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Dynamic nuclear polarization (DNP) is well recognized as being important in spintronics and quantum-
information processing. DNP gives rise to high nuclear spin polarization that not only can prolong
electron-spin lifetime by generating an Overhauser field (OHF), but also has fertilized the idea to explore
nuclear spin qubits. In strained quantum-dot structures (QDSs), a nuclear spin is coupled to a strain field
via its quadrupole moment. It has been shown that such nuclear quadrupole interaction (NQI) can be
used to achieve appreciable DNP and hence electron-spin polarization. Here, we uncover magneto-optical
anomalies from a series of laterally arranged (In,Ga)As QDSs that arise from the NQI and DNP in these
nanostructures. We find that the principal axis of NQI in symmetry-lowered QDSs significantly deviates
from the growth direction, resulting in tilting of OHF with an angle exceeding 37°. The resulting trans-
verse component of OHF is probed with respect to the crystallographic orientations and its influence on
the DNP and ensemble spin dephasing is analyzed. We show that a high-symmetry electronic confinement
potential for excitons does not guarantee a high-symmetry NQI for nuclei within the same nano-object,
thereby calling for correlated optimization in the symmetry of the electronic confinement potential and
that of the nuclear spin bath. Our results underline the role of oblique NQI in electron-spin decoherence
and depolarization, which has so far largely been overlooked. This work thus sheds light on design rules
for engineering the electronic and spin landscape of QDSs for better performance of DNP desirable for
applications in spintronics and quantum computation.
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I. INTRODUCTION

Dynamic nuclear polarization (DNP) in semiconduc-
tor quantum-dot structures (QDSs) has been a subject
of intense studies over recent decades [1-5]. This is not
only because it represents a promising means to suppress
electron-spin decoherence from random nuclear spin fluc-
tuations in nuclear-spin-rich materials, but also it is at the
heart of various efforts to implement nuclear spin qubits
for quantum-information processing (QIP) and spintronic
applications [6-9]. DNP is built up through the hyper-
fine interaction such that angular momentum is transferred
from an electron spin to a nuclear spin. One issue of the
DNP process is the presence of nuclear spin-spin interac-
tions, which generate a local field By that rapidly depo-
larizes the nuclear spins at zero external magnetic field. It
was recognized that the key to suppress the nuclear spin
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loss and to recover DNP in strained QDSs stems from the
nuclear quadrupole interaction (NQI) [1]. By assuming a
strain axis along the growth direction, it has been shown
that NQI decouples the nuclear spins from fluctuating B,
and thus stabilizes the electron and nuclear spin orien-
tation. This is confirmed by the observation of a broad-
ened Hanle curve and the effect of NQI has widely been
acquired to explain the observations of suppressed nuclear
spin diffusion [10], anomalous Hanle effect [11], electron-
spin decoherence dynamics in strained QDSs [12—15].
Recently, by applying the technique of optically detected
nuclear magnetic resonance (ODNMR), the effect of NQI
is directly demonstrated by correlating an ultralong nuclear
spin-echo coherence time with the presence of a finite
quadrupole shift in the nuclear-spin-rich and strained QDs
[16-18].

Despite various efforts being made regarding the NQI
effect in QDs, little is understood about the anisotropy of
NQI and its effect on DNP. This is mainly due to the over-
simplified NQI model that assumes a dominant uniaxial
strain field with its principal axis along the growth direc-
tion. In reality, however, effects like an inhomogeneous
strain and charge distribution or atomistic randomness
within a QD or charge fluctuations between neighbor-
ing QDs can significantly alter the local electric field
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gradient at different atomic sites such that the principal
axes of NQI for individual nuclei are not necessarily ori-
ented along the growth direction [19,20]. Such a spread
of nuclear spin interactions is believed to be responsi-
ble for the observation of the broadened ODNMR signal
and an intermediate stage of electron-nuclear spin relax-
ation [18]. However, since most early studies only involve
a single QD with symmetry of C,, or higher such that the
anisotropy of NQI is averaged out, a direct probe of its
effect on DNP is not accessible so far. This is despite the
fact that QD arrays, which are at the core of many ideas for
solid-state implementations of scalable QIP using electron
spins, are typically accompanied by a low-symmetry strain
field due to the presence of surrounding interacting QDs
where a better understanding and control of the anisotropic
NQI and its effect on electron spins are required.

In this work, we examine the anisotropic effect of NQI in
a series of laterally arranged (In,Ga)As QDSs that have a
symmetry lower than C,, that is typical for isolated QD.
Unlike the symmetric QDSs, the average principal axis
of NQI in these nanostructures is found to significantly
deviate from the [001] growth direction, resulting in an
appreciable transverse component of the Overhauser field
(OHF). The in-plane angular orientation of the transverse
OHF is measured to uncover the preferable orientation
of the NQI axis in different QDSs, and depolarization of
electron spins in the transverse OHF is illustrated. Our
results call for special attention to be given to the role of
anisotropic NQI in asymmetric QDSs and its detrimental
effect on spin coherence.

II. EXPERIMENTAL DETAILS

The studied structures are a set of (In, Ga)As QDSs
grown by molecular beam epitaxy on a GaAs (001) sub-
strate. The growth conditions that lead to the formation
of different QDSs are found in Note 1 within the Supple-
mental Material [21]. For optical orientation spectroscopy,
the sample is placed in a liquid-helium continuous-flow
cryostat (T=6 K) and is optically pumped by circularly
polarized light from a cw Ti-sapphire laser propagating
along the surface normal direction. The excitation is non-
resonant with a photon energy (1.59 eV) above the GaAs
bandgap energy and the helicity of excitation is fixed at
either 0™ or o~ to allow build up of DNP. The excitation
photon energy is chosen to maximize the DNP such that
the subtle effects due to oblique NQI can be identified. In
control experiments, DNP is avoided by modulating the
excitation polarization between o™ and o~ at a frequency
of 50 kHz, which is too fast for DNP to build up. The mea-
surement configurations with and without the build up of
DNP is schematically illustrated in more details in Fig.
S1 within the Supplemental Material [21]. PL from the
QDSs is detected in a backscattering geometry and circu-
lar polarization degree of the emission, Ppp = (IT —17)

/UT +17), is derived within the PL peak [21]. The
magneto-optical characterizations are done only for the
QDS ensembles, which allows angular-dependent studies
by rotating the sample with respect to the applied magnetic
field. They are carried out with the aid of a conventional
electromagnet, where the magnetic field is controlled with
a feedback loop and calibrated independently with a gauss
meter. The stray field is limited to be less than 7 G in
the system. The external magnetic field B is applied along
(or perpendicular to) the light propagating direction in the
Faraday (or Voigt) geometry. The scanning speed of the
field is fixed at 33 G/min for the 2000-G scanning range
and 0.66 G/min for the 40-G scanning range. At both
scanning speeds, no distortion of the spectra is observed.

