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Spin Noise Spectroscopy of a Single Spin Using Single Detected Photons
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Spin noise spectroscopy has become a widespread technique to extract information on spin dynamics in
atomic and solid-state systems, in a potentially nonperturbative way. Here we experimentally demonstrate a
new approach in spin noise spectroscopy, based on the detection of single photons. Because of the large
spin-dependent polarization rotations provided by a deterministically coupled quantum dot-micropillar
device, giant spin noise signals induced by a single-hole spin are extracted in the form of photon-photon
cross-correlations. Ultimately, such a technique can be extended to an ultrafast regime probing mechanisms

down to few tens of picoseconds.
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Quantum systems are inherently subject to noise arising
from their coupling to an environment, which represents a
challenge for quantum technologies [1-3]. Spin noise
spectroscopy (SNS) [4] has emerged in this context as a
powerful tool to probe the dynamics of atomic [5] and solid-
state [6] spins. Standard optical SNS typically involves
measuring polarimetric signals, such as Faraday-Kerr
polarization rotations or circular dichroism, which are
proportional to the internal magnetization [7]. Measuring
the noise power spectrum of such signals allows retrieving
the information on their temporal correlations, and thus,
on the temporal correlations of the system’s magnetization,
governed by the internal spin dynamics [8]. A strong
advantage of such a method is that it can potentially be
nonperturbative, probing internal fluctuations within a
system kept at thermal equilibrium [7].

Important advances were obtained in the last decade,
including high-frequency SNS using pulsed lasers [9,10],
heterodyne SNS detection [11-13], two-color SNS [14],
access to temporal correlation functions beyond second-
order [15], and beyond thermal equilibrium [16-19]. Yet,
the low polarimetric signals imprinted by single spins [20]
have limited most SNS experiments to spin ensembles,
contrary to perturbative techniques typically used to study
single-spin relaxation [21,22] and decoherence [23,24].
A promising route to implement SNS with single spins
relies on the enhancement of polarimetric signals [25-27].
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Yet, only a few pioneering experiments of single-spin
SNS could be reported, using planar microcavities [28-30].
Thus far, no experiments have been reported to enhance
SNS in 3D-confining microcavities.

In this Letter, we report on a novel approach, measuring
the spin noise (SN) signal induced by a single spin
through the detection of single photons. Our technique
takes advantage of the large polarization rotations induced
by a charged quantum dot (QD) in a pillar microcavity
[31-33]. We implement photon-photon cross-correlations,
measured along optimized polarization bases, to demon-
strate giant SN signals induced by a single hole spin.
The experimental data are all reproduced by a complete
numerical description of the system, taking into account the
hyperfine interaction between the electron-in-trion and the
surrounding nuclei, resulting in nontrivial spin dynamics
[21,22]. The time-dependence of the cross-correlations
provides direct access to the spin dynamics, i.e., the spin
noise, circumventing the need to measure power spectra
[28-30]. Additionally, the absolute amplitude of the mea-
sured correlators informs us on the environmental noise
sources broadening the optical transitions [34], and on the
measurement back-action induced on the system by the
detection of a single photon. Ultimately, this approach
paves the way towards single-spin SNS experiments above
10 GHz, limited only by the temporal jitter of single-photon
detection.

The experiments we report are performed with the
sample structure of Ref. [35], which allows optically
injecting a single hole in an annealed InAs/GaAs QD [36]
(see also Supplemental Material [37]). The spin dynamics

© 2025 American Physical Society
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FIG. 1.

(a) Energy level scheme of a positively charged quantum dot under a longitudinal magnetic field, inducing a Zeeman splitting

A,. (b) The polarization §0ut reflected by the micropillar depends on the QD state and on the QD-laser detuning Aw. (¢) Frequency
configuration of the QD transitions (top) compared with the cavity modes (bottom). (d) Numerical simulations, in the absence of noise,

of the output polarization S 1 (upper left panel) and S 1 (upper middle panel), as a function of Aw. In the upper right panel, S:ﬂ and S | are
shown together, projected in a plane perpendicular to HV, highlighting symmetry axes A’D’ and R’L’ rotated with respect to AD and RL.

