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ABSTRACT

Time-resolved Faraday rotation measurements in the ultraviolet have been performed to reveal the ultrafast spin dynamics of electrons in
colloidal ZnO quantum dots. Oscillating Faraday rotation signals are detected at frequencies corresponding to an effective g factor of g* =
1.96. Biexponential oscillation decay is observed that is due to (i) rapid depopulation of the fundamental exciton (z = 250 ps) and (ii) slow
electron spin dephasing (T,* = 1.2 ns) within a metastable state formed by hole-trapping at the quantum dot surface.

Electrons confined within semiconductor quantum dots (QDs)
have generated a great deal of interest recently, motivated
in part by proposals to use quantum-confined electron spins
for quantum information processing.! The wide-bandgap
semiconductor ZnO possesses both a large bandgap of 3.4
eV and an exciton binding energy of 60 meV, which will be
strongly beneficial to room-temperature operation of future
spintronic devices made of this material. Colloidal ZnO QDs
have been synthesized by a wide variety of methods.
Electrochemical and photochemical techniques have been
developed that allow for the introduction of quantum-
confined electrons into these QDs.> These electrons have
been studied by optical,>>%? electrochemical,>*%’ and
magnetic resonance techniques.®® For example, the new near-
infrared electronic absorption band that appears with ZnO
QD charging and that is accompanied by bleaching of the
band gap absorption edge has been attributed to intra-
conduction-band electron excitation.> Optical measurements
performed in conjunction with electrochemical reduction of
ZnO QD films have been interpreted to suggest staircase
filling of the ZnO QD conduction band with multiple
electrons.® The added electrons also possess interesting spin
properties that have been probed by electron paramagnetic
resonance (EPR) spectroscopy.® EPR experiments on such
charged colloidal ZnO quantum dots have shown size-
dependent g* values that confirm electron delocalization
throughout the QDs. An analysis of the EPR linewidths
revealed relatively slow electron spin dephasing even at room
temperature. EPR line width measurements as a function of
ZnO QD isotope content confirmed association of spin
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dephasing with the electron—nuclear hyperfine interaction
involving the ¢’Zn (I = 5/2) isotope. Magnetic exchange
interactions between conduction band electrons and magnetic
dopants were also probed by EPR spectroscopy.’

A leading technique for studying carrier spin dynamics in
QDs directly in the time domain is time-resolved Faraday
rotation (TRFR) spectroscopy. In this pump—probe tech-
nique, carriers are both generated and probed using ultrafast
laser pulses in resonance with the fundamental absorption
edge of the bulk semiconductor or with confined energy
levels in semiconductor nanostructures.'%!2 In related studies,
TREFR has previously been applied to study epitaxial n-type
ZnO films, where ensemble electron spin dephasing times
up to To* = 2 ns at 10 K were measured.'> TRFR has also
been applied previously to study coherent spin dynamics in
colloidal CdSe and related chalcogenide nanocrystals.'4!°

In this letter, we describe the application of TRFR
spectroscopy in the ultraviolet to reveal the ultrafast spin
dynamics of electrons in colloidal ZnO QDs. Oscillating
Faraday rotation amplitudes are observed at frequencies
indicative of g* = 1.96, consistent with previous magnetic
resonance results for electrons in colloidal ZnO QDs.%°
Biexponential oscillation decay is observed that is due to (i)
rapid depopulation of the fundamental exciton and (ii) slow
dephasing of electron spins when holes are trapped at the
quantum dot surfaces. To our knowledge, these results
represent the first successful application of direct time-
resolved spin coherence probes to ZnO nanocrystals or to
oxide nanocrystals in general. The results show that meta-
stable charge-separated states can dominate the ultrafast spin
dynamics of such semiconductor QDs, raising new possibili-
ties for controlling spins in semiconductor nanostructures via
charge separation.
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Figure 1. Time-resolved Faraday rotation signal for ~7-nm-
diameter colloidal ZnO quantum dots, recorded at a transverse
magnetic field of 1.4 T and a temperature of 10 K.

Freestanding ZnO QDs of 7.0 & 1.7 nm diameter capped
with either trioctylphosphine oxide (TOPO) or dodecylamine
(DDA) were prepared as colloidal suspensions in toluene
and characterized as described previously.!” For TRFR
measurements, thin films of these ZnO colloids were
deposited by drop-coating onto sapphire substrates, forming
glasses within a frozen matrix of the surface capping ligand.
Samples best suited for TRFR studies were found empirically
to have transmittance of ca. 0.3—0.4 at the midpoint and
the minimum amount of scattering. Qualitatively similar
results were found for both TOPO and DDA surface-capping
ligands. In the TRFR experiment, spin-polarized electrons
and holes are optically excited by a circularly polarized laser
pulse resonant with the fundamental bandgap in the UV.
Subsequently, carriers precess coherently in a transversely
applied magnetic field (Larmor spin precession). By measur-
ing the polarization rotation of a linearly polarized probe
beam transmitted through the sample, one is able to monitor
the carrier spin precession over time. Spectrally narrow pump
and probe pulses in the UV (Alfwnm = 0.2 nm) were
generated by frequency-doubling picosecond light pulses
from a Coherent MIRA 900 Ti:sapphire oscillator in
nonlinear BiB;O¢ (BiBo) crystals. The pump beam was
switched between left and right circular polarization with a
photoeleastic modulator operating at 84 kHz. Transient
Faraday rotation signals were recorded with an optical
polarization bridge and lock-in detection.

