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ABSTRACT

We report on the spin and occupation noise of a single, positively charged (InGa)As quantum dot emitting photons in the telecommunication
C-band. The spin noise spectroscopy measurements are carried out at a temperature of 4.2 K in dependence on intensity and detuning in the
regime beyond thermal equilibrium. The spin noise spectra yield in combination with an elaborate theoretical model the hole-spin relaxation
time of the positively charged quantum dot and the Auger recombination and the electron-spin relaxation time of the trion state. The extracted
Auger recombination time of this quantum dot emitting at 1:55 μm is comparable to the typical Auger recombination times on the order of a
few μs measured in traditionally grown InAs/GaAs quantum dots emitting at around 900 nm.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078910

I. INTRODUCTION

Semiconductor quantum dots (QDs) have attracted signifi-
cant attention since they are potential solid-state candidates
for spin-photon quantum devices1 and thereby prospective
building blocks for future quantum information technologies.2

Single photon emission from InAs/GaAs QDs at around 900 nm
has been established in this context especially during the last
decade, but QDs with emission wavelengths at the so-called tele-
communication C-band are even more promising from the
device point of view. The telecommunication C-band ranges
from 1530 to 1565 nm and photons within this band experience
an especially low absorption, both within the atmospheric
window and in optical fibers,3 promising efficient free-space

quantum communication,4 long-distance fiber communication,5

and global quantum networks.6–8

Ideal quantum dots suitable for spin-photon quantum devices
bear long spin relaxation times, negligible charge fluctuations in
their surrounding, and low Auger recombination rates. Up to now,
InAs/GaAs QDs and more recently strain-free GaAs/AlAs QDs,
both with sub-μm wavelength emission, have been optimized in
view of these requirements but the respective properties of the rela-
tively new C-band QDs are mainly unexplored so far. In this publi-
cation, we show that the method of spin noise spectroscopy (SNS)
yields valuable information on all of these three properties also for
C-band QDs. This is not trivial since the technology of growing
InAs QDs emitting in the telecom C-band is still in its infancy
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compared to state-of-the-art QDs emitting in the near-infrared
spectral region.

Spin noise spectroscopy optically detects the spin dynamics of
atoms and charge carriers via resonant and non-resonant Kerr or
Faraday rotation. The technique has been transferred from
quantum optics9,10 to semiconductor physics in 200511–14 and
applied to single QDs for the first time in 2014.15 Originally, SNS
on single QDs was developed for measuring the undisturbed spin
dynamics of single charges. However, Wiegand et al.16 showed that
driving the spin system optically beyond the thermal equilibrium
allows the concurrent measurement of the complex spin and
charge dynamics of a single QD and its local surrounding. At negli-
gible optical excitation, spin noise (SN) of a positively charged QD
reveals the intrinsic hole-spin relaxation time only. At finite optical
excitation by the SN probe laser, each absorbed photon converts
the positively charged exciton into a trion with two holes and one
electron. The two holes have in the ground state anti-parallel spins
due to the Pauli exclusion principle with a total spin of zero. In
that case, the electron spin dominates the spin dynamics of the
system. The optically excited trion can either relax via emission of
a photon or via Auger recombination. In the latter case, the native
hole of the QD is excited out of the QD, the resonance of the QD
shifts significantly, and the QD induced Kerr rotation signal at the
probe laser wavelength becomes in very good approximation zero,
i.e., the spin noise is switched off. This process of switching off
the SN is in resonant SNS the typical measure for the Auger
recombination rate. At a later time, a hole from the local surround-
ing tunnels into the unoccupied QD and thereby switches the SN
on again, i.e., the SN spectra also contain information on the
reloading process.

The measured SNS noise spectra are, therefore, in fact a com-
posite of spin noise (SN) and occupation noise (ON), which both
contribute to the noise power spectrum of the QD induced Kerr
rotation. The SN and ON contributions can be distinguished easily
by (a) the relative detuning of the probe laser light and (b) the
magnetic field dependence of the noise power density, which also
yields information about the (in)homogeneous QD transition line-
width. Additional measurements of the intensity dependency yield,
in turn, information on the Auger coefficient and the influence of
power broadening. Thereby, a composite fit of all measured noise

spectra in this work yields a more detailed understanding of a
typical, state of the art C-band QD.

