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Direct high-resolution resonant Raman scattering measurements of dynamic nuclear spin
polarization states of an InAs quantum dot

Aaron M. Ross ,1,2,3 Allan S. Bracker,4 Michael K. Yakes ,4 Daniel Gammon,4 L. J. Sham ,5 and Duncan G. Steel1,2

1H.M. Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
2Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan 48109, USA

3Dipartimento di Fisica, Politecnico di Milano, Piazza L. da Vinci 32, I-20133 Milano, Italy
4Naval Research Laboratory, Washington D.C. 20375, USA

5Department of Physics, University of California San Diego, La Jolla, California 92093, USA

(Received 23 April 2020; revised 19 November 2020; accepted 30 November 2020; published 21 December 2020)

We report on the direct measurement of the electron spin splitting and the accompanying nuclear Overhauser
field, and thus the underlying nuclear spin polarization (NSP) and fluctuation bandwidth, in a single InAs quan-
tum dot under resonant excitation conditions with unprecedented spectral resolution. The dot consists of 104-105

nuclei, and is electrically biased to quantum confine an additional single electron. The electron spin splitting is
measured directly via resonant spin-flip single-photon Raman scattering detected by superconducting nanowires
to generate excitation-emission energy maps. The observed two-dimensional maps reveal an Overhauser field
that has a nonlinear dependence on excitation frequency. This study provides new insight into earlier reports of
so-called avoidance and tracking, showing two distinct NSP responses directly by the addition of an emission
energy axis. The data show that the polarization processes depend on which electron spin state is optically
driven, with surprising differences in the polarization fluctuations for each case: In one case, a stabilized field
characterized by a single-peaked distribution shifts monotonically with the laser excitation frequency resulting
in a nearly constant optical interaction strength across a wide detuning range, while in the other case the
previously reported avoidance behavior is actually the result of a nonlinear dependence on the laser excitation
frequency near zero detuning leading to switching between two distinct mesoscopic nuclear spin states. The
magnitude of the field, which is as large as 400 mT, is measured with sub-100 nuclear spin sensitivity. Stable
and unstable points of the Overhauser field distribution are observed, resulting from the nonlinear feedback loop
in the electron-trion-nuclear system. Nuclear spin polarization state switching occurs between fields differing by
160 mT at least as fast as 25 ms. Control experiments indicate that the strain-induced quadrupolar interaction
may explain the measured Overhauser fields.

DOI: 10.1103/PhysRevB.102.235425

I. INTRODUCTION

The quantum-confined electron spin in the single InAs
QD system has been identified as a candidate for an opti-
cally accessible qubit, due not only to the pristine nature of
the photons scattered by the trion [1,2], but also due to the
strong interaction between the electron and the nanoscopic
nuclear spin ensemble comprising 104 − 105 nuclei, which
may provide a useful resource as a quantum memory or for
quantum sensing applications [3–5]. There exists an extensive
body of research providing evidence that the nuclear spins of
InAs QDs interact with the confined electron and heavy/light
hole via nonlinear feedback loops, with sensitive dependence
on experimental parameters including the excitation laser fre-
quency, polarization, power, and pulse width/repetition rate;
the effects are collectively referred to as dynamic nuclear spin
polarization (DNP) [6–13]. Many research groups have sought
to understand, control, and reduce the impact of DNP, since
it leads to loss of electron spin coherence [3–5,14–19]. Sig-
nificantly, optically controlled fluctuation quieting has been
reported [3,4,16], leading to extended electron spin coherence

times up to at least 1 μs without the need for dynamical de-
coupling [20,21]. Various microscopic mechanisms have been
proposed to account for DNP-induced effects related to NSP
build-up and decay [22], depending on the external magnetic
field strength and direction, optical excitation conditions, and
QD morphology [8,10,22–27].

Previous reports on optical spectroscopy of the dynamic
NSP processes in QDs have predominantly focused on
nonresonant excitation of the QD, and subsequent detec-
tion of the photoluminescence (PL) on a diffraction grating
spectrometer/monochromator [28–30]. Measurement of the
NSP is performed by analyzing the polarization of the emit-
ted PL or by the difference in energy between Zeeman-split
trion peaks; the resolution of these experiments is limited by
the grating dispersion in the best case to around 2.5 μeV
(600 MHz). More fundamentally, nonresonant excitation of
the QD has proven inadequate to yield single photons with
high indistinguishability, as required for future quantum net-
works [31–34]. Far fewer experiments have been performed
under resonant excitation conditions [3,35–38], and to the au-
thors’ knowledge only one study has measured the Overhauser
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field directly during excitation of the neutral exciton transition
via PL measurements using a sample bias switching technique
with 50-μeV (12-GHz) resolution [39].

Here we report on experiments in which the resonant
Rayleigh and Raman scattering from the electron-trion system
of a single InAs QD is spectrally resolved to directly report on
the collective nuclear spin state mediated by the Overhauser
(OH) field acting on the electron. Using Raman scattering,
two-dimensional maps of the OH field distribution obtained
by measurements of a shift from equilibrium of the electron
state splitting are constructed as a function of detuning from
the trion resonance. The results show a surprising qualitative
difference of the evolution of the NSP depending on which
electron spin state is optically driven during the experiment,
especially in terms of the polarization fluctuations. In one
case (“tracking”), a relatively quiescent NSP changes mono-
tonically with increasing excitation frequency; the NSP is
characterized by a single peaked distribution function where
the center of the distribution follows the frequency of the
excitation field. In the other case (“avoidance”), the nuclear
polarization appears to be unstable, indicated by multimodal
nuclear spin distributions with apparent switching between
different nuclear spin configurations. We show directly that
negative and positive feedback loops acting on the OH field
are associated with dynamic optical excitation of the |x−〉 and
|x+〉 electron spin states, respectively. With unprecedented
spectral resolution, our experimental findings confirm and ex-
pand upon previous theoretical work [14,15,40] showing that
these nonlinear feedback loops in the electron-trion system
can be manipulated by optical excitation in order to tune the
NSP in a single QD down to the sub-100 nuclear spin level.

II. SAMPLE AND EXPERIMENTAL DETAILS

The sample under study consists of InAs quantum dots em-
bedded in a diode heterostructure, grown via molecular beam
epitaxy. The QDs are approximately 2.5 nm in height. The het-
erostructure is grown on a 500-μm n-doped GaAs wafer (Si,
�1 × 1018/cm3), and consists of a distributed Bragg reflector
(DBR) mirror (10 periods of 69-nm GaAs and 82-nm AlAs),
96 nm of n-doped GaAs (∼2 × 1018/cm3), 40 nm of undoped
GaAs, the QD layer, 66 nm of undoped GaAs, 10 nm of
n-doped GaAs (∼1.5 × 1018/cm3), 20 nm of undoped GaAs,
40 nm of p-doped GaAs (Be, ∼3 × 1019/cm3), and a top
DBR consisting of four periods of GaAs and AlAs with the
same thicknesses as the bottom DBR. Two indium electrical
contacts are used to apply a bias to DC Stark shift the QD
energy levels into the 1e− stability range. The contacts are
made following wet etching to two different layers. The lower
contact is made to the 96-nm n-doped GaAs layer below the
QDs and is annealed, while the top contact is nonannealed and
is connected to the 40-nm p-doped GaAs layer beneath the
top DBR. The bottom DBR is n-doped (Si, ∼1 × 1018/cm3),
while the top DBR was undoped. The top and bottom DBR
layers are not affected by the electric field produced across
the diode structure; as a result, the sample does not suffer from
charge fluctuations in the DBR layers.

