
Spontaneous Emission from Nanodiamond 

Center

F.A. Inam, T. Gaebel, C. Bradac
Centre for Quantum Science and Technolog

Department.of Physi

 

Abstract: We measure distribution

nanodiamond crystals on distinct surfaces.  Comparison to calculations shows emission is strongly 

influenced by dipole orientation relative to surface interfaces.
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1. Introduction 

Bright sources of single photons are in high demand for emerging quantum technologies including quantum 

cryptography and computation [1]. Single colo

center [2], are among the leading candidates to fill this need, due to attractive properties 

photostability and spin control by optical pumping.

to an intrinsic spontaneous emission lifetime of around 25 ns 

have attempted to increase the emission rate of 

density of states (LDOS).  Common strategies are coupling to high Q cavity modes in microresonators or photonic 

crystals [3,4] or to plasmonic structures that enhance the electric field [

the emission rate is increased at the resonant wavelength, the overall emission rate is virtually unchanged since the 

intrinsic NV linewidth of 130 nm vastly exceeds the cavity linewidth.

exploit non-resonant processes that fun

photon modes rather than discrete localized states

in this non-resonant regime is thus critical

Here we focus on the the NV dipole

structured surfaces.  Specifically, we measure and calculate emission 

coverslips and on the surface of a 3D 

reduction in lifetime that exceeds the 

[6,7].  Our work highlights the impact of the 

distribution. This is important because it is difficult to control the precise orientation and location of the emitter.

2.  Results 

  

Fig. 1: (a) Substrate geometries and dipole location/orientation within nanocrystals for two structures.  (b) Typical lifetime 

plot as a function of power using 3

Samples were prepared by pipetting an ethanol suspension of diamond nanocrystals (diamond 7 mg/mL) over each 

surface—a cleaned coverslip and an opal of polystyrene microspheres (320

(see Fig. 1a).  Atomic force microscop

Scanning electron microscopy (SEM) 

sphere, 65% in interstitial positions, and 
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We measure distributions of emission rates of single nitrogen vacancy color centers in 

nanodiamond crystals on distinct surfaces.  Comparison to calculations shows emission is strongly 

influenced by dipole orientation relative to surface interfaces.   
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Bright sources of single photons are in high demand for emerging quantum technologies including quantum 

. Single color centers in diamond crystals, notably the nitrogen vacancy (NV) 

are among the leading candidates to fill this need, due to attractive properties such as 

by optical pumping.  However, in existing realizations emission rates are too low due 

intrinsic spontaneous emission lifetime of around 25 ns and moderate photon capture factors

have attempted to increase the emission rate of nanodiamond NV centers by manipulating the electromagneti

density of states (LDOS).  Common strategies are coupling to high Q cavity modes in microresonators or photonic 

] or to plasmonic structures that enhance the electric field [5].  However, at least for the former, while 

e is increased at the resonant wavelength, the overall emission rate is virtually unchanged since the 

nm vastly exceeds the cavity linewidth.  To increase the total

resonant processes that function across the NV emission band.  This requires 

photon modes rather than discrete localized states.  A full understanding of the influences on emission enhancement 

resonant regime is thus critical, but existing treatments of NV emission in this regime are 

dipole’s orientation and micro-location within nanodiamond crystals adjacent to 

we measure and calculate emission lifetimes for single NV c

3D photonic crystal opal, and find that the complex opal surface induces 

that exceeds the change expected based on a simple volume-averaging of the 

highlights the impact of the dipole orientation relative to the surface on the mean 

important because it is difficult to control the precise orientation and location of the emitter.

 
ubstrate geometries and dipole location/orientation within nanocrystals for two structures.  (b) Typical lifetime 

plot as a function of power using 3-level fits to g(2) (inset).  Distribution of measured lifetimes for (c) coverslip and (d) opal. 

ere prepared by pipetting an ethanol suspension of diamond nanocrystals (diamond 7 mg/mL) over each 

a cleaned coverslip and an opal of polystyrene microspheres (320 nm diameter)—

tomic force microscopy showed the diamonds had a mean size of 54 nm and a range 

(SEM) indicate that the diamonds on opal were distributed with 10% 

, and 25% in various intermediate positions (see Fig. 1a
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ion rates of single nitrogen vacancy color centers in 

nanodiamond crystals on distinct surfaces.  Comparison to calculations shows emission is strongly 

