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Abstract
Wedemonstrate the tunable enhancement of the zero phonon line of a single nitrogen-vacancy colour
centre in diamond at cryogenic temperature. An open cavity fabricated using focused ion beam
milling providesmode volumes as small as 1.24μm3 (4.7 3l ) and quality factor Q 3000. In situ
tuning of the cavity resonance is achievedwith piezoelectric actuators. At optimal coupling to a TEM00

cavitymode, the signal from individual zero phonon line transitions is enhanced by a factor of 6.25
and the overall emission rate of theNV− centre is increased by 40%comparedwith thatmeasured
from the same centre in the absence of cavity field confinement. This result represents a step forward
in the realisation of efficient spin-photon interfaces and scalable quantum computing using optically
addressable solid state spin qubits.

1. Introduction

Coupling offluorescence fromnanoscale quantum systems to opticalmicrocavities provides ameans to control
the emission process and can be an essential element of nanophotonic device applications. The negatively
charged nitrogen-vacancy (NV−) defect in diamond is an example of a solid state system that has gained
significant attention in recent years as a quantum spin register [1, 2] and nanoscale sensor [3–5]due to its long
spin coherence times and capacity for opticalmanipulation and readout. The recent demonstration of quantum
error correction in anNV− defect [6] provides a sound basis for using these systems in practical quantum
information technologies. Awell established strategy for a coherent spin photon interfaces is to significantly
reduce interactionwith phonons and enhance coupling to the ‘zero phonon line’ (ZPL) under conditions of
minimised pure dephasing. The lowDebye–Waller factor (DW 0.04 ) of theNV− centre imposes a significant
limitation in this regard, sincemost spontaneously emitted photons are accompanied by a phonon emission
eventwhich leaks information to the environment. The enhancement of the ZPL and its efficient coupling to
external optics are therefore important challenges towhichmicrocavities arewell suited. In particular is an
essential requirement for generating large scale entangled states between spatially separated defects connected
via photonic networks, for which proof of principle experiments have been achieved [8] but further
development is hampered by low entanglement efficiency. Success in this endeavormay provide a route to the
realisation of scalable quantum computers based on optical networks of electronic and nuclear spins [9, 10].

Resonant coupling of theNV−ZPL tomicro-ring resonators [11] and photonic crystal cavities [12–15] has
been demonstrated to provide effective enhancements, but themonolithic structure of these cavities prevents
positioning of the emitter at the heart of the cavitymode in situ. Tuning of the cavitymode to the ZPL resonance
can be achieved in these systems using either progressive gas condensation in a cryostat (red tuning) or repeated
thermal etching steps (blue tuning) but these procedures are difficult to optimise and have limited scope for use
in device applications. Open cavities [16–19] on the other hand provide a flexible approach to cavity-coupled
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devices that permit full in situ alignment and tuning using piezoelectric actuators, thus providing the rapid and
precise device alignment necessary formore advanced experiments. An additional advantage is the efficient
coupling to external optics, which is achieved usingGaussianTEM00modes that leak from the cavity through
one of themirrors. Herewe demonstrate control over the emission froma singleNV− centre by coupling its ZPL
to the resonantmode of an openmicrocavity. The open cavity geometry allows direct comparison between the
emission properties of the same defect in and out of the cavity, thus providing unambiguous evidence of the
effect of the cavitymode.We demonstrate tunable enhancement of the ZPL emission and reduction of the
fluorescence lifetime of the defect in a controlledmanner, and analyze our results in terms of the Purcell effect
acting on the ZPL and the phonon sideband (PSB). Ourwork builds on recent demonstrations of room
temperature coupling ofNV− defects to open cavities [20–22] inwhich lifetime changes were not observed due
to the far greater ZPL line width.