The lower panels show the Stokes vectors §ﬂ, S - and §® for the same selected detunings, projected in the HV-A’D’ plane.

and optical properties of this device are captured by the
5-level system in Fig. 1(a). The charged QD ground states
(hole spin |{}') or ||} }) are connected to the excited trion
states, respectively [P ) or [ f11}), by circularly L or R
polarized transitions [47]. As in previous works on single-
spin SNS [28-30], a longitudinal magnetic field of 30 mT is
applied to partially shield the spin from nuclear spin
fluctuations. The degeneracy of the QD transition at wgp =
1.3392 eV (A = 1 units throughout the text) is lifted with a
Zeeman splitting A, = 1.33 peV. A fifth empty state |@)
represents the uncharged quantum dot. Both |[f)—|1 1)
and [{J)—|}1{}) transitions are excited by the same
continuous-wave laser with energy ., detuned
by Aw = Wjyer — @qQD-

The micropillar cavity sketched in Fig. 1(b) has two
modes M = H, V, corresponding to orthogonal linear
polarizations defined as horizontal and vertical. The incom-
ing polarization is described in the Poincaré sphere by the

1nput Stokes vector Sm, and we, respectively, denote Sﬁ,

S s and S@ the output Stokes vectors obtained condition-
ally to the system states |f}), |{}) and |@) [Fig. 1(b)]. We
choose §in along the cavity eigenaxis H, ensuring that
§® = §in: the reflected polarization remains unrotated in
absence of interaction with the QD. The cavity is bire-
fringent, with mode energies w.,,y and @,y separated
74 £5 peV, compared to the mode linewidths xy = 420 &+
20 and xy = 430 %= 20 peV. The QD, slightly red-detuned
1.6 peV from the central energy (@eyy + @cavv)/2, is
coupled efficiently to both modes [Fig. 1(c)]. These
parameters, along with the cavity output coupling

efficiency 7, = 0.89 £ 0.05 for both modes, are extracted
from separate polarization-resolved experiments performed
when the system is in state |@) [37,48].

In the absence of noise induced on the optical transitions,
and in the low-power limit, Sy and S are pure states that
can be analytically derived [33,37]. They depend on the
detunings between the laser, QD, and cavity energies; on
the parameters ky;, Ky, and 77,,,; on the QD-mode coupling g
(governing Purcell-enhanced emission in the cavity mode);
and on the rate of spontaneous emission in other modes,
vsp- Figure 1(d) displays the predicted vectors (§ﬂ: upper
left panel, S 1+ upper central panel) in the absence of noise,
for various detunings Aw (see color scale and selection of
detunings). These vectors are computed using previously
mentioned parameter values, together with g = 17.5 0.5
and y,, =0.9+0.2 peV, these estimations being dis-
cussed later on. R .

As the excitation laser approaches resonance, Sy and S
experience giant rotations around the sphere, governed by
the interference between the coherent QD resonance
fluorescence and the laser light directly reflected by the
empty cavity [37]. The trajectories of the Stokes vectors
§ﬁ(Aa)) and § 1 (Aw), when Aw is continuously varied,
show a symmetric behavior highlighted in the upper right
panel of Fig. 1(d). In this panel, the possible values of
§ﬂ(Aa)) and S 1 (Aw) are projected in the RL-AD plane
(A/D: antidiagonal or diagonal polarization). It is conven-
ient, however, to work with the symmetry axes R’L’ and
A'DY, rotated 23° with respect to RL and AD, due to cavity
birefringence [37]. In the bottom panel of Fig. 1(d), the
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FIG. 2. (a) Experimental setup [linear polarizer (LP); non-
polarizing beam splitter (BS); quarter/half waveplate
(QWP/HWP); Wollaston prism (WP); avalanche photodiodes
(APD). (b) (Top) Normalized reflected intensities Iy, Iy, and
Iy + Iy as a function of the detuning between @y, and the
average QD energy @wqp. (Bottom) Stokes parameters Syy, Spa.
and sy of the reflected polarization state. (c) (Left) Reflected
averaged polarization, projected on the HV-D’A’ plane. (Right)
Zoom on the region of interest.

Stokes vectors S’ﬂ, S - and §® are displayed as projections
in the HV-A'D’ plane, for selected detunings (see legend).
Close to resonance, the Stokes vectors can be drastically
modified by a few peV variation of Aw. For individual
values of Aw, an asymmetry is observed between the

orientations of S ¢ and S  with respect to the HV axis, due
to the Zeeman splitting.

