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Charge and spin control of ultrafast electron and hole dynamics in single CdSe/ZnSe quantum dots

C. Hinz,1 P. Gumbsheimer,1 C. Traum,1 M. Holtkemper,2 B. Bauer,1 J. Haase,1 S. Mahapatra,3 A. Frey,3 K. Brunner,3

D. E. Reiter,2 T. Kuhn,2 D. V. Seletskiy,1,4 and A. Leitenstorfer1

1Department of Physics and Center for Applied Photonics, University of Konstanz, D-78464 Konstanz, Germany
2Institut für Festkörpertheorie, Universität Münster, Wilhelm-Klemm-Straße 10, D-48149 Münster, Germany

3Institute of Physics, EP 3, University of Würzburg, D-97074 Würzburg, Germany
4Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Quebec H3T 1J4, Canada

(Received 11 July 2017; revised manuscript received 29 September 2017; published 12 January 2018)

We study the dynamics of photoexcited electrons and holes in single negatively charged CdSe/ZnSe quantum
dots with two-color femtosecond pump-probe spectroscopy. An initial characterization of the energy level structure
is performed at low temperatures and magnetic fields of up to 5 T. Emission and absorption resonances are assigned
to specific transitions between few-fermion states by a theoretical model based on a configuration interaction
approach. To analyze the dynamics of individual charge carriers, we initialize the quantum system into excited
trion states with defined energy and spin. Subsequently, the time-dependent occupation of the trion ground state is
monitored by spectrally resolved differential transmission measurements. We observe subpicosecond dynamics
for a hole excited to the D shell. The energy dependence of this D-to-S shell intraband transition is investigated in
quantum dots of varying size. Excitation of an electron-hole pair in the respective p shells leads to the formation
of singlet and triplet spin configurations. Relaxation of the p-shell singlet is observed to occur on a time scale of a
few picoseconds. Pumping of p-shell triplet transitions opens up two pathways with distinctly different scattering
times. These processes are shown to be governed by the mixing of singlet and triplet states due to exchange
interactions enabling simultaneous electron and hole spin flips. To isolate the relaxation channels, we align the
spin of the residual electron by a magnetic field and employ laser pulses of defined helicity. This step provides
ultrafast preparation of a fully inverted trion ground state of the quantum dot with near unity probability, enabling
deterministic addition of a single photon to the probe pulse. Therefore our experiments represent a significant
step towards using single quantum emitters with well-controled inversion to manipulate the photon statistics of
ultrafast light pulses.
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I. INTRODUCTION

On-demand generation of nonclassical states of light is a
highly sought-after goal for tasks of quantum photonics and
quantum information science. The degree of quantumness of
a state, and hence its resource for quantum processing, can
in general be ascertained by its deviation from a coherent
state [1]. In this context, a novel class of quantum states was
implemented [2,3], where nonclassicality [4] is achieved by
addition/subtraction of a single photon to/from a coherent state.
Such nonclassical states with manipulated photon numbers
have recently been utilized for a variety of tasks, from charac-
terization of bosonic ladder operators [5] to noiseless coherent
state amplification [6]. The single-photon adder operation
has been demonstrated in single quantum dots [7]. In this
scheme, resonant femtosecond π -pulse excitation of a singly
charged quantum dot initializes an excited three-particle state,
a trion. Relaxation of the trion toward its ground state leaves
the quantum dot in a state with inverted population. In the
second step, the system is readout by a femtosecond π pulse,
thereby adding a single photon to the temporal mode of the
probe field. Together with the generation of the nonclassical
output, the important advantage of this amplifier is in its
ultrafast response, where the gain bandwidth is limited only
by the energetic separation of the initialization and readout

transitions. Under such quantum operation of the amplifier, the
spectral weight of a differential transmission signal is evenly
distributed over the entire probe bandwidth. In contrast, in this
work, we interrogate microscopic mechanisms governing the
dynamics and selection rules of such single-photon amplifiers
by studying them in the small-gain regime (pulse area < π ).
Here, the gain bandwidth remains narrow and the full spectral
information is maintained. Therefore operation in the linear
readout regime is more adequate for quantitative characteriza-
tion of the underlying relaxation processes as well as input-
output performance of the quantum dot-based single-photon
amplifiers. Moving toward designer nonclassical states of light
in the time domain is then straightforward by increasing the
pulse area of the probe.

Semiconductor quantum dots (QDs) are often termed
“artificial atoms” due to their discrete electronic energy levels.
They represent an attractive platform for fundamental studies
on quantum physics but also enable a variety of everyday
applications [8–10]. Envelope wave functions of electron
and hole states, which are distributed over many atomic
sites lead to large dipole moments associated with excitonic
excitations. Especially, trions in charged QDs [11] provide
strongly dipole-allowed transitions into their ground states.
This feature is attractive for quantum information technologies
[12], for example, when high-speed manipulation of the spin
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degree of freedom is desired [13–17]. In this context and
the context of the single-photon amplifier, it is important to
understand the intrinsic relaxation mechanisms which can
influence preparation and readout of the few-particle quantum
states via ultrashort light pulses. To this end, charge-carrier
dynamics in QDs based on III-V semiconductors with shallow
quantum confinement has been studied both in large ensembles
[18–20] and single specimens [7,21–26]. These developments
have culminated in demonstrations of optical writing and
readout of spin states in single or coupled QDs [13–17,27].
While transition metal dichalcogenide monolayers (TMDs)
with large exciton binding energies have been shown to emit
single photons [28–30], we are not aware of any experimental
demonstrations of qubit operations despite recent theoretical
analysis [31].

In this work, we investigate the elementary dynamics of
electrons and holes in single CdSe/ZnSe QDs with femtosec-
ond temporal resolution. Large confinement potentials and
strong Coulomb interactions, which follow from a reduced
dielectric screening, lead to charge and spin configurations
with larger separations between quantized energy levels as
compared to their III-V counterparts [32–35]. This fact enables
ultrafast quantum manipulation with broadband laser pulses.
So far, investigations of ultrafast dynamics in II-VI systems
have been carried out on ensembles of QDs, usually involving
excitations into the interband continuum [36–42]. In contrast,
we are motivated to initialize and readout the bound states
on ultrafast time scales where the discrete frequencies and
well-defined spin configurations of electronic transitions offer
deterministic coupling for high-fidelity quantum processing
schemes. Previously, single-photon gain on the transition from
the trion ground state to the Fermi vacuum of a negatively
charged QD has been demonstrated [7,43]. Here we focus
on the ultrafast dynamics between distinct charge and spin
configurations of both electrons and holes. Our findings include
a subpicosecond and polarization-selective buildup of single-
photon gain at maximum fidelity. This feature will be crucial
in future efforts to control the quantum statistics of ultrafast
laser pulses by direct manipulation of their photon number.

The presentation is structured in the following way: the
samples consisting of single CdSe/ZnSe QDs coupled to
nanophotonic structures for enhancement of light-matter cou-
pling are outlined in Sec. II. Also, the two-color femtosecond
pump-probe setup built around a superconducting magnetic
cryomicroscope is described, including a lock-in readout
scheme, which avoids modulation of the pump power. Sec-
tion III explains the energetic spectrum of few-particle states
in negatively charged CdSe/ZnSe QDs and related interband
transitions. General features of intraband dynamics leading to
population inversion, i.e., formation of the trion ground state,
are investigated in Sec. IV for various excitation energies.
We also introduce a rate-equation model to extract the time
scales underlying the dynamics which helps to reveal a two-
component relaxation in the case of triplet-to-ground-state
trion scattering. The onset of ultrafast single-photon gain is
studied in Sec. V. This process contains precise information on
hole relaxation and spin dependence of electron dynamics. In
Sec. VI, we demonstrate the capability to maximize and control
single-photon gain by application of an external magnetic field.
Nearly perfect fidelity of the polarization-selective inversion

is achieved following the absorption of the excitation pulse,
reaching an overall photon-to-photon conversion on the order
of 0.1%. Coherent spin dynamics owing to Larmor precession
of the trion ground state is also observed and discussed. Finally,
Sec. VII provides a summary and outlook perspectives for
ultrafast quantum optics.

