
Exciton Fine Structure and Spin Relaxation in
Semiconductor Colloidal Quantum Dots

JEONGHO KIM, CATHY Y. WONG, AND GREGORY D. SCHOLES*
Department of Chemistry, 80 St. George Street, Institute for Optical Sciences, and
Center for Quantum Information and Quantum Control, University of Toronto,

Ontario, M5S 3H6 Canada

RECEIVED ON SEPTEMBER 17, 2008

C O N S P E C T U S

Quantum dots (QDs) have discrete quantum states isolated from the environment, making QDs well suited for quantum infor-
mation processing. In semiconductor QDs, the electron spins can be coherently oriented by photoexcitation using circu-

larly polarized light, creating optical orientation. The optically induced spin orientation could serve as a unit for data storage and
processing. Carrier spin orientation is also envisioned to be a key component in a related, though parallel, field of semiconduc-
tor spintronics. However, the oriented spin population rapidly loses its coherence by interaction with the environment, thereby eras-
ing the prepared information. Since long-lasting spin orientation is desirable in both areas of investigation, spin relaxation is the
central focus of investigation for optimization of device performance.

In this Account, we discuss a topic peripherally related to these emerging areas of investigation: exciton fine structure relax-
ation (EFSR). The radiationless transition occurring in the exciton fine structure not only highlights a novel aspect of QD exciton relax-
ation but also has implications for carrier spin relaxation in QDs. We focus on examining the EFSR in connection with optical spin orientation
and subsequent ultrafast relaxation of electron and hole spin densities in the framework of the exciton fine structure basis.

Despite its significance, the study of exciton fine structure in colloidal QDs has been hampered by the experimental challenge
arising from inhomogeneous line broadening that obscures the details of closely spaced fine structure states in the frequency
domain. In this Account, we show that spin relaxation occurring in the fine structure of CdSe QDs can be probed by a time-
domain nonlinear polarization spectroscopy, circumventing the obstacles confronted in the frequency-domain spectroscopy. In par-
ticular, by combining polarization sequences of multiple optical pulses with the unique optical selection rules of semiconductors,
fast energy relaxation among the QD exciton fine structure states is selectively measured. The measured exciton fine structure relax-
ation, which is a nanoscale analogue of molecular radiationless transitions, contains direct information on the relaxation of spin
densities of electron and hole carriers, that is, spin relaxation in QDs.

From the exciton fine structure relaxation rates measured for CdSe nanorods and complex-shaped nanocrystals using nonlin-
ear polarization spectroscopy, we elucidated the implications of QD size and shape on the QD exciton properties as well, for exam-
ple, size- and shape-scaling laws governing exciton spin flips and how an exciton is delocalized in a QD. We envision that the
experimental development and the discoveries of QD exciton properties presented in this Account will inspire further studies toward
revealing the characteristics of QD excitons and spin relaxation therein, for example, spin relaxation in QDs made of various mate-
rials with different electronic structures, spin relaxation under an external perturbation of QD electronic states using magnetic fields,
and spin relaxation of separated electrons and holes in type-II QD heterostructures.
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Introduction
Semiconductor quantum dots (QDs) are zero-dimensional

structures with nanometer-scale size in all three axes.1-5 The

quantum confinement results in correlated behavior of

electron-hole pair (exciton) and size-tunable discrete elec-

tronic states. Such a material can have many potential appli-

cations, including spintronics and quantum information

processing.6,7 The former utilizes both the spin and charge of

carriers for information transport in electronic devices, and the

latter involves the use of quantum mechanical systems for

performing data operations. Both applications can make use

of optical spin orientation coherently prepared in well-defined

electronic states of suitably oriented QDs by photoexcitation

using circularly polarized light. A problem facing researchers

is that the oriented spin population rapidly loses its coher-

ence by interaction with the environment, thereby erasing the

prepared information. Thus, understanding decoherence of

oriented spin states, i.e., spin relaxation, is a focus of investi-

gation for these fields.

