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CuBr nanocrystal§{NC’s) embedded in a borosilicate glass matrix have been studied by transmission
pump-and-probe experiments with both spectral and temporal resolution. Transient as well as persistent spec-
tral hole-burning phenomena are observed in the excitonic absorption of small(il€2 radius less than 4
nm) when picosecond and nanosecond dye-laser pulses excite selectively NC’s of a specific size at low
temperatures. The holes consist of a zero-phonon (lihehe photon energy of the excitatjoand marked
phonon sidebands. This structure is explained by a strong exciton—optical-phonon interaction. A value of about
1 of the Huang-Rhys factd® is obtained from the Stokes shifts between absorption and photoluminescence
spectra. From the width of zero-phonon holes, a lower limit of 2.3 ps of the exciton dephasing.tiime
deduced. This value is compared to the one obtained by transient four-wave-mixing measuéefnpatat
low excitation intensities. When the radii of NC’s decrease, both types of spectral holes become broader and
the persistent spectral-hole burning is more efficifB0163-18288)07903-X]

I. INTRODUCTION persistent SHB phenomena observed by pump-and-probe ex-
periments in CuBr NC'{Secs. IV A-IV Q and second to
Transient spectral-hole burningHB) was initially ob-  deduce the characteristic dephasing tifpeof excited states
served in low-dimensional semiconductér&nocrystalsat  (Sec. IV D). The values obtained by SHB are compared to
the end of the 1980s. This phenomenon generally has beeRose obtained by direct time-resolved transient four-wave-
explained by the selective saturation of the electronic transimixing (TFWM) measurements. In Sec. IV E we analyze the
tiOﬂS Of a pal’t Of the Semiconductor nanocrysta"(ﬁﬁ:’s), Spectra| Shape Of SHB Spectra in Order to Study exciton_
within the spectrally inhomogeneous broadband that resultghonon interactions in these NC'’s. Also the temperature de-
from their size distribution. Decay times ranging from pendence of spectral holéSH's) has been observe®ec.

picosecondsto hundreds of nanoseconds were repoftéd. |y F). Mechanisms of both transient and persistent SHB are
On the other hand, persistent SHB was initially observedjiscussed in Sec. V.

only in four types of inorganic materialgolor centers, di-
valent rare-earth ions in crystals, transition-metal ions in
crystals, and rare-earth ions in glas$eghen Masumoto and
co-workers reported two years ago similar effects in the low-
est excitonic absorption band of CdSe, Cd®g_,, CuCl, Light-induced absorption changes, Raman scattering, and
CuBr, and Cul nanocrystals dispersed in glasses or crystatlegenerate four-wave-mixing experiments were all per-
line matrices> They concluded that, in spite of the relatively formed at low temperatures, the samples being cooled down
large number of atom@reater than 1) in the nanocrystals, inside a continuous-flow cryostat or in a helium-bath cryostat
the surface plays an important role and the ground state ofith windows made of fused silicate glass. For experiments
crystallite-matrix complexes therefore can be highly degenin the picosecond time range, we used as pump light source
erate. Although many studies have been performed on NC’a dye-laser with PBBO in dioxane as the active medium,
and plausible models proposed, still many questions remaisynchronously pumped by the third harmonics of an active/
open concerning crystallite-matrix interactions, exciton-passive mode-locked Nd:YAG laséwhere YAG denotes
phonon interactions, homogeneous linewidths, etc. yttrium aluminum garnéttuned by a grating in a Littrow
Here we will first explain what we mean by the terms mount. Pulses about 20 ps in duration and 0.3 meV spectral
“persistent” and “transient” SHB. Persistent changes of ab- width [full width at half maximum(FWHM)] were generated
sorption last(after the end of excitationfor a time signifi-  with a 5-Hz repetition rate. For nanosecond experiments, the
cantly longer than the lifetime of any elementary excitationspump source was a dye laser with a grating at grazing inci-
(typically tens of minutes or hours at very low temperatyres dence in its cavity, pumped transversally by the XeCl exci-
while transient effects involve changes that exist only duringmer laser radiatiof.The spectral width of the laser emission
the lifetime of the excited states, i.e., hundreds of nanoseawas less than 0.05 mel?*WHM) and the pulse duration was
onds or even shorter. between 5 and 10 ns. The same dye laser was used to mea-
The scope of this work is first to compare transient andsure the resonant Raman scattering in CuBr NC's.

Il. EXPERIMENTAL CONDITIONS
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Absorption changes were tested with the spectrally broad wavelength (nm)
superradiance of a dye excited by a part of the laser source
emission, i.e., the Nd:YAG laser and the XeCl excimer laser 430 420 410 400 390 380 370
for picosecond and nanosecond experiments, respectively. Z
The corresponding superradiant emissions had a time dura-
tion of about 20 ps and 2 ns, respectively. The test pulses
were sent through an optical delay line that permits one to
adjust the delay between the pump and the probe pulses in
the transient SHB experiments. The test pulses that spectrally
cover the excitonic absorption of the NC's were dispersed in
a single grating-m Spex monochromatgworking either in
the first or the second order of diffractipand detected by an
optical multichannel analyzer connected to a computer. The
nanosecond system has a better stability than the picosecont
one; it permits one to detect absorption changed « of
about 1%.

