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Increasing the size of a system showing quantum effects is a difficult task limited by decoherence,
a diminishing quantum level spacing, and the effects of disorder spoiling the quantum behavior
when growing in size. Systems in 1D offer very strong confinement in the transverse directions,
thus generally enhancing quantum effects, but are notoriously sensitive to disorder. In this work,
we present a system of 1D electrons exhibiting discrete quantum levels and fully ballistic coherent
quantum interference with lengths of up to 18 um. Tunneling spectroscopy between two parallel
quantum wires with a central gated segment shows intricate interference patterns exhibiting several
different periods in magnetic field and density. An analysis over three different wire lengths and
a comparison with single particle numerical simulations without any free parameters remarkably
explains the full pattern including the observed periods. Therefore, these wires are essentially ideal
1D systems with aspect ratios approaching 1°000. In addition, at low bias, we also observe not
only the Coulomb charging energies but can clearly resolve the discrete orbital and spin states in
up to 10 um long wires when filling 100 electrons with the center gate. This is made visible by a
state-of-the-art low temperature and low noise measurement system. The spin filling sequence is
completely regular, strictly alternating spin up and down, avoiding high spin states, while the peak
conductance is modulated in accordance with the previously discussed interference patterns. These
striking results show that single particle Schrédinger quantum mechanics such as ballistic quantum
interference and discrete quantum states may be observed, under the right conditions, in systems

of up to 18 um length, thus approaching macroscopic sizes.

I. INTRODUCTION

Quantum effects are easily observed on a microscopic
scale, but tend to disappear as the system size gets larger.
Mesoscopic physics [I] concerns itself with objects which
are large enough to not be describable by microscopic
methods, but still exhibit quantum mechanical effects.
Here, the size of an object is similar to various important
length scales such as the coherence length, the mean free
path and the wave length of the electron wavefunction
1, 2]. Typically the size of these systems range from
a few nm up to a pm, allowing for the observation of
interference phenomena and the appearance of quantized
energy levels.

Apart from size, dimensionality plays an important
role in the properties of quantum systems, among which
one-dimensional (1D) electronic devices are playing a
key role. These host various interesting properties such
as conductance quantization [3], Van Hove singularities,
Peierls instability [4] and of course the non Fermi-liquid
behavior described by the Luttinger liquid formalism [5].
These systems are created by imposing a strong trans-
verse confinement, which is already a difficult task on
its own, but is further complicated by the need for ex-
tremely clean, disorder free systems, keeping intact the
properties of the 1D system on its full length. In a 1D
system a scattering center cannot be avoided by going

around, as is possible in higher dimensions. Therefore,
1D systems are particularly susceptible to disorder, such
that even single impurities or relatively moderate poten-
tial fluctuations can lead to the wire being effectively cut
into two pieces, thereby limiting the achievable length of
single-mode ballistic wires.

In addition, the presence of boundaries has important
fundamental consequences. First, the boundaries break
translational invariance and the associated momentum
conservation. In addition, a discrete energy spectrum
emerges due to the finite size of the system. Momen-
tum resolved tunneling [6] is a very sensitive technique to
study such phenomena. The breaking of translational in-
variance introduces periodic oscillations in the tunneling
conductance as a function of various parameters, such as
magnetic field, gate voltage and dc-bias voltage. The dis-
crete energy spectrum can also be observed directly in the
quantum dot behavior of the tunneling spectroscopy, ex-
hibiting Coulomb diamonds and orbital levels. Yet, this
technique puts quite stringent requirements on the de-
vices used, and has so far only been successfully utilized
in GaAs cleaved edge overgrowth (CEQO) quantum wires
[7, GaAs two dimensional electron gases (2DEGs) [6], 8],
edge states [OHII], gate defined quantum wires [12HI5]
and recently in graphene quantum twisting microscopes

I16).