The topic of the present review is related to these emerg-

ing areas of investigation, but as we attempt to show, it has

its own questions and challenges. This is the study of exci-

ton fine structure relaxation (EFSR) that occurs in the fine struc-

ture of the lowest exciton in colloidal QDs. This dynamic

phenomenon not only highlights novel aspects of QD exci-

ton relaxation processes but also has implications for carrier

spin relaxation in QDs. This Account focuses on examining the

EFSR in connection with optical spin orientation and subse-

quent relaxation of electron and hole spin densities in the

framework of the exciton fine structure basis. By considering

the total angular momentum of each fine structure state and

how that relates to the spin density of the electron and hole

in the wave function, we associate EFSR with carrier spin relax-

ation. We describe the experimental method we have devel-

oped for studying EFSR, an approach that demonstrates the

enormous potential of polarized optical pulse sequences in

nonlinear spectroscopy.

QDs can be broadly classified into two types: epitaxially

grown self-assembled QDs and colloidal nanocrystalline QDs.

The self-assembled QDs have numerous advantages in spin

device applications, namely, that they are oriented in one

direction, which is well suited for optical generation of spin ori-

entation, and that their placement in a substrate makes them

easily incorporated into electronic devices. Due to such advan-

tages of self-assembled QDs, a large body of work investigat-

ing the exciton fine structure and spin relaxation dynamics in

self-assembled QDs have been reported.8-15 However, the

self-assembled QDs have many drawbacks as well, for exam-

ple, difficulty in positioning the QDs on the substrate with high

precision, limitation in precise shape control, and weak con-

finement owing to the size and properties of the wetting layer,

etc.16

In contrast, many of these shortcomings are absent in col-

loidal QDs. Recent advances in wet-chemistry synthesis of col-

loidal QDs allow routine preparation of QDs of various sizes,

shapes, and composition with narrow size distribution and

strong confinement.17-19 Considering the differences between

the two types of QDs in their morphologies, orientations, and

surrounding substrates, it cannot be readily assumed that the

spins in colloidal QDs will behave in the same way as in their

counterpart. Especially, colloidal QDs are randomly oriented in

the host medium, so that a different approach for controlling and

probing spin coherence is called for. In order to investigate the

spin relaxation dynamics in colloidal QDs, the photophysics of

these systems needs to be better understood. Here, we empha-

size that this Account is concerned with spin relaxation occur-

ring in the fine structure of colloidal QDs. Accordingly, from now

on, we will refer to colloidal QDs as “QDs”.

QD Exciton Fine Structure
Owing to the small size of QDs, the electron and hole are con-

fined together, and treatments of the electron and hole as a

single exciton quasiparticle have been shown to be accurate

and practical. This confinement also results in significant con-

tribution of the electron-hole exchange interaction to the

electronic structure. In molecules, the exchange interaction

causes the splitting of degenerate electron-hole pair config-

urations into singlet and triplet states. In comparison to

singlet-triplet exchange splitting in molecules (∼1 eV) and in

bulk semiconductors (<1 meV), an intermediate case is pre-

sented in QDs (1-25 meV). Owing to stronger spin-orbit cou-

pling in QDs, it is total angular momentum (instead of spin)

that is a good quantum number. The states in the QD fine

structure are conveniently labeled by their projected total

angular momentum, F, on the unique crystalline c-axis. In the

molecular orbital picture, an excited electron is in an s-type

orbital, and so Felectron is (1/2, while for a hole, in a p-type

orbital, Fhole is (3/2 or (1/2. When an electron-hole pair is

considered, F can have any integer value between +2 and

-2. The lowest excitonic state of CdSe QDs consists of eight

fine structure states, two with F ) (2, four with F ) (1 and

two with F ) 0.