2. Experimentalmethod

The openmicrocavities are of a plano-concave design, the concave features produced by focused ion beam
milling of a fused silica substrate [18, 23]. These cavities support aHermite–Gaussmode structure with TEM00

modes that can be effectivelymode-matched to an external Gaussian beam. The radius of curvature of the
concavemirror used here is 7.6μm.The concave and planar dielectricmirrors have reflectivities of>99.99%
and 99.7% respectively at the designwavelength of 637 nm, and reflection bands extending from550 nm to
720 nm. The planarmirror is terminatedwith a low index layer to provide afield anti-node at its surface. The
shortest cavity length achieved here has amirror spacing of 1.11 mm providing an additional 3field intensity
maxima of the TEM00mode between themirror surfaces with 637 nm,l = as shown infigure 1(d).We label
thismodewith the longitudinal index q=4, or the set of indices q m n, , 4, 0, 0 .( ) ( )= Themode volume is
calculated numerically to be 1.24μm3.

TheNV− defects are located in nanodiamondswhichwere fabricated by the high pressure high temperature
detonation synthesismethod, andwere subject to an acid clean to remove graphiticmaterial before being spin
cast onto the planarmirror. Registrationmarks on the planarmirror created using a focused ion beam allow
individual defects to be identified and characterised both in and out of the cavity. The two experimental
geometries used in this report are displayed infigure 1. The ‘out-of-cavity’fluorescence ismeasured in the
absence of a concavemirror andwith the planarmirror as a substrate behind the nanodiamonds (figure 1a). For
the ‘in-cavity’ experiments the planarmirror is inverted and both excitation of theNV− centres (at 532l = nm)
and collection offluorescence is carried out through the planarmirror. Themicrocavity assembly comprises a
set of piezoelectric actuators that provide full control of the cavity length and relative position of the planar and
concavemirrors at cryogenic temperature (figure 1(b)). Allmeasurements are carried out at 77 K in a dryHe
exchange gas environment with the container supported in a liquid nitrogen bath cryostat [24]. Further details of
the experimental apparatus can be found in sectionA of the supplementary information.

Figure 1.Experimental configurations for characterisation of the sameNV centre in (a) the ‘out-of-cavity’ geometrywhere
epifluorescence ismeasured using only the planarmirror as the substrate, and (b) the ‘in-cavity’measurements in which the planar
mirror is inverted and a concavemirror positioned directly beneath the nanodiamond of interest. (c) Scanning electronmicrograph of
a cross section through the Bragg coating of the concavemirror. (d) False colour-scale plot of the electricfield intensity distribution
through a cross-section of the q=4TEM00 cavitymode calculated using FDTDmodelling. The refractive index profile is included for
clarity, with grey (purple) regions corresponding to the low (high) index layers of the Braggmirrors.
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Figure 2.Characterisation of theNV− centre on the planarmirror. (a) Fluorescence image showing point-like emission from single
NV− centres, and registration lines generated by focused ion beamGa+ implantation that allow re-location of the sameNVdefect in
the two experimental configurations. (b)Photon correlation data from theNV− centremeasured, (c) and (d)fluorescence spectra
from theNV−defect atT=77 K, and (e) polarisation plots of peak 2 (blue) and peak 3 (purple) of the zero phonon line doublet.

Figure 3. In-situ tuning of a cavitymode through the ZPL resonance. (a) Selected spectra (blue) recorded atfive different cavity
positions, with a simulation of each spectrum calculated using equation 5 (red). (b) 2D false colour-scale plot of themeasured
spectrum including all of the tuning steps recorded.
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3. Results

A low temperature fluorescence image recorded in the out-of-cavity configuration reveals well-dispersed
nanodiamonds (figure 2(a))with some instances of single centres recorded by theHanbury-Brown andTwiss
method. The nanodiamond used in this study is circled, and its uncorrected photon intensity correlation data
shown infigure 2(b), revealing g 0 0.38.2 ( )( ) = Subtraction of background due to autofluorescence from the
mirrors reduces this value to g 0 0.072 ( )( ) = implying that≈ 97%of thefluorescence is from a single emitter.