II1. RESULTS AND DISCUSSION

A. Quantum-dot structures with low symmetries

The atomic-force-microscope (AFM) images of the
QDSs are shown in Figs. 1(a)-1(c), including quantum
clusters (QCs), quantum rings (QRs), and double QDs
(DQDs). All the QDSs are formed by applying partial
capping and postgrowth of single-QD samples under dif-
ferent conditions [22]. As shown by the AFM images, the
QC is made of few, typically six, QDs, laterally arranged
to a ringlike structure, whereas the QR has a real ring
shape. The DQD consists of two QDs laterally arranged
along the [110] crystallographic axis. Despite the seem-
ingly symmetric lateral arrangement of the QDSs, owing
to growth mechanism, the actual QDSs usually deviate
from the symmetric structures. For instance, as found by
Offermans et al., owing to a difference in indium migration
speed along two different (110) axes, the QR has higher
ridges along the [110] direction [23]. This is also seen
in the three-dimensional (3D) reconstruction of the AFM
image of individual QDSs shown in Figs. 1(d)—1(f). Due to
a size variation of the constituent QDs in a QC or DQD, or
a height variation along the QR ridge, the carriers confined
in the QDS ground states are then localized to only part
of the nanostructure [24]. This can be either the larger-size
constituent QD within a QC or DQD [QD “A” in Fig. 1(d)
or “F” in Fig. 1(f)], or a higher ridge of a QR [ridge “D”
in Fig. 1(e)]. The presence of neighboring QDs or ridges
[QD “C” and “B” in Fig. 1(d), ridge “E” in Fig. 1(e), and
QD “G” in Fig. 1(f)] perturb the strain and alloy distri-
bution within the carrier localization volume, reducing the
symmetry to C; or lower. The asymmetric strain and alloy
condition of the QDSs, if not completely random, have
finite effects on the orientation of electron and nuclear spin
in those nanostructures, which is demonstrated below.

B. Effect of a transverse magnetic field on dynamic
nuclear polarization

All the QDS samples are found to be slightly p-type
doped, evident from the observation of the PL emission

044019-2



OBLIQUE NUCLEAR QUADRUPOLE INTERACTION..

PHYS. REV. APPLIED 14, 044019 (2020)

(@) Height (nm) (b)

(d)

FIG. 1.

Height (nm) (c)

Height (nm)

Quantum-dot structures with lowered symmetry. (a)—(c) Atomic force microscopic images of the studied QD clusters (QCs),

quantum rings (QRs), double QDs (DQDs), respectively. (d)—(f) 3D reconstruction of the AFM close-up images of individual QC,
QR, and DQD. The features leading to the low symmetries of the nanostructures, which are discussed in the main text, are labeled

by A—G.

related to the Cas acceptor (see Fig. S2 within the
Supplemental Material [21]) [25]. As a result of such
residual doping, the PL spectra from the studied QDSs
are mainly contributed from the positively charged trion
X . In optical orientation experiments [26], the radiative
recombination of X+ with partially preserved spin polar-
ization leads to the characteristic copolarized PL emission
that is observed in all of the studied QDS samples (see Fig.
S3 within the Supplemental Material [21]). The predomi-
nant X * emission in our samples provides a perfect probe
to study the electron-nuclear spin interaction. Since the
spins of the two holes within the X complex are paired
off, the selection rules of the radiative recombination is
then determined solely by the electron-spin polarization.
The circular polarization degree of the emission, Ppp =
(It —17)/I*T +17), thus provides a direct measure of
the spin polarization of the electron in the X+ complex.
Here, I (I7) denotes the intensity of the o (o6~) PL
component. Moreover, as both the electron-hole exchange
interaction and the Fermi contact hyperfine interaction of
the holes vanish in =, the Hamiltonian of the system can
be simplified to the interaction only associated with the
electron and nuclear spins. Apart from the dominant X ™
component, the emission of the neutral exciton X is also
present in our samples. X is featured by a nonvanished

anisotropic exchange interaction (AEI) that gives rise to a
fine structure consisting of two linearly and cross-polarized
lines resolved in a micro-PL spectrum [27]. As a result, Ppy,
of X" is generally weak in zero and weak magnetic fields,
which reduces the overall Ppp from the studied QDSs.
However, we should point out that X°, usually reported
to have a spin lifetime less than 100 ps, should give rise
to a broad background in the Hanle spectra [28] that has a
negligible effect on the Hanle effect in the low-field regime
(with a transverse magnetic field |B | < 100 G) focused in
this work. In the Faraday geometry, the longitudinal mag-
netic field By recovers the spin states of X° and produces
a slow-varying monotonic increase of Ppp as a function of
|By| [29], which neither affects the results to be presented
below.

Figure 2(a) shows representative Hanle curves obtained
from the QR sample in an external transverse magnetic
field B, . The measurements are carried out in the presence
of DNP under continuous illumination of o *-polarized
light propagating along the surface normal direction. The
applied transverse magnetic field is rotated within the sam-
ple surface plane and the rotation angle ¢ is defined with
respect to the [110] crystal axis. The Hanle effect character-
izes spin depolarization induced by the spin precession in
the transverse magnetic field, which normally give rise to a
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FIG. 2. Effect of a transverse magnetic field on DNP. (a) Hanle curves with different orientations of the external transverse magnetic
field, obtained at 6 K from the QR sample under optical orientation in the Voigt geometry. ¢ is the in-plane rotation angle of the
transverse field as illustrated in the inset. o+ polarized light is used for optical orientation and the excitation power is kept at 100 mW.
(b) Hanle curves with ¢ = 45°, obtained from QR with opposite excitation helicities. (c) Hanle curves with ¢ = 45°, obtained from
QR with and without the DNP effect. In (a)—(c), the symbols are the experimental data and the solid lines are the fitting curves of the
broad Hanle component, whereas the solid and dashed vertical lines mark the offset field By. (d) Angular dependence of By measured
from the QC, QR, and DQD samples. B, from the SQD sample is shown by the dashed line as a reference.

Lorentzian-like field dependence of Ppp that is symmetric
around zero field with the half-width B, determined by
the spin lifetime [26]. However, the Hanle curves shown
in Fig. 2(a) clearly deviate from the standard form with its
lineshape seemingly depending on the orientation of the
applied transverse field. For easy reference, we tentatively
decompose each Hanle curve into two Lorentzian compo-
nents with two distinctly different half-widths. The narrow
component has a half-width of By, =64 G (75G) for
¢ = 0° (45°), whereas the broad one (the red solid curve)
has a much larger By, = 895G (1181G). While the cen-
ter of the narrow component always lies in the vicinity of
zero field, the center of the broad component is shifted by
an appreciable amount By from zero field. Moreover, we
find that B, is sensitive to the transverse-field orientation.
As the field is rotated from ¢ = 0° to 45°, By changes from
—6.5G to 72 G. as indicated by the dashed and solid verti-
cal line in Fig. 2(a), respectively. We should note that the
observation of the asymmetric Hanle curve and the nonva-
nishing By is not a special case that is only limited to the
studied QR sample, but it is a general trend that has been
observed in all the measured QDSs (see Figs. S4—S6 within
the Supplemental Material [21]).

First of all, the observed magneto-optical anomalies in
the Voigt geometry are a direct consequence of the exci-
tation helicity. In Fig. 2(b), we show that, for a fixed
¢ = 45°, By changes sign when the excitation helicity

is reversed. Secondly, the effect must be related to DNP
and its associated electron-nuclear spin interaction. This is
because, in the absence of DNP, the measured Hanle curves
recover to their normal shape as shown in Fig. 2(c), when
the narrow component and By of the broad component
vanish. In a single QDS occupied by X+, the hyperfine
interaction couples the optically oriented electron spin with
nuclear spins. This mutually generates an effective mag-
netic field upon each other. Namely, nuclear spin polariza-
tion creates an Overhauser field By acting on the electron
and the polarized electron spin casts a Knight field Bgpight
on the nuclear spins. In the vicinity of B; = 0, DNP is
accomplished by a finite Bgyigne and also by NQI in the case
of a strained QDS [1,30]. Both Bgpigh: and NQI suppress
the nuclear spin flip-flop process and generate an apprecia-
ble By that in turn stabilizes the electron-spin polarization
along the surface normal direction. Due to a weak strength
of Binight, €ven a weak transverse external magnetic field
overcomes the Knight field and reduces the nuclear spin
polarization, thereby leading to electron-spin depolariza-
tion [2,31]. This gives rise to a rapid drop of Pp in the low-
field range, which is the origin of the narrow component
centered around B, = 0. Beyond this narrow field range,
field dependence of DNP becomes weaker. As a result, the
broad component of the Hanle curve can be approximated
as the electron-spin precession in a stationary total field
of B, + By. The center of the broad component is thus
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at the compensation point of By + Bl (¢) = 0. Here, B],
is the transverse component of By along the direction of
the applied external field. By rotating the transverse-field
direction in the sample surface plane, we obtain the angular
dependence of By = —BZ (¢) from different QDS samples
and the results are plotted in Fig. 2(d).