As in molecules, the exchange interaction in QDs splits the

lowest exciton state into two energy levels: the higher energy

level with a total angular momentum of 1 (and thus F ) (1
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or 0) and the lower energy level with a total angular momen-

tum of 2 (with F ) (2, (1, or 0).20,21 Since a photon cannot

carry an angular momentum of 2, the F ) (2 states are opti-

cally dark within the electric dipole approximation, while the

states with F ) (1 and 0 can be either dark or bright. To dis-

tinguish between these states, they can be referred to as upper

(F ) (1U, 0U) or lower (F ) (1L, 0L). Aside from exchange

interaction, other intrinsic effects can cause further splitting of

the fine structure states. In particular, the intrinsic asymmetry

in the crystal field of wurtzite CdSe QDs and QD shape asym-

metry split the valence band into two energy levels, depend-

ing on the F value for the hole: the lower and higher energy

states with Fhole ) (3/2 and Fhole ) (1/2, respectively.21

When the effects of the electron-hole exchange interaction

and valence band splitting due to asymmetry in the crystal

field and the overall QD shape are all taken into consider-

ation, the resulting fine structure has five energy levels, with

three dark states (F ) (2 and 0L) and five bright states (F )
(1U, (1L and 0U), as shown in Figure 1. Theory has predicted

how the spacing and ordering of these states depends on con-

finement, crystal structure, and shape asymmetry.21-23

Relative to well-studied relaxation processes in QDs, such

as radiative exciton recombination and Auger relaxation, the

relaxation dynamics within the exciton fine structure have

been studied to a lesser extent. The experimental investiga-

tion of the fine structure proves to be challenging because the

size distribution of colloidal QDs introduces significant inho-

mogeneous broadening to optical spectra, effectively hiding

the fine structure. Many experimental techniques have been

used to overcome the obstacle of inhomogeneous broaden-

ing to study the fine structure. In particular, fluorescence line

narrowing and photoluminescence excitation, which can selec-

tively access a small subset of the QD ensemble, have been

the most effective tools in probing the exciton fine structure.

The studies using these techniques have successfully re-

solved the magnitude and size dependence of fine structure

splitting and revealed that the band edge-emitting state is a

dark state.20,21,24,25 In contrast to these frequency-domain

techniques, the cross-polarized, heterodyne detected third-

order transient grating (CPH-3TG) method described in this

Account is effective in selectively probing fast dynamic phe-

nomena in the fine structure because the signal decay is

induced when particular EFSR transitions occur, those that

change the total angular momentum of the exciton.

Transient Polarization Grating and Exciton
Fine Structure Relaxation
Spectroscopy using polarized light is a tool capable of prob-

ing the electronic structure of molecules, bulk materials, and

nanoscale materials. By controlling the number of light-
matter interactions and the polarizations of each light pulse in

sequence, nonlinear polarization spectroscopy is able to pro-

vide information that is not available in linear spectroscopy.

For example, transient (population) grating and polarization

grating techniques use a sequence of three ultrafast laser

pulses to initiate and probe dynamics. The probe step involves

interrogation with the third pulse in the sequence, but the

information is obtained in a unique fourth direction as the

third-order polarization radiated by the sample. We measure

that signal using heterodyne detection, whereby a fourth extra

pulse is mixed with the signal interferometrically to allow

phase-sensitive detection of the signal electric field amplitude.

Generally speaking, transient grating measures population

decay, whereas polarization grating measures depolarization.

The utility of these experiments is based on the concept that

optical selection rules for systems being probed in an isotro-

pic ensemble can be more effectively probed or utilized in

higher order nonlinear optical experiments. That is because

the signal in such experiments arises from multiple probing of

each molecule, and each of those probe steps can happen

with a polarization and geometry chosen by the experimenter.

