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Quantum polyspectra approach to the dynamics of blinking quantum emitters
at low photon rates without binning: Making every photon count
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The blinking statistics of quantum emitters and their corresponding Markov models play an important role

in high-resolution microscopy of biological samples as well as in nano-optoelectronics and many other fields
of science and engineering. Current methods for analyzing the blinking statistics like the full counting statistics
and the Viterbi algorithm break down for low photon rates. We present an evaluation scheme that eliminates
the need for both a minimum photon flux and the usual binning of photon events which limits the measurement

bandwidth. Our approach is based on higher-order spectra of the measurement record which we model within
the recently introduced method of quantum polyspectra from the theory of continuous quantum measurements.
By virtue of this approach we can determine on- and off-switching rates of a semiconductor quantum dot at light
levels 1000 times lower than in a standard experiment and 20 times lower those than achieved with a scheme

from full counting statistics. Thus, a very powerful high-bandwidth approach to the parameter-learning task of
single-photon hidden Markov models is established with applications in many fields of science.
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I. INTRODUCTION

The light emission of so-called quantum emitters is dom-
inated by the specific quantum mechanics of the emitting
system, which often can be described by just a few quan-
tum states. Their single-photon emission clearly distinguishes
them from thermal light sources, such as light bulbs, and
coherent sources, such as lasers, via their photon statistics [1].
Quantum emitters play an important role in many fields of sci-
ence. In biology, chromophores behave as quantum emitters
in fluorescence microscopy. They are used to label proteins
for the investigation of protein dynamics. Proteins switch-
ing between different configurations can be characterized via
the changing brightness of chromophores, which is strongly
influenced by Forster resonance transfer [2-5]. In physics,
semiconductor quantum dots (QDs) are quantum emitters that
are currently being investigated as single-photon sources in
quantum information devices [6-9] and as probes of charg-
ing dynamics [10-12]. Figure 1(a) displays the schematics
of a semiconductor quantum dot whose incoherent charging
dynamics is investigated by time-resolved detection of single
photons. In the case of high photon rates the bright and dark
states of the blinking quantum dot can be clearly distinguished
after binning of single-photon clicks over a finite time interval
[see, e.g., Fig. 1(b)]. The resulting measurement trace exhibits
random telegraph noise whose statistics coincides with the
statistics of the charging dynamics. The theory of hidden
Markov models (HMMs) [3], the full counting statistics (FCS)
of transport theory [13], and also quantum polyspectra [14]
provide methods for fitting system parameters to simple mod-
els that capture the essence of the stochastic dynamics. The
limitations of binning were recently discussed in the context
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of the FCS by Kerski et al. [15]. They found that the measur-
able bandwidths can, in their scheme, be increased only by a
higher photon rate.

Therefore, the following challenging question appears in
the case of low photon rates [Fig. 1(c)]: Is it fundamentally
possible to infer the blinking statistics from photon-click
events if the photon rates drop below the switching rate of
the quantum dot, i.e., if sometimes no photon is detected even
when the quantum dot is in the bright state? Obviously, no
sensible telegraph signal can be obtained from binning single-
click events [see Figs. 1(c) and 2(a)]. In the following, we will
give a positive answer to the question by modeling the system
of a quantum dot and single-photon detector within the theory
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FIG. 1. (a) A single semiconductor quantum dot coupled to a
charge reservoir switches incoherently between a bright (charged)
and dark (neutral) state due to carrier tunneling. (b) Single pho-
tons of the resonance fluorescence appear as stochastic peaks in the
measurement record. The bright- and dark-state dynamics is directly
visible only at high photon rates. (c) Access to charging statistics at
low photon rates via higher-order spectra of the detector output is
demonstrated in this work.
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FIG. 2. (a) Samples of the measurement record for photon fractions of « = 1, 10~!, 1072, 1073. Binning into 100-ys intervals was used to
visualize single-photon events. (b)—(d) Experimental polyspectra up to fourth order obtained without binning (Appendix A) and their analytic
counterparts, which follow from a fitting procedure to quantum polyspectra of a Markov model. Spectra S& and S are given in units of
kHz? and kHz 3, respectively. The overall backgrounds found in Sf) and SV were subtracted in the graphs for better visibility of the spectral

structure on top.

of continuous quantum measurements. Recent advances in the
theory established a connection between system properties (in
our case, transition rates) and the continuous measurement of
an observable (the presence of the photon) in terms of its
higher-order spectra [14,16-19]. Such quantum polyspectra
provide here the key for solving the problem. The present
work extends our previous scheme for analyzing quantum-dot
dynamics from the continuous-measurement regime to the
single-photon regime, establishing a very general alternative
to the FCS [14,20,21].

