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ABSTRACT

We have observed a transition from single to double hysteresis of nuclear spin polarization (NSP) with increasing magnetic field in a single
InAlAs self-assembled quantum dot, which means the birth of a third stable branch that depends on the field strength. This NSP transition
behavior could not be reproduced by standard model calculations using a fixed electron–nuclear spin correlation time τc under different
external field conditions. By introducing the field dependence of τc, we were able to successfully reproduce the observed NSP transition.
This finding on the phenomenological description of the magnetic field dependence will be a future highlight of τc.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0223272

I. INTRODUCTION

In semiconductor quantum dots (QDs), long carrier spin life-
time is realized by suppressing the translational motion,1 while the
influence of Fermi’s contact hyperfine interaction (HFI) is highly
enhanced due to strong localization of electron wavefunction.
When a well-orientated electron spin is injected into a QD through
optical selection rules,2,3 the spin angular momentum is transferred
easily from the electron to the lattice nuclear spin ensemble
through the spin flip-flop process via the HFI.4,5 The resultant
nuclear spin polarization (NSP) hIzi reacts on the spin-unpaired
electrons in the form of an effective nuclear magnetic field
(Overhauser field), Bn, and can be detected macroscopically as the
spectral energy shift of the electronic levels (Overhauser shift:
OS).6–8 Such an Overhauser field would prolong the electron spin
coherence time,9 and this feature is expected to contribute to the
progress in quantum memory10,11 and quantum information
processing.12

Recently, we have observed double bistability of NSP and pre-
dicted an interesting transition from bistability to tristability (trista-
ble response) in QDs by tuning the correlation time τc of the

hyperfine coupling between electron and nuclear spins.13,14 In a
standard spin relaxation theory, τc is the time scale in which the
direction and magnitude of the effective magnetic field can be
approximated as stationary for an electron spin in a QD.1,4,5,15,16

With the introduction of τc, each Zeeman-split electron state has a
spread of �h=τc. The overlap of these two levels determines the
allowable spin flip-flop rate by the HFI without violating energy
conservation during the process. Although τc is basically deter-
mined by what interactions are responsible for the spin relaxation
and is usually treated as a constant, it can be modified actually by
the sample temperature in self-assembled (SA) QDs17 and bias
voltage in charge-tunable QDs.18 The external magnetic field Bext is
one of the key parameters in the studies of QD-NSP, but it has not
been clarified how τc is affected by Bext.

In this paper, we show that the number of hysteresis loops in
the QD-NSP changes from single to double as Bext increases
(referred to as “single-to-double hysteresis transition”). Since model
calculations with τc as a constant is difficult to explain this observa-
tion, the magnetic field dependence of τc is studied experimentally
and numerically.
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II. EXPERIMENTS

The sample was single In0:75Al0:25As=Al0:3Ga0:7As SAQDs
grown on an undoped (001)-GaAs substrate.6,19 A continuous-wave
Ti:sapphire laser with the wavelength of 730 nm (�1:6986 eV) was
used to inject spin-polarized carriers into the wetting layer.
As shown in Fig. 1(a), two rotating half-wave plates (HWPs) were
used; HWP1, placed between a pair of linear polarizers (LPs), con-
trols the excitation power Pexc, and HWP2 with a quarter-wave
plate (QWP) controls the excitation polarization. The excitation
light was focused on the QD sample by an objective lens (OL, �20)
along the sample growth axis (z-axis). Photoluminescence (PL)
from individual QDs passed through the same OL and was
detected by a spectrometer and a Si-charge-coupled device (CCD)
camera. The QD sample was kept at 6 K throughout all measure-
ments. A superconducting magnet generated a static magnetic field
along the z-axis, Bz , up to 5 T. The PL energy can be determined
with an accuracy of 5 μeV by spectral fittings.

