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Coherence length of photons from a single quantum system
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We present a methodology that allows recording the coherence length of photons emitted by a single
guantum system in a solid. The feasibility of this approach is experimentally demonstrated by measuring the
self-interference of photons from the zero-phonon line emission of a single nitrogen-vacancy defect in diamond
at 1.6 K. The first-order correlation function has been recorded and analyzed in terms of a single exponential
decay time. A coherence time of5 ps has been obtained, which is in good agreement with the corresponding
spectral line width and demonstrates the feasibility of the Fourier-transform spectroscopy with single photons.
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The creation of single-photon states is essential for mosthe emitted wave packeAE, and its phase information be-
applications in quantum computati¢h], cryptography[2], = come experimentally accessib(&,8]. By measuring the
and interferometric quantum nondemolition measurementemission first-order autocorrelation function, we demonstrate
[3]. The coherence properties of the single-photon sourc# this paper that the Fourier-transform spectroscopy can be
make it highly nontrivial to build an optical system for linear applied in order to characterize the coherence length of a
guantum computation schemes. Phase-sensitive entangkngle-photon source.

ment techniques require long coherence length of single pho-

For most applications, the use of a single organic dye

tons (longer than the phase difference in interferometers molecule is limited by its poor photostability at room tem-
There are many proposals for single-photon sources, rangingerature. In contrast, a promising candidate for a photon
from faint laser pulses and parametric down-conver$&n  source is a nitrogen-vacancy (W defect center in diamond
and recombination of electrons and holes in single quanturf®]. A color center consists of a vacancy trapped by substi-
dots[4,5] to optically excited single moleculd$]. The in-  tutional nitrogen in a diamond latti¢€ig. 1(b)], and exhibits
terest in single molecules and quantum dots is based on theinparalleled photostability even at room temperafur@).
unique property, which is inherent in a single quantum sysPositron annihilation experimenfdl] show that the charge
tem not being able to emit the next photon before beingstate of the NV defect is negative. It exhibits a strong
excited again and relaxed to the proper state. An importandipole-allowedE— A optical transition with a zero-phonon
disadvantage of the sources based on single quantum sye (ZPL) at 1.945 eM637 nn), allowing individual centers

tems, as reported to date, is the broad emission spectrad

be observed optically by means of fluorescence detection

bandwidth, which enhances the perturbation effect in thgFig. 1(a)] [12]. As a sample material we used diamond pow-
quantum channels. It will be vital to characterize and controlder (De Beer$ with a grain size <250 nm. Irradiation

the generation and the localization properties of the photons
to be used.

The coherence length of the photon, which is emitted
from a single quantum system, is given by the coherence
time 7. of the excited state, and is determined by Heisen-
berg’s uncertainty relationAEr.=h/27. Here, 7. can be
considered as the dephasing time of the excited state, and,
from the quantum optics point of view, as the duration of the
wave train that is associated with the emitted photon. The
length of the wave train as well as the uncertainty of the
photon energy cannot be measured for a single photon. The
operators of phase and number of photons do not commute.
Therefore, the definition of a single photon as an oscillatory
wave with a definite phase is meaningless. However, when
experiments on an ensemble of quantum systems or on a
single quantum system undergoing multiple excitation-
emission cycles are performed, the frequency distribution of

d

FIG. 1. Scheme of the experiment. Relevant energy-level dia-

*Corresponding author. Email address: f.jelezko@physik.unigram (a) and structure(b) of an N defect center in diamond.

stuttgart.de Schematic representation of the scanning confocal microscope
TCorresponding author. Email address: a.volkmer@physik.unisetup used to characterize the single-center (ifsind secondc)
stuttgart.de -order coherencgFor details, see tejt.
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with 2-MeV electrons resulted in a defect concentration of a
one center per nanocrystal.

