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Nonclassical radiation from diamond nanocrystals
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The quantum properties of the fluorescence light emitted by diamond nanocrystals containing a single
nitrogen-vacancyNV) colored center are investigated. We have observed photon antibunching with very low
background light. This system is therefore a very good candidate for the production of single photon on
demand. In addition, we have measured a larger NV center lifetime in nanocrystals than in the bulk, in good
agreement with a simple quantum electrodynamical model.
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Light sources able to emit individual photons on demand In addition, the width of the dip of the fluorescence inten-
would be of great potential use for quantum cryptographysity autocorrelation functiog‘®(t) gives information about
[1,2]. A quantum computation scheme requiring such sourcege lifetime of the emitters. Using this technique, we have

has also been proposed recer8y. Considerable activity is ghserved an increase of the lifetime of a NV center in a

thus dedicated to designing and implementing efficient, ro'zanocrystal compared to the bulk val{i26]. This effect

bust, room-temperature sources delivering a periodic train of ;oo o from the fact that, in a nanocrystal, the center can be
pulses containing one and only one photon. These sources

are based on the property of a single emitting dipole to emi{:pnydered as_rad_latlng In ar, _whereas It rad|at_es N ame-
only one photon at a time. When excited by a short andlium of refractive indexng=2.4 in bulk[27]. We will make
intense pulse, such an emitter delivers one and only one phé?e assumption, that is consistent with our observations, that
ton [4,5]. After pioneering experiments demonstrating pho-the local field experienced by the NV center is the same in
ton antibunching[6—8] and conditional preparation of the bulk and in a nanocrystal. Our observed change in life-
single-photon state§9,10|, followed by first attempts to time would thus be independent of local field corrections,
build triggered single photon sourcg$,11,13, the present that have been a controversial issue during the last decade
generation of experiments is concentrating on solid-statepg—3(.
schemes better suited for practical use, such as single organic The color center used in our experiments is the NV defect
molecules[13-18, s_elf-assembled semiconductor quantuMeener in synthetic diamond, with a zero phonon line at a
dots [17‘18]’. or semiconductor nanocrystdls9). The suc- wavelength of 637 nnj20]. The defect consists in a substi-
cesful candidate should work at room temperature, and bﬁJtionnaI nitro : . i L
gen and a vacancy in an adjacent site. A sim

hotostable. . . ;
P Solmed level structure is a four-level scheme with fast nonra-

A promising system for a robust single photon source i iative d thin the tw at d within the t
provided by individual nitrogen-vacandgNV) color centers lative decays within the two upper states and within the two
lower states. The excited state lifetime in the bulkzis

in diamond[20], that already permitted to observe photon L
antibunching under continuous excitation conditions in bulk=11.6 ns[31]. The nanocrystals come from synthetic dia-
crystals[21—23. These color centers have the great advanmond powder bought from de Beers. The defects are created
tage of being photostable and do not exhibit any photoblinkby irradiation with 1.5 MeV electrons at a dose of 3
ing. The setup in these experiments is particularly simpleX 10" e”/cn?, and annealing in vacuum at 850 °C during 2
since it involves diamond samples at room temperature, andours. The density of NV centers created is then estimated to
nonresonant excitation from a laser at 532 nm, with a typicabe of one in a 30-nm diameter sph¢28]. The nanocrystals
power in the milliwatt range. However, a significant limita- are dispersed by sonification in a solution of polyr(feoly-
tion in bulk diamond is that the light is emitted in a high- vinylpyrrolidone at 1 wt.% in propanpl This allows the dis-
index material fiy=2.4), that makes its efficient extraction aggregation of the particles and their stabilization in a col-
difficult. Refraction at the sample interface leads to a smalloidal state. Centrifugation at 11 000 rpm for 30 mn allows
collection solid angle and to aberrations. A similar problemus to select nanocrystal sizes df=90=30 nm (measured
arises in semiconductor light-emitting devidesf]. by dynamical light scattering The average number of NV