Figure 4.Comparison of properties of the sameNV− centre in the in-cavity and out-of-cavity geometries. (a) Fluorescence spectrum
(b)fluorescence decay, and (c)photon correlation histogram. In (a) and (c) the excitation power is set toPsat asmeasured in intensity
saturationmeasurements.
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Fluorescence spectroscopy of thisNV− centre reveals a ZPL spectrum that is dominated by a linearly polarised
doublet (fitted peaks 2 and 3 infigure 2(d)) indicating a high level of strain that lifts the degeneracy of the
orthogonal 3Ex and

3Ey excited state dipoles of the defect (figure 2(c)). The linewidths of the individual ZPL
components are approximately 0.4 nm,withGaussian line shapes suggesting that they are dominated by
inhomogeneous broadening due to spectral diffusion.Weak additional lines are seen, potentially due to an
additionalNV centre in close proximity. The relative intensities of peaks 2 and 3 and the angle between their
polarisations (figure 2(e)) indicate that theNV− defect axis is oriented at 49° relative to the optical axis of the
cavity, and the two orthogonal transition dipoles for lines 2 and 3 are at angles of 39° and 24° to the plane of the
mirror respectively (see supplementary information section B). The ZPLmeasured hasDW=0.044, as is
typical forNV− centres.

Figure 3 shows themeasuredfluorescence spectrum for the in-cavity configuration as a TEM00 cavitymode
is tuned through resonancewith the ZPL. Clear enhancement of the ZPL emission is observed, providing a fully
saturated photon count rate of 15 kc s−1. This represents an experimental enhancement of the total ZPL signal
by a factor of 2.5 comparedwith that recorded from the defect with the planarmirror alone (see supplementary
information sectionC). Since this intensity primarily corresponds to resonant tuning to peak 3 in the recorded
spectrum,which contains about 40%of the out-of-cavity ZPL photons, the enhancement factor of this peak is
estimated as 6.25.

Figure 4 shows a side-by-side comparison of the optical properties of theNV− centre out of the cavity, with
that observed in the cavity at optimal tuning to the ZPL. Figure 4(a) shows the spectra over the full range ofNV-
emission, illustrating the extent towhich the coupled ZPL dominates themeasured fluorescence, a result of the
cavity having no othermodes in this range that couple efficiently into the objective lens. Figure 4(b) shows a
comparison between thefluorescence decay characteristics. The lifetime of the out-of-cavity defect ismeasured
as (30.8± 0.6)nswhile that in the cavity is (22.1± 0.4)ns, corresponding to a (39.5± 0.7)%increase in the
emission rate. The slight deviation from a single exponential decay in the in-cavity data at longer delay time is
suspected to be due to spectral instability of the cavitymode leading to inhomogeneous broadening. Figure 4(c)
shows the photon autocorrelation data, which reveal a reduced g 02 ( )( ) correlation value of 0.28 suggesting a
slight improvement in the isolation of the single emitter when only the cavity-coupled ZPL ismeasured.

4.Discussion

In this sectionwe develop a simple analysis of themeasured data. The relativemagnitudes of the cavity leakage
rate, ( 4k ~ THz), NV− centre out-of-cavity decay rate, ( 30g ~ MHz), andNV-cavity coupling rate (g 6~
GHz) place these experiments firmly in theweak coupling regime of cavity quantum electrodynamics whereby
classical treatment of themodified local optical density of states provides an adequate description of the cavity-
induced changes to the emission process.While the spectrally narrowZPL couples almost exclusively to a single
TEM00mode of the cavity, themuch broader PSB couples to several other resonant and leakymodes that require
numerical simulation.We therefore choose a simple Purcellmodel that can be adapted to the complexity of the
cavitymode structure rather than adopt a full quantum treatment.

A complication in the theoreticalmodelling of these results is the presence of inhomogeneous broadening,
both in the cavity line width and in the ZPL transition lines. The cavity resonance is subject tomechanical
vibrations in the cavity assembly thatmodulate the cavity length on time scales of ordermilliseconds, while the
ZPL emission line is affected by local electric fieldfluctuations experienced by theNV− centre due to residual
chargemovement on time scales fromnanoseconds to seconds.Within the totalmeasured linewidths of 0.7 and
0.4 nm for the cavitymode andZPL transition respectively, the relativemagnitudes of homogeneous and
inhomogeneous broadening are difficult to quantify. Nominally identical cavities have beenmeasured to
provide homogeneous line widths of 0.2 nmhowever, and theminimumhomogenous line width of anNV−

centre in bulk diamond at 77 K is known to be∼0.1 nm [27].We therefore estimate that inhomogeneous effects
account for amaximumof 0.5 nmof additional broadening in the cavitymode and amaximum0.3 nm in the
ZPL. The PSB emission has a homogeneous linewidth of 70 nm so inhomogeneous effects can be neglected.