II. SAMPLES, EXPERIMENTAL SETUP,
AND METHODOLOGY

Motivated by possible femtosecond operation of future
single-photon amplifiers, we do not employ high-Q microres-
onators which, while highly successful for few-photon nonlin-
ear quantum optics in the subnanosecond range [44], cannot
support gain over a broad bandwidth. With this in mind, we
developed a nanophotonic concept for maximum broadband
coupling between an optical readout pulse and single electrons
in a semiconductor quantum structure, sketched in Fig. 1(a).
We investigate epitaxially grown singly charged CdSe/ZnSe
QDs with a CdSe core diameter (red dots) between 3 and
6 nm [45]. They are enclosed in a ZnSe matrix of 100 nm
thickness. ZnSe discs (yellow) are embedded into aluminum
nanoapertures (dark grey) of 200 to 400 nm diameter by means
of focused ion beam milling and a sequence of evaporation and
lift-off steps. The resulting structures contain approximately
10 QDs, which are separable by selective spectral excitation
and readout. This geometry allows us to reduce the effective
diameter of the optical beams and to exploit the particular trans-
mission properties of subwavelength apertures [46]. Diameters
are chosen to match the extraordinary transmission of the struc-
ture to the emission resonances of the QD [47]. A poly(methyl
methacrylate) (PMMA, light grey) pillar matching the ZnSe
disc diameter remains on top of the nanoaperture. It serves
both as a monomode waveguide and antireflection coating to
effectively couple pump and probe light to the QD. Owing
to the high spatial resolution of the focused ion beam milling
process of less than 7 nm, these structures can be produced
with a nearly perfect circular shape, rendering them applicable
for measurements involving defined helicity for pumping and
readout. A quartz substrate (SiO2, light blue) of 120 μm
thickness allows for transmission experiments. The complete
sample structure is shown in a scanning electron micrograph
on the right hand side of Fig. 1(a).

Figure 1(b) depicts the experimental setup used for ultrafast
analysis of intraband relaxation of few-particle states in single
quantum emitters. The source of excitation (green) and probe
(red) pulses is a two-branch femtosecond Er:fiber laser system
[48], with each output independently tunable in central photon
energy from 1.77 to 2.48 eV. A bandwidth of the pump pulses of
2 meV in full width at half maximum (FWHM) is used in order
to selectively excite interband transitions while preserving a
temporal resolution of 600 fs. The pulse duration for probing is
set to 100 fs, corresponding to a FWHM bandwidth of 20 meV.
Probe pulses contain 104 photons on average, corresponding
to an energy of 100 fJ. Such low flux of probe photons
attests to the high sensitivity of our setup and the efficient
light-matter coupling achieved by the photonic structures. The
time delay tD between pump and probe pulses is adjusted
by means of a retroreflector placed on a linear translation
stage in the optical path of the probe branch. In this way,
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FIG. 1. (a) Left: sketch of the nanophotonic structure. Single CdSe cores (red circles) in a ZnSe layer (yellow) with a thickness of 100 nm
are embedded into an aluminum nanoaperture (dark grey). The diameter is approximately 200 nm. The aperture is covered by a PMMA pillar.
Right: SEM micrograph of the sample. (b) Experimental setup: femtosecond pump (green) and probe (red) pulses derived from a two-color
Er:fiber laser are focused onto the sample using an objective lens (grey) with NA = 0.9. An aspheric lens (blue) with NA = 0.68 is used for
collection of the transmitted probe. Measurements take place under an optional magnetic field of B = 5 T and a sample temperature TL down
to 1.5 K in an optical magnet cryostat. The differential transmission signals are detected using a monochromator and a cooled CCD camera.
(c) Sketch of the pulse sequence for pumping and probing implemented in the experiment. The top part depicts the output of the probe branch
(red) at a repetition rate of 50 MHz. The pulse train in the pump branch (green) is shown at the bottom. Pulses colored in grey are eliminated by
an electro-optic modulator. tM corresponds to the interpulse distance at the full repetition rate of the Er:fiber laser system of 100 MHz, while tD
is the timing between pump and probe set by a variable optical delay. This scheme allows lock-in detection of differential transmission changes
of the sample without modulation of the average excitation or probing powers. Regions with white and grey background indicate the two timing
phases of 15-ms duration the lock-in amplifier is referenced to.

we can vary tD between −200 and +200 ps. The samples
are mounted in a superconducting cryo-magnet system that
allows for transmission measurements. Experiments may be
carried out at substrate temperatures down to TL = 1.5 K and
under an optional magnetic field of up to B = 5 T applied in
Faraday geometry. For optimum coupling efficiency, we use an
objective lens with numerical aperture NA = 0.9 for excitation
and a lens with NA = 0.68 for collection of photoluminescence
emission or transmitted probe photons. The probe spectrum is
dispersed by a grating monochromator and detected with a
cooled CCD array at a resolution of 100 μeV.

In our experiments, we measure the spectrally resolved
normalized differential transmission �T/T of the probe
pulses. For a fixed time delay tD and photon energy Eph, this
quantity usually represents the normalized difference between
the transmission of the probe through a quantum system
T (Pexc,Eph,tD) exposed to a certain excitation power Pexc and
the transmission without excitation T (0,Eph,tD):

�T

T
= T (Pexc,Eph,tD) − T (0,Eph,tD)

T (0,Eph,tD)
. (1)

In standard pump-probe measurements, the average exci-
tation power Pexc is modulated, as suggested by Eq. (1). It
turns out that in experiments on a discrete quantum structure
with narrow electronic resonances, this procedure can lead
to significant parasitic signals associated, e.g., with periodic
thermal heating or background luminescence. To eliminate
such effects, we modulate the time delay tD by an offset
tM while keeping Pexc constant, thus avoiding any spurious

artefacts. The definition for �T/T then becomes

�T

T
= T (Pexc,Eph,tD) − T (Pexc,Eph,tD + tM )

T (Pexc,Eph,tD + tM )
. (2)

The value of tM is chosen such that the system has returned
to the ground state at a time delay tD + tM . In our studies,
the temporal offset tM has to exceed the spontaneous emission
lifetime of the quantum emitters. To implement this scheme, we
insert fiber-coupled electro-optic modulators in both the pump
and the probe branches of the femtosecond Er:fiber laser. The
full pulse train produced by the mode-locked oscillator of the
laser system operates at a repetition rate of 100 MHz [indicated
by the grey and colored maxima in Fig. 1(c)]. After the output
coupler of the oscillator, a fiber-optic beam splitter separates
the pulse trains that are used to seed the two parallel femtosec-
ond Er:fiber amplifiers, which are employed for pumping and
probing, respectively. The electro-optic modulators select only
every second pulse out of this pulse train, effectively reducing
the repetition rate to 50 MHz. There are now two different
options: in the first case [left part of Fig. 1(c)], the same pulse
out of the original 100 MHz pulse train is amplified in both
branches. In this case, tD may be fine tuned with the variable
delay stage and T (Pexc,Eph,tD) is measured. Alternatively, one
pulse out of the 100 MHz pulse train is selected in one branch
and the following pulse is amplified in the other branch. As
shown in the grey shaded region in the right part of Fig. 1(c),
the timing between pump and probe pulses is set to tD + tM
where tM = 10 ns � tD is given by the interpulse distance in
the original 100 MHz pulse train. Consequently, tD + tM by far
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FIG. 2. (a) Schematic of the energetic structure of a negatively charged quantum dot (QD). Dipole-allowed absorption and emission
transitions are shown with colored downward and upward arrows, respectively. (b) Emission strength of the fundamental trion line (label
“X−”, EX− = 2.168 eV) of a single negatively charged CdSe/ZnSe QD versus photon energy of the excitation in the range of excess energies
between 0.08 and 0.14 eV with respect to EX− . The average excitation power is kept constant at Pexc = 2 μW. Three main bright features
(color-filled areas) at relative energies of 0.088, 0.11, and 0.13 eV are identified with the Ds and the Pp triplet and singlet transitions. Colors
match arrows in (a). Top: measurement, bottom: simulation. (c) Photoluminescence spectra of the same QD excited on the Pp triplet (green
line) and the Ds (orange dashed line) resonances with Pexc = 10 μW. Emission from the X− resonance and two biexcitonic transitions at
EXX−