In this paper, we show that diamond nanocrystglpical ~ centers in a nanocrystal has been evaluated(se8 below.
size 40 nm containing a single NV center offers a very Nanocrystals containing a single NV center should therefore
efficient solution to circumvent these problef®5]. The have a size around,/2=45 nm, that lies in the lower wing
subwavelength size of these nanocrystals renders refracti@f the size distribution. The nanocrystal solution is then spin
irrelevant. One can simply think of the nanocrystal as a pointoated at 3000 rpm on thin fused silica substrates. Evapora-
source emitting light in air. Furthermore, the small volume oftion of the solvent leaves a 30-nm thick film of polymer with
diamond excited by the pump light yields very small back-the nanocrystals well dispersed on the surface. Their density
ground light. This is of crucial importance for single photon was estimated to be around 0.Q2m™ 2. In most experi-
sources, since background light contributes to a nonvanishments we look at the centers from the other side of the plate,
ing probability of having two or more photons within the that is in contact with the oil of an immersion microscope
light pulse. lens(Nachet 004279, N.AL1.3).
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The experimental setup has been described in detail else-
where[22]. It is based upon a homemade scanning confocal
microscope, where the sample is excited using continuous-
wave frequency-doubled YAG lasex €532 nm). The fluo-
rescence lighfwavelength between 637 and 800 )nis col-
lected by the same objective and separated from the
excitation laser by a dichroic mirror and filters. It can be sent
either to a spectrometer, or to a standard intensity correlation
setup using two avalanche photodioddsG&G, model
SPCM-AQR 13, a time to amplitude convert€fAC), and a
computer data acquisition board. The time binis 1 ns, and a
delay of 50 ns in one TAC input allows us to get data for
negative time. A slow8 s response time-y-z computerized
servo-lock is used to maintain the fluorescence on its maxi-
mum for the observed center.

We have checked that the emission spectrum of a NV
center in a nanocrystal at room temperature is identical to
that in bulk to within our experimental accura@gsolution 8
nm, signal to noise ratio larger than 10). It is also worth
pointing out that the remarkable photostability of NV centers
in bulk [20-22 is preserved in nanocrystals. Fluorescence
has been observed in the saturation regime for hours without
any photobleaching nor blinking.

Figure Xa) displays a two-dimensional scan of a nano-
crystal containing a single NV center. The resolution of 500
nm is that of the confocal microscope. The line scan in Fig.
1(b) shows that the sign&b) to backgroundB) ratio is very
good with a valueS/B=20. Note thatB is the count rate
measured about 2um away from a nanograin.
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FIG. 1. (a) Confocal microscopy raster scanX% um?) of a

Figure 2 shows the fluorescence rate of a NV center in @iamond nanocrystal containing a single NV center. The count rate
nanocrystal and in bulk diamond as a function of the pumporresponds to one detector only. The size of a pixel is 100 nm and
power. Slightly decreasing rate for high pump power is at-the integration time per pixel is 32 ms. The laser intensity imping-
tributed to the presence of an additionnal shelving staténg on the sample is 2.7 mW. Iib), a linescan along the dotted line
[23,32. It can be seen that the contribution of the back-of (a) is displayed, together with a Gaussian fit, that is used to
ground is greatly reduced in the nanocrystal configurationgvaluate the signal and background levels. Here we ol

The count rate in the nanocrystal is not as high as expected: 20.