Figure 1(b) shows typical PL spectra of a single InAlAs SAQD
at 0 T. In the following, only PL spectra from the ground state of
the positive trion Xþ consisting of an electron and spin-singlet
holes are discussed. For Xþ PL, the degree of circular polarization
(DCP, ρc) is determined solely by the electron spin polarization,
hSzi, with the relation hSzi ¼ ρc=2. Here, ρc is defined as
ρc ; (I� � Iþ)=(I� þ Iþ), where I+ is the σ+ polarized PL
intensity.

Typical magneto-PL spectra of Xþ are shown in Fig. 1(c).
The energy splitting of Xþ PL can be written as
ΔEZ ¼ ghμBBz þ geμB Bz þ Bstat

n,z

� �
, where ge (gh) denotes the elec-

tron (hole) g-factor and μB is the Bohr magneton.20,21 The second
term on the right-hand side is the electronic Zeeman splitting and

is affected by Bstat
n,z , the z-component of the static part of Bn. OS is

defined as ΔOS ; 2~AhIzi ¼ geμBB
stat
n,z (~A: averaged HFI constant)

and is the difference between ΔEZ under circularly (σþ/σ�) and
linearly (πx) polarized excitations. In Fig. 1(c), ΔOS was evaluated
to be �86 (þ53) μeV under σþ (σ�) excitation at Bz ¼ 4:0 T,
where the optically generated Bstat

n,z aligned antiparallel (parallel) to
Bz . 0. In In0:75Al0:25As SAQDs, the observed value of ΔEZj j
increases (decreases) by ΔOS under σþ (σ�) excitation due to the
relation ge � gh , 0.22

III. RESULTS AND DISCUSSION

A. Transition from single to double hysteresis

Figures 2(a) and 2(b) summarize Pexc-dependences of ΔOS and
ρc under σþ excitation at various Bz , respectively. Solid and open
circles (squares) are the observed ΔOS (ρc) with increasing and
decreasing Pexc, respectively. Within the range of Pexc used here, the
fraction of time in which a QD is occupied with an electron

FIG. 1. (a) Schematics of the experimental apparatus in Faraday geometry.
NPBS: non-polarizing beam splitter. (b) PL spectra from a target single QD at
0 T. (c) Xþ PL spectra at 4.0 T under linearly (πx : diamonds) and circularly
(σþ=σ�: circles/squares) polarized excitations with Pexc ¼ 370 μW. The solid
lines are the fitting curves. Under σþ(�) excitation, Bstatn,z is aligned antiparallel
(parallel) to Bz . 0, and thus, ΔEZ increases (decreases) in our InAlAs QDs.

FIG. 2. Pexc-dependences of ΔOS (a) and ρc (b) under σþ excitation at 3.5
(bottom), 4.0 (middle), and 4.5 T (top). Solid (open) markers are the observed
values with increasing (decreasing) Pexc. (c) Schematics of the NSP formation
(green, orange curves) and decay terms (red lines) as a function of hIzi. The
dotted lines mark the field compensation points. The increase in fe (/Pexc)
reduces the slope of the decay term of NSP in this plot. (d) Calculations of hIzi
as a function of fe at various Bz . The used parameters are Bf ¼ 40 mT,
ge ¼ 0:32, τc ¼ 33 ps, and TND ¼ 80 ms, and all of them are assumed to be
constant here. The dashed part indicates the unstable branch, and the narrow
horizontal peaks correspond to the Mid. branch of NSP.
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(denoted as fe), is proportional to Pexc for Bz � 4:0 T. The satura-
tion of the PL intensity appears for Pexc . 200 μW at 4.5 T.

At Bz ¼ 3:5 T, a unique hysteresis loop (I) appears as shown
in the bottom panel of Fig. 2(a). As indicated by arrows, this loop
connects two stable branches of NSP (Lo. and Hi.) at two points
with abrupt jumps. Furthermore, the abrupt changes in ρc synchro-
nized with ΔOS were observed as shown in Fig. 2(b). These behav-
iors are characteristic of the bistability of NSP,8,23,24 but changing
Bz alters this well-known phenomenon; as Bz increases from 3.5 to
4.0 T [the middle panels], another hysteresis loop (II) appears in
the higher Pexc region. This double bistability signifies the emer-
gence of the third stable branch of NSP (Mid.).13 Further increasing
Bz up to 4.5 T, Mid. branch, the region between loop-I and loop-II,
was extended as shown in the top panels. This is single-to-double
hysteresis transition, and a similar trend has been reported in our
previous study.13