1
= 2.161 eV and EXX−

2
= 2.155 eV are observed for Pp triplet excitation. Biexcitonic emission is suppressed for Ds pumping. The inset

depicts the polarization-resolved intensity of the PL maxima. Measurements are performed at a temperature of TL = 2 K.

exceeds the radiative lifetime of 500 ps the sample needs for
full electronic recombination. Therefore T (Pexc,Eph,tD + tM )
effectively corresponds to the transmission of the sample in
its ground state. By alternating between both settings in a
quasi-lock-in scheme operating at a modulation frequency of
30 Hz, we can measure �T/T in the sense of Eq. (2), under
conditions referenced to the ground-state optical properties and
without modulating the average excitation power.

III. ENERGETIC STRUCTURE OF CdSe/ZnSe
QUANTUM DOTS

Understanding the ultrafast dynamics of few-fermion states
in single QDs necessitates precise knowledge of their elec-
tronic level structure. To this end, we perform a detailed
experimental and theoretical characterization of the emission
and absorption properties of our systems. Figure 2(a) sketches
the energetic spectrum of negatively charged QD eigenstates
containing up to five fermionic quasiparticles. The panel is
subdivided into three main columns where complexity is
increasing from left to right due to the inclusion of many-
body interactions. The left column depicts the energy scheme
including the electron-electron exchange interaction. For the
center column, the electron-hole exchange interaction has been
considered, neglecting those parts of the interaction that would

mix states with different spin configurations. Interactions that
mediate those mixtures are included in the third column. Note
that spin mixing due to the electron-hole interaction is typically
associated with a violation of the cylindrical symmetry of
the QD. At the start, we focus on the unmixed, well defined
spin states (left and center column). In the following, the
quantization axis is taken to be the z axis. It is determined by the
direction of pump and probe beams, coinciding with the growth
direction of the samples and the external magnetic field. The
orbital envelope wave functions in the valence band are denoted
by capital letters and their conduction-band counterparts by
lower-case labels, respectively. The ground state of the QDs
we consider is given by a single electron in the s shell with
a spin projection of ±1/2, i.e., 1s1/2. The lowest excited state
consists of three charge carriers in their respective s shells: two
electrons with spin projections of siz = ±1/2 (i = 1,2) and
a heavy hole with an angular momentum projection of jz =
±3/2 are forming a 1S3/22s1/2 configuration which represents
the trion ground state (XGS). As the electron spins constitute a
spin singlet (S = 0), the total angular momentum projection of
the ground-state trion Fz = s1z + s2z + jz = ±3/2 is defined
by the heavy hole. In contrast to uncharged QDs, exciton
ground states with Fz = ±2 (dark excitons), leading to dipole
forbidden transitions and slow relaxation dynamics [49], are
absent in this system. The radiative recombination from the
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XGS to the QD ground state is referred to as the fundamental
trion transition X− [downward black arrow in Fig. 2(a)]. For
increasing energy, we find a transition into the 1D3/22s1/2 state
(orange dashed arrow) [43]. Here, an electron and a hole are
excited in the s and D shells, respectively, and the electron
spins form a spin singlet. The relaxation of this state into
the XGS is of particular interest to this work as the process
requires minimum dissipation of energy, limited entirely by the
intraband scattering of the hole. States with a 1P3/21s1/21p1/2

configuration are higher in energy and characterized by a
rich fine structure [11,50–52]. As the electrons now occupy
different shells, the formation of both spin singlet (S = 0)
as well as spin triplet states with an overall electron spin
of S = 1 is possible. To keep track of the nomenclature, it
is convenient to represent these states in the form |Fz〉S =
|S2,Sz〉|jz〉, where S2 is the square of the overall electron spin.
The subscript S is added here to distinguish between states in-
volving triplet and singlet electron spin configurations but with
otherwise identical total angular momentum. As an example,
the three-particle states involving electrons in a singlet con-
figuration can be written as |±3/2〉0 = |0,0〉|±3/2〉, similarly
for the states involving the electrons in the triplet configura-
tion: |±1/2〉1 = |1,∓1〉|±3/2〉, |±3/2〉1 = |1,0〉|±3/2〉, and
|±5/2〉1 = |1,±1〉|±3/2〉.

The electron-electron (EEX) and electron-hole (EHX) ex-
change interactions modify the energetic structure of these
states. The EEX lifts the degeneracy between singlet states
with S = 0 and triplet states with S = 1 [53]. Here, the
singlet states form the energetically higher states, that are
separated from the triplet states by an energy �ee. The energetic
splitting of the 1P3/21s1/21p1/2 singlet and triplet states is
indicated with a solid black double arrow labelled �ee in
the left column of Fig. 2(a). Consideration of the EHX leads
to an additional fine-structure in the 1P3/21s1/21p1/2 triplet
states, now consisting of nondegenerate |±1/2〉1, |±3/2〉1,
and |±5/2〉1 states [54], as shown in the center column of
Fig. 2(a). The states are separated by the EHX interaction
energy �eh, with |±1/2〉1 forming the energetically highest
and |±5/2〉1 the lowest states. Transitions from the 1s1/2 into
the 1P3/21s1/21p1/2 singlet (dark blue dot-dashed arrow) and
the |±1/2〉1 and |±3/2〉1 triplet states (green arrows) are
dipole allowed due to �Fz = ±1 with respect to the QD
ground state. Instead, excitation of the |±5/2〉1 triplet state
requires �Fz = ±2, which may be addressed optically only
by two-photon absorption.

We now treat the case of mixed spin states [third column
in Fig. 2 (a)]. There are two relevant mixings of spin config-
urations, indicated by dashed arrows in the right column of
Fig. 2(a). On the one hand a combination of EEX and EHX
as well as spin-orbit coupling [55] cause mixtures between
the |±3/2〉1 trion triplet and the |±3/2〉0 singlet, denoted by
δee. On the other hand, a combination of EHX and valence-
band mixing as well as higher terms of EHX [51] lead to
mixtures between |∓1/2〉1 and |±3/2〉1 triplet states, labeled
by δeh. Energy shifts caused by δee and δeh are negligible.
The mixtures modify the spin eigenstates. Considering the
mixing between the triplet states, we define δeh/�eh = α and
the normalization factor η = 1/

√
1 + α2. Thereby the triplet

eigenstates can be written as superpositions of the pure triplet

wave functions: |X〉 = η(|±1/2〉1 + α |∓3/2〉1) and |Y 〉 =
η( |±3/2〉1 − α|∓1/2〉1) [11]. Here, we assume the symmetry
axes of the QD to be aligned to the x and y axes, respectively.
Analogously, the mixing of the Fz = ±3/2 trion triplet and
singlet states result in |�〉 = ρ(|±3/2〉1 + ϕ|±3/2〉0) [55].
Here, ϕ = δee/�ee and ρ = 1/

√
1 + ϕ2.

