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1. Introduction

Quantum repeaters (QRs) are critical for achieving end-to-end
security in fiber optics-based quantum communication networks.[1]

They allow the entanglement of fiber optic sections through quan-
tum mechanical coupling or quantum teleportation, eliminating
the need for additional security measures at the nodes.[2,3]

Implementing QRs requires quantum storage devices with
sufficiently long coherence times to enable the stored state’s
entanglement with a photon for subsequent transmission.[4,5]

For this purpose, semiconductor quantum dots (QDs) seem to
be an attractive candidate. Entanglement of a carrier spin with
an emitted photon was demonstrated in QDs,[6,7] as well as an
entanglement operation of two remote spins induced by a
measurement of two indistinguishable photons.[8] The listed

investigations focused mostly on the
near-infrared QDs with an optical excita-
tion wavelength of ≈0.9 μm. However, to
be of practical relevance for fiber optics net-
works, QDs must operate in the C-telecom
band, around 1.55 μm.

Recent years have witnessed sub-
stantial advancements in single photon
emission[9–15] and coherent manipulation
of spin states for QDs operating in the
telecom wavelength range.[16–18] While it
has been established that spins can be effi-
ciently oriented and manipulated through
optical pulses, a critical aspect, the spin

coherence time, representing the relevant information lifetime,
has remained unexplored and insufficiently represented.
Ref. [19] demonstrates studies of undoped and n-doped QDs
in the telecom range with no indications of the resident carrier,
which led to a radiatively limited time scale of spin relaxation
below 1 ns. Further advances were presented in ref. [20], where
the appearance of resident electrons allowed the authors to mea-
sure the limiting factors of electron spin coherence, while no
spin mode-locking (SML) was observed.

This article extends the research to resident hole spins, which
can be superior to electron spins due to a weaker coupling to
nuclear surroundings. Furthermore, we present the appearance
of the SML effect for holes at the telecom spectral range, which
allows us to extract the hole spin coherence while measuring an
inhomogeneous ensemble of spins.[21,22]

2. Experimental Section

The investigated QD sample is grown by molecular-beam epitaxy
on a (100)-oriented InP substrate. It consists of 5.5 nm InAs
monolayers separated by In0.53Al0.24Ga0.23As barriers. The qua-
ternary barrier serves multiple purposes: increasing the barrier
height for the QDs and providing a waveguiding effect. The com-
position and morphology of the QD of similar structures can be
found in ref. [23].

The sample schematic is presented in Figure 1a. The bottom
barrier contains a Si δ-doped layer with the doping density
of 1010 cm�2 at a distance of 15 nm from the bottom QD
layer to provide resident electrons in the QDs. The density of
QDs is ≈1010 cm�2. We use eight QD layers (to increase signal)
separated by a barrier of 15 nm to additionally study the
implications of carriers tunneling between the neighboring
QDs. While the separation of 15 nm between the QD layers is
used for growth, the QDs themselves have a height of about
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9–13 nm,[19] which makes the distance between the vertically
stacked QDs correspondingly smaller.

The sample is placed in helium gas for measurements at
T ¼ 6� 60 K. Figure 1b shows the photoluminescence (PL)
spectrum of the QD ensemble measured at T ¼ 6 K. The PL
spectrum has its maximum at around 0.784 eV and shows
inhomogeneously broadened emission with a width of about
20meV due to the spread of QD parameters. Magnetic fields
up to 4 T are applied either transverse to the k-wavevector of light
(Voigt geometry, BV) or longitudinally to this direction (Faraday
geometry, BF).

The spin coherence of spin-polarized carriers is measured by
pump–probe Faraday rotation (FR).[24] To excite the QDs with
telecom wavelengths, we use a pulsed Ti:sapphire laser pumping
an optical parametric oscillator at a pulse repetition rate of
76.7MHz (pulse repetition period of TR ¼ 13 ns). The spectral
width of the laser is below 2 nm (0.8 meV) with a pulse duration
of about 1.5 ps and is shown by the green spectrum in the
Figure 1b. The laser beam is split into the pump and probe,
which are focused on the sample with the spot diameter of
120 μm for the pump and 100 μm for the probe. The photon
energies (Ep) of both pulses are the same.

