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Temperature-dependent broadening of coherent
current peaks in InAs double quantum dots
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Quantum systems as used for quantum computation or quantum sensing are nowadays often
realized in solid state devices as e.g. complex Josephson circuits or coupled quantum-dot
systems. Condensed matter as an environment influences heavily the quantum coherence of
such systems. Here, we investigate electron transport through asymmetrically coupled InAs
double quantum dots and observe an extremely strong temperature dependence of the
coherent current peaks of single-electron tunneling. We analyze experimentally and theo-
retically the broadening of such coherent current peaks up to temperatures of 20K and we
are able to model it with quantum dissipation being due to two different bosonic baths. These
bosonic baths mainly originate from substrate phonons. Application of a magnetic field helps
us to identify the different quantum dot states through their temperature dependence.
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future quantum computers are qubits. Qubits can be based

on coherent superpositions in double quantum dots
(DQD) and such DQDs can be easily formed in a variety of
semiconducting materials. The use of semiconductor technology
guarantees more or less the necessary scalability of qubit struc-
tures. Along these lines, it has been shown recently that qubits
based on quantum dots can be formed and manipulated in
CMOS technology! at not very low temperatures?, i.e., quantum-
dot-based quantum computers seem to be within reach. The first
observation of a coherent mode in a DQD system dates back
more than 20 years3, while successful coherent manipulation of
electronic states®? or of spin states®’ in DQDs has been shown a
few years later, opening the path towards quantum information
processing with quantum dots.

Coherence properties of a quantum state depend on the
influence of the environment. Already in the early studies of
DQDs it became clear that they interact with the environment via
the emission of phonons®-10. Measurements of phonon emission
were repeated in more detail just recently!l. Whereas in these
works coupling to the phonon bath has been studied in great
detail for detuned quantum dots, corresponding studies just at the
resonance are scarce. In addition to the mentioning of some
temperature dependence of the so-called elastic peak in refs. 810,
a theoretical work studied phonon decoherence in 2005!2, and it
has been shown that at low temperatures, electron-phonon
scattering can enhance the current noise close to resonance, as
has been discussed experimentally!? and theoretically!4-16.

Here, we focus on the detailed temperature dependence of the
resonant tunnel current, which is mainly caused by the coupling
to the phonon environment. We describe the quantum dissipa-
tion of the coherent current peaks up to temperatures of 20 K by
introducing couplings to two different bosonic baths.

T he building blocks of quantum information technology and

Results

Experiment. For our studies, we use self-assembled InAs quan-
tum dots similar to the ones used in refs. 1314, where the second
quantum dot grows on top of the first dot due to strain fields
induced by the InAs islands!”. The second dot is slightly larger
than the first one!®. AlAs layers of nominally identical thickness
are used to separate the InAs quantum dots from the doped GaAs
layers and from each other, as depicted in Fig. 1b. However, as
visible in the transmission electron microscope image!®, the
quantum dots penetrate into the barriers, therefore reducing the
effective barrier thickness, resulting in an asymmetric coupling to
the leads. Similar devices show typical quantum-dot (QD) dia-
meters of 10nm $d $20nm with heights of 2nm $h $4nm.
The charging and quantization energies are expected to be of the
order of 20 meV. However, the parameters feeding into these
energies, for example, size, shape, Indium content, and strain
fluctuate, leading to very specific energy configurations for each
individual DQD. Each characteristic feature in the current is
expected to arise from a single DQD channel, although several
dots are present, see e.g., refs. 1314 and similarly for single dot
devices?0.

The line plot in Fig. 1a shows the current I through the DQD
device as a function of the bias voltage V for different
temperatures ranging from 1.5 to 21K. The graph shows two
distinct current peaks at V=155mV (peak I) and V=187 mV
(peak II), which are due to the resonant tunneling of single
electrons through the InAs double quantum dots. The left peak
(see also left schematic level diagram in Fig. 1a) corresponds to
only a single electron being present in the DQD and originates
from tunnel cycles with the occupation (0,0) — (1,0) — (0, 1).
This situation is depicted in the charging diagram in Fig. le as the