This paper is organized as follows. Section II shows that
higher-order spectra of single-photon data retain many fea-
tures even for decreasing photon rates, nurturing the hope
that system statistics can be recovered even at very low
photon rates. In Sec. III we briefly review how continuous
Markov models are used to model random telegraph noise
and what approaches have been used in the past to recover
transition rates from experimental data. We show how a

Markov model for telegraph noise can be transformed into a
modified Markov model which exhibits single-photon events.
We explain how theoretical polyspectra of this model can be
calculated by mapping it onto a quantum model which then
can be treated within the very general framework of so-called
quantum polyspectra. In Sec. IV we use real-world data to test
our approach and find that transition rates can be extracted
with the polyspectral approach even in cases of extremely
low photon rates. The relation of our work to the theory
of Cox processes from mathematical statistics is discussed
in Sec. V [22].

II. HIGHER-ORDER SPECTRA
OF SINGLE-PHOTON DATA

In this work we aim to analyze single-photon data mea-
sured by Kurzmann ef al. on a single InAs quantum dot
embedded in a p-i-n diode matrix [10,23]. Figure 2(a)
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shows a small part of a measurement trace of 6-min
duration. Single-photon clicks with time stamps f; were
binned into 100 ys intervals here only for display. However, no
binning is required to calculate the polyspectra. The number
of clicks was artificially reduced to a photon fraction of o =
107!, 1072, and 10~3 by randomly deleting any single-click
event with a probability of 1 — « from the original data set
(see lower rows) using a standard random-number generator.
Clearly, the telegraph-noise behavior visible in the first row
gets completely compromised at reduced photon rates, rais-
ing the question of whether the underlying on-off behavior
of the quantum emitter can still be inferred from such data.
Figure 2(b) shows power spectra S§2>(w) calculated from the
measurement trace z(¢) without binning (see Appendix A).
While a spectrally flat background increases as o decreases,
we interestingly find that a peak at zero frequency prevails
independently of the photon fraction «. Clearly, some infor-
mation about the measured system survives even for strong
photon loss. It is known that the usual power spectrum S;z)(a))
reveals only the sum of transition rates in the case of a two-
state model, while their separation requires a higher-order
spectrum [14]. Specifically, S§3) contains information about
the difference between the transition rates, while S§4) depends
on higher-order polynomials of the transition rates. We are
therefore also interested in higher-order spectra S and S
[Figs. 2(c) and 2(d)] [14,16,18]. Similarly to S, the higher-
order spectra show an increasing background for decreasing
photon fraction «. Nevertheless, we will show in Secs. III
and IV that a simultaneous fitting of all spectra with model
spectra will correctly recover the on-off transition rates of
the quantum emitter. The model spectra obtained from the
fitting procedure are shown in Fig. 2 along with the measured
spectra.

Brillinger’s polyspectra generalize the usual power spec-
trum S;z)(a)) & {z(w)z"(w)) of a stochastic process z(f) to
spectra that are of higher orders of z(w), with z(w) =
[ z(t)e*" dt being the Fourier transform of z(7) [24]. The
definition of the polyspectra,

278(w1 + -+ 0)S (o1 ..
= Cn(Z(a)l)v B Z(U)n)),

B wn—l)
ey

is based on the nth-order cumulant C,,, where

Go(x, y) = (xy) = () (v),
Gs(x,y,2) = ((x = () (y = (W) = {2))- 2

The fourth-order cumulant can be found in Refs. [16,25].
The bispectrum S§3) is related to (z(wi)z(w2)z" (w1 + w3))
and exhibits a nonvanishing imaginary part in the case
of broken time-inversion symmetry of z(f). A cut
through the trispectrum S*(wi, @y, —w;) is used in
this paper. This two-dimensional spectrum is related to
(z(w))z"(@1)z(@2)z" (2)) — (z(@1)2" (@1)) (2(@2)z* (w2))  and
can be interpreted as a correlation spectrum of the intensity
fluctuation of z(¢#) [26]. A recipe for the estimation of
polyspectra from data can be found in Appendix A. Its
implementation is included in our SIGNALSNAP software
library and was used here to calculate experimental
polyspectra [27].
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FIG. 3. Continuous Markov model with states A and B and ran-
dom telegraph noise with corresponding signal levels U, and Ug.
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III. CONTINUOUS MARKOV MODELS

In this section, Markov models are used to model
single-photon measurement traces. Analytical expressions for
polyspectra of such traces are found within the framework of
quantum polyspectra [16].

