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Double nuclear spin switching in single quantum dots
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E-mail: yama-st@eis.hokudai.ac.jp

Hyperfine interaction in a quantum dot produces a spin-coupled system between an injected electron and a few tens of thousands
of nuclei in the electron wavefunction. We report here that the double bistable phenomenon of nuclear spin polarization (NSP)
can be observed by sweeping three control parameters. All the observations indicate that the NSP has three stable branches
under a longitudinal magnetic field, whereas the number of the stable branches of NSP has been believed to be two at most. The
incorporation of the electron spin relaxation due to the nuclear spin fluctuation enables reproduction of the observed features of the
NSP and the electron spin polarization.

1. Introduction

Electron–nuclear spin coupling by hyperfine interaction (HFI)
is highly important in quantum dots (QDs). This is because
the spin flip–flop process via HFI transfers the spin angular
momentum from a confined electron to the lattice nuclear spin
ensemble.1, 2) Consequently, nuclear spin polarization (NSP)
can be induced easily by optical spin-selective electron injec-
tion.3–5) The NSP affects the electron spin states as an effec-
tive magnetic field (i.e., a nuclear field) and enables various
applications, such as quantum memory, owing to the unprece-
dented long-duration spin coherence.6–8) Recent demonstra-
tion and prediction suggest the possibility of a quantum read–
write process with over 90% accuracy.9, 10)

One of the most interesting properties of NSP is bistabil-
ity, known as nuclear spin switching (NSSW), in which the
NSP transits abruptly between two concurrently present sta-
ble branches owing to the negative and positive feedbacks of
the spin transfer rate.11–16) NSSW occurs when the electronic
Zeeman splitting, which limits the spin transfer rate, is re-
duced owing to the compensation of the external magnetic
field by a nuclear field.

The nuclear field, Bn, consists of a static part Bstat
n and a

fluctuating part Bf . The nuclear spin fluctuation is known to
cause severe electron spin decoherence,17, 18) which is an un-
desired aspect of HFI. Although it is essential to determine
completely the formation and relaxation processes of NSP for
controlling NSP and electron spin polarization, the nuclear
spin fluctuation has not been related to the NSP formation dy-
namics yet.16)

In this study, we show that the effect of the nuclear spin
fluctuation on an electron, in turn, affects the NSP dynam-
ics and generates an extra stable branch. This suggests that
the NSP in the individual QDs potentially has three stable
branches. This unique behavior is demonstrated by steady-
state photoluminescence (PL) measurements. In previous
studies,19, 20) we focused on the excitation power dependence
of NSP. Extending from the study in Ref.,19) the dependen-
cies on the excitation polarization, external magnetic field, as
well as excitation power are discussed in detail. In addition,
the proposed model predicts that a QD spin system exhibits a
tristable response under some conditions.

Fig. 1. (color online) (a) Experimental setup for µ-PL measurements
under a longitudinal magnetic field. (b) PL spectra from a single QD
detected in linearly polarized basis under unpolarized excitation at 0 T. (c)
Zeeman-split PL spectra of X+ under σ+ (upper panel) and σ− (lower panel)
excitations at Bz = +4 T with Pexc=350 µW. PL peak in higher (lower)
energy side is σ+(−)-polarized. Zeeman splitting energy indicated by arrow
differs depending on excitation helicity.

2. Sample and Experimental Apparatus

Molecular-beam epitaxy-grown In0.75Al0.25As/Al0.3Ga0.7As
self-assembled (SA) QDs on (100) GaAs substrate were used
in the experiments. The InAlAs QDs have lens-like shapes
with the typical diameter of 20 nm and a height of 4 nm.4, 21)

The fabrication of small mesa structures allows characterizing
single QDs by micro-PL measurements. A continuous wave
Ti:sapphire laser was used to inject optically a spin-polarized
electron and hole into the wetting layer of the QDs (∼1.6986
eV). The excitation polarization was controlled precisely by
combining a linear polarizer (LP), half-waveplate (HWP), and
quarter-waveplate (QWP), as shown in Fig. 1(a). The HWP
was used to cancel out the undesired phase distortion caused
by the optical elements, such as mirrors and beam splitter
(BS) in the excitation beam path. The excitation beam was
focused on the QD sample along the growth direction (z) by
an objective lens (OL, ×20). The sample was kept at 6 K in
an optical cryostat, which was inserted in a superconducting
magnet introducing a static longitudinal magnetic field Bz up
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Fig. 2. (color online) (a) Calculated ⟨S z⟩ normalized by S 0. (b), (c)
Schematics of NSP formation (blue curve) and relaxation terms (orange
lines). (c) is closeup view of square region in (b). Steady-state solutions are
interpreted as intersections of two terms, and inclination of relaxation term
depends on fe, which is indicated by arrows. Solid (open) circles represent
intersections with increasing (decreasing) fe, and arrowed black (green)
trace indicates the state-tracking route. (d) fe dependencies of ⟨S z⟩ (top) and
⟨Iz⟩ (bottom) under σ+ excitation. Labeled points correspond to those in (b)
and (c). In lower panel, solutions in shaded region represent new stable
branch.