The photoluminescena®l) emitted by the samples was 0 - ————
excited by means of the XeCl excimer lagar=308 nm, 2900 3.000 3.100 3.200  3.300
20-ns pulse duratiorand detected in 45° geometry. The lin- photon energy (eV)

ear absorption of the samples at low temperatures was mea- _ _

sured using a tungsten lamp. For both PL, a photomultiplier FIG. 1. Linear absorption spectfat room temperatujeof glass
tube connected to a boxcar integrator was used for the deteg@Mples containing CuBr NC’s of the following mean rads) (2,
tion of the light dispersed by the monochromator. (b) 9.5, ) 5.1, ) 3.9, and €) 2.8 nm. The absorption bands

We used a self-mode-locked Ti:sapphire laser to perforn@beledzlvz and Z; correspond to the lowest excitonic states of

TFWM experiments in the usual two-beam configuration. uBr.

Light pulses of 400 nm wavelength with a 2.5 nm width

were obtained by frequency doubling 80-fs pulses of 800 nnf '9- 2, CurvesA andB, respectively. The poor efficiency of
wavelength. The outgoing beam was further split into tvvothe luminescence in our excitation conditions should be no-

parts that impinged on the samples wkh and k, wave  tC8d (Aexc=308 nm, hve,=4.024 eV, and the lowest exci-
vectors. The signal was detected with a photomultiplier and £2tion intensity necessary to obtain a §|gnal-to-£0|se ratio
lock-in amplifier in the X,-k, direction as a function of the Nigh enough to permit a measurement is 20 kW ¢mBe-
delay 7 between the pulses of the two beams. We checke§2USe of the vicinity of the absorption and the emission
that no effects were due to the high repetition @2 MHz2) bands, a strong reabsorption affects the emission spectrum.

of the laser by reducing it to 4 MHz with a pulse picker. 1herefore, we calculate Othe spectral shape of the
reabsorption-free emissioh (hv). Neglecting reflection

losses, we assume an exponential decrease inside the sample
ll. SAMPLES of the exciting radiation and the resulting emissitime ef-

) - fect of the subsequent reabsorptions of the reemitted light
The CuBr nanocrystals were grown in a borosilicate glasgan be neglected as the efficiency of emission is)iow
matrix using a diffusion controlled proce5§.he semicon-

ductor concentration in the matrix is about 1% and the thick- wavelength (nm)

ness of the samples is typically about 0.4 mm. We studied 434 420 410 400 390
five samples made of glass containing CuBr NC's of differ- ' . . . .
ent mean radii: 12, 9.5, 5.1, 3.9, and 2.8 fifme exciton
Bohr radius in bulk CuBr is 1.25 nmThe crystal structure

of CuBr NC'’s is cubic(zinc blendg. The linear absorption
spectra of all these samples at room temperature are show
in Fig. 1.

The existence of the excitonic absorpti¢f, , and Z3
bandsg at room temperature as well as the strong blueshift *
with decreasing radius of NC’s can be noted. The mean ra-
dius of the NC’s was determined from the spectral positions & 1]
of the maxima of th&, , andZ; excitonic absorption bands a B
using the donorlike exciton mod®l. o A

2.900 3.000 3.100 3.200
photon energy (eV)

41 meV
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' '
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IV. RESULTS

FIG. 2. Linear absorption spectrumA), photoluminescence
(PL) spectrum B), and PL spectrum once corrected for reabsorp-
tion (C) using Eq.(1) for a sample of glass doped with CuBr NC’s

The linear absorption and photoluminescence spectra, at@ 2.8 nm mean radiu€ K). The PL is excited by an excimer laser
K, of a sample containing 2.8-nm CuBr NC's are shown in(laser photon energy 4.024 eV and intensity 50 kW &m

A. Linear absorption, photoluminescence,
and Raman scattering
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IT(h)[ a(hv)+ a(hved] wavelength (nm)
1—-exp[—[a(hv)+ a(hvg]d}’ @

wherel ["(hv) is the emission intensity of the sample excited
at hvg,. measured at thérr photon energy.«(hv) and
a(hvey) are the absorption coefficients of the samplé at
andhvg,. andd is its thickness. The PL spectrum once cor-
rected(Fig. 2, curveC) has its maximum at about 3.059. It
can be related to the radiative recombination of excitofs
line).

The Stokes shifA g between the maxima of the excitonic
absorption and emission is #6 meV. Under the condition
that the position of thX band is not redshifted by localiza-
tion of excitons in impurity or surface stat§snportant in
small NC’s (Ref. 9], the Stokes shiff\g may be related to
the Huang-Rhys facto6 (which characterizes the impor-
tance of the exciton-phonon interactjaand to the energy of
the coupled LO-phonoi(:*°
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If we take as the energy of the LO phonon the value
20.15-0.3 meV we obtained by resonant Raman scattering
(see belowin the 2.8-nm NC'’s of CuBr, we find a Huang-
Rhys factorS=1.02+0.15. It is quite high, indicating that photon energy (eV)
the exciton—LO-phonon interaction is important in this polar ]
material, as already seen in the single- and two-photon ab- FIG. 3 Resonant Raman sgattenng of the sa_nje sample _of glass
sorption spectra of the exciton in bulk cubri2 dope_d with 2.8_-nm_ CuBr NC’; in the same conditions of excitation

Resonant Raman scattering due to exciton-phonon inte®S discussed in Fig. Za) Excitation spectrum of the LO-phonon

actions was measured using the nanosecond dye laser. T gman Ime(fgll circles); thg linear absorpﬂop spectrum is plotted
one LO and two LO-phonon lines were observed onlv whe continuous ling for comparison(b) Stokes shift of the LO-phonon
P y r|:zaman line for different photon energies of the exciting laser.