Note that the Mid. branch located between Hi. and Lo.
branches is more clearly identified by the change in ρcj j than the
one in ΔOSj j. While there is an obvious correlation between ρc
(/hSzi) and ΔOS (/hIzi) as shown later, the fact that ρcj j is quite
sensitive to the small change in ΔOS comparable to the energy reso-
lution in our measurement system is a great help in detecting the
Mid. branch.

Figure 2(c) illustrates how the experimentally observed NSP
branch evolves as Pexc and Bext are varied. Lorentzian curves with a
sharp dip (green, orange) and red straight lines represent the for-
mation and decay terms of NSP. The phenomenological model for
the electron–nuclear spin system and the explicit form of the for-
mation term are seen in the Appendix. The steady state of hIzi cor-
responding to the observed value is depicted as the intersection of
the formation and decay terms. The height of the formation term
(1=TNF) increases linearly with increasing fe (/Pexc). On the other
hand, the slope of the decay term, which is given by the inverse of
the decay time TND of NSP, is invariant to changes in fe. When the
formation term is normalized to fix its height in the plot, an
increase in fe leads to a decrease in the slope of the decay term. As
fe changes, the intersection undergoes abrupt transition so that the
observed NSP jumps to a different branch accordingly.

It should be noted that the origin of the Mid. branch is the
nuclear spin fluctuations (NSFs). The NSP consists of the following
two parts: a stationary part, which is responsible for Bstat

n,z and a
temporally fluctuating part. The latter one, NSF, causes a sharp
reduction in hSzij j resulting in a dip structure of the NSP formation
term at the field compensation point Bz þ Bstat

n,z ¼ 0. The magnitude
of NSF, which is reduced to the effective magnetic field Bf , has
been evaluated as �40 mT experimentally in our InAlAs QDs.22

The depth and width of the dip are essentially determined by Bf ,
and we found that a large Bf is suitable for the Mid. branch
observation.13

Figure 2(d) shows the calculated results of NSP as a function
of fe. The key parameters here are Bf ¼ 40 mT, ge ¼ 0:32,
τc ¼ 33 ps, and TND ¼ 80 ms; the latter three were determined
from fitting of data set similar to Fig. 4(b) (but obtained at 3.5 T).
In this figure, these parameters were assumed to be independent
not only of fe but also of Bz . Considering the impact of NSF, a
narrow horizontal peak corresponding to the Mid. branch appears
within the S-shaped hysteresis loop. For the Mid. branch to be

observed, the tip of this narrow peak must grow to fe larger than fe
at the end of the Lo. branch, otherwise only the transition between
Lo. and Hi. branches can be observed. However, the calculations
show that as Bz is increased, the length of the Mid. branch remains
almost the same, but the width of the outer S-shaped loop
increases. Therefore, this model indicates that the Mid. branch is
less likely to be observed with increasing Bz . This is not consistent
with the experimental results shown in Figs. 2(a) and 2(b).

Here, we consider the effects of increasing Bz on the trajectory
of the intersection [Fig. 2(c)]. Note that the observability of the
Mid. branch depends on the ease of transition from the Lo. (or Hi.)
branch and whether there is an intersection in the dip region of the
formation term. These factors depend on the dip depth and the
gradient of 1=TNF around the transition point (especially from
Lo.). As Bz increases, the height of the formation term is reduced
and the peak position shifts toward the higher hIzi side. In this
change, while the dip depth remains almost the same, the gradient
of 1=TNF at the lower transition point (open circle) becomes more
gradual. Thus, the NSP at the Lo. branch tends to stay in the origi-
nal Lo. branch, even if fe increases (called Lo.-restraint). To get out
from the Lo. branch, the slope of the decay term needs to be much
smaller (i.e., larger value of fe ), but this would make it harder to
get the intersection in the dip region. As a result, the transition
between Lo. and Hi. branches is more likely to occur at higher Bz ,
making it difficult to access the Mid. branch in this model.

