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We report on dynamics of optically induced nuclear spin polarization in individual InP/GaInP quantum dots
at T=4.2 K. Dots with different charge states arising from residual doping in a nominally undoped sample
have been studied. In the same sample, we find strong dot-to-dot variation in the nuclear spin decay times in
the dark from �85 to �6000 s. The longest decay times measured are comparable to those previously
measured in bulk InP and correspond to almost complete suppression of nuclear spin diffusion out of the dot.
In the negatively charged dots, the spin decay times exceed 300 s �with the slowest decay of �6000 s�, about
105 times longer than those reported previously in electron charged dots in gated structures. We discuss
possible mechanisms responsible for suppression of nuclear spin diffusion, including inhomogeneous quadru-
polar shifts and stabilizing effect of the hyperfine interaction with the electron confined in the dot.
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I. INTRODUCTION

Recent years have seen a strong rise in research on phe-
nomena related to individual spins in different branches of
solid-state physics. Such growth has largely been driven by
developments in quantum information processing �QIP�, for
which individual spins have been predicted to form qubits
with favorable properties.1 These developments have also
been supported by the fast progress in nanotechnology,
which now enables access to individual spin states in various
solid-state nanosystems and their control by optical and elec-
trical means.

An essential requirement for a spin qubit will be long-
lived spin memory and coherence relying on its effective
isolation from the magnetic environment. In this respect,
good candidates for solid-state implementation of QIP are
materials with well-isolated nuclear spins such as 29Si
nuclei2,3 and 31P impurities4,5 in silicon, nitrogen nuclei in
N@C60 molecules,6 and 13C �Refs. 7–9� in diamond.

In III-V semiconductors, favored for fabrication of ad-
vanced quantum dot �QD� nanostructures suitable for both
electrical and optical control of single electron and hole spin
states, all atoms carry nonzero nuclear spin. This results in
efficient dissipation of information encoded in the spin de-
gree of freedom due to spin nonconserving nuclear dipole-
dipole interactions, introducing an uncontrollable dephasing
in QD-based qubits.10,11 Dynamic nuclear spin polarization
enabling control over the magnetic environment is a possible
way to circumvent this problem.12–18 This approach will rely
on the knowledge of the dynamic properties of the nuclear
field in a nanostructure, in particular, the speed with which it
is possible to change it by optical or electrical means, and
also the persistence of the nuclear polarization once the spin
pumping has been switched off.

Here we study the dynamic properties of nuclear spin po-
larization in InP/GaInP quantum dots with different charge
states. In contrast to majority of previous studies of nuclear

spin polarization in quantum dots, the charging in the studied
dots arises from random residual doping in a nominally un-
doped semiconductor sample. The dynamics are studied at a
low temperature of 4.2 K in a wide range of magnetic fields.
Under nonresonant optical excitation, the fastest nuclear spin
buildup time as short as �5 ms is found at zero magnetic
field. Slower nuclear spin buildup dynamics characterized
with rise times of �2 s are observed for B�2 T. Nuclear
spin depolarization in the absence of the optical pumping
slows down when magnetic field is applied. In the dots stud-
ied, the decay times in the dark condition in a wide range of
magnetic fields exceed by up to 103 the corresponding polar-
ization buildup times under optical excitation. However, we
also observe strong dot-to-dot variation in the decay time
from �85 to �6000 s in the same sample, with the longest
time comparable to decay time in bulk InP ��7000 s �Ref.
19�� corresponding to nearly complete suppression of spin
diffusion. Long spin lifetimes up to 6000 s are observed in
electron-charged dots, in stark contrast to previous studies on
Schottky structures where decay in electron-charged dots oc-
curred on a millisecond time scale20 while nuclear spin life-
time in an empty dot has been shown to exceed 1 h.21

We consider two possible sources of nuclear spin diffu-
sion suppression responsible for long spin lifetimes: quadru-
polar interaction �QI� and inhomogeneous effective magnetic
field of the electron �Knight field�. Inhomogeneous quadru-
polar shifts of nuclear spin levels induced by elastic stress22

were used recently to explain long nuclear spin lifetimes in
InGaAs QDs.21 In the studied InP/GaInP structures QI plays
a significant role. We show, however, that understanding of
spin dynamics in different dots requires consideration of ad-
ditional relaxation mechanisms dependent on charge, struc-
tural properties, or the surrounding of each particular dot. An
alternative model, studied theoretically recently,23 relies on
stabilizing influence of the inhomogeneous Knight field of
the electron localized on the dot. In our case, the confined
electron is uncoupled from the environment due to the ab-
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sence of electric contacts. We show that this can lead to a
closed electron-nuclear spin system with frozen nuclear
dipole-dipole interaction and hence, suppressed diffusion.
Random noise in the depolarization dynamics observed in a
few cases in our measurements can be explained by dot re-
charging in the absence of photoexcitation. Such recharging
can also explain the observed behavior in one singly posi-
tively charged dot where a long decay time exceeding 1 h
has been measured.

The rest of the paper is organized as follows. In Sec. II we
give a description of the studied structures and experimental
technique. Section III gives experimental results on optical
nuclear spin pumping in quantum dots with different charge
states in a wide range of experimental conditions. Section IV
is devoted to experimental studies of nuclear spin dynamics:
in Sec. IV A dynamics of nuclear spin polarization under
optical excitation �buildup dynamics� are considered while
Sec. IV B presents results on spin decay dynamics in the
dark. In Sec. V we discuss mechanisms of nuclear spin re-
laxation relevant to our experimental results. Finally, in the
Appendix we give details of photoluminescence �PL� char-
acterization of the studied dots.

II. SAMPLES AND EXPERIMENT

The samples with InP/GaInP QDs were grown by low-
pressure metal organic vapor phase epitaxy on �100� GaAs
substrates misoriented toward �111�, in order to suppress the
CuPt-type ordering in the GaInP matrix. The growth tem-
perature �growth rate� was 690 °C �0.7 nm/s� and 650 °C
�0.35 nm/s� for GaAs, GaInP layers and for InP QD layer,
respectively. More detailed information can be found in Ref.
24, where a design of a sample grown on a substrate with
10° misorientation is given. We find that the structure grown
using the same procedure but on a substrate with 3° misori-
entation has much lower quantum dot density compared to a
10° misoriented sample. This may be a result of increased
density of monoatomic layer steps, acting as nucleation sites
for quantum dot formation, in a sample with larger substrate
misorientation.25 In this work we use both 10° misoriented
high-density �HD� and 3° misoriented low-density �LD�
samples covered with metal shadow masks with 400–800 nm
clear apertures that allow single quantum dots to be ad-
dressed optically.