triple point I. The right peak in Fig. la corresponds to single-
electron tunneling through InAs quantum dots with an additional
electron being present and including double occupation, namely
(1,0) = (2,0) = (1,1) (see right schematic level diagram in
Fig. 1a and triple point II in the charging diagram in Fig. le).
Even though in a simplified understanding of single-electron
tunneling through DQDs, the tunnel resonances should not be
affected by the Fermi distributions in the leads due to the low
temperatures and the resonances being far away from the Fermi
levels in the leads, we observe quite a strong temperature
dependence of both the amplitude and the width of both peaks in
Fig. la. With increasing temperature, the current resonances
significantly broaden and at the same time the amplitude of the
peaks decreases. Both effects are accompanied by a shift of the
peak position toward slightly more positive voltages. This shift is
attributed to temperature-dependent changes in the electric field
distribution in the sample.

Whilst both resonances show similar behavior as a function of
temperature, the magnetic field dependence reveals major
differences. The color graphs in Fig. 1c, d show the current of
the respective resonance as a function of bias voltage and
magnetic field up to B=2T at T=1.5K. For peak I, the main
effect of the magnetic field seems to be a reduction of the peak
amplitude. The magnetic field was applied perpendicular to the
layer structure and parallel to the current. Therefore the weak
oscillation observed for the magnetic field dependence of the
resonances originates from the Landau-level structure in the
emitter. For peak II (Fig. 1d), not only is the amplitude much less
affected in comparison to the first peak, but the single resonance
splits into two. This indicates that the two peaks emerge from
different electron configurations, where the left peak I correspond
to a single-electron triple point, whereas the right peak II involves
a double occupation of the larger quantum dot. In the charging
diagram in Fig. le two more triple points appear, which are not
expected to be observable in our structure. Triple point IV will be
spin blocked, whereas triple point III corresponds to hole-like
transport, which exchanges the role of the asymmetric couplings,
and therefore, these current peaks will be much smaller.

For now, we want to focus on the temperature dependence of
the resonances. However, not only the peaks in the current are
influenced by increasing temperature, but also the off-resonant
background current experiences a temperature-dependent
increase. Especially for the right peak II and the highest
temperatures, the increasing background current interferes with
the appearance and the visibility of the resonance peak. In order
to analyze the current resonances in more detail, we subtracted
this temperature-dependent background as outlined in Supple-
mentary Note II: Data analysis and will discuss it later. In Fig. 2
the current resonances are presented after subtraction of the
background current and after normalizing to the peak position.
For three temperatures, peak I is presented in Fig. 2a, whereas in
Fig. 2b peak II is shown. For both peaks, one sees a clear decrease
in amplitude and an increase in broadening with temperature.
This trend has been observed also in a sample of similar layer
structure discussed in Supplementary Note I: Additional data.

Theoretical model. For a theoretical description, we model each
quantum dot as a single orbital with energy e, (¢=L,R) and
tunnel coupling Q. For states with more than one electron, we
consider the onsite and nearest-neighbor interaction energies U
and U’, respectively. Each dot is tunnel coupled also to a lead
which enables electron transitions with the rates T, from lead
£=L,R to the dot and back, depending on the Fermi energy of
the respective lead. For sufficiently small tunnel coupling, the
leads are eliminated within a Bloch-Redfield approach?!-22, which

2 COMMUNICATIONS PHYSICS | (2022)5:292 | https://doi.org/10.1038/542005-022-01074-z | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01074-z

ARTICLE

100 b
80
— 60
2 Als
=~ 40 GaAs GaAs
InAs’
20 v
— 15K — 50K — 90K — 130K — 170K — 210K
0 1 1 1 1 1 1 1 L
150 155 160 165 170 175 180 185 190 =
vV (mv) e )
100 20 70 (20) Pt
1.1
75 1.5 60 a.n
s E = 1|| A
0g S0 50 g (1,0) V.
25 0.5
° 0.0 0,0 0,1 ©.2
150 155 160 185 190 0.0) ) )
V (mV) Vv (mV)