II. EXPERIMENT

A. Sample

Traditional semiconductor QDs typically emit photons at a
wavelength ranging from the visible to the near-infrared. In the
past decade, growing InAs QDs on InP substrates has been a
common way to shift the emission wavelength further into the
infrared region.7,8,17–24 Such InAs/InP QD systems reach at liquid
helium temperatures a ground-state emission wavelength in the tel-
ecommunication wavelength regime since the lattice mismatch of
InAs/InP is low compared to InAs/GaAs, thus enabling larger QDs
with a lower quantization energy. However, the InAs/InP system
bears some important limitations like, e.g., the lack of enhanced
photon management by distributed Bragg reflector cavities and
more challenging mechanical properties compared to the InAs/
GaAs systems. Therefore, growing InAs QDs on an (InGa)As meta-
morphic buffer layer is a promising way to achieve high-quality
QDs with emission wavelengths in the telecommunication
C-band.25–32

The sample studied in this work is such an InAs/GaAs QDs
system with a high photon emission yield at around 1550 nm.28

Figure 1 shows the sample schematically. A 200 nm GaAs buffer is
grown on a (100)-oriented GaAs substrate by metal-organic
chemical vapor phase epitaxy (MOVPE) in order to achieve a high-
quality epitaxial surface. A subsequent nearly lattice-matched dis-
tributed Bragg reflector consisting of 20 AlAs(134.4 nm)/GaAs
(114.6 nm) pairs enhances the extraction efficiency of the photons
emitted from the QDs. The lattice mismatch between InAs and
GaAs is reduced to about 4.8% by lattice relaxation in a 1080 nm
thick (InGa)As metamorphic buffer layer with linearly increasing
indium content from zero to � 36:7%. The InAs QDs are grown
on top of the metamorphic layer and capped by a 220 nm thick
(InGa)As capping layer. The structure constitutes a nominal low-Q
3λ cavity with a stop-band width of 100 nm where the QDs are in
the anti-node of the electric field.27,28

FIG. 1. (a) Schematic structure of the
QD sample. (b) The surface of the QD
sample shows a cross-hatched pattern
with undulations on the μm length
scale and a height of a few nm. The
distinct points are defects on the
surface.
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B. Setup

The optical measurements are performed in reflection geome-
try at cryogenic temperatures. To this end, the sample is mounted
in a low-temperature insert in a liquid helium dewar and held at a
constant temperature of 4.2 K (see Ref. 15 for details). A 980 nm
laser is used for the above bandgap excitation for photolumines-
cence (PL) characterization. The collected PL signal is dispersed in
a high-resolution triple spectrometer and recorded with a liquid
nitrogen cooled (InGa)As camera. The MOVPE growth technique
inherently incorporates carbon as unintentional background p-type
doping into the host material such that a significant part of the
QDs are effectively charged at low temperatures by a single hole.
The p-type charging type has been shown in a similar sample
structure from the same processing batch33 and agrees as well with
the spin noise measurements presented below. The spin and occu-
pation noise measurements are performed with a linearly polarized
continuous wave diode laser serving as a probe laser for Kerr rota-
tion measurements in reflection geometry. The laser is focused to a
spot of about 3 μm diameter onto the sample by an aspheric lens
with a short focal length. The reflected light containing the Kerr
rotation information is analyzed by a balanced photodiode bridge.
The electrically amplified signal is Fourier transformed in real-time
and averaged. Specially designed superconducting coils provide lon-
gitudinal and transverse magnetic fields with a maximum field
strength of 31 mT each. The longitudinal magnetic field, which can
sufficiently extend the spin relaxation time, is applied when the
signal spectrum is recorded and the transverse magnetic field is
applied for the background spectrum, which ideally consists of
electrical noise and shot noise only. This effectively leaves the mea-
sured spin dynamics as a measure of the T1-time. High-quality,
frequency-resolved noise density spectra are obtained by subtract-
ing fore- and background spectra. The noise frequency spectrum in
the longitudinal field follows typically a Lorentzian type shape cen-
tered at zero frequency. The half-width at half maximum
(HWHM) of the Lorentzian is a measure of the correlation
rate and the area of the Lorentzian yields the total noise power of
the particular contribution. All measurements presented here are
carried out in a longitudinal magnetic field of 31 mT, where the
influence of the nuclear magnetic field on the carrier spin dynam-
ics is strongly reduced.15,34 The detuning ~Δ of the probe laser light
with respect to the maximum of the QD PL spectrum is deter-
mined by a wavelength-meter with an accuracy �1 μeV. The mea-
sured maximum of the PL gives only an estimate of the trion
resonance transition energy f0 since the energy resolution of the PL
measurements is limited to �40 μeV.

