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Magnetic tuning of tunnel coupling
between InAsP double quantum
dots in InP nanowires

Jason Phoenix2, Marek Korkusinski', Dan Dalacu?, Philip J. Poole?, Piotr Zawadzki?,
Sergei Studenikin®?, Robin L. Williams?, Andrew S. Sachrajda’ & Louis Gaudreau'™*

We study experimentally and theoretically the in-plane magnetic field dependence of the coupling
between dots forming a vertically stacked double dot molecule. The InAsP molecule is grown
epitaxially in an InP nanowire and interrogated optically at millikelvin temperatures. The strength of
interdot tunneling, leading to the formation of the bonding-antibonding pair of molecular orbitals, is
investigated by adjusting the sample geometry. For specific geometries, we show that the interdot
coupling can be controlled in-situ using a magnetic field-mediated redistribution of interdot coupling
strengths. This is an important milestone in the development of qubits required in future quantum
information technologies.

Epitaxial quantum dots (QDs) embedded in nanowire waveguides are ideal sources of single and entangled pho-
tons due to the high collection efficiency and emission line purity which can be achieved with these devices'™.
Additionally, this architecture has the potential to form the building blocks of quantum information processors
by coupling quantum dots in series within a nanowire. Quantum dot molecules with clear signatures of molecular
bonding and antibonding states have been demonstrated, in which the carrier population can be tuned utilizing
the quantum-confined Stark effect>®. These optically active quantum dots are also very promising candidates
for quantum networking units, because they can transfer the quantum information encoded in photonic qubits
to solid state qubits and process this information in coupled quantum dot circuits’~’.

Controlling the tunnel coupling between the dots is a key feature needed to appropriately tune and perform
quantum gates between qubits. In electrostatically defined quantum dots, for example, interdot tunnel coupling
can be achieved via electrical gates designed for this purpose and linear arrays of up to 9 qubits have been
realized'. In epitaxial quantum dots, tunnel coupling is determined by the distance separating the quantum dots,
which after the growth process can’t be changed”!!~*%. This creates reproducibility issues due to the uncertain-
ties in the epitaxial growth on the atomistic level. Attempts to overcome these issues include measures aimed at
introducing controlled structural changes, such as laser-induced intermixing'?, placing the emitters in a photonic
cavity'?, or tuning strain fields in the vicinity of the dots'. These processes result in an improved uniformity of
the quantum dot emitters, however they do not allow for their time-dependent tuning and addressability. To
enable this, external electric fields are applied to the dots by means of metallic gates, resulting in control of the
charge states's, spectral tuning via the Stark shift® and control of the exciton fine structure via quadrupole fields".
Additionally, recent electronic transport experiments in epitaxial quantum dots have demonstrated electrical
tuning of tunnel coupling'®-?°. These approaches, however, require complex device design and engineering. In
this letter, we demonstrate tunability of inter-dot coupling by applying a magnetic field perpendicular to the
dot stacking direction. We first perform optical magnetospectroscopy of InAsP double quantum dots (DQDs)
in InP nanowires and identify an inverse power law which governs the energy difference between the s-shell
emission from each dot as a function of the inter-dot distance. Emission energies are affected by differences in
dot composition and strain, while coupling between dots is determined at the growth stage by the barrier thick-
ness separating them. We will demonstrate, however, that we can tune, for specific states, the emission energy
difference on-demand over a range of approximately 1 meV by applying a magnetic field parallel to the plane
of the quantum dots (i.e. Voigt geometry). As we will show, this energy shift is not possible without quantum-
mechanical coupling between dots, and we interpret this result as an indication that magnetic field tuning of
inter-dot tunnel coupling is occurring due to the quantum analogue of the classical Lorentz force.
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Figure 1. (a) Transmission electron microscopy image of a double dot nanowire where the spacer was grown
for 5 seconds. White arrows indicate dots, orange arrows indicate inter-dot distance, L. (b) Normalized emission
spectra of two double-dot wires for two different inter-dot distances. The low-energy s-shell peaks have been
aligned to emphasize the relative energy of exciton emissions for these two cases. The s-shell X states are
highlighted by light blue boxes.

The quantum dots used in this study are InAsP segments in a wurtzite crystal phase InP nanowire, grown
using selective area vapour-liquid-solid epitaxy in a chemical beam epitaxy (CBE) system®?!. The growth is
catalysed by position and size controlled gold nanoparticles on an InP (111)B substrate. The size of the catalyst
sets the diameter of the dot, D, and is defined using electron-beam lithography. Diameters between 20 and 22 nm
are used in this study. The InP nanowire core is grown at 422C with The InAsP segments created by injecting
AsHj3 in the place of PH3 into the CBE chamber for 3 seconds during the InP nanowire growth producing dots
with thicknesses of ~ 5 nm. For double dot samples (Fig. 1a), different inter-dot spacers, L, are obtained in the
same growth by virtue of a nanowire diameter-dependent growth rate?'.