We should note that the physical origin of the observed
Hanle curves are markedly different from the W-shaped
Hanle curves reported in strain-free QDs, which consist of
amiddle sharp component and two broad side wings [2]. In
the latter case, nuclear magnetization is dominated by the
effect of Biuignt, Which reverses its transverse-component
direction when the external magnetic field is reversed. This
gives rise to the appearance of two compensation points
located symmetrically in positive and negative field. In
our case, on the other hand, only one compensation point
is identified and the as-determined Bﬁ (¢p) 1s expected to
originate from a preferable direction of the nuclear spins
tilting away from the surface-normal direction. Moreover,
since the measured Pp is rather weak in our sample, the
magnitude of Bypign: is only a few gauss as indicated from
the longitudinal-field results shown in Figs. 3(b) and 3(c).
This value is about 2 orders of magnitude smaller than that
reported in Ref. [2], which suggests a much weaker effect
of Bgnight in our system and excludes the Knight field effect
as the cause of the observed anomaly.

C. Effect of a longitudinal magnetic field on dynamic
nuclear polarization

Next, we maintain the measurement conditions but
switching to the Faraday geometry, where the external
magnetic field is applied along the direction of the opti-
cal orientation axis, i.e., the surface-normal direction. In
Fig. 3(a), we show the measured Pp; as a function of
applied longitudinal field Bj under the condition without or
with the effect of DNP. Without DNP, Pp. monotonously
increases as we ramp up the magnetic field strength, which
is typically observed in QDs due to the suppression of
nuclear-field fluctuations or AEI [27,32,33] by By. In this
case, the minimum Pp. occurs at B = 0. With DNP, on the
other hand, such dephasing and/or relaxation processes are
readily suppressed partly by DNP and, as a consequence,
higher Ppy is observed. In addition, the field position of the
minimum Pp. now shifts to a finite-field value By = —BY,
where the longitudinal component of the Overhauser field
(B%) is fully compensated by the applied By. In the exam-
ple case of the QR sample, B is estimated to be around
335 G. If taking BZ\} (45°) = 72 G deduced from the Hanle
result given in Fig. 2(d), we can estimate the tilting angle
0 of the Overhauser field from the surface-normal direc-
tion through a simple relation tanf = B}, (¢)/B%,, which
is around 12°. This value rises up to 37° in the QC sam-
ple. Considering that, in the Faraday (Voigt) geometry, the

FIG. 3.
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without DNP, obtained at 6 K from the QR sample under optical orientation with o+ polarized light in the Faraday geometry. (b), (c)
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DNP is enhanced (suppressed) due to finite longitudinal
(transverse) magnetic field, the estimated B, (BY) is actu-
ally higher (lower) than that in the absence of the external
magnetic field, meaning that the real 8 without applying
any magnetic field would be even larger. We should note
that such a large tilting angle is not possible to induce by
any unintentional misalignment of the sample orientation
or the applied magnetic field [34]. This entails that the
tilting of the Overhauser field must originate from some
actual physical processes inside the QDS.

Another unexpected feature of the results in the longi-
tudinal field occurs at the low-field regime as highlighted
by the dashed rectangle in Fig. 3(a). As mentioned above,
a finite effective longitudinal field is necessary for the
nuclear spins to suppress dipole-dipole depolarization and
to build up DNP. This condition is violated at the point
where the longitudinal component of Bgpign is compen-
sated by the applied By, which leads to rapid relaxation of
nuclear spins as well as a drastic decrease of Ppr. Indeed,
it has been shown for QD ensembles that a narrow “dip” of
Ppy is created at finite B) and the position of the polariza-
tion “dip” represents well the magnitude of Byyign: [30,35].
In the upper curve of Fig. 3(a), at the compensation point of
Bxnight, PpL exhibits a steplike feature that is rather differ-
ent from that commonly reported in the literature [35]. To
examine this feature in more detail, we carry out measure-
ments within a narrow-field range both without and with
DNP. In the latter case, different helicities of the pumping
light (o0F and o ™) are also tested as shown in Figs. 3(b)
and 3(c) for the QR sample as an example. From these
results, we confirm, first of all, that the steplike feature
is only visible when DNP is present. Secondly, the shape
and position of the feature depend on the excitation helic-
ity. For instance, under ot excitation, the discontinuity of
Py occurs at B, = —3.2 G and the PL polarization degree
|PpL| is lower for B > B,. After switching the excitation
helicity, the discontinuity changes to B, = 2.7 G and the
“step” is also reversed such that |Ppy | is lower for B < B..
Similar results are also obtained from the DQD and QC
samples (see Fig. S7 within the Supplemental Material
[21]). The overall “step” feature follows the switching
of the excitation helicity that reverses the polarization of
the orientated electron spin and nuclear spins such that
both Knight field and Overhauser field are inverted. This
naturally leads to the sign change of B, and the Over-
hauser shift Bf as observed here. Since the strength of
B, in Fig. 3 is on the order of a typical stray field in
the system, the accurate determination of B, is challeng-
ing. This might explain the slight asymmetry between o
and o~ excitation seen between Figs. 3(b) and 3(c). How-
ever, we note the “step” feature, which also depends on
excitation helicity, cannot be explained by a stray field
from any unintentionally magnetization of nearby objects.
To further ensure the stray-field effect is negligible, we
repeat the measurement by reversing the magnetic field

ramping direction (see Fig. S8 within the Supplemental
Material [21]), where we find no hysteresis behavior of
the magnetic-field-dependent Pp;. As we show later, to
explain and reproduce the unique steplike feature in Fig. 3,
one also needs to involve the transverse component of By
that is tied to some fixed crystallographic direction.