The diode heterostructure is operated by adjusting the bias
voltage either to the edge of the charge stable range for the
trion such that electrons actively tunnel between the n-GaAs

electron reservoir and the QD at rates estimated from the trion
linewidth and optical pumping times to be between ∼100 and
500 MHz (the co-tunneling regime), or to the middle of the
range, where the electron is trapped in the QD for a prolonged
period of time greater than 1 μs.

The QD sample was held in a superconducting liquid he-
lium magnet cryostat at 5.5 K. An in-plane magnetic field
(Voigt geometry) is applied, resulting in a Zeeman shift that
splits the trion into four linearly polarized resonances. The
in-plane electron and heavy-hole g factors are determined
using PL and differential reflectivity measurements in the co-
tunneling regime (Appendix A 1) to be gx

e = 0.431 ± 0.004
and gx

hh = −0.332 ± 0.004, resulting in Zeeman shifts of
(6.00 ± 0.05) GHz/Tesla and (4.64 ± 0.05) GHz/Tesla for
the electron and heavy hole, respectively.

The experiments reported in this paper are performed us-
ing high-resolution CW Ti:sapphire tunable lasers (Coherent
MBR, 50-kHz linewidth). The incident laser beams are fo-
cused by a 0.68-NA aspherical lens onto the sample held in
a superconducting magnet cryostat, and the reflected light is
collected.

Resonance Rayleigh and Raman scattering experiments are
performed by rejecting the excitation/re-pump beams col-
lected in the reflection geometry with polarization analyzers
and waveplates. The scattered photons and remaining exci-
tation fields are spectrally filtered by transmission through a
pressure-tuned etalon (FSR = 45 GHz, FWHM = 400 MHz),
collected into a single-mode fiber and detected with supercon-
ducting nanowire detectors (Quantum Opus).

Two-dimensional excitation-emission maps are con-
structed by rapidly scanning the excitation laser across a given
resonance, with the pressure-tuned etalon energy fixed; 25-ms
integration time per data point is used, and a laser scan rate of
approximately 200 kHz/ms was chosen. The etalon energy is
then iterated over a wide energy range in order to determine
the OH field response to the scanning laser. Thus, the same
laser scanning experiment is performed repeatedly (number
of etalon energy steps) in order to construct a single map.

III. HIGH-RESOLUTION TWO-FIELD RESONANT
RAMAN SCATTERING

The inset in Fig. 1 shows the four-level energy diagram for
the single electron in an InAs QD under the application of an
in-plane 2-Tesla magnetic field (Voigt geometry). The ground
and trion states in the Voigt geometry are defined as linear
superpositions of the electron and heavy-hole states quantized
along the growth axis z: |x±〉 ≡ (|z−〉 ± |z+〉 /

√
2), |Tx±〉 ≡

(|Tz−〉 ± |Tz+〉 /
√

2). The heavy-hole spins |Tz±〉 ≡ |± 3
2 〉 are

treated as an effective two-level system under strain [41,42].
The resulting eigenstates are now quantized along the applied
magnetic field direction. The electron spin state splitting is
measured by using the pressure-tuned etalon to frequency
resolve the Rayleigh and Raman scattering spectrum. Figure 1
shows the basic spectrum at a sample bias where optical
pumping occurs. In the presence of optical pumping, which
occurs in about 25 ns (Appendix B, [41]), a strong repumping
field is utilized to enable scattering of multiple photons. In
this experiment, this repumping is done by an optical field
near resonance with the |x−〉 → |Tx−〉 transition, with the
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FIG. 1. Resonant Rayleigh and Raman scattering in the optical
pumping regime as measured by scanning a pressure-tuned etalon
across all four scattering lines, with the excitation and re-pumping
lasers held in resonance with the |x+〉 → |Tx+〉 and |x−〉 → |Tx−〉
transitions, respectively. Black arrows denote the relaxation path-
ways that correspond to the Stokes and anti-Stokes spin-flip Raman
scattering lines for the re-pump and excitation lasers, respectively.
Selection rules are denoted by solid (dashed) lines in the case of hor-
izontal (vertical) polarization, where horizontal is along the magnetic
field direction x̂ and vertical is along the ŷ direction generated by the
right-handle rule with ẑ pointing along the QD growth direction. Data
was not collected in the blank regions between scattering lines.

excitation field held in resonance with the |x+〉 → |Tx+〉 tran-
sitions. A Rayleigh spectrum at the laser frequency associated
with each optical field is seen along with the corresponding
anti-Stokes and Stokes Raman spectrum from the excitation
and repump field, respectively. The Raman shift, or the energy
difference between the Raman and Rayleigh peaks for a given
laser field are given by

�Raman = ERaman − ERayleigh = ±(
�ext

e + �OH
)
, (1)

where �ext
e ,�OH are the external magnetic field splitting of

the electron [0.402 cm−1 (12.1 GHz) at 2 T] and the OH
field, respectively, and the +(−) corresponds to an anti-Stokes
(Stokes) scattered photon. To determine the OH field under
bias conditions where the system is optically pumped (e.g.,
the data in Fig. 1), we measured the electron splitting due to
the combined external and OH fields. In the case of Fig. 1, this
is measured to be 11.7 GHz (0.390 cm−1). This differs from
the 12.1 GHz measured under co-tunneling bias and resonant
excitation, where no optical pumping occurs because of fast
electron spin relaxation and minimal OH field is expected on
resonance (e.g., Fig. 2). The difference is −400 MHz (0.013
cm−1) showing that BOH = −66.3 mT. While not shown here,
no significant differences in scattering lineshapes are observed
between co-tunneling and optical pumping for stationary laser
energies.

The OH field is connected to the optically induced
nanoscopic NSP in the QD by dividing the measured OH
field shift by the maximum possible OH field shift in the
absence of depolarizing mechanisms. In the simplest form,

the maximum OH field in the InAs QD is given by Bmax
OH =

1
2μBge

[3AAs + 9AIn] = 13.2 T, where Ai are the hyperfine con-
stants for As, In [10]. In this experiment, the electron spin
splitting, which is dynamically shifted only by the NSP via
the OH field, is measured directly as the energy difference
between the scanning excitation laser and the Raman scattered
photons. The NSP is related to the electron spin splitting only
by coefficients determined by the electronic wave function
and atomic composition in the QD; therefore the qualitative
response of the NSP to differing optical excitation conditions
is also measured directly.