To reproduce the single-to-double hysteresis transition, we
introduce Bz-dependence to the parameters that have been
treated as constants. Although multiple parameters affect the NSP
intricately, only the following three seem to depend on Bz : TND,
Bf , and τc.

25

First, we consider the Bz-dependence of TND. It has been
reported that TND is actually prolonged with increasing Bz .

26,27

This is because an additional NSP-decay process, which is activated
by the nuclear quadrupole interaction, is effectively suppressed by
increasing Bz . However, model calculations in Fig. 3(a) show that
the longer TND shortens the length of the Mid. branch and makes
it difficult to access. Furthermore, the prolongation of TND appears

FIG. 3. (a) Calculated fe-dependencies of hIzi with various TND. (b) Experimentally
obtained hSzi as a function of Bz þ Bstatn,z . The vertical axis is normalized by hSii,
the initial value of electron spin polarization. The absence of data points around
Bz þ Bstatn,z ¼ 0:3 � 3:0 T is due to the abrupt change of NSP. The solid curve is
the theoretical one using Eq. (A5).
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only in the sub-Tesla region,27 and TND can be treated as a constant
under the high-Bz conditions currently considered. Therefore, it
can be reasonably assumed that the change in TND does not play a
significant role in the single-to-double hysteresis transition.

Next, we consider the possibility that Bf varies depending on
Bz . In previous works,1,8,24,28 Bf has been given by
Bf � ~A~I= geμB

ffiffiffiffi
N

p� �
(~I is the averaged nuclear spin and N is the

number of nuclei in the localization volume of the electron) and
considered to be independent of Bz . Figure 3(b) supports this inde-
pendence of Bz . The figure shows the experimentally deduced hSzi
as a function of the total magnetic field (¼ Bz þ Bstat

n,z ) seen by an
electron, where the data set was obtained at several Bz from 3.5 to
5.0 T. As clearly shown, a sharp reduction of hSzi occurs at
Bz þ Bstat

n,z ¼ 0, where only Bf affects on hSzi. The data points under
all Bz are distributed around a single calculated curve, which
strongly suggests that Bf , which determines the shape of the curve,
is independent of Bz . Furthermore, no clear difference in Bf

deduced from the data for each Bz was found. This is consistent
with the previous work.13

B. Magnetic field dependence of τc

From the above discussion, we considered it most likely that
τc has the magnetic field dependence. To examine this assumption,
we focused on the excitation polarization dependencies of hSzi and
hIzi at various Bz . Figure 4(a) summarizes the deduced hIzi and
hSzi as a function of the excitation light polarization ρexcc at

Bz ¼ 4:2 T. The horizontal axis was normalized by ρexcc, max, the
maximum value of jρexcc j, and ρexcc =ρexcc, max ¼ þ1 (�1) corresponds
to the case under σ� (σþ) excitation. When Bstat

n,z is oriented oppo-
site to Bz at ρexcc , 0, the double bistability of NSP clearly appears
with respect to the change in ρexcc . On the other hand, hIzi and hSzi
show monotonic changes when Bstat

n,z is parallel to Bz at ρexcc . 0.
From the data set in Fig. 4(a), the correlation between hIzi and hSzi
can be plotted as shown in Fig. 4(b). Due to the transition between
Hi. and Mid. branches, no data points appear in the region
between hSzi of �0:3 and �0:2. On the other hand, an abrupt
change in hIzi is observed at hSzi � �0:2, which corresponds to
the transition between Mid. and Lo. branches.

By assuming that the electron spin polarization at thermal
equilibrium is negligible, the steady-state condition of NSP leads to
the following relation [see Eqs. (A1) and (A2) in the Appendix]:

TND

TNF
¼ hIzi

QhSzi � hIzi/
1=τc

�h=τcð Þ2 þ ΔE2
e

, (1)

where Q is a spin conversion coefficient from electron to nucleus
and is �16:33 in our InAlAs QDs. This formula suggests that the
ratio of TND to TNF can be evaluated using a set of hIzi and hSzi
and that it draws a Lorentzian shape with respect to the electronic
Zeeman splitting, ΔEe. The most important point is that 1=τc is
reflected as the half width of the Lorentzian curve.

