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Electron spin relaxation dynamics in colloidal ZnO quantum dots containing additional delocalized conduction
band electrons (n-type) have been studied using electron paramagnetic resonance (EPR) spectroscopy. Variation
of the 67Zn (I ) 5/2) nuclear isotope content within the quantum dots allows the effects of the electron-nuclear
hyperfine interaction on spin-spin and spin-lattice relaxation dynamics to be explored. Long room-temperature
spin-spin relaxation times of T2 ) 87 ns are observed in ZnO quantum dots almost completely depleted of
67Zn.

Introduction

Colloidal semiconductor nanocrystals are excellent systems
for exploring the fundamental properties of quantum-confined
charge carriers. Tremendous progress has already been made
in understanding the properties of electron-hole pairs (excitons)
confined in colloidal quantum dots (QDs) using optical spec-
troscopic techniques.1-6 In contrast with charge carriers in QD
electronic excited states, the properties of QDs containing excess
carriers in their ground states have received substantially less
attention.7-19 To date, the primary experimental probe of such
charged QDs has been electronic absorption spectroscopy, in
which low-energy intraband excitations can be used to define
the carrier wave function.

Electron paramagnetic resonance (EPR) spectroscopy is a
powerful technique for studying electronic structures and spin
relaxation dynamics in various molecular or solid-state species
containing unpaired electrons, but this experiment remains
almost wholly unexplored for probing charge carriers in colloidal
QDs.15-17,19 For such measurements, colloidal QDs must be
prepared that contain additional charge carriers that are stable
on the experiment’s time scale, and among II-VI semiconductor
nanocrystals, to date this technique has been applied only to
conduction band electrons in colloidal ZnO quantum dots.15-17,19

A series of studies of ZnO nanocrystalline powders has also
provided important insight into the wave functions of closely
related shallow-donor charge carriers.20-23 Colloidal ZnO nano-
crystals possess low-energy conduction band edges, and their
rich surface chemistry has allowed the formation of conduction
band electrons with extremely long decay constants (on the
month time scale),15 allowing a variety of new experiments to
be performed with this motif.15-17,19

Here, we present the results of EPR experiments aimed at
evaluating electron-nuclear hyperfine interactions in colloidal
ZnO QDs. Spin dynamics in ZnO have garnered attention
recently, both experimentally16,24-27 and theoretically.28,29 ZnO
is a particularly interesting semiconductor for studying electron
spin relaxation mechanisms because of its low natural nuclear
spin content. Of the components of this lattice, only zinc has
an isotope with nuclear spin of sizable natural abundance (67Zn,

I ) 5/2, 4.1%).30 In this study, the nuclear spin contents of
colloidal ZnO QDs have been controlled chemically by prepar-
ing nanocrystals from precursors containing different concentra-
tions of 67Zn. EPR line shape analysis has allowed the spin-spin
and spin-lattice relaxation times to be determined. A significant
lengthening of the spin-spin relaxation time is achieved by
eliminating 67Zn almost completely, demonstrating the important
role electron-nuclear hyperfine coupling plays in QD spin
relaxation dynamics.

Experimental Section

A. Nanocrystal Preparation. Colloidal ZnO nanocrystals
were synthesized and characterized as described in detail
previously.15,16,31 The 67Zn isotope contents of these nanocrystals
were enriched or depleted by changing the concentration of 67Zn
in the zinc acetate precursor used in the nanocrystal synthesis
step. For preparation of [67Zn] ) 0.03% ZnO nanocrystals, the
67Zn-depleted zinc acetate was prepared from 67Zn-depleted zinc
metal (EURISO-TOP) that was digested in acetic acid at 60 °C
for several days. The resulting zinc acetate was recrystallized
and then used as the cation source in the standard nanocrystal
preparation. The [67Zn] ) 4.1 and 9.6% ZnO QDs were prepared
from commercial zinc acetate (Sigma Aldrich and Trace
Sciences International) at these isotope levels, and a 50:50 ratio
of these two precursors was used to prepare the [67Zn] ) 6.9%
ZnO nanocrystals. The colloidal ZnO nanocrystal surfaces were
capped with either trioctylphosphine oxide (TOPO) or dode-
cylamine (DDA). Average nanocrystal diameters were deter-
mined using established empirical relationships32 between
diameter and band-edge electronic absorption spectra.