We also note the linewidth of the Raman emission in Fig. 1
is limited by the etalon linewidth (400 MHz, 0.013 cm−1),
which is smaller than the zero field reflectivity linewidth
(545 MHz, 0.018 cm−1), implying that there is minimal pure
dephasing and spectral wandering of the electron spin.

Using the Raman emission from a single QD, we are then
able to use this technique to generate two-dimensional maps
of the OH field and hence determine the corresponding nu-
clear polarization as a function of the detuning of the optical
excitation relative to the expected trion resonance.

IV. DNP REVEALED THROUGH EXCITATION-EMISSION
RAMAN MAPS

In the following sections, we investigate nonlinear feed-
back loops resulting in NSP, referring to the action/back-
action of the OH field (nuclear spin polarization) on the elec-
tron spin splitting, which leads to either reduced/increased
optical excitation for a fixed laser excitation energy. Subse-
quent changes in electron/trion population lead to a change in
the nuclear spin polarization, closing the feedback loop and
resulting in feedback on the OH field and optical excitation
[14,15]. These feedback loops are measured via acquisition of
two-dimensional excitation-emission Raman scattering maps
for two cases: one in which the electron spin relaxation is
rapid, referred to as co-tunneling, and the other for which the
relaxation is extended. These two cases are differentiated by
the bias condition where in the first case, co-tunneling pre-
vents optical pumping and in the second case, co-tunneling is
suppressed. In both cases, the dot remains negatively charged
with 1 electron.

A. Co-Tunneling Regime

Operating in the co-tunneling sample bias regime, electron
spin relaxation is fast, preventing optical pumping. In this
regime, there is no need for a strong re-pumping laser, result-
ing in a simplified spectroscopic study of the Raman scattering
excitation-emission maps, revealing directly the NSP state
(Fig. 2).

In the first case, the excitation laser scanned across the
|x+〉 → |Tx+〉 transition [Fig. 2(a)], yielding an anti-Stokes
scattered Raman photon [Figs. 2(b) and 2(c)]. In the absence
of DNP, the center Raman scattering frequency is expected to
track diagonally (white dashed lines in maps) as the laser is
scanned. The Raman scattering maps and measured shifts in
Fig. 2 are clearly anomalous: the Raman line is red shifted
to avoid an apparently forbidden energy range, abruptly shifts
blue by 0.03 cm−1 (0.90 GHz, 150 mT, 1.14% NSP), and pulls
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FIG. 2. 2D Raman scattering excitation-emission energy maps and Raman shifts measured in the co-tunneling experiments. (a) and (d) En-
ergy level diagrams for the anti-Stokes and Stokes scattering cases, with scanning excitation laser (Raman scattering pathway) indicated with
a solid (dashed) arrow. (b) and (e) 2D Raman scattering maps when the excitation laser is scanned across the |x+〉 → |Tx+〉 (|x−〉 → |Tx−〉)
transition. The excitation and emission detunings are measured relative to the extrapolated resonances calculated using the g factors measured at
co-tunneling and the Stark shift between co-tunneling and optical pumping. Dashed white lines indicate expected Raman scattering dependence
in the absence of DNP. (c) and (f) Raman shifts extracted by fitting each vertical cut of the 2D maps (b) and (e) for a given excitation detuning,
in both the increasing (blue) and decreasing (red) excitation laser energy directions. Axes on right-hand side of (c) and (f) indicate the OH field
in Tesla, measured relative to the zero-DNP Raman shift equal to ±0.402 cm−1 (green axis), and the NSP (blue axis). Nonlinear color coding
adjusted as described in Appendix D.

back asymptotically towards the expected diagonal line in the
2D map as a function of the detuning from the trion. The
hysteresis between the increasing and decreasing excitation
laser scan directions is pronounced near the expected zero-
detuning region [Fig. 2(c)]; the detunings at which the OH
field switching occurs differ by 0.01 cm−1 (300 MHz).

Each excitation energy scan consistently displays either a
sharp drop or rise that occurs on the order of 25 ms corre-
sponding to the time to step the excitation laser 0.0002 cm−1

(6 MHz), switching to an OH field which differs by ±150 mT,
corresponding to approximately ±500 nuclei (assuming the
QD consists of 5 × 104 nuclei), depending on the scan direc-
tion, demonstrating a remarkable sensitivity of both the DNP
response to excitation conditions as well as the Raman emis-
sion to report on the nanoscopic nuclear spin configuration.

Significantly, an identical experiment was performed in
which the |x+〉 → |Tx−〉 transition was driven by the excita-
tion laser to investigate the dependence of the DNP feedback
on the heavy-hole spin projection: No discernible qualitative
differences were observed (Appendix C).

In the case described above corresponding to the excitation
scheme in Fig. 2(a), the OH field shifts the trion transition out
of resonance with the laser, leading to an instability point in
the vicinity of the expected trion transition as indicated by a
sensitive switching of the OH field. The shift of the transition
to an off-resonant condition has been called avoidance [15].
Prior to these experiments, these effects were observed indi-
rectly by the apparent absence of the resonance in absorption
[16,27]. The experiments presented above are able to track
the resonance and show that the NSP has shifted to reduce the
optical excitation.

In the second case [Figs. 2(e) and 2(f)], data is reported on
the optical transition corresponding to excitation from |x−〉 to
the |Tx−〉 state resulting in a Stokes-scattered Raman photon.
The Raman scattering energy deviates considerably from the
expected diagonal response in the 2D map at least as far away
from the expected DNP-free resonance energy as 0.02 cm−1

(600 MHz). The Raman energy is blue shifted over a short
excitation range (0.005 cm−1, 150 MHz) into a state that
tracks in a nearly linear response as the excitation laser is
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scanned across the transition. The scattering intensity remains
bright over an excitation range of 0.035 cm−1 (1.04 GHz),
until abruptly shifting blue again, at which point the scattered
photon energy approaches the expected response far away
from the expected resonance. This response shows that the
nuclear polarization configuration is changing dynamically as
the laser frequency is scanned. The OH field that reacts to
the excitation laser is as large as −200 mT (1.51% NSP). For
comparison, for neutral excitons in GaAs fluctuation QDs un-
der nonresonant conditions, excitation power-dependent NSP
as large as 65% has been reported with a polarization build-up
time of around 3 s [25]. Additionally, there are two similar
reports of so-called resonant “dragging” in InAs QDs with
quantitative results. In the first example, the negative trion
resonance is dragged by a resonant laser over 15 μeV [35],
which corresponds to 520 mT (3.9% NSP), assuming ge =
−0.5; in the second case, the extracted OH field shift due
to dragging is estimated to be around 4.1 μeV, or 140 mT
(1.1% NSP) [3]. Thus, our findings are in general quantitative
agreement with previous results involving resonant excitation,
but provide direct measurements of the OH field and the
corresponding fluctuations.