Essentially, one has more opportunity to fine-tune the polar-

ization selection, which is mathematically represented by the

size and structure of the isotropic Cartesian tensor that relates

the laboratory-frame polarizations to the transition moment

vector (or nonlinear response tensor) in the molecular

frame.26-28

The spectroscopic method of CPH-3TG offers a means to

probe ultrafast dynamics among the nearly degenerate QD

FIGURE 1. Optical absorption spectrum of colloidal CdSe QDs. Its
absorption features are described in terms of excitons. The lowest
exciton state, 1S3/2-1Se, is split to the exciton fine structure by
electron-hole exchange interaction, crystal field, and shape
asymmetry. Each fine structure state is identified by its projected
total angular momentum, F, obtained by mixing the total angular
momenta of electron and hole.
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fine structure states.29 In CPH-3TG, there are four polariza-

tions that can be controlled/analyzed: the pump pulse pair, the

probe, and the radiated polarization. It works based on selec-

tion rules of semiconductors for circularly polarized light, and

the measured signal evolves according to a clever interfer-

ence effect that enables us to measure the rate of processes

that flip the sign of the exciton total angular momentum, F.

Such angular momentum flips necessarily involve electron

and/or hole spin flips. Notably, such selectivity is achieved

without needing to excite a specific spin state using circularly

polarized light to generate spin orientation. Instead, we mea-

sure a polarization tensor element that is sensitive to spin flip

events in dynamic equilibrium between F ) +1, +2 and F )
-1, -2 exciton states.30

The schematic of the CPH-3TG experiment is shown in Fig-

ure 2. The CPH-3TG method makes use of the polarization

grating that is formed by the interaction of two orthogonal lin-

early polarized light pulses. According to the crossing angle of

the laser beams, the polarization is spatially modulated across

the excitation region, leading to a periodic spatial pattern of

right- and left-circular polarization,31 as shown in Figure 2. The

selection rules of wurtzite and zinc-blende semiconductors

allow F ) +1 or -1 excitons in suitably oriented QDs to be

selectively excited by circularly polarized light depending on

the handedness of circular polarization. Therefore, the polar-

ization grating creates a pattern of angular momentum pro-

jections across the excitation volume. If the crystallographic

c-axis of each QD was aligned in the laboratory frame, then

this angular momentum grating would correspond to alter-

nating F ) +1 and -1 exciton states, which can be related to

a spin grating.32 Obviously the QDs in solution samples are

not oriented, but their random orientation is accommodated

in the theory for our experiment.29 A time-delayed probe

pulse interrogates the projected angular momentum grating

and is diffracted, that is, it induces radiation of third-order tran-

sient grating (3-TG) signal. The third-order signal decays as the

modulation pattern of the angular momentum projections

becomes randomized by exciton fine structure relaxation.

Thus, the CPH-3TG signal can monitor the history of spin flips

between F ) +1 and -1 exciton fine structure states in ran-

domly oriented QDs without a need for circularly polarized

excitation light.

The principle of the CPH-3TG method is theoretically

described using third-order response functions and rotational

averaging for an ensemble of colloidal QDs.29,30 A schematic

describing the principle of the CPH-3TG method from the per-

spective of third-order nonlinear spectroscopy is shown in Fig-

ure 3. After an exciton spin state (e.g., F ) +1 state in Figure

3(a)) is excited by the interactions with two cross-polarized

pump pulses, the exciton can be either “conserved” or “flipped”

in its spin (i.e., sign of F) at the moment it interacts with a

probe pulse to radiate the third order polarization, P(3). At the

initial moment when pump and probe pulses are coincident

in time, the spins of all excitons stay conserved since there is

no time for a spin flip to occur. As the time delay between

pump and probe pulses increases, the number of excitons with

flipped spins increases until the numbers of excitons with con-

served and flipped spins, nC and nF, respectively, equilibrate.