The last transition that is relevant for this work is a cascaded
two-photon absorption exciting a charged biexciton (XX−),
i.e., a five-particle state with 2P3/21s1/22p1/2 configuration.
The total angular momentum projection is Fz = ±1/2 due
to the cancelation of contributions of both P -shell holes and
p-shell electrons. Relaxation of the charged biexciton state
initially involves scattering of the P -shell holes and one p-shell
electron to their respective s shells. This situation is indicated
in the rightmost part of Fig. 2(a) with a slightly lowered
biexciton ground-state energy level labelled 2S3/22s1/21p1/2.
The charged biexciton can relax via one-photon emission into
the 1S3/21s1/21p1/2 trion triplet states with respective angular
momentum projections of Fz = ±1/2 or ±3/2, depending on
the initial spin of the resident electron. Two emission lines
[XX1

−, light blue and XX2
−, red in Fig. 2(a)] are therefore

expected [56] owing to the lifted degeneracy of the triplet
states. It has to be noted that the final triplet states of this
process are redshifted in energy with respect to the excited
1P3/21s1/21p1/2 triplet states due to the relaxed S-shell hole.
For clarity, only the two final states that occur in our experi-
ments are depicted in Fig. 2(a). The full energetic spectrum of
these excitations matches the structure of the 1P3/21s1/21p1/2

states.
The optical transitions described above can now be iden-

tified experimentally by photoluminescence (PL) and photo-
luminescence excitation (PLE) spectroscopy. To this end, we
decrease the bandwidth of our pump pulses to 0.3 meV by using
a grating-based 4-f pulse shaper. We then scan the excitation
energy through the energy range from +0.07 to +0.15 eV
with respect to the fundamental trion transition EX− , while at
the same time detecting the PL emitted on the X− resonance.
This procedure enables us to identify the frequencies where the
system may be excited resonantly. The upper panel of Fig. 2(b)
shows the PLE spectrum of a typical QD. The data have been
taken at a temperature TL of 2 K and an average excitation
power of Pexc = 2 μW. The PLE spectrum shows three main
absorption features at an energy detuning of E − EX− = 0.088
(orange), 0.107 (green), and 0.130 (dark blue) eV, respectively.
Especially the absorption line at E − EX− = 0.107 eV dis-
plays a pronounced fine structure. To understand the relaxation
mechanisms, it is crucial to link the energetic structure depicted
in Fig. 2(a) to the measured PLE spectrum by an unambiguous
identification of the observed absorption resonances. To this
end, we implemented an extensive theoretical model of the
energetic structure of CdSe/ZnSe QDs. Based on the envelope
function approximation, we consider the effective mass ener-
gies and include the direct and short-range exchange Coulomb
interactions within a configuration interaction approach.

In the calculation, the heavy hole as well as the lowest
conduction band are considered with a band gap of 1840 meV
[57,58], effective hole masses of mx

h = m
y

h = 0.38 m0 and
mz

h = m0 [57], and an effective electron mass of me = 0.13 m0

[58], with m0 being the free-space electron mass. The QD
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confinement is approximated by a three-dimensional har-
monic potential determined by the confinement lengths
Li

e (i = x,y,z) of the electrons. Best agreement with the PLE
data is achieved for a QD with Lx

e = 5.33 nm, L
y
e = 4.4 nm,

and Lz
e = 2.262 nm, suggesting a flat and slightly elongated

shape [45,59]. Note that the confinement length is defined
as 1/e of the ground-state probability density. Differences
in confinement lengths between holes and electrons are de-
scribed by the ratio β = Li

h /Li
e = 1.3, in qualitative agree-

ment with previous work [43]. The holes and electrons are
expanded in Cartesian eigenfunctions of the harmonic con-
finement up to quantum numbers (ah

x = 5, ah
y = 5, ah

z = 3)
and (ae

x = 3, ae
y = 3, ae

z = 1), respectively, and about 12 000
combinations of trion states are considered to achieve sufficient
convergence. For the treatment of Coulomb interaction we
follow references [60,61]. While often the direct Coulomb
interaction is assumed to be screened by the static dielectric
constant of the bulk material εbulk

r = 9.2 [58], other studies
[58,62–64] indicate a reduction of εr in QDs, e.g., due to
a decrease of phononic screening. Here, we use εr = 7.4 to
fit the experimental data. We take into account the short-
range Coulomb exchange interaction via the coupling strength
Es

x Vcell = 576 meV nm3, Vcell being the volume of the unit
cell. In calculations for neutral QDs, this value results in a
Stokes shift that is in good agreement with the well-established
findings in Ref. [65].

The calculated absorption spectrum is shown in the bottom
panel of Fig. 2(b). Quantitative agreement with the measured
PLE spectrum in the upper panel of Fig. 2(b) is achieved,
leading to an assignment of all relevant transitions: the feature
at 0.088 eV is identified as the transition from the QD ground
state to the 1D3/22s1/2 state. For abbreviation, we will refer to
this resonance as the Ds transition. It appears to consist of two
maxima that are not completely resolved. The main feature at
0.107 eV corresponds to the formation of the 1P3/21s1/21p1/2

state in a triplet spin configuration, in the following referred
to as the Pp triplet transition. Here we clearly resolve the
splitting of the transition into two main lines at E − EX− =
0.105 and 0.108 eV as well as two minor spectral features
on the low-energy side and an additional weak absorption
on the high-energy tail. We ascribe the two main lines to an
absorption into |±1/2〉1 and |±3/2〉1 configurations. The weak
maxima on both sides of the main resonances are most likely
due to admixtures of the discussed bright states to nominally
dark states [43]. The overall asymmetry of the absorption
feature with a pronounced extension toward higher energies is
attributed to acoustic phonon-assisted absorption. At a relative
energy of E − EX− = 0.130 eV, we observe another distinct
resonance which is associated with the absorption into the
1P3/21s1/21p1/2 singlet state, i.e., the Pp singlet resonance. The
measured energetic splitting of respective singlet and triplet
states is consistent with previous work [66]. The Pp triplet
transition offers the highest oscillator strength, rendering it
interesting for experiments requiring maximally efficient ini-
tialization of the quantum emitter. If we compare the excitation
energies of the 1P3/21s1/21p1/2 singlet and 1D3/22s1/2 states,
it is evident that relaxation of the 1P3/21s1/21p1/2 singlet to
the XGS requires dissipation of an additional excess energy of
42 meV.

To complete the characterization of the quantum system
and to further support the assignments done so far, we have

also conducted energy- and polarization-resolved PL emission
measurements. Figure 2(c) shows the spectrally resolved nor-
malized PL intensity at a temperature TL of 10 K and at a
relatively high excitation with Pexc = 10 μW. The PL signal
is compared when the QD is excited on the Ds resonance
(orange dashed line) and the Pp triplet resonance (green line).
Both spectra are normalized to the intensity of the fundamental
trion transition X−. The X− resonance at EX− = 2.168 eV is
the most intense feature in the PL emission. The asymmetric
line shape results from acoustic phonons forming a distinctive
tail on the low-energy side of the emission. Two additional
features labelled XX1

− and XX2
− can be detected, which

are redshifted by 7 and 13 meV, respectively. Interestingly,
these lines are only present when excitation is tuned to the Pp
triplet resonance. We assign these lines to the recombination
of charged biexcitons. A quadratic dependence of the emission
intensity on the excitation power together with the double-line
feature are all characteristics of this higher-order process. This
assignment is also consistent with the fact that excitation on
the Ds resonance, resulting in a full occupation of the electron
s shell after absorption of one photon, leads to blocking of
the formation channel for a biexciton. The Pp resonances
impose no such limitations, in full accordance with our data.
In addition, we have studied the polarization characteristics of
the X− and XX− emission. The inset of Fig. 2(c) depicts the
spectrally integrated intensity of the X− (black), XX1

− (light
blue), and XX2

− (red) emission lines versus the polarization
angle, respectively, as analyzed in front of the entrance slit of
the spectrometer and corrected for the monochromator grating
response. We observe a nearly unpolarized emission of the
X− resonance and mutually orthogonal, elliptical polarization
of the biexciton recombination lines. As mentioned above,
the trion ground state is doubly degenerate in the absence
of a magnetic field, leading to the unpolarized emission we
observe. The doubly degenerate biexciton states relax into
the |±1/2〉1 and |±3/2〉1 configurations. Under consideration
of spin mixing, these are no longer pure states but instead
possess the admixed character of |X〉 and |Y 〉 explained above.
The recombination thus results in the emission of elliptically
polarized light with mutually perpendicular axes. The degree
of polarization depends on the magnitude of the coupling
constant α = δeh/�eh. These findings provide further support
for our level assignments. Consequently, we have developed
a self-consistent picture of the multitude of few-particle states
and optical transitions in our singly charged CdSe/ZnSe QDs.