Fig. 1 Experiment. a Current-voltage characteristic of InAs double quantum dots (DQDs) for different temperatures between 1.5 and 21K. The inset shows
simplified energy level diagrams of the DQD system: the left diagram for the first resonance peak (peak |) around 155 mV and the right diagram for the
second resonance peak (peak II) around 188 mV. b Transmission electron microscope image of a DQD device of similar layer structure and schematic
image of the investigated heterostructure and the measurement setup, see methods section for detailed information. € Current of resonance | as function of
voltage and magnetic field at T=1.5 K. d Same for resonance Il. e Charging diagram of the double quantum-dot system with all the triple points involving
one and two-electron states. The different couplings to the two leads are depicted by arrows with different colors and thicknesses.
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Fig. 2 Analysis of the current peaks. a, b Enlargement of the measured
peaks at Vo~ 155 mV (peak 1) and Vo~ 188 mV (peak I1), respectively, with
the background subtracted (solid lines) in comparison with the result of the
theoretical prediction with only bath 1 (dashed) for various temperatures.
The inset of panel b reveals the presence of two further resonances.

¢ Corresponding model with an environment coupled to the difference of
the onsite energies. d, e Width A and height /., of peak | in dependence of
the temperature. Experimental values are depicted by circles while the
dashed line shows the current of the full model with T', =500 peV,
Tr=40ueV, Q=42pueV, a=0.01,and & =0

leads to a master equation for the reduced density operator of the
DQD on a many-body basis?3. Here, the relatively small inter-dot
tunneling in the experiment requires us to work beyond a secular
approximation, i.e., to take off-diagonal density matrix elements

into account. For a detailed description of the formalism, see
Methods Section.

Quantum dissipation is modeled by coupling to bosonic
environmental degrees of freedom with the Hamiltonian
Heleny =2 with the (dimensionless) DQD dipole operator
Z=ny — ng and n,=0, 1,2 the occupation of dot ¢, as sketched
in Fig. 2c. The quantum noise £ = 3, A, (a, + a,) originates from
bosonic modes v with frequency w,, annihilation operator a4,, and
coupling strength 1,24-27, We assume the modes to be initially at
thermal equilibrium with temperature T. The corresponding rates
for dissipation and decoherence can be expressed in terms of the
spectral density J(w) = m_, A, [20(w — w,) = maw/2, which we
assume to be Ohmic, i.e., linear in the frequency w. A particular
role is played by the dimensionless dissipation strength &, which
determines the magnitude of dissipation and decoherence. One of
our main goals is to determine « from experimental data. Let us
remark that the DQD-bath model has been chosen such that for the
DQD occupation with a single electron, the tunnel term in Hpqp
and the coupling operator Z can be represented by the Pauli
matrices 0, and o, respectively. Then our Hamiltonian becomes
the usual Caldeira-Leggett model?*26 H = %0, +£0, + 0,& for
the dissipative two-level system with detuning e =¢; —ep. It
undergoes a phase transition at a = 1, while for @ <« 1, its dynamics
is governed by quantum coherence.

For a strong detuning of the DQD levels, the dipole operator Z
is practically a good quantum number, ie., it approximately
commutes with the DQD Hamiltonian and, thus, cannot cause
significant transitions. Therefore, as we will see in our numerical
results, H, .,y may explain the broadening of the peaks, but not
the emergence of the temperature-dependent background. To
model also the latter, we introduce a second heat bath with the

Hamiltonian H}, , = X> A (bz +b,), where the annihilation
operator b,, the spectral density, and the dimensionless dissipa-
tion strength o' are defined as for the first bath. The coupling is

established via the tunnel operator X = Zg(czac&, + CLUCLU) and,
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thus, can induce dissipative transitions of electrons from one QD
to the other. Hence, this bath is relevant mainly when the DQD
eigenstates are localized, i.e., far from the peaks where the
detuning dominates. Physically, this corresponds to coupling the
intra-dot current to an environment.

Peak broadening. The most significant observation in the mea-
sured current peaks is their broadening with increasing tem-
perature. After subtraction of the background, the peaks reveal a
Lorentzian shape, see Fig. 2a, b. In panel b, we also witness that
with increasing temperature, the Lorentzian may be distorted by
small resonances in its vicinity. Our first goal is to determine the
tunnel couplings I'y x and Q as well as the dimensionless dis-
sipation strength a. Without the background, it turns out to be
sufficient to consider only bath 1. The task is facilitated by the
approximate solution for the current

