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Spectral hole burning reveals a sharp zero-phonon(Efé) as well as discrete acoustic phonon sidebands
in CdSe nanocrystals. The ZPL linewidth obtained from the spectral hole burning depends strongly on the
measurement time scale, reflecting effects of spectral diffusion. The nonlinear optical measurement allows us
to suppress effects of spectral diffusion leading to a ZPL linewidth as narrow.es/6
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Semiconductor nanocrystals are characterized by discretesolved PL’ Average core diameters were determined from
electronic energy levels and also by the presence of discrefeL spectra and are consistent with results of TEM. The
acoustic phonon modes. The optical absorption spectrum of @anocrystals were dispersed in a thin film of polystyrene de-
semiconductor nanocrystal is therefore expected to feature Rpsited on a sapphire disk.
zero-phonon lindZPL) involving no absorption or emission For measurements at low temperature, the sample was
of phonons as well as discrete optical and acoustic phonomounted in a helium flow cryostat. Two tunable dye lasers
sidebands arising from transitions assisted by absorption dcoherent-898 each frequency-stabilized to their respective
emission of optical and acoustic phonons. The linewidth ofxternal reference cavity, were used in SHB and FWM stud-
the ZPL sets the intrinsic limit for decoherence and thus is ofes. Tunable diode lasefslew Focug were also used for the
particular importance for potential applications such as quantuning range between 632 and 638 nm. The laser linewidth is
tum information processinty? narrower than 0.0eV (2.5 MH2). These lasers allowed us

A major difficulty in probing optical properties of semi- to investigate CdSe nanocrystals with an average core diam-
conductor nanocrystals is spectral diffusion, i.e., randoneterD ranging from 4 to 9 nm. For SHB studies, the change
spectral shifts in the optical transition frequency due to fluc4dn the transmission of a probe beam induced by a pump beam
tuations in the microscopic local environment. In the preswas measured using lock-in detection. The intensity of the
ence of spectral diffusion, the measured linewidth of the ZPLPuMp beam was modulated with an acousto-optic modulator.
becomes dependent on the measurement time $éaevi- Figures 1a) and Xb) show the differential transmission
ous photoluminescencéL) studies of single nanocrystals spectrum obtained al=10 K for nanocrystals witlD=9
have shown an upper limit of 120eV for ZPL linewidth in ~ and 4 nm, respectively. The nonlinear response was mea-
CdSe nanocrystals at low temperatti@uantitatively simi-  sured as a function of the detuning between the pump and the
lar results have also been obtained in accumulated photaprobe field. In order to probe the lowest energy dipole optical
echo studies in a collection of inhomogeneously broadened
CdSe nanocrystafsFor both of these studies, the measure-
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ment time scale far exceeds time scales at which spectral ?'5
diffusion occurs. In comparison, ZPL linewidths of only a D=9nm || 5"
few neV have been observed in photon echo studies of self- &
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assembled Ga, _,As quantum dot$QD’s) grown by mo-
lecular beam epitaxy.

In this Rapid Communication we report studies of absorp- . . . . .
tion spectra of CdSe/zZnS core/shell nanocrystals using tech- 4 2 0 2 4
niques based on spectral hole burnii®HB). The SHB re- Detuning [meV]
sponse exhibits a sharp resonance due to the ZPL and clearly
resolved sidebands due to confined acoustic phonons. The
ZPL linewidth obtained from SHB depends strongly on the
measurement time scale. This along with additional studies
using frequency-domain four-wave mixingcWM) eluci-
dates how these ensemble nonlinear optical measurements
can be sensitive to and can be used to probe spectral diffu- . .
sion. Using modulation frequencies as high as a few MHz to -0 5 0 5 10
suppress effects of spectral diffusion in SHB, we have ob- Detuning [meV]
tained ZPL linewidth as small as geV. FIG. 1. SHB response obtained af=10K and Q