the laser photon energy was tuned in the exciton resonance,
as can be seen in the excitation spectrum of the LO-phonopand, a structure is clearly observed in the differential ab-
Raman line[Fig. 3@)]. Its maximum is only slightly red- ~sorption of thez, , band. Two subbands peak up at 3.00 and
shifted compared to the excitonic absorption. Through thes 02 ev. They are separated by about 20 meV.

entire range of resonant Raman scattering, the Stokes shift of gych effects have been observed by Woggon, Hen-
sion [Fig. 3b)]. The value offi{);5=20.15£0.3meV is  of CuCl NC's in a glass matriX! They have been qualita-

Raman shift (meV) Raman scatt. efficiency (arb units)
o
°
o

3.000 3.050 3.100

slightly smaller than thé (), c=20.7 meV in bulk CuBr. tively well explained in the framework of a time-dependent
Hartree-Fock theory as being due to exciton-exciton
B. Transient changes of absorption interaction$*~1® that increase the exciton energy and there-

fore cause a blueshift of the excitonic absorption band.

The dynamics of the absorption changes in Zhg exci-

First we present the results of pump-and-probe experiton band is shown in Fig. 5 for the same sample at 2 K. The
ments performed with the picosecond setup on big nanocrysxcitation is provided by a picosecond laser pulse of 3.02-eV
tals, i.e., NC's with mean radii 12, 9.5, and 5.1 nm. All thesephoton energy and 4-MW ci? intensity. In Fig. 5(top) we
samples display similar excitonic absorption changes undetave drawn the differential absorption spectra measured at
resonant excitations in th&, , excitonic band. These effects different delays after the temporal coincidence of the pump
are shown in Fig. 4 for 9.5-nm NC'’s. They are measured atnd the probe pulses. One can see that the maximum of the
different peak intensitie$10, 20, and 40 MW cr?) for a  bleaching shifts towards lower energies versus time, the ex-
3.026-eV picosecond pulsed excitation, at 2 K. citon line returning then from a blueshifted position. In Fig.

The main features of the observed absorption changes can(bottom) we have plotted the temporal evolution of the
be summarized as follows.(i) The absorption changes are differential absorption at two different photon energies
almost independent of the photon energy of the exciting 1a{2.982 and 2.996 e\ chosen in the two low-energy sub-
ser. They always start on the low-energy side of the absorphands and far from the excitation photon energy. For both
tion band and reach the same shape for the highest intensipghoton energies, in addition to a fast response that follows
of excitation[Fig. 4@)]. (ii) Both theZ, , and theZ; absorp-  the exciting laser pulse, a very slow decay with a character-
tion bands blueshift and broaden and their spectrally inteistic time in the range 1-100 ns can be seen. The fast signal,
grated intensities diminish when the intensity of the resonanivhich is more intense at 2.996 eV than at 2.982 eV, may be
excitation increases. This gives a typical shape for the differrelated to the blueshift of the exciton band. It may corre-
ential absorption specti&ig. 4(b)]. (iii) In contrast to theZ, spond to the creation of tw@r more excitons per crystallite

1. Nanocrystals of large sizes
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FIG. 4. Spectra of transient absorption changes for a sample of 50 0 . 50 100 150 200
glass doped with large CuBr NC(8.5 nm) at 2 K under a resonant time delay (ps)
picosecond excitatiof3.026 eV of intensity @) O (linear absorp-
tion), (b) 10, (c) 20, and ¢) 40 MW cm 2. (a) Absorption spectra
and(b) corresponding differential absorption spedtiack areas of
the graphs

FIG. 5. Dynamics of the absorption changes in the same experi-
mental conditions and for the same sample as in Fig. 4: In the upper
part, four differential absorption spectfllack areas of the graphs
represent the absorption changes probed after the following delays
7 (a) 0, (b) 6, (c) 12, and ¢) 16 ps after the maximum of the
pump pulse intensity. In the lower part, temporal changes of absorp-
and to their fast recombination through very rapid exciton-tion at two photon energie€)) 2.982 eV (at the edge of the ab-
exciton scattering processes since exciton-exciton interagorption banjland(®) 2.996 eV(at the maximum of the absorption
tions are at the origin of the exciton blueshift, as is theoreti-changesare shown.
cally shown. The slow absorption changes may then

correspond to the decay of single excitons created per crys- . .
tallite P y g P ysponse that follows the exciting laser pulse, an exponential

In these samples containing large size nanocrystals, th ecay with a 136 20 ps time constant is obtained. At 3.034

pump-and-probe experiments performed with nanosecon@o’ only the slower response is observed. The fast dynamics

dve | . tally th It it oi uld be related, as for large NC's, to the creation of two or
oﬁz gsggs give essentially the same results as with pICoSe;4r6 excitons per crystallite. The longer decay time of about

130 ps could correspond, as for larger NC's, to the lifetime

of a population of excitons when there is only one per crys-
2. Nanocrystals of small sizes tallite. Their lifetime, however, would be shorter than ex-
pected for crystallites of smaller sizes. Quasiparticles from
ct ; ; . .
this population of weakly interacting excitons that have such
a size that their energies correspond to the exciting photon
energy may be involved in the SHB effect.

