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We have characterized CdS/CdSe/CdS quantum-dot quantum wells using time-resolved Faraday rotation
sTRFRd. The spin dynamics shows that the electrong factor varies as a function of quantum well width and the
transverse spin lifetime of several nanoseconds is robust up to room temperature. As a function of probe
energy, the amplitude of the TRFR signal shows pronounced resonances, which allow one to identify indi-
vidual exciton transitions. The resonance energies in the TRFR data are consistent with different exciton
transitions in which the electron occupies the conduction-band ground state.
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Nanocrystals have promising applications in optics and
spin- or charge-based quantum information schemes because
electrons are confined on a nanometer scale. The implemen-
tation of quantum information schemes would require sev-
eral nanocrystals to be assembled into functional structures.
For nanocrystals interconnected by conjugated molecules,
spin-conserving electron transfer between nanocrystals has
been demonstrated.1 Quantum-dot quantum wellsQDQWd
heterostructures, where layers of different semiconducting
materials alternate in a single nanocrystal, represent an alter-
native pathway towards the synthesis of functional struc-
tures. Both core-shell quantum dots2–4 and QDQWssRefs.
5–10d have been synthesized during the past years. QDQWs
with a large-bandgap core allow one to investigate quantum
confined levels in a geometry in which electrons occupy the
surface of a sphere. Both CdS/HgS/CdSsRefs. 6, 7, and
11–13d and CdS/CdSe/CdSsRef. 10d QDQWs have been
well characterized by photoluminescencesPLd and absorp-
tion spectroscopy. However, a detailed investigation of the
quantum size levels is challenging because of inhomoge-
neous broadening. Individual exciton transitions have so far
only been resolved with techniques such as hole burning,
where a subset of homogeneous particles is selected
spectroscopically.7 The electron-spin dynamics in QDQWs
has not yet been addressed.

Here, we report time-resolved Faraday rotation
sTRFRd14,15for CdS/CdSe/CdS QDQWs with varying CdSe
quantum well widthsnCdSe=1–5monolayersd. The spin life-
time is on the order of 2–3 ns and almost temperature inde-
pendent up to 294 K, comparable to CdSe quantum dots.16

The QDQWs exhibitg factors that vary with quantum well
width. TRFR is not only a unique experimental probe for the
spin dynamics, but also a sensitive spectroscopic technique.
In contrast to absorption spectra, the amplitude of the TRFR
signal as a function of probe energy exhibits several distinct
resonances close to the absorption edge, because optical tran-
sitions to the lowest conduction-band level are probed selec-
tively. From the level scheme and dielectric-response func-
tions evaluated withk ·p calculations,12,17 we show that the
resonance energies in the TRFR data are consistent with the
conduction- and valence-band level scheme of spherical

QDQWs. In contrast, the spectral weight of the resonances is
not correctly reproduced.

Experimental results. Colloidal QDQWs with varying
width of the CdSe quantum well were synthesized by a suc-
cessive ion layer adsorption and reactionsSILARd technique
to produce nanocrystals with accurate control over the quan-
tum well width.4,10 A schematic representation of the struc-
ture is shown in Fig. 1sad. The QDQWs were dissolved in
toluene and all measurements were carried out in solution at
294 K unless otherwise specified.

A regeneratively amplified Ti:sapphire laser was used to
generate pump and probe pulses of independently tunable
wavelength and,200 fs duration through optical parametric
amplification. In these measurements, the pump wavelength
was fixed atlpump=505 nm. The pump and probe pulses
were both focused to a spot with a diameter of order 100mm
within the QDQW solution. Spin-polarized electrons were
excited into the conduction-band states of the QDQWs by
the circularly polarized pump pulse. Relaxation of the elec-
tron and hole to the lowest exciton state presumably occurs
on a picosecond time scale, as in similar systems such as
CdS/HgS/CdS QDQWs.18 The linearly polarized probe
pulse then passes through the QDQW solution a timeDt
later, whereDt is set using a mechanical delay line in the
pump beam path. The Faraday effect causes the polarization
of the probe pulse to be rotated by an angle,uF, proportional
to the component of the net spin polarization along the probe
beam direction. By recordinguF for varying Dt, we detect
the time evolution of the optically injected electron spins in
the QDQWs.

Two permanent magnets with adjustable separation were
used to apply a magnetic field,Bapp, to the sample perpen-
dicular to the pump and probe direction. Spins that were
initially polarized along the pump beam precess around the
magnetic field at the Larmor frequency,nL=gmBBapp/h,
whereg is the electrong factor,mB the Bohr magneton, and
h the Planck constant. Figure 1sbd shows typical data from a
sample with a quantum well width ofnCdSe=3 monolayers
andBapp=0.3 T. The inset shows the Fourier transformsFTd
power spectrum of the time-domain data. A second preces-
sion frequency was observed, as indicated both by the small
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shoulder in the FT spectrum and the beating in the time-
resolved data. While the origin of this second frequency is
unclear in the present case, similar behavior has been ob-
served in CdSe nanocrystals.15,19–21There is also a nonoscil-
lating component to the TRFR signal which was also seen in
previous measurements on CdSe nanocrystals.15 In some
samples, particularly fornCdSe=5, the magnitude of the
nonoscillating component is comparable to that of the oscil-
lating component. However, for the purposes of this paper
we focus only on the oscillating componentfindicated by the
arrow in Fig. 1sbdg. The effective transverse spin lifetime,T2

