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Nuclear spin depolarization via slow spin diffusion in single InAlAs
quantum dots observed by using erase-pump-probe technique

S. Adachi,® R. Kaji, S. Furukawa, Y. Yokoyama, and S. Muto
Department of Applied Physics, Hokkaido University, Sapporo 060-8628, Japan

(Received 8 February 2012; accepted 1 May 2012; published online 30 May 2012)

Nuclear spin diffusion in single self-assembled InAlAs quantum dots was studied by using
erase-pump-probe technique. As a measure of nuclear spin polarization, transients of the
Overhauser shift (OHS) of positive trion were probed in the respective pulse region. The achieved
stable OHS was relaxed with a long depolarization time as long as a few tens of seconds and a
diffusion constant of ~5 x 10~'> cm?/s was estimated. The slow transfer of the spin energy is
considered to be due to the dipole-dipole interaction of the nuclei. In addition, through the
magnetic field dependence of OHS, the stability of the nuclear spin polarization was briefly
discussed, and the saturated maximum values of OHS were investigated experimentally. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4721902]

. INTRODUCTION

Recently, studies on localized spins have been attract-
ing a lot of interests. One of the central topics is the spin
interaction between a localized electron and nuclei, which
comes into focus in the field of single electron spin manipu-
lation in semiconductor nanostructures. Since the localiza-
tion suppresses significantly the electron spin relaxation
mechanism based on the spin-orbit interaction, an electron
can interact strongly with nuclei in the wave function for a
long time, and the interaction (Fermi’s contact term of
hyperfine interaction) makes a large nuclear spin polariza-
tion (NSP) via mutual spin flip (i.e., flip-flop) process. The
averaged NSP (I,) acts back on the spin-unpaired electrons
as an effective magnetic field (Overhauser field) By and
induces the spin-dependent energy shift of the electronic
states (Overhauser shift: OHS).l’2 Since, with the localized
electrons, the nuclear spins show the distinctive nonlinear
response “bistability” to the externally controllable parame-
ters, the interaction can offer a powerful tool to change the
electron spin properties. In particular, semiconductor quan-
tum dots (QDs) serve the advantageous platform in order to
utilize this interaction because of the strong confinement
and the controllability of an electron.

Beginning with the first observation of large By in a sin-
gle interface GaAs QD (Ref. 3) and a single self-assembled
InAlAs QDs,” research of the NSP in QDs has progressed
fast, and the nuclear spin switching (bistable response) was
also observed in self-assembled InGaAs QDs,””’ InAlAs
QDs,*? and InP QDs.'® These studies open the way to the
fascinating applications of NSP in QDs such as quantum
memory'' and conversion between electron spin qubit and
photon qubit.'? In these applications, the precise control of
single electron spins in QDs is necessary to achieve a high
degree of control of nuclear spin ensemble via the hyperfine
interaction. Although several works were devoted to the
study of electron-nuclear spin dynamics in various QD
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materials, the details including the nuclear spin polarization
and depolarization processes are still unclear, and the data
have to be accumulated in various QD materials. In particu-
lar, the nuclear spin depolarization, which is the decay of the
longitudinal component of averaged NSP in the QD region,
is the main process to limit the permanence of nuclear spin
memory. Accordingly, the measurements and investigation
of the nuclear spin depolarization time are very important.

In this study, nuclear spin depolarization in single self-
assembled InAlAs QDs was studied by using an erase-pump-
probe technique. Transients of the OHS of positive trion
were probed as a measure of NSP. The stability of the high
NSP state was discussed first, which was found to be prefera-
ble as an initial state for the NSP decay measurement. The
created stable NSP was relaxed with a long depolarization
time as long as a few tens of seconds, and by using a stand-
ard three dimensional diffusion model, the diffusion constant
of ~5x 107" cm?/s was estimated. The observed slow
transfer of the spin energy under no electron in a QD is con-
sidered to be due to a dipole-dipole interaction between the
nuclear spins. In addition, the pump duration dependence of
the transients suggests that the NSP created during the pump
duration in the surrounding barrier material suppresses
strongly the nuclear spin diffusion from a QD region.