We now turn to the optical setup in Fig. 2(a). A cw laser,
tunable around 926 nm, is injected into the pillar micro-
cavity with incoming powers between 4 and 64 pW, to
probe the optical transitions in the linear, low-power
regime [49]. A telescope, and a cold lens inside the cryostat
(T = 4 K), allow producing a laser spot size of 2 pm on the
pillar surface, for an optimal injection in the cavity [48]. A
set of quarter and half waveplates align the incoming
polarization with the cavity eigenaxis. The reflected light is
sent, via a R90-T10 nonpolarizing beam splitter and a
single-mode fiber for spatial filtering, to a polarization
analyzer. The latter, composed of a quarter-waveplate, a
half-waveplate, and a Wollaston prism, allows separating
any polarization X from its opposite X, directing them to
two single-photon avalanche diodes. This setup is used
both for reconstructing the output polarization [50] and
measuring photon-photon cross-correlations. Undesired
polarization rotations induced by the setup are compen-
sated by slightly adjusting all waveplates. In addition
to the tunable laser, a second-color CW laser at 901 nm,
linearly polarized and with 4 pW power, is used to
optically inject a hole spin in the quantum dot. It allows
selectively exciting the neutral exciton transition, through a
quasiresonance [35,37]. Whenever the QD is uncharged,

this laser is used to populate the exciton state until a
photoexcited electron escapes the QD, leaving a hole to
populate the dot for typically 100 ps [35,37]. This laser is
spectrally filtered out. Background counts, coming from
dark counts and residual emission induced by the 901 nm
laser, are subtracted from all our intensity and cross-
correlation measurements [37].

In Fig. 2(b), we display the measured output intensities
along H and V polarizations, normalized by the incoming
intensity, as a function of @i, — @gp, With @gp the
average QD energy taking into account the inhomogeneous
broadening of the optical transitions [34,37]. The peak
signal in the intensity /y corresponds to cross-polarized QD
resonance fluorescence; the dip in /4 results from destruc-
tive interference between the directly reflected laser and the
copolarized resonance fluorescence. Spectral wandering,
i.e. slow fluctuations of the QD energy, broadens the
emission line with a standard deviation ogy =
2.6 £0.5 peV (deduced from fits discussed later on)
around the average energy @gp.

Complete tomography of the output state is shown in the
bottom panel of Fig. 2(b). The Stokes parameter syy is
defined as syy = [(Ig — Iv)/(Ig + Iy)], with analogous
definitions for sp, and sgp. In Fig. 2(c) we display the
Stokes vector in the HV-D’A’ plane, as a function of
Diyser — @op [37]. The depolarization at QD-laser reso-
nance comes from two effects. First, the lack of spin
initialization, and the limited charge occupation prob-
ability of 75% 4 5% (studied separately, using cross-
correlation measurements in the HV basis [35,37]), lead

to a polarization state averaging contributions from S s S s
and §® [33]. Moreover, the value of ogy is large enough to
induce an additional averaging over fluctuating vectors Sy
and § e

Intensity measurements provide information on the
system’s steady state, yet convey little information on
the spin dynamics. In the following, we fix @y, and
analyze the polarization fluctuations by measuring the
cross-correlation function in basis XX:

P(X,7|X,0)
PX)

2
gax(7) =

(1)
with P(X,7|X,0) the conditional probability to detect a
photon in X at time 7, knowing that a previous photon was
detected in X at time 0, and P(X) the detection probability in
X. Generalizing from Ref. [51], we use this function to
define the (basis-dependant) correlator Cx(7) =1— gg(r)

To interpret such quantities, let us consider an ideal case
where |@) is not populated, where §ﬂ and § 4 correspond to
opposite states in the Poincaré sphere, the measured states
X/X, respectively, pointing towards S’ﬁ/ S ¢~ In such ideal
case, an X-polarized detection indicates that the spin is |{])
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FIG. 3. (a) Correlator Cy(r) measured in basis 00 for various angles (see left inset): & = 0° (blue dots), = 49° (yellow dots) and
0 = 79° (green dots). Right inset: maximum signal Cy(0) measured (blue dots) as a function of 6. (b) Correlator Cy(z), for a fixed angle
6 = 0°, and for different laser powers. Each curve is vertically displaced by 0.1 for easier visualization. (c) SN spectrum, obtained
through the FFT of the correlator Cy(7), measured at 4 pW (blue dots: experimental data, red solid line: single Lorentzian fit of the SN
spectrum). Inset: Effective spin relaxation rate increasing linearly with the excitation power. In all panels, solid black lines correspond to
fits obtained with a single numerical model reproducing all experiments.