A typical low-temperature PL spectrum of ensemble of
InP/GaInP dots has a bimodal distribution with two broad
peaks centered around 1.67 and 1.8 eV.24 It has been shown
that the low-energy band corresponds to emission from large
fully developed dots that can accumulate large number of
charges while high-energy distribution corresponds to lumi-
nescence of small disk-shaped partially developed dots.26,27

In the present work we use the dots of the second type24,28

whose emission consists of narrow lines at �1.78–1.84 eV
with spectral full width at half maximum �60 �eV limited
by spectrometer resolution. Experiments were performed on
individual dots at a temperature of 4.2 K, in external mag-
netic field up to 8 T parallel or perpendicular to the sample
growth axis Oz. The sample was excited with a laser at 1.88
eV, below the GaInP band gap.26,29 The ground-state QD PL

was collected and dispersed by a double 1 m spectrometer
coupled with a charge coupled device �CCD�.

The samples were not doped intentionally and did not
have Schottky diode structures. As a result the charge state of
the dots could not be controlled by external bias. However,
due to the presence of impurities, combined with the effect
of photodepletion30 induced by laser excitation, quantum
dots with different charging could be found in these struc-
tures. Using magnetospectroscopy and Hanle effect measure-
ments we distinguish between PL lines corresponding to neu-
tral excitons and trions from positively and negatively
charged dots. In this work we use only those dots where PL
spectrum is dominated by emission corresponding to only
one charge state in a wide range of photoexcitation power.
However, it cannot be excluded that in the absence of pho-
toexcitation QD can change its charge state. Such recharging
cannot be detected by means of PL spectroscopy but may
have a significant effect on nuclear spin decay dynamics
when the sample is held in the dark �see discussion in Sec.
V�. The details of sample characterization are given in the
Appendix. These experiments also allow to determine mag-
netic properties of the charge carriers important in nuclear
spin measurements: electron and hole g factors were found to
be ge,z�+1.5 and gh,z�+2.7, respectively.

III. OVERHAUSER EFFECT IN InP/GaInP QUANTUM
DOTS WITH DIFFERENT CHARGE STATES

The dynamic nuclear polarization occurs under circularly
polarized optical excitation of the dot leading, initially, to
pumping of the electron spin.31 The hyperfine interaction
leads to spin flip-flops between the electron and a single
nucleus.14,15,28,32,33 Macroscopic nuclear spin, accumulated
on the dot as a result of the dynamic nuclear polarization,
acts back on either the confined or photoexcited electron
with an effective magnetic field BN.31,32 This results in the
modification �Overhauser shift� of the electron energy spec-
trum manifested in the splitting �E=�B�ghBz−ge�Bz+BN��
observed in the electron-hole recombination spectrum34 �ge�h�
is the electron �hole� g factor and �B electron Bohr magne-
ton�. The maximum variation in �E corresponding to fully
polarized nuclear spins is �230 �eV in InP.35 The sign of
BN depends on the helicity of the circularly polarized excita-
tion. In this work we measure �E to determine BN, directly
reflecting the degree of the nuclear spin polarization on the
dot.

The efficiency of nuclear spin pumping strongly depends
on the charge state of the dot, external magnetic field, and
intensity of the circularly polarized laser.15,17,24,36,37 Figure
1�a� shows normalized PL intensity of trions in negatively
�X−� and positively �X+� charged dots �N1 and N2, respec-
tively� and of exciton and biexciton in a neutral dot �N3�
measured as a function of the laser pump power Pexc. For all
quantum dots ground-state luminescence intensity reaches its
maximum at Pexc

sat �25 �W indicating maximum occupancy
of the dot with a single photoexcited electron-hole pair. At
higher excitation densities QD emission disappears in broad
background luminescence that can arise from highly excited
QD transitions or from delocalized electron-hole pairs in the
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wetting layer. Overhauser splitting �OHS� and corresponding
nuclear field BN are shown in Fig. 1�b� as a function of the
pump power under �+-polarized excitation at Bz=2.5 T for
the same dots as in Fig. 1�a�. In order to measure the spectral
splitting at high excitation density, when QD luminescence is
suppressed, we use pump-probe techniques. A cycle consist-
ing of a long, variable power pump pulse followed by a short
low power probe is repeated periodically, with the PL mea-
sured only during the probe pulses. In order to reduce the
effect of the probe on nuclear spin polarization in the dot, the
pump and probe durations tpump and tprobe are chosen to sat-
isfy the condition tpump��buildup� tprobe, where �buildup is the
nuclear spin buildup time under optical pumping, measured
in time-resolved experiments �see Sec. IV A�.

In the charged quantum dots �both X+ and X−� steady-state
nuclear spin polarization 	BN	 grows quickly with increasing
excitation power Pexc and reaches �0.6 T at Pexc

sat corre-
sponding to the highest degree of QD occupancy with the
exciton, observed as PL intensity maximum �Fig. 1�a��. By
contrast, comparable nuclear polarization in a neutral dot can
only be achieved using high power excitation �Pexc
�200 �W� resulting in almost complete suppression of QD
PL. This suggests that nuclear spin polarization in negatively

�positively� charged dots is induced by spin-polarized elec-
trons �trions� localized on the dot38 while in neutral dots
nuclear polarization can build up due to the effect of delo-
calized carriers and can be accompanied by significant polar-
ization in material surrounding the dot. Importantly for
nuclear spin dynamics experiments, moderate power optical
excitation of charged dots can be used to create considerable
degree of nuclear polarization �up to �50%� localized on the
nanometer-scale volume of the dot only.

In the neutral quantum dots nuclear spin pumping is
found to be ineffective at moderate optical power �Pexc
� Pexc

sat � in a wide range of magnetic fields. In contrast to
GaAs/AlGaAs dots,33,39 in InP dots 	BN	 remains small even
when magnetic field overcomes the effect of the fine-
structure splitting at Bz�	b / ��b	gh−ge	�
1 T, restoring
electron-spin projections along Oz axis. We also find that in
contrast to theoretical prediction,40 no significant nuclear
spin pumping takes place when energy splitting between Jz
=+1 and Jz=+2 exciton levels with opposite electron spins is
significantly reduced due to crossing of “dark” and “bright”
exciton states at Bz�2.5 T �see the Appendix�. A complete
description of the dynamic nuclear polarization process in
dots with different charging requires detailed consideration
of electron-hole capture/recombination dynamics as well as
the hyperfine interaction in different exciton states of the dot,
which is out of the scope of the present work. We note,
however, that the low efficiency of nuclear spin pumping
process in neutral dots is mainly due to the role of optically
inactive �dark� exciton ground states, slowing down re-
excitation of the dot. By contrast all spin states of the trion in
both positively and negatively charged dots are optically al-
lowed, enabling fast recycling of the spin-polarized electron.

