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Ultrafast transmission changes around the fundamental trion resonance are studied after exciting

a p-shell exciton in a negatively charged II-VI quantum dot. The biexcitonic induced absorption reveals
quantum beats between hot-trion states at 133 GHz. While interband dephasing is dominated by relaxation
of the P-shell hole within 390 fs, trionic coherence remains stored in the spin system for 85 ps due to Pauli

blocking of the triplet electron. The complex spectrotemporal evolution of transmission is explained

analytically by solving the Maxwell-Liouville equations. Pump and probe polarizations provide full control

over amplitude and phase of the quantum beats.
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Technological advances based on genuine quantum
phenomena combine multiple opportunities and challenges.
In general, the coherence time is a crucial parameter [1,2].
Therefore, understanding intrinsic relaxation and dephasing
mechanisms in elementary quantum systems is key to
further progress [3—5]. Long-lived coherences are typically
assigned to electronic states close to equilibrium, where
protection from pure dephasing is well known [6-10].
Despite the importance of highly excited states for quantum
technology [11,12], their relaxation and dephasing dynam-
ics remains poorly understood. In this context, the restricted
phase space and large transition dipoles in semiconductor
quantum dots (QDs) [13] offer interesting perspectives for
spin-to-photon interfaces [2,14—17]. Specimens based on
II-VI compounds may be especially advantageous since
strong electronic confinement and Coulomb interactions
enhance energy separations [ 18], enabling coherent manipu-
lation even with femtosecond light pulses [14]. In principle,
driving such quantum systems far from equilibrium allows
to study both lifetime and potential transfer of quantum
coherence between excited states as well as full relaxation
pathways of individual charge carriers.

In this Letter, we report ultrafast generation and manipu-
lation of a persistent coherence between excited trion states
of a single negatively charged CdSe/ZnSe QD. Spectral
changes of induced absorption into biexcitonic states
directly reveal quantum beats between trion triplet states.
Very surprisingly, the coherence between hot-trion states is
transferred upon scattering of the photoexcited hole within
390 fs. Subsequently, it remains protected by the Pauli
blocking of hot-electron relaxation and persists for 85 ps,
i.e., almost three orders of magnitude longer than the
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timescale required for coherently initializing and manipu-
lating the quantum system.

Our experimental setup consists of a three-color femto-
second fiber source coupled to a polarization-sensitive
transmission microscope operating at 1.6 K [19].
Individual CdSe/ZnSe QDs [20,21] are embedded into
subwavelength Al apertures to increase light-matter coupling
[14,19]. Interband excitation generates a trion comprising
two electrons and one hole. Figure 1(a) shows a micro-
photoluminescence spectrum. At an energy of 2.1482 eV, the
radiative recombination X~ of the trion ground state (|TGS))
into the global ground state (JQDGS)) is observed. Two
emission lines XXy and XXy appear redshifted to X~ at
energies of 2.1429 and 2.1434 eV, respectively. A quadratic
increase of intensity with excitation power [21] assigns them
to recombination of the charged biexciton ground state
(|CBGS)) into trion triplet states |X) and |Y) [28], which
are spectrally split by (550 £+ 5) ueV. Note that we work
with an excitation intensity weak enough to ensure a low
probability for generation of a biexciton by the pump. A level
scheme together with relevant electronic configurations is
depicted in Fig. 1(b). |X) and |Y) are both composed of one
hole in the S shell of the valence band and two electrons, one
each in the conduction-band s and p shells. |X*) and |Y*)
have identical electron configurations but the hole occupies
the P shell. Various spin configurations split in energy by
exchange interactions emerge [14,28-31]. Specifically, the
electron-electron exchange lifts the degeneracy between
singlet and triplet configurations. Electron-hole exchange
then separates the triplet states into two bright levels |X) and
|Y), depending on the in-plane asymmetry of the confine-
ment potential. Close to cylindrical symmetry, XXy and
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Relative differential transmission of a single CdSe/ZnSe QD. Pulses polarized linearly along éx — €y initialize a superposition