* ,
was of order 2 or 3 ns for all samples measured. The spin
lifetime was essentially temperature independent between
room temperature and 5 K.22

We have performed TRFR measurements as a function
of Bapp on samples with CdSe quantum well widths of
nCdSe=1–5 monolayers. In all cases, the results show either
one or two precession frequencies that increase linearly with
Bapp. The inset of Fig. 1scd shows the main precession fre-
quency as a function ofBapp for nCdSe=1, 3, and 5 monolay-
ers. The measuredg factor for each sample is shown in Fig.
1scd scirclesd in comparison with the theoretical values
scrossesd obtained from a weighted average of the CdSe and

CdSg factorsssee belowd. Because of the fairly good agree-
ment, we attribute the observed precession to the electron
spin. Within the experimental error, theg factor did not show
any dependence on temperature from 5 K to room
temperature22 or on the probe wavelength.

In order to investigate the QDQW energy levels, we have
measured the dependence of the TRFR amplitude on probe
wavelength in the samples withnCdSe=3, 4, and 5. The probe
beam, which had a full width at half maximum of,10 nm,
was passed through a monochromator after the sample yield-
ing a wavelength resolution of 2 nm. Figure 2 shows the
TRFR oscillation amplitude as a function of probe wave-
length for the different samples together with optical absorp-
tion data. While the absorption signal only shows a feature-
less staircaselike behavior with no distinct resonances, the
amplitude of the TRFR signal exhibits several pronounced
resonances close to the absorption edge. The results in Fig. 2
show that TRFR not only provides information on the spin
dynamics, but also is a more sensitive spectroscopic tech-
nique than absorption spectroscopy and allows one to iden-
tify individual exciton transitions in QDQWs.

Theoretical description. We next turn to the theoretical
description of the experimental data. The conduction-
and valence-band level scheme of spherical QDQWs is
calculated withk ·p theory,12,17using a two-band description
for the conduction-band and the four-band Luttinger
Hamiltonian in the spherical approximation for the
valence band. The conduction-band masses and Luttinger
parameters for CdSe and CdS arehmCdSe/m0,g1,CdSe,gCdSej
=h0.11, 1.67, 0.56j and hmCdS/m0,g1,CdS,gCdSj=h0.15, 1.09,
0.34j, respectively, wherem0 denotes the free-electron

FIG. 1. sColor onlined sad Schematic representation of the
QDQW. sbd Typical TRFR data from a QDQW withnCdSe=3 and
Bapp=3 kG. The dotted arrow indicates how the amplitude ofuF is
determined for Fig. 2. Inset: FT power spectrum of the data.scd
Electrong factor as a function of CdSe quantum well width. The
measured valuesscirclesd are compared to calculatedg factors
scrossesd. The secondg factor with smaller amplitude is not shown.
Inset:nL as a function ofBapp for nCdSe=1 strianglesd, 3 ssquaresd,
and 5scirclesd.

FIG. 2. Amplitude of the Faraday rotation angle,uF, as a func-
tion of probe wavelength fornCdSe=3, 4, and 5. The numerical
value foruF was defined as the difference between the local maxi-
mum and minimum of the oscillations in the TRFR data nearest to
Dt=500 psfFig. 1sbdg, normalized by the probe power. The optical
absorption for each sample is also shown.

BEREZOVSKYet al. PHYSICAL REVIEW B 71, 081309sRd s2005d

RAPID COMMUNICATIONS

081309-2



mass.23,24 We use the offset of the CdS conduction- and
valence-band edge relative to CdSe, 0.32 eV, and 0.42 eV,25

respectively, to define the radial potential for electrons and
holes. The inner and outer radius of the CdSe quantum well
is denoted byr1 and r2, respectively. The width of a CdSe
monolayer is approximated by the bulk value 0.43 nmsRef.
26d and the core radius and capping layer width are
r1=1.7 nm andr3−r2=1.6 nm, respectively. Details are pre-
sented elsewhere.27

The energies of the lowest conduction- and valence-band
states are shown in Figs. 3sad and 3sbd. Different valence-
band multiplets are denoted byLF,28,29 whereL is the small-
est angular momentum of the envelope wave function andF
the total angular momentum. Figure 3scd shows the radial
wave function of the conduction-band ground state 1Se ssolid
lined and of 1S3/2 sbroken linesd for nCdSe=3. Because of the
larger valence-band mass, the valence-band states are much
better localized in the quantum well. The valence-band
ground state, 1P3/2, has ap-type envelope wave function,
which is consistent with a dark exciton ground state.

