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Abstract—Site-controlled, [111]-oriented (In,Ga)As quantum
dots (QDs) are promising platforms for the deterministic gen-
eration of photonic cluster states. In proposed schemes, a spin
confined within the QD acts as the “entangler” enabling the
creation of these non-classical states and precise understanding
of the effective g-tensor is a key ingredient. Crucially, the g-tensor
can show non-trivial dependencies on dot size and geometry, and
is further expected to vary with the growth direction. Here, we
use k·p calculations to model the electronic structure of [111]-
oriented (In,Ga)As QDs under low magnetic fields to gain insight
into g. Our results show a much reduced magnetic response of
electrons in the modeled structures compared to bulk values but
show reasonable agreement with experimental results.

Index Terms—k·p theory, Magnetic Field, Quantum dots

I. INTRODUCTION

Semiconductor quantum dots (QDs) based devices provide
a viable technology for generating quantum light for quantum
information applications. In particular, the generation of multi-
dimensional photonic cluster states (MDPCS) from QDs has
attracted significant attention. The deterministic production of
MDPCS relies on the application of a step-by-step process
of photon emission and photon-spin entanglement [1], which
requires for instance that the spin-precession period, set by the
inverse of the applied magnetic-field strength, is much longer
than the photon’s radiative lifetime. Thus, the evolution of
the carrier spin under the influence of an external magnetic
field impacts not only the coherence of the entanglement
but also the stability of the created graph state. Therefore,
information on the magnetic response (or g-tensor) of spins
within the QD is of key importance. Site-controlled [111]-
oriented (In,Ga)As QDs offer an attractive option for the
deterministic production of MDPCS. This can be attributed to
superior uniformity, reproducibility, and control over the QD
morphology and composition during the growth process [2]
when compared to “conventional” [001]-oriented Stranski-
Krastanov QDs. However, due to changes in symmetry when
grown along the [111]-direction of the zinc blende crystal but
also vastly different dot sizes and aspect ratios, understanding
from [001]-oriented structures may not be easily transferred to
site-controlled [111]-oriented (In,Ga)As QD systems. Previous
studies targeting [001]-oriented QDs showed already that g-
tensors are indeed closely related to the QD size, shape and
strain profile [3]. Although recent experimental studies have
targeted the question of electron and hole g-tensors in site-
controlled [111]-oriented (In,Ga)As QDs, theoretical studies

of these dots under magnetic fields are sparse. In this work, we
investigate the g-tensor of experimentally relevant (In,Ga)As
QDs. We use 8-band k · p theory to model their electronic
structure under the effects of externally applied magnetic
fields. Our calculations are performed for Faraday and Voigt
magnetic field configurations.

II. THEORETICAL APPROACHES

To gain insight into the electronic structure of [111]-oriented
(In,Ga)As QDs in the presence of magnetic fields, we employ
a 3D implementation of an 8-band k · p model discretized
in finite differences. In addition to magnetic field specific
components, the k · p Hamiltonian accounts for strain and
piezoelectric polarization (up to 2nd-order) fields. Special
attention is paid to the gauge invariance of the magnetic field
implementation in the k · p model. To do so, the discretized
derivatives follow the process outlined in Ref. [4]. The Hamil-
tonian contains also a Zeeman contribution to accurately ac-
count for spin splitting effects in an applied magnetic field [5].
To investigate many-body effects, the theoretical framework
is complemented by a configuration interaction (CI) scheme,
which allows us to study the QD multi-excitonic states.
Optical spectra are evaluated via Fermi’s Golden rule. The
required interaction matrix elements (Coulomb and dipole) are
calculated directly from the k·p single-particle wavefunctions.

To gain insight into the electron and hole effective geff-
factors from our electronic structure calculations in the pres-
ence of a magnetic field we employ [4]:

geff =
|∆E↑↓|
µB |B|

. (1)

Here, ∆E↑↓ is the energy separation between the spin up and
spin down single particle ground states, at a given magnetic
field strength |B| and direction (Faraday or Voigt).

III. RESULTS AND DISCUSSION

Here we present results for site-controlled [111]-oriented
In0.25Ga0.75As QDs embedded in a GaAs matrix, in line
with recent experimental studies [6]. Previous work already
indicated that these dots have a large base to height ratio [7].
Thus, based on this information we assume a prismatic
In0.25Ga0.75As QD with a base length of L = 40 nm and
a height of h = 2 nm. Equipped with this information,
the electronic structure has been calculated as a function of
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Fig. 1. Electron ground-state energy as a function of the applied magnetic field strength. (a) Voigt configuration: B being perpendicular to the growth
direction; (b) Faraday configuration: B is parallel to the growth direction. Inset: Energy separation between spin up and down states as a function of |B|.

the applied magnetic field strength in the range 0 − 20 mT.
Small values of the magnetic field were chosen to study
geff of this QD system as it ensures that non-linear effects
from the magnetic field are suppressed, and importantly, to
avoid excessive state mixing due to the magnetic field. In
experiments, magnetic fields are often applied perpendicular
(Voigt configuration) and parallel (Faraday configuration) to
the QD growth direction and we follow this in our analysis.

The electron ground state energy is shown as a function
of the magnetic field strength |B| in Fig. 1(a) in Voigt and
Fig. 1(b) in Faraday configuration. The insets display the
obtained spin-splitting energy, ∆E↑↓, which reflects a linear
behavior for the small magnetic field range studied. When
comparing ∆E↑↓ in Faraday and Voigt configuration, we
observe very similar values, indicating that g∥eff in Faraday and
g⊥eff in Voigt configuration should be very similar. Using Eq. (1)
and a linear fit to ∆E↑↓, we calculate an effective g-factor in
Faraday (Voigt) geometry of g∥eff = 0.98 (g⊥eff = 0.96), reveal-
ing an electron g-factor close to being isotropic. In bulk and
when using a linear interpolation for effective g-factor data of
InAs and GaAs [5], one obtains geff = 4.1 for In0.25Ga0.75As.
Thus, the QD values found here are significantly smaller,
suggesting that spatial confinement in this specific geometry
has largely quenched the magnetic response. Turning to recent
experimental studies on [111]-oriented In0.25Ga0.75As QDs,
values of the same magnitude are reported but smaller than our
values. We will show how the QD size can affect the g-factors
and compare our theoretical results with further experiments
also for hole states.

IV. CONCLUSION

In summary, we have presented a theoretical investigation of
the electronic structure of In0.25Ga0.75As QDs in the presence
of low strength magnetic fields. By analyzing the ground state
electron spin splitting, we gained insight into the effective
g-factors both in Faraday and Voigt geometries. These cal-
culations reveal that spatial confinement in the studied QDs

strongly quench the magnetic response of the electron when
compared to bulk values. We find also that the magnetic
response of the electrons to the magnetic field is almost
isotropic. These insights provide a valuable starting point for
future modeling of the magneto-optical properties of [111]-
oriented (In,Ga)As QDs, with a view to optimizing them for
MDPCS generation.
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