The nonlinear absorption first measured with the picose
ond setup is different for NC’s with mean radii smaller than
about 4 nm. In addition to spectrally broad absorption
cha_nges due to the shift c_>f the absor,pt|on band and VeTY Erom the results presented in Fig. 6, it clearly appears that
similar to those observed in large NC's, a narrow hole iy, g4,y pure spectral-hole-burning effects in small NC's one
bu_rnt at the _speqtral position of the pump even at low exCitas to use low-excitation intensities. For this purpose, the
tation intensity[Figs. 6a) and Gb)]. When we increase the panosecond dye laser was more suitable because it has a

excitation intensity, the spectral hole widens and spectrallyetter pulse intensity stability and a narrower spectral width
broad absorption changes appear and increase, so that finalijan the picosecond ones.

at 40 MW cm 2, the absorption band becomes almost com- \We should mention that, in addition to transient effects,
pletely bleached. When we change the laser wavelength, thgersistent absorption changes are also observed. As they are
narrow spectral hole follows the laser position. generally proportional to the integrated energy deposited in

The dynamics of the corresponding differential absorp-the sample, these persistent changes are more intense in the
tion, measured at two different photon energi@¥34 and case of excitation by more energetic nanosecond laser pulses.
3.003 eV, is given in Fig. 7. At 3.003 eV, close to the We will describe these phenomena in the following subsec-
excitation photon energy 3.001 eV, in addition to a fast re-tions.
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] FIG. 7. Dynamics of absorption changes in the sample with
'g 0 0_3 small CuBr NC’s(2.8 nm) under picosecond excitation at 3.001 eV,
g at two photon energies 3.034 €®) (far from the excitationand
p g
_05_3 3.003 eV(®) (near the exciting laser enengyThe dashed curves
' ] correspond to a double exponential decay with the characteristic
1.0 times 20 and 136 20 ps.

Tl rrr 1o

2950 3.000 3.050 3.100 3.150 Fig. 9 (differential absorption spectrave show(a) five tran-
photon energy (eV) sient and(b) five persistent spectra measured for different

FIG. 6. Spectra of transient absorption changes of a sample WitRUIse e_nergleséeXCItatlon densitigsand different fluen(_:es,

small CuBr NC's(2.8 nm and 2 K under a picosecond resondat respectively, at 2 K. They have been separated following the

3.064 eV} excitation of intensities ) 2.5, (b) 10, and €)

40 MW cm 2. The upper parta) represents the absorption spectra, wavelength (nm)

while the lower part(b) shows the corresponding differential ab-

sorption spectragblack areas of the graphsSmall persistent ab-

sorption changes remain once the excitation (40 MW ®mhas
ended, as can be seen(&.

406 404 402 400 398 396 394

C. Persistent spectral-hole burning
1. Separation of transient and persistent effects

The transient and the persistent changes of absorption are
produced simultaneously during the pump laser excitation
(and they are of the same order of magnitude at the early
stage of the excitatignThe separation of the two effects can 308 208 310 312 342
therefore be made only approximately. 4056 404 402 400 398 396 394

With the nanosecond setup, we probe the transmission of - - : - g :
the samples with nanosecond test pulses at the following
times: before any excitatiofi.e., virgin samplg during a
nanosecond excitation, and after the end of the excitation
(i.e., after a delay of several seconds, the time necessary for
data acquisition to be completed, which is typically about 25
s). The persistent SHB spectra can be easily deduced from
the comparison of the sample transmission measured before
and after the excitation. On the other hand, the transient
SHB, when determined from the transmission measured dur- .
ing and after the excitation(i.e., including persistent 206 308 310 342 oua
changes is not correctly determined at the early stage of the hot Vv
excitation of persistent effects, when only a small fluence photon energy (eV)

(e., integrated energy by unit ajeaf light has been sent  riG. g. z, , excitonic absorption bands of CuBr nanocrystals of
onto the sample, since then persistent effects are developingg nm mean radius, at 2 K, under a resonant excitation by a nano-
rapidly. One can notice, however, that, after having sent ont@econd dye laser, in the) transient andb) persistent regimes. The
the sample a fluence of about 0.1 mJ¢m persistent linear spectrum is denoteci. The different exciting pulse ener-
changes grow slowly. Therefore, the described procedure tgies are b) 23, (c) 57, (d) 140, ) 230, and ¢ ) 570 nJ and the

separate the transient from the persistent changes becomdifierent fluences areb) 6.1, (c) 55, (d) 150, (€) 650, and )
then reasonably correct. In Fig. @bsorption spectfaand ~ 1030xJ cmi 2.
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306 308 310 312 3.4 photon energy (eV) relaxation time (minute)

406 404 402 400 398 396 394 . . .
——— e FIG. 11. Spontaneous filling of persistent SHB’s in small

2.8-nm CuBr NC's.(a) Holes measured at three different delays
after their burningfrom top to bottony: (a) 5-35 s, b) 4—4.5 min,
and (c) 30—30.5 min{(b) Semilogarithmic plot of the hole aréaull
squaresand width(open circleg vs relaxation time.

