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Ultralong coherence times in the purely electronic zero-phonon line
emission of single molecules
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We report the observation of ultralong coherence times in the purely electronic zero-phonon line
emission of single terrylenediimide molecules at 1.4 K. Vibronic excitation and spectrally resolved
detection with a scanning Fabry—Perot spectrum analyzer were used to measure a linewidth of
65 MHz. This is within a factor of 1.6 of the transform limit. It therefore indicates that single
molecule emission may be suited for applications in linear optics quantum computation.
Additionally, it is shown that high-resolution spectra taken with the spectrum analyzer allow for the
investigation of fast spectral dynamics in the emission of a single molecul200@ American
Institute of Physics[DOI: 10.1063/1.1779351

Schemes employing linear optics offer a promising ap-cence is composed of the contributions from several vibra-
proach for the realization of efficient quantum computa%ion. tional states, but does not contain the ZPL. In these experi-
True single photon sources that provide indistinguishablenents, transform limited absorption of the ZPL is routinely
photons on demand are indispensable for this purpose. Untilbserved by scanning the excitation wavelength.
recently, such ideal light sources have been substituted with Here, we demonstrate that nearly transform limited ZPL
parametric downconversion in nonlinear crystals generatingmission from single molecules can be obtained by using
twin photons. Even though high levels of indistinguishabil- vibronic excitation. For this purpose, we excite vibronic tran-
ity, and thus strong Hong—Ou—Mandel correlatibregn be  sitions of individual moleculegFig. 1a)].%° The fluores-
achieved with this method, experiments using this source areence signal is now composed of the ZPL and the vibrational
bound to be performed at very low intensities. This howevebands with intensities determined by the respective Franck—
impedes the implementation of large scale prototols. Condon factors. From the integral fluorescence, the ZPL of
Single photon sources based on two-level emitters consingle molecules can be selected with a spectrally narrow
stitute an attractive alternative to twin photons. Singleinterference filter. The linewidth of the ZPL is measured by
molecules;® single quantum dots® and single nitrogen- Using a scanning Fabry—Perot spectrum analy3#). Our
vacancies in diamontihave successfully been used as suchexcitation scheme is also less susceptible to spectral jumps of
sources. They can provide single photons at high emissiothe molecules. The absorption bands have a spectral width of
rates with negligible two or more photon generation prob-several crmt, which is determined by the lifetime of the ex-
abilities. A crucial remaining requirement for their applica- cited vibrational stat¢1-10 p$ and its intense phonon side-
tion to linear optics quantum information protocols is photonband. For this reason, small spectral jumps of the molecular
indistinguishability. absorption do not lead to a loss of the excitation.
Indistinguishability of emitted photons from incoher- ~ The experiments were performed using a home-built
ently excited two-level emitters is directly related to their confocal microscope keeping the sample in a superfluid he-
coherence length, provided that the excited level is populatelium bath at 1.4 K[Fig. 1(b)]. The beam from a single mode
via a fast relaxation proce$8In the case of transform lim- dye laser(Coherent, 899-20is reflected off a dichroic mir-
ited emission, a high level of indistinguishability is then ror, passed through /2 plate, a galvo optic scanner, and a
granted. The ultimate transform limit is given by¥2T,=1,

whereT,; andT, represent the population and coherence de-(a) (b) 9

cay times, respectively. This limit has recently been ap- Cryostat L Spectrum
analyzer

proached within a minimum factor off2/T,~ 1.5 for single
InAs quantum doté'™ These results enabled direct mea- !‘G I
surements  of indistinguishabilifﬁ, violation of Bell’s S+ N2
inequality’* and quantum teleportatidn. In contrast, the
linewidth measurement of a single nitrogen-vacancy in dia-
mond revealed a coherence time which was much smalle s
than the transform limit® (©
For more than a decade, single molecules in organic hos [Se> —
materials have been detected at cryogenic temperatites. i N avara F
With one exceptiort? these experiments rely on the narrow N Q.Q.Q N
bandwidth excitation of the molecule’s purely electronic Nuclear Coordinate o o

zero-phonon lingZPL). The detected Stokes shifted fluores-

FIG. 1. () Vibronic excitation scheme&b) Experimental setup showing the
Fabry—Perot spectrum analyzer used for linewidth measurementSer-
¥Electronic mail: andreas.zumbusch@cup.uni-muenchen.de rylenediimide(TDI).
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telecentric system, before being focused onto the sample @ *°F
with an aspherical len6NA=0.55), which is also used for '
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collecting the fluorescence. After transmision through the —
\/2 plate and the dichroic mirror, the collected fluorescence 150 wspliasbhingas |

15200 15300
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is focused onto a pinhol€00 um diametey and dispersed
with a 46 cm monochromataiobin-Yvon, HR460 before
detection with a charge coupled device dete(@@ED, Acton
Research, 128HBAlternatively, the signal can be sent to the
Fabry—Perot SACoherent, 24P before detection with an
avalanche photodiodéAPD, Perkin-Elmer, SPCM-AQR-
16). A spectral resolution of 30 GHz is obtained in the spec-
tra taken with the monochromator and the CCD. By contrast,
the SA has a free spectral range of 1.5 GHz. Its finesse and
peak transmission are measured to~hE)0 (spectral resolu-
tion ~15 MHz), and ~5%, respectively. A broadband filter
(Chroma, HQ 655/60) a color filter(Schott, RG63§ and a
narrowband interference filtéOmega, 677 SC2, full width =

at half maximum =2 nm, angle tunable between 650 and Time (sec)