C. Results

Figure 2 shows a typical noise power density spectrum in
units of the photon shot noise measured with a probe laser inten-
sity of 8.6 μW=μm2 and a relative detuning of Δ ¼ �2:9 μeV with
respect to the trion resonance. This spectrum can be described very
well by three Lorentzian contributions with clearly distinguishable
HWHM and a common offset. The Kerr rotation noise arises from
fluctuations of the electron and hole spins, changes of the QD occu-
pancy, and other noise contributions like, for example, fluctuations
of the resonance due to spectral diffusion32,35 and probably other

QDs in the vicinity of the QD of interest. Two contributions can be
easily identified as ON (magenta line) and SN (yellow line) via their
different dependency on detuning and probe laser intensity. The ON
contribution is dominating close to the trion resonance and at

FIG. 2. Typical noise power density spectrum (blue dots) measured at a rela-
tively small laser detuning Δ ¼ �2:9 μeV, i.e., a detuning on the order of the
extracted intensity broadened linewidth γ I . The solid lines are fits according to
the theoretical model, which includes the four contributions SN (orange line),
ON (magenta line), background (gray line), and offset (light blue line). The red
line is the sum of all these contributions. The corresponding fitting parameters
and the quantities extracted from the joint fitting of all measurements are sum-
marized in Tables I and II. The inset shows for comparison the spectrum at a
large laser detuning of Δ ¼ 89:8 μeV.

TABLE I. Parameters of the model for the global fitting. The labels i, f, g, and gg
denote free in each individual spectrum, fixed, shared within each intensity set, and
shared through all spectra, respectively.

Physical quantity Symbol Dependency

Offset of Kerr rotation Lorentzian y0 i
Area of background Lorentzian Abg i
Width of background Lorentzian Wbg i
Area of far-background Lorentzian Afbg f
Width of far-background Lorentzian Wfbg f
Offset of far-background Lorentzian yfbg f
Intrinsic transition linewidth γ f
Scaling for background-offset δ g
Quadratic constant of noise power vs
intensity

β gg

Ratio between γA and Is α gg
Trion resonance f0 gg
Auger recombination rate γA gg
Offset of spin relaxation rate profile γr,sn gg
Ratio of Auger rate and electron-spin
relaxation rate

η gg

Ratio of Pon and Psn ζ gg
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high laser intensities, i.e., in the case of strong optical excitation.
In contrast, the SN contribution is dominating at large detunings
where optical excitation becomes weaker and the ON contribution
negligible. The exact dependency of these two contributions is
extracted from an overall global fitting of the model introduced by
Wiegand et al.16,36 to the detuning and intensity-dependent measure-
ments. The model is summarized below in Sec. III.

For the data exemplarily shown in Fig. 2, the HWHM of the
SN contribution yields a spin relaxation time of 0.097(2) μs, which
is much faster than a typical hole-spin relaxation time.15,36–38

The reason for this fast spin relaxation is the finite probability for
the excitation of the trion under close-to resonance conditions. The
optical driving of the transitions results in a dressed state represent-
ing a coherent superposition of the hole in the ground state and
the trion in the excited state. The dressed state has a spin relaxation
rate, which is a combination of the typically slower hole and faster
electron-spin relaxation rate. When the probe laser photon energy
is tuned away from the trion resonance, mainly spin fluctuations
contribute to the noise frequency spectrum and the ON quickly
decreases. For detunings much larger than the optical linewidth,
only background noise contributions remain (see the inset of
Fig. 2), which origin is not fully clarified yet.

