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The nuclear spin dynamics in an ensemble of singly charged �In,Ga�As/GaAs quantum dots has been studied
at a temperature of 1.6 K. The effective magnetic field of nuclear polarization was detected through the circular
polarization of quantum dot photoluminescence. The polarization is reduced if an external magnetic field
compensates the nuclear field. To study the time evolution of the nuclear field, a photoluminescence pump-
probe technique has been developed, from which we find a complex behavior of the nuclear-polarization
dynamics; its rise is considerably slowed down when the effective field of polarized nuclei exceeds that of the
nuclear spin fluctuations. A phenomenological model for the dynamics of a strongly coupled electron-nuclear
spin system has been developed, whose results qualitatively agree with the experimental data.
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I. INTRODUCTION

The nuclear and electron-spin systems in semiconductor
quantum dots �QDs� constitutes a coupled quantum-
mechanical system due to the strong hyperfine interaction
between them.1–3 Due to various proposals of spin-based de-
vices, research on the electron-nuclear spin dynamics in QDs
is subject of great current interest, both experimentally4–8

and theoretically.9–14 In absence of an external magnetic
field, the interaction with randomly oriented nuclear spins is
usually considered as the most efficient mechanism of
electron-spin-polarization decay in QDs.9,15 Optical orienta-
tion of nuclear spins by interaction with a polarized electron
spin may suppress this process and, therefore, increase the
electron-spin polarization lifetime.4

The experimental method for studying nuclear spin polar-
ization in QDs has up to now been utilizing the change in
Zeeman splitting of exciton emission lines due to hyperfine
interaction with polarized nuclear spins �Overhauser shift�.
Thereby the nuclear polarization under steady-state excita-
tion conditions3,5,8 as well as its dynamics6 could be ad-
dressed. Because of the large inhomogeneities in a QD en-
semble, such measurements have to be performed on a single
QD.3,5,6,8

There has been no effective method for studying the dy-
namics of nuclear spin polarization in a QD ensemble so far.
In our work, we demonstrate such a method to determine the
effective magnetic field of the dynamic nuclear polarization
�DNP� and apply it successfully to an �In,Ga�As/GaAs QD
ensemble for moderate optical excitation densities. Due to
the sensitivity of the applied method, we determine the
nuclear spin polarization as well as its variation in the en-
semble and find that the variation in the optically created
nuclear field is about its average value. Time-resolved stud-
ies reveal a nontrivial dependence of the nuclear spin dynam-
ics on optical excitation density, in agreement with theoreti-
cal predictions.13,14

The information derived in that way is complementary to
the one obtained by single-dot studies, which represent a
single snapshot taken from an ensemble with its unavoidable
inhomogeneities. Due to these inhomogeneities, information
about the statistical variation is needed. Developing these
statistics from single-dot studies is cumbersome because of
the complexity of the experiment so that ensemble studies
are appealing. From first sight this is counterintuitive be-
cause of the rather small relevant energy scales as compared
to the sizeable variations. The fact that we obtain unique
values from ensemble demonstrates, however, the validity of
the approach.

II. EXPERIMENT

We studied a heterostructure containing 20 layers of self-
assembled �In,Ga�As QDs sandwiched between GaAs barri-
ers with n-delta modulation-doped sheets.16 Donor ionization
supplies every dot with on average a single resident electron.
The structure was grown by molecular beam epitaxy on a
�100� GaAs substrate. Rapid thermal postgrowth annealing
shifted the lowest QD optical transition to energies around
1.34 eV. The sample was mounted in a cryostat with a super-
conducting magnet for fields, B, parallel to the optical exci-
tation and detection axis �Faraday geometry�. The experi-
ments were performed with the sample immersed in pumped
liquid helium at a temperature of T=1.6 K. Photolumines-
cence �PL� was excited by a continuous-wave Ti:Sapphire
laser, dispersed by a 0.5 m spectrometer and detected with a
silicon avalanche photodiode. The PL polarization was mea-
sured using a photoelastic modulator operated at a frequency
of 50 kHz and a multichannel photon-counting system. The
time resolution for detection of the PL polarization was lim-
ited to 20 �s. Special timing protocols for optical excitation
and PL detection were developed to study the dynamics of
nuclear polarization, as described in detail in Sec. IV.
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The DNP was determined from the circular-polarization
degree of the QD-ensemble photoluminescence excited at the
low-energy wing of the wetting-layer optical transition. The
PL polarization of singly negatively charged QDs is nega-
tive, i.e., the PL is predominantly �− polarized for
�+-polarized optical excitation as shown in Fig. 1. The
mechanism of negative circular polarization �NCP� has been
extensively discussed in literature17–22 and is attributed to
optical orientation of the resident electron spins. The ampli-
tude of the NCP �see definition of ANCP in Fig. 1�b�� is pro-
portional to the mean electron-spin polarization along the
optical axis, Sz, in the QD ensemble22