The hysteresis occurs primarily at the edges far away
from resonance, where the system relaxes back towards an
asymptotic approach parallel to the expected response curve,
in stark contrast to the “avoidance” regime. Small offsets are
observed between the expected and measured polarization re-
sponses in the forward and backwards scans at large detuning
values throughout these experiments. As discussed later in
this article, these small offsets may arise due to variations
in the initial conditions of each experiment; sensitivities to
initial conditions are expected in strongly nonlinear systems.
The corresponding experiment is also performed in which the
|x−〉 → |Tx+〉 transition is probed: Again, little difference
is discerned between the two optically excited heavy-hole
projection states (see Appendix C).

The DNP response described in the previous paragraph
correlates with the so-called “tracking regime”: The OH field
that is generated by the optical excitation moves monotoni-
cally with the scanning excitation laser, acting to lock the trion
resonance with the laser until a transition point is reached at
which point the feedback mechanism breaks down and the
nuclear polarization returns to its equilibrium value of zero.

The data here [Figs. 2(c) and 2(f)] shows the behavior of
the OH field due to the nonlinear coupling between the NSP,
the optical excitation of the electron spin, and the effects on
the trion resonance. It is this nonlinear behavior that gives rise
to the distorted lineshapes first reported by Xu et al. [3] and
others [27,35,39]. The data provides a direct measurement of
the shift of the electron spin energies and hence, the degree of
the NSP. Additionally, changes in the electron spin splitting
are measured independently of the trion energy, which is only
related here to the intensity of the Raman scattering.

We note the measurement approach reported here also does
not require the addition of nonresonant optical excitation to
extract the OH field, further simplifying the experiment and
comparison with theory. As discussed above, the results differ
from previous reports in terms of maximum NSP achieved,
and the points at which hysteresis is observed to occur; we be-
lieve these differences result from the different experimental

approaches taken, as well as inhomogeneity between samples
and QDs. Furthermore, this technique allows us to study the
fluctuations in the nuclear polarization distribution by ex-
amining the lineshapes of the Raman spectra as a function
of excitation detuning under a variety of optical excitation
conditions, as will be discussed later in this article.

B. Optical pumping regime

The next experiments are then performed when the QD is
operated in a regime of minimal electron tunneling between
the n-GaAs Fermi reservoir and the QD, referred to as the
optical pumping regime [41]. The electron is trapped in the
QD at least as long as 1 μs (Appendix B), and the electron spin
is depolarized at a much lower rate than in the co-tunneling
regime. Operating in the optical pumping regime allows one
to study how the nuclear spin ensemble evolves in the pres-
ence of a relatively pure electron spin state, as prepared by
a strong optical re-pumping laser (1.5/10 excitation/re-pump
power ratio). Additionally, the average 1e occupation factor is
higher in the optical pumping regime than near the 0e and 2e
co-tunneling edges; this factor has been demonstrated to dra-
matically affect the nuclear spin depolarization rate [43,44].
In the presence of optical pumping, emission (Rayleigh and
Raman scattering) associated with the ground state of the
excitation vanishes because the population of the ground state
is depleted and transferred to the other ground state. Emission
is restored by applying a second optical field to transfer (re-
pump) the population back to the initial ground state.

In the first set of data taken in the optical pumping regime
[Figs. 3(a)–3(c)], a fixed re-pump laser (orange arrow) is held
in resonance with the |x−〉 → |Tx−〉 transition, and the ex-
citation laser is scanned across the |x+〉 → |Tx+〉 transition,
driving the anti-Stokes Raman transition, similar to the first
case in Figs. 2(a)–2(c). The electron spin state is prepared in
a nearly pure |x+〉 state, with preparation fidelity estimated to
be at least 94% when the excitation laser is far off-resonance
(Appendix B). Measuring the anti-Stokes scattered photon
energy as a function of excitation energy reveals that the DNP
feedback responds in this case in an “avoidance” manner:
When the excitation laser scans into resonance with the ap-
parent trion transition, the OH field switches between states
differing by an average 163 mT (1.23% NSP), quantitatively
comparable to the co-tunneling case.

It is worth noting that the scans in which the laser excitation
energy is increasing or decreasing differ in their baseline OH
field by approximately 50 mT; repeated experiments indicate
that this offset may depend on the extent to which the excita-
tion laser is scanned off-resonance and the rate at which the
laser is scanned. One conclusion is that the initial conditions
of the electron-nuclear system affect the overall nonlinear
DNP feedback response, and that the system is more sensitive
to these initial conditions in the optical pumping regime, but
further experiments are required to understand this effect in
more detail. The initial conditions include the NSP generated
by the previous experiment; polarization decay times have
been shown to be at least as long as seconds, if not minutes
[4,22,45]. Nevertheless, the avoidance response to scanning
the excitation laser across the |x+〉 → |Tx+〉 transition is
common to both the co-tunneling and optical pumping regime.

235425-5



AARON M. ROSS et al. PHYSICAL REVIEW B 102, 235425 (2020)

FIG. 3. 2D Raman scattering excitation-emission energy maps and Raman shifts measured in the optical pumping experiments. (a) and
(c) Energy level diagrams for the anti-Stokes and Stokes scattering cases, with scanning excitation laser/re-pump laser (Raman scattering
pathway) indicated with a solid black/solid orange (dashed black) arrow, and the predominantly prepared electron spin state indicated with
a green circle. (b) and (e) 2D Raman scattering maps corresponding to excitation schemes illustrated in (a) and (d), respectively. (c) and (f)
Raman shifts extracted by fitting each vertical cut of the 2D maps (b) and (e) for a given excitation detuning, in both the increasing (blue) and
decreasing (red) excitation laser energy directions. Nonlinear color coding adjusted as described in Appendix D.

No differences are observed in the optical pumping regime
when probing the |Tx−〉 optically excited state (Appendix C).

In the second optical pumping experiment [Figs. 3(d)–
3(f)], the fixed re-pump laser drives the |x+〉 → |Tx+〉
transition, and the excitation laser is scanned across the
|x−〉 → |Tx−〉 transition, similar to Figs. 2(d)–2(f), scattering
a Stokes-shifted photon, thereby probing an initialized |x−〉
electron spin state. The qualitative responses are similar in the
co-tunneling (Fig. 2) and optical pumping “tracking” (Fig. 3)
regimes; however, the average OH field shift as measured
from minimum to maximum is 2.5 times larger (724 mT) in
the optical pumping regime than for co-tunneling, and the de-
tuning range over which the tracking occurs is 2.4 times larger
(2.49 GHz, 0.083 cm−1). Another intriguing result is that the
measured OH fields do not clearly return to the asymptotic
expected dependence far away from resonance outside of the
nearly linear tracking response, at least within the experimen-
tal range measured here.

