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Spin coherence in semiconductor quantum dots
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Femtosecond-resolved Faraday rotation is used to probe spin dynamics in chemically synthesized CdSe
quantum dots 22—80 A in diameter frofs-6—282 K. The precession of optically injected spins in a transverse
magnetic field indicates that the measured relaxation lifetime of the spin polarization is dominated by inho-
mogeneous dephasing, ranging fror8 ns at zero field to<100 ps at 4 T. Fourier analysis reveals a
multiperiodic Larmor precession, with several distigdiactors ranging from~1.1 to 1.7.
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Research into semiconductor quantum d@@D’s) is  which provide additional passivation and prevent aggrega-
driven by their promise in exploring carrier behavior in the tion during synthesis. Samples are prepared by dissolving the
mesoscopic regime between bulk and molecular system§D’s in an organic polymer producing a thin transparent film
and a variety of technological applications which exploitin which the QD’s are randomly oriented.
their size-tunable optical propertiéé Recent interest in ma- Optical measurements are performed in a magneto-optical
nipulating semiconductor spins for applications ranging fromcryostat in magnetic fields up 7 T and temperatures from
spin-polarized magnetoelectronids quantum computatidn ~4 to 300 K. An optical parametric amplifier laser with a
is based on the ability to control and maintain spin coherenc@50-kHz repetition rate produces150 femtosecond pulses
over practical length and time scales. To this end, QD’s havef energy-tunable & ,c—=1.7—-2.6 eV and 3.1 eV light, as
been suggested as potential elements for such devices duewell as a white light continuum. The continuum and 3.1 eV
control over the structural and electronic environment of lo-beams are used for absorption and PL characterization, re-
calized carrier§. spectively. The tunable output is adjusted to particular QD

Here we employ all-optical spin resonance metiéde  energy levels and split into pump and probe beams which are
study spin coherence in a series of CdSe QD’s spanning theormally incident on the sample and focused te 200-um
regime in which carriers are energetically confined to clusdiameter spot. In the TRFR experiment, a circularly polar-
ters smaller than the exciton Bohr diameter. Time-resolvedzed pump pulse excites electron-hole pairs that are spin po-
Faraday rotatiof TRFR) is used to monitor the dynamics of larized along the optical path. The number of excited pairs is
optically injected carrier spins as a function of applied magXkept more than an order of magnitude lower than the number
netic field, temperature, and injection energy. The data indiof dots sampled{ 10'% to avoid Auger processes and biex-
cate nanosecond spin relaxation lifetimes at zero field whicigiton effects:>**When an in-plane magnetic field is applied,
are dominated by inhomogeneous dephasing upon the apptie pump-injected spins comprise a coherent superposition of
cation of a modest transverse field. Fourier analysis of thétates quantized along the field direction and separated in
resultant spin precession reveals distigéactors that modu- energy by the Zeeman splittifgAs the system evolves in
late the TRFR decay envelope at the corresponding differtime, the energy difference between the spin states produces
ence frequencies. Spin precession in QD’s is seen to be the#- quantum beating of spin magnetization along the optical
mally robust, persisting td=282 K. path that results in an oscillatory Faraday rotation of time-