IV. ULTRAFAST INTRABAND RELAXATION OF
THE 1D3/22s1/2 AND 1P3/21 p1/21s1/2 STATES

To gain insight into the few-fermion relaxation processes
that govern the dynamical behavior of our single-photon
amplifier, we now perform pump-probe measurements with
femtosecond time resolution. To this end, we spectrally tune the
pump pulses to one of the identified absorption resonances and
center the probe spectrum at the X− transition. Pump and probe
fields are set to linear polarization, thus enabling excitation
and readout of all dipole-allowed transitions. The bandwidth
of the 100-fs probe pulses enables us to detect signals in an
energy interval of 10 meV around the X− resonance with nearly
frequency-independent signal-to-noise ratio. Typical average
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FIG. 3. (a) Spectrally resolved differential transmission �T/T of a single CdSe/ZnSe QD for time delays tD between pump and probe
pulses from −30 to +200 ps at TL = 10 K. The photon energy of the pump pulses is centered on the Pp triplet resonance (Pexc = 10 μW).
The probe pulses are tuned to the X− resonance (Ppro = 2 μW). The spectral positions of the fundamental trion resonance (X−) and biexciton
resonances (XX1

− and XX2
−) are indicated by white arrows. A differential transmission spectrum averaging over the time interval from +5 to

+55 ps is shown as a white line. (b) Spectrally resolved differential transmission of the same QD for excitation of the Ds transition and time
delays from −7.5 to +30 ps. The white line depicts the average of the spectrally resolved differential transmission for temporal delays between
+5 and +30 ps.

powers for incident excitation and readout pulse trains are 10
(corresponding to a pulse area of 0.8 π ) and 2 (area of 0.2
π ) μW, respectively. The samples are cooled to a substrate
temperature of TL = 2 K.

Figure 3(a) shows the color-coded spectrally and temporally
resolved differential transmission signal �T/T of a single
QD when the central photon energy for excitation is set to
Eexc = 2.275 eV. Under those conditions, both of the closely
spaced |±3/2〉1 and |±1/2〉1Pp triplet resonances are located
within the bandwidth of the 600-fs pump pulse. A clear effect
is visible at the spectral position of the X− transition (white
arrow labelled X−). For small negative time delays, where
probe pulses preceed the pump, negative �T/T is caused by a
perturbed free induction decay [7,21]. A sharp onset of positive
differential transmission occurs at the fundamental trion reso-
nance around tD = 0 ps. It is followed by an additional increase
on a time scale of approximately 50 ps. At positive delay times,
there are two fundamental processes that lead to differential
transmission signals in these systems [7,43]: (i) the Coulomb
interaction with photoexcited carriers may shift absorption
resonances quasi-instantaneously. (ii) Finite carrier occupation
of the states first causes bleaching due to Pauli blocking and
might eventually lead to single-photon gain when inversion is
achieved. In case of pumping the Pp transitions, the onset of the
latter effect is delayed due to the retarded intraband relaxation
of the photogenerated electron and hole. In the following, we
will single out the temporal dynamics of X− occupation from
the differential transmission traces.

On the low-energy side of the main dynamic feature at X−,
weak negative differential transmission signals are discernible
in Fig. 3(a), coinciding with the energies of the biexcitonic
emission lines XX1

− and XX2
−. These features are a con-

sequence of an excitation of charged biexciton states. The
excited-state absorption becomes possible due to the creation
of electron-hole pairs in their respective p shells. As discussed

in the context of Fig. 2(a), those transitions are redshifted with
respect to the X− line due to EHX and Coulomb interactions
inherent to the trion triplet states. The onset of the induced XX−

absorption signals is immediate. Interestingly, the biexcitonic
features seem to decay on approximately the same 50-ps
time scale, which also characterizes the additional increase
of �T/T at the X− resonance. This finding may be related
to the intraband relaxation of the excited p-shell electron
into the s shell, thereby closing the biexcitonic absorption
channel.

Next, we turn our attention to the dynamics following
the Ds transition which is excited by pumping at Eexc =
2.256 eV. Figure 3(b) depicts the differential transmission
versus probe photon energy for time delays between −8 and
+30 ps. At negative tD , spectral oscillations characteristic for
the perturbed dephasing of the probe-induced polarization
are clearly visible in analogy to excitation of the Pp triplet
resonance. For positive time delays, a striking feature is the
absence of the transient biexcitonic absorption signatures, in
full agreement with the missing biexcitonic luminescence seen
in Fig. 2(c). Now the excitation of an electron-hole pair in
their respective s and D shells leads to an instantaneous and
full occupation of the electron s shell. Consequently, it is not
possible to absorb a probe photon on the XX− transition,
in accord with our assignment of the electronic structure
associated with the absorption resonances. Furthermore, we
observe that the ultrafast dynamics following Ds initialization
is qualitatively different from that of the Pp excitation: the
differential transmission in Fig. 3(b) rises to a global maximum
at a much faster rate, consistent with the fact that it is only the
intraband scattering of the hole that dictates the time scale for
the relaxation of the three-fermion system into its ground state.
These findings already indicate the possibility to readily single
out the differences in the relaxation of various nonequilibrium
electronic configurations of a single QD.
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FIG. 4. (a) Schematic of a four-level-scheme to model onset and
decay times of the observed �T/T signatures. The signal on the X−

resonance is proportional to the occupation of the 1S3/22s1/2 state.
For relaxation of excited trion states with Fz = ±3/2 only the lower
three levels are considered. The complete four-level-model is used
to extract the dynamics following the excitation of the Fz = ±1/2
triplet state. (b) Comparison of the temporal evolution of differential
transmission signals measured at the X− transition when the single
QD is resonantly excited on the Ds (orange triangles, dashed line), Pp
triplet (green circles, solid line), and Pp singlet (dark blue squares,
dot-dashed line) resonances. Lines correspond to least-squares fits
using the models outlined in (a). Data are obtained at TL = 10 K.

We now focus on the transient signals at the X− resonance.
To analyze the dynamics of our observable, namely the differ-
ential transmission of the trion ground state, we introduce a
rate-equation model based on a four-level manifold. A sketch
detailing this structure is shown in Fig. 4(a). The uppermost
level is reserved for the states with Fz = ±1/2 which relax
toward the states with Fz = ±3/2 at a transition rate of 1/τSF.
This channel is introduced to account for the intraband scatter-
ing processes which can involve electron and hole spin flips. A
second relaxation step from excited trion configurations with
Fz = ±3/2 to the trion ground state (1S3/22s1/2) is considered
with a characteristic relaxation time τIR. This interval accounts
for scattering processes that require only energy dissipation
(�Fz = 0), as mediated, e.g., by acoustic or optical phonons
[36,67]. Finally, the last transition with a decay time of τPL

accounts for the spontaneous recombination of the trion ground
state towards the QD ground state 1s1/2. This population decay
exponentially diminishes the occupation of the XGS, leading
to a decrease in the gain signal for long time delays. The
interband recombination time τPL is determined to be (500 ±
50) ps using an avalanche photodiode in time-correlated single-
photon counting measurements. Time-dependent solutions of
the model are convolved with the measured temporal cross-
correlation of the laser pulses, which together with τPL are
used as input parameters to the model calculation. In case of Pp
excitation, a bleaching component of the X− absorption arises
instantaneously, i.e., with the time-integrated cross-correlation
between pump and probe. This process is caused by the
Coulomb renormalization [7] replacing the X− resonance by
the biexcitonic XX− absorption lines. When pumping the Ds
transition, part of the differential transmission at X− occurs
instantly as well, this time due to the Pauli blocking induced
by direct excitation of the electron into the s shell. Both

phenomena decay due to spontaneous recombination of the
trion ground state and are taken into account when extracting
dynamical information from our data.