In singly charged dots, excitation with circularly polarized
light leads to 	BN	�0.2 T even at zero magnetic field.
Nuclear polarization 	BN	 as a function of external field Bz
under �+ and �− excitations with a constant power Pexc
=70 �W is shown for a negatively �positively� charged dot
in Figs. 1�c� and 1�d�. For both signs of QD charging nuclear
field BN is positive �negative� under �− ��+� excitation.
Steady-state nuclear polarization is determined by the bal-
ance between the nuclear spin pumping rate ws, controlled by
optical excitation, and nuclear spin depolarization rate wd.
The latter also depends on optical excitation: relaxation of
the nuclear spin during capture or recombination of the elec-
tron in the dot can be due to fluctuations of the electron
Knight-field33 or electric field gradients interacting with qua-
drupolar moments of In nuclei.41 Stationary 	BN	 grows when
magnetic field is increased from 0 to �1 T due to suppres-
sion of nuclear spin depolarization. Nuclear spin pumping is
especially effective under �+ excitation at Bz=1–3 T when
optically induced nuclear field acts to reduce the electron
Zeeman splitting and to enhance the electron-nuclear flip-
flop rate. This positive feedback results in nuclear spin bista-
bility and enhanced nuclear spin polarization.17,24,42,43

Nuclear polarization under �− excitation is significantly
smaller due to the negative feedback caused by BN�0. In the
positively charged dot X+ N2 �LD-sample� nuclear polariza-
tion under �−-polarized laser is almost completely sup-
pressed at Bz�2.5 T, observed as a dip in BN in Fig. 1�d�.
This may be a combined effect of magnetic field dependence
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FIG. 1. �Color online� Results of the optical spin pumping ex-
periments on quantum dots with different charging. �a� Normalized
PL intensity as a function of pump power of the trion transitions in
negatively �X−� charged dot �N1�, positively �X+� charged dot �N2�,
and exciton �X0� and biexciton �XX0� transitions in a neutral dot
�N3�. �b� Overhauser splitting �OHS� and corresponding nuclear
field as a function of the power of �+ excitation at Bz=2.5 T for the
dots shown on panel �a�. ��c� and �d�� Nuclear polarization 	BN	 as a
function of magnetic field Bz under �+- �squares� and �−- �circles�
polarized excitation at Pexc=70 �W in �c� negatively and �d� posi-
tively charged dots N4 and N2, respectively. In both cases BN�0
�BN�0� when excited with �+ ��−�-polarized laser.
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of electron-to-nuclei spin transfer rate ws, nuclear spin depo-
larization rate wd, hole spin-relaxation rate, and the trion
spin-polarization degree. At high Bz the Overhauser shift
caused by BN becomes small compared to the electron Zee-
man splitting, thus reducing the strength of the feedback in
the electron-nuclear system. As a result, the difference be-
tween �+- and �−-polarized excitation becomes less pro-
nounced as observed in Figs. 1�c� and 1�d�.

IV. NUCLEAR SPIN DYNAMICS

A. Dynamics of nuclear spin polarization under optical
pumping (nuclear spin buildup dynamics)

The electron-to-nuclei spin transfer rate

ws � 	Ahf	2/��Ee
2 + �2/4� , �1�

where Ahf is the hyperfine interaction constant, � is the
electron-spin state broadening, and �Ee=�Bge�Bz+BN� is the
electron-spin splitting,31 decreases significantly when �Ee
�� due to the energy conservation during the “flip-flop”
process. Strong magnetic field dependence of ws and the
feedback in the electron-nuclear spin system result in a com-
plicated nuclear spin dynamics in a charged QD.44 Kinetics
of nuclear spin polarization under optical pumping �referred
to as nuclear spin buildup below� at various Bz has been
studied experimentally using time resolved techniques. Tem-
poral resolution was achieved by using either mechanical
shutters with time accuracy �2 ms at Bz�0 or high-speed
electro-optic and acousto-optic modulators at B=0. Time
diagram of a single experiment cycle is shown in Fig. 2�a�.
First, long circularly polarized erase pulse initializes nuclear
spins on the dot removing any polarization left from the
previous cycle. Immediately after that, a pump pulse of vari-
able duration, with the helicity opposite to that of the erase
pulse, creates nuclear polarization of the opposite sign. The
shutter of the detection system is opened after a tpump delay
from the beginning of the pump for a detection time tdet. This
cycle is repeated several times to achieve good signal-to-
noise ratio in the PL spectra, from where we deduce the trion
�or exciton� spectral splitting and hence BN.

The dependence of the spectral splitting on the pump time
tpump gives a transient curve of BN, enabling measurements of
the dynamics of nuclear spin buildup. In order to measure the
dynamics for a wide range of tpump the duration of the erase
pulse terase and detection time tdet are also varied, according
to the rule terase=8tpump and tdet= tpump /4. In this experiment
we use pump and erase pulse of the same excitation power
�70 �W. In the limit of long tpump, the nuclear field reaches
a steady-state value BN, which depends on the external mag-
netic field, polarization, and power of excitation as shown in
Figs. 1�c� and 1�d�.