e Q(y—2mae)
T haer + (y+202/Ty)y

with y=Tg + 4naksT and the detuning € = ne(V — Vpea) with
the peak position Ve and the leverage # = 0.15. For a deriva-
tion, see Supplementary Note IV: Three-level approximation.
Then for the relatively large temperatures in our experiment, the
peak as a function of the detuning e has the width y, while its
height reads eQ?//1y. Hence, from the linear behavior of the width
of peak I as a function of T (Fig. 2d), we can immediately read off
I'r =40 ueV and «a =0.01, which in our sample is clearly larger
than in lateral GaAs QDs28. With these parameters at hand, the
peak height shown in Fig. 2e provides the inter-dot tunneling
Q =42 peV. Quite remarkably, the tunneling from the emitter,
I';, is of minor relevance, as long as I'; > I'y showing the dom-
inance of the smallest rate in tunneling. Using these values, the
theoretical results for the shape of the peaks agree rather well with
the experimental data.

For peak II, the determination of the width at high
temperatures is hindered by the emergence of two small, but
close peaks visible in the inset of Fig. 2b. Nevertheless, we find
that the above values for I'; and « predict also the width of this
peak. However, matching the peak height requires a significantly
smaller inter-dot tunneling Q = 1.8 yeV. This indicates that the
two peaks investigated stem from different DQDs. Moreover, if
peak II were due to the two-electron resonance of the same DQD,
it would lie on the left-hand side of peak I, as we demonstrate in
Supplementary Note III: Charging diagram and current.

I

(1

Background. We have seen that the coupling to a heat bath via
the DQD dipole moment can provide a faithful description of the
broadening of the resonance peaks. However, it does not explain
the smooth, temperature-dependent background witnessed in the
experimental data shown in Fig. 1a and detailed in Fig. 3a. We
attribute this background to a weak coupling of the inter-dot
current to an environment modeled by our second bath. In the
following, we estimate the corresponding dissipation strength «'.
To compensate for the impact of other double dots in our sample,
we focus on how the baseline of the peak raises from its value at
the lowest temperature used in the experiment, 1.5K, which
provides the data in Fig. 3d. For the theoretical analysis, we now
include also the dissipative inter-dot tunneling sketched in
Fig. 3c.

For the fitting, we again start with an analytic estimate. In
doing so, we derive with a standard calculation (Supplementary
Note V: Analytical expression for the background) the dissipative
transition rate between the states (1,0) and (0, 1), which reads
k() = na'e/h(1 — e~¢/kT). Since these dissipative transitions are
rather slow, they represent the bottleneck of the transport and

c
Bath2
<
F22
O]
& ° ! o ]eV
—~ _|d //o
< | i i(Q_/Z I 5°
g8 theory || x F /0
5151 l g ©
&8 | K o 1r /6
. i s | 60 -o- theory
§ \ £ exp.
- 1 1 0 dé 1 1 1
145 155 165 0 10 20
V(mV) T (K)

Fig. 3 Analysis of the background. a Measured tunneling current for the
first peak for two different temperatures (thin dot-dashed lines) and
subtracted background (thick solid lines). b Corresponding theoretical
results. ¢ Sketch of the coupling of the tunnel operator to bath 2 which
causes a smooth background current. d Shift of the current baseline from
its value at 1.5K in dependence of the temperature, lgg — I};éK, at the peak
position of the latter. The theoretical values are computed with

« =2.2-107°, while all other parameters are as in Fig. 2.

determine the current such that I~ ex(e). For the dissipation
strength o = 2.2 - 107°, the theory result for AJ agrees with our
experimental data. Remarkably, already for o ~ 107%a, the
second bath has a significant influence. This is in agreement
with previous theoretical findings2® that a heat bath that couples
via the tunnel operator may have a rather strong impact already
for small values of «’.

The comparison of the theoretically computed background in
Fig. 3b exhibits a qualitative agreement with experimental data.
On a quantitative level, however, the shape of the background is
reproduced by the model, not as well as the peak itself. One
reason for this is that the impact of neighboring DQDs cannot be
isolated with sufficient precision. Another reason is that in
contrast to bath 1, the present dissipative decay probes the
spectral density of the bath in a broad frequency range. Therefore,
the assumption of an Ohmic monotonic spectral density naturally
implies limited agreement!!. Nevertheless, our model is capable
of explaining the physics that leads to the background of the
current peaks.