To enable efficient optical measurements the nanowires are further clad with a ~ 100 nm thick InP shell by
tripling the PH3 flux to give a base diameter of ~ 220 nm and a tip tapered to ~ 20 nm. The thicker shell at the
base supports the fundamental HE;; waveguide mode that provides optimal coupling to the dot emission. The
taper improves the coupling of the emitted light to the lensed fibre used in the spectroscopy measurements'?2,
i.e. the taper controls the numerical aperture of the source.

A direct measurement of the inter-dot separation, L, using electron microscopy techniques is not possible for
clad nanowires without the use of destructive techniques. To determine L we instead use the diameter-dependent
non-linear growth rate model developed in Ref.?'. This approach only provides an estimate of the value of L due
to (i) a variation in nanowire diameters of 2 nm for nominally identical nanowires',, (ii) a diameter-dependent
incubation time to initiate the nanowire growth, and (i) a reservoir effect which delays the onset of the spacer
growth when switching from InAs to InP'2. We assume a 5-second delay to initiate the spacer growth and neglect
the diameter-dependent incubation time. The 2 double dot samples studied (DQD1, DQD2) have dot diameters
D; = 20nm and D, = 22 nm. The first dot is incorporated into the InP nanowire after growing the base for 905
seconds and the second dot after growing a 15-second InP spacer on top of the first dot. Using the assumptions
above, we estimate spacer thicknesses of L; = 9.5 £ 2nm and L, = 7 & 2 nm for the two samples.

Our experiment uses a 780 nm wavelength excitation laser coupled into the 1% port of a 99-1 fibre beam
splitter. The splitter’s input port is connected to a 780HP single-mode fibre that runs inside a dilution refrigera-
tor (base temperature of 10 mK), where a lensed fibre focuses the light on the nanowire sample. The lensed fibre
also collects the emission from the chosen individual nanowire, and the collected light is directed by the beam
splitter to a spectrometer for analysis. X, Y, Z piezo position controllers are used to select each nanowire. The
sample resides in the center of an 8 T superconducting magnet in the Voigt configuration. Laser power levels at
the sample range from 1 nW to 1 #W in our experiments. See the Supplementary Material for more informa-
tion on this setup®.

The high crystal purity of our nanowires results in extremely narrow photoluminescence (PL) lines from the
quantum dots, approaching the resolution of the spectrometer (~0.024 nm). At the pumping levels used the
samples exhibit emission spectra characterised by the lowest-energy (s-shell) exciton complexes: the neutral
exciton (X), the negatively-charged exciton (X ) and the neutral biexciton (XX). Emission lines are identified
primarily through power-dependence measurements>>*** and analysis of their behaviour in a magnetic field %*.
Tests were initially conducted on single-dot samples to observe the typical magnetic field dependence of emis-
sion lines associated with each s-shell exciton complex ». These single-dot studies were then used to establish a
baseline for comparison with the double dots to determine if they are coupled or not. Double-dot samples which
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Figure 2. Magnetic field dependence of the emission spectra of (a) DQDI1 with inter-dot spacing of
Ly = 9.5nm and (b) DQD2 with L, = 7 nm. Magnetic decoupling of the high-energy (HE) and low-energy
(LE) dots is observable in (b) as a downward shift in the energy of the HE state.

display behaviour similar to single dot structures can be assumed to have no inter-dot coupling, while observed
differences are assumed to arise from interactions between dots.

Figure 1b shows the s-shell emission spectra of two separate DQD samples with different inter-dot distances,
plotted relative to the lowest s-shell X peak. Two distinct sets of peaks are observed, each associated with one
of the quantum dots, and we refer to each set as either as the low-energy’ or ‘high-energy’ dot based on their
relative s-shell emission energies. The figure shows an increase in the energy difference between the ground state
emission of the two quantum dots (indicated by the light square boxes in each trace) as L is decreased. There are
two mechanisms that result in a splitting of the emission energies: a difference in the physical properties of the
dots such as composition and size, and a coupling between the dots. In this nanowire system, we typically observe
an energy difference between nominally identical dots even for dots separated by L > 100 nm where no coupling
is expected. This non-degeneracy is associated with a difference in As content between the two dots' and in the
limit of large L, we expect the emission energy difference to be solely due to this difference in As content. With
decreasing L we expect an increasing contribution due to tunnel coupling.