We are now ready to evaluate the differences in ultrafast
dynamics upon excitation of the major dipole-allowed tran-
sitions. To enhance the signal-to-noise ratio, we spectrally
integrate the positive part of the differential transmission signal
around the position of the X− resonance. Figure 4(b) shows
the dynamics resulting from excitation of the 1D3/22s1/2 (Ds,
orange triangles, dashed line), 1P3/21s1/21p1/2 triplet (Pp
triplet, green circles, solid line), and 1P3/21s1/21p1/2 singlet
(Pp singlet, dark blue squares, dot-dashed line) resonances.
Strong differences in the relaxation traces are immediately
evident. The traces resulting from pumping of the Ds and the Pp
singlet states show a fast temporal onset on a few-picosecond
time scale followed by a monotonous decay. In contrast, when
excitation is tuned to the Pp triplet transition, there exists an
additional and pronounced increase of �T/T leading to a
global maximum around tD = 100 ps. This difference may
be understood considering the spin configurations of initial
and final states. Scattering from Ds and Pp singlet states
to the XGS necessitates only transitions conserving the spin
projection, whereas relaxation from the 1P3/21s1/21p1/2 triplet
states requires also a change in the total electron spin. We now
perform least-square fits for the cases with fast dynamics using
the analytical solution of the four-level rate equation model
in the limit of τSF → 0, effectively considering a three-level
system. For the situation of the Ds transition, we extract an
onset time of differential transmission of τh = (780 ± 380) fs.
This ultrafast dynamics is solely determined by scattering of
the D-shell heavy hole into the S shell. Instead, the relaxation
of the 1P3/21s1/21p1/2 singlet state to the trion ground state
exhibits a time constant of τs = (3.6 ± 0.4) ps. Qualitatively,
this longer time scale may be explained by the fact that here
the intraband relaxation requires scattering of both the pho-
toexcited electron and hole. A closer comparison of energies
of the singlet lines in the PLE spectrum [Fig. 2(b)] reveals that
in the case involving the Pp transition there is an additional
excess energy of 42 meV stored in the few-fermion system, in
contrast to the Ds case. At an excess energy of 88 meV, the D

hole of the 1D3/22s1/2 state has to scatter with at least three
vibrational quanta [e.g., 2 longitudinal optical (LO) phonons
and one acoustic mode] in order to relax toward the XGS. The
energy of the zone-centered LO phonon is 30 meV in CdSe
[68]. In contrast, the p-shell electron and P -shell hole in the
1P3/21s1/21p1/2 singlet have to dissipate 86 and 44 meV of en-
ergy, which may be provided by at least three and two phonons,
respectively. A fivefold increase in the intraband relaxation
time observed for the 1P3/21s1/21p1/2 state in comparison to
the 1D3/22s1/2 configuration can be directly attributed to the
two additional scattering events between vibrational quanta
and lighter fermions [19]. In contrast to the intraband dynamics
of the singlets, the differential transmission trace for excitation
on the Pp triplet transitions reveals a fundamentally different
relaxation behavior. The dynamics includes two distinct time
scales, namely, a fast onset of the signal near tD = 0 due to
a combination of bleaching and rapid single photon gain and
a retarded increase within multiple tens of picoseconds. It is
only by consideration of the full model consisting of the formal
description of the bleaching component, a reduced three-level

045302-8



CHARGE AND SPIN CONTROL OF ULTRAFAST ELECTRON … PHYSICAL REVIEW B 97, 045302 (2018)

manifold, and a four-level manifold that we are able to extract
the fast time scale to be τ3/2 = (2.9 ± 0.6) ps and a risetime of
the delayed component at τ1/2 = (55 ± 10) ps. The maximum
in �T/T at tD = 100 ps results from the interplay of the time
constants τ1/2 and τPL.

To understand the origin of the two-time-scale relaxation
process one has to consider that the two 1P3/21s1/21p1/2 triplet
states |±1/2〉1 and |±3/2〉1 are excited simultaneously. First,
we discuss relaxation of the |±3/2〉1 triplet state to the XGS.
The transition from the triplet (S = 1) to the singlet (S = 0)
configuration necessitates that the total electron spin has to
change by 1. In the case of |±3/2〉1, however, no variation
in the total spin projection is required. A microscopic picture
of the spin relaxation process detected in our experiments is
as follows: mixing of states due to the spin mixing part δee

of the EEX (see |�〉 = ρ(|±3/2〉1 + ϕ|±3/2〉0) in Sec. III and
definitions therein) results in a finite overlap of |�〉 with purely
singlet-type wave functions [53,55]. δee has been shown to take
large values depending on the geometry of the QD, giving rise
to a strong mixing of states and a direct relaxation channel
for the nominally dark transition of the trion triplet states into
the singlet-type trion ground state [55,69]. Applying Fermi’s
golden rule to the spin parts of the wave functions, we can esti-
mate the relaxation time τ3/2 as a function of the relaxation time
τs of the 1P3/21p1/21s1/2 singlet states to be τs = ϕ2ρ2τ3/2.
As ϕ2ρ2 < 1, the triplet-to-singlet relaxation time is expected
to take longer compared to a singlet-to-singlet transition
at the same energy. The measured decay times show that
relaxation of the |±3/2〉1 triplet states at τ3/2 = (2.9±0.6) ps
is in fact faster than the relaxation of the 1P3/21s1/21p1/2

singlet with τs = (3.6 ± 0.4) ps. This difference is attributed
to the energetic landscape of the intraband scattering. In-
deed, the PLE measurements confirm that the |±3/2〉1 to
XGS transition is at a lower energy compared to that of the
1P3/21s1/21p1/2 singlet. In agreement with the Ds and Pp
singlet relaxation rates, this reduction in energy results in fewer
phonon scattering events and a comparatively higher relaxation
rate.

In contrast to the |±3/2〉1 → |±3/2〉0 transition, the relax-
ation of the |±1/2〉1 triplet states into the XGS has to involve
changes both in the total electronic spin and its z projection.
For this we consider the mixing of |±3/2〉1 and |∓1/2〉1 triplet
states due to the spin mixing part δeh of the EHX, namely
|Y 〉 = η( |±3/2〉1 − α|∓1/2〉1), as discussed in Sec. III. The
complete relaxation path involves scattering from the |∓1/2〉1

to the |±3/2〉1 configuration within the mixed triplet manifold
and subsequent relaxation into the ground-state 1S3/22s1/2

singlet via the |�〉 admixture, as discussed above. If we adopt
this point of view, it becomes clear that the measured long
temporal component of the population decay τ1/2 is associated
with the relatively weak strength of the admixture within the
manifold of the triplet states. The relationship of τ1/2 ≈ 19 τ3/2

is consistent with this picture and indicates weak spin mixing
due to EHX, where δeh � �eh. In fact, from the estimate of
the triplet-to-singlet relaxation via Fermi’s golden rule, we
can expect the long time scale to be given by τ3/2 = η2α2τ1/2

and hence δeh/�eh ≈ √
τ3/2/τ1/2 = 0.23 ± 0.05. Typical en-

ergetic separations of the |±3/2〉1 and |±1/2〉1 triplet states
(�eh) have been determined to be in the range from 1 to
4 meV via PLE measurements of various QDs. Instead, the

spin mixing part of the EHX (δeh) can be directly read out
from the splitting of the bright excitonic fine-structure states in
electrically neutral QDs [54]. The existence of uncharged QDs
in our sample lets us determine these values to be in the range
of 0.5 to 3 meV. From these spectroscopic measurements, the
ratio δeh/�eh is estimated to be in the range of 0.125 to 3, in a
good quantative agreement with the information extracted from
the time-resolved traces. In our picture, the required change in
the z projection of the total angular momentum of the trion
by �Fz = ±2 (from Fz = ∓1/2 to ±3/2) is provided by a
simultaneous electron and hole spin flip process [55,70,71].
Alternatively, a competing relaxation from the Fz = ±1/2 to
±3/2 triplet states involving a flip of an individual electron
spin via a cross-relaxation between the electronic and nuclear
spin systems (nuclear Overhauser effect) is also possible.
However, this process has been shown to be suppressed in
zero-dimensional systems [55,70,72]. Furthermore, dephasing
of the spin polarization in similar QDs has been determined
to take up to several nanoseconds [14,15,73]. As a result,
individual electron spin-flip processes can be neglected in the
consideration of the ultrafast dynamics, thus allowing direct
determination of the admixed characters of the electronic
wavefunctions.