However, a fair comparison with the bulk should take into

account ther,./m,=2.2 factor increase of the NV center the case of the presence pfcenters within an unresolved
lifetime in a nanocrystalsee below. The number of photons peak, the value of the zero-time antibunching isl/p. This
emitted in a lifetime is then larger in the nanocrystal. is actually how we estimate the number of NV centers in a

The raw coincidences(t) (right axi9 and autocorrelation nhanocrystal. It should also be mentionned tigf)(7)
functiong®@(7) =(1(t)I(t+ 7))/{1(t))? (left axis) are repre- reaches values greater than unity fo0. This bunching
sented in Fig. 3. For evaluating the intensity correlation funceffect is due to the presence of a third state in which the
tion g (t) of the NV center, the raw correlation datét) is ~ System can be shelvé¢@3,32.

normalized and corrected in the following way. The raw co-

Obviously, for the ultimate achievement of a true single

incidence rat&(t) counted during a tim& within a time bin ~ photon source, no background subtraction is possible and the
of width w is first normalized to that of a Poissonian sourcemeaningful quantity is the experimentally measu@g0).
according to the formuleCy(7)=c(7)/(N;N,wT), where Indeed, when the center is excited by a short an intense
N, are the count rates on each detector. Then the normapulse, the probability, of having more than 2 photons in a
ized coincidence rat€y(7) is corrected for the background pulse is given byassumingp,<1)

light, and we obtairg{*)(7) =[Cn(7) — (1—p?)1/p?, where
p=S/(S+B) is related to the signal to background ratio, that
is measured independently in each experimental run. Note

p2=Cn(0)p3/2, (1)

that we have checked experimentally that the backgroundherep, is the probability of having a single photon. Note
light has a Poissonian statistics. It can be seen in Fig. 3 thahat for Poissonian lighCy(0)=1 and Eq.(1) gives the
g®(0)~0, where the slight difference with zero is attrib- photon probability distribution of an attenuated coherent
uted to remaining background light emitted by the nanograinpulse. In our caseCy(0)=0.17 at the fluorescence rate
This almost vanishing value @f?)(0) is the signature of the maximum(input power of 2.7 m\), where the best value in
presence of a single emitter in the observed nanocrystal. Ibulk was 0.26[21,23. This would yield to significant im-
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= 10 ¢ Tl obtained at different pump power. The extrapolation for vanishing
Y Ean * ' ' 1 pump power gives the lifetime. The@®” correspond to the data of
6 ;t é 1'2 Fig. 1 and yieldr,,.=25 ns. The T1” correspond to a NV center in

bulk diamond ¢,=11.6 ns). The slope in the nanocrystal is twice
as large as the one in bulk. This is consistent with the lifetime
FIG. 2. Fluorescence rate of an NV center in a nanocrysial increase, since the NV center in a nanocrystal can absorb twice as

and in bulk diamondb) as a function of the pump power. The count Many photons during its lifetime.

rate corresponds to one factor only. The crosses, empty squares, and

black circles represent, respectively, the backgroBndhe total ~ fractive index of the surrounding medium, when going from
count rateT =S+ B, and the signal from the cent&=T—B. The  bulk diamond to nanocrystals. In a simple approgZH, the
maximum number of photons emitted in a lifetime is8 B0~ * for squared amplitude of the one-photon electric field should be

the nanocrystallifetime 7,,=25 ns) and 3.%10% in the bulk  divided by the relative susceptibilits;=n?, while the mode

(lifetime 7,,,=11.6 ns). The data for the nanocrystal correspond todensity, that is proportional to the elementary volume in the

the center of Fig. 1. wave-vector space, should be multiplied hy. Since the
inverse lifetime is proportional to the product of these two

provement compared to attenuated coherent pulses that ggantities, one obtains the simple form{iz¥]
usually used in quantum cryptography experimguis I —nl @)
The central dip in the antibunching traces can be fitted by nT o

an exponential function of argumem(r+F)|7-|, wherer relating the spontaneous emission ralgsin the material
andT" are, respectwe_zly, the pumping rate and the NV centep I', in the vacuum. However, this formula does not take
decay rate. SUChTEtS have ble_fen.npi)ée_rfg;med ffor d'\llf\f/erenﬁ]to account the local field effects due to the possible modi-
pumping powers. The inverse lifetime=1/7,c of an __fication of the immediate surroundings of the emitting di-
center in a nanocrystal can then be inferred by extrapolatmgole and the correct formula turns out to Bg=nI2l

the value hOf the Ffrne cogfstailtzfor va;msr;]mg bpumpdpowerwhere| is the local-field enhancement factor. Different mod-
Figure 4 s ows a lifetime Ofn.= 5 nsfort e observe NV els leading to different local-field correction factors have
center, that is significantly longer than the lifetime of a NV been proposed, and this topic is actively discussed in the
center in synthetic bulk diamond;,=11.6-0.1 ns[31]. literature[28—30)