Il. EXPERIMENTS

Self-assembled Ing75Alp,5 As QDs were used for the
experiments. The QDs were embedded with Aly3Gag; As
layers grown on an undoped (100) GaAs substrate in the
Stranski-Krastanov growth mode by molecular beam epi-
taxy. The average diameter, height, and density of the QDs
were found to be ~20nm, ~4nm, and ~5 x 10'° cm~2,
respectively, by the atomic force microscopy measurements
on a reference uncapped QD sample with the same growth
conditions. Assuming the lens shaped QD based on the
cross-section transmission electron microscope observation,
the number of nuclei in a single QD is estimated roughly to
be ~3 x 10*.

© 2012 American Institute of Physics
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After the fabrication of small mesa structures (top lateral
diameter ~150nm), the micro-photoluminescence (u-PL)
measurements in the time-integrated and/or time-resolved
modes were performed at 6 K under a longitudinal magnetic
field (B,) of up to 5T. A cw Ti:sapphire laser of ~728 nm,
which provides the transition energy to the wetting layer of
InAlAs QDs, was focused on the sample surface using a
microscope objective lens (x20, NA ~ 0.4). The QD emis-
sions were collected by the same objective lens and detected
by a triple grating spectrometer and a liquid Nj-cooled Si-
CCD detector. The spectral resolution that determines the
emission peak energies was ~5 ueV by the spectral fitting.
In order to obtain the NSP transients by the time-resolved
measurement, an electro-optic (EO) and an acousto-optic
(AO) modulators were inserted into the excitation path and
were used to produce the programmable pulse sequence with
the arbitrary polarizations and pulse durations as shown later
(Fig. 4).

Figure 1 shows the typical time-integrated PL spectra of
a single InAlAs QD under a zero magnetic field. Note that
the horizontal energy axis is replotted from the midpoint of
the two PL peaks of a neutral exciton. From the various
measurements,®”'*~!7 the assignment of the spectral peaks
could be achieved as follows: from the low energy side, a
neutral biexciton (XX°), a neutral exciton (X°), and a posi-
tive trion (X"). In our QD sample, X PL was observed
even at the minimum excitation power in the case of the wet-
ting layer excitation. Also, the PL intensity was strongest for
X" in the whole observed individual QDs. Therefore, we
consider that our sample, which was grown under nominally
undoped condition, is slightly p-doped.

X° PL shows a fine structure splitting of ~30 ueV due to
the anisotropic exchange interaction, and therefore the states
with the angular momenta =1 are no longer eigenstates at
OT. The exchange interaction plays no role on the ground
state of XX, and X" states because they have spin-paired
electrons or holes. Since XX PL means the transition from
XX° to XY, the spectra show the same splitting (but inverse
polarization) as that of X° PL spectra. X and XX° have the
binding energies of ~—1.85meV and ~+2.57 meV, respec-
tively,'® which correspond to the calculated results obtained
by quantum Monte Carlo methods'”'? for a lens shaped QD
with the diameter of ~17 nm and the height of ~5 nm.

The lowest X' state has the spin-paired two holes,
which means that an electron of X" always has a hole avail-
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FIG. 1. Polarization selected PL spectra at O T. x (blue) and y (black) polar-
ized spectra are depicted with the fitting curves of Lorentzian shape. Energy
origin is shifted to the middle of the X° peaks, and the horizontal axis indi-
cates the energy AE = E — E(X"). For a good viewability, the vertical scale
for X is different from those for XX° and XO, and the ratio of the observed
peak PL intensities is ~1:1: ~3 for XX%X%:X".
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able to recombine irrespective of its spin direction. In this
sense, X has no dark states and is different from X°. Fur-
thermore, the hole spin is easy to flip during the energy
relaxation process from the wetting layer to the QD ground
state. These features are advantageous to achieve the rapid
NSP formation cycle compared to X that has the dark states
with a long lifetime. Therefore, in this InAlAs QD sample,
X" is considered to contribute the NSP formation predomi-
nantly. In the later analysis, for simplicity, the system includ-
ing X and nuclei is considered.

lll. RESULTS AND DISCUSSION
A. Saturation of NSP and maximum Overhauser shift

In order to observe the transient OHS in the time-
resolved PL measurement with high precision, it is necessary
to prepare a distinct, reproducible, and highly stabilized NSP
as an initial state for each measurement. First, we check the
stability of the created NSP in upper and lower branches of
the bistable response against the externally controllable pa-
rameters here.