Figure 1 shows the TRFR signal obtained for an ensemble
of colloidal ZnO QDs held at a temperature of 10 K in a
transverse magnetic field of 1.4 T. Following a large positive
signal at zero time delay, sinusoidal oscillations with a
frequency of 38.5 GHz are observed on top of a step offset.
In the simplest case, the oscillatory component is associated
with spin precession that decays as a function of time as
described by eq 1. 7>* is the ensemble spin dephasing time
constant, oy, is the Larmor precession frequency, and C is a
constant related to the amplitude of spin polarization.

0(t) = C cos(w e (1)

To analyze the oscillations, we removed the slowly varying
baseline. Sine-wave fitting of the oscillating signal in Figure
2a reveals that the amplitude decay is not single but
biexponential, with two very different decay timescales. A
fast decay with a time constant on the order of 100 ps is
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Figure 2. (a) Oscillatory time-resolved Faraday rotation signal
extracted from Figure 1 (red line: biexponentially decaying sinu-
soidal fitting function). (b) Time-resolved differential transmission
signal of the colloidal ZnO QDs, measured under essentially
identical experimental conditions (red line: biexponentially decaying
fitting function)
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Figure 3. (a) Magnetic field dependence of the TRFR oscillatory
frequency of 7-nm-diameter ZnO QDs at 10 K, with linear fit
yielding g* = 1.96. (b) Wavelength dependence of the amplitude
of the Faraday rotation signal (circles and triangles for fast and
slow decaying component). Transmittance of the sample, showing
the absorption band edge of the fundamental bandgap (stars).

followed by slow decay that reflects spin coherence exceed-
ing one nanosecond (~1.2 ns).

Figure 3a shows a linear dependence of the oscillation
frequency on magnetic field. The slope of the best fit line
yields g* = 1.96 according to eq 2,
LD

ugB
in agreement with previous magnetic resonance investigations
on similar colloidal ZnO QDs.%?

To understand the observed biexponential decay, comple-
mentary transient differential transmission measurements
were performed, which revealed the ultrafast population
dynamics in the ZnO dots following UV excitation. The
sample and the experimental conditions in this ultrafast
pump—probe experiment were essentially the same as for
the TRFR study. Representative transient differential trans-
mission data are presented in Figure 2b. The data show an
increase in transmission induced by the pump pulse, followed
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Figure 4. Schematic representation of the kinetic processes
following photoexcitation of colloidal ZnO QDs. The fast and slow
TRFR decay processes are associated with (i) decay of the UV-
emitting (fundamental exciton) state and (ii) spin-dephasing of
electrons within the green-emitting (hole-trapped) state, respectively.

by absorption recovery. As with the TRFR oscillation
amplitudes, the transient transmission data show two recovery
time scales, 7; &~ 250 ps and 7, = 7 ns. The amplitudes of
the two components are approximately equal. Because these
transients were collected at the ZnO absorption band edge,
both decay processes are definitively associated with charge
carriers within the band structure of the ZnO QDs, since only
these result in band edge bleaching. As illustrated in Figure
3b, detuning the pump/probe wavelength to either above or
below the band edge results in a strong decrease of the
oscillation amplitude.

The fast decay process (7)) seen in Figure 2a and b is
associated with rapid depopulation of the UV-emitting
excited-state of the ZnO QDs. Previously, a 90 ps UV
emission decay was observed at room temperature in bulk
ZnO samples with a UV photoluminescence quantum yield
of ~0.016."8 A UV emission decay of <300 ps at 30 K has
also been reported for ZnO QDs.!” Both timescales are in
good agreement with our measured fast decay time 7,. The
associated UV emitting state has been described previously
as a shallow-trapped exciton involving shallow electron traps
that do not lead to electron localization.”® Nonradiative
processes dominate the kinetics of relaxation from this state
in ZnO QDs. For similar colloidal ZnO QDs, a nonradiative
decay rate constant of ~10'> s~! has been estimated from
steady-state UV photoluminescence quantum yields (~2 x
107%)." Among the various nonradiative decay pathways
depopulating this UV state, hole localization at deep traps
is the best understood. The broad visible luminescence that
often dominates the photoluminescence of ZnO QDs has
been assigned to recombination of conduction-band-like
electrons with such deeply trapped holes.?° Figure 4 sum-
marizes the main photophysical processes related to both UV
and visible luminescence in ZnO QDs. Because this visible
luminescence is sensitive to surface modification, specifically
to OH™ functionalities,'”?! it likely involves hole-trapping
at the QD surfaces. Consistent with this interpretation, when
ZnO QDs are excited in the presence of a hole scavenger
such as EtOH, the hole can be removed from the surface
leaving the conduction-band-like electron behind; this is the
motif that has been studied by EPR spectroscopy.®® Overall,
these considerations support the conclusion that the fast decay
component 7, observed in both the TRFR and differential
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transmission measurements (Figure 2a and b) is determined
predominantly by nonradiative depopulation of the UV
emitting state, including by hole-trapping. Hence, the TRFR
oscillation decay mainly reflects the decreasing population
of oscillating electrons and not pure spin-dephasing 7>*. In
fact, the fast decay times observed with TRFR (100 ps) and
differential transmission (250 ps) are of the same order of
magnitude, but not exactly the same. A plausible reason that
the times are similar, but the spin decay is slightly faster
than the population decay, may be an additional fast spin-
dephasing mechanism operative in the first 100 ps. For
example, efficient electron—hole spin scattering would be
present only during that time, when the hole has neither
recombined nor been trapped at the dot surface.