of excited states | X*) and | Y*), probed collinearly. (a) Microphotoluminescence. X~ denotes the fundamental trion resonance. XXy and
XXy indicate recombination of the biexciton ground state [CBGS) into triplet states |X) or |Y). (b) Few-level system. Radiative and
nonradiative transitions are marked with solid (green and red for pumping and probing) and dashed gray arrows, respectively. Dashed
blue arrows indicate phase relationships between eigenstates. 7; marks the hole relaxation time, 7 the p-shell electron relaxation time,
75 the interband dephasing time and 7xy the dephasing time of the quantum beats. (¢) Relative differential transmission AT /T color-
coded versus photon energy and pump-probe delay time. (d) Dynamics of A7 /T around XX, visualized as yellow-orange circles with
an error margin of £2 x 107°. The orange line represents a least-square fit to our theory.

XXy are circularly polarized. |X) and |Y) then decay into
the |TGS) with distinctly different relaxation times [14].
A significant deviation from cylindrical symmetry results in a
linear polarization of XX5 and XX7 [28] along the principal
axes €x and éy of the confinement potential and similar
relaxation rates of |X) and |Y), respectively. Polarization-
sensitive photoluminescence (PL) spectroscopy assigns our
QD to the latter type [21].

We now excite p-shell transitions of the QD initializing a
coherent superposition of |X*) and |Y*) with 520-fs pulses
of a central photon energy of 2.228 eV and spectral width of
5 meV, which are linearly polarized along éx — €y [green
arrows in Fig. 1(b)]. 100-fs probe pulses are collinearly
polarized and centered at 2.145 eV. Their bandwidth of
25 meV covers the entire range of fundamental trion and
biexciton emission. Typical average powers for incident
excitation and readout pulse trains are 10 and 1 uW,
corresponding to pulse areas of 0.72z and 0.227, respec-
tively [21]. Figure 1(c) shows the color-coded relative
differential transmission AT/T as a function of photon
energy and time delay 7, between pumping and probing.
Where probe pulses precede excitation at negative fp),
delay-dependent modulations at X~ result from a perturbed
free induction decay [15,32]. For positive 5, tWo processes
contribute equally to the signal at X~. First, ultrafast
bleaching due to Coulomb renormalization [14,15] results
in a steep increase to half of the maximum AT/T on a
timescale below 1 ps [21]. Subsequently, single-photon
gain emerges on a 100-ps timescale when population
inversion between |TGS) and |QDGS) is established,
directly revealing the intraband scattering times from
|X*) and |Y*) into |TGS) [14]. As we will show below,