Single-crystal CdSe QD’s are synthesized by solution-delayed linearly polarized probe pulses at the corresponding
phase pyrolytic reaction of organometallic precurdét§he  Larmor frequency(), . The magnitude of the spipfactor is
wurtzite crystals have mean diameters ranging from 22 to 80etermined from the oscillation frequency, while the decay
A with a standard deviation 0f~5-10% and are slightly envelope gives a spin relaxation lifetinf§ , which gener-
prolate (with size-dependent aspect rajioSurface-related ally includes both longitudinal and transverse relaxation pro-
trap states and barriers have been studied for their influenagesses. Typical rotations ef50 microdegrees are measured
on carrier recombination dynamigs, Auger-assisted using a balanced polarization bridyBy photoelastically al-
photoionizationt® and Stark shifting of single dot emissidh.  ternating the pump helicity and mechanically chopping the
To identify surface effects in our optical measurements, grobe beam, the signal-to-noise ratio of the bridge difference
second series of QD’s was synthesized in which 1-3 ML ofoutput is improved with lock-in amplifiers.
higher band-gap CdS shells were epitaxially grown onto the Figure Xa) compares the zero-field TRFR of core and
bare CdSe core€. These core/shell QD’s show improved core/shell QD samples dt=6 K. Both samples have 40 A
photoluminescencéL) quantum yields and photochemical CdSe cores, with the addition of 3 ML CdS for the core/shell
stability through increased hole localization in the core. Bothsample. The core/shell scan has been normalized to account
types of QD’s have organic ligands complexed to the surfacéor a lower number density of dots in the film, and the un-
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FIG. 1. (a) TRFR of core and core/shel-3 ML CdS) QD’s
with 40 A cores.Ee=2.16 eV is tuned near the first QD energy FIG. 2. Field-dependent TRFR &6 K. () H=0-3 T scans

level. Inset: PL spectrédog _scale) with excitgtion at 3.1 eV. The for 80 A QD’s, with Ej...=2.0 €V tuned near the first QD ener
cqre/shell datg are normallzeq by the e;nmated numper of QD%vel, Insgt: IIIustratio;?Sgrf field-dependent angular spreading ofgilhe
within the excitation spottb) Spin pr,eces_slon 41=0.25T in core net spin polarization arising from inhomogeneous dephasginyg.
and core_/shell(~1 ML CdS QD's with 57 A cores. Ejeer H=0-4 T scans for the 57 A QD's, With,.,as in ib).
=2.1eV is tuned to the second QD energy level. The plots are
offset for clarity, with the dotted lines indicating the signal baseline.sjon due to increased hole localization in the CdSe core, as
(c) TRFR atT=282 K of the 57 A QD’S WithEsse,as in (b). well as a 70-meV PL redshift due to electron delocalization
into the CdS sheft?
certainty in this calculation is larger than the apparent signal Application of a transverse magnetic fie(t=0.25 T)
difference. The TRFR can be fit with a biexponential decayallows the comparison of Larmor spin precession between
yielding lifetimes of order 100 ps and 3 ns. The decay life-core and core/shelil ML CdS) QD’s with 57 A cores,
times are generally~20% shorter for the three core/shell shown in Fig. 1b). The TRFR of the two samples is quali-
samples studied compared to samples with the same cotatively similar although small differences in oscillation fre-
diameter but without the CdS shell. We see no systematiquency and decay exist which may be due to different effec-
size dependence of these lifetimes for QD’s 22-57 A intive electronic sizes and/or size distributions whose
diameter(variations of 10&:50 ps and 30.5 ng, although  contributions will be discussed later in the paper. Figu® 1
shorter lifetimes of 40 ps and 1 ns are observed for 80 Ademonstrates the persistence of spin precessidr-282 K
QD’s. It is difficult to separately identify the spin relaxation for the 57 A core QD’s. The zero-field decay yields spin