In coupled systems?, the strengthening of the inter-dot coupling (the increase in energy difference between
the s-shell energies of the two dots, AEs) can be described phenomenologically using a 1/L* dependence®*?.
For our data we obtain:

AE 33.0 x 10° meV - nm? 270 meV W
= .U me
s (L + 4.88 nm)3

Since L is measured from the edge of each dot, the offset in inter-dot separation (4.88 nm) is a result of the
finite thickness of the dots, which is roughly 4.5 nm. The energy offset of 27 meV is included to account for the
difference in composition between the two dots within a nanowire which produces an additional splitting as
discussed above.

These data alone are not conclusive proof that inter-dot coupling is responsible for the majority of the detun-
ing as dot separation decreases. We therefore provide more direct evidence of quantum mechanical coupling
through magneto-PL studies in the Voigt configuration. The magneto-PL of double dot samples reveals the
combined effects of the field strength and inter-dot separation on the PL spectrum. Figure 2 compares the PL
spectra of the high-energy and low-energy dots as a function of magnetic field for samples DQD1 and DQD2
with inter-dot distances of L; = 9.5 nm (Fig. 2a) and L, = 7 nm (Fig. 2b), respectively. DQD1 (L; = 9.5 nm)
exhibits both Zeeman splitting and diamagnetic shifts, and the spectrum of each dot is qualitatively similar to
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Figure 3. (a) Schematic representation of the tunnelling direction of electrons between dots for zero magnetic
field, t, (solid line), and high field, ¢g (dashed lines), in the Voigt configuration. Light blue shading indicates
the modified confinement region induced by the B-field. (b) Bonding (black) and antibonding (red) quantum
molecular states of an electron. The blue arrows indicate the states whose coupling generates the emission line
configuration in panel (d) and Fig. 2b. (c) The modelled energy gap between s-shell emission lines of the high-
and low-energy dots as a function of inter-dot distance, L. The energy gaps from Fig. 1b are overlaid on the
model curve, allowing us to verify the values of L for those samples. (d) Emission line model showing the same
shift in tunnel coupling strength as observed in Fig. 1b, without Zeeman splitting.

that of a single-dot sample (see Supplementary Material®®). The large separation between the dots reduces the
tunnel coupling between them to the degree that they effectively behave as independent systems.

Similarly, the low-energy QD in DQD2 (L, = 7 nm) shows a magnetic field dependence similar to that of
a single-dot nanowire. In contrast, the high-energy QD in this sample reveals a downward shift in energy with
increasing B-field, a clear signature of a modification of the interdot coupling, which is the main finding of this
work. We interpret this energy shift as a quantum analogue of the classical Lorentz force inducing an effective
decoupling between the QDs. In the Voigt configuration the magnetic field is applied perpendicularly to the
tunneling direction, and as carriers tunnel between dots, the Lorentz force alters their trajectories, leading to a
redistribution of inter-dot coupling strengths. This concept is schematically shown in Fig. 3a. The decoupling
mechanism reduces the energy difference between the emissions of the QDs from 47.5 meV to 46 meV which
causes an effective increase in inter-dot distance from L, = 7 nm to 10 nm.

We now perform a more quantitative analysis of the emission spectra of the coupled quantum dot molecule
by approximating the double-dot confinement with a simple, separable three- dlmensmnal double-well poten-
tial . The Hamiltonian of the system is written as H=T+ Vi, ¥) + Vi (2), with T= p?/2m being the kinetic
energy operator of the particle with mass . The lateral confinement V;(x, y) of either dot is approximated by
a two-dimensional parabolic potential with frequency /12, = 30 meV for the electron, and 2, = 15 meV for
the hole?®. Along the nanowire axis we deal with a one-dimensional double-well potential V,(z) with equal well
widths (dot heights) H = 4.5 nm (effectively accounting for interface effects). The difference in dot composi-
tion, however, means the confinement depths are such that V; > V5, where 1 (2) corresponds to the low (high)
energy QD. We calculate the single-particle energies and wave functions in this 3D confinement numerically.
Utilizing the effective masses for the electron, m, = 0.03 my, and the hole, m;, = 0.06 1, and assuming an exciton
binding energy of 25 meV?%, we can find the well depths V; and V; by fitting the model positions of the emission
maxima from either dot to the measured results of uncoupled dots, as in Fig. 2a at the magnetlc fieldB=0T.
We obtaln barrier height potentials V¢ = 239 meV and V§ = 203 meV for the electron, and V}' = 119.5 meV
and V} = 101.5 meV for the hole, counting from the band edges of the InP barrier material.