The total emission rate of theNV− centre can be expressed as the sumof the emission rates into the ZPL and
PSB, plus a non-radiative relaxation rate, ,tot ZPL PSB nrg g g g= + + sowe are able to treat the effect of the cavity
on the ZPL andPSB of the emission separately.Within thismodel we can define theDebye–Waller factor, DW,
as the fraction of the radiative emission into the zero phonon line DW ,ZPL

ZPL PSB

= g
g g+

and the quantum efficiency

of theNV− centre as the ratio of the radiative rate to the total relaxation rate .ZPL PSB

tot

h = g g
g
+

Wemeasure

DW=0.044 from the out-of-cavity fluorescence spectrum infigure 2(c). (Note that it is not possible to establish
amodifiedDW for the in-cavity case directly from themeasured spectra because the different cavitymodes
couple in to the collection optics with very different efficiency. That the TEM00mode couples farmore efficiently
into the collection optics than the othermodes is evidenced by themeasured in-cavity fluorescence shown in
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figure 4a, inwhich the PSB is barely visible relative to the ZPL.)TheZPL andPSB relaxation rates will be
modified by the presence of the cavity—wedefine these ratemodifications as effective Purcell factors FP1

¢ and FP2
¢

respectively such that we canwrite the total cavity-coupled emission rate as F F. . .cav P1 ZPL P2 PSB nrg g g g= + +¢ ¢

This can in turn be expressed as a change in the overall emission rate

F F F1 , 1P
cav

tot
ZPL PSB( ) ( )g

g
h= = + +¢

where F F 1 . DWZPL P1( )= -¢ and F F 1 . 1 DWPSB P2( ) ( )= - -¢ are the contributions from the ZPL and PSB
to the overall change in the radiative decay rate.

We separate the analysis of our results into two parts—a semi-analytic treatment of the ZPL emission
interactingwith a single TEM00mode to estimate FZPL and a numerical treatment to estimate FPSB. For the ZPL
couplingwe begin by expressing thewavelength dependent enhancement of the emission intensity resulting
froma dipoleμ coupling to a single cavitymode centreed at wavelength cavl as:

F F
Q

1

1 4 1
. 2max

2
cav

2( )
( ) ( )l x

l l
=

+ -
m m

Here F
n

Q

V

3

4
max

2
cav

3

mode

⎜ ⎟⎛
⎝

⎞
⎠p

l
= is themaximum rate enhancement assuming perfect spatial alignment and

orientation,
E

E

.

max

2∣ ∣
∣ ∣∣ ∣

⎛
⎝⎜

⎞
⎠⎟

m
m

x =m is the spatial overlap and orientation factor between the dipole and the cavity

electric field E andQ is the cavity quality factor. Aswe are able to position the emitter at the electric field
maximumwe assume that E Emax= so that cos2 ( )x q=m , where θ is the angle between the dipole and the plane

of themirror. For peaks 2 and 3, 39q =  and 24q =  respectively giving 0.602x = and 0.83.3x =
Webegin by simulating the cavity coupled spectra shown infigure 3(a). Since the Purcell enhancement is

linear and the spectra represent the time average of the inhomogeneous emitter–cavity coupling, only the total
linewidths are important, andwe can calculate the enhancement in the intensity of the ZPL by simply
integrating equation 2 over the out-of-cavity emission spectra of the dipoles collected over all directions, which
we label S :m

F n S Fd . 3ZPL ( ) ( ) ( )òå l l l=
m

m m m

Here nm are the branching factors of the two dipoles in the excited state: nm=0.44 and 0.56 for peaks 2 and 3 of
the ZPL doublet respectively (see supplementary information section B).We can rewrite equation 3 as:

F F n
Q

Sd
1

1 4 1
, 4ZPL

max

2
cav

2 axial( )
( ) ( )

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥ òå x l

l l
l=

+ -m
m m

where

S
n S

n
5axial ( )

( )
( )

å
å

l
x l

x
= m m m m

m m m

is the spectrumemitted along the cavity axis, towhich the spectrum shown infigure 2(d) is a good approximation
when scaled to normalise the totalmeasured intensity. The spectrum emitted into the cavitymode now reads