Aod

row spectral holes are accompanied by an induced absorp-
tion peaked at 3.03 and 3.30 elbelow excitonic reso-
nances In Fig. 10, graphs@ and (b) correspond to the
absorption changes induced by an excitation inZhg and
306 308 310 342 314 Z3 e_xc_iton?c bands, respectively. The differential absorption
is similar in both cases, but the fine structure clearly ob-
served near the excitation wavelength when the sample is
FIG. 9. Differential absorption spectra of the precedihg ex- excited in theZ, , excitqnic re_sonancéa) is Smoothed out
citonic absorption band of the 2.8-nm CuBr NC'’s, given in Fig. 8, when the,Z3 resonance 'S_ excite(). A Se,par‘,"‘t'on O_bserved
in the (a) transient andb) persistent regime K). between induced bleaching and darkening is relatively large,
indicating that the mechanism of persistent SHB is probably
method described above. The spectral shapes of both tiRhotochemicat’
transient and the persistent SHB’s are mainly the sambe
discussed in Sec. IV D the differences being essentially in 2. Growth and decay of persistent spectral holes
the background changes. . The central depths of persistent SH’s grow approximately
Large persistent SHB spectflig. 10 reveal that the nar- 55 the logarithm of the fluence, but their width increase only
slightly even when the fluence is increased from mJ ¢ito
wavelength (nm) J e 2. In order to evaluate the persistency of spectral holes,
40 40 %0 %0 30 we measured their relaxation time after being burnt. It is the

photon energy (eV)

37 so-called spontaneous hole fillingiF), i.e., the disappear-
ance of the spectral hole without any applied external pertur-
21 bation such as thermal heatirfthermally induced HJ or
'g exposure to light(light-induced HF. We observe a slow
14 logarithmic type of temporal recovery of the hole parameters
(Fig. 11. The decrease of the spectrally integrated central
0+ part of the holes is about 4% in 30 min. The spectral broad-
ening of the holes is also non-negligible and increases loga-
0.1 excitation rithmically with time. The detailed study of hole-filling
-0. effects(including thermally and laser-induced Héf persis-
- 1 tent SH’s in CuBr NC’s is published separatéfy.
<510.0—
D. Dephasing time determined from central hole width
and TFWM measurements
0.1+

In transient SHB, the spectrally narrow central hole has
generally a Lorentzian spectral shape for low excitations.
When we fit the hole$FWHM) by such a shape at different

FIG. 10. Differential absorption spectra of the preceding sampld?Ump intensities, th&, limit value of the linewidth at zero
(with small 2.8-nm CuBr NC’sfor two exciting photon energies: fluence or zero intensity is twice the FWHM homogeneous
(@) 3.12 eV and(b) 3.25 eV. The linear absorption spectrum is 7y linewidth and can be related to the transveTserelax-
plotted as a continuous line for comparis@K). ation time(total dephasing timethrough the expressidh

3000 3100 3200 3.300
photon energy (eV)
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FIG. 12. TFWM signal plotted as a function of the delay

between the pulses of the two incident pump beams for small FlG' 13. Dephasing t'qu determmed_ frgm the TFWM ex-
2.8-nm CuBr NC’s at 5 K. The central photon energy of the inci- periment plotted as a function of the excitation fluence. The con-

dent pulses is resonant with tifa,, excitonic line (3.099 eV and tinuous curve represents a fit used to determine the low-fluence

the fluence is 0.4.J/cm 2. The dotted curve represents the experi- :('rrgg] ;Ze(gzeBtr;i t:ztmlggtessa(tat)he(c)hstr;?]\'\;::; \ggl;{eggtie;%rng;ed
mental data and the full line curve its fit by a double exponential P P 9 ‘ ’

function with two decay parameters 0.74 and 0.13 ps. 3.061 eV, and¢) 3.139 eV.

So=2yn="4%IT,. 3) photon echo. We then determine the coherence iméy
multiplying the slow decay time component by a factor 4.
We perform SHB measurements at different spectral posi- We find by extrapolatioril at zero intensity and zero
tions of the pump-laser excitation inside the inhomoge-fluence(Fig. 15 by using the simple intensity-dependent ex-
neously broadened, , exciton absorption band of samples pression
containing NC'’s of 2.8 nm mean radifse., we excite se-
lectively NC's of different sizes At each spectral position of

the excitation a transient and a persistent hole are burnt at 1 1
each pulse intensity and fluence. Each hole can be fitted by a (1) ?g"':g'- )

Lorentzian line shape. In order to eliminate the intensity

broadening, we extrapolate the hole width to zero intensity

and zero fluence. The spectral width of the laser being lesEhe valueT5=6.4 ps of the coherence time we determine by

than 0.05 meV, the spectral resolution of the setup is giveTFWM is larger than the one obtained by the SHB technique
by spectrometer and is 0.2 meV. This value has to be subFig. 13. This discrepancy can be explained by comparing

tracted from the hole width we measure experimentally tofluences and intensities of the incident beams in each experi-
obtain the real burnt hole width. ment: a maximum of 3J cm 2 for the TFWM and about

We obtained a hole widtld, of 0.74 meV for an exciton 100 uJ cmi 2 for the SHB. The nonlinear mechanisms in-
photon energyhv=3.091 eV. Using Eq(3), it gives T,  volved in SHB suppose, as a matter of fact, higher excitonic
=3.6 ps as the lower limit of the exciton transverse relax-populations in order to induce saturations and absorption
ation time. Forhv=3.061 eV, §,=1.24 meV andT, changes. These populations give rise to a broadening of the
=2.2ps; for hv=3.139 eV, §=5.21 meV, andT, line that remains even if we consider the extrapolation of
=0.5 ps. hole width to the zero fluence. In SHB experiments the tran-

One can see that the hole width strongly increases ansitions need to be saturated and the valuegf [Eq. (3)] for
therefore the corresponding dephasing time calculged  the hole width is given by a low-intensity extrapolation. In
(3)] strongly decreases when the samples are excited on thbat low-intensity limit the broadening due to exciton colli-
high photon energy side of th&;, excitonic band kv  sions is still contributing. On the other hang, can be di-
=3.139eV), i.e., for decreasing radii of NC’s. This effect rectly measured in four-wave-mixing experiments. The low-
corresponds to an increase of the damping of the excitofluence limit in that case corresponds to the extinction of the
states, which can be explained by a fast energy relaxation @xcitonic collisions. Another reason for the discrepancy can
guasiparticles when on the higher-energy states. In this casbe the broadening of the central hole by unresolved phonon
more relaxation channels are available than in the excitosidebands, involving low-frequency phonons such as con-
ground state. fined acoustic phonons.