With the model fully parametrized, we now compute the energy levels of the confined carriers as a function
of the inter-dot distance. In Fig. 3b we show the bonding (black lines) and antibonding (red lines) states of an
electron, including the three lowest shells, originating from the harmonic lateral confinement. We detect a sig-
nificant tunnel coupling for inter-dot distances below 10 nm, and a rich structure of level crossings arising from
the opposite shifts in levels of different vertical symmetry (bonding or antibonding). Further, by performing the
calculation for both types of carriers, we may plot the energy difference between the emission maxima of excitons
built on the bonding and antibonding quantum molecular states (Fig. 3c). By taking the experimentally meas-
ured energy gaps and placing them on the modelled curve in Fig. 3¢ we determine interdot distance of 9.5 nm
and 7 nm, corresponding to the samples DQD1 and DQD2, as marked in the figure. The model curve in Fig. 3¢
is in agreement with our empirical fit of the data to a1/L? relation (Eq. 1), for which we used these values of L.

We then include the effects of the magnetic field in the Voigt configuration into our model by introducing
the generalized momentum operator for the electron (hole) # = p £ £A, where e is the unit charge, c is the
speed of light, and A is the magnetic vector potential®’. With the choice A = B[0, 0, y], B being the magnetic field
magnitude, the kinetic energy expressed by this momentum acquires two new terms: (i) a harmonic correction
to the lateral confinement in the y direction, responsible for the diamagnetic shift of energy levels, and (ii) an
electron (hole) Hamiltonian term Hy, = Fiii2.yd/0z, where Q. = eB/mc is the cyclotron energy. We include
the two new terms in the basis of the zero-field bonding and antibonding states. Owing to its bilinear form, the
term Hy, couples the vertical and horizontal wave function components with opposite symmetry. The relevant
coupling scheme is marked in Fig. 3b with arrows. We find that the bonding s-shell orbital B, s is coupled to one of
the antibonding p-shell orbitals A, p (as marked by the green double-arrow). On the other hand, the antibonding
s-shell orbital A, s couples with the bonding p-shell orbital B, p (as marked by the blue arrows). The strength of
this coupling depends on the magnetic field, but also on the energy gap between the relevant levels (large gap for
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the former pair, small gap for the latter). As a result, the lowest-energy antibonding level, A, s, will experience a
strong shift towards the lower energies for inter-dot distances larger than ~ 7 nm (i.e., past the crossing of the
A, s and B, p levels), but the level B, s will not experience such a shift. This is evident in Fig. 3d, where we plot
the calculated energies of the two lowest orbitals as a function of the magnetic field. The lower-energy orbital
experiences only a diamagnetic shift, while the higher-energy excited state exhibits both a downward shift arising
from Hy, and an upward diamagnetic shift. As these two levels form the two optically active excitonic states, this
non-monotonic shift is precisely what is seen in the experimental spectra of Fig. 2b.

We stress that the magnetic coupling mechanism does not renormalize the zero-field tunneling elements
directly. Indeed, these elements are relevant in the creation of the bonding and antibonding orbitals of the same
lateral symmetry (e.g., B, s and A, s). However, the appearance of the characteristic shift as a function of the
magnetic field guarantees that there is an overlap between the levels of the two dots, and therefore constitutes a
spectroscopic proof of the inter-dot quantum-mechanical coupling. The decrease of the energy distance between
the peaks can be perceived as an effective renormalization of the bonding-antibonding gap, however it is a result
of a complex interaction of various levels.

In summary, we have studied the magnetospectroscopy of epitaxial InAsP quantum dots, demonstrating
an inverse power relationship between the double-dot energy difference and the inter-dot separation distance.
Additionally, we have provided conclusive proof of a technique for tuning the inter-dot tunnel coupling. This
technique does not require the fabrication of a series of samples, but it instead relies on the magnetic field’s influ-
ence on the electron and hole wave functions. In the sample DQD2 with L, = 7 nm, we were able to achieve
in-situ tuning of the tunnel coupling through the application of a magnetic field in the Voigt configuration, as
demonstrated by a 1 meV reduction in emission energy detuning. Future experiments may involve studies of the
level structure of the dots by populating them with more carriers, allowing access to higher excited states. The
combination of the Lorentz effect and the Voigt configuration have previously been used to map out the wave
functions of electrons confined in dots?**°, which we could now observe as a function of the coupling strength.
The small variations in dot composition have important implications for experimental reproducibility®, so the
difference in As content between dots should be addressed through further refinements in the growth process.
Overall, our experimental results may have potential applications in quantum information technologies based
on epitaxial quantum dot qubits, especially where two-qubit gates need to be performed and precise adjustment
of the tunnel coupling is required. Even though it leads to substantial shifts of the positions of spectral lines, the
application of magnetic fields may be too slow to perform efficient quantum gates. However, the coarse magnetic
tuning of the tunnel coupling can be supplemented by finer adjustments carried out by electric gates, which can
operate at high frequencies ***'*2. Moreover, these nanowire DQDs can be used to generate entangled photon
pairs for quantum communication, and our results suggest a technique for adjusting the degree of entanglement
by tuning the inter-dot coupling.
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