to 5 T. The PL from the individual QDs collected by the same
objective lens was dispersed by a triple grating spectrometer
and detected by a liquid-nitrogen cooled CCD. Although the
energy resolution of our apparatus was ∼12 µeV, the peak en-
ergy could be determined with an accuracy of less than 5 µeV
using spectral fittings.

Figure 1(b) shows the typical PL spectra from a single QD.
The most intense PL peak is attributed to the positive trion,
X+, consisting of one electron and spin-singlet two holes.
We focus on the X+ PL. This is because the z component
of the electron spin polarization, ⟨S z⟩, is related to the de-
gree of circular polarization, ρc, through ⟨S z⟩ = ρc/2 when
ρc ≡ (I−−I+)/(I−+I+), where I−(+) is the σ−(+) PL intensity.

Figure 1(c) shows the X+ PL spectra at Bz = +4 T. It is
seen clearly, the Zeeman splitting under the σ+ excitation is
larger than that under the σ− excitation. This can be explained
by the Overhauser shift, ∆OS, due to an optically generated
Bstat

n,z whose direction is dependent on the excitation polariza-
tion (i.e., the orientation of the spin of the photo-injected elec-
tron).3–5, 16)

3. Theoretical Explanation of Double NSSW

The formation dynamics of NSP can be expressed by the phe-
nomenological rate equation,16, 22)

d⟨Iz⟩
dt
=

1
TNF

[Q(⟨S z⟩ − ⟨S eq
z ⟩) − ⟨Iz⟩] −

1
TND
⟨Iz⟩. (1)

Above, Q is a material-dependent constant, which is ∼16
for our InAlAs. 1/TNF and 1/TND are the formation and de-
cay rates of the NSP, respectively. The thermal equilibrium
value, ⟨S eq

z ⟩, of ⟨S z⟩ is neglected hereafter. The formation rate,

1/TNF, given by

1
TNF
=

2 feτc(A/N)2

ℏ2 + [geµB(Bz + Bstat
n,z )τc]2 (2)

suggests that the spin transfer is maximized when the electron
spin splitting, geµB(Bz+Bstat

n,z ), becomes zero. Such a scenario
can be achieved if Bstat

n,z =2A⟨Iz⟩/(geµB) cancels out Bz. Here, fe
is the time fraction when an unpaired electron spin occupies
the QD, τc is the correlation time between the electron and
nuclear spins, A ∼ 50 µeV is the hyperfine constant, N is the
number of nuclei in the localization volume, ge is the g-factor
of a conduction electron, and ℏ and µB are the reduced Planck
constant and the Bohr magneton, respectively.

Most of the previous studies treated ⟨S z⟩ in Eq. (1) as a con-
stant and explained two coexistent stable branches.4, 5, 11–16)

However, as has been revealed previously, ⟨S z⟩ can be reduced
owing to the effect of the nuclear spin fluctuation.17, 18) Al-
though the temporal change in the fluctuating field is much
slower than the annihilation of a single electron spin, the
ensemble average, ⟨S z⟩, over numerous electron generation–
annihilation cycles in the exposure time of the detector de-
creases owing to the fluctuation of the nuclear field. Because
the expected magnitude of Bf is the order of 10–100 mT,24–28)

the reduction in ⟨S z⟩ should be limited near the condition,
Bz+Bstat

n,z = 0.
We treat this effect by separating the nuclear field into a sta-

tionary part Bstat
n and a fluctuating part Bf .23) From the steady-

state solution of the Bloch equation, we assume

⟨S z⟩ = S 0
B2

1/2 + ⟨B2
f,z⟩ + (Bz + Bstat

n,z )2

B2
1/2 + ⟨B2

f ⟩ + (Bz + Bstat
n,z )2

. (3)