Figure 4(c) shows the deduced TND=TNF as a function of ΔEe
at three different Bz : 3.5 (left), 4.2 (middle), and 5.0 T (right). For
all Bz , the deduced TND=TNF has a peak structure centered at
ΔEe ¼ 0. As Bz increases, the peak width increases, while its height
decreases. According to Eq. (1), these changes in the peak shape
should reflect the Bz-dependence of τc. The spike structure appears
in ΔEe . 0, which is pronounced at 4.2 and 5.0 T, is considered an
artifact. This spike consists of data when the excitation polarization
is close to linear (i.e., hSzi � 0), and thus, the denominator of
Eq. (1) is close to zero around this point, leading to an unintended
magnification of the measured values.

The curves in Fig. 4(c) were asymmetric with respect to ΔEe,
contrary to expectations. However, we attempted to evaluate the
curve width by dividing the data into two intervals and fitting to
each; w1 (w2) is the half width of the Lorentzian curve in the
region of ΔEe . 0 (ΔEe , 0). Note that τc and TND were used as
variable parameters in the fittings.

Figure 5(a) summarizes the deduced w1 and w2 (orange and
blue solid circles) as a function of Bz . Both w1 and w2 monotoni-
cally increase with increasing Bz , and similar trend has been
observed in other single QDs (open circles). Since the peak width is
proportional to 1=τc from Eq. (1), we estimated the corresponding
τc values, i.e., τc1 from w1 and τc2 from w2. Figure 5(b) summarizes
the deduced τc as a function of Bz . In the present analysis, two τc
values were deduced for each Bz , but both τc1 and τc2 show the
same trend and decrease with increasing Bz .

Note that the experimentally obtained τc in our InAlAs QDs
is on the order of a few 10 ps in the range of Bz up to 5 T. This is
the same order of magnitude as reported in InGaAs QDs.17 It is
not clear which process is most related to the microscopic origin of
τc in this study. This is because any process which limits the

FIG. 4. (a) Excitation polarization dependence on hIzi (upper panel) and hSzi
(lower panel) at Bz ¼ 4:2 T, while keeping Pexc fixed. The horizontal axis is the
normalized DCP of excitation light. The solid (open) markers indicate the values
with increasing (decreasing) ρexcc . (b) Correlation between hIzi and hSzi at
4.2 T, where data points are from (a). (c) The deduced TND=TNF as a function of
ΔEe at 3.5 (left), 4.2 (center), and 5.0 T (right). Black (gray) curves are the fit-
tings on negative (positive) ΔEe.
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interaction time between the spin-polarized electron and the nuclei
will affect τc. Currently, we consider that the energy relaxation fol-
lowing non-resonant optical excitation has the largest impact on τc
under our experimental conditions.29

The computed diagram of τc and Bz is overlaid in Fig. 5(b) for
comparison with the observed results. This diagram is divided into
five zones depending on the combination of τc and Bz , and it
clearly shows how the change in τc is involved in the
single-to-double hysteresis transition observed when Bz is varied.
The typical fe-dependence of hIzi in each zone is summarized in
Fig. 5(c).

In zone 1, where Bz is small, jhIzij changes monotonically
with fe regardless of τc. The monotonicity of hIzi remains in zone
2, but a horizontal dip structure appears. This is because the field
compensation point begins to appear from this zone. Above zone
3, hysteresis loops of hIzi appear. In zone 3, hIzi shows the double
bistability, i.e., loop-I and loop-II occur in different fe regions. In
zone 4, we can see the tristability with three stable branches (and
two unstable branches) for one fe. In zone 5 with larger Bz and
longer τc, the typical bistability with loop-I only appears because
the width of the hysteresis loop exceeds the length of the
Mid.branch. Interestingly, only in a small area (zones 3 and 4),
the phenomena associated with the Mid.branch emerge. The transi-
tion from zone 5 to zone 3 corresponds to the experimentally
observed single-to-double transition [Fig. 2(a)]. From the diagram,

the transition from zone 5 to zone 3 with increasing Bz requires a
shortening of τc. This behavior agrees with the experimentally
observed Bz-dependence of τc, and it strongly supports our
scenario that τc depends on the magnetic field.