of electrons and holes because little is currently known aboutelaxation lifetimes of 50 ps and 0.4 ns. Measurements from
strongly confined carrier spin lifetimes in these QD’s. Biex-T=6-280 K indicate little change in signal magnitude or
ponential decays in time-resolved absorption studies of excidecay up to 100 K, and no change in the oscillation fre-
tons localized at interface fluctuations in narrow GaAs quanguency over the temperature range studied.
tum wells have been attributed to the spin relaxation of holes Figure Za) shows the evolution of the TRFR as the field
(~50 p9 and electrong~150 p3.1® Shown in the inset is a is increased fronH=0-3 T for 80 A QD's. The oscillation
comparison of the PL from 40 A core and core/shell QD’sfrequency increases witH as expected from Larmor preces-
taken afT=6 K (normalized as aboyeA log scale is used to sion. The decay envelopes of the data indicate 30-fold
contrast the difference in relative intensities between surfacicrease in the spin relaxation rate as the field is increased
trap (1.6 eV) and band-edg€ eV) emission. The core/shell from 0 to 3 T. Spin precession becomes unobservable for
PL shows weaker surface trap and stronger band-edge emis>200 ps atH=3 T, but continues fot>1.7 ns(limited by
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the mechanical delay lineat low fields. This field depen-
dence suggests that the decay of the measured spin coht
ence is dominated by inhomogeneous dephasing within th 04 L
ensemble of QD’s. As depicted in the inset, the initial spin
polarization(represented by the narrow shaded regisrex-
cited along thez axis att=0 ps. Transverse spin relaxation
related to the decoherence of individual spins produces a
angular spreading of the initial spin packet as a function of
time, Ag(t). Explicitly field-dependent spreadingy ¢(t,H)
=t(ugAgH/#) can arise from a distribution of factors
precessing at slightly different ratée field inhomogeneity
is negligible over the laser spotAn inhomogeneous spin
relaxation rate Tinn) “*=AgugH/(A2)+(T%) ™%, which
depends linearly ohl, is obtained assuming a Gaussian dis- 5
tribution of g factors. Plotting Ti,,) ~* vs H yields an esti- EI;ZI; T
mate of~10% for theg factor variance in this sample. Simi- P T T SR S
lar inhomogeneous dephasing is seen in 57 A core QD’s 0 100 200 300 . 400
whose TRFR aHH=4, 0.25, ad 0 T isshown in Fig. Zb). Time (ps)
The dephasing rates appear slower in the 57 A QD’s com — T 7
pared to the 80 A QD’s, suggesting an association of the b) 57 A Core
inhomogeneous dephasing with the QD size distributior gL T=6K g=15
(~5% and 15%, respectively This is supported by static ’
circular dichroism measurements on CdSe QD’s that haw
suggested a size dependence of the excitgriactor’
Examination of the precession ldt=4 T reveals multiple
frequencies resulting from distingtfactors which modulate
the decay envelope. This is also observed in the 80 A QD N
as a double “hump” at early times-50 ps in the 0.5 T scan
of Fig. 2(a), for examplg. High-resolution TEM studies do
not indicate any pronounced peaks in the size distributior
which would account for the presence of such distoéac-
tors. We further expect that any crystalline anisotropy due tc . .
either the hexagonal lattice or the nonspherical shape is a\ 0 1 2 3 4 5 6
eraged out over the randomly oriented ensemble. Howeve Field (T)
dichroism experiments suggest that QD energy levels may
exhibit different excitonicg factors!’ and to explore this FIG. 3. 57 A QD's atT=6 K. (a) TRFR with the laser tuned to
possibility, the excitation energy is varied to compare thethe first(2.04 eV and second2.1 eV) QD energy levels. Inset:
response from different QD states. The inset of Fi¢p) 3 Associated absorption spectrum. D_otted lines represent Gausslan
shows several QD energy levels that are discernible as pea&gmponents whose sum is used to fit the spectrum. Shaded regions