Figure 3 shows the complete detuning dependence for the
integrated noise power and the HWHM of the noise frequency
spectrum as a function of laser detuning39 ~Δ for SN and ON for a
probe laser intensity of 8:6 μW=μm2. The lines correspond to the
model described in Ref. 16 and calculated with the parameters in
Table II. The blue dots represent the numerically integrated area of
each noise frequency spectrum after subtracting background and

offset contributions (gray and blue lines in Fig. 2). The integration
is performed up to a cut-off frequency given by the measurement
bandwidth Δm

BW (see Fig. 4); hence, the obtained values have to be
re-normalized if the width of the dominating contribution exceeds
this limit for a correct comparison of fit results and measured data.
For the data shown in Fig. 3, the scaling factor is simply obtained
by 1= arctan (Δm

BW=max (WON, WSN) [for WSN, ON, see Eq. (10a)].
For homogeneously broadened QDs, the detuning dependency

of integrated SN power has a butterfly shape with two symmetrical
maxima located around the QD resonance, whereas the ON power
spectrum has a Lorentzian squared-like shape with a single
maximum at the QD resonance (see Sec. III). The integrated noise
power depicted in Fig. 3 by the solid, dark blue line is the sum of
these two contributions. The figure demonstrates that not only the
noise power density spectra (Fig. 2) but also the integrated noise
power vs detuning is well described by the theoretical model.

FIG. 3. Integrated noise power and correlation rate as a function of laser detun-
ing at a probe laser intensity of 8:6 μW=μm2 with respect to the relative probe
laser photon energy39 ~Δ. The lines show the calculated models with parameters
according to Table II. The total integrated noise power (dark blue line) consists
of the two contributions of the spin noise (light blue line) and occupation noise
power (green line). Shown with respect to the right axis are the correlation rates
of spin noise (dashed magenta line) and occupation noise (yellow dash line),
respectively. The blue dots denote the cut-off integration of the respective mea-
sured noise frequency spectrum. The gray area denotes the magnitude of the
background area contribution.

TABLE II. Quantities extracted from the overall global fitting. The specified uncer-
tainties are extracted from the least-square minimization procedure. Further uncer-
tainties might arise from the finite sample quality which is not reproduced by the
model.

Physical quantity Symbol Value

Trion resonance f0 −9.17(8) μeV
Saturation intensity of optical transition Is 0.28(1) μW/μm2

Auger recombination rate γA 1.49(4) MHz
Reoccupation rate γr 0.57(2) MHz
Intrinsic hole-spin relaxation ratea

(upper limit)
γr,sn 0.79(1) MHz

Electron-spin relaxation ratea γe 1.94(8) MHz

aFor Bz = 31mT.

FIG. 4. Measured shot noise spectrum for a given laser intensity (blue dots
with error bars). The red line is a fit to an exponential function starting at the
data corresponding to the 6 dB point. The light red shaded area is an estimated
upper limit of the uncertainty.
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The dashed lines in Fig. 3 depict the detuning dependence of the
HWHM of the noise power density spectra, i.e., the SN and ON
correlation rates, which correspond to the dressed spin relaxation
rate and occupation rate, respectively. Both rates have a maximum
at the QD resonance where the optical absorption has a maximum.
For increasing detunings, the dressed trion spin relaxation rate
becomes the pure hole spin relaxation rate. Figure 3 also shows that
the SN correlation rate is always larger than the ON correlation
rate. This is reasonable since a change in QD occupation automati-
cally destroys the QD spin memory.

III. MODEL

In the single positively charged QD, the optical transition
between the QD ground and excited states can be described by a
four-level system.40 The ground state is a heavy hole-spin state
j+ 3=2i and the excited state is the trion state, which combines
two heavy holes and a single electron spin j+ 1=2i. In the pres-
ence of a longitudinal magnetic field, the levels are subjected to a
Zeeman splitting �hΩh

z and �hΩe
z of the ground and excited spin

state, respectively. Thus, a linear polarized probe laser can evoke a
transition between the ground and excited state based upon the
optical selection rules. In the ground state, the heavy hole spin
projected along the growth axis contributes to the Kerr rotation.
Thus, the spin relaxation rate given by the corresponding HWHM
of the Lorentzian-like contributions can be attributed to the heavy
hole. In the excited state, the two heavy holes have a total spin
projection of zero, thus here the single electron-spin dynamics in the
trion dominates the Kerr rotation. In this case, the spin relaxation
rate—given by the corresponding HWHM of the Lorentzian-like
contribution—is the correlation rate of the trion. Moreover, the
Auger process occurs in the trion state, where the resident hole is
excited by non-radiative recombination into the valence band with
the rate γA. The Kerr signal decreases in this case in very good
approximation to zero since the resonance shifts significantly when
the QD is emptied until a random hole from the surrounding (outer
state) re-occupies the QD with the re-occupation rate γr . This
change between charged and empty QD directly reflects in the Kerr
rotation angle and gives rise to occupation noise. In total, spin flips,
trion generation, Auger recombination, and QD reoccupation con-
tribute to the noise spectrum at which the generation of the trion
state is strongly related to laser intensity and laser detuning.
Therefore, the measurement of the detuning dependency and inten-
sity dependency is used to characterize the spin and charge dynamic
in the QD.