ANCP � 2Sz. �1�

The NCP is solely used here to monitor electron and nuclei
spin polarization created by off-resonant optical excitation.
The magnetic-field dependence of the electron spin polariza-
tion reveals a dip at weak magnetic fields, which is related to
depolarization of the electron spins by the effective magnetic
field of the nuclear spin fluctuations.15,23 According to Ref.
15, the polarization degree at the dip center can be as small
as one third of full polarization if the fluctuations are “fro-
zen” and decreases further to smaller value if the fluctuations
become “melted.” In the absence of DNP, the dip is centered
at zero external magnetic field. Polarization of the nuclei via
hyperfine interaction with the optically oriented electrons
may result in appearance of an effective magnetic field �here-
after referred to as the nuclear or DNP field, BN� acting on
the electron spin together with the external magnetic field.
This nuclear field is expected to shift the polarization dip
from zero external field where the shift direction is deter-
mined by the circular-polarization helicity of the optical

pumping. By measuring the shift, one can estimate the
strength of the DNP field.

III. DNP FOR FIXED POLARIZATION OF OPTICAL
EXCITATION

Experimentally measured magnetic-field dependencies of
the PL polarization are shown in Fig. 2. Panel �a� shows the
dependence measured over a large range of magnetic fields.
The overall dependence has a bell-like shape related to sup-
pression of the NCP mechanism by strong magnetic
fields.18–20 We focus here on the narrow range around zero
magnetic field, shown in panel �b� for opposite optical-
excitation polarizations. The magnetic-field dependence con-
sists of a narrow dip positioned close to zero magnetic field
and of a wider dip shifted from zero field.

The narrow dip is commonly ascribed to the compensa-
tion of the electron Knight field by the external magnetic
field.24 Under compensation, the nuclear spins rapidly relax
by dipole-dipole interaction. Contact interaction of the elec-
tron with the relaxing nuclei results in the observed decrease
in the electron-spin polarization.

The wider dip shifted from zero field by about 40 mT
results from depolarization of the electron spin by frozen
nuclear spin fluctuations. The shift direction depends on the
excitation helicity. Therefore we attribute the shift to the ap-
pearance of a nuclear field created by optical pumping. The
conclusion that the shift of the wide dip is related to the DNP
field is further supported by data obtained for different exci-
tation densities. The corresponding data are shown in Fig.
3�a�. The magnetic-field dependence of the PL polarization at
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FIG. 1. �a� PL spectra of �In,Ga�As/GaAs QDs for �+-polarized
excitation measured in copolarization ��+, solid line� and cross ��−,
dashed line� polarization. Excitation energy is 1.459 eV; power den-
sity Iexc=3 W /cm2; and T=1.6 K. �b� Degree of PL circular po-
larization calculated by: �= �I++− I+−� / �I+++ I+−�, where I++ �I+−� is
PL intensity for copolarization �crosspolarization� of excitation and
detection. The polarization is negative for emission from QD
ground state at 1.34 eV and positive for excited state emission at
1.37 eV.
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FIG. 2. �Color online� �a� Dependence of absolute value of
circular-polarization degree of PL, ���, measured for a fixed polar-
ization of weak optical excitation in a large range of longitudinal
magnetic fields. T=1.6 K. �b� Polarization dependencies measured
for �+ and �− excitation in a narrow range around zero magnetic
field �symbols�. Lines are fits using Eq. �2� with a magnetic-field-
dependent nuclear field �see text�.
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low excitation �Iexc�0.3 W /cm2� shows the expected dip
centered at B=0. With increasing power density the wide dip
is continuously shifted to higher B, evidencing an increasing
effective nuclear magnetic field due to DNP. Figure 3�a� also
shows an overall increase in the PL polarization with excita-
tion density, which is related to a change in the balance be-
tween optical orientation and relaxation of the electron spin.
We will not discuss this effect in detail here.