This effect can be attributed to the strong change in the re- However our. experimental results agree well with Eq

(2), and thus seem insensitive to the local field correction
This may be explained by noticing that the immediate envi-
ronment of the NV center at a scale 6f1 nm(i.e., a few
crystalline periodsis unchanged. Therefore, the local field
experienced by the NV center should be the same in the bulk
and in a nanocrystal, so that local-field corrections cancel
out, and the simple quantum electrodynamical analysis of
Eqg. (2) is valid. We note that NV defects located very close
to the nanocrystal surface would have different optical prop-
erties than true NV centers owing to the modification of local
symmetry. In particular their spectrum is expected to be
FIG. 3. Autocorrelation functiomy®(t) (left) and raw coinci- modified, which is not what we have observed.
dence ratdright). The time bin isw=0.3 ns, the total integration In Ord_er to evaluatfa the value Df,that appears in Eq2),
time is 323 s, and the laser intensity impinging on the sample is 2. V& consider thatoutside the local field ar¢gahe NV center
mW. Count rates on each photodiode aig=22500 s and IN bulk diamond emits within an medium of indew=2.4.
N,=24 500 s. The actual number of coincidences is indicated onFOr the center in a subwavelength nanocrystal, everything
the right. The zero-time value of the uncorrected normalized correhappens as if it were emitting in air for one half of the space,
lation function isCy(0)=0.17. The fit is performed with the model and in fused silicarefractive indexns=1.45) for the other
used in[23]. The data correspond to the center of Fig. 1. half. By using Eq.(2) in each half space we obtain7}{
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=(1/2)[ 1/(ng7p) + N/ (Ngp) 1, giving 7,.=22.7 nsin good should be stressed that in bulk diamond individual NV cen-

agreement with the experimental values. We note that thite"s cannot be observed close to the surface, owing to exces-
value is independent from the nanocrystal size, provided that' V€ stra); light[21,23. Rllsnocrystals_ have thus a Cle"’llfhad'
this size is much smaller than the optical wavelength. On th@ntage for inserting centers In microcavities. These

other hand, by looking at 10 different nanocrystals, we havd€Sults show that diamond nanocrystals offer all the required
found a di’spersion of-4 ns in the lifetime valuezs. This properties for the realization of efficient single photon

: : . i sources for quantum information systems. In addition, we
dispersion may be attributed to the position of the NV Cente'found conclusive evidence that the lifetime of a NV center is

relative to the polymer/air interface, and to the randomnesisdrger in nanocrystals than in bulk, owing to change of the

of the dipole orientatiof33]. surrounding refractive index. Our data supports the conclu-
As a conclusion, we have observed almost backgroundsig, that the local field effects do not contribute to the

free photon antibunching from single NV centers in diamondcpange in Jifetime. This lifetime modification may then be

nanocrystals at room temperature. The photostability of NViyierpreted as a simple quantum electrodynamics effect.
centers in bulk diamond is preserved, allowing us to lock the

laser beam on a single center during several hours. Manipu- We thank E. Brelle from the “Groupe de Physique des
lation of nanocrystals is a lot more flexible than bulk crys-Solides” at Paris 6 for the sample irradiation and A. Machu
tals. Straightforward improvement of the light collection ef- for sample annealing. This work was supported by the Euro-
ficiency should be possible by letting the nanocrystal sit on gean IST/FET program “Quantum Information Processing
metallic mirror, or inserting it in a microcavit}34—-36. It and Telecommunication,” Project No. 1999-10243 “S4P.”
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