Using the probe laser spot diameter of 100 μm, with the QDs
density of 1010 cm�2 ¼ 100 μm�2, and taking the spectral width
of the laser (0.8 meV) and the PL width of the QDs (20meV)
into account, we calculate the number of excited QDs to be
3.1� 104 per single layer. All the experiments are done in the
transmission geometry where we excite QDs in all eight layers,
so the total amount of the tested QDs is about 2.5� 105 in all
pump–probe experiments. We do not take any reflections at
the material interfaces into account. The number of QDs partici-
pating in nonresonant PL measurements is about 6.3� 106.
Here, we consider that the laser spot size is similar, and all
QD layers are excited.

The circularly polarized pump pulses create the spin polariza-
tion, while the linearly polarized probe pulses detect the spin
polarization via the Faraday rotation effect. To suppress the scat-
tered light, we use a double-modulation technique. The pump
beam is modulated between σþ and σ� by an electro-optical mod-
ulator at f m ¼ 10 kHz. The probe beam is intensity modulated by
a photoelastic modulator at 100 kHz. The signal is amplified by a
lock-in device operated at a differential frequency and recorded
versus the time delay between the pump and probe.

3. Experimental Results and Discussion

3.1. Spin Signal Components

Figure 1c shows the exciton population recombination dynamics
measured by differential transmission (ΔT=T ) at the PL maxi-
mum Ep ¼ 0.784 eV. Linearly polarized pump pulses generate
the exciton population, and its dynamics are monitored by the
probe with orthogonal linear polarization. The ΔT=T is best fit-
ted by two exponential decay functions, giving the short decay
time of τX ¼ 0.45 ns and the long decay time of τMX ¼ 1.9 ns.
The short decay component is in the time range of the direct
excitonic recombination time, as was previously seen on very
similar single-layer QD structure.[25] As the excitation and
detection are done resonantly in our case, we expect a signal only
from a subensemble of QDs close to the laser energy. In princi-
ple, it is possible to have two types of QDs with different relaxa-
tion times at the same optical energy. However, including all
results presented in the article, like nonoscillating decay at
applied magnetic fields, we conclude that the only plausible
explanation for the long-time component (1.9 ns) is that it is
related to the proximity with other QDs and, therefore, to tunnel-
ing processes leading to a possibility of the creation of indirect
excitonic or molecular states. The (maximum) barrier thickness
of 15 nm is considered thin enough for electrons to tunnel
between the QDs.[26]

An exemplary Faraday rotation signal from the QD ensemble
at BV ¼ 0.2 T is shown in Figure 2a by the blue trace. We decom-
pose it into three components, as shown by the colored traces
below, using the following fit function

S ¼
X
i

Ai cosðωitÞ expð�t2=2T�2
2,iÞ (1)

The Gaussian type of decay is governed by the spectral shape
of the laser and the ensemble inhomogeneity of QDs. Here, the
index i gives the component number, ωi ¼ μBgiBV=ℏ is the cor-
responding Larmor precession frequency, and gi is the associated
g-factor. μB is the Bohr magneton, and ℏ is the reduced Planck
constant. T�

2,i is the spin dephasing time.
The dependencies of the Larmor frequencies of electrons and

holes on the transverse magnetic field (BV) are linear, with the
slopes being proportional to their g-factors. We obtain for the
electron jgej ¼ 1.88 and for the hole jghj ¼ 0.60. These values
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Figure 1. a) Schematic of the sample structure: green represents the InAs layers of QDs, surrounded by 15 nm barriers of In0.53Al0.24Ga0.23As. Red is the
Si δ-doped layer. b) PL spectrummeasured at T ¼ 6 K. The green line is the spectrum of the laser at 0.785 eV with full width at half maximum of 0.8meV.
c) Dynamics of differential transmission (ΔT=T) excited and detected at the energy of Ep ¼ 0.784 eV (blue). The red line is fit by a two exponential decay
with τX ¼ 0.45 ns and τMX ¼ 1.9 ns. Pump and probe powers are 17 and 1mW, respectively.
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agree with the data from refs. [19,25], where the assignment of
the two contributions to electron and hole is done based on the
differences in their g-factor anisotropies in magnetic field and
corresponding theoretical calculations.