So far, we have analyzed the dynamics of three address-
able excited trion states. In the remainder of the paper,
we concentrate on two of these scenarios. In the first, the
subpicosecond initialization of single-photon gain available
after resonant excitation of the 1D3/22s1/2 state is attractive
for future applications in ultrafast quantum optics. With this
in mind, in the next section, we investigate the hole relaxation
process in different QDs and study the size-dependence for
initialization of gain. In the second case, relaxation of the
1P3/21s1/21p1/2 state occurs on a slower time scale but a
larger dipole moment associated with the initialized transition
promises a more efficient deterministic quantum amplifier.
This scenario is studied in Sec. VI.

V. ENERGY DEPENDENCE OF THE INTRABAND
RELAXATION TIME OF THE

EXCITED HOLES

To further investigate the relaxation mechanisms and to
explore the possibility of tuning the onset time of gain from
the relaxation of the 1D3/22s1/2 state, measurements of the
corresponding relaxation time for four individual QDs are
shown in Fig. 5. The nanocrystals are selected according to
the energetic difference EDs − EX− between the fundamental
trion transition X− and the Ds resonance, as determined from
individual PLE measurements (not shown). This energy corre-
sponds to the relaxation of theD-shell hole into the respectiveS

shell. EDs − EX− is specific to the spatial dimensions of a QD.
It varies throughout the ensemble due to the underlying size
distribution. By studying ultrafast dynamics in QDs of different
size, it is thus possible to map out the functional dependence of
the relaxation time on the amount of excess energy dissipated
by the hole in its transition to the XGS. To this end, individual
QDs with energy differences EDs − EX− between 79 and
100 meV are selected. The relaxation times are obtained from
the three-level model fits of the time-resolved normalized
differential transmission traces at the spectral position of the
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FIG. 5. Ultrafast relaxation of the D-shell hole in four QDs of
varying size when excited on the respective Ds transitions. The
energy splitting of the 1D3/22s1/2 and 1s1/2 states EDs − EX− is 79
(red diamonds, solid line), 85 (green squares, dashed line), 92 (blue
triangles, dotted line), and 100 (purple circles, dot-dashed line) meV,
respectively. The main panel shows the onset of the differential
transmission signal on the X− resonance and corresponding least-
squares fits as a function of time delay tD from −0.5 to +8 ps. The
inset depicts the extracted times constants in relation to the measured
energy difference EDs − EX− for the investigated QDs. Data are
obtained at a temperature of TL = 10 K.

X− resonance when QDs are excited on the respective Ds
transitions (Fig. 5). We find relaxation times of (780 ± 380) fs
for EDs − EX− = 79 meV (orange diamonds and red solid
line), (1.3 ± 0.4) ps for EDs − EX− = 85 meV (green squares
and dashed line), (1.8 ± 0.2) ps for EDs − EX− = 92 meV
(blue triangles and dotted line), and (2.1 ± 0.6) ps for EDs −
EX− = 100 meV (purple dots and dash-dotted line). The inset
of Fig. 5 depicts the extracted onset time of gain in relation
to the probed EDs − EX− detuning, clearly showing a factor
of 3 increase in the scattering rate for a 20% reduction in the
hole excess energy from 100 to 79 meV. While a microscopic
description of hole intraband relaxation is beyond the scope
of this work, the dependence observed in Fig. 5 qualitatively
fits a perturbative picture based on interaction with multiple
phonons. The scattering rate shows inverse scaling with the
dissipated energy, which is distributed between the optical and
acoustic vibrational quanta according to the eigenfrequencies
and momentum conservation rules in the nanoconfined system.
It is interesting to point out that the energy range investigated
here captures a transition from (i) hole relaxation via 2 LO
phonons and high energetic acoustic phonons to (ii) relaxation
via 3 LO phonons and acoustic phonons. Due to the larger
mismatch in momentum for higher acoustic phonon energies
and a lower scattering rate in comparison to LO phonon energy,
we expect to observe resonances in the spectrum of relaxation
times at energies corresponding to an integer multiple of LO
phonons. Such features could potentially be investigated in
future studies. Nevertheless, a promising route for speeding
up the initialization of single-photon gain in single QDs is
apparent: for instance, by reducing the energy detuning below
60 meV (reducing the number of the involved LO vibrational

quanta) it might be possible to increase the operating band-
width of quantum amplifiers into the few-terahertz range.

VI. EXTERNAL MAGNETIC FIELD AND EXTRACTION
OF MAXIMAL SINGLE-PHOTON GAIN

Finally, we turn to the initialization procedure of single-
photon gain by means of the low-energy triplet configurations.
Despite the longer intraband scattering times, this scenario
is advantageous for enhancing the efficiency of quantum
amplifiers due to large dipole moments associated with these
transitions. Additionally, the lower excitation power required
to invert the quantum system minimizes any parasitic excitation
processes and potential heat input, thus ensuring highest
fidelity for the opration of the quantum amplifier. In the ideal
case, the normalized differential transmission signal corre-
sponding to single-photon gain should be twice the value of the
bleaching plateau [43,74]. As evident from the observations in
Sec. IV, it is not possible to directly extract full gain from
the combined relaxation of the |±3/2〉1 and |∓1/2〉1 triplet
states. As a result of the degeneracy in the QD ground state
and the finite Overhauser coupling to the nuclear spin bath,
the resident electron experiences stochastic fluctuations in the
spin projection. Furthermore, the energy splitting between
the |±3/2〉1 and |±1/2〉1 states of only a few meV makes
it difficult to initialize them individually by an ultrafast and
therefore broadband excitation pulse. These challenges can
be addressed by application of an external magnetic field in
Faraday geometry, where lifting of the double degeneracy of
the QD ground-state results in a deterministic alignment of
the resident electron spin. At a field magnitude of 5 T and a
temperature of 1.6 K, a Zeeman splitting of 0.28 meV in the
ground state of our QDs ensures nearly 70 percent occupation
of the lower-energy electron state with sz = −1/2. It also
becomes possible to selectively initialize components of the
triplet-to-singlet transitions with σ− or σ+ circularly polarized
photons, thereby addressing either the |−3/2〉1 or the |+1/2〉1

states, respectively.
The main panel of Fig. 6 shows the temporal traces of the

differential transmission for excitation of the |−3/2〉1 (blue
rectangles) and the |+1/2〉1 (red circles) triplet states for time
delays between −10 and +130 ps. The pump is switched
between the σ− or σ+ orientations and the probe is kept
at σ− polarization, on resonance with the transition from
the XGS to the QD ground state with a single electron of
sz = −1/2. After the excitation of the |+1/2〉1 triplet state,
we observe an initially fast increase in the signal to a value of
approximately �T/T = 0.48 × 10−3 (lower orange-shaded
region). We ascribe this quasi-instantaneous step in the signal
to the process of ultrafast bleaching of the X− resonance due
to the large level shift via Coulomb renormalization. Owing to
its retarded character, the additional increase in differential
transmission has to be caused by a finite X− occupation
building up after interband relaxation of the photoexcited
electron-hole pair [7,43]. In the ideal case of complete in-
terband relaxation, full inversion of the original absorption
and a doubling of the normalized differential transmission
to a value of �T/T = 0.96 × 10−3 would be expected. For
the case at hand, the increase to the maximum signal level
of about �T/T = 0.80 × 10−3 is characterized by a time
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FIG. 6. Dynamics of the differential transmission signals on the
X− resonance after selective excitation of the Fz = +1/2 (red circles,
dashed line) and −3/2 (blue squares, solid line) triplet states. σ+ and
σ− polarized light is used for excitation, respectively. An external
magnetic field of B = 5 T is applied in Faraday configuration to
align the resident electron spin. The low-energy component of the
Zeeman-split X− resonance is probed with σ−-polarized photons.
The two signal levels corresponding to bleaching and full gain are
shaded with orange. Measurements are carried out at a temperature
of 1.5 K. The model fit of the data taken at B = 0 T (see Fig. 4,
green dot-dashed line) is shown for comparison. The inset highlights
oscillatory components extracted for time delays between 0 and
+30 ps, which are assigned to a spin procession of the excited trion
caused by a slight discrepancy of magnetic field and optical readout
directions in the photonic nanostructure.