High quality ZnS-capped CdSe nanocrystals used in oUE 20 kHz (| oump=1 Wicn?). (8 D=9 nm. (b) D=4 nm. The in-
study were fabricated with high temperature organometalliget shows the size dependence of the energy separation between the
synthesi€. The nanocrystals were characterized by absorpzpPL and the first sideband. The solid line is the calculated energy
tion, PL, transmission electron micrograpfEM), and time-  for confined acoustic phonons witk=2 andn=1.
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transition, the frequency of the pump was fixed at the lower
energy part of the inhomogeneous absorption profile of the
1S.1S; 3/, transition of the respective sampl@ ;= 635

and 565 nm forD=9 and 4 nm, respectively Similar re-
sults were also obtained near or above the absorption line
center(no SHB response could be obtained outside the inho-
mogeneous absorption profil&SHB responses shown in Fig. ‘ ‘
1 feature a sharp resonance at zero pump-probe detuning, 0 1 2
well-resolved sidebands, and a much broader pedéstal. Q [MHz]

We first discuss the sidebands and the pedestal. In the
SHB measurement, the pump and probe can couple to differ-
ent transitions in the manifold of zero-phonon and phonon-
assisted optical transitions, giving rise to the sidebands and
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the broad pedestal in the SHB response. The spectral range 5

of acoustic phonons that can couple to the optical transition sls 5 3 g L]
determines the linewidth of the acoustic phonon pedestal & » 8 &

(and also the initial rapid decay in photon echo stutfles 05 . o

The measured linewidth as well as its size dependence agree

. 2.
well with the theoretical expectatioht® The well-resolved Pump Intensity [W/em’]

sidebands are due to confined acoustic phonon modes that ) :
have a relatively long lifetime and can couple strongly to the 5 o :
optical transition. These sidebands arise when one beam g ‘
couples to the ZPL while the other couples to the phonon- Yy 3
assisted transition. The inset of Fig(@l plots the phonon g -’?‘i ]
energy obtained from the first sideband in the SHB response 2 .. w‘&,&;" ]
as a function oD. Also shown in the figure is the calculated d:'l’ ?ﬁ?ﬁ;‘ﬁ; " ?'Mﬁ'
size dependence of the phonon energy for the confined Qi '1.00 5 '1':)8“"-
(,) -

acoustic phonon mode with=2, n=1 wherel and n are
angular momentum and radial mode numbers, respectively. A
Spherical Shafe for th_e nanocrys_tals is assumed in the theo- g, (8) Modulation frequency dependence of the SHB line-
retical modef:! We attribute the discrepancy between theory,yigtn (I pumg= probe= 0.5 W/cn?). The inset shows the same data,
and experiment for large nanocrystals to the fact that th@owever, with a logarithmic scale for the modulation frequeriay.
§hape Qf the_ nanocrystals becomes mcreasmgly'prolatel Witfdtensity dependence of the SHB linewidth With prope
Increasing size, as can be seen from TEM. While confined- .5 wicn?. (c) An expanded scan of the SHB resonance obtained
acoustic phonons have been observed in earlier stitfiEs, at Q=1 MHz with | pump= 2! prone= 1 W/cn?. All data were ob-

the SHB response elucidates directly the role of theseained atT=2 K and for nanocrystals with =9 nm.

phonons in the optical transition.

We now turn to the SHB resonance at zero detuning. Theame data with a logarithmic scale fox. The SHB line-
SHB response at or near zero detuning arises when the pungdth decreases rapidly as the modulation frequency is in-
and probe couple to the same optical transition. The sharpreased from 1 kHz to a few hundred kHz, indicating that
resonance at zero detuning is due to the ZPL. With increaseffects of spectral diffusion are most pronounced at these
ing nanocrystal size, the ZPL becomes more pronouncetime scales. The SHB linewidth obtained at modulation fre-
relative to the phonon pedestal due to decreasing electroiguencies of a few MHz approaches an asymptotic value, as
phonon coupling. The ZPL vanishes at temperatures abovghown in Fig. 2a). More insight into the() dependence will
40 K (not shown). be provided in discussions on the lifetime of the excitations

