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Spin purity of the quantum dot confined electron and hole in an external magnetic field
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We investigate experimentally and theoretically the temporal evolution of the spin of the conduction band
electron and that of the valence band heavy hole, both confined in the same semiconductor quantum dot. We
use all-optical pulse techniques to perform complete tomographic measurements of the spin as a function of
time after its initialization and study the total spin purity (coherence), measured here. In the important limit
of a weak externally applied magnetic field, comparable in strength to the Overhauser field due to fluctuations
in the surrounding nuclei spins, the measured spin purity performs complex temporal oscillations. We use a
central-spin model encompassing the spin’ s Zeeman and the hyperfine interactions to reproduce the measured
results quantitatively. Our studies are essential for designing and optimizing quantum-dot-spin-based entangled
multiphoton sources that set stringent limitations on the magnitude of the externally applied field.
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Semiconductor quantum-dot-based devices are currently
the most viable technology for generating quantum light
for future quantum information and network applications.
They are easily incorporated into electro-optical classical
components [1–5] while demonstrating unparalleled effi-
ciency, photon extraction rates [4–6], and high quality, nearly
transform-limited photon indistinguishability [5–8]. Further-
more, a quantum dot (QD) acts as a single atom emitter
and thus can be a source of entangled photon pairs via its
spontaneous emission [4,9,10]. Spin-photon entanglement,
achieved via optical recombination of an excited QD confined
charged spin [11–13], has been proposed for many quantum
technological applications [14]. Most relevant for this study
is the demonstrated proposal to use a QD confined spin as
an entangler for generating multiphotonic entangled graph
and cluster states [15–18]. These photonic states are essen-
tial resources for quantum communication and entanglement
distribution between remote nodes [19–22]. An essential re-
quirement for these applications is a long spin coherence time.
In addition, spin-based quantum technologies often use an
external magnetic field to lift the spin degeneracy [23] and
induce coherent spin precession via the Zeeman interaction.
Spin-photon entanglement requires that the precession period,
which is inversely proportional to the magnitude of the ex-
ternal field, be much longer than the radiative lifetime of the
emitted photon. This requirement therefore severely limits the
magnitude of the externally applied field. It therefore follows
that understanding a QD confined spin’ s decoherence mecha-
nisms in the presence of external magnetic fields is interesting
and important both scientifically and technologically. For en-
tangled light generation, relatively weak fields are particularly
important [18].

The primary decoherence mechanism of electronic spin
qubits in QDs is the hyperfine interaction with the ∼105
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nuclei’ s spin in the QD [24–27]. Local fluctuations in
the nuclear spin polarization generate an effective magnetic
(Overhauser) field that the spin interacts with. The random
statistical nature of this field is the main reason for the spin
coherence loss. We define the hyperfine interaction parameters
in energy units as the averaged interaction of the electronic
spin with the ensemble of nuclear spins in the QD [28,29].
While the conduction-electron interaction with the nuclear
spin, which we denote by γe, is mostly isotropic [25], the in-
teraction of the valence heavy hole (HH) (a hole with parallel
orbital momentum and spin) is anisotropic [27]. We denote
by γhz (γhp) the HH’s hyperfine interaction parameter along
(perpendicular to) the QD’s growth axis ẑ [28].

In this Letter, we study experimentally and theoretically
the decoherence mechanism of both the QD confined electron
[30,31] and HH [32–38] spins in the presence of externally
applied magnetic fields and the statistical Overhauser field.
We provide a comprehensive description of both carriers’ spin
decoherence processes by accurately mapping the total spin
purity evolution dependence on the externally applied field
magnitude from zero [28,39] to strong fields [30,31] relative
to the Overhauser field. It turns out that the field magni-
tude in which spin-photon entanglement prevails, the Zeeman
interaction, is comparable in magnitude to the hyperfine in-
teraction with the Overhauser field. Thus, one must consider
both interactions in designing QD-based devices for entangled
light sources [18]. We set the external magnetic field Bext in
the x direction, initialize the central spin in the z direction,
and measure the complex oscillations in the coherence. We
show that they depend on the ratio between the magnetically
induced Zeeman interaction and the hyperfine interaction per-
pendicular to x, defined by

r = CZeeman/C⊥
hf = gxμBBext√

γ 2
y + γ 2

z

. (1)
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FIG. 1. (a) The QD sample. The 12-ps laser π pulses (marked in
red) resonantly excite the central spin. The excited spin then returns
to its ground state by emitting single photons (pink circles). The
spin evolves under the joint influence of the external and nuclear
magnetic fields. Green arrows represent the randomly distributed
nuclear spins. (b) The polarization selection rules for the hole-trion
optical transition. ±Z is the polarization of the exciting laser and
the emitted photons. (c) The experimental setup for initializing and
probing the central-spin evolution. Liquid-crystal variable retarders
(LCVRs) and polarizing beam splitters (PBSs) are used to project
the photon polarization. By selecting the polarization of the exciting
pulses and that of the projected photons, while setting the time
difference between the pulses, one can fully investigate the electron
and hole spin evolution.