S
S

Q1 4 1
. 6cav

axial

2
cav

2( )
( ) ( ) ( )l

l

l l
µ

+ -

Using themeasured time-averaged cavity line width 0.7 nmcavdl = to evaluateQ in equation (6) generates the
result shown infigure 3(a), reproducingwell themeasured spectra. The same value of cavdl used in equation (3)
gives F 0.25ZPL = corresponding to F 6.7.P1 =¢ Based on the the branching factor for peak 3 of 0.56, the cavity-
induced enhancement of emission frompeak 3 is therefore found to be about a factor of 12.

It is instructive to compare this calculated ZPL intensity enhancement with a simple analytic treatment of the
coupling to peak 3 alone. In a standard treatment of the Purcell enhancement applied to a broad emitter [28], the
cavityQ factor in equation (2) is simply replaced by an effectiveQ factor: Qeff cav em( )l dl dl= + , where emdl
is the emission line width. Using emdl =0.4 nm and 0.7 nmcavdl = gives a value of 9.2, in reasonable
agreementwith the result above. These values also compare reasonably well with the experimentallymeasured
increase in intensity of peak 3 of 6.25.

Modeling of themeasured change in the emission rate requires a different approach, as the inhomogeneous
broadening does not lead to a simple averaging as described above. Temporalmodulation of the detuningwill
producefluctuations in the cavity-coupled fluorescence decay rate so that the time-averaged,measured decay
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will contain a range of lifetime components.We note that the cavity-coupled decay data shown infigure 4(b) are
suggestive of this effect: they are notfitted aswell by a single exponential decay curve as are the out-of-cavity
data. The fastest rate that appears in the decay data immediately after the excitation pulse thus correspondsmore
closely to the resonantly tuned, homogeneously broadened case than a simple average of the decay rates would
indicate.

We include this effect in the analytical calculations by convoluting themode linewidthwith aGaussian
function g cav( )l to represent the distribution of cavitymode positions over themeasurement integration time.
The fractional change in themeasured decay rate immediately after the excitation pulse as a result of ZPL
coupling is then given by (supplementary information section E):

F
g F F

g F

d 1

d
. 7ZPL,inhom

cav cav ZPL cav ZPL cav

cav cav ZPL cav

( )( ) ( ) ( )
( ) ( ) ( )

ò

ò

l l l l

l l l
=

+

Assuming themaximumdegree of inhomogeneous broadening of the cavitymode i.e., using a cavity line
width of cavdl =0.2 nm to establish FZPL and aGaussian distribution of width 0.5 nm, gives FZPL,inhom=0.36.

It is not possible to construct amodel of themodified emission that includes inhomogeneous broadening of
the emitter using themeasured spectrum Saxial, and so themost straightforwardway to estimate FZPL assuming
maximum inhomogeneous broadening of both the cavity and the emitter is to apply equation (2)with the
effectiveQ factor as described above (using cavdl =0.2 nm and emdl =0.1 nmgives Q 2100eff = ). Using the
appropriate values of 3x and n3 generates a value of F 0.69.ZPL =

Wenow turn to calculation of F ,P2
¢ for whichwe usefinite difference time domain (FDTD) simulations that

allowus to input the full cavity structure to accurately represent the dielectric environment of theNV− centre
(see supplementary information sectionD for details). These calculations allow confirmation of the cavity
parameters bymatching the simulatedmode spectrum to thatmeasured, and a direct prediction of the change in