The theory of quantum polyspectra was originally devel-
oped for calculating polyspectra of continuous measurements
on general open quantum systems. Here, we apply the frame-
work to continuous Markov systems, which can be viewed as
quantum systems showing only incoherent dynamics without
any quantum coherence. Retaining the full theory allows for
easy future adaption of our method to quantum systems which
exhibit coherent dynamics of, e.g., a precessing electron spin
[18]. A specific theory of polyspectra for continuous Markov
models would, however, be numerically less demanding and
is currently being developed and implemented in our group.
Polyspectra play a key role in Sec. IV, where they are fitted
to experimental polyspectra for eventually finding system pa-
rameters with which the statistics of measurement traces can
be matched.

Markov models have found application in science to de-
scribe systems that stochastically switch between a number
of discrete states. The switching rates towards a new state
depend only on the actual state. Therefore, the future behavior
of Markov models does not depend on the past, making them
so-called memoryless models. Figure 3(a) depicts a simple
system that switches between two states, A and B, with transi-
tion rates y; and y,. The observation of a corresponding real-
world system would give rise to a time-dependent signal U ()
switching between output signals U, and Uy [see Fig. 3(b)].
The challenge posed by such a measured trace is to find
the corresponding HMM. In biology, a number of related
methods for finding model parameters are in use, such as
the Viterbi algorithm, the forward algorithm, and the Baum-
Welch-algorithm, to name but a few [3,28,29]. They have in
common the fact that model parameters are varied with the
aim to increase the probability of reproducing the measured
trace U (t). While the probability of obtaining a specific mea-
surement outcome is, of course, extremely small, this quantity
is still very valuable for judging the quality of a Markov
model. The algorithms differ mostly in their ability to cope
with measurement noise. A common drawback of all the
algorithms is that the full measurement trace must be stored
and evaluated every time a new set of model parameters is
investigated. This limits the applicability of such algorithms to
short measurement traces. This problem becomes even larger
for HMM methods in which, instead of binned photon sig-
nals, single-photon events are considered [4]. The polyspectra
approach presented here does overcome this limitation.

062210-3



M. SIFFT et al.

PHYSICAL REVIEW A 109, 062210 (2024)

QD charged / QD charged
fluorescence during detection
blocked

] D

Vdet
Yin
& Yout
Vdet

O photon absent

QD uncharged /
fluorescence

ibl photon detection
pOSSI e

H

O photon present

FIG. 4. Modified Markov model describing both the stochastic
quantum-dot occupation and the stochastic emission of a fluores-
cence photon in the unoccupied state.

Deliberately long measurement traces are evaluated only once
in terms of their polyspectra, which require much less storage
memory than the initial measurement trace. The polyspectra,
rather than the full measurement trace, enter the subsequent
fitting routines for reconstructing the Markov model. In the
field of quantum electronics, a pure Markov approach is often
sufficient to describe the observed system dynamics and the
statistics of corresponding measurement records. However, a
completely different tool set for analyzing data was developed
in this field. The so-called full counting statistics relies on
the identification of quantum jumps in the measurement trace
and treats quantities like the probability P(N, t) of N electrons
leaving a quantum dot in time 7 [13,30-32]. Recently, factorial
cumulants based on P were shown to be useful for analyzing
compromised binned data, for which small photon numbers
can lead to randomly appearing wrong counts of jump events.
Kleinherbers et al. evaluated the same data as in this paper
at a photon fraction of o = 2x 1072 [20] based on factorial
cumulants of the FCS [33,34]. Here, we push the limit to
o = 1072 without even compromising temporal resolution by
binning.