To estimate the created DNP field quantitatively, we re-
cently developed an approximative description of the experi-
mental dependencies. The polarization dip in absence of a
nuclear field �BN=0� can be well described by a Lorentz
profile.23 We will use this approximation also for the case of
a nonzero nuclear field BN with half-width at half maximum
�HWHM� �BN to fit the main part of the polarization dip

��B� = �����1 −
Adip

1 + ��B + BN�/�BN�2� . �2�

Here ���� is the PL-polarization degree at large magnetic
fields and Adip is the dip depth. Note that BN is considered
here as the average nuclear field in the QD ensemble. The
validity of this approach will be discussed in Sec. V.

To approximate the experimental dependencies, we also
take into account the mentioned destruction of the electron-
spin polarization when the external field compensates the
Knight field.20 We model the narrow dip caused by this de-
struction by a function similar to Eq. �2�, replacing the pa-
rameters BN and �BN with Be and �Be, which describe the
average Knight field and its variation in the ensemble, re-
spectively. Both parameters amount to about 2 mT, depend-
ing weakly on the experimental conditions. Fits obtained in

that way are shown in Figs. 2�b� and 3�a� by lines. They
allow us to extract BN and �BN with high accuracy.

Figure 3�b� shows the dependencies of BN and �BN on
optical excitation density. As expected, the dip shift and, cor-
respondingly, the average nuclear field increase with excita-
tion density. However, this increase saturates at a level of
several tens of milliTesla at the largest pumping of
20 W /cm2 used here. The dip shift is accompanied by an
approximately twofold increase in its width, which reflects
an increase in the nuclear-field spread. Simultaneously, the
dip depth is considerably reduced so that the dip becomes
hardly visible at large excitation density. The depth reduction
is stronger than the dip broadening so that the dip area de-
creases. This effect limits the applicability of our method for
studying DNP to relatively low excitation densities only.

The origin of so fast decrease in the dip depth is not
entirely clear so far. The modeling of the nuclear spin dy-
namics described in Sec. V shows that the decrease is par-
tially due to the spread of nuclear spin pumping rates. In
addition, the spread of the QD parameters in the ensemble
probably gives rise to further broadening of the dip and de-
crease in its depth.

IV. KINETICS EXPERIMENTS

For studying the dynamics of the nuclear polarization the
sample was excited by circularly polarized light whose he-
licity was periodically changed, as shown in Fig. 4�a�. For
that purpose the excitation polarization was modulated by an
electro-optical modulator �EOM� followed by a quarter-wave
plate. A alternating sequence of �+- and �−-polarized pulses
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FIG. 3. �a� Magnetic-field dependence of PL polarization mea-
sured for fixed excitation polarization at different power densities
�Ref. 25�. Dashed lines are fits by a function which combines Eq.
�2� with an additional term modeling the Knight dip �see text�. �b�
Dependencies of nuclear field and of its spread on excitation density
obtained from the fits shown in panel �a�. Lines are guides to the
eye.
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FIG. 4. �Color online� �a� Timing protocol for the polarization
modulation of optical excitation. Levels 1 and −1 correspond to �+

and �− polarizations, respectively. �b� Magnetic-field dependence of
PL-polarization degree measured at different times, td, within the
second half period after changing the excitation polarization �sym-
bols�. Modulation period Tmod=4 ms; detection window tprobe