As shown in the upper inset of Fig. 2(a), ¢~ emission
originates from the recombination of the spin-up electron (T)
and the spin-down hole ({}), and the inverse spin combination
(1) for the ¢ emission in our definition. Thus, the transi-
tions from the X states with the spin configurations ({1} /
M) to the hole states with the spins (ff / |) generate
o~ /o™ polarized photons. The ¢~ (o) excitation generates
the By in the opposite (same) direction to B,. Hereafter, we
focus on the ¢~ case where the compensation of B, via By is
achieved, and consequently the bistability of NSP would
occur.

Figure 2(a) shows the 2D plot of the external magnetic
field dependence of X' PL spectra under ¢~ excitation at
6K; 6" and ¢~ polarized PL peaks were taken sweeping B,
from 4T to 5T with the rate of +0.11 T/min. The difference
energy AEy of two PL peaks is the sum of Zeeman splitting
energies of the initial and final states as shown in the inset
and is given as AEz = glug|B,| + g8ug|B, + Bn|, where
g§<h> and ug denote the electron (hole) g factor in the growth
direction and Bohr magneton, respectively. It should be
noted that the effect of By on the hole spin could be
neglected except for the special case®® due to its low proba-
bility of existence at the nucleus site. Since the electron and
hole g factors of this QD are already known to be g° =
—0.37 and gl = +2.54° the electron Zeeman splitting
energy EY can be deduced from the observed AE; as shown
in Fig. 2(b). The difference energy between E5(B,) (denoted
by the open circles) and g'ugB, (a thick dashed line) is
attributed to the induced OHS. As shown in the figure, £
clearly indicates the abrupt reduction at ~4.3 T.

From the previous studies, it is known that the steady
state of the averaged NSP (/,) is the functions of three exter-
nally controllable parameters: the magnetic field B,, the exis-
tence probability of an electron spin in a QD per unit time f,
and the polarization degree of the localized electron spin
(S,). In fact, NSP in this InAlAs QD indicates the bistable
response against B,.® the excitation power,” and the
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FIG. 2. (a) 2D image of X PL spectra as a function of the external mag-
netic field. The data were taken by ¢~ -polarized excitation at 6 K sweeping
the field from 4 T to 5 T with the rate of +0.11 T/min. The abrupt changes of
OHS and DCP at ~4.3 T are observed clearly in the spectra. (b) The Zeeman
splitting energy of the constituent electron states of X and DCP (denoted
by the open and closed circles) are plotted as a function of the external mag-
netic field. The electron Zeeman splitting only by the external field g5upB,
is indicated by a dashed line. The transition from high NSP state to the low
NSP state is clearly observed at ~4.3 T. Inset: initial and final states of the
transition and the relation between the spins and emission polarizations. (c)
Simple schematic of the polarization (1/7xr) and depolarization (1/Txp)
rates of NSP, and the observed NSP: a high NSP state (solid circle) and a
low NSP state (open circle). In the Lorentzian-shaped polarization rate, the
center and the amplitude are decided roughly by the magnitude of the exter-
nal field and by the excitation power, respectively. The influence of the exci-
tation power fluctuation on the polarization rate is depicted schematically as
the gradation with a constant vertical width. The ranges of the accessible
NSP induced by the 1/TxF fluctuation for high and low NSP branches are
indicated by the length of the arrows.

polarization of the excitation light.” Here, we focus on the
stability of the high NSP state.

As seen in the figure, it is found that the high NSP state
is more stabilized than the low NSP state. The observed NSP
is determined by the balance of the polarization (1/Txr) and
the depolarization (1/Txp) rates, and steadies down to the
intersection points:>' a high NSP state (solid circle) and a
low NSP state (open circle) in Fig. 2(c). In the Lorentzian-
shaped polarization rate, the center and the amplitude are
decided roughly by the magnitude of the external field and
by the excitation power, respectively. Although the excita-
tion polarization and the external field can be controlled pre-
cisely and stably in our setup, it is difficult to suppress the
fluctuation of the excitation power at present. This is mainly
due to the deviation of the focusing by a microscope objec-

J. Appl. Phys. 111, 103531 (2012)

tive lens in a short time scale. The power fluctuation induces
the change of the polarization rate as shown in Fig. 2(c), and
correspondingly the steady state NSP also changes. In the
figure, the effect of the fluctuation on the polarization rate is
represented schematically as the gradation with a constant
vertical width. Since the NSP polarization rate has the Lor-
entzian shape, the effect of the excitation power fluctuation
on NSP is found to be larger for the low NSP state than for
the high NSP state.