A. Markov description of single-photon detection

The above Markov model sufficiently approximates the
appearance of a measurement trace that exhibits distinct levels
of photon intensities like in Fig. 3(b). The model, however,
breaks down in the case of, e.g., low laser illumination of
the chromophores when the photon rates become so low that
single-photon peaks appear in the measurement trace. Bin-
ning of photon events into longer time intervals cannot solve
the problem because larger time intervals may decrease the
temporal resolution so strongly that switching can no longer
be observed. To solve the problem, we integrate the appear-
ance of single photons into the Markov model (see Fig. 4).
State 1 represents the charged quantum dot (QD), which does
not show laser-induced fluorescence. Consequently, there is
no transition possible to state 2, which would represent the
charged dot and the presence of a photon in the detector.
The random uncharging of the QD at an average rate Yoy
is modeled by a transition to state 3, which represents the

uncharged QD. The uncharged QD does exhibit fluorescence
and emits photons at an average rate y,n, which is modeled
by a transition to state 4, which represents the uncharged
QD and the presence of a photon in the detector. The photon
disappears from the detector at an average detection time Yget,
giving rise to a transition from state 4 back to state 3. While
the photon is present in the detector, the QD may change its
charging state, giving rise to transitions between state 4 and
state 2 with the same rates as in the case of an absent photon
(transitions between state 1 and state 3). Finally, the photon
also disappears from the detector in the case of a charged
quantum dot (state 2) at rate yq4e, which is represented by a
transition to state 1. The model is constructed in such a way
that the overall occupation dynamics of the QD is influenced
by neither yp, nor yge. The average photon lifetime in the
detector is also not influenced by the switching dynamics.
We emphasize that the resulting peaks in the measurement
trace vary in length as the photon lifetime is exponentially
distributed according to Yget.

B. Quantum polyspectra of Markov dynamics

In this section we show how Markov dynamics can be
treated via a quantum-mechanical master equation. Higher-
order polyspectra of Markov dynamics follow from the
powerful framework of continuous quantum measurement
theory, for which, recently, very general expressions for
polyspectra were found [16,17]. We represent the four
Markov states of Fig. 4 by quantum states |1), |2), |3),
and [4). A Markov system in state |j) with probability p;
at time ¢ can then be represented by the density matrix
pt) = Zj pji®I1j){jl, where p;; = p;. The dynamics of the
Markov system is given by the transition rates between the
states. A transition from, e.g., state |2) to state |4) is repre-
sented by a jump operator d = |4)(2|. The equation of motion
for the density matrix is then given by

p = yDld](p), 3)
where y is the transition rate and
Dld](p) = dpd" — (d"dp + pd'd)/2 “)

is a superoperator acting on the density matrix describing the
incoherent transition between two states [35]. The dynam-
ics of the full Markov model in Fig. 4 is reformulated with
the help of a Liouvillian £ acting on the density matrix. A
compact formulation for £ is obtained after introducing the
annihilation operator for the electron

= 13)(1] + 14) (2] (&)
and the annihilation operator for the photon
b= 3){4] + [1)(2]. (6)

The equation of motion
dp = ynDla'1(p) dt + youDlal(p)dt
+yun DI — a’a)b"1(p) dt + yueDIb1(p) dt
= Lpdt @)

covers all seven transitions depicted in Fig. 4. A short cal-
culation yields, for the damping operator of the third term,
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(1 —a'a)b™ = |4)(3], i.e., a transition from state |3) to |4) at
rate yp as required by our model. Equation (7) describes how
the probabilities p; of finding the system in state j change
over time. We emphasize that p(¢) always remains diagonal,
unlike in the general quantum case, where coherence between
states leads to nonzero off-diagonal elements of p(¢). The
usual master equation does not reproduce the actual stochastic
behavior of the system, nor can it directly be used to simulate
measurement traces z(#) (telegraph noise) like the trace shown
in Fig. 3(b). The so-called stochastic master equation (SME)
is, however, able to describe both the measurement outcome
z(t) and the stochastic behavior of the system p(t) [36—47].
Suppose the detector associates an output voltage U; with
state | j); then the measurement operator is within the stochas-
tic master-equation approach given by

A=Y Uilil. ®)
J
The measurement output is given by
2(t) = BPTrlp(1)(A + AT)/2] + BT ()2, ©)

where the output scales with the measurement strength 8% and
['(¢) is white background noise, where (I'(£)['(t'))=8(—t").
The equation reflects the fact that a weak measurement of A
gives information about A that is partly hidden behind back-
ground noise. In this way a collapse of the quantum state into
a definite eigenstate of A is avoided. In our case of Markov
dynamics, the switching behavior (random telegraph noise) is
obtained in the strong-measurement limit 8 > 1, where the
system reveals its state immediately and the detector output
z(t) shows the corresponding voltage level ,BZU_ j [43].