The experimental implementation of the photon detection
schemes is schematically depicted in Fig&e) land Xd).
Diamond nanocrystals were spin coated on a quartz sub-
strate, and single nanocrystals were observed with a home-
built low-temperature confocal microscopE?]. The excita-
tion beam(514 nm line of a cw Af lase) was focused onto
the sampleS, which was placed in a helium cryost@anis,
by a microscope objective leMO, Melles Griot, numeri-
cal aperture of 0.85Fluorescence photons were collected by
the same objective, spectrally isolated from the residual ex-
citation light by a holographic notch filteiKaisep and an
interference band-pass filtédf, Omega, and passed through
a confocal pinholdP, diameter: 10Qum). In order to mea-
sure the second-order coherence, the emitted fluorescence
was sent into a Hanbury-Brown and Twiss interferometer
detection setupFig. 1(c)], consisting of a 50-50 beam split-
ter (BS) and two (start and stopsilicon avalanche photo-
diodes D. The histogram of the time lags between detected
photons was measured using a time-to-amplitude converter
(TAC, Becker and Hickl, SPC-630The first-order coher-
ence was monitored using a Michelson interferomgfeg.
1(d)]. The path length of one of the arm of the interferometer
was scanned by a computer-controlled translation Stdfe
Physik Instrumente

Figure Za) shows the fluorescence spectrum of a single
N-V defect _Cer_lter in a diamond nanqcrystal at 1.6 Kupon g5 5, (& The fluorescence spectrum of a singlevVNdefect
514-nm excitation. The spectrum consists of the zero-phonogenter in a diamond nanocrystal at 1.6 K upon 514-nm excitation.
line at 637 nm and the broad redshifted phonon sideband. Hine spectrum consists of the zero-phonon line at 637 nm and the
order to guarantee the quality of the single-photon sourceyroad redshifted phonon sidebar®) The second-order fluores-
the emitted photons were first investigated by means of theikence autocorrelation function of the singleVNdefect. The fit to
photon arrival times, and analyzed in terms of the interphoan exponential law yields a contrast of-58% at zero-delay time
ton time distributions and the second-order fluorescence inindicating that emission is originating from the single quantum sys-
tensity correlation functions. The normalized histogram oftem. The rise time amounts to 10 ns, which is in good agreement
interphoton times, as displayed in Figlb® represents the with the fluorescence lifetime observed for an ensemble of N-
second-order correlation functia? (7). It shows a dip be-  centers previouslyc) The first-order field-field correlation function
tween consecutive photon detection events at zero time def the total fluorescence from a single\Ndefect center. The de-
lay. This photon antibunching effect indicates the charactertuning of the interferometer path length is presented in time scale.
istic sub-Poissonian photon statistics in the fluorescence
from a single quantum system, which cannot be described ithe interferometer. Fig.(2) displays the measured interfero-
classical terms. The photon detection event projects the emigram I (7) that is the photon-count rate of the \W-defect
ting system into its ground state, resulting in a zero probabilfluorescence integrated over the entire emission spectrum as
ity to detect the second photon simultaneously. This is cona function of the delay time. The latter is introduced by the
firmed for a single NV defect center by the experiment, path difference of the interferometeY=c7/2, with ¢ being
where the observed zero-delay valueghf)(r) amounts to  the vacuum speed of light. Interference fringes with a period
0.45+0.02. Note that the zero-delay values lower than 0.3f ~700 nm are observed, which is in agreement with the
guarantee an existence of a single emitting sféle For ~mean wavelength of the emission of an W-defect
increasing interphoton times, the probability distribution [Fig. 2@]. The visibility of interference fringesy(r), is
curve follows an exponential rise with a rate constant that iglefined as
determined by the lifetime of the excited state. The fit yields
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a rise time of 10 ns, which is in a good agreement with the
fluorescence lifetime observed previously for an ensemble of
N-V centerg13].

V(D)= Ima)&(T)"Hmin(T)’

I'max(7) = I min(7)

()

Having verified the single-photon nature of the fluores-wherel ., 7) andl,;,(7) represent the fringes maxima and
cence from a single N defect, the photon stream was di- minima, respectively. A measured maximum visibility of

rected into a Michelson interferometric detection sdtsge

0.45 at zero-delay time, which is below the value for pure

Fig. 1(d)]. The phase properties of the spontaneous emissiocoherence, can be attributed to the distortion of the photon
from a single defect center reveal themselves after passingave front when the light is propagating through the dia-
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mond crystal. This experiment demonstrates two important @ 10[- laser

aspects of interference. First, it reveals that a single photon <

from an NV center exists in a superposition of states, includ- g ZPL only

ing both paths of the interferometer. Second, the bandwidth Zos ]

of the single-photon emitter can be directly deduced from the E‘

decay of the visibility in the interferogram. ﬁ 6

Assuming a Lorentzian shape of the emission line and =

perfect wave-front matching conditions, the observed inter- © (ps)

ference signal intensity in the interferogram as a function of

the delay time is given by the following expressid]: FIG. 3. Visibility of Michelson interferometric fringes as a func-