=0.1 ms, and excitation density Iexc=5 W /cm2. Lines are fits to
the data as described in text. �c� Time dependence of dip position
obtained from fits of the experimental data �circles� and from our
model �line, see Sec. V� with parameters: P=150 T /s, �dd

=0.1 ms, �N1=1 ms, Bf�=18 mT, Bl=1 mT, and Be=2 mT.
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with sharp rising and falling edges of about 100 ns was cre-
ated in that way. The illumination time for each helicity,
tpump, was equal to half of the modulation period Tmod. The
PL-polarization degree was measured in a time window,
tprobe. This time window was shifted by a delay time td from
the polarization switching moment through the modulation
half period. The timing protocol is shown in Fig. 4�a�.

Examples of experimental dependencies of the PL polar-
ization on magnetic field are shown in Fig. 4�b�. The shift of
the detection time window is accompanied by a continuous
shift of the polarization dip along the magnetic field axis,
reflecting the change in the DNP field with time.

The DNP-field evolution obtained by fitting the magnetic-
field dependencies is shown in Fig. 4�c�. The field varies
from −30 mT attained at the end of the previous half period
of modulation with �− excitation to approximately same but
positive value of +30 mT at the end of the modulation pe-
riod. The variation is rather slow at the beginning, then be-
comes faster, and finally is slowed down again toward the
end of this half period. When the excitation polarization is
switched again, the DNP field changes in a similar way in
reverse direction �not shown here�.

The deceleration of the DNP field rise near the end of the
half period may be caused by slowing of the nuclear spin
pumping rate, as proposed theoretically,13,14 or by relaxation
of the nuclear spin polarization. The latter plays significant
role if the relaxation time is shorter than the period of modu-
lation.

To estimate the relaxation time, we studied the nuclear
spin dynamics without illumination, i.e., in a dark interval
after blocking the optical pumping. The used timing protocol
is shown in the inset of Fig. 5. The electron-spin polarization
was measured during a relatively short probe pulse �tprobe
=0.2 ms� delayed relative to the 1 ms pump pulse by a dark-
time interval, tdark, whose value was varied from zero up to
several ms. The pump- and probe-pulse sequence was shaped
by an acousto-optical modulator �AOM� placed in front of an
EOM. The polarization of each pulse could be controlled
independently by the EOM. We used a series of four pulses
of opposite polarizations �two pump and two probe pulses�
within a modulation period to obtain zero net nuclear polar-
ization under optical excitation.

Results of measurements of the DNP field as function of
tdark are shown in Fig. 5 for the relatively low excitation
density of 1 W /cm2. The nuclear field decays with a char-
acteristic time �N=1.8 ms, which is comparable with the pe-
riod of modulation. Therefore the relaxation process affects
considerably the nuclear spin dynamics in the experiments
described above. This surprisingly short relaxation time com-
pared to values reported in literature1,3,26 will be discussed in
Sec. VI.

V. MODEL OF NUCLEAR SPIN ORIENTATION

The majority of publications on dynamic nuclear polariza-
tion via interaction with optically oriented electron spins
uses, for the analysis of experimental data, the theory devel-
oped by Dyakonov and Perel.27 This theory assumes that the
electron-spin correlation time determined by temporal fluc-
tuations of the nuclear field is considerably shorter than the
precession period of the electron spin in the average nuclear
field �see, e.g., Refs. 1, 6, and 28–30�. In this case, the elec-
tron and nuclear spins can be considered as two separate spin
systems, whose interaction can be treated as perturbation
causing mutual flips �flip flops� between the electron and
nuclear spins. The DNP under optical excitation is consid-
ered then as a sequence of two independent processes,
namely, �i� the optical orientation of the electron spin and �ii�
the flip-flop process giving rise to angular momentum trans-
fer from the electron to the nuclei. The Zeeman splittings of
the electron and nuclear spin states in an external magnetic
field drastically differ so that flip flops become possible only
if the energy uncertainty of the electron state due to the short
electron-spin correlation time �el is larger than the electron
Zeeman splitting.