the timescale for establishing the |TGS) is completely
dominated by electron relaxation because the scattering of
the hole, i.e., the step from |X*) or |Y*) to |X) or |Y),
respectively, proceeds very rapidly. A |TGS) recombination
time 7/7gs) of (366 & 33) ps is deduced from AT'/T ateven
longer delays. At the energy of XX5 and XXJ, negative
signatures appear for positive ?p. They originate from
activating optical transitions from |X) and [|Y) into
|CBGS), as indicated by red arrows in Fig. 1(b). The most
striking feature in this region is a long-lived periodic
modulation of the line shape of biexcitonic induced
absorption. A fast Fourier transform of AT/T at XXy
reveals an oscillation frequency of (133 +2) GHz,
coinciding exactly with the energy difference between
the biexcitonic emission lines of (550 +5) ueV. This
finding suggests that the signal emerges from quantum
beats between |X) and |Y), as indicated by a dashed blue
arrow and dephasing time 7xy in Fig. 1(b). The modulation
is analyzed in more detail in Fig. 1(d). The yellow-orange
circles result from spectrally integrating AT /T around the
position of XX5 within an interval of 0.4 meV. The decay
of the amplitude is caused by the relaxation of the p-shell
electron to the s shell, corresponding to the transitions from
|X) and |Y) into |[TGS). From a model fit to the data in
Fig. 1(d), we extract a time constant of 7; = (85 + 10) ps
for this process [see gray dashed arrows in Fig. 1(b)]. The
consistency of our picture is underlined by the rise time of
single-photon gain at X~ [Fig. 1(c)] of (83 + 12) ps [21]:
scattering of electrons from the p shell directly populates
the s shell, thus establishing the |TGS) with a time constant
identical to 7. Compared to other excited trion states [14],
the lifetime of |X) and |Y) is 1-2 orders of magnitude
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longer and merely a factor of five shorter than the interband
recombination time 7jpgs). These unusual conditions are
due to Pauli blocking by the resident electron: relaxation of
a triplet electron requires a combined electron-hole spin flip
[14,30], rendering these states metastable. While energy
relaxation is encoded in the signal envelope in Fig. 1(d), the
trion coherence manifests itself in the contrast of the
underlying oscillations. Interestingly, the quantum beats
are clearly present and even persist over the entire temporal
range of finite amplitude of biexcitonic absorption. This
finding indicates that the coherence between |X*) and |Y*)
is conserved during the relaxation into |X) and |Y) and
even remains protected from pure dephasing: the decay
time 7xy of (85 & 10) ps we extract from the oscillation
contrast again coincides with 7z. Obviously, the coherence
is limited exclusively by the population relaxation of |X)
and |Y), requiring a combined electron-hole spin flip. Note
that 7yy is much larger than the interband dephasing time 75
of (3.7+0.5) ps between |X) <> |CBGS) and |Y) <
|CBGS) derived from the PL linewidth of XXy and
XXy of (360 4+ 30) peV which is not limited by our
spectral resolution of 100 peV [19].

Considering the carrier-phonon interaction within a
Lindblad model provides a microscopic understanding of
both the conservation of coherence during relaxation of
the hole and the absence of pure dephasing thereafter
[21,33,34]. The essential point is that the electron-phonon
coupling acts solely on the orbital part of an electronic
wave function. Both |X) and |Y) as well as |X*) and |Y*)
share the same orbital state and only differ in their spin
configuration. Thus, on the one hand, a pure relaxation of
the orbital part of the hole from P to S shell does not affect
the spin coherence between |X) and |Y) or |[X*) and |Y*).
On the other hand, all phonon scattering processes between
|
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FIG. 2. Temporal evolution of analytical and experimental
AT/T around the biexcitonic absorption color-coded versus
photon energy relative to the X~ transition at 2.1482 eV.
Calculated static-absorptive (a), modulated-absorptive (b), and
dispersive contributions (c) add up to the total signal (d). The
corresponding subset of experimental data from Fig. 1(c) is
depicted in (e).

coherent superpositions of |X) and |Y) or |X*) and |Y*) are
strongly correlated, thus preventing pure dephasing.

To analyze the lineshape modulation of biexcitonic
signatures in Fig. 1(c), we calculate AT/T using the
Maxwell-Liouville equations. The polarization of the QD
acts as a source for a reemitted field which is superimposed
with the much stronger probe field, forming the total
transmitted electric field [35]. For an analytical solution,
we restrict ourselves to linearly polarized transitions and
assume &(¢)-shaped pulses [21]. The result coincides with a
numerical solution including realistic light pulses and states
based on a configuration interaction approach [29].
Adopting small probe intensities and identical transition
dipoles from |QDGS) into |X*) and |Y*) as well as from
|X) and |Y) into |[CBGS) [36,37], we find

a)x/Y —w

. e_tD/TXY Sin(a)xytD —+ 19),

1/73 + (wx)y —)?

(A4) (B)

where wyx/y correspond to the photon frequencies of
transitions XX;(/Y and wyxy = wy —wyx. As discussed

below, the relative polarization of excitation and readout
defines the phase 9 of the oscillations. The total differential
transmission is AT /T = (AT/T)x + (AT/T)y. Three ma-
jor contributions evident from the right-hand side of Eq. (1)
are visualized in Fig. 2.