Zeeman splitting. Both current peaks analyzed above may be
fitted with either a one-electron model or with a model with up to
two electrons. However, as indicated in Fig. 1c, d, both lead to
different behavior in the presence of a magnetic field. Specifically,
peak II splits up, while peak I does not, at least not at 1.5K. To
analyze the impact of a magnetic field in more detail, we add a
Zeeman term to our model and elaborate on the resulting tem-
perature dependence of the peaks.

While in our experiment, the magnetic field is homogeneous,
the g-factors of the dots are different due to the different sizes of
the two dots, and such the Zeeman splitting becomes inhomo-
geneous. With the observed splitting of AV;=22mV at B=4T,
and the leverage factor # =0.15, we calculate Ag=1.42, which
seems reasonable in comparison to single dot devices of similar
size30, The details of the individual g-factors are not observed in
our experiment. We use in our model as parameters the average
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Fig. 4 Influence of a magnetic field. a, b Temperature dependence of the
current peaks at 155mV (a) and 188 mV (b) in a magnetic field with
B=4T. The level schemes on top sketch the resonant processes that lead
to the peaks as is explained in the text. ¢, d The theory curves computed
with the inhomogeneity AE; = 0.33meV, such that for  =0.15 the peaks
are separated by 2.2 mV. All other parameters are as in Fig. 3. The
additional lines in panel ¢ are computed with a significantly larger o/ = 107>
(dashed line) and with additional spin flips (dotted, for details see the
Supplementary Note VI: Additional spin flip noise).

Zeeman energy E, and their difference AE,. Provided that the
Zeeman splitting does not shift any energy level across the Fermi
surface, E, has no relevant influence. Hence, an appropriate
extension of the model can be described by the Hamiltonian
Hyeeman = 5AE,(n — npy — ngy + ng)), where AE; is deter-
mined from the splitting of the peak.

Figure 4 depicts the corresponding measured (panels a and b)
and computed (panels ¢ and d) current peaks for various
temperatures. As already seen in Fig. 1b, at T'= 1.5 K we witness a
single peak, while Fig. 4a shows that with increasing temperature,
a second peak emerges. This observation can be explained with
the level scheme sketched on top of the experimental plots. For an
inhomogeneous Zeeman splitting, the transport channels cannot
be resonant at the same time. Hence, an electron may get stuck in
the off-resonant channel and block transport. However, owing to
the coupling to the bath, a dissipative decay (|,0) — (0, |) can
resolve the blockade such that a current can flow. For the spin-up
channel, however, the corresponding process requires the
absorption of energy from the bath and, therefore, can occur
only at sufficiently high temperatures. The results obtained with
our theoretical model qualitatively explain the emergence of the
second peak in the temperature regime of the experiment. In the
numerical data, however, the second peak is poorly resolved, as
only a small shoulder emerges. For this discrepancy between
theory and experiment, two possible reasons come to mind. First,
the magnetic field may distort the electron wave function such
that the dissipation strength o becomes larger and, thus,
dissipation-assisted tunneling is enhanced. The dashed line in
Fig. 4c shows with larger «' indeed a double peak emerges. A
further possible explanation is that with increasing Zeeman
splitting, spin flips caused by the strong hyperfine interaction in
InAs3! may play an important role. Then an electron in the
blocked channel can undergo a spin flip and, thus, end up in the

resonant channel. The dotted line in panel ¢ demonstrates that
also this conjecture leads to a double peak (details of the
corresponding model are given in Supplementary Note VI
Additional spin flip noise).

For peak II, this kind of current blockade does not occur,
because the resonant state in the left QD is the spin singlet (1, 0)
which is unaffected by the magnetic field. Hence, we observe a
double peak also at low temperatures. With increasing tempera-
ture, each peak broadens much like the single peaks obtained in
the absence of a magnetic field.