after detection (perfect measurement). Subsequent reflected
photons will then be in the same polarization §ﬂ, implying

that no photon can be detected in X, hence ggé)-((r) =0 and
Cx(7) = 1. Spin relaxation then leads to the correlator
decaying towards Cx(z) = 0. In such ideal case, Cx(7)
matches the quantity of interest in SNS, i.e., the spin
correlation function (S.(7)S,(0)) (with S, the spin projec-
tion in the light beam direction [8]). Indeed (S.()S3.(0))
also decays from (82) = 1 to (8,)(S,) = 0, with a dynam-
ics governed by spin relaxation.

In practice, spectral wandering induces variations of Aw,

even though wy,, is fixed, so that Szﬁ and S | strongly
fluctuate (see Fig. 1). Still, for some orientations of S ¢ and

S y» and a properly chosen basis XX, an X-polarized
detection event may create a significant imbalance between
the conditional probabilities for states |{}) and ||} ). This, in
turn, decreases the probability for subsequent photons to be
measured in X, leading to intermediate cross-correlations at
short delays [0 < ggé)( (0) < 1], and thus, lower-than-unity
values of Cx(0).

In Fig. 3(a), the measured correlator Cy(z) = 1 — géz-) (7)
is plotted for @y, = @qp, for different bases 00 (theo-
retical fits are discussed later on). These bases, chosen in
the D’A’-R’L’ plane previously defined, are uniquely
determined by the angle 8, measured with respect to the
D’A’ axis [left inset of Fig. 3(a)]. This choice ensures that
both |@) and |#) are perpendicular, in the Poincaré sphere,

to §® = |H). As such, a detection event in polarization |6)
does not modify the conditional probability to be in the
state |@), and only modifies the imbalance between
occupation probabilities for states |{}) and ||}). In such
a case the relaxation dynamics of the correlator Cy(7) is
only governed by spin relaxation, as desired, and is kept
insensitive to the charge dynamics [37]. The strength of this

spin noise signal is described by the short-delay correlation
value Cy(0), reaching up to Cy(0) =0.25 at 6 =0.
This value represents a giant SN signal, yet lower than
the ideal maximum C((0) = 1. The angular dependence of
Cy(0) is displayed in the right inset of Fig. 3(a). Notably,
Cy(0) strongly decreases when @ approaches z/2. This
highlights the importance of measuring along D’A’

(@ = 0), which allows best discriminating between §ﬂ

and S y [see Fig. 1(d)], thus creating maximal imbalance
between the conditional occupation probabilities for |f})
and ||}). Conversely, measuring along R’L’ [0 = /2]
implies that |@) and |0) are approximately perpendicular
to §ﬂ and § | in the Poincaré sphere, which translates into a
negligible imbalance of the conditional spin populations
after detection.

After photon detection, the system’s conditional density
matrix evolves back to the steady state, yielding a
progressive decay of Cy(z). Figure 3(b) displays the
correlator measured in the optimal D’A’ basis, Cy(z), for
different incoming powers P;,, showing that the spin
relaxation becomes faster at higher powers. This is typical
in a positively charged quantum dot, where the hole spin
lifetime is orders of magnitude larger than the electron-in-
trion spin relaxation time [28,29]: spin-flip events occur
predominantly between the two trion states, with a rate
increasing with the trion occupation probability.

Before discussing the fits in Figs. 3(a) and 3(b), we
display in Fig. 3(c) the Fourier transform of the correlator
Co(7), equivalent to a spin noise spectrum [51], for
P;, =4 pW. As a first approximation, the spectrum is
tentatively fitted by a single Lorentzian (red solid line),
following Ref. [28]. An effective, monoexponential spin
relaxation rate is deduced from the Lorentzian full width at
half maximum (FWHM), as '™ = 7z x FWHM. This
effective rate increases linearly with P;, (inset) and, thus,
with the trion occupation probability. This confirms that
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direct hole spin flips between |f}) and ||} ) play a negligible
role in the effective relaxation, which is dominated by
the electron-in-trion, i.e., spin flips between |11{}) and
|} ). Extrapolating this linear fit to the low power limit,
an intrinsic hole spin relaxation rate of 80 & 30 kHz can be
estimated, compared to several kHz measured in Ref. [28],
also with a 31 mT longitudinal magnetic field yet with a
nonannealed QD.