Nuclear spin buildup dynamics of BN in a negatively
charged dot X− N4 are shown in Figs. 2�b� and 2�c� for Bz
=0 and 2 T ��+ pump� and 0.4 T ��+ and �− pumps�. As
expected from Eq. �1� external magnetic field significantly
slows down nuclear spin buildup dynamics. At zero field BN
reaches its steady state during several milliseconds, whereas
this requires several seconds at Bz=2 T. Nonlinear depen-

dence of ws on BN also results in nonexponential kinetics of
nuclear polarization. This has a notable manifestation at
small fields Bz�0.2–0.6 T, where BN can compensate Bz
enhancing electron-nuclear spin transfer rate and nuclear
spin bistability is observed.24 The time dependence of BN
after switching polarization of excitation from �+�−� to �−�+�

at Bz=0.4 T shown with open �solid� triangles in Fig. 2�c� is
strongly asymmetric with respect to the pump-laser helicity.
For �−-polarized pump the initial rise of BN from nuclear
polarization achieved during �+-polarized erase pulse �BN
�−0.6 T� to the polarization measured for shortest pump
time �BN�−0.15 T� is not time-resolved experimentally.
This suggests that the buildup of BN from −0.6 to −0.15 T,
shown by the dashed arrow in Fig. 2�c�, takes place during
the shortest pump time tpump=7 ms determined by the reso-
lution of the mechanical shutters. For the �−-polarized pump
a slow change in BN is observed for tpump�1 s while for �+

pump BN abruptly reaches a constant value after tpump
�0.2 s. In the latter case the observed sharpness of transi-
tion is limited by averaging of the PL signal during the de-
tection time tdet= tpump /4. Thus the highest nuclear field
variation rate 	dBN /dt	 is observed at BN�−Bz, correspond-
ing to the maximum of the electron-nuclear spin-flip rate ws
at �Ee�0 �see Eq. �1��.

As nuclear spin buildup is not exponential we use pump
time �buildup required to reach a change in BN equal to 70% of
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the temporal dynamic range BN�tpump→
�−BN�tpump→0� as
a measure of the nuclear spin kinetics. The dependence of
�buildup in the negatively charged dot N4 on Bz for
�+-polarized pump is shown in Fig. 3 with triangles. The
nuclear spin buildup time increases from �buildup�5 ms at
B=0 to �buildup�2.5 s at Bz=2 T, which confirms the reso-
nancelike dependence of the nuclear spin transfer rate on the
electron-spin splitting. However, the simple rate equation
model, proposed in Ref. 44 with spin transfer rate given by
Eq. �1� does not describe quantitatively the observed nuclear
spin dynamics in the whole range of Bz. In particular, it can-
not also explain the saturation of tbuildup at Bz�2 T. This
discrepancy might be the evidence of several competing pro-
cesses leading to the dynamic nuclear polarization.

We find that the nuclear spin buildup time in positively
charged dots has the same strong dependence on the external

field increasing from �buildup�4 ms at B=0 to �buildup
�2 s at Bz�2 T. In the neutral dot, where the nuclear spin
pumping is only possible for high excitation power in exter-
nal magnetic field �see Sec. III�, the buildup time �buildup
�1 s is found for pump power Pexc=400 �W at Bz
=4.1 T.

B. Dynamics of nuclear spin polarization in the absence of
optical excitation (nuclear spin decay dynamics)

Measurements of the nuclear spin lifetime in individual
dots have been carried out with a pump-probe method based
on the single-dot PL detection. The time diagram of the
nuclear spin decay measurement is shown schematically in
the inset of Fig. 4�b�. The nuclear spin polarization BN

pump is
induced by a circularly polarized pump pulse with a duration
tpump. Photoexcitation is then blocked for a time tdelay by a
mechanical shutter insuring complete suppression of the
stray light. After a delay, the nuclear polarization is measured
in PL excited with a short probe pulse tprobe. The durations of
the pulses were chosen to be tprobe� tbuildup� tpump in order
to ensure that the pump pulse initializes nuclear polarization
to a certain level, and that BN does not change significantly
during the excitation with the probe. In our experiments
these times were chosen to be tpump�7� tbuildup and tprobe
� tbuildup /10. Due to the strong dependence of tbuildup on Bz
�see Sec. IV A�, these conditions required shortening of tprobe
in low magnetic fields and led, for example, to tprobe at Bz

0.3 T shorter than the time needed for PL measurements
with an acceptable signal-to-noise ratio. In those cases the
cycle shown in the inset in Fig. 4 is repeated several times
and BN averaged over several cycles is measured. By con-
trast, at high Bz detection in a single probe pulse allows to
measure the instantaneous value of BN in a single quantum
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FIG. 3. �Color online� Magnetic field dependence of the nuclear
spin buildup time under �+-polarized optical pumping �open sym-
bols� and of the spin decay time in the dark condition �solid sym-
bols� in a negatively charged dot X− N4 �HD sample�.
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dot. The necessity to repeat multiple cycles during the single
accumulation at small Bz also limits the longest possible
tdelay due to limited maximum exposure time of the CCD
camera. As a result at zero field the maximum tdelay �15 s
can be employed while at high magnetic field the longest
delay used tdelay �4000 s is limited only by the total experi-
ment time of �40 h.

Excitation power of the pump pulse Pexc in the experi-
ments on charged dots has been chosen at a relatively low
level roughly corresponding to the maximum intensity of the
ground-state trion PL Pexc� Pexc

sat �see Sec. III�. Under this
condition, PL spectra consist mainly of the QD emission
lines and thus the pump creates large nuclear polarization
localized in a nanometer-scale volume of the dot. Small ef-
ficiency of the optical spin pumping in neutral dots requires
the use of high power excitation Pexc�15Pexc

sat in order to
create measurable BN. At this Pexc the ground-state QD PL is
suppressed and strong PL from delocalized carriers in the
wetting layer is observed. In that case nuclear spin polariza-
tion initialized by the pump pulse is likely to have a more
uniform distribution around the dot.

Symbols in Fig. 4�a� show nuclear spin decay dynamics in
a negatively charged dot X− N4 in the high-density sample.
The data were measured in magnetic field Bz=8 T for both
�+ and �− pumping. In this experiment each point has been
measured in a single pump-probe cycle. There is no signifi-
cant decay of nuclear spin polarization at tdelay 
100 s.
However, for longer delays BN fluctuates from zero to the
level close to the initial polarization BN

pump. Such large fluc-
tuations of BN with a random telegraph noise character ob-
served after long delays mean that the nuclear spin decay in
the QD is controlled by random discrete processes and can-
not be described by a continuous function BN�tdelay�. How-
ever, in order to obtain a quantitative estimate for the time
scale of this process we use exponential approximation with

�dec
X−,N4�250 s shown with solid lines in Fig. 4�a�. Pump-

probe measurements performed on this dot in a wide range
of Bz reveal similar stochastic character of nuclear spin de-

polarization, which leads to large uncertainty in the �dec
X−,N4

estimate.