In addition, the saturations of the OHS as a function of
the excitation power at fixed B, were observed in the previ-
ous work.” Figure 3 shows the observed maximum OHS and
the corresponding Bi*™* as a function of B,. According to the
applied field B,, the upper limit of the achieved OHS is
determined. Therefore, the generated NSP near the maxi-
mum becomes stable under the sufficient excitation power,
and this feature is feasible for providing the stable initial
state.

In Fig. 2(b), the degree of circular polarization (DCP) is
plotted also and the synchronized rapid change stands out.
Here, the DCP is defined as (I~ —I*)/(I" +It) (")
denotes the integrated PL intensity of the 6*(~) component).
From the figure, it is found clearly that, in the region of
4-4.3T, the spin-up and down electron sublevels are almost
degenerate, and the external field is canceled by By. The
high NSP state changes suddenly to the low NSP state at the
threshold field strength ~4.3T. In the compensation region
(4-4.3T), the electron in a QD feels only the fluctuation
ABy of the frozen Overhauser field BN,22 and therefore the
longitudinal component of the e-spin (S,) shows the ensem-
ble dephasing due to the transverse component of ABy in a
large number of the sampling measurements. In the outside
of the compensation region, the electron in a QD feels the
large longitudinal field (>ABy), and the effect of ABy is
suppressed. Therefore, the (S,) returns to the almost initial
value. In the detailed investigation of this interesting relation
between DCP and OHS,* ABy and the corresponding e-spin
relaxation time (=/1/(|g.|usABN)) can be estimated to be
~40mT and 0.75ns (i.e., comparable to the exciton recom-
bination time), respectively.

B. Depolarization process measurement

To observe the depolarization process of NSP, the erase-
pump-probe method was employed. The experimental appa-
ratus and the pulse sequence used in the measurements are
shown in Fig. 4. The AO modulator connected to the arbi-
trary delay pulse generator controls the widths, intensities,
and intervals of the pulse train, and the EO device controls
the light polarizations. The pump pulse excites repeatedly a
spin-selected electron in a target QD, and the NSP builds up
due to its longer spin lifetime compared to electrons. The
pump pulse continues to reach the saturated value of NSP
mentioned in Sec. III A. The probe pulse is made shorter
compared to the risetime of NSP to minimize its effect and
samples the decay of NSP by measuring the OHS. The erase
pulse with a linear polarization eliminates completely the re-
sidual NSP before the next pump pulse. As an example, the
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FIG. 3. The observed maximum OHS for ¢~ excitation in time-integrated
PL (TI-PL) and time-resolved PL (TR-PL) measurements is plotted as a
function of the external field strength. The right axis indicates the maximum
nuclear field that is converted by By*™* = |OHS™* /(g5 ug)|.

observed temporal behavior of NSP by the respective pulse
is also shown in the bottom panel of Fig. 4(b).

Two main mechanisms are possible to induce NSP
depolarization: the fluctuation of the hyperfine field pro-
duced by the electron spins (i.e., Knight field), and the spin
diffusion out of the QD into the surrounding materials via
the magnetic dipole-dipole interaction between nuclear
spins. While NSP depolarization due to the magnetic dipole-
dipole interaction is limited by the velocity of the spin trans-
fer to the neighboring nucleus, the fluctuation of Knight field
is effective with a large number of nuclear spins within the
electron wave function. Therefore, the former mechanism,
the fluctuation of Knight field, induces the more efficient
NSP depolarization. Actually, Maletinsky et al. measured
the decay time of NSP in both presence and absence of an
electron spin by using a negative trion (X™) in the charge
tunable QD and demonstrated the fast decay of NSP in the
order of a few ms in the presence of an electron in a QD
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FIG. 4. (a) Experimental apparatus for the pulse intensity and polarization
control. FM: flipper mirror, EO and AO: electro-optic and acousto-optic
modulators, respectively. (b) Pulse sequence for the nuclear spin depolariza-
tion measurements. The light polarization controlled by applied voltage to
EO modulator (upper panel), pulse intensity generated by AO modulator
(middle panel), and an example of the temporal evolution of OHS and a
CCD gate to probe the OHS (bottom panel).
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under a zero and weak magnetic field.** In our measure-
ments, the time interval between pump and probe pulses
(Tdgark = 200 ms) is enough longer than the exciton recombi-
nation time of the target InAlAs QD (tr ~ 0.75ns) and no
X" is detected as shown in Fig. 1. In this condition, no elec-
tron can survive in the QD during 74, and consequently, the
effect of the Knight field could be neglected. Therefore, the
experimental data shown hereafter are considered to be
mainly caused by the magnetic dipole-dipole interaction.