By rotationally averaging the third-order responses over an

ensemble of randomly oriented QDs, it was found that the

electric field of radiated P(3) changes its phase by π depend-

ing on whether the exciton spin is “conserved” or “flipped” at

the probing moment, Figure 3(b). As a result, the P(3) radiated

from spin-conserved and flipped excitons interfere destruc-

tively to induce the decay of the resultant 3-TG signal. Here,

it should be noted that the ensemble populations of F ) +1

FIGURE 2. Schematic of CPH-3TG experiment. At the sample, polarization grating is formed by the interaction of two cross-linearly polarized
pump pulses (green arrows). As a result, a spatially modulated pattern of polarizations between right-circular, 45° linear, left-circular, and
-45° linear polarizations is formed in a plane. In particular, the pattern of alternating right- and left-circular polarization, forming a spin
grating, is emphasized in this work. A time-delayed probe pulse (yellow arrow) is diffracted off the grating to radiate the heterodyned third-
order polarization signal into the propagation direction of the local oscillator (LO, blue arrow).
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and -1 exciton spin states always stay equal after excitation

by two cross-polarized pump pulses.

Measurement of Exciton Fine Structure
Relaxation and Spin Relaxation
The heterodyned 3-TG signal is measured by an experimen-

tal setup using a diffractive optic, of which the details are

described elsewhere.30 The 3-TG signals of QDs are recorded

with VVVV, VHVH, and VHHV polarization sequences, where

V and H represent the vertical and horizontal polarizations,

respectively, of the two pump beams, a probe beam, and an

analyzer in order. Representative 3-TG signals of QDs mea-

sured with these polarization sequences are shown in Figure

4(a). The VVVV signal exhibits a slow decay on the time scale

ranging from tens of picoseconds to nanoseconds. It reflects

the dynamics of exciton population relaxation, as measured

with a conventional pump-probe experiment. In contrast,

the VHVH and VHHV signals initially decay much faster than

the VVVV signal, followed by a slow decay equivalent to the

VVVV signal. This fast decay arises as the excitons flip their

spins via population transfer between the F ) +1 and -1

states. The opposite signs in the initial amplitudes of the VHVH

and VHHV signals support this assignment since theory pre-

dicts that the two cross-polarized signals show oppositely

signed rotational averaging factors.30 Once equilibrium is

reached between the numbers of conserved and flipped exci-

ton spins, the two CPH-3TG signals converge and decay slowly

as the exciton population relaxes down to the ground state.

The rate of exciton spin flip can be obtained by multiexpo-

nential fitting of the measured 3-TG signals.

For comparison, the 3-TG signal measured for a laser dye,

Rhodamine 6G, is shown in Figure 4(b). Both VHVH and VHHV

signals are equivalent to each other in their sign, and they

decay with dynamics similar to the VVVV signal, with the only

FIGURE 3. (a) Two cross-polarized pump pulses (red arrows) excite
F ) +1 or F ) -1 exciton spin state with an equal ratio; after a
time delay, tp, a probe pulse (blue arrow) interacts to radiate the
third-order polarization (green wavy line). At the probing moment,
the exciton spin is either conserved (left) or flipped (right). (b)
Schematic of 3-TG experiment on QDs with various polarization
sequences. Top: VVVV 3-TG experiment. Nanorod ensemble is in
either an excited (black) or the ground (silver) state. The amplitude
of the radiated polarization, P(3), is proportional to the number of
nanorods in the excited state. Bottom: VHVH 3-TG experiment.
Nanorods are photoexcited to F ) 0 (black), F ) +1 (red), and F )
-1 (blue) excitons. The electric fields of radiated third-order
polarization from (1) conserved (PC

(3)) and (2) flipped (PF
(3)) excitons

are different in phase by π, thus interfering destructively to induce
the signal decay. Meanwhile, nanorods (3) with F ) 0 excitons and
(4) that relax back to the ground state radiate polarization of the
same phase as the VVVV signal. Adapted and reproduced from ref
38.