B. Photodoping. The colloidal ZnO nanocrystals were
dispersed in toluene with a small addition of ethanol (∼1% by
volume) and sealed under anaerobic conditions. These nano-
crystal suspensions were irradiated with UV light just until an
EPR signal could be observed (∼30 s), yielding an average
occupancy of 〈n〉 , 1 electron per nanocrystal. The EPR
intensities described here therefore all come only from nano-
crystals containing exactly one unpaired electron. These n-type
ZnO nanocrystals are kinetically stable for as long as they
remain anaerobic.15

C. Electron Paramagnetic Resonance Spectroscopy. CW
EPR experiments were performed using X-band Bruker EMX
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and Bruker E580 spectrometers. Pulsed EPR measurements were
performed at 5 K using a Bruker E580 spectrometer with an
ER 4118 X-MD5 resonator. Low temperatures were attained
with an Oxford Instruments CF935O dynamic continuous flow
cryostat with an Oxford Instruments ITC5035 temperature
controller, and a Cernox Resistor CX-1050-AA-1.4 L temper-
ature sensor by LakeShore. A π/2-τ-π-τ echo pulse sequence
was employed with a 16 ns pulse length for the π/2 pulse. The
decay of the echo intensity Iecho was monitored as a function of
time delay τ in steps of 4 ns and fit to an exponential of the
form Iecho ∝ exp(-2τ/T2).

D. Linewidth Deconvolution. The CW EPR signals were
fit to the derivative of a Lorentzian convolved with a Gaussian
using a homemade program in MatLab.33 A Levenberg-
Marquardt routine was used to minimize the square of the
difference between the experimental curves and the calculation.
Results from this analysis were checked against the Lebedev
relation34 and found to be consistent with it.

Results and Analysis

A. Photodoping. Figure 1 shows the EPR spectra of
representative colloidal ZnO QDs collected before photochemi-
cal charging, after photochemical charging, and following
reoxidation of the n-type QDs upon exposure to air. Prior to
charging, there is no detectable EPR signal. Upon photochemical
reduction, an EPR signal appears at g* ∼ 1.96 that has been
attributed to the delocalized conduction band electron.15-17 The
dependence of the electron g* value on ZnO QD diameter has
been described elsewhere.17 As shown previously,15-17 this EPR
signal intensity correlates with a bleaching of the first excitonic
transition and appearance of a new absorption band in the
infrared, and all of these spectral changes are reversed upon
exposure of the QDs to air.

B. Spin-Spin Relaxation Time, T2. The EPR signal in
Figure 1 has a Voigtian line shape. The width of this EPR line
is inversely proportional to the ensemble spin dephasing time
constant T2*, as described by eq 1a, where ΓT is the total peak-
to-peak EPR line width and γe is the electron gyromagnetic ratio.
Using eq 1a, a value of T2* ) 15 ns is estimated from the
spectrum in Figure 1. This T2* value is comparable to that
measured on similar colloidal ZnO QDs by time-resolved
Faraday rotation (TRFR) spectroscopy at 10 K (T2* > ∼1.0 ns).26

Intuitively, one might have expected that T 2* would be greater
at 10 K than at room temperature. We therefore note that TRFR
spectroscopy measures T2* following photoexcitation, and
electron-hole interactions in the photoexcited state may ac-
celerate spin dephasing. In the present EPR experiments, the
hole is removed and the measured T2* is that of the electron
alone in its ground electronic state.