D. Oblique nuclear quadrupole interaction and its
physical origin

The most likely cause of the observed sizable trans-
verse component of By is due to NQI with an oblique
principal axis. In a strained QDS, a nucleus with a large-
spin quantum number / > 1/2 (I = 3/2 for Ga and As,
I = 9/2 for In) has a nonvarnishing quadrupole moment
that couples to the local electric field gradient (EFG). In
the simplest case of axially symmetric EFG, NQI splits the
nuclear-spin sublevels into doublets with magnetic quan-
tum number m = £+(1/2), =(3/2),... £ I. In the low-field
regime, NQI dominates over nuclear Zeeman interaction
and can strongly modify DNP such that nuclear spins
are preferably oriented along the principal axis of NQIL.
This is the underlying mechanism for stabilization of the
nuclear field along the growth direction of symmetric QDs
[1]. Generally speaking, the NQI axis of an individual
nucleus in a strained QDS can deviate from its growth
direction. For each nucleus, we can establish a correspon-
dence between its NQI axis and the measurement frame
as depicted in Fig. 4(a). The principal axis of the NQI is
marked by its polar and azimuthal angle (6y,¢o) (0° <
Oy < 180°,0° < ¢p9 < 360°). This is true due to the pres-
ence of appreciable shear strain in the self-assembled QDs
as was suggested by various studies [17,19,20]. It is also
valid if the effect of alloy randomness is taken into account.
As was examined in (Al, Ga)As bulk solid solution, by
replacing a neighboring Ga atom by Al, the NQI axis of
the As nucleus was found to be along a diagonal (111)
direction [26]. It is also suggested that, owing to a strong
alloying effect, the NQI axis of an individual nucleus in
the (In, Ga)As QDs is determined by its atomic environ-
ment. For cations, like In or Ga, one would expect that
strain is still the dominant effect as they are surrounded
by identical As atoms in the nearest neighbors. However,
the situation changes for anions. Taking In composition
of 50% and assuming a homogenous In distribution, we
can single out some of the most probable atomic config-
urations for As atoms, which are displayed in Fig. 4(b).
The other two configurations with two In atoms occupying
the top or bottom two tetrahedral sites have the principal
axis along the [001] direction (6y = 0), which cannot cause
the observed tilting of the NQI axis of the As atom and
are therefore not shown for simplicity. The NQI axes of
the As atoms in the four displayed atomic configurations
are along (6y, o) = (45°,45°), (135°,135°), (45°,225°),
and (135°,315°), respectively [20]. For these nuclei, the
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nuclear spins are oriented obliquely. DNP in a QDS is
a weighted sum of contributions from all the nuclei that
are within the electron localization volume. In symmetric
structures, this often leads to the vanishing of the above
anisotropy, since the effect of different atomic configura-
tions tend to cancel. However, in asymmetric structures
like our QDSs, X+ wave function is expected to be local-
ized within a part of the nanostructures, e.g., an individual
dot of the DQD and QC, and In-rich ridge of the QR
seen in Fig. 1. To show that such an imbalance in the
atomic configurations can be generated and is not con-
strained due to sharing of cations among the neighboring
As atoms, we perform a simulation of a lattice of a lens-
shaped (In, Ga)As QD embedded in the GaAs host lattice,
where formation of the atomic configuration with ¢pg = 45°
for As atoms surrounded by two In atoms is promoted.
Such an atomic environment in the computer-generated
lattice can therefore lead to a net contribution to the tilting
of nuclear quadrupolar moment in the QD.

-5

while the averaged 6, of the

0 5 10 anions changes from 0° to 90°.

Longitudinal magnetic field (G)

To show that NQI is indeed the reason behind the
observed abnormal Hanle behavior, we carry out a detailed
rate equation analysis of DNP, including the effect of NQI.
In this model, we consider a single electron spin that is
closely interacting with N = 100000 nucleus, which cor-
responds to the typical size of a single QD. We assume
I = 3/2 for all nuclear spins, for simplicity. The calcula-
tions for the electron and nuclei are done separately but
are interconnected and feedback to each other in the way
that the outcome of one is treated as an input parameter
of the other (see Appendix A for details). For the electron,
we look for the steady state of electron-spin precession in
the total field of B + By. Here, By = >, A'g."! (ii>/u3 +
3By, which integrates over all the average nuclear spins
and includes a fluctuation of nuclear field §By. Here, I; is
the nuclear-spin operator for nucleus “i”’; upg is the Bohr
magneton. g, is the trion g tensor, which has a transverse
component g; = —0.8 and a longitudinal component g; =
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—21[27,36]. The electron spin can then be computed taking
all the nuclear spins as input. For a given nuclear spin “7”
in return, the Hamiltonian is parameterized by the electron
spin, which reads

e C Ap[. 2 IU+1D)
H' = gy uyB + Byight) - Ii + TQ |:(I[ ‘n) — 3 i|
+H 1

The first terms of A’ characterize the nuclear Zeeman
interaction, which also includes the Knight field effect
contributed by the secular part of the electron-nuclear
hyperfine interaction. The second term is the NQI in its
axial form. Here, n; is the unit vector along the principal
axis of EFG; Ay is the splitting energy of NQI, which
is related to the principal value of the EFG tensor V.,
and the nuclear quadrupole momentum Q by the relation
Ag = [3eV..Q/21(2] — 1)]. We note that the EFG and
hence NQI can also have axial asymmetry. The biaxial-
ity parameter defined as n = (V. — V},)/ V. varies from
0 to 0.6 as shown in Ref. [20]. However, as discussed
in detail in Note 2 and Fig. S9 within the Supplemental
Material [21], n does not lead to the observed magneto-

PL signature and is thus set to 0 in our modeling. I:Ir’;on =

(A"/2)(j+§_ +j_3'+) represents the nonsecular part of
the hyperfine interaction, which is also the driving force
for DNP. The nuclear dipole-dipole interaction is not
directly included in the Hamiltonian but is reflected by the
empirical parameter of the nuclear spin-lattice relaxation
time 77.

We limit our calculations to the regime Ap > gvunB
where the energy spectrum of the nucleus is dominated
by the quadrupole splitting between the |3/2,£1/2) and
|3/2,43/2) doublets. Here, the nuclear-spin states are
labeled as |/,m). The nuclear Zeeman interaction then
enters as the first-order perturbation, which splits each
doublet and introduces mixing between |3/2,—1/2) and
[3/2,+1/2) in a general case when the external magnetic
field is not parallel to the NQI axis. The DNP is intro-
duced in the usual manner by considering the transition
rate W(i,f) from state |¢;) to |¢,) according to Fermi’s
golden rule [37]:

. 1 R 2 N 2
W) = 57 []<<p,-|1,»+|@f>\ N_+ [(oil T lor)| N+] .

Here, |@;) and |¢s) are the eigenstates of the Hamil-
tonian excluding the spin flip-flop term [Eq. (1)]. Ty
is the characteristic time of nuclear-electron spin relax-
ation without the effect of NQI. N =2 (S - n;) £ 1 is the
spin-up or spin-down electron population, which takes
electron-spin polarization as an input. The population of
the nuclear spin sublevels and the corresponding By of an
individual nuclear spin are governed by the rate equation

described in Appendix A. T}, is set to 100 us based on
the measured DNP build-up time from the time-resolved
measurement shown in Fig. S10 within the Supplemental
Material [21]. We should note that 7', determined here is
much smaller compared to the earlier reports on (In, Ga)As
QDs by detecting the negative charge exciton X~ emis-
sion [38,39]. For rough estimation, T}, ~ Q2t/(4/Nh)?
is usually used, which is originally derived for nuclear-
spin depolarization in the presence of a localized defect
electron. Here A4 is the sum of the hyperfine constant of
the unit cell nuclei, N is the number of nuclei within the
localization volume of the electron, €2, is the electron-spin
splitting, and 7| is the correlation time of electron-spin
fluctuation. The measurement on X ~ monitors the nuclear-
spin interaction with the residual electron in the ground
state, where 1. is only limited by the spin-flip time on
the order of 20 ns. This is different from our case where
the hyperfine interaction takes place between the nuclear
spins and the electron spin in the X+ state, which is lim-
ited by the Xt lifetime on the order of a few hundred ps.
As a consequence, the measured 7', from Fig. S10 within
the Supplemental Material is much shorter. The dynamic
equation of coupled electron and nuclear spins is solved
from time t=0 to 500 us when the DNP is complete
and the steady state of electron- and nuclear-spin polar-
ization is reached. For each time step of 30 ns, we update
the states of nuclear spins and calculate the electron-spin
polarization using the newly configured nuclear spins. At
the initial time 7= 0, an equal population of nuclear sub-
levels is assumed and the corresponding field dependence
can be compared to the experimental results without DNP.
The results at = 500 us, on the other hand, represent the
simulations including the effect of DNP.