FIGURE 4. The 3-TG signals of (a) CdSe QDs (2.7 nm diameter) and
(b) laser dye (Rhodamine 6G) measured with VVVV, VHVH, and
VHHV polarization sequences. Spin relaxation dynamics in the
VHVH and VHHV signals are observed only in QDs, distinguished
from population relaxation dynamics. The sub-100 fs decay
component in the 3-TG signals of laser dye is ascribed to coherent
artifact, not sample response, arising from the temporal overlap of
three light pulses. Adapted and reproduced from ref 30.
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difference being their relative amplitude. Thus, it is evident

that the cross-polarized 3-TG signals for QD samples are a

special case.

It should be noted that exciton population relaxation rep-

resented by the VVVV signal is affected by trapping at sur-

face states, as manifested by a fast decay component on the

order of several picoseconds in Figure 4(a). This fast decay is

not associated with multiexciton Auger process since the num-

ber of excitons per dot was kept much lower than 1 in our

measurements. However, the surface trap states do not influ-

ence the spin flip rate extracted from cross-polarized signals,

as was confirmed by identical spin flip rates obtained for

freshly synthesized and aged QDs (1 year).

To understand the mechanism of spin flips in colloidal QDs,

an analysis was made using a kinetic model that includes all

the states in the exciton fine structure, as shown in Figure 5(a).

The kinetic model uses coupled equations of motion to deter-

mine the transient populations of each fine structure state so

that the spin flip history of excitons can be monitored, as

detailed elsewhere.33 While the ordering of the fine structure

states is sensitive to the size and aspect ratio of a QD,23,34,35

the exciton fine structure ordering of spherical QDs was used

for kinetic analysis of our data. Although cylindrical nanorods

were investigated as well, which will be discussed below, all

nanorod samples lie in the size and aspect ratio regime where

the fine structure ordering of spherical QDs is maintained.23

The 3-TG signals arising from various polarization sequences

were simulated to fit the experimental data for QDs, and

kinetic parameters for transitions among the fine structure

states were obtained. Examples of simulated 3-TG signals

using this kinetic analysis are shown in Figures 5(b) and 5(c),

where each transition in the fine structure is assigned to a

3-TG signal decay component on an appropriate time scale.

Although EFSR occurs by the complex interplay of all the fine

structure states as manifested by the multiexponential decay

of 3-TG signals, our analysis suggests that the dominant relax-

ation pathway is the F ) +1L f -2 transition or equivalently

F ) -1L f +2 transition (a in Figure 5).

The electron and hole spin densities of each fine structure

state can be calculated from the eigenstate configurations

comprising each state, and therefore the kinetics of EFSR can

be translated into spin relaxation dynamics.36 As an exam-

ple, the simulation results using the kinetic parameters

obtained from our experimentally measured CPH-3TG signals

are shown in Figure 6. From the population evolution of the

fine structure states, time-dependent changes in electron and

hole spin densities of R (spin-up) and � (spin-down) spins are

retrieved. This result exemplifies that the relaxation dynam-

ics of spin densities can be obtained from population relax-

ation dynamics in the exciton fine structure. It can be seen that

FIGURE 5. (a) Kinetic model of relaxation in the exciton fine
structure considering all the transitions between fine structure
states. The possible transitions between the fine structure states
are depicted as arrows. The simulated signals (solid line) using the
kinetic model are compared with 3-TG signals (empty circles)
experimentally measured for nanorods of (b) 3.6 nm and (c) 8.4 nm
diameter. The transition, a, is the dominant process that gives rise
to the fastest decay of VHVH and VHHV signals. Subsequently, the
interplay of b, c, d and e gives rise to the second decay component
of the cross-polarized signals, more notably in the larger nanorod
in (c). In contrast, the decays of VVVV signal and the slowest decay
component of VHVH and VHHV signals are dominated by slow
relaxation processes to the surface states (SS), f, and to the ground
state (g), h, on nanosecond time scale.
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the fast CPH-3TG signal decay arising from the dominant F )
+1L f -2 relaxation pathway is attributed to the spin den-

sity decay of the hole rather than the electron component of

the exciton wave function.