The spin dephasing times (T�
2) of electrons and holes strongly

depend on BV as shown in Figure 2c. At magnetic fields above
0.1 T, the spin dephasing is governed by the spread of the g-factor
values, which is related to the inhomogeneities in the ensemble
of QDs. At low magnetic fields, the spin dephasing saturates at
the values determined by the hyperfine interaction with the fluc-
tuating nuclear spin environment. As shown in Figure 2c, the
hole spin dephasing saturates at a higher value of T�

2;h ¼ 1.0 ns
than the electron with T�

2;e ¼ 0.6 ns. This can be explained by the
weaker hyperfine coupling of the hole.[27] Our estimation of the
electrons’ spin dephasing time using the equation provided by
Merkulov et al.[28] is T�

2;e ¼ 0.55 ns, which is very close to the
value of 0.6 ns obtained in our measurements. Considering that
the hyperfine interaction of hole spins is an order of magnitude
weaker, one expects the dephasing time to be an order of mag-
nitude longer. The observed difference suggests that one should
consider an additional dephasing mechanism, which we provide
in the discussion part of the article.

The dependence of T�
2 on BV can, therefore, be described by

T�
2,i ¼ ℏ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔgiμBBVÞ2 þ ðgiμBΔBiÞ2

q
(2)

where the index i gives the electron or hole contribution, Δgi is
the spread of g-factors, and ΔBi is the limiting factor at low
fields.[20] The fitting curves for electron and hole are shown in
Figure 2c by the solid lines. The evaluation gives Δge ¼ 0.15,
Δgh ¼ 0.09, and ΔBe ¼ 7mT, ΔBh ¼ 13mT. The reported
g-factor dispersions exceed the previously reported Δge ¼ 0.002,
Δgh ¼ 0.05 for InAs/In0.53Al0.24Ga0.23As QDs.[25] The sample
under study has a small distance between the QD layers, which
leads to the possibility of tunneling between the QDs for the elec-
trons. It is known that the value of the g-factor depends strongly
on the mixing of the barrier, as it is different in the barrier mate-
rial.[29] Holes, in contrast, have a reduced probability of tunneling
due to their higher effective mass. As a consequence, electrons
are much more sensitive to the potential variations and should

have a higher spread of g-factor values, as is observed in our
experiment. The similarity of the hole’s spread of g-factors to
the previous report with decoupled QDs supports our assump-
tion of a localized nature of the holes in our sample.

The spread of the parameters in the ensemble of QDs
manifests itself in the broadening of the PL line. Despite that,
the electron and hole g-factors show a systematic variation
throughout the range of optical transition energies in the ensem-
ble, as was earlier observed for near-infrared QDs and telecom
range QDs.[25] Using the spectrally narrow laser, one can select
and test QD subensembles by tuning the central energy Ep.
The dependence of jghj on the pump–probe energy is presented
in Figure 3a, with the absolute value increasing with Ep, as
shown by the red dots. The dependence can be described by
the linear function jghj ¼ AEp � B, with A ¼ 2� 10�3 meV�1

and B ¼ 1� 10�3. The electron g-factor jgej shows the opposite
tendency: the absolute value is decreasing with Ep, as shown in
Figure 3b. It can be described by jgej ¼ �AEp þ B, with
A ¼ 7.3� 10�3 meV�1 and B ¼ 7.7� 10�3. The electron g-factor
is expected to be negative. This observation is consistent with
previous studies on (In,Ga)As QDs[30,31] and aligns with the
Roth–Lax–Zwerdling relation for bulk semiconductors.[25,32]
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Figure 2. a) Faraday rotation signal for BV ¼ 0.2 T, T ¼ 6 K, and Ep ¼ 0.785 eV shown by blue trace. The pump and probe powers are 15 and 1mW,
respectively. The black and red traces are the electron and the hole spin contributions, respectively. The green trace is the signal of the molecular states.
The orange curve is the sum of all contributions. The inset shows the fast Fourier transform of the blue trace. b) The Larmor precession frequencies of
electron (black) and hole (red) versus the transverse magnetic field (BV). Linear fits give jgej ¼ 1.88 and jghj ¼ 0.60. c) Dephasing times (T�

2) of electron
(black) and hole (red) as functions of BV. The data are fitted using Equation (2).
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Figure 3. a) Red dots present the dependence of jghj on the central laser
energy Ep. The red line is a linear fit to the data. The brown dots show the
spectral dependence of the normalized hole spin amplitude contribution
to the FR signal. The solid line is a guide for the eye. b) Black dots present
the dependence of jgej on Ep. The black solid line is a linear fit. The green
dots show the spectral dependence of the normalized electron contribu-
tion. The solid line is a guide for the eye. The blue line is the PL.
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If we now compare the amplitude of the signal contributions, one
can see that the amplitude of the Faraday rotation signal for the
hole has a pronounced resonance with the maximum at
Ep ¼ 0.796 eV (see Figure 3a). By contrast, the electron ampli-
tude constantly increases toward the low-energy side of PL, as
shown in Figure 3b.