The dependence of �dec
X−,N4 on Bz is shown in Fig. 3 with

squares. We find that the decay time varies between 102 and
103 s when Bz changes from 0.3 to 8 T �the uncertainty in
�dec measurements is also connected with the nonexponential
decay�. Measurements of spin dynamics at zero field allow to
estimate only the order of the decay time due to the small-
ness of BN that can be pumped under this condition. Never-

theless, a significant decrease in �dec
X−,N4 down to 1–10 s can be

clearly detected and is due to the effect of the dipole-dipole
interaction.31 We also find that variation in the pump time
tpump from 2� tbuildup to 50� tbuildup in high magnetic field
does not lead to any noticeable change in the nuclear spin
decay dynamics, emphasizing that nuclear spin diffusion dur-
ing the pump pulse is negligible in this negatively charged
dot.

We have also studied nuclear spin relaxation processes in
dots with differing charge states at high external field Bz
=4.1 T when the nuclear-nuclear dipole-dipole interaction is
largely suppressed. Figure 4�b� shows decay curves for two

positively charged dots X+ N2 �circles� and X+ N5 �squares�
in the LD sample. In contrast to X− N4, decay in positively
charged dots does not show any fluctuations exceeding ex-
perimental error, the symbols and error bars on the graph
correspond to an average and standard deviation over several
measurements taken for the same delay. Nuclear polarization
in dot N2 decays only to �50% of its initial value for the
longest delay time of 4000 s, with exponential fit �dashed

line� giving �dec
X+,N2�4200 s. In dot N5 spin relaxation is sig-

nificantly faster and is strongly nonexponential �an exponent

with �dec
X+,N5=85 s is shown with a solid line for comparison�.

The decay of nuclear polarization in X+ N5 is very fast at the
initial stage with a subsequent slowing down at longer delay
times, compared to the relaxation determined by a linear pro-
cess. Such spin decay is characteristic of nuclear spin diffu-
sion.

Figure 4�c� shows the results of the same experiments
repeated for a neutral dot �X0 N3, circles� and for a nega-
tively charged dot �X− N1, squares� from the LD sample.

Exponential approximations shown with lines yield �dec
X0,N3

�350 s and �dec
X−,N1�5800 s, respectively. The decay in the

neutral dot is more satisfactorily described with a single ex-
ponent compared to the decay dependence in the positively
charged dot X+ N5. We also note that in the neutral dot
fluctuations of BN at delays tdelay �300 s exceed experimen-
tal error, although they are not as pronounced as in the nega-
tively charged dot X− N4 �see Fig. 4�a��.

V. DISCUSSION

In this section we will discuss the nuclear spin dynamics
observed in the previous sections with a particular focus on
possible mechanisms leading to slow nuclear spin decay. The
latter will be discussed in terms of suppression of nuclear
spin diffusion. The two possible mechanisms leading to such
suppression are the QI and inhomogeneous Knight field of
the electron confined in the dot. We will show that both
mechanism must be taken into account in order to describe
the whole set of data for neutral and charged dots described
above.

In indium phosphide 31P nuclei account only for �8% of
the maximum Overhauser shift,35 which means that large
nuclear polarization of �50% observed in this work is
mainly due to 115In spins with I=9 /2. Nuclear spin relax-
ation time of 115In in bulk InP at low temperature was found
to be �dec�450 s in n-type material and was ascribed to
hyperfine interaction with conduction electrons45 while in
semi-insulating InP spin-relaxation time of �dec�7000 s has
been reported.19 We also note that In nuclei have large qua-
drupolar moment Q�0.8�10−24 cm2 while Q=0 for P nu-
clei.

Inhomogeneous distribution of nuclear polarization in
quantum dots may lead to effective spin relaxation via spin
diffusion.39,46,47 Estimates and experiments show that spin-
diffusion coefficients in different semiconductors have simi-
lar values of D�10−13–10−12 cm2 /s.46,48 Calculation of spin
diffusion for QDs with typical dimensions of the studied InP
dots with D�10−13 cm2 /s yield decay times on the order of
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�5 s. In all studied InP dots spin decay times exceed �dec
�80 s corresponding to suppression of spin diffusion. The
longest decay times of strongly inhomogeneous nuclear po-
larization ��dec�5800 s, X− N1� are comparable to the de-
cay time of the uniform spin polarization in bulk material,
which means that suppression of spin diffusion can be almost
complete. It follows from our experiments that this suppres-
sion is dot dependent: nuclear spin decay time is found to
vary by �70 times �X− N1 and X+ N5� in the same sample.

Furthermore, we find that nuclear polarization measured
in X− N4 after the delay can vary from measurement to mea-
surement �Fig. 4�a��: BN can decay almost to zero in less than
200 s, whereas in several instances a substantial nuclear po-
larization can be detected at delays longer than 1000 s after
the pump pulse, implying that strong suppression of spin
diffusion similar to the case of X− N1 can take place. This
cannot be a result of statistic fluctuations in the system con-
sisting of �104 nuclei, which means that spin relaxation in
the dot X− N4 is triggered by discrete processes.

Thus we need to explain the following major tendencies
in nuclear polarization decay in dots randomly charged by
residual doping: �i� spin-diffusion suppression and �ii� strong
dot-to-dot variation in spin relaxation as well as strong fluc-
tuations in the spin decay observed in some dots.

One possible way to suppress spin diffusion is to create a
uniform spin distribution by pumping nuclear spin in the
material surrounding the dot.46 However, in the case of high
power excitation, leading to nuclear spin pumping via delo-
calized electrons in the wetting layer, no significant slowing

down of spin relaxation was observed ��dec
X0,N3�350 s in a

neutral dot�. Much longer decay times are observed in other
dots for low power pumping with relatively short optical

pulses ��dec
X−,N1�5800 s in a negatively charged dot�. We

therefore conclude that an explanation based on the uniform
nuclear spin pumping in the material surrounding the dot can
be ruled out.