Figure 5.Comparison between (a) themeasured in-cavity spectrumwith the (5, 0, 0)mode optimally coupled to the ZPL, (b) the
FDTD simulation of the Purcell enhancement, and (c) the semi-empirical calculation of the emitted power density spectrum.Modes
are identified by their q m n, ,( ) for longitudinal index q and transverse indices m n, .
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emission rate that will occur between the in-cavity and out-of-cavity experimental configurations. Figure 5
shows semi-logarithmic plots of three cavity-coupled spectrawith the (5,0,0)mode tuned to the ZPL. This
measured spectrum (figure 5(a)) is chosen as it reveals the positions of othermodes coupling to the PSB and
therefore provides a good reference bywhich to verify the geometrical parameters of the cavity. The relative
Purcell factor (figure 5(b)) and the resultant semi-empirical prediction for the emission power density spectrum
of theNV− centre in the cavity (figure 5(c)) are also shown. The PSB emission couples to cavitymodeswith
longitudinal index q=4 and transverse indices 0, 2, and 4. The absence of observed coupling tomodeswith odd
transverse indices suggests that theNV− centre is well positioned on the cavity axis of symmetrywhere the
electric field intensities of thesemodes drops to zero.Integrating the emitted power density spectrumbetween
640 and 740 nm reveals the Purcell enhancement of the full PSB emission to be F 0.93,P2 =¢ corresponding to
F 0.07.PSB = - This represents a 7% reduction of the PSB emission rate relative to that in the out-of-cavity
geometry, as a result of the reduced optical density of states in the cavity within this spectral region.

We are now in a position to generate simulated values of the effective Purcell factor using equation (1).
Assuming a unity quantum efficiency for theNV− centre gives values of FP

¢ =1.18, 1.30, and 1.62 for the three
different treatments of the ZPL described above (including no inhomogeneous broadening and using
equation (4), includingmaximum inhomogeneous broadening of the cavity only and using equation (7), and
includingmaximum inhomogeneous broadening of both cavity andZPL and using equation (2) directly).
Comparedwith themeasured value of FP

¢ =1.40 it is clear that inhomogeneous broadening of both cavity and
ZPLmust be considered. Reducing η lowers the simulated values of F ,P

¢ such thatwe can achieve good agreement
with themeasured data by assumingmaximum inhomogenous broadening in both cases and using h 0.62.

Infigure 6we extend this comparison between simulated andmeasured enhancement factors by showing
howkey parameters vary as the cavity length is varied from q=4 to q=7, tuning successive TEM00modes into
resonancewith the ZPL. The PSB data points show that the increased suppression of emission into the sideband
is notmonotonic as the cavity shortens, a result of the tuning of the different cavitymodes through the PSB
spectral region. Figure 6(b) compares the themeasured values FP

¢ with the simulated values producedwith the

Figure 6.Calculated andmeasured parameters as functions of the longitudinalmode index q. (a)Calculated Purcell intensity
enhancement factors for the zero phonon line (open stars) and the phonon sideband (closed triangles). (b)Comparison of the
measured emission rate enhancement (solid squares)with the calculated values assuming no inhomogeneous broadening and 1h =
(open circles), inhomogeneous broadening of the cavity line only and 1h = (upward open triangles), inhomogeneous broadening of
both cavity and emitter and 1h = (downward open triangles), and inhomogeneous broadening of both cavity and emitter and

0.63h = (open squares).
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different approaches to the ZPL described above. The simulation points that includemaximum inhomogeneous
broadening of both ZPL and cavity, and assume a quantum efficiency of 0.62, provide good agreement across the
range of cavity lengths.

5. Conclusion

In summarywe have shown the controlled coupling of the ZPL of a singleNV− centre in nanodiamond to an
open cavity at cryogenic temperatures, revealing a significant increase in ZPL emission and a 40% reduction in
themeasured lifetime.Modelling of these results suggests that inhomogeneous broadening is present, although
it is difficult to quantify without independentmeasurements. This work is nevertheless informative in the
pursuit of efficient coupling betweenNV− centres and optical networks. To concludewe comment briefly on the
maximumcoupling efficiency thatmay be anticipated using open cavities in such systems once all of the
parameters are optimised. Open cavityQ factors exceeding 106 have been demonstrated [19], and singleNV−

defects implanted into bulk diamond at depths of 100 nm can offer ZPL line widths as narrow as 27MHz at a
temperature of 4.2 K [30], such that resonant couplingwould result in enhancement of the emission rate into the
ZPL by a factor of order 103 and enhancedDebye–Waller factors of around 0.98. The use ofNV− defects
embedded inmembranes would also provide access to electron spin coherence times 100 sm> that can be
utilised as quantum registers. Such projections suggest that the experimental configuration demonstrated here is
an attractive route towards efficient spin-photon interfaces thatmight be employed in the construction of
scalable quantumprocessors.
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