RAPID COMMUNICATIONS

Spin dynamics and level structure of quantum-dot quantum wells

PHYSICAL REVIEW B 71, 081309R) (20095

Jesse Berezovsky, Min Ouyang, Florian Meier, and David D. Awschalom
Center for Spintronics and Quantum Computation, University of California, Santa Barbara, California 93106, USA

David Battaglia and Xiaogang Peng
Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, USA
(Received 5 November 2004; revised manuscript received 13 December 2004; published 23 Febryary 2005

We have characterized CdS/CdSe/CdS quantum-dot quantum wells using time-resolved Faraday rotation
(TRFR). The spin dynamics shows that the electgaiactor 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 andQDQWs. In contrast, the spectral weight of the resonances is
spin- or charge-based quantum information schemes becauset correctly reproduced.
electrons are confined on a nanometer scale. The implemen- Experimental results Colloidal QDQWs with varying
tation of quantum information schemes would require sevwidth of the CdSe quantum well were synthesized by a suc-
eral nanocrystals to be assembled into functional structuresessive ion layer adsorption and reacti®LAR) technique
For nanocrystals interconnected by conjugated molecules$p produce nanocrystals with accurate control over the quan-
spin-conserving electron transfer between nanocrystals hasm well width#1° A schematic representation of the struc-
been demonstratddQuantum-dot quantum wellQDQW) ture is shown in Fig. (8). The QDQWSs were dissolved in
heterostructures, where layers of different semiconductingoluene and all measurements were carried out in solution at
materials alternate in a single nanocrystal, represent an alte?294 K unless otherwise specified.
native pathway towards the synthesis of functional struc- A regeneratively amplified Ti:sapphire laser was used to
tures. Both core-shell quantum dbtsand QDQWSs(Refs.  generate pump and probe pulses of independently tunable
5-10 have been synthesized during the past years. QDQWwavelength and-200 fs duration through optical parametric
with a large-bandgap core allow one to investigate quanturamplification. In these measurements, the pump wavelength
confined levels in a geometry in which electrons occupy thevas fixed ath,,,=505 nm. The pump and probe pulses
surface of a sphere. Both CdS/HgS/C@®efs. 6, 7, and were both focused to a spot with a diameter of order 460
11-13 and CdS/CdSe/Cd&Ref. 10 QDQWs have been within the QDQW solution. Spin-polarized electrons were
well characterized by photoluminescen@l) and absorp- excited into the conduction-band states of the QDQWSs by
tion spectroscopy. However, a detailed investigation of thehe circularly polarized pump pulse. Relaxation of the elec-
quantum size levels is challenging because of inhomogetron and hole to the lowest exciton state presumably occurs
neous broadening. Individual exciton transitions have so faon a picosecond time scale, as in similar systems such as
only been resolved with techniques such as hole burningCdS/HgS/CdS QDQWY The linearly polarized probe
where a subset of homogeneous particles is selectgoulse then passes through the QDQW solution a tikte
spectroscopically. The electron-spin dynamics in QDQWs later, whereAt is set using a mechanical delay line in the
has not yet been addressed. pump beam path. The Faraday effect causes the polarization

Here, we report time-resolved Faraday rotationof the probe pulse to be rotated by an angle,proportional
(TRFR*%5for CdS/CdSe/CdS QDQWs with varying CdSe to the component of the net spin polarization along the probe
quantum well width(ncgse=1—5monolayers The spin life-  beam direction. By recordingg for varying At, we detect
time is on the order of 2—3 ns and almost temperature indethe time evolution of the optically injected electron spins in
pendent up to 294 K, comparable to CdSe quantum ots. the QDQWs.
The QDQWSs exhibitg factors that vary with quantum well Two permanent magnets with adjustable separation were
width. TRFR is not only a unique experimental probe for theused to apply a magnetic fiel&,,, to the sample perpen-
spin dynamics, but also a sensitive spectroscopic techniqudicular to the pump and probe direction. Spins that were
In contrast to absorption spectra, the amplitude of the TRFRnitially polarized along the pump beam precess around the
signal as a function of probe energy exhibits several distinciagnetic field at the Larmor frequency, =gugBayy/h,
resonances close to the absorption edge, because optical travhereg is the electrorg factor, ug the Bohr magneton, and
sitions to the lowest conduction-band level are probed seled the Planck constant. Figurék) shows typical data from a
tively. From the level scheme and dielectric-response funcsample with a quantum well width af-yse=3 monolayers
tions evaluated wittk -p calculations'?*’” we show that the andB,,,=0.3 T. The inset shows the Fourier transfofffT)
resonance energies in the TRFR data are consistent with tlmwer spectrum of the time-domain data. A second preces-
conduction- and valence-band level scheme of sphericaion frequency was observed, as indicated both by the small
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0 FIG. 2. Amplitude of the Faraday rotation anglg, as a func-
0 By,lke] 4 tion of probe wavelength foncyse=3, 4, and 5. The numerical
ol =
1 3 4 5 value for - was defined as the difference between the local maxi-
CdSe monolayers mum and minimum of the oscillations in the TRFR data nearest to

At=500 ps[Fig. 1(b)], normalized by the probe power. The optical
FIG. 1. (Color onling (a) Schematic representation of the absorption for each sample is also shown.