Another mechanism of spin-diffusion suppression in-
volves inhomogeneous shifts of nuclear Zeeman energies
due to quadrupolar interaction resulting from electric field
gradients. In the simple case when gradients are induced by
uniaxial elastic strain along Oz direction parallel to magnetic
field the QI Hamiltonian for nuclear spin I�1 /2 can be writ-
ten as48

ĤQ = h�Q�Îz
2 − I�I + 1�/3�/2, �2�

where �Q is a quadrupolar frequency proportional to the
component of the deformation tensor �Q�ezz. The magnitude
of QI can also be expressed in terms of effective magnetic
field BQ=2��Q /�. External magnetic field B� acts on the
nuclear spin via the standard Zeeman Hamiltonian

ĤZ = ���I�̂,B� � , �3�

where � is a gyromagnetic constant. The quadrupolar fields
in InP for a typical deformation ezz�0.02 have been
estimated22 to be BQ�100 mT. For a large external field
Bz�BQ QI Hamiltonian �2� gives rise to nonequidistant
shifts of the nuclear Zeeman levels. Nonuniform strain dis-

tribution also leads to position dependent �Q resulting in an
energy mismatch between the adjacent nuclei. These two rea-
sons lead to significant reduction in the nuclear flip-flop
probability. Such mechanism of diffusion suppression has
been shown to result in long spin lifetimes of �dec�3600 s
in InGaAs/GaAs QD structures21 where strain arises from the
lattice mismatch of �3% between InGaAs and GaAs. The
studied InP/GaInP structures have lattice mismatch �3%
�Ref. 49� similar to InGaAs/GaAs and consequently In nuclei
that have a large quadrupolar moment are also expected to
exhibit strong quadrupole effects. We argue that QI plays a
significant role in stabilization of nuclear spin on the dots, as
even the fastest decay dynamics observed in this work sug-
gest considerable suppression of spin diffusion.

On the other hand, strong dot-to-dot variation in spin de-
cay times means that either QI is dot dependent or that in
some dots an additional relaxation mechanism is possible.
Variation in QI in different dots, although possible, seems
rather unlikely. From our spectroscopy studies we find that
all of the dots have very similar characteristics: magnitude
and anisotropy of in-plane hole g factors in charged dots
�that is, the same magnitude of heavy-light hole mixing
caused by symmetry reduction�, dark-bright exciton splitting
in neutral dots �anisotropy of e-h exchange interaction
caused by lattice mismatch and exciton confinement�, dia-
magnetic shifts and ground-state PL energies �sizes and ma-
terial compositions of the dots�. We thus expect these dots to
have similar electric field gradients responsible for QI.

Variation in the spin depolarization times may arise from
differing efficiency of interaction with the charges in the dot
environment. For example, in negatively charged InGaAs
dots embedded in Schottky diode structures, spin decay was
found to take place on a millisecond time scale20 mainly due
to the interaction of the charge on the dot with the electron
sea in the gate leading to the electron cotunneling.50 In our
gate-free samples the dots may, in principle, still interact
with charge reservoirs, which may exist in adjacent fully
developed InP dots that can accumulate large numbers of
electrons26 and thus effectively act as an “electron sea.” Ran-
dom behavior in the nuclear spin dynamics observed in X−

N4 can be explained by random, low probability fluctuations
of charges in the dot and its environment due to the presence
of such electron reservoirs. Strong interactions with neigh-
boring dots are particularly probable in high-density sample.
On the other hand, we find fast spin relaxation in positively
charged and neutral dots �X+ N5 and X0 N3�, where the effect
of cotunneling is either negligible �due to the small hyperfine
coupling and large mass of the hole� or absent �in the neutral
dots�. Thus explanation based on cotunneling effect requires
an assumption that some dots can capture extra electrons in
the absence of photoexcitation �see discussion below�. At
this point we can conclude that explanation of the observed
spin dynamics based on the effect of QI is possible, but
meets certain difficulties, and may in addition require con-
sideration of other dot-dependent factors such as the interac-
tion with the local charge environment.

An alternative mechanism of the nuclear spin stabilization
is the interaction of nuclei with the inhomogeneous Knight
field of the confined electron, the effect considered theoreti-
cally by Deng and Hu.23 The electron in the dot with spin s�
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acts on the nuclei with the Knight field B� e proportional to the
envelope wave-function density 	��r�	2 at the nucleus site r�,

B� e�r�� =
A	��r��	2

��
s� , �4�

where A�47�36� �eV is a hyperfine interaction constant of
indium �phosphorus� in InP.35 Position-dependent Be leads to
a strong inhomogeneity in the nuclear Zeeman splitting �see
diagram in Fig. 5�a�� and, as a consequence, to suppression
of nuclear spin diffusion.

The hyperfine field of the electron on the dot can be mea-
sured directly from the magnetic field dependence of the
Overhauser field 	BN	 at low 	Bz	�20 mT under circularly
polarized excitation15,51 as shown in Fig. 5�b� for negatively
charged dot N4. When an external magnetic field compen-
sates the inhomogeneous Knight field for a portion of the QD
nuclear spins, the Zeeman splitting becomes zero for these
nuclei. This enhances spin relaxation, observed as a partial
decrease ��10%� of the Overhauser field. Excitation with
the opposite circular polarization creates a Knight field of the
opposite sign. The splitting 2�Be� between the minima of 	BN	
curves for the two polarizations gives the average Knight
field �Be��3 mT. Taking into account the PL polarization
degree �c�−30%, directly corresponding to the electron-
spin polarization, we find that the actual value of the Knight

field amounts to Be�10 mT.52 Assuming a disk-shaped QD
with height z0=4 nm and diameter d0=30 nm we can esti-
mate the mean variation in the Knight field over the distance
between adjacent nuclei of the same sort �0.7� l0 �l0
�0.5 nm is a unit-cell size� to be �Be

z �1.8 mT and �Be
x,y

�0.25 mT in directions normal and parallel to the sample
surface, respectively.

The estimated differences of nuclear spin splitting be-
tween neighboring nuclei exceed the nuclear spin level
broadening, which is expected to be on the order of the local
field BL�0.1 mT �Ref. 31� created by the nuclear dipole-
dipole interaction.53 Such Zeeman splitting mismatch be-
tween adjacent nuclei reduces the probability of nuclear spin
transfer via the flip-flops suppressing spin diffusion out of
the dot. Importantly, the effect of the Knight field is more
pronounced for Oz direction normal to the larger top/bottom
surface of the dot, while spin diffusion through the smaller
side surface of the dot, where Knight-field gradient is
smaller, is less significant due to the small height to width
ratio of the studied dots �estimated to be less than 1/10�. This
rough estimate is confirmed by more comprehensive analysis
in Ref. 23. Thus, due to the reduced spin leakage into the
surrounding bulk in a negatively charged dot �as in X− N1�,
electron and nuclei can form a closed system with the stable
total spin. By contrast, hole confined on the dot will not lead
to nuclear spin freezing due to weak hyperfine interaction for
p-type wave functions ��10% of that for s-type states54�.