Some of this EPR line width may come from inhomogeneous
broadening associated with the size distribution of the ZnO QD
ensemble due to the size dependence of g*,17 and some comes
from unresolved hyperfine splittings (Vide infra). To extract the
homogeneous component, the EPR spectrum was fit with the
first derivative of a Lorentzian function convolved with a
Gaussian function. This analysis allows separation of the
Lorentzian (ΓL, homogeneous) and Gaussian (ΓG, inhomoge-
neous) contributions to the overall line width.33 From ΓL, the
average homogeneous spin-spin relaxation time, T2, can be
determined using eq 1b, independent of the distribution in
resonance frequencies that contribute to T2*. For example, by
this approach, the data in Figure 1 yield ΓL ) 2.3 G, and hence
T2 ) 48.6 ns.

CW-EPR spectra of a series of ZnO QD samples with various
67Zn nuclear spin concentrations ([67Zn]) were collected at room
temperature, and the above line shape analysis was performed.
Figure 2A shows representative EPR spectra of n-type ZnO QDs
with [67Zn] ) 0.03 and 9.6%. Substantial broadening and a small
shift of the resonance position are apparent for the sample with
larger [67Zn]. The shift is due to the slightly different sizes of
the two samples (d ) 3.2 nm for the [67Zn] ) 0.03% QDs, d )
4.0 nm for the [67Zn] ) 9.6% QDs).17 Lineshape analysis shows
that the broadening is mostly due to a greater homogeneous
line width (ΓL) in the nanocrystals with [67Zn] ) 9.6%. The
line broadening with increasing [67Zn] seen in Figure 2A by
visual inspection thus directly reveals the increasing spin-spin
relaxation rate with increasing [67Zn]. More quantitatively, line
width deconvolution of the spectra in Figure 2A yields the room-
temperature time constants T2 ) 87 ns for [67Zn] ) 0.03% and
T2 ) 24 ns for [67Zn] ) 9.6%. These data are plotted in Figure
2B along with data for QDs of other nuclear spin concentrations,
revealing a strong dependence of T2 on [67Zn]. The inset to
Figure 2B plots the same data as 1/T2 vs [67Zn], yielding an
approximately linear relationship. A linear dependence of the
spin-spin relaxation rate due to fluctuations of the nuclear field
is expected from theory.35,36 In contrast to the theoretical
prediction, however, a constant offset had to be introduced to
fit the data, suggesting an additional relaxation process inde-
pendent of [67Zn]. This latter process could potentially involve
nuclear spins of surface capping ligands, like 1H, 31P (in TOPO),
15N (in DDA), or possibly even solvent molecules.

As an independent check of the T2 values obtained from the
line shape analysis presented above, pulsed EPR experiments
were performed on some of the same QDs at low temperatures,
and T2 was determined from the spin echo decay kinetics. Figure
3 shows an echo decay curve measured at 5 K for a d ) 4.0
nm, [67Zn] ) 4.1% QD sample. Fitting these data to a single-
exponential decay function yields T2 ) 79 ns, which is
comparable to the T2 value of ∼55 ns estimated from analysis
of the 6 K CW EPR line shape observed for the same sample
(Figure 3, inset), lending credence to the results obtained from
the line shape analysis. The line shape analysis has the advantage
that it can be performed at all temperatures, whereas spin-echoes
were only observed at low temperatures.

C. Spin-Lattice Relaxation Time, T1. The spin-lattice
relaxation times (T1) of these colloidal n-type ZnO QDs were

Figure 1. Room-temperature EPR spectra of as-prepared (thin red line),
photochemically reduced (thick blue line), and reoxidized (dotted gray
line) d ) 7.0 ( 1.7 nm colloidal ZnO nanocrystals.