In the following, we give a compressed overview of all entities
entering the evaluation of the data. A full detailed derivation can
be found in the former work of Wiegand et al.36 In general, the
contributions to the Kerr rotation noise due to spin noise and the
QD occupancy fluctuations are given by

(δθ2K )SN � 2EΔ

γ2I þ Δ2

� �2

hδS2zio, (1a)

(δθ2K )ON � E2(γ2I � Δ2)
2

4(γ2I þ Δ2)
4 Ω2

zhδn2io, (1b)

where E is the effective trion optical transition matrix element,
which can be related to the probe laser intensity and Δ is the detun-
ing with respect to the trion resonance. The total spin Sz projected
along the growth and optical detection axis is given by

hδS2zio ¼
n
4
, (2)

where n is the average QD occupancy, which is determined by
the generation rate G, the trion recombination rate R, the
Auger recombination rate γA, and the QD reoccupation rate γr
[cf. Eq. (S25) of Ref. 36],

n ¼ γr(Gþ R)
γr(Gþ R)þ γAG

: (3)

The QD occupancy fluctuations are then obtained via

hδn2io ¼ n(1� n): (4)

Finally, the integrated noise power spectra of SN and ON, respec-
tively, are given by

(δθ2K )SN ¼ 2PsnΔ
2

(γ2I þ Δ2)(γ22 þ Δ2)
, (5a)

(δθ2K )ON ¼ Pon(γ22 � γ2I )(γ
2
I � Δ2)

2

4(γ2I þ Δ2)
3
(γ22 þ Δ2)

2 : (5b)

The magnitude of the measured spin noise power spectrum Psn is
proportional to the quadratic probe laser power, which can be
replaced by the intensity I in this case since the excitation area is
fixed for all measurements (the unit conversion is absorbed in the
constant β),

Psn ¼ β � I2: (6)

The ratio between Pon=Psn ¼ ζ enters as a fitting parameter, which
includes the occupation probability of the quantum dot as well as
the Larmor frequency Ωz corresponding to the effective trion
Zeeman splitting in z-direction, which, however, cannot be unam-
biguously determined from the available data within the current
evaluation. The trion linewidth γI due to saturation broadening16,41

depends on the probe laser intensity as

γI ¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

E2

γγ0

s
¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ I

Is

r
, (7)

where Is is the saturation intensity, γ0 is the spontaneous recombi-
nation rate, and γ the intrinsic transition linewidth, which is taken
as 1:65+ 0:87 μeV from the resonance fluorescence measurements
in Table 1 of Ref. 42. The latter three quantities are interrelated by

E2

γ0
¼ Iγ

2Is
: (8)
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Due to Auger recombination, occupation noise is much more
prominent at smaller detunings while spin noise is more dominant
at larger detunings. Hence, the trion transition width—denoted by
γ2—is additionally broadened beyond γI resulting from Auger
recombination,

γ22 ¼ γ2I þ
γAγE

2

γrγ0
¼ γ2I þ

γAγ
2I

2Isγr
: (9)

Here again, γr is the re-occupation rate, which can be estimated
from the offset of the occupation rate profile (yellow dashed line in
Fig. 3). The spin relaxation rate and occupation rate profiles are
described by the two Lorentzians,

WSN ¼ ASN
γI

π(γ21 þ Δ2)
þ γr,sn, (10a)

WON ¼ AON
γI

π(γ21 þ Δ2)
þ γr,on: (10b)

Here, the offset γr,sn corresponds to the intrinsic spin relaxation
rate, whereas γr,on corresponds to the re-occupation rate γr of the
QD. Both profiles share the same trion HWHM linewidth γI .