677 nm are used in spectrally selecting the ZPL emission. AFIG. 2. Emission spectra of the purely electronic zero-phonon line of a
gated counte(Stanford Instruments, SR4PB used for both  single TDI molecule in hexadecane excited at 605 nm and recorded with
external triggering of the SA and accumulation of the APDdifferent resolutions(a) Scan of the spectrum analyzer with 500 ms inte-
counts. gration time per bir{separated by 2 ms dark perigdExcitation intensity of

. P 35 uW. Inset: Dispersed fluorescence spectrum after the interference filter.
We examined terrylenediimide (TDI) ~molecules Excitation power of 1 mW, close to saturatiofb) Spectral trace with

[Fig. 1(c)], highly diluted in the Shpol'skii matrix hexade- 10 mw excitation power. Blinking at=16's and a spectral jump at
cane. In this crystalline host, TDI molecules exhibit hight=115 s are visible.

spectral stabilities allowing the observation of lifetime lim-
ited ZPL absorption bands at 1.4% The sample solution ) i )
was prepared by predissolving TDI molecules in a Sma”ecyles may also lead to homogeneous linewidth values dif-
amount of CHCl,. In order to remove the solvent Gél, fering from the; ensemble Va'“? GMO.MHZ' . .

and oxygen from the solution, several evaporation Two experimental observations give conclusive evidence

(10°° mbayp and freezing 77 K) cycles were performed. The that the em_ission shown in Fig(d) stems from a singlg
newolecule. First of all, at the end of this experiment, we in-

sample was subsequently heated and quickly loaded to thcreased the excitation power to 10 mW and were able to
cryolita;.rder to select a sinale molecule during an ex eri_thermally activate local degrees of freedom by laser induced
ment. we first scan a 10 mQ>1< 100 wm area at :f' ed ep— heating. This resulted in blinking and a digital spectral jump
ent, we i 0 K . X€d €X° in the fluorescence spectf&ig. 2(b)]. Second, given the
C|tat|<_)n v_vavelength. We then choose the optimum exCItatIorfarge inhomogeneous broadening of the TDI band in hexade-

%ane, it is highly improbable that several molecules would
length over the~10 nm width of the inhomogeneous band. appe,ar at thegsgme Zpectral position in the SA

By this, we can optimize the excitation conditions to detect We have observed Lorentzian ZPLs with nérrow spectra
the resolution limited ZPL emission spef:tra of smgle TDltor eight other molecules. Apart from three molecules, which
molecules on the CCD, as shown in the inset of Fi@.2  \yere spectrally stable over a time of 10 min, the other mol-

High_—re_solution spectra are obtained by directing thisg.jes exhibited spectral dynamics even at moderate excita-
ZPL emission to the SA. A slow scan of the SA revealsijon intensities. This is shown in Fig. 3, where we plot four

spectra of the type depicted in Figa2 This scan consists of a5t consecutive scans taken with the ZPL fluorescence from
600 bins, each of which corresponds to different mirror sepag,ch a molecule, at an excitation intensity of 200/. At
rations of the Fabry—Perot SA. At each bin, the APD countssach pin, an integration time of 25 ms was used. From the
are integrated for 500 ms. The excitation intensity i38,  spectra it is evident that the molecule preferentially occupies
which is much lower than the saturation power. For this reasgyera| spectral positions. Among those, at least two can be
son, no power broadening is expected. The Lorentzian modygentified as indicated by the straight and dotted lines in the
lations seen in the figure are separated by 1.5 GHz, whichgure. It is however important to note that even molecules
equals the free-spectral range of the SA. A fit to the datgyhich exhibit such spectral dynamics can be suitable sources
yields a 65+10 MHz linewidth for the ZPL emission. This of indistinguishable single photons. The only requirement
corresponds to a coherence decay time of 4.9+0.9 ns. Byhich needs to be fulfilled then is that they are spectrally
comparison, conventional fluorescence excitation spectrostable on the time scale of the spontaneous emission lifetime.
copy of single TDI molecules in hexadecane yield a homodn our case, the spectral jumps take place on a ms time scale
geneous linewidth of-40 MHz** Therefore, our measured whereas the fluorescence lifetime it 1nes shorter.

emission linewidth is within a factor of 1.6 of the transform In conclusion, we have observed nearly transform lim-
limit. Such deviations from the transform limited value canited ZPL emission from a single TDI molecule in hexadecane
be due to dynamic host—guest interactions occurring duringvith a coherence decay time of 4.9 ns. We used vibronic
the acquisition time at 1.4 K. These dynamics can be inexcitation at cryogenic temperatures in connection with a
creased by local heating induced by the excitation lasetigh resolution Fabry—Perot SA to measure these linewidths

Note, however, that local environments of individual mol- in emission. The results show that single molecules can serve
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