constant of (81 ± 9) ps, as determined from the model fit.
This value corresponds to a fractional gain which is to be
statistically interpreted as a (0.80/0.48−1) = 0.67 probability
with which single-photon emission is stimulated (81 ± 9) ps
after single-photon absorption at the initialized resonance. The
fractional delayed gain results from a relatively inefficient
intraband scattering of the |+1/2〉1 state, involving a combined
electron and hole spin flip induced by the coupling to the
|−3/2〉1 triplet via the EHX, as described in Sec. IV. In
contrast, we expect a more efficient gain initialization when
addressing the resonance which is directly associated with
the |−3/2〉1 state. Indeed, when exciting with a σ−-polarized
pump pulse, we observe a fast increase in the normalized
differential transmission signal, reaching a plateau at a max-
imum value of �T/T = 0.90 × 10−3 (upper orange-shaded
region). Remarkably, least-square fit analysis with our three-
level model indicates that we reachσ−-polarized single-photon
gain within (2.8 ± 0.5) ps and with near unity probability
after an absorption of a pump photon. We also point out
that the observed amplification amounts to approximately 1
stimulated photon per 1000 probe photons. This fact underlines
the efficient coupling of our broadband femtosecond pulses to
the QDs positioned inside the nanopillar structures.

By comparing the intraband relaxation of the |+1/2〉1 and
|−3/2〉1 states at B = 5 T with that find for B = 0 T (green
dashed line), we find a strikingly clear conservation rule,
where the average of the individual measurements under the
magnetic field coincides with the dynamical trace at B = 0 T.

Such dependence is expected in the limit of applicability of the
rate equation model, i.e., when polarization coherence can be
ignored. To this end, we focus our attention on the early time
dynamics under the applied magnetic field. By subtracting the
model fits from the data, we uncover an oscillatory behavior
of the signal (inset of Fig. 6). The peak-to-peak value of
single-photon gain is observed to be modulated by more than
30 percent after the excitation of both the |±1/2〉1 (red line) and
|±3/2〉1 (blue line) triplet states. By fitting an exponentially
damped sinusoidal function to the data, we extract oscillation
frequencies of (99 ± 6) and (115 ± 12) GHz, respectively, and
a decay time of approximately 50 ps. We attribute this coherent
signal to a Larmor precession, which, due to the measurement
geometry, must occur around an axis perpendicular to the
optical z axis. Thus the pronounced coherent signal reflects
a slight modification of the input field by the metallic sub-
wavelength nanophotonic structures around the QDs. Judging
from the π phase difference of the two signals in Fig. 6, it is
interesting to note that we can initialize a Larmor precession
of gain in the coherent regime. In future experiments this could
enable the coherent control and readout of single electron
or hole spins, as demonstrated in, e.g., Refs. [13–17,75], but
performed with femtosecond accuracy and directly in transient
transmission. Furthermore, by employing a three-level lambda
scheme [76], the investigated quantum emitters present a route
towards coherent manipulation of gain on ultrafast time scales
approaching just few optical cycles.

VII. SUMMARY AND OUTLOOK

We have studied the ultrafast intraband dynamics in single
negatively charged CdSe/ZnSe QDs. Photoluminescence and
photoluminescence excitation measurements were employed
together with theoretical calculations to provide an unambigu-
ous identification of the low-energy resonances associated with
the discrete electronic states of the system. Based on this input,
we investigated the relaxation processes of specific excited
states via time- and spectrally resolved two-color pump-probe
measurements with femtosecond time resolution. Differential
transmission signals in the vicinity of the fundamental trion
resonance (X−) were monitored. In this way, we access detailed
information on the intraband scattering processes within the
manifold of identified few-particle configurations. Comparison
of several QDs of different dimensions demonstrates that the
gain onset time increases nonlinearly with the excess energy
dissipated by the hole after pumping a transition from the
valence-band D shell into the s shell of the conduction band.
Consequently, we were able to establish single-photon gain at
the X− resonance of a single quantum emitter on a time scale
as fast as 780 fs. In contrast, excitation of p-shell transitions
results in intraband relaxation of both electron and hole. In
case of a singlet excitation, scattering into the trion ground
state necessitates no spin flip. Consequently, a fast rise time
of X− gain in the order of a few ps is found. Both the Ds and
Pp singlet transitions exhibit moderate absorption, requiring
relatively strong excitation in order to create an electron-hole
pair. The most efficient way to establish maximum gain at
the X− transition is excitation of the Pp triplet resonance.
However, intraband relaxation following this pumping scheme
might be slow due to the spin flip, which is required. Indeed, a
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ground-state exciton is generated only within approximately
50 ps when triplet states with Fz = ±1/2 are excited. Sur-
prisingly, pumping of a resonance with Fz = ±3/2 results in
inversion of the QD within a few picoseconds. In this case,
the strong mixing of the triplet state with the excited-state
singlet of the trion caused by the electron-electron exchange
interaction removes the necessity of a spin flip for the relaxation
to the XGS. While this configuration enables us to initialize
single-photon gain on ultrafast time scales, the overall proba-
bility of the amplification process is still compromised by the
stochastic spin distribution of the resident electron. Therefore
it is advantageous to work in an external magnetic field of 5 T.
By implementing circular polarizations for the excitation and
readout pulses, we were even able to deterministically select
between relaxation of the excited trion triplet state with a time
constant of 2.8 or 81 ps. In the former case, maximum gain
provided by the QD is established in the most effective way.
An overall efficiency of the amplifier of 0.1% is supported by
the photonic nanostructure around the quantum emitters.

As an outlook, our characterization of few-particle dy-
namics in CdSe/ZnSe QDs paves a way towards designing
broadband quantum amplifiers for novel applications in ul-
trafast quantum optics and quantum information technology.
By exploiting colloidal QDs [77–79], a new level of control
over the position of the quantum emitters may be achieved via
nanomanipulation procedures using, e.g., an AFM tip. This

step could enable maximally efficient coupling of the quantum
emitters to more sophisticated plasmonic nanostructures or
nanoresonators [80]. Such hybrid systems involving single
nanocrystals and advanced nanophotonic structures give rise
to large enhancements in light-matter interaction, decreasing
the amount of probe photons needed for extraction of ul-
trafast single-photon gain. Additionally, stronger light-matter
coupling and broadband readout potentially enable operation
at higher temperatures. Ultimately, differential transmission
signals in the order of unity might be reached in this way,
corresponding to probe pulses containing only one photon
stimulating the emission of a second photon [81]. Such a
system would, e.g., enable the deterministic creation of bipho-
tons and eventually ultrashort wavepackets with well-defined
photon numbers via multiple single-photon amplification pro-
cesses. Also, working with QDs resonant to the mid-infrared
spectral range would provide ultrafast emitters and amplifiers
producing nonclassical states of light that could be directly read
out in the time domain with ultrabroadband quantum sampling
of the electric field [82–84].
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