These dephasing times can be compared with those mea- The TFWM experiment performed with femtosecond
sured on the same sample by a TFWM experiment. Figure 1@ulses had no spectral resolution. Therefore, we measure a
shows the signal intensity plotted as a function of the delayneanT, time, averaged over NC'’s of different sizes. The
between the pulses of the two incident beams. This curveery-low-excitation intensity used in TFWM experiments,
corresponds to a double exponential decay. The origin of thBowever, permits one to perform more precise measurements
very first fast time decay remains unclear. As the excitoniof the coherence time and the homogeneous linewidth than
band, in which the sample is resonantly excited, is inhomosaturation spectroscopy such as SHB, which needs high flu-
geneously broadened, the TFWM signal can be seen asences.



57 DYNAMICS OF EXCITONS IN CuBr NANOCRYSTALS: ... 1781

Individual Spectral photon energy detuning (meV)
Absorptions Hole -40 -20 0 20 40
- - -——-- N L L 4 L -'
- - (@) (a)
NC1 1 !
S ON
NC2
3 DA )
(]
o 0.20 :
i 0.15{ A==~ :
w Ground s @
State & 010 ]
) - ) ] < o051 7 )]
FIG. 14. Schema of the different transitions involved to explain ’
the SHB structures, i.e., the central holes and their sidebands. The 0.00 == i)
black arrows represent the intense pump excitation of the NC's, the -0.051 1
gray ones the probing of these NC’s absorption by the test pulses. 801 ‘ (700 _
Absorption processes including one-phonon absorption are forbid- s 600 ‘-'E
den at low temperature. £ 601 r500 ©
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E. Spectral shape of hole-burning structures g 40 [300 2
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Both transient and persistent SH'see Fig. 9 are com- 2 200 ©
I . 2 201 =
posed of a central hole at the spectral position of the exciting 100 2
laser and from several sidebands on its high-energy as well - 0
as low-energy side. Now we would like to discuss the origin 0 25 50 75 100 125 150 175
of the two deepest sidebands observed in the hole spectra. temperature (K)

The energy separatioch~19 meV between the high-energy ) .
sideband and the main hole is only slightly less than the F'G:15. Thermal evolution of SHB: The upper péal repre-
LO-phonon energy we measured by resonant Raman scatt ents the persistent SH's at the following temperatura}: 160,

. . - ) 80, (c) 60, (d) 40, (e) 20, and ) 10 K for a sample contain-
ing (20.15 meV. Therefore, we attribute this sideband to a:

LO-phonon replica in absorption spectrum of NC's of s e_|ng NC'’s of 2.8 nm mean radius. The spectral position of the exci-
P! Pl orp P , P&~ tation is tuned as the absorption band shifts in order to maintain the
cific size (see Fig. 14 This means that when NC's of a

disti . lectivel ited by th b I hexcitation at the center of the SHs. In the lower gait the low-
Istinct size are selectively excited by the pump beam, all the, iation limits of the widths of persisteffull square$ and tran-

absorptions related to these NC's are removed from the ingient (open circles holes are plotted versus sample temperature.
homogeneously broadened exciton absorption, as observegle continuous and dashed lines are fits obtained with(Eg.

in the transmission spectrum of the test beam. Therefore, in

addition to the central hole due to the saturation of the direckise from the splitting of th&, , degenerate excitonic state
transitions, the filling of the NC's state also quenches the,y electron-hole exchange interaction and by strain. We ob-
indirect transitions to this state with the simultaneous emisgearyed at low temperature a 8-meV splitting betweenlthe
sion of LO phononsFig. 14. Thus these phonon-assisted gng thel',@ T, exciton states in the absorption spectra of
transitions give rise to the high-energy sideband. large CuBr nanocrystals with a narrow size distribution. Ac-
The low-energy sideband is separated from the centrglorging to Refs. 15 and 16, this value has to be compared to
hole by roughly the same energy-(8 meV) as the high-  he energy difference between tlig®T, and T's exciton
energy sideband. This sideband cannot be explained, NOWates of the bulk material when the long-range exchange
ever, by indirect transitiong@bsorption of a photon and a LO jnteraction is neglected. For CuBr, one finds 5.8 m@Both
phonon towards the preceding NC state directly filled by they5)yes are comparable. The confinement could further in-
pump beam since, at the low temperature of our studies, thgease the splitting between the excitonic states, however,
number of LO phonons present in the crystals is very lowqnjy when the nanocrystal radius is smaller than the exciton
Another process very similar to the preceding one may, howgonr radius2 This is not the case here. Additional strains

ever, explain reasonably well the low-energy sideband. W&, 4yd then be necessary to complete the process considered.
have so far considered the direct excitation of NC's of a

precise size by the pump beam, but we may also have at the
same photon energy an indirect excitatigrth the simulta-
neous emission of LO phononky the pump beam of NC’s
of a different sizgFig. 14). The state filling of this other NC In order to clarify the effect of exciton-phonon interac-
ensemble may induce the saturation of the correspondingons on SHB in small NC's, we studied SHB as a function
direct transitions, giving rise to the low-energy sideband.of temperature. The persistent holes, for instance, have been
The slightly weaker energy separation of the low-energymeasured from 10 to 160 K, as can be seen in Fig. 15. We
sideband and the high-energy one of the central hole is cortuned the dye laser to the center of thg, absorption band
tradictory with the fact that the LO-phonon energy is inde-(this band shifts to higher energies with increasing tempera-
pendent of the size of NC'&-ig. 3). ture) for each temperature because the spectral shape of the
Another possibility could be the filling of the lowest ex- hole and its depth depend on which part of the absorption
citonic state of nanocrystals of different sizémrgen by the  band is excitedsee Sec. IV E A small broadening of the
pumping of some higher excitonic states. These states coultentral hole and a smoothing of the side holes are observed