QDQW. (b) Typical TRFR data from a QDQW withcyse=3 and
Bap=3 KG. The dotted arrow indicates how the amplitudedeis ~ CdSg factors(see below. Because of the fairly good agree-
determined for Fig. 2. Inset: FT power spectrum of the data. ment, we attribute the observed precession to the electron
Electrong factor as a function of CdSe quantum well width. The spin. Within the experimental error, tlgefactor did not show
measured valuegcircles are compared to calculategl factors ~any dependence on temperature from 5K to room
(crossep The second factor with smaller amplitude is not shown. temperaturé2 or on the probe wavelength.
Inset: »_as a function 0B, for ncyse 1 (triangles, 3 (squarel In order to investigate the QDQW energy levels, we have
and 5(circles. measured the dependence of the TRFR amplitude on probe

wavelength in the samples witly 453, 4, and 5. The probe
shoulder in the FT spectrum and the beating in the timebeam, which had a full width at half maximum ef10 nm,
resolved data. While the origin of this second frequency isvas passed through a monochromator after the sample yield-
unclear in the present case, similar behavior has been ofing a wavelength resolution of 2 nm. Figure 2 shows the
served in CdSe nanocrystafs921There is also a nonoscil- TRFR oscillation amplitude as a function of probe wave-
lating component to the TRFR signal which was also seen ifength for the different samples together with optical absorp-
previous measurements on CdSe nanocry$tala. some tion data. While the absorption signal only shows a feature-
samples, particularly fomcys=5, the magnitude of the less staircaselike behavior with no distinct resonances, the
nonoscillating component is comparable to that of the oscilamplitude of the TRFR signal exhibits several pronounced
lating component. However, for the purposes of this paperesonances close to the absorption edge. The results in Fig. 2
we focus only on the oscillating compongirtdicated by the  show that TRFR not only provides information on the spin
arrow in Fig. 1b)]. The effective transverse spin IifetimE;, dynamics, but also is a more sensitive spectroscopic tech-
was of order 2 or 3 ns for all samples measured. The spinique than absorption spectroscopy and allows one to iden-
lifetime was essentially temperature independent betweetify individual exciton transitions in QDQWs.
room temperature and 5 &. Theoretical descriptionWe next turn to the theoretical

We have performed TRFR measurements as a functiodescription of the experimental data. The conduction-

of By ON samples with CdSe quantum well widths of and valence-band level scheme of spherical QDQWs is
Ncgse= 1—5 monolayers. In all cases, the results show eithecalculated withk -p theory*217using a two-band description
one or two precession frequencies that increase linearly witfor the conduction-band and the four-band Luttinger
Bapp The inset of Fig. (c) shows the main precession fre- Hamiltonian in the spherical approximation for the
quency as a function d,, for ncqse=1, 3, and 5 monolay- valence band. The conduction-band masses and Luttinger
ers. The measuregl factor for each sample is shown in Fig. parameters for CdSe and CdS &ma-qsd My, ¥1,cdse Ycdse
1(c) (circles in comparison with the theoretical values ={0.11, 1.67, 0.56and {mcqs/ My, ¥1 cas Ycas=10.15, 1.09,
(crossesobtained from a weighted average of the CdSe and®.34;, respectively, wherem, denotes the free-electron
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Jcase @Nd gegs are given bygegsecas 2~ 2EpAse/ 3(Eg+ A
+Es)(Eg+Ejs), where E,, By, and Ag, denote the Kane
interband energy, band gap, and spin-orbit energy of CdSe
and CdS, respectively. The energy of the conduction-band
ground stateF;s, is evaluated relative to the conduction-
band minimum. Figure (£) shows the theoretical values
(crosses obtained with standard parameters gy, E;, and
As2% The agreement is good for narrow QDQWSs, but the
theoretical valu¢Eqg. (1)] is smaller than the experimenigl
factor for largemcys. Possible explanations for this discrep-

ry (r) [arb.units]