The observed increase of the electron-related spin component
at the lower energy indicates that more QDs contain an electron
at lower energies. This experimental fact can be interpreted in
terms of electron doping and a tunneling processes. It is known
that for MBE-grown QDs, each upper layer of the coupled QDs
contains bigger QDs, which correspondingly have a lower optical
transition energy. Therefore, there is an increased probability for
electrons to tunnel toward (or populate) QDs in the lower energy
tail of the PL and shift the expected amplitude maximum. We
concentrate on the spectral position with the highest hole spin
amplitude for further measurements.

Finally, Figure 2a demonstrates an additional, nonoscillating
decaying signal component (MS), despite the applied external
magnetic field. Usually, a nondecaying signal is observed under
a tilted magnetic field (we rule this possibility out) or in the case
of a tilted spin quantization axis.[33] This property requires
further investigations, including studies of the influence of
the barrier thickness and the type of resident charging. We leave
this issue for future studies and focus on the signal from the
carriers localized in a QD, similar to isolated QDs.

3.2. Longitudinal Spin Relaxation

To measure the longitudinal spin lifetime (T s) and the spin
relaxation time (T1) of the holes, we employ the spin inertia
technique.[34] The helicity of the pump is modulated between
σþ and σ� with the frequency f m. When the modulation period
becomes shorter than the spin lifetime Ts, the averaged signal
amplitude starts to decrease. The measurement of spin lifetimes
is done at negative relative time delays with probe testing the sys-
tem 50 ps before the pump arrival. A longitudinal magnetic field
(BF ¼ 4.6 mT), larger than the observed nuclear field fluctua-
tions, is applied to decouple the hole spins from the fluctuating
nuclear spin environment.

Figure 4a shows the measured polarization recovery curve
with the sweeping of the longitudinal magnetic field while mea-
suring the Faraday rotation signal at �50 ps delay, just before the
pump-pulse arrival. The form of the polarization recovery curve
is nontrivial and has an M-shape. The origin of such appearance
was thoroughly studied in our previous publications.[35,36] The
narrow dip at zero field, with a half width at half maximum
(HWHM) of about 1mT is proportional to nuclear field fluctua-
tions seen by the hole spins, and a broader inverted peak
(HWHM of 18mT) is related to the relaxation of the electrons
in a trion state interacting with the fluctuating nuclear environ-
ment. The spin polarization reaches a maximum at fields above
2.5mT for the hole spin component and saturates as the nuclear
spin fluctuations are suppressed. Therefore, for the fields above
4.6mT, no change in T1 time is expected. Note that both carriers
have a g-factor anisotropy, which leads to the difference in the
nuclear field fluctuations measured in transverse and longitudi-
nal directions.

The spin inertia curves are shown in Figure 4b at BF ¼ 4.6 mT
for different pump powers. The decay of the FR signal in depen-
dence on f m can be described by

Sðf mÞ ¼ S0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2πf mT sÞ2

q
(3)

with T s ¼ 0.3 μs at the pump power of 14mW. The extrapolation
of T s dependence on power to zero gives the spin relaxation time
T1 ¼ 0.5 μs (see Figure 4c). The experimental data can be well
fitted by this form, indicating spin relaxation times exceeding
the laser repetition period. This allows us to attribute this signal
to resident carrier spins.

The temperature dependence of T1 is shown in Figure 4d and
is commonly governed by two processes. At low temperatures
(<10 K) and at a magnetic field lower than the nuclear spin fluc-
tuations (<30mT), the spin relaxation time is limited by the
interactions with the nuclear spin fluctuations. At higher temper-
atures (>10 K), longitudinal phonons are activated, accelerating
the spin relaxation. The theoretical description accounting for the
nuclear spin fluctuations and longitudinal optical phonons is dis-
cussed in refs. [37,38]. At temperatures above 50 K, the error of
the measured signal becomes large, and the data are unreliable.
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In the discussion part, we thoroughly discuss the possible relax-
ation mechanism, including the temperature dependence.