The dipolar coupling between two nuclear spins i and j
can be written as

Ko )y
Hdiij 11.[/_3% ,
ij y

where 1"V is the spin operator of the i(j)th nucleus, r; is the
vector of length r;; joining the two nuclei, and K is a coeffi-
cient including the permeability and gyromagnetic ratios of
the two nuclei. The dipolar Hamiltonian of the total nuclear
spin ensemble is then a sum over all nuclear spin pairs. The
above Hamiltonian is commonly decomposed into the secular
and non-secular parts. The former is composed of the terms
which are proportional to I ;IAJ — % (f l+17_ iy l_IAjJr) where I l_&”
and [ l_m are the raising and lowering operators of the i(j)th
nuclear spin. The secular part is, therefore, spin-conserving
and is responsible for diffusion and redistribution of the nu-
clear spins irrespective of the strength of B,. In contrast, the
non-secular part contains the terms which do not conserve the
total spin and can contribute to the nuclear spin depolariza-
tion as far as B, < Bgjp, where By;, is the local dipolar field.
Bgip is the effective magnetic field generated on the site of a

nucleus by its neighboring nuclear spins and characterizes the

strength of the dipolar interaction ﬂdip. For bulk GaAs, Bg;,
is on the order of 0.1 mT.*

Figure 5(a) shows the NSP depolarization under
B,=4T at 6K. The initial OHS of ~85 ueV was set to the
maximum NSP at 4T (see Fig. 3) by adjusting the intensity
and width of the pump pulse. In Fig. 5(a), the dashed hori-
zontal line indicates the OHS created only by the probe
pulse. Making the trade-off between the S/N of the observed
spectra and the influence of the probe pulse, the width
(100 ms) and the intensity of the probe pulse were decided.

The diffusion of NSP can be calculated by the standard
3D diffusion equation d(l,)/dt = DopV*(l,), where Dqp is
a diffusion coefficient of QDs and is assumed to be time-
independent and isotropic. By solving numerically the equa-
tion, the diffusion of NSP from QD into the barrier materials
can be computed. For simplicity, we assumed that a QD is a
box with the square base of 20 nm on a side and the height of
4nm, and the in-plane anisotropy is also ignored in the cal-
culation. Under the Gaussian distribution (FWHM of 20 nm
in bottom plane and 4 nm in height, respectively) as the ini-
tial NSP, the depolarization due to the diffusion effect was
computed as shown by the solid curves. To our best fitting,
Dqp is estimated to be less than 5 x 10~'° ecm?/s. In addition,
by using the relation Dgp ~ d? /Trr (Ref. 1) (d is the dis-
tance between adjacent nuclei), the flip-flop time Tgg of
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FIG. 5. (a) NSP relaxation due to spin diffusion at 4T and 6K. Closed
circles show the OHS at ¢~ pump pulse with 7, = 2s. The erase and
probe pulse widths were set t0 Terse = 25 and Tpohe = 100ms. The solid
lines indicate the calculated results of NSP diffusion in 3D diffusion model
with some diffusion constants. (b) Pump duration dependence of the OHS
decay. The results for the pump duration of 0.5, 2.0, and 15s are plotted. The
calculated curves by Dgp=35 X 107" cm?s are also depicted for
comparison.

nuclear spins can be roughly estimated to be ~350 ms for the
nearest same nuclear species.