From the energyE1Se
and wave functionc1Se

sr d of the
conduction-band ground state 1Se, the electrong factor is
estimated by a weighted average over the CdSe and CdSg
factors,

g = gCdSeE
r1

r2

dr uc1Se
sr du2 + gCdSSE

0

r1

dr uc1Se
sr du2

+E
r2

r3

dr uc1Se
sr du2D . s1d

gCdSe andgCdS are given bygCdSe/CdS=2−2EpDso/3sEg+Dso

+E1Se
dsEg+E1Se

d, where Ep, Eg, and Dso denote the Kane
interband energy, band gap, and spin-orbit energy of CdSe
and CdS, respectively. The energy of the conduction-band
ground state,E1Se

, is evaluated relative to the conduction-
band minimum. Figure 1scd shows the theoreticalg values
scrossesd obtained with standard parameters forEp, Eg, and
Dso.

23 The agreement is good for narrow QDQWs, but the
theoretical valuefEq. s1dg is smaller than the experimentalg
factor for largernCdSe. Possible explanations for this discrep-
ancy are the energy dependence of the conduction-band
mass15 and interface terms in the expression for theg
factor,30 which are neglected in Eq.s1d.

From the calculated single-particle spectrum, we evaluate
the amplitude of the TRFR signal as a function of probe
energy,uFsEd, which is proportional to the difference of the
dynamic dielectric-response functions fors± circularly po-
larized light. The conduction-band electron withsz=1/2 cre-
ated by the pump pulse relaxes rapidly to 1Se, such that
uFsEd is determined by optical transitions to the unoccupied
1Se state,u1Se; ↓ l,31–34

uFsEd = CE o
s=±1;uFvl

suk1Se;↓up̂x + sip̂yuFvlu2

3
E − EX,v

sE − EX,vd2 + gv
2 . s2d

The sum extends over all valence-band statesuFvl, EX,v sgvd
denotes the energyslinewidthd of the 1Se-Fv exciton transi-
tion, and C is a constant. Equations2d implies that only
transitions to theconduction-band ground statecontribute to
uFsEd. The transition matrix element is finite forS3/2

valence-band multiplets.35 Because the characteristic energy
splitting between these multiplets is of order 0.1 eV,uFsEd
exhibits several well-defined resonances close to the absorp-
tion edge. If the crystal anisotropy is taken into account,29

these resonances split into doublets, but the characteristic
energy splitting is smaller than 25 meV.uFsEd exhibits dis-
tinct resonances for the 1S3/2, 2S3/2, and 3S3/2 multiplets,
with a spectral weight that is larger for 1S3/2 than for 2S3/2
and 3S3/2 because of the larger overlap with the envelope
wave function of 1Se. For nCdSe=3, uFsEd is shown in Fig.
3sdd in comparison with experimental data from Fig. 2. The
energies of the 1S3/2−1Se, 2S3/2−1Se, and 3S3/2−1Se transi-
tions are in good agreement with the experimental resonance
energies. We, hence, assign the observed resonances to tran-
sitions from the 1S3/2, 2S3/2, and 3S3/2 valence-band multi-
plets to the conduction-band ground state. FornCdSe=4 and
5, the agreement with experimental data is comparable, al-
beit with a somewhat larger discrepancy between the experi-
mental and theoretical resonancess,20 nmd.

FIG. 3. sColor onlined sad Lowest hole energy levels relative to
the CdSe valence-band edge as a function of the quantum well
width, nCdSe. sbd Conduction-band energy levels relative to the
CdSe conduction-band edge as a function ofnCdSe. scd Radial wave
function of the conduction-band ground state 1Se ssolidd and theR0

sdashedd and R2 sdashed-dottedd components of the valence-band
state 1S3/2 for nCdSe=3. sdd Amplitude of the TRFR signal,uFsEd,
calculated from the level schemes insad and sbd for a spherical
QDQW with nCdSe=3 andgv=15 meV ssolid lined in comparison
with experimental datassymbolsd.

SPIN DYNAMICS AND LEVEL STRUCTURE OF… PHYSICAL REVIEW B 71, 081309sRd s2005d

RAPID COMMUNICATIONS

081309-3



In contrast to the resonance energies, the spectral weight
of the different resonances is not well reproduced by our
theory. Possible explanations are the failure ofk ·p theory,
broken spherical symmetry, or a significant variation in the
nS3/2−1Se exciton linewidth withn. For the narrow quantum
wells with nCdSe=2–5 studied here, first-principles calcula-
tions may be more appropriate thank ·p theory for a rigorous
description of the QDQW. Broken spherical symmetry leads
to a mixing of different valence-band multiplets. The result-
ing redistribution of the spectral weight from the 1S3/2−1Se
transition to other exciton lines decreases the spectral weight
of the ground-state exciton transition.27 In order to reduce the
number of fit parameters in Eq.s2d, we have assumed that
the linewidthsgv of all nS3/2−1Se exciton transitions are

identical. By allowing for a variation ofgv with n, the agree-
ment between experiment and theory in Fig. 3sdd could be
further improved.

In conclusion, we have studied the spin dynamics
and quantum size levels in QDQWs using TRFR. The
variation of the energy levels and the electrong factor with
quantum well width allows one to selectively address
quantum wells using optical techniques. Possible future
directions include the investigation of the spin and orbital
dynamics in more complex heterostructures such as coupled
quantum wells.
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