In the limit of the third order nonlinear optical response, causing the SHB response.
the linewidth of the SHB resonance is given by twice the The SHB linewidth also depends strongly on the level of
homogeneous linewidth. This is no longer true, however, iroptical excitation. Figure (®) shows the linewidth of the
the presence of spectral diffusion, i.e., if the optical transitionSHB resonance as a function of the pump intensity obtained
frequency fluctuates as a function of time, since the SHBat =10 and 100 kHz. The linewidth broadens significantly
linewidth now becomes dependent on the time scale of thaith increasing pump intensity. This power broadening can
measurement. For SHB using lock-in detection, the measureesult from saturation beyond the third-order limit and can
ment time scale is set by the modulation period in the pumplso result from intensity-dependent spectral diffusion pro-
intensity. In the limit that the modulation period is long com- cesses. Although SHB is a nonlinear measurement, the pump
pared with the time scale at which spectral diffusion takesntensity (=0.5 W/cnf) used for Fig. 2a), at which the
place, spectral diffusion can lead to significant broadening oSHB linewidth is nearly independent of the excitation level,
the SHB resonance. Figurga® shows the linewidtHfull is considerably lower than typical intensities used for single-
width at half maximum(FWHM)] of the SHB resonance as a nanocrystal PL studies<10 W/cn? or greatey.
function of the modulation frequendy. The inset shows the Figure 2c) is an example of an expanded scan of the SHB

Detuning [ueV]
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response obtained at 10 K and for nanocrystals vidth
=9 nm. The FWM lineshape is non-Lorentzian, which is
also clearly shown by the highly nonexponential Fourier
transform of the spectral responigég. 3b)].

The time scales observed in the above FWM study are
several orders of magnitude longer than the radiative lifetime
(=10 ns) for the relevant dipole optical transitibmdicat-
ing that the FWM as well as the SHB response is due to

1 0 1 2 depletion of the ground statgég)) rather than population of
Detuning & [MHz] the dipole-allowed exciton statexf). To illustrate this, we
consider an energy level system shown schematically in the
inset of Fig. 3b). For this system, excitons, generated reso-

x> E
) N [d> nantly by the pump, can decay or dissociate into states

FWM-Signal [arb.units]

'
N

for which rapid radiative recombination is not allowed. Since
saturation of the dipole optical transition is determined by
(pxx—Pgg): the population difference betweéx) and|g),
the nonlinearity can arise by populatifg and/or by deplet-
ing the population ing). The depletion occurs when the
excitation is prevented from returning [g). In this regard,
keeping nanocrystals ifd) induces a nonlinear optical re-
sponse. The lifetime associated with this response is deter-
FIG. 3. (8 FWM response obtained at=10 K (I;=1,=1,, mined by the time it tal_<es for napogrystals|d)_to recover
=1 Wicn?). The inset shows the FWM geometr§p) Fourier ~ tO |X) or |g). In comparison, the lifetime associated with the
transform of the FWM response exhibiting nonexponential decaynonlinear response due to populatior{x is determined by
The inset shows the energy level structure discussed in the text. the lifetime of|x). The FWM response shown in Fig(e}
features relatively slow time scales and thus is primarily due
resonance obtained &t=1 MHz. The SHB resonance cor- to nanocrystals ird), with negligible contributions from
responds to a ZPL linewidttFWHM) of 6 ueV. All the  nanocrystals ifx). This is not surprising since the lifetime
data in Fig. 2 were obtained for nanocrystals with  of |d) is much longer than the lifetime dk). On average
=9 nm. Qualitatively the same behavior has also been obexcited nanocrystals spend much longer timéd than in
served for nanocrystals with ranging from 4 to 9 nm. In |y
of large() and low excitation levels does not show a signifi- shown in the inset of Fig.(8) and assuming nanocrystals are
cant size dependence within the size range investigated. Nofghomogeneously broadened, we have calculated the third
that along with a pronounced decrease in the linewidth, thgyrder nonlinear optical polarization for the FWM response

SHB signal also decreased nearly two orders of magnitude afye to nanocrystals itd) (effects of spectral diffusion are
we increased) from 1 kHz to 1 MHz. The deteriorating not included:

signal-to-noise ratio has prevented us from increa$intp

significantly above a few MHz. This also indicates that the 3). 4 E.E3 Epre*iwst

physical mechanism underlying the SHB response features a P*ocu (041 Tg) (8 FiT ) (0o wpt 21 7) +c.c., (1)
relatively long lifetime.