F. Temperature dependence
of spectral-hole-burning structures
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up to about 60 K. At this critical temperature, the sidebands nanocrystal transient persistent product
disappear abruptly and the width of the central hole starts to hv excited )
broaden rapidly with temperaturé&he persistent SHB’s (CuBr), ‘Wl (CuBr), + exciton ——— (CuBr); +e
broaden more rapidly than transient onekhis dependence A recombination !

is similar to the temperature dependence of the emission " spontaneous or stimulated relaxation

linewidth (homogeneous widihobserved in CuCl NC'&!
We apply the function given in Ref. 21 to fit the experimen-

tal points of Fig. 159 bearing in mind that the width of the

FIG. 16. Mechanisms of transient and persistent SHB in reso-
nantly excited NC'’s.

spectral holdFWHM) is twice the homogeneous width meV) replicas that lie near the center of the hole and may be
, unresolved from the ZPE®
Yhom= Yo+ AT+BN(T)+C[n(T)]*, ®) The measured widthdWHM) of SH’s are always larger

than twice the real homogeneous linewidth, due to various
where n(T) ={exp(iQ o/kgT)—1}"* and the LO-phonon proadening mechanisms. So the experimental homogeneous
energy is £} o=20.15 meV. The first term is the width (for example,y,=0.57 meV at 3.091 eVta2 K in
temperature-independent widthe extrapolation ofy,,t0  2.8-nm CuBr NC'$ represents an upper limit of the real
zero temperatuje The second term represents the broadenvalue and the derivefusing Eq.(3)] dephasing timeT,-
ing by acoustic-phonon scattering in its high-temperature ap¢2 300 p3 is a lower limit of the realT,. Direct measure-
prOXimaﬂon. The last two terms are the contributions fromments OfT2 in the time domain by TFWM experimentac_
one LO and two LO-phonon scatterings, which are importangymulated photon echaising a frequency-doubled Ti:sap-
at higher temperatures. The best fit of our experimental datghire femtosecond laser give a value of 6.4 ps.
gives the following values of the parametersy,=3.3 We observe a broadening of SH's when the NC's size
meV, A=0.040 meV/K,B=49.3 meV, andC=0.01 meV  decreases. The temperature broadening of the spectral holes
for the transient holes ang,=3.2 meV,A=0.063 meV/K, s similar to the temperature dependence of the emission
B=87.9 meV, andC=0.008 meV for the persistent ones. |inewidth of CuCl NC’s. Up to about 60 K the broadening is
Compared to the size-selective measuremen@;aéxciton  mainly driven by the acoustic-phonon scattering. The contri-
emission in CuCl NC'$! the temperature dependence of thepution from the LO-phonon scattering becomes important at
transient hole width gives a much higher valueygf. A is higher temperatures.
twice as high and about 10% bigger. On the other haiil, Our experiments also indicate that the exciton-phonon in-
is very low, almost negligible. As we do not extrapolate toteraction is relatively strong in CuBr NC’s. The valGe= 1
very low excitation intensitiesy, is also larger than the of the Huang-Rhys factor is deduced from the large Stokes
value determined at the zero fluence lirfsee Sec. IV I shift between the excitonic absorption and the emis&on-

The difference of the hole widths between transient andected for reabsorption The observation of strong LO and
persistent SH’s increases with temperatdfég. 13. We  two LO-phonon lines in the resonantly excited Raman scat-
suppose it can be the effect of so-called spectral diffusion, gring spectra and of important side holes in the spectral
thermally stimulated relaxation in a glass maffx. profile of SH’s is proof of a strong exciton-phonon coupling
in CuBr NC's in the intermediate regime of the quantum
confinement.

The picosecond dynamics of transient absorption changes

Our pump- and-probe experiments confirm important dif-gives a lifetime of the excitons in NC’s. The values we found
ferences in the behavior of “big'(mean radiia=12, 9.5, are 13@-20 ps and 1-100 ns for small and big CuBr NC's,
and 5.1 nmand “small” (a=3.9 and 2.8 nnmCuBr NC’s  respectively.
under a resonant excitation within the excitonic absorption The mechanisms of transient and persistent SHB in reso-
band. The “critical” value of the NC radius at which we nantly excited NC’'s are presented in Fig. 16 and can be
observe a change of behavior is about 3 or 4 times the Bolhatepicted in three stage§) absorptionof a photon in the NC
radius of the bulk exciton. It coincides with the limit between creates an exciton(ii) a transient excited staten which
the weak and intermediate regime of quantum confinememanocrystal with an exciton inside has a shifted absorption
sometimes mentioned in the literature. spectrum during the lifetime of the free exciton, atiiil)