Figures 4(c)—4(f) show the simulation results, using the
aforementioned atomic configurations. Here, we mainly
consider the effect of atomic configurations, but bear in
mind that the strain effect can be addressed in the same way
by assuming a configuration with n; along the principal
axis of the strain tensor. For cations, 6, is set to be around
0° and ¢y is distributed uniformly between 0° and 360°.
For anions, the four atomic configurations displayed in the
inset of Fig. 4(b) are used and (6, ¢y) is distributed around
the corresponding principal directions. The angular distri-
bution is artificially broadened to accommodate the effect
of strain relaxation. The distribution of ¢ after considering
15% imbalance in the anion atomic configurations is plot-
ted in Fig. 4(b). Taking this atomic configuration as input,
as shown in Fig. 4(c), we can more or less quantitatively
reproduce the Hanle curve shown in Fig. 2(a). The simu-
lated curves show a sharp peak located at zero field and a
broad component that shifts its peak position as we change
field orientation ¢. The narrow component is better seen in
the simulation in the narrow-field range in Fig. S11 within
the Supplemental Material [21]. As plotted in Fig. 4(d), the
largest By is achieved when the applied field is oriented
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along the NQI axis of the preferable atomic configuration.
Using the same simulation setup, we can also reproduce
the anomalies in the Faraday geometry, which is shown in
Figs. 4(e) and 4(f). In Fig. 4(e), we vary the imbalance of
the atomic configurations from 0% to 15% and simulate
the corresponding Ppp in the low-field regime. It shows
that, with a gradually increasing imbalance of the distri-
bution, the steplike feature develops at the compensation
point of Bipign:. In the simulation over a wider field range
as shown in Fig. S12 within the Supplemental Material
[21], we show that the features of Byyign: and By are com-
parable to the experimental results shown in Fig. 3(a). In
Fig. 4(f), we demonstrate that such a phenomenon is only
associated with the atomic configurations that are oblique
with respect to the z direction. Keeping the same degree
of imbalance (15%), the “abnormal” spectrum only occurs
at 6p = 30°, 45°, and 60°, whereas the “regular” shape is
observed at 0° and 90°.

The fact that both transverse- and longitudinal-field
anomalies can be derived from the same theoretical model
with the same set of parameters confirms the build up of
transverse OHF due to the oblique NQI in the asymmetric
QDSs. The anomalous magneto-optical feature discovered
in this work does not change with the field scanning direc-
tions (see Fig. S8 within the Supplemental Material [21]),
in sharp contrast to the previously reported effect of trans-
verse OHF in a single QD that leads to an anomalous Hanle
curve with a broad peak and optical bistability when the
magnetic field scanning direction is reversed [11,40]. We
note that the transverse OHF in these early reports stems
from magnetic-field-induced symmetry breaking and van-
ishes in the absence of B . This is markedly different from
our case in which the transverse OHF can be built up
without an applied magnetic field. Additionally, as pointed
out in Ref. [40], strong anisotropy of a nuclear g fac-
tor, to the extent that longitudinal and transverse g factor
have different signs, is required for the observation of the
anomalous Hanle effect. In contrast, our simulation indi-
cates that the magneto-optical anomalies observed in this
work does not have such a requirement. The distinct differ-
ences between this work and earlier results on anomalous
Hanle effect suggest a unique and previously unseen role of
the oblique NQI that is inherent in our asymmetric QDSs,
even without an external symmetry-breaking magnetic
field.

E. Influence from the lateral arrangement of the QDSs

The lateral arrangement of the QDSs is shown to have a
strong influence on the tilting of NQI. This is firstly seen
from the absence of the corresponding magneto-optical
anomalies from the strained single-QD (SQD) sample,
which is shown in Fig. S13 within the Supplemental
Material in both Faraday and Voigt geometry [21]. In
Fig. 2(d), we also include the By values extracted from the

measurements on the SQD sample. Although comparable
Bk is observed in Fig. S13(e) within the Supplemental
Material, the transverse OHF component B]f, (¢) vanishes
at all probed angle ¢. This suggests that in the absence
of the laterally surrounding QD, no effect of oblique NQI
can be detected. Separating the effect of shear strain and
the alloying atomic configuration is difficult as one would
expect that the strain tensor and the overall atomic configu-
ration are interconnected such that a tilted strain axis favors
the formation of certain atomic configurations. This is fur-
ther demonstrated in Fig. S14 within the Supplemental
Material, where generation of imbalance in the immediate
atomic environment of As atoms is shown to lead to a net
shear strain in a simulated lattice of an (In, Ga) As quantum
dot [21]. Nevertheless, we find that the lateral arrangement
of the QDSs affects strain and/or alloying atomic config-
uration that leads to observation of a consistent effect on
the angular dependence of By as well as the statistics of
fine-structure splitting in individual QDS throughout the
investigated samples, as presented below.

1. Angular dependence of B

The angular dependence of By shown in Fig. 2(d) reveals
the strength and preferable orientation of the transverse
OHF and thus reflects the distribution of in-plane projec-
tion of the oblique NQI axis in different QDSs. In the
QC sample, By(¢) has a relatively large value and a sin-
gle preferable direction at around ¢ = 90°. In the case of
the DQD sample, however, B(¢) has a much lower value
and has two preferable orientations identified at ¢ = 45°
and 135°. We note that, in the latter case, the prefer-
able orientations coincide with the NQI axis of the two
atomic configurations that we introduce in Fig. 3(b), which
may indicate the involvement of the effect of the alloying
atomic configuration. The same angular behavior is also
observed in the QR sample, but the overall strength of By
is much stronger than DQDs.

2. Effect on the AET

Due to the AEI, the bright X° exciton state of a low-
symmetry QD splits into two states, namely |X) and |Y),
which give rise to linearly polarized emissions. The polar-
ization directions of the doublet emissions are marked by
the dashed lines as shown in Fig. 5(a) for an individual
DQD. 6yo0 is defined as the angle between the two polar-
ization directions. Typically, |X') and |Y) has orthogonal
polarization and 6y0 = 90°. The shear-strain components
& and &, i.e., the same components responsible for
the oblique NQI, can mix the exciton states in the way
that the doublet emission is no longer orthogonal (i.e.,
Oyo < 90°). This is seen in Fig. 5(b), where we simu-
late the 8y0 as a function of the shear-strain component
g’ = g, — ig,. following the effective Hamiltonian
described in Appendix B. We find that the 6,0 deviates
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FIG. 5.

Estimation of shear strain from the statistics of AEL (a) Illustration the PL intensity from the two bright X© states measured

from a single DQD as a function of rotation angles of the linear-polarization analyzer. The angle 6,0 between the polarization directions

of the doublet emission is marked. (b) The simulated 6y with different values of the shear-strain component g;e’? =

&x: — igy.. The

statistical counts of 60 measured from individual QC (c¢), QR (d), and DQD (e) are also shown. 6y spreads out to lower values in the
QCs and QRs as compared to the DQDs, indicating a more pronounced shear strain in the former structures. The data are obtained at
5 K by a single-dot PL spectroscopy with unpolarized excitation above the GaAs bandgap.

from 90° when the shear-strain component increases. Since
it is unlikely that the short-range alloying configuration
will have any noticeable effect on the exciton states, this
effect is only sensitive to the strain condition and can
be used to disentangle the effect of strain and alloying.
In Figs. 5(c)-5(e), we present the statistics of the Oyo
extracted from the QCs, QRs, and DQDs samples, respec-
tively. The measurements are performed at a cryogenic
temperature on over 30 individual QDSs for each sam-
ple. The Oy in the QC and QR samples are found to
be distributed towards lower values as compared to that
in the DQD sample, suggesting a weaker effect of shear
strain in DQD. This is in line with observation of over-
all much weaker By in DQDs. One can roughly estimate
the shear-strain strength in the nanostructure from the
lower boundary of the 8y distribution. With the simulation
parameter in Appendix B and considering a lower bound-
ary of about y0 = 65° as in the QC sample, the magnitude

of shear strain is about 0.024. We note this is a quite large
amount and can lead to a tilting angle of the NQI as large as
20°, which is comparable with the value we deduce from
the OHF and thus suggests a rather important role of the
strain effect.