During measurement according to the SME the system
behaves as (notation from [18])

dp = Lpdt + B*D[A](p)dt
+B(Ap + pAT — Tr[(A + AT)plp) dW,

where the last line describes stochastic measurement back-
action driven by the Wiener process W, where, formally,
W =T(). Together with the last term in the first line, the
equation describes a collapse of the quantum system into an
eigenstate of A + A". The rate of the collapse scales with 82.
According to continuous-measurement theory, the spectra of
z(t) of a system that is observed in steady state are given in
terms of A and £ = L + B*D[A] [16]. In the case of pure
Markov dynamics, where the density matrix p(¢) is always
diagonal, it is easy to show that the second term in the first line
disappears and £ = L. Figure 5 shows a simulated measure-
ment trace z(¢) of the quantum-dot Markov model for y;, =
0.27kHz, yYou = 0.8kHz, ypn =298 kHz, y4ee = 5000kHz,
B? =25000kHz, and measurement operator A = |2)(2| +
|4) (4]. Traces z(t)/B> were calculated using the QUTIP library
[48]. Note that the single-photon events appear as peaks of
different lengths and weights. This is a consequence of our
Markov model, in which the photon can be detected for time
intervals of stochastic lengths governed by the photon de-
cay rate yge. The trace exhibits several peaks that do not
reach a value of 1. This is a well-known consequence of
the finite measurement strengths 2. Only in the ultrastrong-
measurement limit can a trace exhibiting only values of 1

(10)
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FIG. 5. Simulated detector output z(t)/ 8% obtained from solving
the stochastic master equation, Egs. (9) and (10). A clear telegraph-
like behavior of the dark and bright states is observed. Single-photon
events appear as peaks of stochastically varying temporal length
when zooming into a 1-ms interval of the measurement trace (see
inset). The stochastic weights of the peaks are regarded via Monte
Carlo resampling in the comparison of single-click data with model
spectra based on the SME (see Appendix A).

and 0 be reached (apart from so-called spikes with vanishing
weight [49]). In contrast, experimental measurement records
store the photon arrival times 7; with no information about the
peak areas. This discrepancy between experimental records
and the Markov model is taken care of by a Monte Carlo
resampling procedure for calculating polyspectra from single-
photon data (see Appendix A).

The analytical higher-order spectra SZ(") of z(t) are given in
terms of the propagator [16]

G(r) = "7 O(1) (1D
with the Heaviside step function ®(t), the steady state
po = G(00)p(1), 12)
and the measurement superoperator
Ax = (Ax 4+ xA")/2. (13)

The density operator is represented for calculations as an N x
N matrix for N Markov states. The superoperators act linearly
on such matrices, requiring a representation by N* numbers.
Very compact expressions follow after the introduction of
the modified propagator G'(t) = G(t) — G(c0)O(7) and the
modified measurement operator A'x = Ax — Tr(Apg)x. The
authors of [16] found

SO (w) = BHTIA'G (@) A pol + Tr[A'G (—w)A pol}
+B%/4, (14)

where G'(w) = [ G'(t)e" dt is the Fourier transform of
G'(t). The third-order spectrum is

3
SO (w1, w2, w3 = —w1 — @)

=B Y TAG @)AG (@n+ o)A pl. (15)

{k,l,m}eprm.{1,2,3}
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where the sum accounts for all six permutations (prm.) of
the indices of the w;’s [50]. The fourth-order spectrum is
given in Appendix B. We state for completeness the first-order
polyspectrum

S = (z(t)) = B*Tr[Apo], (16)

which is simply the expectation value of the measurement
operator. Usually, Sg” is nonzero, as can be seen from Fig. 5,
where all peaks have a positive weight.

IV. ANALYSIS OF A QUANTUM EMITTER

In this section we apply our theory to the analysis of single-
photon data measured by Kurzmann et al. on a single InAs
quantum dot embedded in a p-i-n diode matrix [10,23]. Ran-
dom in and out tunneling of electrons switches the quantum
dot between a charged and uncharged state (see Fig. 1). Our
aim is to recover the in- and out-tunneling rates yi, and You
for the case of a strongly reduced fraction o of photons [see
Figs. 2(a) and 4]. Experimental polyspectra up to fourth order
are calculated from the photon arrival times using the recipe
in Appendix A. The spectra are displayed in Figs. 2(b)-2(d)
along with model spectra that were calculated by fitting the
corresponding quantum polyspectra (for details see below).
The power spectrum S features a peak at zero frequency
on top of a flat background. The background arises from the
temporally short photon clicks, which in the frequency do-
main are much broader than the spectral features related to the
quantum-dot dynamics. The background increases relative to
the height of the zero-frequency peak as the photon fraction «
decreases. Similarly, the bispectrum S® and trispectrum S
also exhibit an overall flat positive background and some ad-
ditional structure. This background is subtracted in Figs. 2(c)
and 2(d) for better visualization of the structure.