These results provide evidence that the magnitude of the
optically induced nuclear polarization in the optical pumping
case for the |x−〉 Zeeman branch is considerably larger than
in the |x+〉 Zeeman branch. This observation may possibly

be understood as the result of two factors. First, the electron
depolarization times are much longer in the optical pumping
regime than in co-tunneling [35,43]; if the electron-nuclear
coupling interaction depends on the magnitude of the electron
spin polarization, then the resulting NSP may be enhanced
[23]. Second, in the case where the laser is scanned across the
transition involving the spin-down electron [e.g., Figs. 3(d)–
3(f)], the NSP is clearly locked to the excitation laser in a
stable configuration. This stable configuration may reinforce
the nonlinear feedback mechanism, allowing for the build-up
of larger NSP in the |x−〉 case.

V. OVERHAUSER FIELD DISTRIBUTIONS
AND DYNAMICS

OH field distributions can be constructed by taking emis-
sion energy slices of the excitation-emission maps for a
fixed excitation laser detuning. These slices correspond to
a high-resolution measurement of the single-photon Raman
lineshape. Fitting of the emission energy spectrum allows
for determination of the OH field shift with very high pre-
cision. The 95% confidence interval of the resonance center
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FIG. 4. OH field distributions extracted from the excitation-
emission maps, with data collected in the optical pumping regime.
(a) Excitation (solid black) (re-pump, solid orange) laser is
backward-scanned across (held in resonance with) the |x+〉 → |Tx+〉
(|x−〉 → |Tx−〉) transition, and the anti-Stokes Raman scattering
(dashed arrow) is frequency resolved. The electron spin is predom-
inantly prepared in the |x+〉 state. (b) Excitation (re-pump) laser is
forward-scanned across (held in resonance with) the |x−〉 → |Tx−〉
(|x+〉 → |Tx+〉) transition, and the Stokes Raman scattering is fre-
quency resolved. The electron spin is predominantly prepared in the
|x−〉 state. Error bars are given by the variation in Raman scattering
counts for the two adjacent excitation energy steps (±0.0002 cm−1,
± 1 mT) around each excitation point indicated in the legends.

for the lineshape fits averaged with eight fits for the case of
Figs. 3(d)–3(f) is ±9 × 10−4 cm−1 (30 MHz). For an InAs QD
with 5 × 104 atoms, one arrives at a nuclear spin sensitivity of
∼45 nuclear spins. We believe that this very high precision is
unprecedented in the field of optically detected DNP studies
of QDs under resonant excitation, resulting in fine-grained
measurements of changes in nuclear spin ensemble.

In the electron spin-up |x+〉 case, there is a rapid switch-
ing of the NSP as the excitation laser frequency passed
through the trion resonance in the |x+〉 case, compared to
the smooth tracking of the OH field in the |x−〉 case. Near
the trion resonance for the |x+〉 case, the OH field distribu-
tion becomes multimodal, as evident in Fig. 4(a). Away from
the resonance, the nuclear polarization distribution is single
peaked; this data is collected from the optical pumping case
in which the excitation laser is backwards scanned across the
|x+〉 → |Tx+〉 transition (Appendix C). The multimodality
of the distribution indicates an increase of optically induced
fluctuations of the OH field, revealing an instability point of

the coupled electron-trion-nuclear system. The transition from
a stable configuration, represented by a single-peaked distri-
bution with a FWHM of approximately 90 mT, to an unstable
point occurs within less than 0.012 cm−1 (360 MHz). The
widths of the narrow peaks observed at the instability point are
less than the FWHM of the detection etalon, implying that the
OH field changed by at least 75 mT between consecutive laser
scans (repeated identical experiments). Further examples of
observations of instability points are demonstrated by visual
examination of Fig. 9(c), where abrupt jumps in the Raman
scattering intensity are observed along the emission detuning
axis for a fixed excitation detuning.

This data shows that, in the avoidance case, setting the
excitation laser to certain detuning ranges especially near zero
detuning leads to an increase in optically induced fluctuations
of the OH field, which map onto fluctuations in the Raman
scattering intensity between adjacent detection energies. The
time scales for these large OH field fluctuations are longer
than the time taken for the laser to scan from one detuning to
the adjacent detuning (25 ms) as indicated by the error bars in
Fig. 4(a), but shorter than the time taken to construct a single
excitation energy scan (15–25 s, depending on scan range).

For comparison, in the case where the excitation laser is
scanned across the |x−〉 → |Tx−〉 transition and the OH field
tracks to hold the trion transition in resonance with the laser,
the OH field distributions are single peaked [Fig. 4(b)], and do
not exhibit any instability points at which the OH field fluc-
tuates between consecutive laser scans by more than expected
for a Gaussian distribution with 90 mT FWHM.

The implications of these findings regarding the OH field
distributions are significant. First, instability points have been
predicted theoretically to result from the nonlinear feedback
loop between the OH field acting on the electron and the
electron polarization and/or trion populations acting on the
nuclei, which are tuned by the scanning excitation laser; these
instability points can correspond to points of increased OH
field distribution width [14,15,40]. At these points, there is an
amplification, or increase, of the fluctuations of the OH field;
we have confirmed these predictions here experimentally in
the case of dynamic optical excitation (scanning the excitation
laser) of the |x+〉 electron spin state.

Second, there clearly exist stable points of the electron-
trion-nuclear system, especially when the laser scans across
the |x−〉 → |Tx−〉 transitions, represented by the single-
peaked OH field distributions, and larger OH fields which are
reinforced through strong negative feedback loops which lock
the OH field in place, as predicted by Yang and Sham[14,15].
That theoretical work implies that the OH field distributions
are narrowed in this excitation regime. Previous experimen-
tal studies have focused on the narrowing effect induced
by coherent population trapping (CPT) of the electron spin
[3–5,18,19]. While we do not observe significant narrowing
of the OH field as limited by our detection system, we do
measure directly a relatively quiescent OH field in the tracking
case compared to the avoidance case.

Furthermore, the multimodality of the OH field distribution
may indicate the possibility of ordered nuclear spin clusters
with varying fluctuations resulting from the nuclear dipole in-
teraction [46] as well as the electron-mediated nuclear-nuclear
interaction [44,47,48]. These experiments thereby indicate
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that preparation of the electron spin in the |x−〉 state may
be preferential for the purposes of quantum computation
protocols: The OH fields measured in that configuration are
observed to be relatively stable in comparison to the |x+〉
state.

The dynamics associated with OH field switching are in
order of magnitude agreement with at least two previous
measurements [4,22]. In this experiment, rapid switching be-
tween OH field states is observed primarily in the “avoidance”
regime: When the excitation laser is brought into resonance
with the expected trion transition, the OH field switches by
±150 mT within 25 ms. For comparison, one study measured
the build-up time using pump/probe spectroscopy under the
application of an out-of-plane magnetic field of −220 mT,
with a result that varied between 11.2 and 32.3 ms [22].
Another study measured the polarization build-up time using
CPT in the negatively charged trion system to be equal to 7
± 1 ms at 5 K under the application of an in-plane magnetic
field of 2.64 T [4].