Finally, we note that our findings are not limited to any
particular material or structure. The key ingredient for the
appearance of double bistability is the NSF, known as the source of
localized electron spin relaxation in many materials with nonzero
nuclear spin (e.g., In(Ga)As, ZnO,30 and InP31). It is, therefore,
likely that similar phenomena occur in any QD as long as the HFI
works. The electrically controllable QDs, such as self-assembled
QDs embedded in diode structures or gate-defined QDs, may help
to further elucidate the physics through its potential controllability
of τc.

18

IV. CONCLUSIONS

We have demonstrated that the correlation time of the hyper-
fine coupling τc varies with the external magnetic field, taking the
observed single-to-double hysteresis transition of the nuclear spin
polarization as a clue. τc was evaluated experimentally based on the
standard model equation and found to shorten with an increasing
external magnetic field. This concept of the magnetic field depen-
dence of τc successfully reproduced the recently discovered phe-
nomenon of double bistability. The single-to-double hysteresis
transition of the nuclear spin polarization has potential for realiz-
ing physical reservoir computing,32 where the system with nonlin-
ear response to the input and short-term memory for the state is
required. Our findings indicate that the nonlinearity of electron
and nuclear spin-coupled system mediated by the hyperfine inter-
action can be tuned by controlling τc.

τc is an important parameter in describing the electron–
nuclear spin-coupled system. However, there have been few reports
focusing on τc itself and much remains to be clarified. Our findings
shed light on τc and its controllability, providing not only a tuning
knob but useful information for future quantum state control in
the electron–nuclear spin-coupled system.
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APPENDIX: PHYSICAL MODEL OF ELECTRON–
NUCLEAR SPIN DYNAMICS

In general, the temporal evolution of hIzi has been expressed
in the following phenomenological form:24

dhIzi
dt

¼ 1
TNF

Q(hSzi � hSeqz i)� hIzi
� �� 1

TND
hIzi, (A1)

where hSeqz i is the electron spin polarization at thermal equilibrium.
The NSP formation rate, 1=TNF, is given by

1
TNF

¼ 2feτc(~A=N)
2

�h2 þ [geμB(Bz þ Bstat
n,z )τc]

2 : (A2)

Since the electron spin-flip relaxation with a characteristic
time of τhf originates from the HFI, 1=τhf is proportional to the
NSP formation rate13,14,33

1
τhf

¼ NQ
fe

1
TNF

: (A3)

The effect of nuclear field Bn on the electron spin can be seen as
frozen,33 and we separated Bn into a stationary part Bstat

n and a fluc-
tuating part Bf . The Bloch equation expresses the dynamics of elec-
tron spin S as

dS
dt

¼ geμB(Bext þ Bn)
�h

� S� 1
τr

S� Sið Þ � 1
τ ints

þ 1
τhf

� �
S, (A4)

where Si is the initial electron spin, τr is the recombination time,
and τ ints is the spin relaxation time excluding the effect of HFI. The
steady-state solution of Eq. (A4) yields hSzi in the following equa-
tion:

hSzi ¼ τe
τr

� �
hSii

B2
1=2 þ hB2

f ,zi þ Bz þ Bstat
n,z

� �2
B2
1=2 þ hB2

f i þ Bz þ Bstat
n,z

� �2 : (A5)

Here, B1=2 ¼ �h=(geμBτe) is the reduced value of the electron spin
lifetime, τe, given by τe ¼ 1=(1=τr þ 1=τ ints þ 1=τhf ). The spatial
distribution of Bf is assumed to be isotropic hB2

f i ¼ 3hB2
f ,zi.34
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