green laser pumping
Agr and MW driving ()4 values on the minimum sensitivity. We obtain a minimum sensitivity of down to a
few pT /v/Hz and find that for comparable sensing volume, NV~ density and coherence time our scheme
gives an advantage of a couple of orders of magnitude in sensitivity compared with conventional ODMR. The
sensitivity range projected in this study is comparable with the projected DC magnetic sensitivity of other LTM
magnetometry with NV~ centres reported [24, 28], but the conceptual simplicity of our scheme can attract
potential applications, especially since it takes advantage of the well-established, visible wavelength Raman
lasing properties also provided by diamond.
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