
Optical Pumping of Electron Spins in Quantum
Dot Ensembles

I. Kleinjohann, A. Fischer, N. Jäschke, F. B. Anders
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We use the central spin model to analyse optical pumping of singly charged quantum dots. An

exact quantum mechanical approach is employed to calculate the impact of several million laser

pulses. The periodical excitation imprints on the system and the electron spin polarisation re-

focuses directly before each pulse. Our calculations link the non-monotonic behaviour of the

revival amplitude as function of the external magnetic field found in experiments to the nuclear

Larmor precession. Furthermore, we extend our model to a cluster of coupled central spin mod-

els to investigate long-range spin-spin interactions in quantum dot ensembles. A semiclassical

approach handles the large amount of spins. By means of the cluster approach, we provide an

understanding of the electron spin dephasing at different external magnetic fields and spectral

widths of the optical excitation. Our model reveals the counterbalancing effects generating a

constant dephasing time in dependence of the spectral laser width in experiment.

1 Introduction

Coherent control of electron spins in quantum dot (QD) ensembles appears to be a promis-

ing root for realisations of quantum information processing. The confined electron in a

singly charged semiconductor QD has limited overlap with the environment leading to a

long spin life-time. The major source of decoherence of the electron spin results from the

Overhauser field generated by the hyperfine coupling to the surrounding nuclear spins.

A substantial revival amplitude of electron spin polarisation1–5 arises during the pe-

riodic application of laser pump pulses onto an ensemble of QDs subject to a constant

magnetic field perpendicular to the optical axis. A resonance condition for the electron

spin precession imposes a peaked non-equilibrium distribution of the Overhauser field

component parallel to the external magnetic field that emerges from the initial Gaussian

distribution. This imprint on the nuclear spins is robust against decoherence mechanisms

and thus, is still accessible after minutes without optical driving5, 6 opening the door to

long memory times.

The dephasing of the electron spin polarisation generated by optical excitation depends

on various counterbalancing mechanism. One of the dominant effects, aside of the hyper-

fine interaction and varying electron g factors, is the effective coupling between electron

spins of different QDs on the sample. This inter QD interaction was indicated in two-colour

pump-probe experiments7 and presents the opportunity to correlate the spin dynamics of

different QDs via tailored optical excitation.

2 Modelling of the System

The Fermi contact hyperfine interaction between the electron spin localised in a self-

assembled QD and the surrounding nuclear spin bath provides the largest contribution
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The operators ŝ = |T 〉〈↑|, ŝ† = |↑〉〈T | incorporate the transitions from the spin |↑〉 to the

trion state |T 〉 and vice versa. The corresponding transition rate is typically γ = 10ns−1

in real systems. In the Hamiltonian Ĥ we include the CSM and the trion state. A scheme

of the time scales in the periodically driven system with short optically pulses is shown

in Fig. 1 (b). This dynamics can be treated in two ways, either with an exact quantum

mechanical description or a semiclassical approach.

When focusing on quantum mechanical effects, we restrict ourselves to a small nuclear

spin bath and calculate12 the exact time evolution of the density operator. To compensate

for the relatively small number of nuclear spins (N = 6− 8), the hyperfine coupling con-

stants Ak are drawn from their distribution function in large systems, and the results of NC

different realisations are averaged at the end. Typically about NC = 100 configurations

are used which allows for massive parallelisation of the calculations. The calculation of

the time dependent density operator ρ̂(t), which consists of mainly matrix multiplications,

is parallelised over all cores on one node and NC nodes are used for a run. With that ap-

proach we can apply about 20 million laser pulses to the system with a repetition time of

TR = 13.2 ns and span 11 orders of magnitude in time, from the pulse duration of about

4 ps to 0.24 s in real time.

2.2 Semiclassical Approach

We also developed a hybrid approach3 to combine the quantum description required to

capture the effect of the periodic laser pulses and the consecutive trion decay. This semi-

classical approach enables the treatment of larger nuclear spin baths13 than in the quantum

mechanical approach.

To this end, we incorporate3 the quantum mechanical laser pulse by a mapping
~Sprior → ~Safter using a unitary time evolution operator and treat the Lindblad equation

in the hybrid equation of motion (EOM). We extended14 the EOM in our semiclassical

approach to a coupled cluster theory comprising NQD QDs labelled i = 1, . . . , NQD

d

dt
~S(i)(t) =

(

~b
(i)
T + g(i)e

~Bext

)

× ~S(i)(t) + γP
(i)
T (0)~eze

−2γt (4a)

d

dt
~I
(i)
k =

(

A
(i)
k

~S(i) + z ~Bext

)

× ~I
(i)
k (4b)

~b
(i)
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N
∑

k=1

A
(i)
k

~I
(i)
k +

∑

j 6=i

Jij ~Sj(t) (4c)

with classical spin vectors and the probability of trion occupation PT . The coupling be-

tween electron spins of different QDs, i and j, is named Jij . Furthermore, we take into

account different electronic g factors as well as off-resonant pumping caused by the mis-

match between the trion excitation energy and the laser frequency.