T2* ) 2
γeΓT
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T2 ) 2
γeΓL
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also examined as a function of temperature and nuclear spin
concentration. T1 values were obtained from analysis of EPR
power saturation rollover data.37 In this experiment, a series of
EPR spectra are collected at various applied powers traversing
from the low-power limit to saturation conditions, and changes
in their lineshapes are analyzed to yield relaxation dynamics.
Representative spectra at various powers are shown in Figure
4A for a d ) 4.0 nm, [67Zn] ) 4.1% QD sample, measured at
80 K. Figure 4B plots the peak-to-peak height (∆Y) vs the
microwave amplitude (h1). For small amplitudes, ∆Y increases
approximately linearly with increasing h1, but at elevated

amplitudes, it rolls over and begins to decrease with increasing
h1. This behavior reflects changes in the EPR line shape as the
saturation conditions are reached, and hence contains informa-
tion about relaxation dynamics. Quantitatively, the saturation
rollover data can be described using eq 2a,37 where P2 is
proportional to the product of the spin-spin (R2 ) 1/T2) and
spin-lattice (R1 ) 1/T1) relaxation rates, ε is a measure of the
homogeneity of the line width, and c is a scaling constant.
Because T2 is known from the EPR line width analysis, T1 can
be obtained from P2 using eq 2b. From the data in Figure 4,
eqs 2a and 2b yield T1 ) 0.8 µs at 80 K.

To explore the mechanisms that determine T1 in these n-type
ZnO QDs, power saturation rollover data were collected as a
function of temperature for various samples. Figure 5 shows
representative data collected for [67Zn] ) 0.03% ZnO QDs (d
) 4.5 nm) and [67Zn] ) 4.1% ZnO QDs (d ) 4.0 nm), plotted
as 1/T1 vs temperature. At the lowest temperatures, 1/T1 of the
[67Zn] ) 0.03% ZnO QDs approaches zero, reaching a value
of ∼0.019 µs-1 at 6.5 K, which corresponds to a T1 of 54 µs.
1/T1 of the [67Zn] ) 4.1% ZnO QDs, on the other hand, plateaus
at 1/T1 ) 0.20 µs-1 at 6 K (T1 ) 5 µs). The primary intrinsic
difference between the two samples is the concentration of
nuclear spins (there is also a small size difference of 0.5 nm in
diameter), suggesting that if this difference in T1 were intrinsic
then a nuclear-spin-dependent effect would have to dominate
the spin-lattice relaxation even at low temperatures. In
principle, phonon-modulated hyperfine interactions could con-
tribute to the spin-lattice relaxation,38 but from the theory
derived for phonon-modulated hyperfine interactions in epitaxial
QDs,39 this contribution is expected to be negligible at the lowest
temperatures, where no phonons are thermally excited. The
observation of a temperature-independent but nuclear-spin-
dependent contribution to 1/T1 is therefore unexpected and
cannot be readily explained solely on the basis of intrinsic
effects. An alternative possibility that is difficult to rule out
involves differences in adventitious impurities in the Zn

Figure 2. (A) Room-temperature EPR spectra of colloidal n-type ZnO
nanocrystals with [67Zn] ) 0.03% (top) and [67Zn] ) 9.6% (bottom).
The dotted lines are the Voigtian fits as described in the text, yielding
ΓL ) 1.4 G and ΓG ) 6.6 G for the [67Zn] ) 0.03% nanocrystals and
ΓL ) 4.7 G and ΓG ) 7.2 G for the [67Zn] ) 9.6% nanocrystals. (B)
Plot of T2 as a function of [67Zn], measured at room temperature. Inset:
1/T2 plotted vs [67Zn], measured at room temperature. Diameters: d )
3.2 nm for the [67Zn] ) 0.03% nanocrystals and d ) 4.0 nm for the
[67Zn] ) 4.1, 6.9, and 9.6% nanocrystals.

Figure 3. Spin-echo decay curve measured for a frozen suspension
of colloidal n-type ZnO nanocrystals (d ) 4.0 nm, [67Zn] ) 4.1%) at
5 K. The inset shows the corresponding 6 K CW EPR spectrum.