Here, gx is the central spin’ s Landé factor along the x di-
rection, γy and γz are the hyperfine parameters along the y
and z directions [28], and μB is the electron Bohr magneton.
We compare the measured results to a central-spin model
encompassing the Zeeman and hyperfine interactions [29].

We mark the HH spin along the shortest axis of the
QD’s three-dimensional (3D) potential trap [marked +Z in
Fig. 1(a)] by | ⇑〉 (| ⇓〉) for the spin-up (spin-down) state. A
resonantly tuned laser pulse photogenerates an extra electron-
hole pair in the QD, converting the HH to a positive trion
(⇑⇓↑). The ground level of the positive trion is composed of
two paired HHs with opposite spins and a single conduction
band electron. The selection rules for optical transitions be-
tween the HH spin states and that of the trion form a π system
[28] with the following optical transitions:

|⇑〉 |−Z〉←→ |⇑⇓↑〉,
|⇓〉 |+Z〉←→ |⇓⇑↓〉, (2)

where | + Z〉 and | − Z〉 denote the right- and left-hand cir-
cular polarization states of the photon inducing the optical
transition between the ground level qubit (HH) and the excited
qubit (trion), as described in Fig. 1(b).

We note that this system allows us to investigate both
the valence band HH and the conduction band electron as

TABLE I. The QD g tensor and hyperfine-tensor components.
Here, γhp , γhz , and γe are the interaction energies of the hole and
electron spins with the nuclear spin environment and gx

h and gx
e are

the relevant HH and electron g-tensor components. The positive trion
radiative time is τphoton.

This work Literature

γhp 0.029 ± 0.005 μeV 0.031 [28], 0.047 [34]
γhz

0.12 ± 0.02 μeV 0.11 [28], 0.081 [34]
γe 0.693 ± 0.006 μeV 0.34 [28], 0.33 [39]
gh −0.128 ± 0.002
ge 0.367 ± 0.004
τphoton 0.398 ± 0.004 ns

central spins. The HH is investigated through the ground level
qubit while the electron through the excited level trion. The
interaction for the paired HH spins vanishes, leaving only the
electron to consider [28].

Figures 1(a) and 1(b) show a schematic description of the
InAs in a GaAs self-assembled QD sample and the polar-
ization selection rules for the hole-trion optical transition,
respectively. The strained QD single layer was grown on a
(001)-oriented GaAs substrate, embedded in a one wavelength
planar microcavity formed by two Bragg reflecting mirrors
[17]. The QD charge is statistically controlled using a very
weak above-band-gap laser excitation [28]. Detecting a pho-
ton from the X +1 optical transition heralds the HH in the QD.
The externally applied in-plane magnetic field induces coher-
ent evolution of the central spins, which precess between their
spin-up and spin-down states. The interaction of the electronic
spin with the nuclear spin environment inflicts decoherence on
the evolving central spins.

We use two laser pulses to initialize and to probe the HH
and the trion qubits as described in Fig. 1(c). Each laser pulse
excites the HH to an excited-positive-trion level, where the
unpaired electron is in its respective second energy level.
We identify the absorption resonances of this QD for vari-
ous charge states using PL excitation (PLE) spectroscopy as
described elsewhere [41]. The energy separation between the
excited and ground level of the electron almost resonates with
the material’s optical phonon. As a result, the relaxation of
the excited electron is relatively fast (∼20 ps) [41]. Since
phonons very weakly interact with the electronic spin degree
of freedom, the spin-phonon coupling times are orders of
magnitude longer than the optical phonon-assisted relaxation.
Thereby, the relaxation is spin preserving [41,42]. The trion
then decays radiatively by emitting a photon within about
400 ps. We project the photon’s polarization using pairs of
liquid-crystal variable retarders (LCVRs) followed by polar-
izing beam splitters (PBSs), transmission gratings for spectral
filtering, and superconducting single-photon counters for de-
tection. The overall system efficiency is about 1% and its
temporal resolution is about 30 ps. We initialize the HH and
trion spin qubits by controlling the polarization of the resonant
laser pulses. At the same time we also probe the state of these
qubits by measuring the polarization of the emitted photons.