This suppression mechanism allows to explain relatively
fast relaxation in positively charged and neutral dots �X+ N5
and X0 N3�, where spin diffusion is reduced only due to QI
�in the neutral dot diffusion might be also suppressed due to
more uniform initial polarization caused by the higher power
of the pump, see Sec. IV B�. Taking into account possible
charge instabilities in the dot environment, it is also possible
to explain the random behavior of the nuclear spin decay in
X− N4: if the electron hops out of the dot during the dark
time, the stabilizing Knight field disappears enabling the
nuclear spin relaxation due to the dipole-dipole interaction,
leading, in particular, to nuclear spin diffusion. However,
slow spin dynamics observed in the positively charged dot
X+ N2 still conflict with this model.

As in the case of QI-induced stabilization, this discrep-
ancy can be resolved if we consider the possibility of the dot
recharging, when the laser excitation is completely blocked
during the pump-probe delay, similar to the assumed random
jumps of the electron responsible for large fluctuations of
spin polarization in X− N4. In fact, this particular dot �X+ N2�
is found to be more prone to the random recharging than the
other dots studied. Figure 5 shows PL spectrum of the 800
nm aperture with both positively charged dots X+ N2 and N5
at low excitation Pexc�10 �W �c� and temporal dependence
of the spectrum at increased power Pexc�200 �W �d�. It
can be seen that at high excitation power PL of the dot N2
can completely disappear from the spectrum, this process is
accompanied by a large spectral drift of additional spectral
features. At the same time PL from the dot N5 is very stable–
its spectral position remained unchanged for �1000 h of
experimental studies.

As mentioned above, the absence of the electric gate is
essential in eliminating fast spin relaxation via cotunneling
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FIG. 5. �Color online� �a� Schematic representation of the effect
of a trapped electron on nuclear spin on the dot: inhomogeneous
Knight field causes energy splitting mismatch between different nu-
clei, leading to suppression of nuclear spin diffusion out of the dot.
�b� Magnetic field dependence of the nuclear polarization 	BN	 on
the negatively charged dot N4 under �+ �squares� and �− �circles�
excitations. The observed minima of nuclear polarization corre-
spond to the situation when the external field Bz compensates elec-
tron Knight field �Be induced by �� excitation, resulting in partial
depolarization of nuclei. The value of �Be��3 mT is estimated
from splitting between the minima. ��c� and �d�� PL spectrum from
the aperture containing two positively charged dots �X+ N2 and N5�
�c� at a low excitation power 10 �W and �d� its time dependence
under high power �200 �W� excitation. Dot N2 and additional
spectral features observed at high power demonstrate a large ran-
dom spectral drift while PL from the dot N5 is stable in time.
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but it brings the disadvantage of uncertainty in the charge
state of the dot and insufficient control of its electrostatic
environment. Even low power photoexcitation may change
charge distribution in the neighboring dots and wetting layer.
Thus, for some dots the charge state in the dark condition
may differ from that observed in photoluminescence. The
explanation of the long spin lifetime in X+ N2 within the
Knight-field stabilization concept requires the assumption
that this dot, observed as a positively charged in PL, changes
its state to negatively charged once photoexcitation has been
switched off. Such recharging can take place if the dot re-
versibly captures two additional electrons when it is not il-
luminated. Verification of the discussed role of the electron
on the nuclear spin dynamics requires further studies using
QD structures with electrically controlled charging but with
small tunneling rate into the contact.

VI. CONCLUSION

In conclusion, experimental studies of optically induced
nuclear spin dynamics in charged InP/GaInP quantum dots in
electric-contacts-free structures revealed long-lived nuclear
polarization in singly negatively and positively charged as
well as in neutral dots. The spin depolarization decay time in
the dark varies from �85 to �6000 s, the latter observed for
a negatively charged dot and corresponding to almost com-
plete suppression of nuclear spin diffusion out of the dot.
This is in strong contrast to previous observations of nuclear
spin depolarization on the millisecond time scale in nega-
tively charged dots in Schottky devices, explained by the
electron cotunneling to the contacts. To explain the observed
suppression of nuclear spin diffusion, we have examined two
recently proposed mechanisms, including quadrupole effects
and stabilization arising from the inhomogeneous Knight
field of the electron confined on the dot. It is shown that both
concepts can only partly explain the experimental observa-
tions and require additional relaxation mechanism to account
for strong variation in nuclear spin dynamics in different
dots. We argue that the charge dynamics in the dot and its
environment due to residual doping and photoexcitation can
have a strong effect on nuclear spin dynamics. The lack of
precise control over the dot charge state hinders controlled
manipulation of the nuclear spin dynamics on the dot, which
will be resolved in further studies on doped samples or care-
fully designed charge-tunable devices.
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APPENDIX: PHOTOLUMINESCENCE OF InP/GaInP
QUANTUM DOTS WITH DIFFERENT CHARGE STATES

Figure 6�a� shows PL spectra of a single quantum dot N3
from LD sample measured in circular polarizations of detec-
tion in Faraday geometry �B 
Oz� and in two orthogonal lin-
ear polarizations in Voigt geometry �B 
Ox�. Energies of all

PL lines resolved in this experiment are shown as a function
of magnetic field in Fig. 6�b�. Linearly polarized doublet at
zero magnetic field with spectral splitting 	b�60 �eV is
characteristic of an exciton �X0� luminescence in a neutral
dot.55 This is further confirmed by observation of a biexciton
�XX0� doublet with equal splitting and reversed order of lin-
early polarized components �5 meV below exciton
emission29 at high excitation density �not shown in Fig.
6�a��. Magnetic field parallel to the sample surface mixes the
states of the optically active �bright� doublet with moment
projection Jz= �1 and dark exciton states with Jz= �2.55 As
a result, the latter gain nonzero oscillator strength, which is
observed as an additional line emerging �0.2 meV bellow
the allowed doublet at a relatively small magnetic field Bx
=0.5 T. High magnetic field parallel to the sample surface
splits both bright and dark states into four well-resolved lin-
early polarized components.