Figure 4. (A) Representative 80 K CW-EPR spectra of colloidal n-type
ZnO nanocrystals (d ) 4.0 nm, [67Zn] ) 4.1%) collected at various
microwave powers, (h1)2. (B) Peak-to-peak heights (∆Y) of the EPR
signal plotted as a function of amplitude h1. The dotted line in part B
is a fit to eq 2a yielding P2 ) 0.14 G2 and ε ) 0.96. From the line
width analysis, T2 ) 55 ns, and hence, T1 ) 0.8 µs is deduced from eq
2b.

Figure 5. Temperature dependence of 1/T1 for d ) 4.5 nm, [67Zn] )
0.03% n-type ZnO nanocrystals (b) and d ) 4.0 nm, [67Zn] ) 4.1%
n-type ZnO nanocrystals (9), obtained from analysis of power saturation
rollover data as described in the text. The solid lines are fits to eq 3
yielding the parameter values c0 ) 0.01 ( 0.01 µs-1 and ∆E ) 3.4 (
0.9 meV for the [67Zn] ) 0.03% ZnO nanocrystals and c0 ) 0.18 (
0.02 µs-1 and ∆E ) 9.2 ( 1.4 meV for the [67Zn] ) 4.1% ZnO
nanocrystals.
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precursors used to prepare the QDs, one being commercial
Zn(OAc)2 and the other being isotopically depleted Zn metal.40

Despite this difference at low temperature, the behavior of
1/T1 with increasing temperature is fairly similar for the two
nuclear spin concentrations, and both data sets can be fit to the
exponential described by eq 3, which describes thermally
activated spin-lattice relaxation. In eq 3, ∆E represents the
activation energy, k is the Boltzmann constant, T is the
temperature, A is a scaling factor, and c0 represents the low-
temperature limit discussed above. The exponential increase
with temperature observed in both data sets in Figure 5 is
consistent with an Orbach mechanism. In the [67Zn] ) 4.1%
ZnO QDs, additional phonon-modulated hyperfine interactions
are also possible but evidently not dominant, because these
would lead to faster relaxation rates at all temperatures for the
sample with the higher nuclear spin concentration. The ∆E
values determined for the two samples are somewhat different,
at 3.4 ( 0.9 meV for the [67Zn] ) 0.03% ZnO QDs and 9.2 (
1.4 meV for the [67Zn] ) 4.1% ZnO QDs. They are, however,
on the same order of magnitude, and their difference may simply
reflect the increasing difficulty of measuring reliable saturation
rollover data at higher temperatures for the [67Zn] ) 0.03% ZnO
QDs, as indicated by the error bars of Figure 5. The lowest
energy optical phonon mode in ZnO that might contribute to
T1 occurs at 12.5 meV,41 on the same order of magnitude as
the experimental ∆E values, supporting interpretation of the data
in Figure 5 as reflecting an Orbach process. Additionally, it has
been shown that ligand vibrations contribute to intraband carrier
relaxation in colloidal CdSe QDs,42 and an analogous coupling
likely also contributes to the spin-lattice relaxation in these
n-type QDs.

Finally, in the limit where interactions between the electron
and all nuclear spins (and other electron spins) are completely
eliminated, 1/T2 should approach 1/(2T1). This limit has been
approached in some cases, e.g., for the phosphorus shallow
donor defect in isotopically purified Si crystals, where above
∼10 K the spin-lattice relaxation is the governing factor for
spin relaxation,43 but the n-type ZnO QDs investigated here are
far from this limit in all cases. Even in [67Zn] ) 0.03% ZnO
QDs, which contain virtually no nuclear spins within the QDs,
a sizable difference between 1/(2T1) ) 0.76 µs-1 and 1/T2 )
37 µs-1 at 60 K is observed. This result implicates coupling of
the conduction band electrons with other unidentified nuclear
spins, the most likely candidates again being those found in
the surface capping ligands. Other sources of accelerated
spin-spin relaxation could be paramagnetic impurities that are
silent in our EPR experiments, or interactions between electron
spins of different QDs. Concentration experiments shown no
indication of the latter, and given the dilute colloidal nature of
the QD samples used here along with the low average electron
concentrations (〈n〉 , 1), this possibility can safely be neglected.