For an electron localized in a QD, the relation between
the two above time scales is reversed: the period of electron-
spin precession in nuclear field is shorter than the electron-
spin correlation time. The precession is on a nanosecond or
even subnanosecond time scale whereas relaxation processes
for electron and nuclear spins in QDs occur in the microsec-
ond time range.15,19 A simple estimate shows that the corre-
lation time exceeds not only the precession period but also
the average time between electron-spin polarization events,
which is about 100 ns for an excitation density Iexc
=10 W /cm2. We, therefore, can conclude that there is the
coherent evolution of strongly coupled electron-nuclear spin
system in a QD between the polarization events. Absorption
of a photon followed by emission of another photon of op-
posite helicity �which corresponds to a polarization event�
introduces angular momentum into the system. Reiterated
polarization events give rise to accumulation of angular mo-
mentum in the nuclear spin ensemble, i.e., to DNP. It is im-
portant that the optical excitation polarizes the coupled
electron-nuclear spin system rather than an isolated electron
spin. The energy mismatch between the Zeeman splittings of
electron and nuclear spin states is not essential for this pro-
cess due to the large energy difference in absorbed and emit-
ted photons.31

The dynamics of the electron-nuclear spin system can be
numerically modeled for a relatively small number of nuclei
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only.13,14 Therefore we use a phenomenological approach for
modeling the experimental data. The model assumes that the
nuclear spin system acts on the electron spin as an effective
magnetic field. This nuclear field consists of a regular con-
tribution �DNP field�, BN, created by optical excitation and
an irregular one, B f, which is the field of the nuclear spin
fluctuations �NSF�.15 The latter is related to random correla-
tions among nuclear spins and its magnitude is proportional
to BN max /	N, where BN max is the maximal possible nuclear
field for complete nuclear spin polarization of the N nuclei in
the QD. This number of nuclei N
105 in our dots, therefore
the fluctuating field should be on the order of a few tens of
milliTesla.23 The total field, Bt, acting on the electron spin is
the sum of external magnetic field, B, and effective nuclear
field, B f +BN, as schematically shown in Fig. 6�a�. The field
Bt is tilted from the optical axis by an angle � given by

sin2 � =
Bf�

2

�B + BN + Bfz�2 + Bf�
2 , �3�

where Bfz and Bf� are the longitudinal and transverse com-
ponents of the NSF field, respectively.

Due to precession of the electron spin about the tilted
field, the probability to find the electron in spin state �+ 1

2 � or
�− 1

2 � varies with time even in absence of relaxation pro-
cesses, according to32

P+1/2 = cos2�	t/2� + sin2�	t/2�cos2 � ,

P−1/2 = sin2�	t/2�sin2 � , �4�

with the precession frequency 	=ge�BBt /
. Here ge is the
electron g factor, �B is the Bohr magneton, and 
 is the
Planck constant. Here it has been assumed that the electron
spin has been initially polarized in the state �+ 1

2 �.
Angular momentum can be transferred from a photon to

the electron-nuclear spin system if the electron spin is in
state �− 1

2 �. Therefore the rate of electron spin polarization
averaged over the electron-spin precession is proportional to
�P−1/2�=1 /2 sin2 �. We want to stress here that this rate is
zero if there is no transverse component of the total field.
From this consideration the crucial role of the NSF trans-
verse component for the polarization mechanism becomes
clear.

Each polarization event is accompanied by transfer of an-
gular momentum from the electron to the nuclear spin sys-
tem so that the dynamics of DNP can be described by the
rate equation

dBN

dt
= P sin2 � −

BN

�N
. �5�

Here P is proportional to the excitation power density. The
second term describes the DNP field relaxation. Because the
mechanism of fast nuclear spin relaxation is not fully under-
stood at the moment �see discussion below�, we describe this
process phenomenologically by an exponential decay which
is consistent with our experiment.