Magnetic field normal to the sample surface increases the
splitting of the bright doublet converting linear polarizations
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FIG. 6. �Color online� �a� Photoluminescence spectra of a neu-
tral exciton X0 �dot N3� measured in �+ and �− circular polariza-
tions in Faraday �B 
Oz� geometry ��−-polarized excitation� and in
orthogonal �1, �2 linear polarizations in Voigt �B�Oz� geometry
�linearly polarized excitation�. Low energy parts of the spectra in
Faraday geometry separated by vertical line are multiplied by 10.
�b� Energies of PL lines deduced from spectra in panel �a� as a
function of magnetic field. Exciton components originating from
bright Jz= �1 �dark Jz= �2� states are shown with squares �tri-
angles�. Solid lines show approximation �see explanation in text�.
��c� and �d�� Hanle effect measurements for various charged dots.
Circular polarization degree of PL under circularly polarized exci-
tation is shown as a function of in-plane magnetic field Bx for �c�
positively and �d� negatively charged dots. Solid lines show best fit
with Lorenz function. The products of depolarization times and g
factors are found from the fitting: gT=350 ps �X+ N2, LD sample�,
280 ps �X+ N5, LD sample�, 2.3 ns �X− N1, LD sample�, and 1.1 ns
�X− N4, HD sample�.
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into circular. In this particular dot it also enables weak emis-
sion of the dark exciton. This can be a result of reduced
quantum dot shape symmetry or due to the slight tilt of the
dot quantization axis. PL intensity of high-energy dark line
with Jz=+2 is considerably increased at Bz�2.5 T, signify-
ing anticrossing with Jz=+1 state due to electron-hole ex-
change interaction.55–57 PL intensity of the Jz= �2 states
saturates at much smaller excitation power than for the Jz
= �1 states. The maximum intensity of the Jz=−2 compo-
nent, which is well separated from all other lines, is only
�0.01 of the maximum intensity of Jz= �1 states at Bz
=8 T. This gives an estimate of the mixing between bright
and dark exciton states induced by magnetic field B 
Oz.

Observation of the dark states in Faraday geometry makes
it possible to deduce the g factors of electrons and
holes independently from a single measurement. Due to
smallness of dark-bright mixing magnetic field dependence
of exciton PL energies can be described using the
well-known expressions:55 Eb�Bz�=E0+�Bz

2+	0 /2
��	b

2+�B
2�gh,z−ge,z�2Bz

2 /2 for bright Jz= �1 states and
Ed�Bz�=E0+�Bz

2−	0 /2��	d
2+�B

2�gh,z+ge,z�2Bz
2 /2 for dark

Jz= �2 states. In these equations E0 and �B stand for quan-
tum dot band-gap energy and Bohr magneton, respectively.
From the approximation shown by solid lines in Fig. 6�b� we
find diamagnetic shift ��5.8 �eV /T2, dark-bright splitting
	0�200 �eV, and bright exciton doublet splitting 	b
�65 �eV, dark exciton splitting 	d cannot be resolved and
was kept zero in approximation. Using the order of �+- and
�−-polarized components at high magnetic field electron and
hole g factors are found to be ge,z�+1.6 and gh,z�+2.7. We
note that exciton-biexciton splitting and dark-bright splitting
	0 have very close values in all neutral dots while the fine-
structure splitting 	b as well as the presence of the dark com-
ponents induced by B 
Oz vary strongly from dot to dot.

In contrast to neutral dots PL of singly charged dots at
zero magnetic field consists of a single unpolarized line that

splits into four linearly polarized components of similar in-
tensities in magnetic field parallel to the surface.55 A detailed
characterization of negatively charged dots in these struc-
tures can be found in Ref. 24, where electron �hole� g factors
were found to be ge,z�gh,z��+1.5�+2.8�, in good agreement
with neutral dots. Fine structure of positively and negatively
charged dots is very similar. We use Hanle effect measure-
ments to establish the sign of the charge in each particular
dot.58 PL circular polarization degree defined as �c= �Ico
− Icross� / �Ico+ Icross�, where Ico �Icross� is the intensity of lu-
minescence co�cross�polarized with exciting circularly polar-
ized laser, has been measured as a function of in-plane mag-
netic field Bx. Polarization of the excitation has been
switched between �+ and �− using a Pockels cell at a fre-
quency of 16 kHz in order to suppress nuclear spin polariza-
tion. Figures 6�c� and 6�d� show depolarization curves of two
clearly different types measured on charged dots. For the
curves shown in Fig. 6�c� we find suppression of positive
polarization, Lorenz fits shown with solid lines give Hanle
widths of B0�35 mT. On the other hand, two dots in Fig.
6�d� demonstrate suppression of negative circular
polarization59,60 by in-plane magnetic field Bx, the smallest
depolarization curve width is B0�5 mT. Using electron g
factor we find depolarization times for the dots shown in Fig.
6�d� to be 1.5 ns �dot N1, LD sample� and 0.8 ns �dot N4,
HD sample�. The value for the dot N1 exceeds recombina-
tion lifetime �1 ns measured in this structures, which al-
lows us to attribute these curves to spin lifetime of the re-
sidual electron in negatively charged �X−� dots.58,61 We
ascribe the curves in Fig. 6�c� to depolarization of the pho-
toexcited electron of the positively charged trion. The spin
depolarization times are found to be 230 and 190 ps for X+ of
dot N2 and of dot N5, respectively �both dots are from LD
sample�. Faster depolarization in case of positively charged
dots compared to X− is a result of the combined effect of spin
relaxation and radiative decay of the X+ trion.

*Present address: Toshiba Research Europe Ltd., 208 Cambridge
Science Park, Cambridge CB4 0GZ, UK.
1 D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120 �1998�.
2 A. E. Dementyev, D. G. Cory, and C. Ramanathan, Phys. Rev.

Lett. 100, 127601 �2008�.
3 H. Hayashi, K. M. Itoh, and L. S. Vlasenko, Phys. Rev. B 78,

153201 �2008�.
4 D. K. Wilson and G. Feher, Phys. Rev. 124, 1068 �1961�.
5 B. E. Kane, Nature �London� 393, 133 �1998�.
6 G. W. Morley, J. van Tol, A. Ardavan, K. Porfyrakis, J. Zhang,

and G. A. D. Briggs, Phys. Rev. Lett. 98, 220501 �2007�.
7 M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, F.

Jelezko, A. S. Zibrov, P. R. Hemmer, and M. D. Lukin, Science
316, 1312 �2007�.

8 L. Childress, M. V. Gurudev Dutt, J. M. Taylor, A. S. Zibrov, F.
Jelezko, J. Wrachtrup, P. R. Hemmer, and M. D. Lukin, Science
314, 281 �2006�.

9 R. Hanson, V. V. Dobrovitski, A. E. Feiguin, O. Gywat, and D.
D. Awschalom, Science 320, 352 �2008�.

10 F. H. L. Koppens, C. Buizert, K. J. Tielrooij, I. T. Vink, K. C.
Nowack, T. Meunier, L. P. Kouwenhoven, and L. M. K. Vander-

sypen, Nature �London� 442, 766 �2006�.
11 J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby,

M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Science 309, 2180 �2005�.
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