D. Inhomogeneous Broadening. As described in section A,
the observed EPR signal can be deconvolved into a Lorentzian
(homogeneous) contribution, whose width ΓL is determined by
the spin-spin relaxation time T2, and a Gaussian (inhomoge-
neous) part ΓG, which reflects broadening due to the QD size
distribution and the distribution of unresolved hyperfine splitting
from interactions with the 67Zn nuclei. The size of the hyperfine
splitting is determined by the average electron density at the
67Zn nuclei in the QDs, and is therefore governed by the sizes

of the QDs and the concentrations of 67Zn within them. For the
same [67Zn], reducing the QD diameter results in greater overlap
of the electron wave function with the 67Zn nuclei, and thus a
stronger average hyperfine interaction with fewer 67Zn nuclei.
Equation 4 describes this relationship quantitatively as the
Gaussian line width arising from nuclear spin fluctuations for
the average ZnO particle.34,44

In eq 4, factive ) [67Zn]/100% represents the fraction of spin-
active nuclei, Navg is the average total number of cations per
QD, I is the relevant nuclear spin quantum number (I ) 5/2 for
67Zn), and a1 is the intrinsic contact hyperfine interaction
strength, i.e., the electron-nuclear coupling strength that would
result if all of the unpaired electron density were associated
with a single 67Zn+ ion in the ZnO lattice.

From eq 4, the square of the Gaussian line width should
depend linearly on the ratio factive/Navg if other factors such as
nanocrystal size distributions can be neglected. The slope of
this linear dependence would then be proportional to a1

2. Figure
6 plots ΓG

2 vs factive/Navg for the entire set of [67Zn] ) 0.03, 4.1,
and 9.6% ZnO QDs. Overall, the data are suggestive of a small
increase in Gaussian line width with increasing [67Zn], but
quantitative analysis is hampered by the scatter in the data set,
attributed to inhomogeneous size effects. Despite this scatter,
the data do appear to show a 67Zn hyperfine coupling constant
that is substantially smaller than existing literature estimates
for a1 of atomic 67Zn. For example, if the data are analyzed
according to eq 4 despite the scatter, a1 ) 320 ( 130 G (3.7 (
1.5 µeV) is estimated when the intercept is fixed at the origin.
Even smaller values of a1 are obtained when the intercept is
allowed to be nonzero (best-fit a1 ) 260 G (3.0 µeV)). This
experimental a1 is substantially smaller than the theoretical
values of a1 ) 454 G (5.26 µeV) and a1 ) 746 G (8.64 µeV)
calculated for unit spin density in the 4s orbital of a 67Zn+ ion
using Hartree-Fock45 and Hermann-Skillmann46 wave func-
tions, respectively. To illustrate, lines calculated from eq 4 using
these values are included in Figure 6, where they are seen to
be inconsistent with the complete experimental data set.

The reduced value of a1 obtained from experiment is
interpreted as reflecting the important role covalency plays in
diminishing contact hyperfine coupling strengths. For example,

1
T1

) c0 + A exp(-∆E/kT) (3)

Figure 6. Square of the room-temperature Gaussian EPR line width
(ΓG) vs factive/Navg for [67Zn] ) 4.1% (various diameters, 3.2 nm e d e
7 nm) (9), [67Zn] ) 0.03% (d ) 4.5 and 3.2 nm) (×), and [67Zn] )
9.6% (d ) 4.0 nm) (2) n-type ZnO nanocrystals. The solid line is a
linear best fit with the intercept fixed at 0 G2, yielding a slope of 1.2
× 106 G2. From eq 4, this line corresponds to a1 ) 321 G (3.7 µeV).
The dotted and dashed lines are the behaviors expected from the
literature theoretical values a1 ) 454 G (5.26 µeV)45 and 746 G (8.64
µeV)46 for isolated Zn+, calculated using eq 4.