Here, S 0 is the upper limit of the electron spin polarization
determined by the injected polarization, S i, and the electron
spin coherence time. B1/2 = ℏ/(geµBτe) is a reduced field of
the electron spin lifetime, τe. ⟨B2

f ⟩ = 3⟨B2
f,z⟩ is the expecta-

tion value of the square of the fluctuation amplitude where
the isotropic spatial distribution of Bf is assumed. As shown
in Fig. 2(a), ⟨S z⟩ expressed by Eq. (3) presents a steep decay
around the point, Bstat

n,z /(−Bz) = 1.
Figures 2(b) and 2(c) show the schematics of the normal-

ized formation term (blue curve) and the relaxation term (or-
ange straight lines) of Eq. (1). The wide Lorentzian shape of
the formation term reflects 1/TNF, and only by this structure,
a single NSSW with two stable and one unstable branches can
be explained, as has been discussed previously.16) A narrow
dip in the formation term, which is the key point of this study,
originates from the ⟨S z⟩ reduction due to the nuclear spin
fluctuation. Concurrently, the relaxation term is represented
by a straight line whose inclination changes in response to
the change in fe because of the normalization of the forma-
tion term in the figures. The increase in fe corresponds to
the large tilting of the relaxation term, as shown by arrows
in Figs. 2(b) and 2(c). The steady-state NSP observed in the
time-integrated PLs is interpreted as intersections of the for-
mation and relaxation terms.

Let us consider the trajectory of an intersection with fe,
which is controlled by the excitation power, Pexc. Starting
from the lower fe where the system takes a unique solution,
the intersection follows the formation curve with increasing
fe until point A, following which it jumps to point B. Sub-
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sequently, the state moves to point C along the dip structure
and finally jumps to point D, as shown by the black trace.
However, returning from the larger fe, the system maintains
a continuous state of evolution until point E, and the state-
tracking route of E→F→G→H (green trace) is obtained. The
trajectories of these intersections and the accompanying ⟨S z⟩
are plotted as a function of fe in Fig. 2(d).

From these considerations, we found that the plateau of the
NSP between points B and C originates from the narrow dip
centered at Bstat

n,z /(−Bz) = 1. Because a large decay in ⟨S z⟩ oc-
curs at this point, as shown in the top panel of Fig. 2(d), it is
difficult for the NSP to increase and overcome the cancella-
tion point, even on increasing fe. Thus, the saturation of ⟨Iz⟩
occurs, leading to the appearance of the extra stable branch.
The above-mentioned features of the NSP are considered to
be common for various QD systems because the developed
model is not associated with specific materials or lattice struc-
tures. The details of the model calculations and the derivation
of the equations are described in Ref. 20.

4. Observations of Double NSSW

Figure 3(a) shows the excitation power, Pexc, dependencies
of ρc (= 2 ⟨S z⟩) and ∆OS. While ∆OS under σ− excitation
increases monotonically with increasing Pexc, |∆OS| under
σ+ excitation exhibits clear jumps accompanying the abrupt
drops of |ρc|. Clearly, the NSSW occurs twice, which sug-
gests three stable branches although only one NSSW and two
stable branches are believed.11–16) Double switching labels, I
and II, can be regarded as hysteresis loops ABGH and CDEF
in Fig. 2(d), respectively. Also, the branch named Mid. in
Fig. 3(a) corresponds to the plateau of the NSP between points
B and C in Fig. 2(d).

Figure 3(b) shows the change in |ρc| depending on the
electronic Zeeman splitting, ∆Zeeman ≡ geµBBz+∆OS =

geµB(Bz+Bstat
n,z ). The data were obtained from Pexc dependen-

cies at different magnetic fields as indicated in the figure.
Circles, squares, and triangles represent the Lo., Mid., and
Hi.-branches, respectively. As clearly shown, |ρc| decreases
sharply as |∆Zeeman| approaches zero, where the complete com-
pensation of Bz by Bstat

n,z is fulfilled. This sharp reduction is a
clear indication of the effect of the nuclear spin fluctuation,
which is treated by Eq. (3) and expected to cause a steep de-
cay of ⟨S z⟩, as shown in Fig. 2(a). The data in Mid.-branch
are in the vicinity of ∆Zeeman=0 and highlight the entire de-
cay curve of |ρc|, which is very different from our previous
measurements.24, 25)

It is worth noting that the double NSSW is not always ob-
served. Figure 3(c) shows a single switching of ∆OS, which
is observed in the same QD as Fig. 3(a) under σ+ excitation
but at Bz=+2.5 T. Under a low magnetic field, all of the mea-
sured QDs indicated single switching similar to Fig. 3(c), and
the threshold Bz from single to double switching was depen-
dent on the parameters of the individual QDs. Furthermore,
the majority of the QDs showed only single NSSW under our
available Bz of 5 T.