VI. MICROSCOPIC MECHANISMS LEADING TO THE
GENERATION OF NUCLEAR SPIN POLARIZATION

Various microscopic mechanisms have been proposed to
account for the DNP effects observed in InAs QDs. These
mechanisms include the electron-nuclear hyperfine contact
interaction [8,23–25], the hole-nuclear dipole interaction
[26,49], and the strain-induced quadrupole-mediated electron
hyperfine interaction [44,50,51], as well as additional depo-
larization terms [22].

The electron-nuclear Fermi contact interaction is manifest
in QDs via two terms. First, recalling the applied magnetic
field is in the x direction (in-plane), the collinear term is given
by the summation over the nuclear spin ensemble

∑
j A j

eI j
x Sx,

directly leading to the OH field that shifts the electron spin
splitting in the presence of a nonzero NSP. Second, the so-
called flip-flop term, given by 1

2

∑
j A j

e (I j
+S− + I j

−S+), allows
for transfer of angular momentum from the electron to the
nuclear spin ensemble [23], and the balance between the two
channels may be influenced by preferential optical excitation
of one of the trion transitions.

The relevance of the flip-flop interaction is experimentally
investigated by measurement of the OH field in the pres-
ence of optical preparation of an electron spin polarization.
In the experiment (Fig. 5), which is operated in the opti-
cal pumping regime, the re-pump (excitation) laser is fixed
in resonance with the |x+〉 → |Tx+〉 (|x−〉 → |Tx−〉) tran-
sition. The electron spin polarization is tuned by adjusting
the excitation:re-pump power ratio between 1:5 and 22.5:5.
We note that the excitation and re-pump beams were spa-
tially misaligned in order to achieve higher spatial rejection
at the single-mode fiber before the spectral filtering stage
(see Appendix E for more details). Raman scattering intensity
experiments compared to a rate equation model showed that
setting the excitation beam intensity 3–4× larger than the
re-pump beam intensity initialized the electron spin state to
equal parts |x±〉. Additionally, the etalon is scanned across
the four trion scattering lines, from which the electron spin
splitting is extracted.

FIG. 5. Excitation/re-pump power ratio Raman scattering exper-
iment. The re-pump(orange) (excitation, black) is held on resonance
with the |x+〉 → |Tx+〉 (|x−〉 → |Tx−〉) transition, and the etalon
detection energy is scanned across the four scattering lines. The
excitation power is changed while the pump power is held constant
at 20 nW for a given spectrum. The saturation power using the
excitation field is approximately four times higher than the re-pump
due to intentional misalignment. The energy axes are chosen to ap-
proximately match that of Figs. 3(c) and 3(f) for meaningful physical
comparison.

The results indicate that no discernible OH shift occurs as
a function of the power ratio, and by extension the electron
spin polarization. Additionally, no increase in linewidth of the
scattering is observed, indicating no change in the nuclear spin
fluctuations. This experiment rules out the electron-nuclear
flip-flop interaction as the primary mechanism for the OH
feedback mechanism reported here. This finding is not sur-
prising since this mechanism is inhibited by the mismatch
between the nuclear spin Zeeman energy at 2 T (75 neV)
and a number of other parameters in the system, includ-
ing the electron Zeeman splitting (∼50 μeV), and the 1LO
phonon energy (37 meV) [10], as well as weak coupling of
the electron-trion system to acoustic phonons [52].

Another microscopic mechanism under investigation, the
heavy-hole light-hole mixing term (HHLH), is strongest in
anisotropic QDs [3,4,26,49,53–62]. In such QDs, the mixing
of spatial wave functions of the optically excited holes in
the valence band enables the hole-nuclear dipole interaction.
Even in the absence of HHLH mixing, this interaction is
present, although considerably weaker than the Fermi hyper-
fine contact term [49]. HHLH mixing manifests as an optically
measurable quantity via rotation of the optical selection rules
[54,63]. Sample bias-modulated polarization-sensitive reflec-
tivity measurements reveal that the selection rules are rotated
away from the external magnetic field axis by no more than
(8 ± 3)◦ (Appendix A 2); for comparison, a previous exper-
imental study that implicated the HHLH mixing term as the
primary mechanism for DNP measured a rotation of the se-
lection rules by 20◦ [3]. Thus, it is concluded that the HHLH
mixing-induced hole-nuclear dipole term is less relevant in
this QD than the strain-induced quadrupolar term (described
below), although a direct comparison of the strength of each
term is difficult.
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The other primary term in the Hamiltonian that can gen-
erate NSP in the QD system is the quadrupole-mediated
electron hyperfine interaction, which plays a role in highly
strained QDs fabricated using the Stranski-Krastonov growth
technique [64]. Nonzero electric field gradients present in the
strained crystal lattice lead to a mixing of nuclear spin states
[23,51,64]; perturbation theory leads to a Hamiltonian term
of the form H elec

quad = ∑
i AncSe

x[I i
+ + I i

−], which has previously
been incorporated into models in order to explain optically in-
duced NSP effects in QDs [27,65,66]. NSP may be generated
in the QD without flipping the electron spin, thereby enabling
an energetically allowed polarizing channel. Additionally, the
lack of dependence on the heavy-hole state points towards the
role of an electronic effect.

The origin of the electron-nuclear spin coupling arises due
to strain in the QD system. Here we address the effects of
strain and in-plane anisotropy in the QD as related to the
quadrupolar interaction, HHLH mixing, and the observation
of nonzero in-plane hole g factors. It has been noted pre-
viously that in-plane anisotropy, leading to the reduction of
symmetry in the QD away from D2d (x = y), results in
elliptically polarized selection rules in the trion, as well as
nonzero in-plane g factors for the negative trion [26,58,67].
This reduction may manifest via shape anisotropy or in-plane
strain. However, it has also been shown theoretically that even
in D2d symmetry InAs/GaAs QDs that do not exhibit HHLH
mixing that nonzero in-plane g factors result due to strong 0D
quantization which quenches orbital angular momentum [68];
in that case, one possible situation arises in which the hole
and electron have opposite sign in-plane g factors, as observed
here.

Additionally, it is noted that the quadrupolar interaction is
a local effect in that strain, whether along the growth axis
or in-plane, yields crystal fields which cause the mixing of
individual nuclear spin states due to a local re-orientation
of principal axes [50,69]. No QD in-plane anisotropy as
would be measured by HHLH mixing is required for strong
quadrupolar interactions. However, the quadrupole interaction
is not directly manifested in an optically measurable quantity
such as a selection rule rotation. Thus, further theoretical
work is required to confidently attribute the DNP phenomena
observed here to the quadrupolar mechanism.