The area of the spin noise width profile ASN and the area of
occupation noise width profile AON are given by

ASN ¼ π

2
Iγffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Is(I þ Is)
p γe, (11a)

AON ¼ π

2
Iγffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Is(I þ Is)
p γA, (11b)

where γe is the electron-spin relaxation rate. In order to avoid non-
physical solutions, we constrain the ratio between occupation noise
width and spin noise width by

γr,sn
γr,on

¼ η ⩾ 1 and
γe
γA

¼ η ⩾ 1: (12)

In the overall global fitting procedure, each noise power density
spectrum hδθ2Ki consists of a SN Lorentzian LSN, an ON Lorentzian
LON, a background contribution L0BG, and an offset y0. For example,
the SN Lorentzian describing the corresponding noise power
density spectrum reads as a function of the noise frequency ν,

LSNhνi ¼ (δθ2K )SN
π

WSN

W2
SN þ ν2

, (13)

where the respective noise power (δθ2K )SN is defined in Eq. (5a).
The contribution L0BG is split into an independent and a fixed part
determined at the largest detunings, whereas the fixed part possibly
arises from contributions from remote QDs. The detuning-
dependent background is depicted as gray area in Fig. 3. The cons-
tant offset is attributed to a difference in the shot noise level
between the subsequently recorded fore- and background spectra at
different applied magnetic fields.

Finally, the above model yields all the parameters needed
for the overall global fitting, as shown in Table I. In the fitting
procedure, parameters labeled with i are set to free through all
noise frequency spectra, parameters labeled with f are fixed,
parameters labeled with g are shared within each intensity set,
and parameters labeled with gg are shared through all spectra.
Naturally, all parameters directly related to the QD are shared
through all spectra since the QD itself does not change during
the measurement.

IV. DISCUSSION

Table II shows all extracted physical quantities related to the
optical transition, the electron and hole spin, and the charge
dynamics. The quantities are extracted from the overall global
fitting of all measured spectra via a standard least-square minimiza-
tion. The overall global fitting reveals an Auger recombination time
of 0:72(2) μs and a re-occupation time of 1:76(5) μs, which are
comparable to measurements on traditional single self-assembled
QDs emitting at � 900 nm.36,43 The long re-occupation time sug-
gests a slow recapturing process from the outer states, indicating a
low p-type carbon background doping density. Regarding the
spin dynamics, we obtain a T1 electron-spin relaxation time at
Bext ¼ 31mT of 0:52(2) μs and a hole-spin relaxation time of
1:26(2) μs, which is two orders of magnitude faster than previous
measurements of the hole-spin relaxation time with one order
of magnitude lower probe intensity in higher lattice mismatch
QDs.15 Such a short hole-spin lifetime is surely limited by the
non-equilibrium environment driven by higher probe intensity
and also limited by the remaining hyperfine interaction due to the
presence of the nuclei spin bath, which is only suppressed to
some extend by the longitudinal magnetic field.44 Nevertheless,
the hole-spin relaxation time is longer than the electron-spin
relaxation time since the electron-spin relaxation is usually more
strongly influenced by hyperfine interaction than the hole-spin
relaxation.35

Many measurements of quantum dots show electron-spin
relaxation times of a few ns due to a finite nuclear magnetic
field.38,45,46 The longer electron-spin relaxation obtained here sug-
gests that the nuclear hyperfine interaction with the electron is effi-
ciently suppressed by the external magnetic field. The overall global
fitting also yields a transition linewidth which amounts, e.g., for the
case of a probe laser intensity of 8:6 μW=μm2 to approximately
9:2+ 4:8 μeV. The smaller value of the intrinsic linewidth γ dem-
onstrates that the measurements are taken in a regime dominated
by saturation broadening, which is also reflected by the extracted
low saturation intensity Is ¼ 0:28(1) μW=μm2.

V. CONCLUSION

We have measured spin noise and occupation noise under
non-equilibrium conditions for the first time in a single, positively
charged (InGa)As QD with a photon emission energy at telecom-
munication wavelengths. The full analysis of intensity-dependent
measurements reveals the trion spin dynamics under resonant and
nearly resonant excitation conditions. We extract both the electron-
and the hole-spin lifetime from the spin noise contribution and the

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 065703 (2022); doi: 10.1063/5.0078910 131, 065703-6