The double NSSW was also observed on changing the exci-
tation polarization and the magnetic field. Figure 3(d) shows
the excitation polarization dependencies of ρc (upper panel)
and ∆OS (lower panel) at Bz = +3.5 T. Here, the excitation
polarization, ρexc

c , is defined as the same definition of ρc, and
thus ρexc

c = ∓1 corresponds to the σ± excitation. Although

Fig. 3. (color online) (a) Pexc dependencies of ρc (upper panel) and ∆OS
(lower panel) at Bz = +4.0 T. (b) |ρc | plotted as function of electronic
Zeeman splitting ∆Zeeman. (c) Pexc dependence of ∆OS at Bz = +2.5 T under
σ+ excitation. (d) Excitation polarization dependencies of ρc (upper panel)
and ∆OS (lower panel) at Bz = +3.5 T. Horizontal axis ρexc

c is the circular
polarization degree of excitation light where ρexc

c = ∓1 corresponds to σ±

excitation. (e) Bz dependence of ρc (upper panel) and ∆OS (lower panel).
Sweeping rate of Bz is 0.1 T/min.

the σ− excitation did not exhibit any switching because the
generated Bstat

n,z pointed to the same direction as Bz, and clear
switching was observed around the σ+ excitation where Bstat

n,z
and Bz pointed to opposite directions. Figure 3(e) shows ρc
(upper panel) and ∆OS (lower panel) that were observed with
increasing and decreasing Bz, respectively. The σ+ excitation
and a sweeping rate of Bz (0.1 T/min), which is sufficiently
slow for the NSP to follow its steady-state branch, were em-
ployed. The figure shows that the NSP requires the Hi.-branch
in the low Bz region and transits to the Lo.-branch through the
Mid.-branch as Bz increases. With decreasing Bz, the NSP re-
traces these three branches in the reverse order.
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Fig. 4. (color online) (a) Calculated ⟨Iz⟩ with various τc (20–70 ps).
Thick black curve is example of solution with tristability, which adopts three
steady-state solutions in shaded region around vertical dashed line. (b)
Temporal evolution of ⟨Iz⟩ from different initial states with τc=27 ps. (c)–(e)
Transition from double to single switching by controlling τc. Black and
green curves represent the stable NSP states with increasing and decreasing
fe as shown by arrows.

From these experimental observations, it seems that the dis-
crimination between the Mid. and Hi.-branch was rather diffi-
cult to detect in ∆OS because of the small difference. However,
ρc can probe the existence of the Mid.-branch with excellent
clarity. For the Mid-branch, the nuclear spin fluctuation effec-
tively reduces ρc because Bstat

n,z +Bz∼0 is achieved.

5. Toward Tristability

Finally, we present the tristability of the NSP, which is
predicted from the proposed model. Figure 4(a) shows the
steady-state solution of ⟨Iz⟩ calculated with various τc in the
excitation power dependence. As indicated, the total shape of
⟨Iz⟩ strongly depends on τc, and the presence of the Mid.-
branch fades off as τc increases. In the figure, the thick curve,
where τc=27 ps is assumed, shows an example of the trista-
bility. In the shaded region, ⟨Iz⟩ takes three stable and two
unstable solutions. Figure. 4(b) shows the temporal evolution
of ⟨Iz⟩ from the different initial states. As clearly shown, al-
most all the states converge to three stable solutions, and thus,
two unstable solutions are barely observed.

The calculated results in Figs. 4(c)–4(e) demonstrate the
transition from the double to the single NSSW by changing
τc. From the comparison with Fig. 3(a), it is considered that
the experimentally observed behavior of the NSP corresponds
to the case of short τc. By increasing τc from this short τc
case shown in Fig. 4(c), the state-tracking route on the Mid.-
branch splits when ⟨Iz⟩ obtains the tristability, as shown in
Fig. 4(d). Further increment in τc hides the Mid.-branch in the
hysteresis loop, and eventually the switching behavior con-
verges to the well-known single NSSW (bistability), as shown
in Fig. 4(e). As demonstrated in the previous experiments, τc
can be controlled by the sample temperature29) and/or the bias
voltage of charge tunable QDs.30) These methods for the con-
trol of τc may reveal the transition of switching characters.

6. Conclusion

In single InAlAs SAQDs, we found that the NSP takes three
stable branches although the number of branches has been
believed to be two at the maximum. This was observed as
a double NSSW by changing the excitation polarization and
the magnitude of the applied longitudinal magnetic field as
well as the excitation power. The observations were success-
fully explained by the phenomenological model based on the
dynamic formation of the NSP, including the effect of the nu-
clear spin fluctuation. The double NSSW is considered to be
general in various QD systems because the developed model
is not related to specific materials or lattice structures. Fur-
thermore, the model predicts tristability of the NSP whose
high degree of freedom may open routes for more elaborate
spin operations in the QD system.
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