Size and Shape Dependence of Exciton
Fine Structure Relaxation
The effect of QD size and shape on optoelectronic properties

has been a major theme in recent QD research. The QD size

effect is already well demonstrated by the size-dependent

“bandgap” emission.37 However, bandgap emission is not

enough to reveal the subtle effect of QD size and shape on the

electronic structure of QD excitons because such emission is

mainly determined by large bandgap energy rather than the

intricate interactions governing QD exciton properties. More

detailed information about QD excitons can be provided by

looking into the exciton fine structure, which is tuned by small

interactions arising from quantum mechanical effects.

We examined QD size and shape effects on the spin flip

rate by measuring CPH-3TG signals of CdSe QDs and nano-

rods of various sizes and shapes.33,38 As can be seen in Fig-

ure 7(a), the decay profile of cross-polarized 3-TG signals

varies depending on the size of CdSe nanorods. In general, the

spin flip decay becomes slower as the diameter of nanorod

increases. Also, an extra spin flip decay component was

observed in large-sized nanorods, yielding biexponential spin

relaxation dynamics with time constants of ks1 (fast) and ks2

(slow). In order to systematically analyze the relationships

between exciton spin flip rates and the physical size and

shape of nanorods, the dependence of exciton spin flip rates

was examined versus various nanorod shape parameters such

as diameter (short-axis dimension of a cylindrical nanorod),

length, volume, and aspect ratio.

Remarkably, the fast exciton spin flip rate, ks1, of spherical

QDs and cylindrical nanorods shows a strong correlation only

with the diameter of the nanorod rather than other shape

parameters, Figure 7(b). As a consequence, nanorods of very

different shapes show similar fast spin flip rates as long as

their diameters are similar to each other. The diameter depen-

FIGURE 6. Time evolutions of carrier spin densities of (a) R (spin-
up) and (b) � (spin-down) spin parities simulated using the kinetic
fitting parameters obtained from our experimentally measured 3-TG
data shown in Figure 6(c). In this simulation, only F ) +1L, F ) +1U,
and F ) 0U states are initially photoexcited. It should be noted that
R and � spin densities change in an anticorrelated manner to each
other. The changes of the hole spin densities are faster than those
of the electron spin densities, corresponding to the dominant F )
+1L f F ) -2 relaxation pathway.

FIGURE 7. (a) The CPH-3TG signals measured for various sizes and
shapes of nanorods. The spin flip decay becomes slower as the
nanorod diameter increases (from bottom to top), as indicated by a
black arrow. (b) Plot of EFSR rate versus diameter of nanorods (filled
square) and QDs (open circle). The data points were fitted with 1/d4

power law fit (solid line). Adapted and reproduced from ref 36.
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dence of the exciton spin flip rate is well fit by a 1/d4 power

law shown as a solid line in Figure 7(b). This relationship sug-

gests a scaling law for the matrix element governing exciton

spin flip transitions. In other words, it is the confinement in the

plane perpendicular to the c-axis that determines the matrix

element governing the fast exciton spin flip. In contrast to the

strong diameter dependence of the fast exciton spin flip rate,

no clear size dependence was found for the slow exciton spin

flip rate, ks2, which was observed only in QDs larger than 4.5

nm diameter. The physical origin of these spin flip transitions

and their size dependence are discussed in detail in ref 36.

The 1/d4 scaling relationship obtained from the exciton

spin flip rates of spherical QDs and nanorods can serve as

an empirical calibration curve to determine the effective

size of an exciton confined in a QD. Based on this idea, we

examined the exciton size and exciton delocalization prop-

erties in complex-shaped nanocrystals.39 The exciton size

confined in such nanocrystals was estimated by compar-

ing the measured exciton spin flip rate with the 1/d4 cali-

bration curve, as shown in Figure 8. This study revealed the

subtle influence of QD shape on the exciton properties,

demonstrating that the overall physical shape of a QD does

matter in determining the size and shape of the confined

exciton.