The second, slower decay in the TRFR signal is on the
order of a nanosecond and is directly related to the metastable
hole-trapped excited state. As described above, the hole of
the optically generated electron—hole pair is trapped ef-
fectively on the dot surface. This process leaves the electron
behind in the ZnO dot core. This electron is conduction-
band-like, as has been confirmed in experiments on ZnO QDs
of different sizes, in which the visible photoluminescence
emission wavelength followed the size dependence antici-
pated from the electron effective mass in Zn0O.?> The
precession of this electron in the transverse magnetic field
gives rise to the observed Faraday rotation signal with the
slow decay time. This interpretation is confirmed by the
differential transmission data of Figure 2b, which indicate a
slow second decay process (72 > 1 ns). Earlier time-resolved
photoluminescence measurements have shown lifetimes of
several hundred nanoseconds to microseconds for this state.?
Recombination of the hole-trapped species is thus slow
relative to electron spin-dephasing. The observed oscillatory
decay therefore reflects the intrinsic spin-dephasing dynamics
(T>*) of the conduction-band electron in this configuration,
and not the population decay dynamics. 7>* is the ensemble
spin-dephasing time, which may be limited by the distribution
of g-factors because of inhomogeneities in size and shape
of the different dots. However, g* is not highly sensitive to
diameter in ZnO dots within the 7.0 £ 1.7 nm range
investigated here. From EPR data (not shown), we estimate
a Ag of 0.004 for the whole distribution. However, we use
narrowband picosecond laser pulses in the TRFR experiment
(Atwhm = 0.2 nm), which excite and probe only a small
subensemble.?® In our case, this results in a small Ag of
~0.0002 and hence a calculated?* T>* time of 57 ns for a
magnetic field of 1.4 T in the limit of 7>* coming entirely
from g-value inhomogeneity. This value is substantially
higher than our measured value of 1.2 ns. Another important
dephasing mechanism in ZnO quantum dots is electron—nuclear
hyperfine coupling involving %Zn (I = 5/2, natural abun-
dance of 4.1%). The importance of hyperfine contributions
is confirmed by the observation of nearly Lorentzian line-
shapes having a clear dependence on ’Zn content in the EPR
spectra of related charged colloidal ZnO QDs.® Further
studies are needed to unambiguously identify the relative
contributions of the different spin-dephasing processes.
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Interestingly, because the decay of the hole-trapped species
is also slow compared to the time between the successive
laser pulses of 13 ns (7, = 76 MHz) in the TRFR
experiment, a steady-state population of one-electron-charged
ZnO QDs must exist. This situation may relate to experiments
on self-assembled InAs quantum dots, where only singly
charged quantum dots caused an oscillatory TRFR signal.?
Finally, it is noted that the occurrence of both fast and slow
TRFR oscillations at the same center frequency, which
corresponds to g* = 1.96, supports the assertion that no
major change in the electron’s wave function occurs upon
hole trapping; that is, the electron in the hole-trapped state
remains conduction-band-like.

In summary, ultrafast spin dynamics in colloidal ZnO
quantum dots have been measured for the first time using
time-resolved Faraday rotation spectroscopy in the ultraviolet.
Although the fast excitonic spin decay is governed by the
short lifetime of this excited state, the deep trap state is
extremely long-lived and allows for the direct observation
of spin-dephasing of conduction-band electrons in the
colloidal ZnO dots. The values for 7>* and g* measured by
time-resolved Faraday rotation spectroscopy are consistent
with those reported for photochemically charged colloidal
ZnO QDs determined by EPR spectroscopy in the frequency
domain.?? Our results reveal that metastable charge-separated
excited states offer interesting possibilities for the control
and study of carrier spin dynamics in semiconductor nano-
structures. Beyond the surface-hole-trapping explored here
for ZnO nanocrystals, more sophisticated strategies for
achieving photoinduced charge separation in colloidal nano-
structures may also be envisioned, for example those
involving quasi-type-1I or related nanoheterojunctions.?>26
Further coupling of such colloidal nanostructures with high-
quality nanophotonic architectures?’- can be anticipated to
generate new approaches for all-optical spin-based informa-
tion processing.
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