The model spectra S M 8§D 53 and S® are fitted simulta-
neously to their experimental counterparts. The model spectra
are obtained by numerically evaluating Egs. (16), (14), (15),
and (B1), respectively, for the measurement operator .4 and
the Liouvillian £ [Eq. (7)], which depends on the parameters
Yin» Yout» and ypn. All model spectra were calculated using our
QUANTUMCATCH software library [51]. An analytic evaluation
is possible only for very simple Liouvillians £ which can
be diagonalized algebraically. The experimental spectra S
and §® contribute N? data points, where N is the number
of points used to discretize the spectrum along one axis. The
spectrum S® contributes N data points, and SV contributes
one data point. The weight of each data point that enters the
fitting procedure is given by its inverse error (square root
of the variance), which is estimated during the calculation
of the measured spectra. Data points that appear twice due
to the symmetry of the spectra are counted only with half
their weight. Overall, only the parameters y;, and o, and
the measurement strength B need to be fitted. The photon
rate ypn is not an independent fitting parameter. Since )/igl
is the average time in the bright state of the quantum dot
and y,,! is the average time in the dark state, the relation

-1
Voh Vi;]]/‘-:y(;tl
Neick 18 the number of clicks measured during the overall
measurement time Tieasure- The detector rate yqe is fixed to

= Nelick/ Tmeasure allows us to estimate ¥, where

10° kHz; i.e., it is much faster than the expected photon
emission rate. This ensures that the click peak is much shorter
than the typical time interval between the emissions of two
photons. Moreover, dead times due to the presence of a photon
which blocks the emission of a second photon are reduced.
The area under a single-photon peak in the simulated z(¢) is
the product of the peak height 82 (compare Fig. 5) and the
average temporal length of the peak, which is given by the
inverse detector transition rate yd;t' . The evaluation scheme in
Appendix A assumes unity for the average peak area. In the
case of Markov dynamics, the measurement strength 82 does
not enter the Liouvillian £ but allows for the required scaling
of z(¢) and the quantum polyspectra (see Sec. III B). The
fitting procedure will therefore always yield a 82 & 4. The
overall structures of the quantum polyspectra do not change
for a higher rate yqe as the spectral features of a single click
are unstructured and always much broader than the features of
the relevant on-off dynamics of the quantum emitter.

Figure 6 shows cuts through the experimental spectra S
and S™ along with the power spectrum S® for photon frac-
tions between @ = 1 and a = 1073, The corresponding 2o
errors appear as error bands in the plots. All fits of the full
spectra are located within the vicinity of the 2o error bands.
This confirms that our Markov model correctly captures all
system properties contained in the measured data. The relative
noise on spectra S, S&_ and S@ strongly increases with
the order of the spectrum. Such behavior is known for all
cumulant-based quantities [52]. Since S® or any spectrum of
higher order would exhibit much more noise, it is neither nec-
essary to calculate such spectra nor necessary to include them
in an evaluation procedure. Figure 7 shows the yi, and you
tunneling rates that can be determined from the experimental
spectra. To assess the reliability of these estimates, the errors
of the calculated values were determined by performing our
fitting routine on 10 different subsets of the total photon clicks
for each photon fraction o < 1. The average values of the
10 different pairs of tunneling rates are shown as dots. Their
standard deviations o () appear as 30 error bars. Useful
estimates for the tunneling rates are obtained down to very
low photon fractions of & = 1073,

Therefore, our method can determine transition rates even
when photon shot noise dominates the measured spectra. The
value of the larger tunneling rate also exhibits a larger error.
The dependences of the errors on the system parameters yiy,
Yout> and ypn (Which depend on o) and the overall measure-
ment time are not trivial because the analytic expressions for
SM to §@ which are the fitting functions [see Eqs. (14)—(16)
and (B1)], depend on the factor exp(L't). This factor depends
nonlinearly on ¥in, You, and ypn, which appear as parameters
in the Liouvillian £’. We, nevertheless, have started to numer-
ically study the dependences of the errors. The problem is,
however, clearly beyond the scope of the present paper.