Conclusion and Future Outlook
In this Account, we demonstrated that the CPH-3TG method

provides a means of probing ultrafast relaxation dynamics

occurring in the exciton fine structure in randomly oriented

colloidal QDs. By applying the technique to different sizes and

shapes of CdSe QDs, we learned the implications of QD size

and shape for the QD exciton properties as well as the mech-

anism and origin of the relaxation processes accompanying

exciton spin flip phenomena.

The spin relaxation dynamics of colloidal QDs can be com-

pared with previous studies, mostly for self-assembled QDs,

using time-resolved Faraday rotation technique40,41 and

time-resolved photoluminescence with circularly polarized

light.42,43 In both techniques, spin orientation is optically cre-

ated in suitably oriented QDs by circularly polarized photoex-

citation and subsequent relaxation of the spin orientation is

manifested as the decay of their signals. This is in contrast to

the working principle of CPH-3TG, whereby up- and down-

spins are equally generated by a combination of cross-linearly

polarized light, even in randomly oriented QDs. However, all

these techniques are common in that the spin relaxation

dynamics of different carriers are extracted from multiexpo-

nential decay of the measured signals. The fast spin flip time

measured at room temperature in our studies is comparable

to the hole spin relaxation time on the order of tens of pico-

seconds measured at low temperature in more weakly con-

fined self-assembled QDs.42,43 In contrast to hole spins,

electron spin relaxation is much slower, on the nanosecond

time scale,40-43 and it can be further extended up to millisec-

ond time scale by laser cooling of a charged QD.14,15 The

slow spin flip time on the order of hundreds of picoseconds to

nanoseconds measured in our experiments is comparable to

the electron spin relaxation time, considering that all of our

measurements were done at room temperature. In general,

the spin relaxation times vary considerably depending on the

temperature, type of QDs (self-assembled or colloidal, charged

or neutral), type of carrier of interest (electron, hole, exciton),

and external perturbation (external magnetic field, charging of

QDs), making direct comparison between the studies difficult.

More detailed comparison with other studies will be discussed

elsewhere.44

The development of the CPH-3TG technique should inspire

studies to further elucidate the characteristics of nanoscale

excitons in QDs. For example, this technique can be applied

to QDs made of different materials, such as lead salt QDs,45

to investigate how different exciton fine structure, for exam-

ple, the ordering and degeneracies of fine structure states and

the magnitude of spin-orbit interactions, influences spin

relaxation. The CPH-3TG measurement can be combined with

an external perturbation of the QD electronic states. In partic-

ular, when a strong external magnetic field is applied, the

energy spacing between fine structure states changes46 and

dark states are mixed with bright states and gain oscillator

strength.21 Such perturbations in the fine structure will acti-

FIGURE 8. Determination of exciton size using the empirical
calibration curve. (1) The fast EFSR rate of a nanocrystal sample is
determined from the CPH-3TG measurement. (2) Then, the size of
an exciton confined in a measured nanocrystal can be determined
by comparing the rate with the 1/d4 relationship (solid line)
obtained from the data points of CdSe spherical QDs (circles) and
nanorods (squares).
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vate (or deactivate) certain relaxation pathways, thus provid-

ing the prospect of controlling the mechanism of spin

relaxation.

By tuning the electronic structure of QDs in more signifi-

cant ways, control of exciton fine structure relaxation might be

possible. QD type II heterostructures have become available

with advances in nanocrystal synthesis.47,48 These systems

can be designed to allow the experimenter to photoexcite an

exciton that rapidly separates into an electron and hole, Fig-

ure 9. This charge separation occurs at the interface of the two

materials, for example CdSe and CdTe. By measuring spin

relaxation dynamics of these separated electron and hole car-

riers, one can more clearly elucidate the mechanism of spin

relaxation and thus learn how to orient and preserve carrier

spins. This has just recently been demonstrated in a recent

work from our laboratory.49

We thank the Natural Science and Engineering Research Coun-

cil of Canada for the financial support of this research.
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