Bright sources of single photons are in high demand for emerging quantum technologies including quantum 

, notably the nitrogen vacancy (NV) 

such as room-temperature 

emission rates are too low due 

and moderate photon capture factors.  Several groups 

NV centers by manipulating the electromagnetic local 

density of states (LDOS).  Common strategies are coupling to high Q cavity modes in microresonators or photonic 

].  However, at least for the former, while 

e is increased at the resonant wavelength, the overall emission rate is virtually unchanged since the 

total emission rate we must 

requires coupling to a continuum of 

influences on emission enhancement 

tments of NV emission in this regime are simplistic. 

location within nanodiamond crystals adjacent to 

NV centers placed on 

that the complex opal surface induces a 

ing of the dielectric constant 

surface on the mean lifetime and 

important because it is difficult to control the precise orientation and location of the emitter. 

  

ubstrate geometries and dipole location/orientation within nanocrystals for two structures.  (b) Typical lifetime 

(inset).  Distribution of measured lifetimes for (c) coverslip and (d) opal.  

ere prepared by pipetting an ethanol suspension of diamond nanocrystals (diamond 7 mg/mL) over each 

—and allowing it to dry 

and a range 30-80 nm.  

distributed with 10% on the top of a 

ee Fig. 1a).  The lifetime 
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experiments were performed using a confocal microscope to excite and collect light from individual nanodiamonds.  

A Hanbury-Brown Twiss interferometer was used to measure second order correlation g(2) (τ) traces and identify 

nanodiamonds containing single centers.  Emission rates were determined by fitting the g
(2) 

(τ) curves to a three-level 

model and extrapolating to zero excitation power. Figure 1b shows the measured distribution of lifetimes for 37 

centers on a coverslip and 27 centers on the surface of the 3D opal structure.  The mean lifetimes were 25.4 1.7±  ns 

and 17.5 1.6±  ns respectively (uncertainties are standard error of the mean).  Although the refractive index of the 

two substrates are similar (1.45 for coverslip, 1.59 for opal), the opal measurements show a 29% reduction in 

lifetime. Based purely on the increase in density of states associated with the local averaged dielectric constant, we 

would expect a reduction of less than 5%.  For the coverslip, the spread in lifetimes is largely due to variation in 

orientation and position of the NV dipole within the crystal with respect to the coverslip surface [8].  Emission is 

most enhanced for perpendicular oscillation near the surface.  Our calculations below show that similar arguments 

apply in the opal geometry. To ensure that the difference in the distributions was significant, we performed a 

Kalmogorov-Smirnov analysis and found a probability exceeding 99% that the measured distributions are distinct. 

 

  
Fig. 2:  Calculated normalized lifetimes for diamonds at three opal positions and weighted average lifetimes.  Quoted values 

are the mean lifetime τ  and the range containing 50% of values. 

We calculated the expected change in lifetime using finite-difference time-domain calculations.  For each 

substrate, the power radiated by an oscillating dipole in a nanodiamond sphere (calculated by integrating the 

Poynting flux over a closed box) was compared to the power radiated by the same dipole in bulk diamond [9].  The 

dependence on dipole orientation and location within the nanodiamond was studied with an ensemble of 1000 

simulations sampling these variables randomly.  The relative lifetimes were normalized to true lifetimes by setting 

the calculated mean value for the coverslip case equal to the measured mean value, with the opal distributions scaled 

by the same factor.  Figure 2 shows the calculated lifetime distributions for three indicative rest positions on the opal 

(interstitial, top and intermediate), as well as a weighted distribution based on the site probabilities obtained from the 

SEM.  The weighted case shows a distinct shift to shorter lifetimes ( 15.8τ = ns) compared to the coverslip and 

consistent with our measurements.  Note that the distributions for each location are quite different.  The interstitial 

lifetimes are strongly reduced as a result of the non-planar environment—all dipole directions have a perpendicular 

component to an adjacent surface which produces emission enhancement [8].  The same considerations lead to the 

different distribution widths for each location, with little influence from the local average index distribution. 

Several groups have modeled NV emission rates at surfaces purely in terms of a spatial average of the dielectric 

constant. While the absolute decrease in lifetime is modest, our work shows that the dipole orientation with respect 

to adjacent surfaces has a much more significant effect.  In this sense, non-resonant mechanisms for enhancement 

differ from single-mode resonant coupling strategies where the orientation enters as a trivial cosine factor. 
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