The two experimental results basically show a consis-
tent picture that the lateral arrangement of the QDSs affects
the tilting of NQI and build up of the transverse OHF
by modifying the strain and/or alloying configurations of
the nanostructures. The contribution of the shear strain is
found to be much stronger in the QR and QC samples than
DQDs, while angular dependence of B, suggests that the
alloying configurations may also play a role in the DQD
sample.

From the magnitude of the transverse component of the
OHF and the nonorthogonality of the bright exciton dou-
blet, one can observe a trend on the degree of symmetry
breaking of the QDSs. To demonstrate this, we summarize
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TABLE I. Summary of the experimental values obtained from
the quantum-dot structures studied in this work.

Sample |BT*™|(G) BL(G) oo |By0 — 90°]
QCs 100.2 269 90° 9.1°
QRs 72.1 335 45° 8.1°
DQDs 30.9 344 0 6.6°
SQDs 3.6 460 45° —

the |By*], BL, and |60 — 90°| for each of the studied sam-
ples in Table I, where [B7®*| and B% are the maximum
transverse OHF and the longitudinal OHF probed in the
measurements with transverse and longitudinal magnetic
field, respectively. |6yo — 90°| measures the mean devia-
tion of Oyo from 90°. On one hand, for symmetry of Cy,
or higher, By vanishes following the symmetry considera-
tion given in Note 2 within the Supplemental Material [21].
The observation of pronounced By in the DQD, QR, and
QC as compared to the SQD sample, despite the fact that
comparable or even stronger B, is observed in the latter,
thus suggests a more severe symmetry-breaking effect in
the laterally arranged QDs. Additionally, the largest Bj'®* is
found in QC whereas the smallest Bj'** is seen in DQD. On
the other hand, the reduction of symmetry due to the pres-
ence of shear strain leads to the nonorthogonality of the
bright exciton states, which can qualitatively be estimated
with [6y0 — 90°|. In Table I, [6y0 — 90°| exhibits a similar
trend as By, which suggests an increased symmetry-
breaking effect in QC as compared to DQD. These two
approaches, which are derived independently from the
excitonic and spintronic effect of the QDSs, thus provide
reliable assessment of the symmetry reduction of the QDSs
and offer alternative perspectives and tools for studies of
low-symmetry nanostructures.

One consequence of the oblique NQI is insufficient
polarization of the electron and nuclear spins. In Fig. 6, we
simulate the averaged electron and nuclear spin polariza-
tion in the absence of a magnetic field as the average NQI
is tilted from 6y = 0° to 90°, while ¢y is kept at around 45°.
As the principal axis of NQI is tilted away from the z direc-
tion, the nuclear-spin polarization reduces monotonously.
This is mainly due to an inefficient DNP with increasing 6,
since only the electron-spin projection onto the NQI axis
actually contributes to DNP. The electron-spin polarization
first decreases and then increases when 6, increased from
0° to 90°. We stress here that the initial decrease of (S;)
from 6y = 0° to 50° mainly originates from the presence
of transverse OHF. The transverse OHF causes the elec-
tron spin to precess around an oblique axis and eventually
leads to dephasing and decline of electron-spin polariza-
tion in the QDS ensembles. Such an effect is in addition
to the commonly addressed spin-dephasing effect from the
random-oriented NQI and should play an important role
in low-symmetry nuclear-spin-rich QDSs [13]. Further
increase of 6y leads to inefficient DNP, which reduces both
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FIG. 6. Electron- and nuclear-spin polarization versus tilting

angle of the nuclear quadrupole interaction axis. Simulated aver-
aged electron S, and nuclear 7, spin polarization at zero external
magnetic field as a function of fy—the averaged tilting angle
of the quadrupole axis from the z direction. Both S; and 7, are
normalized to their values at 6, = 0.

the longitudinal and transverse component of OHF. This
releases the electron spin from dephasing caused by the
transverse OHF and recovers (S,). We should note that (S,)
at 6y = 90° is lower than the value at 8, = 0°. This is rea-
sonable, as DNP starts to fade away, the randomly oriented
fluctuating OHF 6By dephases the electron spin. In a direct
comparison between (S,) at 8, = 0°, 50°, and 90°, one can
see that the obliquely oriented OHF can cause higher spin
loss as compared to the case without DNP, which high-
lights the importance of fine tuning of QDS growth to
avoid the oblique NQI. However, a direct measurement
of the simulated 6y dependence in Fig. 6 is not feasible
here, as it requires continuously changing 6, with carefully
modified strain or alloying condition and at the same time
keeping other conditions unaffected. Nevertheless, the pro-
posed mechanism will be in effect when the tilting of the
NQI is detected, for instance, as in the QDSs studied in this
work. The simulations thus give a guideline on how much
the electron and nuclear spin polarization is affected.

We notice that, in self-assembled (In, Ga)As QDSs,
the implementation of strain engineering and control of
In composition to produce “better” QDSs have attracted
intense studies during recent decades. For instance, it was
previously shown that, by compensating the QD shape
anisotropy by strain, the most “symmetric” emitters can
be achieved in the QC sample, where the fine-structure
splitting of X was minimized [41]. However, the results
shown in Fig. 2(d) indicate that the QC sample is not “sym-
metric” at all in terms of nuclear-spin environment as it
gives rise to the largest asymmetry in the Hanle curve.
Such opposite trends in electron and nuclear spins demon-
strate that the electrostatic environments felt by the nuclei
are very different from the confined excitons. A high-
symmetry confinement potential for the neutral excitons
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does not guarantee a high-symmetry NQI for nuclei within
the same nano-object. In contrast, it may enhance the
transverse nuclear field that promotes electron-spin deco-
herence and depolarization. This calls for caution that the
optimization in the symmetry of the electronic confinement
potential and that of the nuclear-spin bath needs to be car-
ried out hand in hand or differently depending on specific
applications.