We now turn to our complete fits, performed with a
numerical model solving the system’s master equation,
and reproducing all experiments with a single set of
parameters [37]. This model allows computing the system’s
steady state density matrix (governing all fits in Fig. 2), as
well as the conditional density matrix after photon detec-
tion, and its subsequent relaxation (governing all fits in
Fig. 3) [37]. Instead of relying on the empiric description
with a Lorentzian fit, our model explicitly takes into
account the hyperfine interaction induced by nuclear spins,
in the form of a frozen, randomly oriented Overhauser
field [47], to which the electron-in-trion coherently couples
(coupling strength y, = 0.5 £ 0.1 peV) [37]. In such a
model, the electron spin precesses around an effective axis
given by the sum of the Overhauser field and the
longitudinal applied field. This leads, when averaging over
all orientations of the Overhauser field, to a non-mono-
exponential dynamics [52]. Following Refs. [53-55], we
also introduce an additional isotropic electron spin
relaxation time 7, = 70 &= 10 ns to take into account a
slower, monoexponential spin relaxation process which
is not described by the purely frozen Overhauser field
model [37]. In lack of significant experimental signatures,
we did not include in this model the hole spin hyperfine
interaction, nor any additional hole spin relaxation [37].

This global, fully numerical model, is found to
reproduce all correlators in Figs. 3(a) and 3(b), and the
SN spectra of Fig. 3(c) (black solid line), more realistically
than empiric individual fits. In particular, the non-
mono-exponential dynamics is apparent at short delays
and, correspondingly, the high-frequency slope of the SN
spectrum does not match the expected slope for a
Lorentzian behavior. Interestingly, this numerical model
also allows predicting absolute amplitudes for the corre-
lators and SN spectra. The fit of these amplitudes, together
with the fits of all Stokes and reflectivity measurements in
Fig. 2(b), is achieved by adjusting 4 parameters simulta-
neously: the light-matter coupling g = 17.5 £ 0.5 peV, the
emission rate in other modes than the cavity mode
Ysp = 0.9 £0.2 peV, the standard deviation of the QD
frequency ogw = 2.6 £0.5 peV, and an additional QD
pure dephasing rate y* = 0.4+ 0.1 peV for the trion
transitions [37]. Overall, while the time dependence of
correlators provides information on the dynamics of the
spin itself, i.e., spin noise, their absolute amplitude pro-
vides information on the environmental noise [34,37]
inducing a broadening of the optical transitions.

Measuring absolute correlator amplitudes is also a good
way to access the measurement back-action induced by a
single detected photon [51]. Perfect back-action, which is
crucial for spin-photon entanglement protocols [56], would
correspond to Cy(0) = 1, which could be reached through
a strong reduction of spectral fluctuations [33].

In conclusion, we show that single-spin SNS can be
performed with single-photon detectors, through cross-cor-
relations between detection events, taking advantage of giant
polarization rotations in pillar-based structures. The funda-
mental difference, compared to frequency-domain measure-
ments with balanced photodiodes [28-30], is the use of
quantum optics tools [51]. This relates our approach to the
framework of random-time quantum measurements [57],
allowing higher-order correlation measurements using
time-tagging data [58]. A number of phenomena could be
studied thanks to the versatility of the approach, which could
be extended to various combinations of detectors and
measurement bases. This includes cross-correlations in the
HV basis [37], which allow maximizing the sensitivity to the
charge dynamics while minimizing the sensitivity to the spin
dynamics. Our approach could also be extended to band-
widths above 10 GHz, limited only by the temporal jitter of
photon detection, allowing the direct monitoring of Larmor
precessions, electron spin relaxation and decoherence, or
damped Rabi oscillations between the ground and trion states
[51]. It is also the starting point for fundamental studies
quantitatively addressing the quantum back-action induced
by photon detection [51,57,59]. Ultimately, giant optical
rotations could be exploited with sub-nanosecond pulses,
to achieve single-shot spin readout [60,61] using few photons,
or to demonstrate the deterministic entanglement of a spin
qubit with single incoming or reflected photons [56,62].
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