3.3. Transverse Spin Relaxation

The large spread of g-factors and long spin relaxation times are
promising conditions for the SML effect, observed on electrons
in n-doped (In,Ga)As/GaAs QDs,[39,40] on holes in p-doped
InAs/GaAs QDs,[21,22] and recently on holes in CsPb(Cl,Br)3
perovskite nanocrystals.[41] In this article, we show the SML
effect for the holes in the QDs ensemble emitting in the telecom
range.

The resident hole spin polarization is created through the
trion excitation mechanism in the pump–probe Faraday rota-
tion.[24] The polarized spins precess about BV and loose their
polarization with the spin coherence time of a single carrier
T2. After the action of an infinite number of pulses with a repe-
tition period of TR, the spin polarization accumulates for carriers
with T2 > TR. In the inhomogeneous ensemble of QDs, the sum
of the multiple oscillating signals with Larmor frequencies com-
mensurate with ωR contributes to the SML signal. It manifests
itself in the revival of the FR signal at negative delays (probe
arrives before pump). Such a signal is shown in the inset of
Figure 5a. To assign the carrier contribution to it, we measure
the SML dependence on BV. From the g-factor values, we con-
clude that the signal is related to the hole spins.

To evaluate the spin coherence time T2, we have decomposed
the signal into its components. Figure 5b demonstrates the
remaining signal component after subtraction of the nonoscillat-
ing decaying component, the electron signal, and the hole signal
with short dephasing times at positive time delays. The signal
decay time at negative and positive delay times is given by the
spin dephasing time T�

2, which is limited by the spread of
g-factors, as discussed in Section 3.3.1. The relation of the signal
amplitude before the pump pulse arrival Sb to the amplitude after
the pulse action Sa is determined by T2 and the pump power, and
allows one to extract the corresponding time.

To estimate the T2, we use themodel developed in refs. [24,42].
Each optical pulse changes the spin polarization proportional to
pump pulse area Θ (or the pump power in the experiment)

Sz;a ¼ � sin2ðΘ=2Þ
4

þ cos2ðΘ=2Þ þ 1
2

Sz;b (4)

Sy;a ¼ cosðΘ=2ÞSy;b (5)

Sx;a ¼ cosðΘ=2ÞSx;b (6)

Here, the z-component is directed along the k-wavevector of
light, and the x-component is along BV. Equations (4)–(6) assume
rectangular optical pulses and do not include the optical detuning
of the laser energy from the trion resonance.

The dynamics of the hole spin polarization after optical exci-
tation is determined by the Bloch equations

SzðtÞ ¼ ½Sz;a cosðωtÞ þ Sy;a sinðωtÞ� expð�t=T2Þ (7)

SyðtÞ ¼ ½Sy;a cosðωtÞ � Sz;a sinðωtÞ� expð�t=T2Þ (8)

SxðtÞ ¼ Sx;a expð�t=T1Þ (9)

Note that the Sx component cannot be created without
optically detuned optical pulses. We consider the spin relaxation
time anisotropy in the sample plane.

The accumulation of the spin polarization for an infinite num-
ber of optical pulse actions is calculated numerically for each
individual spin in the ensemble. We use a Gaussian distribution
of the g-factors in the ensemble with the width of 2Δgh ¼ 0.2.
The resulting amplitude relation Sb=Sa is determined by T2
and Θ. For the calculations, we use the experimentally measured
gh, Δgh, with the result shown in Figure 5b by the red line.

The parameterΘ cannot be precisely evaluated from the exper-
iment because the SML amplitude neither shows amplitude sat-
uration nor Rabi oscillations in dependence on the pump power
due to the high inhomogeneity of the QD ensemble. We, there-
fore, have to consider the range of pulse areas with Θ ¼ 0.6 π,
leading to the maximal T2 ¼ 400 ns, and theΘ ¼ π with the min-
imal possible T2 ¼ 20 ns, both of which lead to the observed
amplitude relation Sb=Sa.