in the optical absorption spectrufsolid line) for 57 A QD’s indicate the exciting laser’s spectral position and bandwidth for the
. . : 0 scans.(b) Larmor frequencies extracted from FFT's of the
The dotted lines are three of the Gaussian components who%éFR With E,..—2.0eV tuned near the first energy level. The

sumis used to fit 'the qbsorptlon and which give energies a.nsolid lines are fits to the data indicatigfactors of 1.5 and 1.1.
inhomogeneous linewidths of the QD levels that are consisy . crr a41—a T
tent with previous studies*® Figure 3a) shows the TRFR of ' '
the 57 A QD’s atH=4 T with E,,, (Whose bandwidth is mediated coupling between them. Fast-Fourier transforms
represented by shaded regions in the ingeted to the first  (FFT) of the multiperiodic TRFR for 57 A QD’s at low fields
and second QD energy levels. Thephase shift in the spin  show distinct frequencies corresponding gafactors with
precession as the energy is tuned between the two levelaagnitudes of~1.1 and 1.5. The inset of Fig.(ty shows
reflects the Faraday rotation’s sensitivity to dispersion in theadditional frequencieg~1.6, 1.7 that become resolvable at
absorption spectrurf?. Although the TRFR at 2.04 eV could H=4 T and produce lower frequency modulation of the de-
contain contributions from the first and second levels of dif-cay envelope. Figure(B) shows the two consistently resolv-
ferent QD’s in the distribution, this situation would not be able Larmor frequencies as a function of applied field. Both
expected at 2.1 eV, where there is little overlap of the inhofrequency components are linearly proportional to the field
mogeneously broadened energy levels. The similarity of thérom 0.1-6 T. Although they factor of ~1.1 is comparable
oscillatory behavior in Fig. @ suggests that the multiperi- to estimates of holg factors, the electrog factor in CdSe is
odicity is not the superposition of spin precession from dis-expected to be-0.71"?Hole precession in semiconductors
tinct QD levels. In addition, measurements of subpicosecontias not been observed due to rapid hole spin scattering in
energy relaxatiof! between these levels suggest that thebulk system$or hole spin pinning along the growth axis in
nanosecond-scale dynamics are due to ground-state carriecgiantum wellS. A similar axis exists in these wurtzite QD's,

A priori, the Faraday rotation should contain signatures obut the strength of any resultant pinning for near-spherical
both electron and hole spins, subject to the exchangeshapes has yet to be investigated.
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Accurate comparison of these results with excitonic or40 A in diameter and smaller is qualitatively different than
free-carrierg factors requires further investigation into the for larger QD’s. We observe a large monotonic decay of the
dynamics of strongly exchange-coupled electron and hol&araday rotation on which relatively weak oscillations are
spins. Recent theory suggests fine-structure splitting of QRuperimposedpeak to peak amplitudec10% of the total
energy levels due to the exchange interaction and crystatRFR signal. The magnitude of this monotonic component
asymmetry’? It is important to note that in contrast to more varies in reproducibility, and has also been sporadically ob-
traditional time-resolved optical measurements, the Faradayeryved in the larger samplésote the small offsets in Fig.
rotation does not explicitly arise from an optically active 1(b) and in the bottom curve of Fig(8]. The origin of this
transition, and therefore may contain signatures of optically)anavior is not clear, but the observation of photodegrada-

passive fine-structure exciton statélsrk excitons 45 a0 variable reproducibility suggest that carrier trapping
Carrier trapping at surface sites becomes increasingly im;; ¢ t2ce sites may play an important role in the spin dy-
portant as the size of QD’s is reduced. The TRFR at Iownamics in these QD’s
temperature for core and core/shell samples below 40 A in '
diameter deteriorates by20% over time scales comparable  In summary, we have used time-resolved Faraday rotation
to the scan duratiofil5 min), which adds uncertainty to the to monitor coherent carrier spin dynamics in semiconductor
estimated spin relaxation lifetimes discussed above. Seen @QD’s, where inhomogeneous dephasing of spins is seen to
PL measurements with nonresonant excitation, light-induce@imit the precession lifetime. The observation of spin preces-
changes of optical properties in QD's have been attributed t@jon at room temperature is promising for future coherent

mechanisms that depend on surface localization of carriers Qfevice applications. However, the multiperiodic and size-

(oo 10,1113 : P
photo- ionization'**!** Although previous studies éndmate dependent Faraday rotation indicate a need for further under-
improved photochemical stability for CdS shell QB’sthe standing of the effects of the QD surface and electron-hole

high peak intensities of f_emtpsec_ond lasers may contribute t xchange on spin dynamics in these mesoscopic systems.
the observed degradation in signal through Auger-relate

processest '3 The precession dynamics of surface-localized We acknowledge support from ARO DAAG55-98-1-
carriers will generally depend on the nature of the spin-orbi0366, AFOSR F49620-99-1-0033, ONR N00014-99-1-0077,
coupling at surface sites. TRFR in an applied field for QD’sNSF DME-9871849, and DMR-9701072.
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