Finite size effects as mentioned above have been stud-
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ied both experimentally and theoretically [T7HI9] includ-
ing the effects of inhomogeneous density [20]. These
works considered finite size effects appearing as a func-
tion of de-voltage bias [17, 18 [21H24], or were investigat-
ing the low-density (few electrons) regime [19] [20], where
interaction and localization effects are more dominant.
Similar finite size effects were also observed in parallel
tunneling between finite size 2DEGs [25], 26]. While the
disorder potential induced formation of small quantum
dots (~ 200nm) has been seen [27, [28], observation of
the discrete energy levels in long quantum wires was the-
oretically predicted [I7], but has been elusive so far pre-
sumably due to thermal smearing.

In this work, we present two complementary aspects of
ballistic and exceptionally long but still finite wires: bro-
ken momentum conservation leading to quantum inter-
ference effects and, at low bias and low temperature, dis-
crete, quantized energy eigenstates, made observable by a
state-of-the-art low temperature and low noise measure-
ment system. These quantum effects are all appearing
in the same semiconductor device of up to 18 yum length,
which is approaching the macroscopic scale — nearly vis-
ible by the bare human eye.

Varying the density under a central gate we observe in-
tricate interference patterns with various periods in mag-
netic field and charge density. We systematically study
the interference patterns for 3 different lengths of quan-
tum wires ranging from 6 ym up to 18 um and find excel-
lent agreement with single particle simulations, explain-
ing the rich structure in terms the wire segments interfer-
ing ballistically along the full wire up to 18 ym length and
an a striking aspect ratio of about 1’000 given transverse
sub-20 nm confinement. Remarkably, no adjustable pa-
rameters are needed for the simulation, only lithographic
dimensions and values extracted from the measurements
themselves, like the charge density, are used.

When reducing both the temperature and the ap-
plied dc-bias, the measured tunnel conductance drasti-
cally changes and only separated conductance peaks due
to Coulomb charging remain. We use these to study the
quantized levels in the 6 um and 10 ym wires and ex-
tract the charging energy, level spacing, and the g-factor
for 100 transitions. Using the interference patterns, we
can identify the origin of the discrete states to be the
full length of the wires, not a partial segment which has
been created due to disorder. Remarkably, the wires ex-
hibit a perfect spin filling sequence alternating strictly
between up and down spins, fully avoiding larger spin
ground states. This is thought to be a consequence of
the 1D nature of the wires and the relatively small ex-
change due to screening.
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FIG. 1. Device sketch and potential landscape, not to scale.
(a) View onto the cleaved side of the sample. The parallel
wires have a vertical center-to-center distance of d = 31 nm.
The shown setup corresponds to the 2|2|2 configuration, with
a 2 um gated section surrounded by two 2 um sections. The
outer gates G3 and G1 define the finite-length upper wire
between them, while the lower wire is not fully depleted, car-
rying one mode. The center gate voltage V2 is varied during
the measurements. (b) Calculated potential profile for the
upper wire (blue) and lower wire (orange). The dashed line
is the chemical potential p in the upper system.

II. TUNNELING SPECTROSCOPY
A. Sample description

The device used is a CEO double quantum wire sys-
tem [29] consisting of two GaAs quantum wells (QW)
overgrown on one side with AlGaAs. Further details on
the fabrication process can be found in the methods sec-
tion. The quantum wires exist on the edge of the sample,
where the upper wire (UW) is coupled to the adjacent up-
per 2DEG. The lower wire (LW) is only tunnel coupled
to the UW / upper 2DEG while the lower 2DEG remains
populated only at the edge. Tungsten stripe gates, span-
ning the full width of the sample surface, are deposited
on the surface of the device, 500 nm above the upper QW.
The gates have alternating widths of 2 um and 6 ym and
are separated by 2 um gaps from each other. Ohmic con-
tacts to the QWs are made in between the gates, far away
from the cleaved edge where the quantum wires are lo-
cated. A schematic depiction of the sample is shown in
Fig. [I|a).

A typical conductance measurement across gate G2 is
shown in the inset of Fig (a). The upper 2DEG is
depleted at about -600 mV at which point only the wire



modes in the UW and LW are conducting. Decreasing
the gate voltage even more to about -800 mV depletes the
UW while keeping the lower wire mode populated. The
lower wire depletes at about -1’000 mV, and no current
can be passed below that gate.