Conclusions

We have measured resonance peaks in the current through InAs
double quantum dots and showed how their width and background
increase with temperature in the range of 1.5-21 K. This behavior
can be fully explained by introducing two (bosonic) baths of the
Caldeira-Leggett type. The peak broadening can be modeled with
rather good precision with a bath that couples via the dipole
moment of the DQD. Far from the peak, however, this bath has
little influence. Therefore, we introduced a second bath that couples
to the DQD current, which in a tight-binding description, is given
by the tunnel operator. We determined the corresponding
dimensionless dissipation strength of each bath. Physically, the
baths describe the influence of substrate phonons and also of the
impedance of the electromagnetic environment32-33,

A magnetic field makes the situation more complex. In parti-
cular, we found that then the behavior of the peaks depends on
the triple point at which the DQD is operated. In turn, this allows
one to determine whether two-electron states play a role.

The interest in the dissipative model parameters extends
beyond the description of current peaks. For example, with the
dot-lead couplings suppressed, the one-electron states form a
charge qubit whose dephasing time as a function of the dissipa-
tion strength is given by the corresponding rates in the quantum
master equation (see the Supplementary Note VII: Dephasing
time of a charge qubit) and in the absence of the second bath
is known analytically?’34. In the temperature regime of the
experiment, the present values of a and o« correspond to a
dephasing time of the order T, ~ 100 ps, where the precise value
depends also on the detuning. Assuming that the same model
parameters are valid at lower temperatures, one can predict
coherence times up to 10 ns. Therefore, our analysis allows us to
determine parameters being essential for all approaches involving
the manipulation of quantum states.

Methods

Experiment. The experimental device consists of self-assembled InAs double
quantum dots, stacked between GaAs leads with annealed metal contacts. Three
AlAs layers of nominally identical thickness 5 nm are used to separate the two InAs
quantum-dot layers from the (doped) GaAs leads and from each other. Tem-
perature and magnetic field control were achieved by placing the device into a He4
cryostat with a variable temperature insert. For all measurements, the bias voltage
was applied to the contact closer to the layer of smaller QDs (right). The other
contact, which is closer to the larger QDs (left) was connected to a current pre-
amplifier (1 x 10719AV 1) to ensure high sensitivity. Each datapoint was obtained
by integrating the voltage output of the current preamplifier over one power line
cycle (20 ms).

Bloch-Redfield master equation. The full model Hamiltonian for the DQD and
its environment is of the structure H= Hpqp + Heny + V, where He,, and the
DQD-environment coupling V contain a summation of all heat baths and leads.
The dynamics of the total density operator is governed by the Liouville-von
Neumann equation p,., = —i[H, p,,,] which is practically intractable owing to its
macroscopic number of degrees of freedom. Therefore, we derive a master equation
for the density operator of the DQD by integrating out the environment within
second-order perturbation theory, which in units with /# = 1 reads?!~23

b=~ 1= [ drrg[V.IV(=7).p @ poy ] @

COMMUNICATIONS PHYSICS| (2022)5:292 | https://doi.org/10.1038/s42005-022-01074-z | www.nature.com/commsphys 5


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01074-z

where V(t) = oo +Han)t e=ilHpan+Han)! i the coupling operator in the inter-
action picture and tr,,, the trace over all bath and lead variables. Generally, Eq. (2)
possesses a unique stationary solution which allows us to compute the current.

The numerical solution of the master equation is conveniently performed in the
energy eigenbasis of the DQD with the many-body eigenstates |k) and the
corresponding energies E; and occupation numbers Nj. The main advantage of this
representation is that it brings V(f) to a simple form such that the time integration
in Eq. (2) can be evaluated analytically. The direct transitions between the
populations are determined by golden-rule rates. For example, tunneling of an
electron from a lead to the DQD occurs with a rate 1“2," ) o f(Ef — E; — p) with f
being the Fermi function and E; and E; the energies of the initial and final DQD
state, whose difference must be compensated by the energy of the incoming lead
electron. Hence, these terms can occur only when Ef < E;+ p. In turn,

I o f(Ef — E; + w), which differs from T@™ only by the sign of the chemical
potential. For the dissipative transitions, one finds absorption and emission rates
that are linked by Boltzmann factors.

Importantly, owing to the relatively small inter-dot tunneling in our system, off-
diagonal density matrix elements are rather relevant. Indeed, one observes that p
eventually becomes a block diagonal in the occupation number N, where the
blocks correspond to subspaces with equal DQD occupation®®. Within these
blocks, however, off-diagonal density matrix elements may have an appreciable
size, which implies that a secular approximation is suitable only for coherences p,,,
between states with different occupation numbers.
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