Figure 2 describes how we measure the spin evolution
of the positive trion. We initialize the trion qubit to spin-up
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FIG. 2. Measurements of the trion spin evolution. Polarization-
sensitive time-resolved photoluminescence (PL) emission from the
positive trion transition for a Zeeman-hyperfine ratio [Eq. (1)] of
(a) r = 0, and (b) r = 11. The inset in (a) describes the pulse (red
arrows) and detection (magenta markings) sequence used for these
measurements. The trion spin is alternately initialized to spin down
and up to prevent buildup of the Overhauser field in the sample.
(c)–(g) Time-resolved degree of circular polarization [Dcp, Eq. (3)]
of the PL emission for various r parameters. Red marks represent the
measured data and the overlaid blue lines represent our central-spin
model best fits [29]. From these multiple fits, we deduce the elec-
tron’s g factor ge, the interaction energy with the nuclear environment
γe, and the trion’s radiative time τphoton, as summarized in Table I.

and spin-down states alternately using −Z and +Z polarized
12-ps-long laser π pulses. This is done in order to avoid the
accumulation of an unwanted Overhauser field [28,43–46].
We then monitor the spin evolution during the optical re-
combination by projecting the emitted photon on the −Z and
+Z polarization basis. Figures 2(a) and 2(b) show the time-
resolved PL emission of the emitted photons for r = 0 and
r = 11, respectively. Since the trion in the |T+Z〉 state emits a
−Z photon while the |T−Z〉 state emits a +Z photon, the spin
evolution of the trion can be deduced from the polarization-
sensitive time-resolved PL. For the Zeeman-hyperfine ratio
r = 11 case [Eq. (1)], the trion’s spin precession around the
external magnetic field is clearly visible, while for the r = 0
case, one can only observe the exponential radiative decay. To
increase this measurement’s sensitivity, we look at the degree
of circular polarization (Dcp) of the emission defined by

Dcp(t ) = I+Z (t ) − I−Z (t )

I+Z (t ) + I−Z (t )
, (3)

where I+Z (t ) [I−Z (t )] denotes the measured polarized PL
intensity. The Dcp(t ) distills the information on the spin
evolution from the characteristic exponential radiative decay

[28,40]. Using Eq. (2), it is straightforward to show that the
Dcp(t ) measures the trion’s spin projection on the Z axis, Sz(t ).

Figures 2(c)–2(g) show the measured Dcp(t ) for five differ-
ent r cases. For r = 0, the spin polarization evolves only due
to the hyperfine interaction. It first decays within ∼1.65 ns
and then revives back to 1/3 of its initial value [25,28,39].
For r > 0, the spin evolves around the vector sum of �Bext and
�BN . One notes that the measured initial spin polarization is
not perfect, e.g., even for r = 0, it deviates from 1. There
are two contributions to this deviation: (a) the LCVR-based
polarization analysis, and (b) our detectors’ finite temporal
resolution (∼30 ps). These contributions result in a measured
initial spin polarization of Sz(0) = 0.92 [Sz(0) = 0.71] for
r = 0 (r = 11).

In Figs. 3(e)–3(h) we similarly present the measured HH
spin temporal evolution for four different r ratios. The hole
state is initialized to the −Z state by projecting the first photon
on +Z polarization. For measuring the HH spin state as a
function of time after this initialization we utilize a measure-
ment technique which provides a full tomography of the HH
spin [40]. Figures 3(a)–3(d) demonstrate the application of
this technique 1 ns after initialization. The evolving hole state
is promoted to the trion state by a second 1-ns delayed π

pulse, linearly polarized +X (horizontal), and +Y (diagonal).
The +X polarized pulse promotes an arbitrary hole spin state
α|h+Z〉 + β|h−Z〉 to the trion state, α|T+Z〉 + β|T−Z〉, while
the +Y polarized pulse results in a α|T+Z〉 + iβ|T−Z〉 trion.
The Dcp of the emission as a function of time for both cases
provides the means for a full tomography of the HH spin
state at the second excitation pulse [40]. The tomography or
the HH spin projections Sx(t ), Sy(t ), and Sz(t ), for t = 1 ns,
can be quite faithfully extracted from the best fitted model
calculations to the measured points in Figs. 3(a)–3(d). These
fits are presented by the solid black lines overlaid on the
experimental measurements.

In Figs. 3(e)–3(h), we present by red, green, and blue the
measured Sx(t ), Sy(t ), and Sz(t ), respectively, for various r
ratios. The black points represent the spin purity which we

define as |S| =
√

S2
x + S2

y + S2
z . The color matched solid lines

represent the calculated values [29] using the parameters in
Table I.