tion of the path detuning for the entire fluorescence emisSited

I(T)=2R2T2(I(t))[1+cos(w07-)e_7’70]. (2) circles, and for the spectrally selected zero-phonon lilopen

circles. The precise coherence length was determined by fitting the
Here,R andT are the reflection and transmission coefficientsvisibility to an exponential decagsolid line), resulting in a coher-
of the beam splitter, respectivelil.(t)) is the time-averaged ence time ofr.=(4.9+0.4) ps for the isolated zero-phonon line.
fluorescence intensity that is delivered to the Michelson inor the entire spectrum, the observed decay time of (18.0) fs
terferometerr, andw, are the coherence time and frequencyis assigned to the spectral width of the phonon sideband. For com-
of the input field, respectively. The second term in theparison, the constant visibility of interference fringes from a
bracket is the interference term. In order to infer the coherharrow-band reference laser is shougnay dotted ling, indicating
ence properties from the interferogram, we studied the visthe stability of the interferometer over the full scan range.
ibility of interference fringes. The dependence of the visibil-

ity on 7 can be written in terms of the first-order field the emission line supports the occurrence of pure dephasing
coherencey¥)(7) processes. A possible explanation is that dephasing is in-

duced by the Stark effect due to the interaction of th& N-
V(r)=e "e=gW)(7). (3 center with the electrons in the diamond conduction band.

Atomic nitrogen is present in high concentratid@90 ppm
Thus, by recording the visibility of the interference fringes asin type-1b diamond. Nitrogen is a shallow electron donor, 2
a function of interferometer detuning, one gains access teV below the conduction band. It is known, however, that an
decoherence processes in the single quantum system. Th&ctron of atomic nitrogen may be removed, giving rise to
measured coherence length reflects the photon emission proharge fluctuations. Since theWeenter is charged (N-),
cess and, therefore, is dependent on the intramolecular anbe excited-state coherence is extremely sensitive to such
intermolecular dynamics of the emitting single defect occurield fluctuations in the vicinity of the defect that may induce
ring on the sub-picosecond time scale. decoherence.

The interferogram in Fig. (@) was obtained by collecting We have demonstrated experimentally the decay of coher-
the single NV defect fluorescence over its entire frequencyence in single-photon interference from a single quantum
spectrum[see Fig. 2a)]. It exhibits a fast decay of the vis- system in a solid. Since coherence is an important part of
ibility, which is shown in Fig. 3. The visibility data were quantum computation schemes based on single photons and
fitted to an exponential decay, resulting in a decay time of 13inear gates, our results provide the basic requirements for
fs. Since the spectrally broad phonon sideband consists afuch methods. It should be noted that the concept of the
several phonon replicas, and it is not homogeneously broagresent work might be also important for single-molecule
ened, the measured decay time cannot be assigned to tbpectroscopy. Earlier linewidth measurements of a single
phonon lifetime. When just the spectral interval correspondfluorescent molecule using fluorescence excitation spectros-
ing to the ZPL transition was isolated for detection, the decayopy techniques have demonstrated that single-molecule
time was increased by more than two orders of magnitudespectroscopy is able to overcome inhomogeneous broaden-
The time dependence of the visibility for the ZPL emissioning and resolve homogeneous linewidths of impurities in sol-
from a single NV center is also shown in Fig. 3. The fit to ids [17]. However, this approach is limited to systems with
Eqg. (3) results in a value for the coherence time 5f  an intense Stokes-shifted vibrational band. The interferomet-
=5 ps, which is in agreement with the linewidth obtainedric technique described here allows studies with a compa-
using fluorescence excitation spectroscopy on single centerable spectral resolution, but using nonselective excitation.
[15]. In comparison with values in the nanosecond rangelhe spectral resolution limit is only given by the maximal
expected from spectral hole burning measuremgli§ our  scan length of the interferometer, a fact that makes the con-
experimental result is more than two orders of magnitudeventional Fourier-transform spectroscopy very powerful in
smaller. In order to rationalize such a fast decoherence of theomparison with diffraction spectrometers. This approach is
system, spectral diffusion and dephasing have to be takeparticularly useful for the study of the zero-phonon linewidth
into account. The fact that the exponential decay time of thef single quantum dots, where fluorescence occurs mainly in
visibility is in good agreement with the Lorentzian shape ofthe zero-phonon line region.
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