To determine the lifetime and especially the physicalwhereu andy are the matrix element and intrinsic decoher-
mechanism of the SHB response, we have carried out addence rate for thég) —|x) transition, respectively, anid, and
tional studies employing nearly degenerate frequencyly is the population decay rate fox) and the recovery rate
domain FWM**These studies are based on the use of twdor nanocrystals ind), respectively. In the limit thal'y
pump beams instead of only one pump beam. As shown ir<I",, FWM response as a function éfis then characterized
the inset of Fig. &), two pump fieldsE; andE, with fre- by a Lorentzian with a width of P4. Equation(1) has only
quenciesw; and w, interact in the sample and induce a used a single state fdd). For a distribution of/d) along
population grating that oscillates at a frequencydef|w, with a distribution of I'y and possible relaxation among
—w,|. The oscillating population grating can form if the states ind), one then expects a non-Lorentzian FWM spec-
detuning 6 is small compared with the decay rate of the tral lineshape, consistent with the experimental results shown
grating. A probe fieldE,, with frequencyw,, and counter- in Fig. 3.
propagating with respect tB,, scatters off the grating and The above model is motivated by extensive studies of PL
generates a FWM signal with frequeney=w;+ wp,—w,  intermittency in semiconductor nanocrystaf§. While the
along the direction counterpropagating with respecEjo  underlying microscopic details still remain unclear, it is be-
This FWM response can be understood as SHB induced bljeved that photoexcited carriers can be trapped at the surface
the population grating. FWM responses as a function of deef a nanocrystal with a distribution of trapping depths, lead-
tuning & (with ;= wy, fixed) can provide information on ing to a power-law distribution for the “off” time in the
the decay of the population grating. Figur@3shows such a  intermittency® It should be pointed out that for the nonlin-
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ear optical measurement, intrinsic dipole-forbidden excitorthe SHB response obtained @tof a few MHz should then
states in the fine structure of th&JlS, 3, transition should  be primarily due to nanocrystals in the intrinsic dark exciton
be included in/d) instead of|x), since resonant optical ex- state. In the absence of rapid spectral diffusion for these
citation of these transitions is negligible compared with thatexcitons, the SHB linewidth should then approach an
of resonant dipole optical transitions. asymptotic value determined by the intrinsic linewidth for
The process of PL intermittency is strongly correlatedthe ZPL. Note that the SHB linewidth obtained at high
with spectral diffusiort.’ As a nanocrystal cycles through its modulation frequencies(d>1 MHz) is comparable to that
“off” and “on” states, the particular charge configuration on gpiained in self-assembled, [Ba,_,As QD’s®
the nanocrystal surface changes, leading to fluctuating inter- |, summary, we have shown that SHB responses in CdSe
nal electric fields and hence to fluctuating optical tra“SitiO”nanocrystals feature pronounced ZPL as well as discrete
frequencies. SHB measures the distribution in the relevantqstic phonon sidebands. The SHB response arises from
dipole optical transition frequency of nanocrystals|d).  nhanocrystals that remain in dark or nonemitting states and
For these nanocrystals, the transition frequency before thgoyide an effective probe for the underlying spectral diffu-
optical excitation is at the frequency of the pump laser. Pergjon processes. By suppressing effects of spectral diffusion in
forming the SHB measurement at a giv@neliminates con-  the nonlinear measurement, we have obtained an upper
tributions from those nanocrystals for_ wh|ch. the recoverypound of 6ueV for the ZPL linewidth, over one order of
time is much longer than the modulation period. Effects ofagnitude smaller than that reported in previous studies,
spectral dlﬁu5|on occurring in these nanocrystals are thu%uggesting the potential of these nanocrystals for applica-
suppressed or eliminated from the measurement. A compatjons such as quantum information processing. A main chal-
son of the relevant time scales in SHB and FWM measurejange, however, is to further improve surface properties of
ments in Fig. 2a) and Fig. a) further confirms this corre-  semiconductor nanocrystals such that carrier trapping and

lation between the nanocrystal recovery time and the effectgyig spectral diffusion processes can be eliminated or sig-
of spectral diffusion on SHB linewidth. The correlation dis- nificantly reduced.

cussed above also points to an interpretation for the observa-

tion that the SHB linewidth approaches an asymptotic value We thank Dave Citrin and Sergei Gupalov for many
at Q) of a few MHz[see Fig. 2a)]. If the recovery lifetimes stimulating discussions. This work is supported by NSF un-
for trapped carriers are long compared with the lifetime ofder Grants Nos. DMR973320, DMR0201784, and
the lowest energy dipole forbidden exciton statel( us),*®*  ECS9988542, and by ARO.
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