VII. DISCUSSION

Strong evidence is provided for two distinct nonlinear feed-
back regimes of optically induced NSP response in a single
InAs QD using the single-photon resonant Raman scattering
technique described above. The quantum-confined electron
spin interacts with the collective NSP state, comprising 104 −
105 nuclear spins, and induces an optical detuning via the OH
field. In the case of scanning the laser across the |x−〉 electron
spin state, the NSP responds to a dynamic excitation laser by
tracking the laser: An OH field is generated that locks the trion
transitions in step with the scanning laser over a wide excita-
tion energy range. This feedback loop between the NSP and
locking of the trion resonance to the laser results in a large and
stable OH field, when compared to the |x+〉 electron spin case.
This feedback regime is also marked by nuclear spin fluctu-
ations well below 75 mT. This finding presents new insight

into the stability of the NSP in the single InAs QD; quantum
information protocols involving pure state initialization may
benefit from initialization into the |x−〉 electron spin state
due to reduced nuclear spin fluctuations and built-in robust
protection against accidental laser detunings on the GHz level.
Additionally, the Raman-scattered photons are highly tunable,
and will find use as a photonic resource in quantum network
schemes.

Excitation of the |x+〉 electron spin state stands in stark
contrast to the excitation of the |x−〉 state; nuclear spin fluctu-
ations are increased as the laser scans across the expected trion
resonance, and the NSP exhibits multimodality, switching on
time scales faster than 25 ms between configurations that
differ by more than 1.2%. In this regime, these experiments
have laid the groundwork for inducing fast changes in the
nanoscopic state of the nuclear spin ensemble with exquisite
sensitivity to the laser excitation energy. This result may prove
useful for quantum sensing work, as well as fundamental
investigations into many-body theories.

The NSP response to a dynamic laser excitation field was
measured with unprecedented resolution down to the sub-100
nuclear spin level, as limited only by the etalon linewidth,
allowing us to investigate fundamental physics problems such
as the central spin problem. This study stands in contrast
to previous measurements of optically induced DNP under
resonant excitation of InAs QDs. The determination of the OH
field, and therefore NSP, is performed by direct measurement
of the energies of the Raman- and Rayleigh-scattered photons,
rather than ambiguously from absorption measurements.

The utilization of a higher finesse etalon combined with
deconvolution techniques should allow not only direct mea-
surements of the electron spin coherence via the Raman
scattering linewidth, but may also approach the single nu-
clear spin sensitivity limit. Investigations of the NSP states
at the single nuclear spin level will certainly provide in-
sight into problems of quantum magnetism such as frustrated
magnetism and quantum phase transitions. These studies are
essential for the utilization of the nuclear spin ensemble as a
quantum memory, further demonstrating the potential of the
QD electron-trion-nuclear system in the quantum computing
toolbox.
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APPENDIX A: POLARIZATION-SENSITIVE
REFLECTIVITY MEASUREMENTS OF G FACTORS

AND HHLH MIXING

1. g-factor measurements

To identify the trion, an in-plane magnetic field (Voigt
geometry) is applied, taking advantage of the Zeeman effect to
split the trion into four linearly polarized resonances. For the
QD under study, the four absorption spectral lines are clearly
resolved beyond their linewidths for magnetic fields greater
than 1 T; the Raman scattering and pump-probe experiments
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FIG. 6. Fan diagram identifying the electron-trion system. A
resonant excitation laser is scanned across all four trion transitions
and the modulated reflectivity is measured, where the magnetic field
is increased in 250-mT steps for each trace. (Inset) Energy level
diagram including selection rules and color-labeled transitions. Col-
ored dots below each resonance match the corresponding color in
the energy level diagram. Solid (dashed) lines in the energy level
diagram correspond to horizontally (vertically) polarized selection
rules. Transitions between ground and excited states are labeled
above the plot.

are performed at 2 T (Fig. 6). The sample is operated in
the co-tunneling regime to allow for single beam excitation
without optical pumping of the electron ground states.

The lineshapes deviate significantly from the expected
Lorentzian lineshapes; the two red Zeeman transitions (two
lowest energy transitions) which correspond to scanning the
resonant laser over the |x+〉 → |Tx−〉 (red dot in Fig. 6)
and |x+〉 → |Tx+〉(brown dot in Fig. 6) transitions, have
sharp cusps where a rounded Lorentzian is expected. The two
blue Zeeman transitions, corresponding to the |x−〉 → |Tx−〉
(green dot in Fig. 6) transition and |x−〉 → |Tx+〉 (blue dot in
Fig. 6) transition, are broadened significantly, with widths of
around 4.3 μeV (0.035 cm−1, 1.04 GHz) compared to the zero
field linewidth of ∼500 MHz, with flat tops across the broad-
ened range over which the reflectivity signal is approximately
constant.

The magnitude of the in-plane electron and heavy-hole
g factors is determined by fitting the fan diagram (Fig. 6).
Under these conditions, measurement of the g factors assumes
that large OH field shifts are eliminated by rapid depolar-
ization due to tunneling electron spins between the QD and
the reservoir, and the resonance center is determined as the
centroid of the reflectivity peak [22]. Although there is DNP
broadening present in the co-tunneling spectra that were used
to measure the g factors reported above, there is very little
hysteresis (<60 MHz) observed in these spectra, implying that
the underlying bare (free of DNP) trion resonances sit at the
center of the co-tunneling resonances.

FIG. 7. Polarization selection rules of the QD trion transitions
measured by polarization-sensitive lock-in reflectivity spectroscopy.
(Top) Markers are collected data points; solid curves are fits. Each
curve is color coded corresponding to its resonant electron-trion
transition. Horizontal (H) means along the magnetic field direction
x̂, with the angle being measured counterclockwise (CCW) in-plane
relative to x̂. (Bottom) Fit residuals.

The Zeeman Hamiltonian is taken to be equal to

HZeeman = μBgx
eSx

e Bx − μBgx
hhJx

hhBx, (A1)

and the in-plane electron and heavy-hole g factors are deter-
mined to be gx

e = 0.431 ± 0.004 and gx
hh = −0.332 ± 0.004,

resulting in Zeeman shifts of (6.00 ± 0.05) GHz/T and
(4.64 ± 0.05) GHz/T for the electron and heavy hole, respec-
tively. The g factors are determined to have opposite signs
based on the measured polarization selection rules; the in-
plane electron spin g factor has been chosen to be positive, in
agreement with theoretical work [68] and previous convention
[3,41]. Determining the absolute sign of the g factors goes
beyond the scope of this work.