6r(E) Erb. units]

i ancy are the energy dependence of the conduction-band
3S4,-1S, 28,18, ) mas3® and interface terms in the expression for the
) factor2® which are neglected in Eq1).
P Al 550 From the calculated single-particle spectrum, we evaluate

the amplitude of the TRFR signal as a function of probe
FIG. 3. (Color onlin® (a) Lowest hole energy levels relative to €nergy,f:(E), which is proportional to the difference of the
the CdSe valence-band edge as a function of the quantum wetlynamic dielectric-response functions fef circularly po-
width, ncgse (b) Conduction-band energy levels relative to the larized light. The conduction-band electron witl=1/2 cre-
CdSe conduction-band edge as a functiomgfs. (c) Radial wave  ated by the pump pulse relaxes rapidly t8,1such that
function of the conduction-band ground statg tsolid) and theR,  g(E) is determined by optical transitions to the unoccupied
(dashedl and R, (dashed-dottedcomponents of the valence-band 15 state,|1S,; | ),32-34
state 5/, for ncyse=3. (d) Amplitude of the TRFR signalg:(E),
calculated from the level schemes (@ and (b) for a spherical _ A o 2
QDQW with ncyse=3 andy,=15 meV (solid line) in comparison 0r(E) =CE _+E_ (1S [P + iy |D,)]
with experimental datésymbols. o=tLib,)
E-E
X ———— (2)
(E - EX,v) + ’)/12)
mass?3%* We use the offset of the CdS conduction- and
valence-band edge relative to CdSe, 0.32 eV, and 0.4% eV, The sum extends over all valence-band states, Ey, (v,)
respectively, to define the radial potential for electrons andienotes the energ§inewidth) of the 1S.-®, exciton transi-
holes. The inner and outer radius of the CdSe quantum wetion, andC is a constant. Equatio2) implies that only
is denoted byr; andr,, respectively. The width of a CdSe transitions to theconduction-band ground stat®ntribute to
monolayer is approximated by the bulk value 0.43 (Ref.  0=(E). The transition matrix element is finite foSy,
26) and the core radius and capping layer width arevalence-band multiplet®. Because the characteristic energy
r,=1.7 nm and;—r,=1.6 nm, respectively. Details are pre- SPlitting between these multiplets is of order 0.1 &}(E)
sented elsewherd. exhibits several well-defined resonances close to the absorp-
The energies of the lowest conduction- and valence-banlion edge. If the crystal anisotropy is taken into accdint, -
states are shown in Figs(é and 3b). Different valence- these resonances split into doublets, but the characteristic
band multiplets are denoted hy,2822wherelL is the small- energy splitting is smaller than 25 meVx(E) exhibiFs dis-
est angular momentum of the envelope wave functionfand tNCt resonances for theSl,, 25y, and 3y, multiplets,
the total angular momentum. FigurécB shows the radial with a spectral weight that is larger foSj, t.han for 5/,
wave function of the conduction-band ground steg ($0lid and 3y, because of the larger overlap with the envelope

: . > wave function of B,. For ncys&3, 6:(E) is shown in Fig.
line) and of 15y, (broken lines for Negsé=3. Because of the 3(d) in comparison with experimental data from Fig. 2. The

larger valence-band mass, the valence-band states are mu . N N - :
better localized in the quantum well. The vaIenc:e—banc{sinergles Of the Fgo~ 1%, 25~ 1S, and F,~ 1%, transi

d state. Bas h i | funct ons are in good agreement with the experimental resonance
ground state, s, has ap-type envelope wave Tunclion, - onergies. We, hence, assign the observed resonances to tran-
which is consistent with a dark exciton ground state.

: sitions from the %;,,, 2S;/,, and X;, valence-band multi-
From the energyE,s, and wave functionjys(r) of the  hiers to the conduction-band ground state. Fgs=4 and
conduction-band ground stateS] the electrong factor is 5 the agreement with experimental data is comparable, al-
estimated by a weighted average over the CdSe andgCdSheit with a somewhat larger discrepancy between the experi-
factors, mental and theoretical resonan¢es20 nm).
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In contrast to the resonance energies, the spectral weigidentical. By allowing for a variation of, with n, the agree-
of the different resonances is not well reproduced by ouiment between experiment and theory in Figd)3could be
theory. Possible explanations are the failurekep theory,  further improved.
broken spherical symmetry, or a significant variation in the | conclusion, we have studied the spin dynamics
NSy2- 1S, exciton linewidth withn. For the narrow quantum 5,4 quantum size levels in QDQWs using TRFR. The
wells with neqse=2-5 studied here, first-principles calcula- o ia4ion of the energy levels and the electmfactor with
tions may be more appropriate thiarp theory for a rigorous : :

Juantum well width allows one to selectively address

description of the QDQW. Broken spherical symmetry lead : . . .
to a mixing of different valence-band multiplets. The result-duantum wells using optical techniques. Possible future

ing redistribution of the spectral weight from th&;L-1S, directions include the investigation of the spin and orbital
transition to other exciton lines decreases the spectral weiglfynamics in more complex heterostructures such as coupled
of the ground-state exciton transitiéhln order to reduce the quantum wells.

number of fit parameters in E¢2), we have assumed that )
the linewidths y, of all nSy,-1S, exciton transitions are 11 work was supported by the ONR and DARPA.
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