V. DISCUSSION

Here, we put our work in context with previous work on
quantum measurement theory and with the classical theory
of stochastic processes. The stochastic emission of photons
contains information on the quantum system. We recently
gave a theoretical treatment of such “random-time quantum
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FIG. 6. Cuts through experimental polyspectra up to fourth
order calculated (dotted line) for photon fractions o =1, 1071,
1072, 1073 in comparison with quantum polyspectra of the model
system used for fitting (solid line). The values have been offset for
visual clarity, as indicated by the dashed lines.

measurements” in terms of quantum polyspectra of general
systems that may exhibit both coherent quantum dynam-
ics and damping in the Markov approximation [18]. Their
polyspectra were shown to reveal the same information as
polyspectra obtained in a traditional continuous quantum
measurement. The present paper gives a successful example
for analyzing a real-world random-time measurement in the
pure Markov case.

In 1955, Cox introduced a class of classical stochastic pro-
cesses in which the rate y (¢) of events (like photon clicks) is
itself a stochastic process [22]. The blinking dynamics treated
here is therefore a special case of a Cox process where y (t)
originates from a Markov model. Our quantum polyspectra
approach is a solution to the question of how the stochastic
process y (t) can be fully characterized from the data of the
original Cox process. We expect that our approach will inspire
more work on the analysis of general Cox processes. We are

total number of photons

10° 106 107
_1.0f Il i Yout
N * + ¢ . . . .
i
=~ 0.5 Yin
+.+0-0 -0 o . . . .
0015 102 101 109

photon fraction a

FIG. 7. Tunneling rates y;, and y,, are obtained from fitting
quantum polyspectra to experimental spectra. A photon fraction as
low as @ = 1073 is still sufficient to fully characterize the blinking
behavior. The mean values (dots) and error bars (£30) are derived
from fits to 10 different subsets of the total photon clicks with the
same «. The estimated tunneling rates for « = 1 are shown as dashed
lines.

aware that our current notation is mostly accessible only to
researchers with a profound background in quantum mechan-
ics because the theory of quantum polyspectra is based on a
sound understanding of quantum-mechanical density matrices
and their master equations. While this general approach easily
allows for the inclusion of quantum dynamics (see [18]), it
asks, in the Markov case, for a simplified reformulation in
the language of continuous Markov models. Since p is al-
ways diagonal, it can be represented by a vector with only
N entries. The Liouvillian £ (represented by N* numbers)
will be replaced by a much simpler and numerically less
demanding N xN transition matrix. Also, the equations for
analytical polyspectra will no longer relate to quantum ob-
jects but, rather, to entities of Markov theory, making our
polyspectra approach more accessible to researchers from the
mathematical statistics community.

VI. CONCLUSION

In this study, we introduced an evaluation scheme that
leverages higher-order spectra of single-photon measurements
to analyze the blinking dynamics of quantum emitters. Our
method eliminates the notorious requirement for a minimum
light level, as the spectra can be calculated directly from the
single-photon measurements. This allows us to extract valu-
able information about blinking dynamics in regimes where
traditional methods based on photon binning would fail. Our
approach is highly versatile and can be readily generalized
to multistate Markov models and quantum systems exhibiting
coherent dynamics. This opens the door to exploring even
more complex quantum phenomena, such as the transition to
the quantum Zeno regime under single-photon measurements
[18].

Generally, our scheme does not compromise measurement
bandwidth or the accuracy of recovered system parameters
since the system dynamic frequencies that can be recov-
ered from single-photon measurements are not constrained
by the average photon rate. This enables the investigation of
systems previously considered beyond analytical reach and
could inspire the design of experiments deliberately in the

062210-7



M. SIFFT et al.

PHYSICAL REVIEW A 109, 062210 (2024)

low-photon-rate regime, where disturbances to quantum sys-
tems can be minimized. This innovation paves the way for new
research opportunities in nanoelectronics, quantum sensing,
and fluorescence microscopy.
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APPENDIX A: POLYSPECTRA OF SINGLE-PHOTON
MEASUREMENTS VIA MONTE CARLO RESAMPLING