To examine the applicability of the proposed model we
have solved Eq. �5� numerically with P and �N as fitting
parameters. The calculations have been done in the following
way. First, the time dependence of the nuclear field, BN
= fB�t�, is determined from Eq. �5� keeping the external mag-
netic field B fixed. Then, using solutions for different B, the
dependence of the nuclear field on external magnetic field,
BN= f t�B�, is determined for a fixed time t. In these calcula-
tions, we take into account an acceleration of the nuclear
spin relaxation due to the dipole-dipole interaction of the
nuclear spins when the external magnetic field B compen-
sates the Knight field Be. The contribution of this process to
the relaxation rate has the form1

1

�N0
=

1

�dd

Bl
2

�B + Be�2 + �Be
2 . �6�

As already discussed above, this process is responsible for
the narrow dip observed in the experiments near zero mag-
netic field. Besides this term, we also take into account a
field-independent term, 1 /�N1, to describe the observed mil-
lisecond relaxation at moderate external magnetic fields. As a
result, the total relaxation rate of the nuclear spin polariza-
tion in Eq. �5� is: 1 /�N=1 /�N0+1 /�N1.
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FIG. 6. �Color online� �a� Precession of electron spin about total
magnetic field, Bt, which is the sum of external field, DNP field,
and NSF field. �b� Magnetic-field dependence of PL polarization
measured for fast modulation of the excitation polarization: Tmod

=10 �s and Iexc=1 W /cm2. HWHM of the dip is determined by
the transverse component of nuclear spin fluctuations, Bf�

=18 mT. �c� Magnetic-field dependence of electron-spin polariza-
tion calculated for different times after switching the excitation po-
larization: td=0.1 ms �blue open circles�, 0.4 ms �black closed
circles�, and 1.3 ms �red triangles�. Modulation period Tmod

=3.2 ms and pump rate P=150 T /s. Lines are fits by Lorentzians.
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The magnetic-field dependence of the DNP is closely con-
nected to the field dependence of the electron-spin polariza-
tion which is calculated by

Sz�B� = S0�cos ��B��2 = S0
�B + BN + Bfz�2

�B + BN + Bfz�2 + Bf�
2 , �7�

where S0 is the initial electron-spin polarization created by
optical excitation.

To estimate the average value of Bf�, we have measured
the polarization dip for fast excitation polarization modula-
tion at a frequency of 100 KHz when no DNP field appears.
As seen in Fig. 6�b�, the dip is centered at zero external
magnetic field in this case. Its HWHM gives a measure of the
transverse component of the nuclear spin fluctuations: Bf�
=18 mT.33

Calculations of the time dependencies of BN and Sz were
done using Eqs. �5� and �7� for different values of the NSF
components, Bf�, �=x, y, and z at fixed external magnetic
field B. Then the spin polarization Sz was averaged over the
fluctuations assuming a Gaussian distribution for their prob-
ability density15

w�Bf�� =
1

	2�
�

exp�−
Bf�

2

2
�
2 � , �8�

where 
� is the width of the Gaussian distribution which can
be obtained from the experimentally determined fluctuation
field by:23 
�=Bf� /	2. The calculations were performed for
different values of B to determine the magnetic field depen-
dence of Sz at different times.

Examples of the calculation results are given in Fig. 6�c�.
Qualitative agreement of the temporal evolution of the dip
profile with the one observed in experiments is seen �com-
pare with Fig. 4�b��. The calculated curves reproduce well
the decrease in the dip depth with increasing nuclear field. To
obtain the dynamics of the nuclear field from these calcula-
tions, we used the same fitting procedure as for the experi-
mental curves as discussed above. The time dependence of
the calculated dip position determined in that way shows
reasonable agreement with the experimental one, see Fig.
4�c�.

For simplification of the calculations, we did not consider
a possible spread of the nuclear field arising from variations
in P and �N in the QD ensemble. We suppose that this spread
is responsible for the widening of the polarization dip with
excitation density increase as shown in Fig. 3�b�. Probably
this is the reason why the dip width in the calculated curves
is found to be somewhat smaller than in experiment �com-
pare with Fig. 4�c��.