In the semiclassical simulations, averaging results of various initial classical spin states

mimics the quantum mechanical expectation value according to a saddle-point approxima-

tion.13 Up to NC = 106 configurations provide highly accurate numerical results. Each

computing core handles 32 of these configurations simultaneously to enable vectorisation

in 99 % of the program loops. The distribution of the independent configurations over

several thousand cores is realised via MPI parallelisation.
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3 Signatures of Long-Range Spin-Spin Interactions in an (In,Ga)As

Quantum Dot Ensemble

In a two-colour spin pumping experiment7 evidence was compiled that different QDs are

coupled by a long-range spin-spin interaction of unknown origin. The experimental data

are consistent with the assumption of a time independent Heisenberg term between pairs

of electron spins localised in distinct QDs.

We benchmarked our approach by the simulation of a two size cluster (NQD = 2)

targeting the understanding of a two colour laser pumping experiment7 that demonstrated

the dependency of the decay time and the phase shifts on the delay time between pump

pulses of different colours, acting on different QDs. We find that the theory is able to

excellently reproduce the experimental results and establish that the effective spin-spin

interaction is long-ranged and time constant. Our results disputes the original interpretation

of the experimental paper7 speculating about an optical Ruderman-Kittel-Kasuya-Yosida

interaction (RKKY).

Recently, we extended the calculations to a cluster of up to NQD = 10 QDs repre-

senting different sub-ensembles with comparable trion excitation energies. Laser pulses

modelled by a Gaussian shape with spectral width ∆E have been used. Furthermore, we

took into account a Gaussian distribution of electronic g factors and trion excitation ener-

gies whose properties have been determined by experiments using the photoluminescence

spectra15 of the QD ensemble. When investigating the dephasing of the electron spin po-

larisation after a laser pulse (see Fig. 2 (a)) we find three contributing mechanism. The

dephasing arising due to the hyperfine coupling is governed by the dephasing time T ∗
N en-

countered before. Additionally, the electron g factor distribution produces varying Larmor

frequencies in the QD ensemble. The third contribution is ascribed to the interaction of an

electron spin with surrounding unpolarised electron spins in other QDs. Combining these

mechanism, the ensemble averaged dephasing time T ∗ of the electron spin polarisation, as

measured in experiments, is obtained and analysed.

In Fig. 2 (b), we compare the experimental data with the calculated values of T ∗ for

an averaged Heisenberg coupling between electron spins J = 0.4 ns−1. The value J

reproducing the experimental features best is almost a factor 4 smaller than the value

J ≈ 1µeV ≈ 1.5 ns−1 reported in Ref. 7. This smaller value of J is a consequence of

modelling the ensemble by a cluster of ten QDs instead of a pair only.

The magnetic field dependence of the dephasing time T ∗ at a fixed spectral width

∆E = 1.5meV is depicted in Fig. 2 (c). The numerical calculations with J = 0.4 ns−1

(triangles) as well as the experimental measurements (x markers) display a decrease of

the dephasing time with increasing external magnetic field. For our choice of parameters,

the numerical values of T ∗ are slightly bigger than in experiment, but show the same

curvature. In Fig. 2 (d), we supplement a power fit T ∗ ∝ B−α
ext to the numerical data. Like

in the experimental results, the best agreement was achieved for α = 0.7. Deviations from

the power law with α = 1 can be attributed to the importance of the hyperfine interaction

and the electronic spin-spin interaction at lower magnetic fields.

These results will open the door for a new quest to determine the microscopic origin of

the effective interaction. While a direct exchange interaction or a dipole-dipole interaction

are too weak due to the typical QD distance of 100 nm, an indirect RKKY interaction

mediated by carriers in the wetting layer is a potential candidate. Additional information
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The simulations with our quantum mechanical approach suited for long pulse se-

quences bring comprehension of experimental observations12 that the revival amplitude

displays a pronounced minimum at 4 T. The magnetic field dependence is even more com-

plex in experiment due to different nuclear species with distinct resonance conditions that

lead to a superimposed behaviour for the electron revival.

5 Concluding Remarks

We reported on our recent studies on singly-charged semiconductor quantum dots under

optical excitation. We tackle the problem from two angles of view to analyse the nu-

clear induced frequency focusing effect that significantly enhances the spin coherence time

as well as the long-range spin-spin interaction that enables information transfer between

quantum dots. A numerically exact quantum approach is used to simulate several million

laser pulses. By analysis of the resonance condition in the periodically driven system we

explain the non-monotonic magnetic-field dependence of the revival amplitude observed

in recent experiments.

Since the quantum approach is limited to a small number of spins, we utilise a semi-

classical approach to simulate coupled clusters of quantum dots. The additional electronic

spin-spin interaction that is incorporated in our cluster approach explains the dephasing

time that is independent of the spectral laser width in experiment on quantum dot en-

sembles. Further investigations of the long-range spin-spin interaction might reveal the

physical mechanism behind the effective coupling in the cluster approach.
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