ΓG ) [4
3

[I(I + 1)](factivea1
2

Navg
)]1/2

(4)
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DFT calculations estimate ∼10% oxygen 2p character in the
ZnO conduction band-edge wave function,47 which delocalizes
the electron spin density away from the 67Zn nucleus relative
to theelectron isolatedonZn+ thatwasconsidered theoretically.45,46

Furthermore, the sizable difference between the two computed
values implies rather large uncertainties even in theoretical
estimates, and places greater importance on experimental
determination of this hyperfine interaction strength.

Conclusions

The spin dynamics of quantum confined charge carriers in
colloidal semiconductor nanocrystals have been explored ex-
perimentally using conventional EPR techniques. The nuclear
spin content of these nanocrystals was varied by synthesis from
precursors with different concentrations of the only abundant
spin-active nucleus, 67Zn. The experiments described here
demonstrate that these 67Zn nuclear spins dominate the spin-spin
relaxation dynamics of conduction band electrons in colloidal
ZnO QDs. The effect of changing the nuclear spin content on
the spin-spin relaxation time is summarized schematically in
Figure 7. A relatively long room-temperature value of T2 ) 87
ns was measured in [67Zn] ) 0.03% ZnO QDs, which is over
2 times longer than that of comparable natural-abundance ZnO
QDs ([67Zn] ) 4.1%, T2 ) 40 ns) and over 3 times longer than
that of 67Zn-enriched ZnO QDs ([67Zn] ) 9.6%, T2 ) 24 ns).
With these data, it was possible to estimate the hyperfine contact
term a1 for 67Zn experimentally for the first time. The same
nanocrystals displayed microsecond spin-lattice relaxation
times at cryogenic temperatures, with T1 temperature dependence
suggestive of dominant Orbach processes at higher temperatures.

The results presented here are related to those obtained from
studies of nitrogen-vacancy centers in diamond (NV-) and
phosphorus donors in silicon (Si:P). In both cases, elongated
spin-spin relaxation times were observed after reducing the
concentration of spin-active nuclei in the host lattice. An
extremely long room-temperature T2 value of 1.8 ms was found
for the NV- center in 13C-depleted diamond.48 The NV- center
is a very localized defect, however, and its electron density is
distributed over only approximately four atoms.49 The confined
conduction-band electrons described here are therefore perhaps
more closely related to the electrons of the phosphorus shallow
donor in silicon (Si:P), which is estimated to have an effective
Bohr radius of 1.73 nm,50 comparable to the radii of the QDs
studied here. In 29Si-depleted Si:P, T2 reaches 500 µs at 1.4 K,
while T1 seems independent of nuclear spin concentration (T1

≈ 50 s at 1.4 K).43,51 The values for T2 and T1 for the 67Zn-
depleted n-type ZnO QDs studied here are substantially shorter
than those of both NV- and Si:P, which points to an important
role played by surface ligands. These data furthermore raise
the possibility that extrinsic contributions to relaxation derived
from coupling of conduction-band electrons with nuclear spins

of the QD surface-capping ligands could be studied by EPR
spectroscopy once all or most of the intrinsic 67Zn contributions
are suppressed. Future studies of this weak carrier-ligand
interaction may provide interesting quantitative insights into this
interaction complementary to the recent observation that dipolar
coupling with surface ligand vibrations can mediate intra-
conduction-band electron relaxation dynamics.42 Finally, an
additional important aspect of the confined electron spins studied
here is that they can be gated, providing the ability to control
QD physical properties via external perturbations, such as in
the recently reported charge-state-controlled magnetism of
colloidal Mn2+-doped ZnO QDs.19 This feature, combined with
the preparation of these ZnO QDs as colloids, may ultimately
allow the development of gated spin-based device structures
using simple and inexpensive solution processing techniques.
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