The obtained value of Dqp is 20 times smaller than that in
bulk GaAs (Dyu ~ 107 cm?/s)*® and is of similar magnitude
in self-assembled InGaAs QD (Dgp ~ 5 X 10~ ecm?/s)*’ and
interface-fluctuation GaAs QD (Dgp ~ 2 X 10715 cm?s).2®
The spin diffusion is caused by the flip-flop between nuclear
spins due to magnetic dipole-dipole interaction. Therefore, any
energy mismatch between the associated nuclear states can
slow down the mutual spin flip process. Dipolar and quadrupo-
lar disorders in alloy and nuclear site-dependent quadrupolar
energy shift due to strain are likely to suppress the spin transfer
for the case of no electron residence in a QD.

The calculated results depend on the broadening of the
initial NSP created by the pump pulse. In order to confirm
the effect of the initial NSP broadening, the dependence
on the pump pulse duration was measured as shown in
Fig. 5(b). The pump pulse duration tp,mp Was changed from
0.5s to 15s, and the decay of OHS was measured. In
increasing the Tpymp, the start of the OHS decay was found
to be delayed and the initial constant OHS part was pro-

J. Appl. Phys. 111, 103531 (2012)

longed. For the easy-to-see comparison, the calculated
curve for Dop=>5x 107"> cm?/s was overlaid on the re-
spective measured result. The result for the longer pump
pulse deviates from the simple calculation. This strongly
suggests the NSP in the QD surroundings, which would be
generated during the Tpymp, suppresses the spin transfer
from QD region. The similar time lag of the OHS decay
was observed decreasing the magnetic field in the case of
the constant pump condition (constant T,ump, and intensity).
The maximally achievable OHS depends on the applied
magnetic field as shown in Fig. 3, and therefore, under the
constant pump condition, the NSP in the QD surroundings
generated during Tpymp increases in decreasing the applied
field. Such a magnetic field dependence of NSP depolariza-
tion also supports the above estimation.

Finally, the influence of resident hole on nuclear spin
depolarization is discussed briefly. As mentioned above, nu-
clear spin depolarization is induced by the fluctuation of
Knight field and the spin diffusion via the magnetic dipolar
interaction between nuclei. The hyperfine interaction, which
is the spin exchange between the electron (hole) and the
nuclei, can be decomposed into the following two terms: the
Fermi’s contact term and the dipolar term. While the contact
term is mainly contributed by an electron due to the large
existence probability at the nucleus site, the dipolar term is
dominated by a hole spin with the angular momentum /= 1.
There are a few elaborate works about the influence of a
confined electron in a QD on the nuclear spin depolariza-
tion.”** In the case that only an electron exists in the QD
region, which can be realized after the X~ emission, the
contact term contributes dominantly to the nuclear spin
depolarization, because it is much stronger than the other
depolarization terms. Latta et al. revealed that the resident
electron causes the nuclear spin depolarization via the
hyperfine-mediated indirect nuclear spin interaction and the
cotunneling mediated nuclear spin flips.”® Being similar to
the case of a resident electron, the resident hole has the possi-
bility to affect the nuclear spin depolarization via the dipolar
term of hyperfine interaction. In general, the hyperfine con-
stant of the dipolar term is more than one order of magnitude
smaller than that of the contact term.?” In addition, the dipolar
hyperfine interaction is highly anisotropic for pure heavy hole
and the efficiency relies on the large hh-lh mixing. "
According to the high DCP of X*-PL (~0.9) as shown in Fig.
2(b), the degree of hh-lh mixing is considered to be low in our
sample. In addition, the decay time of Overhauser field is
nearly same as the decay time (~60 s.) in the case that no par-
ticles exist in a QD.** Those facts suggest that the resident
hole has small influence on the nuclear spin depolarization.

IV. SUMMARY

In summary, we performed the time-resolved measure-
ments of the nuclear spin depolarization processes in a single
InAlAs QD by using the erase-pump-probe technique. Com-
pared with the standard 3D diffusion model, the diffusion
coefficient of a target single Ing75Alp,s As QD can be esti-
mated less than ~5 x 1071 cmz/s, which is one order mag-
nitude smaller than that in bulk GaAs and is the similar
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magnitude in other experimental results of QDs. The slow
transfer of the spin energy is considered to be due to the
dipole-dipole interaction of the nuclei, and the pump dura-
tion dependence suggests strongly that the NSP in QD sur-
roundings suppresses the spin transfer from the QD region.
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