2. HHLH mixing measurement

The heavy-hole-light-hole mixing (HHLH mixing) of the
QD trion under investigation in the main body of the paper
was measured using polarization-sensitive reflectivity mea-
surements (Fig. 7). Operating at co-tunneling, an excitation
laser, intensity locked to less than 5%, was sent through a lin-
ear polarizer and then through a half-wave plate before being
focused on to the QD, after which the reflected beam was col-
lected onto an avalanche photodiode. The signal was detected
using sample bias-modulated lock-in spectroscopy [70]. In the
presence of HHLH mixing, the linear selection rules are ex-
pected to deviate from the reference frame determined by the
in-plane magnetic field direction x̂, with the expected absorp-
tion strength given by L(θ ) = c(a2 + b2 − 2ab cos 2(θ + φ)),
where θ, φ are the polarizer angle and HHLH mixing angle,
and the other parameters are fit parameters related to the
HHLH mixing terms [58]. Very little HHLH mixing is ob-
served: By fitting the data in Fig. 7, an average deviation from
the magnetic field frame of reference of (8 ± 3)◦. This small
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FIG. 8. Pump/probe delay experiment to measure T1e. A se-
ries of TCSPC measurements for pump/probe delays varying
between 400 ns and 7 μs. The pump(probe) drives the |x−〉 →
|Tx−〉 (|x+〉 → |Tx+〉) transition. Different pump/probe delay TC-
SPC acquisitions are indicated by different color traces. The data are
not background subtracted.

deviation of the selection rules away from the magnetic field
frame may potentially be explained by a small, unintentional
rotation of the sample in the sample holder. Additionally, the
presence of periodic residuals in the tracking case (blue and
green curves in Fig. 7) may indicate polarization-dependent
DNP effects that should be investigated in the future.

APPENDIX B: TIME DOMAIN STUDIES OF OPTICAL
PUMPING AND ELECTRON SPIN RELAXATION

In the main body of the paper it is asserted that the electron
spin relaxation T1e is longer than 1 μs. Evidence is provided
for this assertion by performing a time-domain pump/probe
study using electro-optic modulators (EOMs, EOSpace) to
optically pump the electron spin states using resonant exci-
tation (Fig. 8). The two resonant pulses are approximately
60 ns, and the EOM contrast ratio is at least greater than 200.
The pump(probe) drives the |x−〉 → |Tx−〉 (|x+〉 → |Tx+〉)
transition. The pulse lengths are chosen to be long enough that
the electron spin is optically pumped with high fidelity. The
optical pumping fidelity is defined here as one minus the ratio
of the counts at the end of the initialization pulse to the peak
count rate at the beginning of the pulse as measured using
time-correlated single-photon counting (TCSPC) (Fig. 8, in-
set). The initialization fidelity for the probe pulse is estimated
to be equal to 94%. The repetition period of the experiment,
or the time between consecutive pump pulses, is set to 10.26
μs. The pump and probe scattering is measured using TCSPC
via a HydraHarp module with the acquisition trigger synced
to the pump EOM pulse generator (HP8082A).

The delay between the pump and probe is tuned from
approximately 400 ns to 7 μs to measure the T1e population
relaxation time (or the longitudinal relaxation time in NMR
language). No assumptions are made about the co-tunneling

time but assume that it contributes to the population relaxation
time measured here. Co-tunneling de-populates the QD of
the electron and upon re-injection into the QD drives the
measured electron spin to an equal mixed state of |x+〉 and
|x−〉. The probe signal, corresponding to the electron spin
polarization, drops by a factor of around 1/2 between 400 ns
and 7 μs delay times. For comparison, when the pump is
blocked and only the probe drives the QD, the signal drops
down to the noise floor of the experiment (∼25 counts in
Fig. 8). Thus, it is claimed that the T1e time is at least as long
as 1 μs.

APPENDIX C: ADDITIONAL RAMAN SCATTERING DATA

In both the co-tunneling and optical pumping (Fig. 9)
cases, two more experiments were performed in which the
other optically excited heavy-hole state was driven. In the
optical pumping cases, the scanning excitation laser transition
was also switched, avoiding the coherent population trapping
condition, and allowing for unambiguous assignment of a
given scattering line to the re-pump and probe laser fields.

While slight differences in the quantitative responses of
the DNP feedback are observed between these data and the
data reported in the main body of the paper, no systematic
qualitative differences are observed. Interpretation of the op-
tical pumping data is complicated by the presence of two
scattering lines, one from the pump and another from the
scanning probe. However, it is relatively simple to separate
these two lines in analysis, since the slope of Raman scattering
dependence of the pump line should be flat far away from res-
onance (minimal DNP), compared to the scanning excitation
laser dependence which follows the laser.

APPENDIX D: RAMAN SCATTERING MAP COLOR
SCALING

The 2D excitation-emission maps are processed using a
nonlinear function of the raw photon counts to enhance the
contrast between the signal and the noise. This processing
function is applied to the maps after the Lorentzian lineshape
fitting is performed and is only used to benefit the qualita-
tive understanding of the OH field detuning in the different
excitation/re-pumping cases. The processing algorithm is per-
formed as follows:

(1) Counts2 = Counts1 − Min(Counts1)
(2) Counts3 = Counts2

Max(Counts2)
(3) If(Counts3(i)< threshold): Counts4(i) = 0. Else:

Counts4(i) = Counts3(i).
(4) CountsFinal = arctan(stretch × Counts4)
The two constants “stretch” and “threshold” are chosen

arbitrarily for each map to enhance contrast. Unprocessed data
may be provided upon request.

APPENDIX E: REMARKS ABOUT INTENTIONAL
MISALIGNMENT OF RE-PUMPING BEAM

In order to enhance rejection of the pump beam at the
collection optical fiber, the following procedure was used.
Initially, resonant optical pumping experiments are performed
that require both lasers to yield an absorption signal. Then,
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FIG. 9. Additional 2D Raman scattering excitation-emission energy maps and Raman shifts. (a)–(f) Co-tunneling, (g)–(l) optical pumping.
(a) and (g), (d) and (j) Energy level diagrams for the anti-Stokes and Stokes scattering cases, with scanning excitation laser/re-pump laser
(Raman scattering pathway) indicated with a solid black/solid orange (dashed) arrow, and the predominantly prepared electron spin state
indicated with a green circle. (b) and (h), (e) and (k) 2D Raman scattering maps corresponding to excitation schemes illustrated in (a) and (g)
and (d) and (j), respectively. (c) and (i), (f) and (l) Raman shifts extracted by fitting each vertical cut of the 2D maps (b) and (h), (e) and (k)
for a given excitation detuning, in both the increasing (blue) and decreasing (red) excitation laser energy directions. Nonlinear color coding
adjusted as described below.

in order to increase spatial rejection of the re-pump laser
before the fiber to the etalon/detection stage, the re-pump
laser is realigned iteratively so as to increase the lateral
distance between the two beams in both the excitation and
collection paths, while retaining an optical pumping signal.
During this process, increasing the off-axis distance of the
re-pump beams induces an astigmatism, which reduces the
optical pumping signal for a given re-pump power, since

the beam spot is larger at the QD. Nevertheless, we ensure
that the QD is still excited by the beam while enhancing
re-pump spatial rejection before the collection fiber. While
enhancing the spatial rejection of the pump beam and im-
proving the quality of Rayleigh scattering lines, this process
makes it difficult to compare excitation/re-pumping beam
powers, especially for interpreting the results presented in
Fig. 5.
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