Big NC's show no SHB, only overall changes of the ex- decay of an excitgnn which the initial state of the NC can
citonic absorption band, which are explained well by thebe restored by the exciton recombination. In small NC's,
exciton-exciton interactions. The reason why SHB is not obthere is a large probability that this exciton gets trapped on
served is probably due to the fact that the homogeneous arttie surface of the NC. This exciton can then be ionized, the
inhomogeneous excitonic linewidths are not very different. electron or the hole being trapped separately on the interface

In contrast, in small NC’s we observe a relatively narrowof a NC and the glass matrix or inside the matrix. In such a
spectral-hole burning. Both the persistent and transient SHRvay, the photochemical products of the excitation are created
coexist. The spectral holes consist of the central hole at thend stabilized. Consequently, the energetic spectrum of the
excitation wavelength and pronounced sidebands. They afdC matrix system is modified. A static electric field created
supposed to be due to a strong exciton-phonon interaction. lby the separation of the electron and hole, for example, can
the ideal case, the central hole is a zero-phonon (€RH) cause an electro-optic Stark effect.
and its width should be twice the homogeneous width. The The photochemical mechanism of the persistent SHB in
real width of the central hole, however, may be increased bgmall CuBr NC's described is a straightforward hypothesis
low-frequency acoustic-phonofof an energy of several (similar to the one proposed by Masum@ioMore informa-

V. CONCLUSIONS



57 DYNAMICS OF EXCITONS IN CuBr NANOCRYSTALS: ... 1783
tion on the SHB mechanism deduced from a detailed inves- ACKNOWLEDGMENTS

tigation of persistent-hole-burning and hole-filling phenom-

ena will be given elsewhere. The available data of hole- We appreciate valuable discussions with Dr. Riblet
burning experiments are not yet sufficient, however, to havélPCMS-GONLO, StrasboulgProfessor Hia, and Dr. Dian

a clear understanding of their mechanism. Experiments witfiCharles University, Pragyel.V. has received financial sup-
different matrices, SHB in the photoluminescence excitatiorport from the French Ministry of EducatiofContract No.
and emission spectra, and SHB in external fields, as well a49151B and “Reeau de Formation-Recherche, Europe
other experiments, are still needed. Centrale et Orientalg)!

*On leave from Charles University, Faculty of Mathematics and and S. K. Shumilov, Solid State Commu8®, 565 (1989.
Physics, Department of Chemical Physics and Optics, Ke Karlovu®U. Woggon, O. Wind, W. Langbein, O. Gogolin, and C. Kling-
3, 121 16 Prague 2, Czech Republic. Electronic address: shirn, J. Lumin.59, 135(1994.
valenta@Xkarlov.mff.cuni.cz 103, Friedrich and D. Haarer, Angew. CheB®8, 113 (1984).

IN. Peyghambarian, B. Flugel, D. Hulin, A. Migus, M. Joffre, A. !S. Lewonczuk, J. Ringeissen, and S. Nikitine, J. Pkgarig 32,

Antonetti, S. W. Koch, and M. Lindberg, IEEE J. Quantum 941 (1971.

Electron.25, 2516(1989. 12C. MarangeA. Bivas, R. Ly, J. B. Grun, and C. Schwab, Opt.
2p. Gilliot, J. C. Merle, R. Levy, M. Robino, and B. Herlage, Commun.6, 138(1972.
Phys. Status Solidi B53 403 (1989. 13U. Woggon, F. Henneberger, and M. Mar, Phys. Status Solidi

3M. G. Bawendi, W. L. Wilson, L. Rothberg, P. J. Carroll, T. M. B 150, 641(1988.
Jedju, M. L. Steigerwald, and L. E. Brus, Phys. Rev. L6§. 1R. Lavy, P. Gilliot, L. Mager, and B. Finerlage, Phys. Rev. B4,
1623(1990. 11 286(1991).

#R. M. Macfarlane and R. M. Shelby, iersistent Spectral Hole- °L. Belleguie and L. Bayai, Phys. Rev. Bl4, 8785(1991).
Burning: Science and Applicationgdited by W. E. Moerner 1®B. Honerlage, U. Rssler, Vu Duy Phach, A. Bivas, and J. B.

(Springer-Verlag, Berlin, 1988 Grun, Phys. Rev. B2, 297 (1980.
5See, e.g., K. Naoe, L. G. Zimin, and Y. Masumoto, Phys. Rev. B'7J. Valenta, J. Moniatte, P. Gilliot, R. \g, B. Honerlage, and A.
50, 18 200(1994; Y. Masumoto, L. G. Zimin, K. Naoe, S. I. Ekimov, Appl. Phys. Lett70, 680(1997.
Okamoto, T. Kawazoe, and T. Yamamoto, J. Lun®d, 213  8J. Osadko, Phys. Re@06 43 (1991]).
(1995. 971, Takagahara, Phys. Rev. &, 4569(1993.

67s. Bor, IEEE J. Quantum Electrom6, 517 (1980; S. Szatmani  ?°R. Romestain and G. Fishman, Phys. Revi®3 1774(1994.
and F. P. Schafer, Appl. Phys. B: Photophys. Laser Ci88n. 2!T. Itoh and M. Furumiya, J. Lumird8&49, 704 (1991).

95 (1984. 22R. Jankowiak, J. M. Hayes, and G. J. Small, Chem. R&y1471
7A. 1. Ekimov, Al. L. Efros, and A. A. Onduschenko, Solid State (1993.
Commun.56, 921 (1985. 2335, Okamoto and Y. Masumoto, J. Lumiéd, 253 (1995.

8A. I. Ekimov, Al. L. Efros, M. G. Ivanov, A. A. Onduschenko, 2*Y. Masumoto, J. Lumin70, 386(1996.