IV. CONCLUSION

In summary, we present our detailed magneto-optical
studies of a series of laterally arranged (In,Ga)As nanos-
tructures including DQDs, QCs, and QRs in the context
of DNP. We show that the field dependence of electron-
spin polarization significantly deviates from the commonly
seen behavior of QDs in both Voigt and Faraday geome-
tries. We find that the observed anomalies appear only
under the condition when DNP is present and its behav-
ior can be understood by assuming a transverse component
of the Overhauser field that is fixed to a certain crystallo-
graphic orientation. We suggest the presence of an oblique
NQI, due to the imbalance of shear strain or/and alloy
randomness in the low-symmetry QDSs, as the under-
lying mechanism for the observation. We show that, by
taking into account the oblique NQI, we can quantita-
tively reproduce the magneto-optical spectra in both Voigt
and Faraday geometries with the same set of simulation
parameters. Within this model, we are able to determine
the distribution of the in-plane projection of the oblique
NQI axis and a direct detrimental effect of such tilting
NQI in the electron- and nuclear-spin polarization. The
oblique NQI discovered in these QDSs may have a strong
impact on the pursuit of quantum entanglement and scal-
ing up of the quantum-information system, which are
routinely explored in closely packed and strongly cou-
pled QDs [42,43]. Moreover, with the need for increas-
ing information storage density and processing speed in
future spintronic and quantum-information systems, the
dot-to-dot distance in QD-based systems may essentially
come to the limit where a long-range interaction of strain
between the adjacent QDs will play an important role in
the electron-nuclear spin interactions and spin depolariza-
tion. To meet these application challenges, this work calls
for future efforts that aim to simultaneously optimize the
symmetries of the electronic and spin environments experi-
enced by the confined electrons, excitons, and nuclear spin
bath, such that all major spin decoherence and depolar-
ization processes can be suppressed, which is essential to
future applications of these semiconductor nanostructures
in spintronics and quantum-information technology.
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APPENDIX A: RATE EQUATION ANALYSIS OF
ELECTRON-NUCLEAR SPIN DYNAMICS

In this model, we consider dynamics of a single electron
spin subjected to hyperfine interactions with N =100 000
nuclear spins. The full Hamiltonian can be written as
follows:

A ~ o A A
H = upB - g.S + Zi {gNMNB L+ TQ [(Ii -m,)?

Id+ 1)] +Iflg"_n} _

. (A1)

It includes, from left to right in Eq. (A1), the Zeeman inter-
action terms for both electron and nuclear spins, nuclear
quadrupole interaction, as well as coupling terms between
electron and nuclear spin. Here, g, and up are the trion g
tensor and Bohr magneton. We take the transverse and lon-
gitudinal components of g, tobe g; = —0.8 and gy = -2,
which are reported in the literature. We should note that a
slight change of the g factor does not affect our qualitative
conclusion drawn from the simulations [27,36]. gy and uy
are the corresponding nuclear g factor and nuclear magne-
ton, which are taken to be the same for all the nuclei for
simplicity. S and I; are the electron-spin and nuclear-spin
operator. A represents the nuclear quadrupole splitting.
n; is the unit vector denoting the principal axis of the
nuclear quadrupole interaction. The electron-nuclear spin
interaction is in the form of the hyperfine interaction,

A;

H_, =A1.8 + 3(m_ +1.8,), (A2

with I and S. being the nuclear and spin projection
operator along the direction defined by n;. The hyper-
fine tensor is assumed to be isotropic. The spin flip-flop
term defines the transfer of angular momentum between
the electron and nucleus, which serves as the driven force
for dynamic nuclear polarization in our system. To sim-
ulate the dynamics with the above Hamiltonian and the
corresponding magneto-optical behavior, we consider the
case of an electron spin interacting with nuclear spins with
I =3/2 in the framework of a mean-field approximation,
where the electron spin evolves in the external magnetic
field and an effective time-varying Overhauser field. The
time-dependent effective field Bgﬁ(t) for the electron spin
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takes the form,

BT =B+ ) g '(i) /s (A3
i t
Here, <il~
t
of the ith nucleus evaluated at time ¢. For the electron, the
effective form of the Hamiltonian reads

> represents the expected value of the nuclear spin

AT = upBT(r) - .S, (A4)
The Hamiltonian describes an energy conserved system
where the electron spin undergoes precession in the total
effective magnetic field. The effect of nuclear spins appears
as a time-dependent parameter that needs to be updated at
each point in a time sequence. In reality, not only is the
electron spin optically oriented and being captured by the
QD regularly, but it also can be annihilated due to recombi-
nation with holes or a spin-relaxation process that happens
within the exciton lifetime Tjigetime and spin-flip time 7. To
include the generation and annihilation term, the dynam-
ics of the electron spin can be captured in a semiclassical
fashion with the Bloch equation:

@ wrrofl- @ ) <Sl>f—_mso (A5)

Since the motion of the electron spin is expected to be
much faster than the nuclear-spin dynamics, the electron
spin can be regarded as always being in the steady state

of Eq. (AS5), which can be solved analytically when <il> is
t

provided for every nucleus.

To treat the dynamics of the nuclear spins, one needs
to consider the effect of DNP, which is the key condition
of the experimental observation. Since we do not explic-
itly include nuclear spin-spin interactions, we can address
each nuclear spin independently. In this simplified picture,
we consider a time-dependent perturbation with a reduced
Hamiltonian for the ith nucleus:

na Aia A A A
H, = H) + 5 LS+ 1S4 (A6)
Here Af =gy unBT - 1 + (hooly/2){(; - m)? = [1(1 + 1))/

3} is the unperturbed Hamiltonian, which contains a
nuclear Zeeman interaction term with an effective field
Bj’vﬂv =B+ n; - nA4;S,/gnun and the nuclear quadrupole
interaction. n, with 0 < n < 1, is the parameter describ-
ing the occupation probability of the quantum dot. We note
that the electron-nuclear spin hyperfine interaction (HFI)
are divided into two parts. The first part is the electron-
nuclear spin flip-flop term contributed by the off-diagonal
part of the HFI. It serves as a time-dependent perturba-
tion, which is the driven force of DNP. The second part is

the diagonal contribution of the HFI, contributing to B,
Similar to the case of the electron, BT depends on the

steady-state electron-spin projection along the quadrupole
axis, namely <§Z/>. We consider the case where the nuclear
quadrupole interaction dominates over the nuclear Zeeman
and the hyperfine interaction (hwiQ /enun > |B§’fo|), which

is expected in strained quantum dots. According to 1:15,
the energy level of a nucleus with /; = 3/2 splits into four
nondegenerated levels with their eigen energies

2

3
E ;:AQ:tzAzmcosﬁ E, 1

1
= :I:E A/ cos2 + 4sin2t (A7)

and the corresponding eigen states

lo.3) = 123/2),

(pi%> = o412|+1/2) + Biipl—1/2).
(A3)

Here, we use the basis set of |[£1/2) and |43/2), which
are the nuclear spin states with 7, = £(1/2) and (3/2).
Ao is the quadrupole splitting. Az, is the nuclear Zeeman
splitting, which scales with the strength of the effective
field |Bj, T(#)|. ¥ is the angle between n; and Bj’\ff The
hyperfine flip-flop term initiates the transition between the
nuclear sublevels with the Fermi-Golden-type transition
rate,

W) = 57 [\<<p,~|z-+|<af>\2N_ + ((wim_wf)\zm] .

(A9)

Here, 1/T}. is the characteristic rate of electron-nuclear
spin flip flop. N =1+ 2(S - n;) is the spin-up or spin-
down electron population, which is evaluated at each point

. 2
in the time sequence. The matrix element ‘((p,-l I,-ilgof)‘

can be directly calculated from the eigen basis in Eq. (AS).
In the presence of finite spin polarization along the nuclear
quadrupole axis (for instance, Ny > N_), W(i,f) promotes
the transition from the state with the lower nuclear spin
projection to the higher ones that leads to build up of DNP.
The process can be described with the aid of the following

coupled rate equations,
1
+-, N3/

dni3) 3
2 \w
o (= ) :
e (-
2 nin 2, n_i,2

ni3)
-, A10.1
o (A10.1)
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di’lil/z 1 3 1 3
— LW+, 2 )+ W (£, -2
dt [ ( 2’2)Jr ( 2 2)
+ W :I:1 ! + W : :i:1
2,:F2 nit12 :':2’ ) nxi/2

(-2 4 (2 T2
7 E5) 3 2 E5) T,

(A10.2)

Here, ni1/, and ni3,, are the populations of the corre-
sponding nuclear sublevels in Egs. (A7) and (AS8). To
account for the nuclear-spin relaxation due to nuclear
spin-spin and spin-lattice interaction, we also introduce
an effective relaxation time of 7). Equations (A10.1)
and (A10.2) give the evolution of the nuclear-spin sub-

level populations, which can be used to determine <ii>
t

for the ith nucleus at time ¢ through the relation, <il> =
t

Zgzil/z,ﬂ/z ng <‘P€|Ii|§0€>-

We firstly need to assume a distribution of n;,
which determines the principal direction of the nuclear
quadrupole moment for each nucleus. In accordance with
the 7, symmetry of the lattice and previous calcula-
tions [20], we divide the anion nuclei into four ensem-
bles with the averaged principal axis n; of each point-
ing along the four directions with the polar and azimuth
angles (0o, o) = (45°,45°), (135°,135°), (45°,225°), and
(135°,315°). While the n; of the cation nucleus is assumed
along the z direction 6, = 0°. Within each ensemble, the
angle between n; and n; follows a normal distribution with
a standard deviation of 15°. The preferential orientation
of the nuclear quadrupole axis can then be controlled by
taking different ratios between the four ensembles.