The developed model allows us to extract the dynamics of
DNP for different strengths of the external field B. The cor-
responding results are shown in Fig. 7 as a two-dimensional
plot. The dynamics of the polarization dip determined by the
condition BN=−B is also shown there by the thick black line.
This dynamics almost exactly coincides with the theoretical
curve and, correspondingly, with the experiment data shown
in Fig. 4�c�. The reasonable agreement with the measurement
allows us to conclude that the model reproduces well the
temporal evolution of the electron-nuclear spin system for

experimental conditions under which the QDs were studied.
We want to stress that, though our experimental method
gives only partial information about the nuclear field dynam-
ics, the modeling is able to describe the whole DNP dynam-
ics.

In the frame of the considered model, one can easily un-
derstand the nonlinear temporal change in the DNP field,
shown in Fig. 4�c�. At the end of the preceding period of
excitation modulation, the DNP field reaches its maximum
value. In accordance with Eqs. �3� and �5�, the rate of nuclear
spin polarization, which determines the slope of the curve in
Fig. 4�c�, should be minimal at this time. Near the middle of
the modulation half period, the DNP field decreases to zero
and the rate of nuclear spin polarization increases to its maxi-
mum value. Further growth of the DNP field toward the end
of the half period reduces the rate of polarization again. Re-
laxation of the nuclear spin polarization is partially respon-
sible for deceleration of the polarization at the end of the half
period and for acceleration of the nuclear spin relaxation at
its beginning.

VI. DISCUSSION

Our experimental study, supported by the phenomenologi-
cal modeling, shows that the nuclear-field rise is consider-
ably slowed down when the nuclear field reaches values ex-
ceeding the effective field of the nuclear spin fluctuations
which is about 20 mT for the QDs under study.

Two reasons for the saturation of the nuclear field at such
a low level for moderate optical pumping exist. First, the
pumping rate decreases when the nuclear field becomes large
and the electron-spin precession angle � decreases. Second,
the relaxation time of the weak obtained nuclear fields is
surprisingly short as already discussed.

The nuclear spin relaxation time is in good accord with
the one reported for a single �In,Ga�As/GaAs QD containing
a resident electron.6 A channel of nuclear-polarization decay
should be relaxation via interaction with the resident electron
which appears to be quite efficient as compared to direct

FIG. 7. �Color online� Simulation of time dependence of nuclear
field for different external magnetic fields obtained by numerical
solution of Eq. �5�. Parameters of calculations are the same as for
Fig. 6. The thick black line shows intersection of the calculated
surface by the plain B=−BN which indicates the dynamics of polar-
ization dip.
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diffusion into the surrounding material via dipole-dipole in-
teraction of the nuclear spins. The latter is blocked by the
external magnetic field and also by the Knight field of the
resident electron. The authors of Ref. 6 demonstrated that by
removing the resident electron from the QD the nuclear re-
laxation time is elongated by three orders of magnitude, from
milliseconds to seconds. The authors suggested that the resi-
dent electron may lead to indirect coupling of nuclear spins.
Our experimental results confirm fast relaxation of the
nuclear spin polarization in singly charged QDs.

VII. CONCLUSIONS

We have demonstrated that the technique of optical
electron-spin orientation through NCP allows one to study
the dynamics of nuclear spin polarization in a QD ensemble.
We found that the behavior of the nuclear spin system in
singly charged �In,Ga�As/GaAs QDs is highly nontrivial and
is determined by the angular momentum transfer from the
optically polarized electron spin to the nuclei. We also stud-
ied the nuclear spin relaxation after blocking the optical ex-
citation. For moderate excitation densities, the relaxation
time is surprisingly short—on the order of milliseconds

rather than seconds, as often assumed. The origin of such a
fast relaxation is related to the presence of the resident elec-
tron in the QD. Still the underlying mechanisms need to be
studied in further detail.

By exploiting the developed experimental method, we
managed to study the dynamics of relatively small nuclear
fields �tens of milliTesla� created in the QD ensemble by
optical pumping with not too high excitation densities.
Strong pumping of the electron-nuclei spin system gives rise
to a disappearance of the electron-spin polarization dip be-
cause the electron-spin depolarization is blocked as well as
to a large spread of the nuclear fields so that no reliable
information from these experiments can be obtained.

Developing experimental methods to study the regime of
strong nuclear fields in QD ensembles is an important task
for the near future.
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