In Fig. 4 we present the model-calculated time-resolved
purity of the electron [in Fig. 4(a)] and HH [in Fig. 4(b)]
spins, for various Zeeman-hyperfine ratios r [see Eq. (1)]. The
shaded areas represent one standard deviation of the model’s
uncertainties in the measured Table I values. For r = 0, the
spin depolarizes, reaches minimum, and then partially revives.
Spin precession around the frozen fluctuation of the nuclear
field adequately describes this observation [25,28,39]. Since
we initialize the spin in the z direction, γx and γy are the
only relevant hyperfine tensor components contributing to
the central-spin depolarization. γz, in contrast, pins the spin
to its initial direction. Consequently, the spin reaches mini-
mum within tmin = h/[2(γx + γy)], with h being the Planck
constant. This time is given by the hyperfine-induced spin
precession perpendicular to the initialization direction. In
addition, the value that the purity reaches after the revival
depends on the ratio between γz and γx + γy + γz. Since the
hyperfine tensor is isotropic for the electron its purity revives
to 1/3. On the other hand, the anisotropic HH revives to ∼2/3.
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FIG. 3. The heavy-hole spin evolution. (a)–(d) Full tomography
of the HH spin [40] at time t = 1 ns after its initialization to +Z for a
Zeeman-hyperfine ratio r = 30 [Eq. (1)]. (a) and (b) are polarization-
sensitive time-resolved intensity correlation measurements of the
trion emission after the second pulse. The insets describe the polar-
ized pulse sequence (red arrows) and the resulting emission detection
(magenta). (c) and (d) describe the degree of circular polarization
[Dcp, see Eq. (3)] of the two-photon correlations, deduced from the
measurements in (a) and (b), respectively. The black lines in (a)–
(d) describe the best fitted model [see Supplemental Material (SM)
[29]] from which the HH spin state [Sx, Sy, Sz] at the second pulse
time is extracted [40]. Similar spin tomography measurements are
performed for various pulse separation times (t) and for different ra-
tios r. (e)–(h) Full tomography of the HH spin evolution is presented
for various ratios r. The red, green, and blue marks describe the HH
projections Sx (t ), Sy(t ), and Sz(t ), respectively, while the black marks

describe the spin purity |S| =
√

S2
x + S2

y + S2
z . The bars represent

the measurement uncertainties and the color matched solid lines
represent the model fit to the measured data [29]. From these fits,
we extract the HH in-plane g factor gh, and the hyperfine-interaction
energies γhp and γhz (Table I).

FIG. 4. Model calculated central-spin purity |S(t )| =√
S2

x (t ) + S2
y (t ) + S2

z (t ) vs time for (a) the electron, and (b) the heavy

hole. The spin purity is calculated using the central-spin model (see
SM and Table I). The spin is initialized in the z direction [Sz(0) = 1]
and the external field is applied in the x direction. The colored
lines represent the purity vs time from initialization for various
Zeeman-hyperfine ratios r [Eq. (1)]. The shaded areas represent the
uncertainties in the measured values of Table I. The calculations
result from Fig. 2 for the electron and Fig. 3 for the hole. The
dashed black line represents the analytic solution |S(t )| = e− 1

2 ( γx
h̄ t )2

describing the purity in the limit r � 1, where the spin dephasing
time T ∗

2 = √
2h̄/γx is unambiguously defined. In the intermediate

regime r ∼ 1, T ∗
2 is not very well defined and can be regarded as the

time it takes the spin purity to decay to 37% of its initial value.

For r > 1, as the external field increases, the Zeeman in-
teraction becomes greater than the hyperfine interaction. The
Zeeman-induced coherent spin precession averages the influ-
ence of the hyperfine interaction perpendicular to the field,
effectively reducing γy and γz. This effect can be viewed as a
natural dynamical decoupling. This in turn results in temporal
oscillations of the central-spin purity. The frequency of these
oscillations increases linearly with r while their amplitude
decays. In addition, the spin revival peak reduces with the
field as the effective ratio γz/(γx + γy + γz ) decreases. In
the limit r � 1, the temporal dependence of the spin pu-
rity decay can be expressed analytically as |S(t )| = e− 1

2 ( γx
h̄ t )2

depending only on the hyperfine interaction parallel to the
field direction (see SM). Finally, we note that in Ref. [18],
the HH spin was used as an entangler for the deterministic
generation of a cluster state of entangled and indistinguish-
able photons. The optimal magnetic field found in Ref. [18]
was 0.09 T (r = 5.4), indicating the significance of our
Letter.

In summary, we present a comprehensive experimental and
theoretical study of the central-spin coherence in the mutual
influence of an external magnetic field and a statistical Over-
hauser field of comparable sizes. For the central spin, we
consider the heavy-hole and electron spins, confined in the
same QD. We perform complete tomographical measurements
of the central spin and show that its purity (coherence) os-
cillates in time during its dephasing. The amplitude of these
oscillations depends on the ratio between the external field and
the statistical Overhauser field induced by the nuclei spin. For
larger external fields, the central spin’s coherence decays as a
Gaussian depending only on the hyperfine interaction parallel
to the field’s direction. Our results agree with a central-spin
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model for the electron and hole encompassing the Zeeman
and hyperfine interactions. Our comprehensive study is an
important step towards bringing quantum-dot-based sources
of indistinguishable and entangled photons closer to real ap-
plications.
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