The full calculations involving 100000 nuclear spins
with 7 =3/2 are performed iteratively through the time
sequence t = 0, At,2At, - - - . The iteration starts by assum-
ing equally populated nuclear sublevels at r =0. As a

consequence, i,- = 0 for all nuclei. Between each time

interval from ¢ tot_t + At, the calculations are carried out
iteratively. For each nuclear spin, the unperturbed Hamil-
tonian in Eq. (A6) constructed from BST and the corre-
sponding rate equation [Eqs. (A10.1) and (A10.2)] can be

A

established by evaluating the electron spin vector <S> at

time ¢. Solving the equation leads to the eigen-state ptop—
ulation and nuclear-spin polarization at time 7+ At. We
note the key simplification here is to treat each nuclear
spin independently from other nuclear spins but all cou-
pled to the electron spin. The same scenario is also applied
in the central spin dynamics in Refs. [12] and [13]. On
the other hand, the nuclear-spin dipole-dipole interaction
that couples nuclear spins is assumed to cause homoge-
nous relaxation of the nuclear-spin polarization, which is

absorbed to 7} in Eq. (A10). For electron spin, the iter-
ation is through the Bloch Eq. (A6). Taking into account
contributions from the spin polarization of all nuclei at
time #, BT can be calculated, which parameterizes the
Bloch equation and determines the steady-state electron-
spin vector at time ¢ + Az. We note that, in this approach,
the electron- and nuclear-spin system are treated indepen-
dently. The feedback is established through the iteration
process. Additionally, the phase coherence of the nuclear
spin is not preserved in Egs. (A10.1) and (A10.2). A
similar approach with independently treated electron and
nuclear spin has been reported before and has yielded
satisfactory results [13]. In another aspect, since we are
simultaneously dealing with a large number of nuclear
spins with different quadrupole axes n;, the phase coher-
ence of individual nuclear spins is expected to be averaged
out.

APPENDIX B: ESTIMATION OF SHEAR STRAIN
FROM THE ANISOTROPIC EXCHANGE
INTERACTION

The magnitude of shear strain can be estimated from the
polarization of the bright neutral exciton states that split by
an AEIL One can consider the Bir-Pikus Hamiltonian for
strained GaAs in the Hilbert space spanned by the heavy
hole (HH) and light hole (LH) basis. Typically, the uniax-
ial strain &, = (& + &,)/2 — &.; and confinement effect
in QD results in a splitting of the HH and LH states that
can be as large as 120 meV [44]. The exciton ground
state of QDs are mostly contributed by the HH-like spin-
up state |HH, f}) and spin-down state |HH, {}) with slight
mixing with the LH states in the presence of biaxial strain

£p = &xx — &), and shear strain ¢, and ¢,
[HH, ) = LT3 +3 + !
M2 2] 20
3 1 S* 3 —|-1 (B1)
X —_— —— p— p— p—
27 2 272 ’
|HH, §) = L1223 + !
TR M L2202 20
R 3 -|—1 + S 3 1 (B2)
X —,+= -, —= .
272 27 2

Here, M is the normalization factor and the strain compo-
nents enter through the parameters,

A
0=be,+ 5. (B3)

V3b

R = —— ep —idsyy,

: (B4)
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S =d(ex — igyz): (BS)

where A is the confinement-induced HH-LH splitting, » =
—1.95eV and d = —4.51 eV are the deformation potential
taken from Ref. [45]. The HH-LH mixing has an impact
on the polarization of the neutral exciton states in a sin-
gle QDS, that can be measured by micro-PL. Taking the
basis of [HH, f}) ® |CB, 1), [HH, |) ® |CB, |}, [HH, }) ®
ICB, |), and |HH, |}) ® |CB, 1), where CB specifies the
conduction band electron state, one can obtain the neu-
tral exciton states with the effective exchange Hamiltonian
Hex =3 i, aisji + bisi [27]. Tt yields two linearly
polarized bright exciton states and two dark states that are
separated by the bright-dark state splitting. The emission
intensity of the bright exciton states can be simulated as
a function of detection polarization angle, which yields
the results shown in Fig. 5(a). For this simulation, we
take the HH-LH splitting 20 = 120meV and vanishing
biaxial strain ¢ = 0. We define a shear-strain component
Exz — 18y, = ese”” . In Fig. 5(a), we assume & = 0.02 and
y = 30°. We also assume ¢,, = 0, since &, only rotates
the strain field in the x-y plane, of which the effect can be
accommodated by varying y. The exchange parameter is
chosen so that the bright-dark splitting and AEI is 200 ueV
and 30 ueV without the shear strain [27,41]. The shear
strain g,e’” breaks the orthogonality of the bright exci-
ton states. In Fig. 5(a), we introduce an angle 6y0 < 90°
between the polarization directions of the exciton states.
In Fig. 5(b), we show the simulated Oy0 as a function of
y, which is plotted for different ¢ values from 0 to 0.024.
It shows that the lower bound of 0y0 correlates with the
magnitude of shear strain &;.

In Fig. 5(a), we show typical polarization angular depen-
dence of the PL intensity measured from the bright exciton
states of an individual QDS. The experimental data (the
symbols) is fitted by the sine square function (the solid
lines) to yield Oyo for each pair of states. The statistics of
the as-extracted 6y0 is plotted in Figs. 5(c)-5(e) for QC,
QR, and DQD, respectively. We find that the lower bound
of Oy0 in DQD is statistically higher than that in the QC and
QR samples, suggesting a more pronounced shear-strain
component in the latter.

Comparing Fig. 5(c) with Fig. 5(c) and assuming that
the y in QCs is random enough, the low-bound value
Oyo = 67.5° actually corresponds to a shear-strain strength
of &5 = 0.024, which is rather large compared with the
typical diagonal strain component ., & 0.03 and &, =
&y ~ —0.03 reported in the literature [46]. However, we
note that this result is not surprising, as the atomic shear
strain higher than 0.02 has been seen in single QDs in the
literature [46,47]. However, in single QDs, €; is mostly
distributed at the interface between the QD and the host
material where the nuclear spins have weak influence on
the electron spin. More importantly, owing to typical sym-
metry of C,, or higher, the shear-strain components at

opposite interfaces have different signs such that its effect
on both the NQI and anisotropic exchange interaction is
averaged out [48]. The QDS investigated in this work has
symmetry of C; or lower such that a net effect of shear
strain is preserved. If assuming vanishing ¢,,, we can diag-
onalize the strain tensor and obtain tilting of the principal
strain axis by 20° from the z axis.
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