The calculation of polyspectra from bandwidth-limited
data is based on the sampled data z; (see Ref. [14]). The
data stream z(¢) is divided into time intervals of length T
corresponding to N data points 2, where n is the number
of the interval and j = 0O, ..., N — 1. The Fourier coefficients

(1]((’1) Z g Z(n) 2mijk/N (A1)
are the basis for estimating the power spectrum
NC a(”)’ a('l)

Sé”(wk =27k/T) ~ M (A2)

Ty g8

where g; are the coefficients of a so-called window func-
tion which improves the spectral resolution of the spectrum
[14,53] and Cy(x, y) = (xy) — (x){y) is the second-order cu-
mulant (identical to the covariance). The expectation values
(-) refer to the ideal case of an infinite amount of data. In the
case of a limited number m of data pairs x and y, the esti-
mator ¢;(x,y) = %(x_y — Xy) yields an unbiased estimate
of C,(x,y), where the overline (+) denotes the average of m
samples [52]. The famous prefactor 1/(m — 1) is known as
the Bessel correction and appears in the literature for estima-
tors of the variance (see Ref. [54] for the variance estimator
and its higher-order generalizations). The corresponding ex-
pression for the bispectrum S and trispectrum S{* can be
found in Appendix B of [14]. The analysis of single-photon
click events requires a modification of the scheme above for

2

J

4 8
S (w1, 02, 03, 04 = —01 — 0y — w3) = B

{k,l,m,n}eprm.{1,2,3,4}

two reasons: (1) Photons detected at times ¢; correspond to
a continuous-measurement record z(t) = > j 8(t —t;), where
8(t) is the Dirac-delta distribution function. A naive dis-
cretization of z(¢) into finite time steps is no longer possible.
(2) The detector model within our Markov theory does not
yield § pulses for the theoretical detector output z(¢). Instead,
short box-shaped pulses of varying temporal length At appear,
where Ar is exponentially distributed with the distribution
function p(At) = ygere 7 for At > 0 and 0 otherwise. The
contribution of such pulses to the Fourier coefficient there-
fore varies correspondingly. For a comparison of experimental
spectra and model spectra issues 1 and 2 have to be taken into
account. Consider click times t(" that relate to the same time
interval n of length 7. A Monte Carlo resampling of the click
events yields new Fourier coefficients

a’,(c”) = Z g(t](.”))b;") exp (iwkt;")),

J

(A3)

where the §-like contribution at time " enters the coef-
ficient and the exponential distribution is regarded via the
new random variables b(”) which are distributed according to
p(x) =e*. The polyspectra are then calculated via Eq. (A2)
and its higher-order generalizations by replacing a(") by a/(”)
and averaging over, typically, 100 different reahzatlons of ran-
dom b(j")’s. A naive approach, where p = 1, would result in
incorrect spectra as higher-order moments of b; appear in the
calculation of spectra, and the correct exponentlal distribution
yields, e.g., (/") = 1, (b%")?) = 2, and ((b")*) = 3!, while
b;") =1 Would yield a value of 1 for all those moments. All
experimental spectra were calculated using our SIGNALSNAP
toolbox [27]. While the introduction of new randomness via
Monte Carlo resampling seems not to be very elegant, its
numerical implementation is straightforward and successfully
bridges experiment and theory. Nevertheless, a more direct
scheme of calculating experimental spectra from the time
stamps ¢; without the need for introducing new randomness
is certainly desirable but currently elusive.

APPENDIX B: FOURTH-ORDER
QUANTUM POLYSPECTRUM

The fourth-order polyspectrum of the detector output z(t)
of the continuously monitored quantum system in the steady
state follows from the SME and the definition of Brillinger’s
polyspectra S;”). The spectrum (for second- and third-order
spectra see the main text) [50]

{TI'[.A/Q,(CU,, )A/g/(wm + wn)A,g,(a)l + wn + wn)-A/:OO]

1
5 / Tr[A'G (0,)G (W + wp — 0) A pol Tr[A'G (0)G (0 + W + ) A’ poldw

1
_E f TI[A/g/(wn)g/(wl + Wi + a)n)g,(a)m + wy — w)A,IOO]Tr[A/g/(w)A/iOO]dw}

(BD)

was first derived in Refs. [16,17], where an efficient method for its evaluation was also given. The spectra in this work were
numerically calculated from the Liouvillian £ and measurement operator .A using our software library QUANTUMCATCH, which
is based on the QUTIP and ARRAYFIRE software libraries [48,51,55].
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