4. Discussion

Previous studies have examined spin–orbit interaction, which
involves transitions between different spin levels facilitated by
phonons and their effect on the T1 time. For instance, single-
phonon scattering mediated by spin–orbit interactions was
employed to explain the relaxation of hole spins in (In,Ga)As
QDs, resulting in T1 times up to 270 μs at B ¼ 1.5 T at
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Figure 5. a) Faraday rotation signal measured at BV ¼ 0.2 T, T ¼ 6 K, and Ep ¼ 0.785 eV. The pump and probe powers are 15 and 1mW. The inset shows
the zoomed-in signal at negative time delays. b) The blue trace is the SML signal of the holes, and the red solid line shows its modeling. c) Magnetic field
dependence of the negative time mode-locking signal with the corresponding fits. Insert shows the extracted fit amplitude.
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T ¼ 8 K.[43] Additionally, two-phonon-assisted spin relaxation
was theoretically considered for hole spins, leading to T1 times
on the order of hundreds of microseconds at magnetic fields
B < 2 T and temperatures of T ¼ 2 K.[38,44] At low magnetic
fields, as used for T1 measurements in our case, the Zeeman
splitting is small. The density of phonons that can match the
Zeeman energy is decreased, and the single-phonon scattering
mechanism becomes negligible.[37,45,46] Phonon-mediated
hyperfine mechanisms have also been proposed, but the spin
relaxation rate driven by the single-phonon-assisted process is
zero without a magnetic field.[37]

The more recent ref. [47], studying near-infrared QDs
demonstrates experimentally that T1 is limited by two mecha-
nisms: at low temperatures and low magnetic fields (B < 2 T),
the hyperfine coupling with the nuclear spins of the host material
limits the T1 value close to 1 μs. Furthermore, the authors dem-
onstrate the importance of the two-phonon-assisted mechanism
for the hole spin relaxation, which leads to a quadratic
dependence of the hole spin relaxation rate with temperature
in the 7–50 K range, in good agreement with theoretical
predictions.[37,38]

In our case, the observed T1 is close to 0.3 μs and stays
constant up to 50 K. Such behavior suggests that the two-
phonon-assisted scattering is not the dominant mechanism,
assuming similarity of the processes in near-infrared and tele-
com QDs. Additionally, no effects of nuclear-induced frequency
focusing were observed in our work. Therefore, the hyperfine
interaction is expected to be a less important factor for spin relax-
ation here.

When considering the T2 spin relaxation at low magnetic
fields, the effect of the nuclear fluctuations plays a major role
at low temperatures (T < 8 K).[48] With the temperature increase,
the mechanism of elastic scattering exploiting the broad phonon
sidebands is expected to cause a rapid decrease in hole spin
coherence.[49] The effect of the magnetic field on the hole spin
coherence was shown to have a stabilizing effect for isolated
QDs, with the T2 time growing up to 4 μs at 2 T.[48] In our case,
however, the observed mode-locking amplitude, and therefore,
the hole spin coherence, decays in the magnetic field range of
0.1� 0.6 T, as shown in Figure 5c.

Considering the observed results, one can suggest an
additional spin relaxation in the spirit of the Bir–Aronov–Pikus
mechanism.[50] In our case, the localized hole spins interact with
the weakly localized electrons that can tunnel between the dots.

The detected spin coherence is comparable with the one
observed in InAs QDs emitting in the range of 0.9 μm, demon-
strating T2 ≈ 1 μs.[48,51] However, to be useful for QR technology,
we must reach spin coherence times close to milliseconds
(100 km takes about 0.33ms for light traveling). Such times
could be achieved by using the coherence transfer to the nuclear
surrounding in the QDs, showing coherence times in the
required time range.[52,53] The feasibility of such protocol for
semiconductor QDs is currently investigated by other
groups[54,55] and recently a breakthrough in this direction was
achieved for the strain-free GaAs QDs.[56] Taking into account
that the strain-free environment might be very important for
such coherence transfer, a new strain-free material for QDs emit-
ting at telecom spectral range becomes important.[57]

5. Conclusions

Using the SML method, we could determine the range of the
achievable spin coherence of holes, which exceeds previously
measured values in similar types of QDs by at least an order
of magnitude.[20] The hole spin lifetime of 0.5 μs is also extended
and currently provides the upper limit for the hole spin coher-
ence. However, the time is reduced compared to the hole spins
localized in near-infrared QDs. Our conclusion for this type of
sample is that the delocalized nature of electrons drives the relax-
ation of hole spins.
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[16] W. Rudno-Rudziński, M. Burakowski, J. P. Reithmaier, A. Musiał,
M. Benyoucef, Materials 2021, 14, 4.

[17] P. Podemski, M. Gawelczyk, P. Wyborski, H. Salamon,
M. Burakowski, A. Musial, J. P. Reithmaier, M. Benyoucef, G. Sęk,
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