The first part of the solution referring to term (A) in
Eq. (1) is depicted in Fig. 2(a). It even occurs for an
incoherent occupation of |X) and |Y) and is described by a
Lorentzian-shaped absorption for each transition without
any temporal modulation. The second (B) and third (C)

-1
/s : (e"D/TE + e "0/™Y cos(wxytp + 8)) F

1/7%+ (wx )y —)?
(€)

(1)

|

parts of Eq. (1) are related to the excitonic coherence.
Consequently, they oscillate with wyxy and decay with
e~'o/™v_Part (B) is visualized in Fig. 2(b). It corresponds to
a periodic modulation of the statically induced absorption
in Fig. 2(a) with the beating frequency wxy. Interestingly, a
third component (C) arises [see Fig. 2(c)], which is phase
shifted by z/2 with respect to the direct modulation of
absorption [Fig. 2(b)]: the nonstationary evolution of the
electronic states causes a phase modulation of the reemitted
field [21], creating new frequency components in regions of
maximum temporal change. The full evolution of transient
transmission is obtained by summing all three contributions
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FIG. 3.

Polarization control of quantum beats. Top: polarization configurations C1 to C6 visualized on Bloch spheres, representing

superpositions of |X) and |Y). Points on the sphere are associated with probe polarizations (small red arrows and ¢ 7) relative to the
axes ey and ¢y (coordinate system at left). Green dots mark the excited superposition, thick red arrows the readout one. If a modulation
exists (C3—C6), it is visualized in light blue (dashed line and arrow), rotating clockwise around the equator. Polarization configurations:
C1 pump-probe linear along éx; C2 pump-probe linear éy; C3 pump-probe linear ex — €y; C4 pump linear éx — €y, probe right-
circular; C5 pump linear €x — €y, probe linear &y + €y; C6 pump left-circular, probe linear €x — €y. Bottom: transient transmission for
C1 to C6 color-coded versus time delay and probe photon energy relative to X™.

(A) to (C), as shown in Fig. 2(d). The V-shaped forms
(blue) and positive regions (dark orange) represent an
excellent match to the experimental results in Fig. 2(e).

We now control the quantum beats by varying pump-
probe polarizations. Six different configurations C1 to C6
are visualized in Bloch spheres at the top of Fig. 3,
representing coherent superpositions of states |X) and
|Y). Linear probe polarizations are visualized by thin red
arrows. Their direction refers to the principal axes €y and
ey of the confinement potential, as exemplified by the
coordinate system at left. Circular probe polarizations are
marked by o, Coherent superpositions initialized by the
pump are indicated by green dots. Note that here, 6 and
o~ must be interchanged for pump and probe due to the
selection rules for two-step resonant biexciton excitations.
Each specific probe polarization is indicated by a thick red
arrow pointing towards the readout state.

For C1 and C2, excitation and readout are set collinearly
along éx or €y to exclusively excite and probe |X) or |Y).
The differential transmissions (Fig. 3) indeed show biexci-
tonic absorption solely at XX5 (C1) and at XX5 (C2),
respectively. No modulation occurs due to excitation of an
eigenstate. In C3 to C6, coherent superpositions with
identical contributions from |X) and |Y) are initialized.
A collinear polarization along éx — éy is excited in C3,
corresponding to the configuration discussed in Figs. 1 and
2. We now control the phase of the coherent beats by
changing the probe polarization. C4 and C5 exhibit phase
shifts of z/2 and z, respectively. Their origin is visualized
by light blue arrows in the Bloch spheres: after initializing a
specific superposition, the maximum amplitude is reached
when it rotates in the equatorial plane until it phases up with

the probe. Note that solely the relative polarization angle
between pump and probe determines the temporal phase.
This fact is demonstrated by C6 with a circular polarization
used for pumping: a probe polarization identical to C3
shifts the phase by 37z/2.