© Author(s) 2022

D
ow

nloaded from
 http://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0078910/16505218/065703_1_online.pdf

https://aip.scitation.org/journal/jap


Auger recombination rate and the reoccupation rate from the occu-
pation noise contribution. The analysis yields additionally the satu-
ration intensity of the optical QD transition, the effective trion
Zeeman splitting, and allows inferring on the impact of the QD
surrounding. In this experiment, the optical quality of the QD was
not yet optimized and the noise spectra showed contributions from
QDs in the direct spatial surrounding. Well separated QDs with
higher optical quality will show less background contributions, sim-
plifying the evaluation of the noise spectra enormously. In that
case, spin noise spectroscopy becomes an excellent characterization
tool for C-band QDs having a significant impact on the develop-
ment of these QDs and their applicability in future quantum
communication.
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APPENDIX: DATA ANALYSIS

1. Measurement bandwidth

Measuring a frequency power density spectrum often bears
some easy-to-follow but nevertheless important points. One of
them concerns the typically limited measurement bandwidth Δm

BW
of the detection path in conjunction with the sampling frequency fs
of the data acquisition equipment. As a rule of thumb the Nyquist–
Shannon theorem demands fs � 2 � Δm

BW at least for bandwidths
starting at zero frequency. If this condition cannot be fulfilled in
the first place, typically cut-off filters ensure that the measured data
do not contain signals arising from the so-called under-sampling
effect. For the data presented in this work, the Nyquist–Shannon
condition is well satisfied for the detection bandwidth of the
balanced receiver of Δm

BW � 2:5MHz by the sampling frequency of
fs ¼ 10MHz. However, the finite bandwidth entails of course that
the shape of the measured spectra exceeding Δm

BW is distorted by
the decrease in the effective measurement sensitivity. The typical
procedure is to normalize the measured spectra by the sensitivity,
or equivalently, as in our case, by the measured optical shot noise.
Figure 4 exemplarily shows the measured optical shot noise power
density with the strong drop in sensitivity beyond the 6 dB point of
the optical filter. The red line is an exponential approximation of
the filter characteristics. The noise floor is dominated for frequen-
cies beyond �4MHz by the noise from the electronic amplifiers in
the data acquisition path. The measured raw Faraday fluctuation
spectra show of course the same characteristics.

2. Shot noise normalization

Potentially very large systematic deviations can emerge if the
signal is normalized to a shot noise spectrum, which includes very
small values like in Fig. 4. The difficulty arises, for example, if the
spectrum contains an offset which is determined with very high
precision but poor accuracy. In this case, even the incredible small
values at ν . Δm

BW evoke a non-negligible biased impact on the
fitting procedure—even if a correct uncertainty propagation is fol-
lowed. An easy solution would be to restrain all evaluations to a
fixed limit, e.g., the 6 dB point of the detector. However, most
detectors have a usable dynamic range of at least 20 dB. In order to
systematically harness all measured data points, an upper limit of
the systematic uncertainties could be estimated from the filter char-
acteristics which can enter—if needed—via error propagation the
measured data. This procedure could potentially ensure a reliable
filtering of the data, however, at the price of an artificially deformed
statistics of the residuals, i.e., quite a number of very small residuals
would appear as a narrow peak in the distribution of the residuals.

In the data presented here, all spectra are normalized to the
respective measured shot noise spectra (blue dots in Fig. 4).
However, we assume that the foreground and background spectra
have in theory exactly the same noise level at 5 MHz and realign
the background spectra accordingly by a constant offset. This offset
is lower than a factor of 10�4 of the original signal throughout all
spectra. The result of this procedure can be seen exemplarily in the
data and their corresponding uncertainties shown in Fig. 2.
This approach is rewarded by a well distributed residual statistic for
the final fit result (see Fig. 5).

3. Data binning (resampling)

The original spectra have been recorded with a much higher
resolution than shown in Fig. 2. The spectra have been binned to a

FIG. 5. Distribution of standardized residuals of the SN model fitted to the data
(blue). The green line follows a Gaussian normal distribution.
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lower resolution in order to ease the numerical evaluation without
significantly affecting the extracted quantities.

4. Model statistics

In order to judge how well the complete model describes the
measured data, we perform a short statistical analysis. Figure 5 dis-
plays the distribution of the standardized residuals of the fitted
model. The distributions contain all residuals eres and give a stand-
ard deviation of χ2 ¼ 2:76, which is admittedly larger than the
ideal unity but not too far off. A value of χ2 . 1 suggests that
either the uncertainties of the data points are underestimated or
that the model is not that suitable. However, in the latter case,
there would typically appear a skewness in the distribution, which
is not the case here.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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