We can now understand why these signatures emerge so
rapidly after excitation, despite the required relaxation from
|X*) and |Y*) to |X) and |Y). Interestingly, only a broad
resonance with a width of (3.4 £ 0.4) meV is discernible in
a photoluminescence excitation (PLE) spectrum of the QD
[21] where transitions from |QDGS) into |X*) and |Y*) are
located. Naively, one would expect two sharp resonances
enabling the formation of a long-lived superposition state.
These facts indicate an ultrafast relaxation of the P-shell
hole into the S shell, providing both a rapid onset of
biexcitonic absorption and a fast interband dephasing. For
direct experimental access to the hole scattering, we
measure with configuration C2 to isolate the dynamics
leading from |Y*) to |Y) [Fig. 4(a)]. Here, three transient
absorptions emerge early after excitation with only one of
them located at XXy (indicated by the blue arrow).
Centered 6.1 meV below X~ (energy position marked
with orange arrow), a second signature XXy, appears
redshifted to both biexcitonic resonances. A third feature
XX3x is slightly blueshifted to and partially overlaps with
XX5. Its energetic position is centered 4.6 meV below X~
and marked with a green arrow. Note that as XX5y, also
feature XX5 is confined to short times 7, between 0 and
1 ps. We assign both lines to an induced absorption,
establishing a hot biexciton including one P-shell hole:
while residing in the photoexcited state |Y*) [Fig. 1(b)],
absorbing a photon with an energy close to XX5 forms a
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FIG. 4. Femtosecond relaxation of P-shell hole. (a) Color-
coded differential probe transmission versus time delay and
photon energy relative to X, as measured in configuration
C2. (b) Spectral slices of normalized AT /T integrated over an
energy interval of 0.4 meV centered around —6.1 (XX3y), —4.9
(XX37), and —4.6 meV (XX5yx) versus time delay. Solid orange
and red lines: least-square fits to theoretical model. Dashed black
line: intensity cross-correlation between pump and probe.

hot biexciton. The minute shifts of XX5y and XXy with
respect to XXy result from slightly different Coulomb
energies of the other involved carriers with respect to the
P-shell hole. Spectral slices integrated over a 0.4-meV
interval around XX5y and XXy are depicted as yellow
diamonds and green triangles in Fig. 4(b), respectively. The
orange lines result from modeling the increase of induced
absorption with the convolution of a nonresonant cross-
correlation between pump and probe [dashed line at top of
Fig. 4(b)] and an exponential decay related to a hole
relaxation time 7y of (390 +80) fs. As expected, the
dynamics match for XX5y and XXyy. If the increase of
absorption at XX5 originates from relaxation of the P-shell
hole, it should occur with the same time constant. Indeed,
the time integral over the fitting functions at XXgy and
XXyx [red graph at the bottom of Fig. 4(b)] agrees well
with the blue circles extracted by spectrally slicing data
from Fig. 4(a) around XX5. By PLE measurements, we
determine the energy gap between valence-band S and D
shells to (60 + 10) meV [21]. Assuming parabolic confine-
ment, a gap of (30 &+ 5) meV between P and S shell results
which is close to the longitudinal-optical phonon energy of
CdSe of 25 meV [38]. This fact explains the femtosecond
hole relaxation with a quasiresonant quantum Kinetic
coupling via the Frohlich interaction [14,39].

In summary, we find a subnanosecond coherence time
between hot-trion states in a single QD. Control over
amplitude and phase of the resulting quantum beats in
biexcitonic absorption is provided by the pump-probe
polarizations. This option allows us to directly investigate
the femtosecond relaxation of the P-shell hole. In contrast,
trion spin coherence is protected from dephasing by iden-
tical orbital shell configurations of the states and limited
solely by the energy relaxation of the p-shell electron
requiring an electron-hole spin flip. This combination
results in a difference between interband dephasing and

trion coherence times by almost three orders of magnitude.
The significant amount of fine-structure splitting between
hot-trion states provides sub-THz frequencies for the
evolution of coherent superpositions. We expect analogous
phenomena to occur also in other species of zero-
dimensional quantum systems whenever electron relaxation
is slowed, e.g., by Pauli blocking and exchange splitting is
large enough to provide adequate beat frequencies. These
facts are rendering our observations relevant for the search of
promising platforms for ultrafast quantum logic operations
with extremely large processing bandwidth.
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