B. Momentum resolved tunneling spectroscopy

In this work we make use of the momentum-conserving
tunneling between parallel quantum wires. When tun-
neling between two infinitely long 1D systems, momen-
tum has to be conserved due to translational invariance.
Since generally the density and thereby the Fermi wave
number kg of UW and LW are different, the mismatch
Akp will suppress tunneling due to momentum conser-
vation. Using a magnetic field B, perpendicular to the
plane spanned by the two wires, a momentum boost
Qp = eByd/h is given to the tunneling electron via the
Lorentz force. Here e is the magnitude of the electron
charge, d is the center-to-center separation between the
wires, and £ is the reduced Planck constant. Therefore,
the magnetic field B, can be used to match the wave
numbers of electrons tunneling between the wires. This
matching will lead to a peak in the differential conduc-
tance when kY% + eB,d/h = kL [1], where k% and k% are
the Fermi wave numbers in the UW and LW respectively.

By applying a negative voltage Vi to a top gate the
density n = 7wkp/2 within both wires will be reduced,
which changes the magnetic field at which the momen-
tum matching condition will be fulfilled [28]. For a given
gate voltage, and therefore density mismatch under the
gate, there are twdﬂ magnetic field values where the mo-
mentum matching condition is satisfied. These are given
by

Bf = |ky + ki|h/ed. (1)

Here, the minus sign corresponds to the co-propagating
transition where the electrons retain their movement di-
rection, while the plus sign is the counter-propagating
transition, where right movers become left movers and
vice versa. When measuring the differential conductance
9(By, Vi) a peak appears at the position where Eq. (1))
is fulfilled. For finite length wires the differential conduc-
tance will acquire additional peaks at finite momentum
mismatch, spaced at multiples of Ak = 27 /L. These fi-
nite size effects strongly depend on the potential along
the longitudinal direction and can therefore be used to
investigate the potential landscape in the wires.

We note that tunneling happens across the whole
length of the junction. The tunnel current is pro-
portional to the tunneling matrix element M =

fOL Y(x)p(x)e’@B%dr which is essentially the overlap of

1 This is for positive By. In the absence of a finite out-of-plane
magnetic field the measurements are symmetric in By,

the wavefunctions in the x direction taking into account
the momentum kick @Qp caused by the magnetic field.
Here it is assumed that the z and y components of this
overlap are constant since these are given by the trans-
verse confinement [30].

C. Finite length tunnel junctions

In this section we discuss how the potential along the
wire will modify the simple picture of a single conduc-
tance peak described above.

The devices consist of gated and ungated regions,
defining wire segments with varying densities, see Fig.
(a). Using two outer gates, the barrier gates, a finite-
length region is defined in the upper system, shown in
Fig. [1] (a) for the shortest wire length. While the trans-
verse confinement is defined by the growth (about 20 nm
in each direction), we can choose the length of the wire
by selecting different gates, and can reach aspect ratios
of up to 1,000 for the cases shown in this work.

The voltages on the barrier gates are chosen such that
the 2DEG and UW modes are depleted, while a single
mode remains in the LW. Using a third gate positioned
between the barrier gates, the potential in the center of
the wire can be controlled and is used to create a po-
tential bump [28]. In this way, a wire of total length
L = A+ B+ C is created, consisting of 3 regions A|B|C,
where A and C are the lengths of the ungated sections
and B is the length of the gated region. Here, we focus
on the symmetric case where A = C'. More general cases
are discussed in Appendix [C4]

The example of the shortest wire length of 6 um is
shown in Fig. a), where gates G1 and G3 are the bar-
rier gates, and G2 is the central gate. Different length
can be created using additional gates (not shown). The
lithographic edge of the barrier gates is at £3 pm where
the UW potential crosses the Fermi level, making it a
finite size system, while the LW remains continuous over
several mm and is therefore considered infinitely long,
Fig. [fb). While the density in the central region is
reduced with its gate, the neighboring sections are al-
most unaffected and remain close to the original density.
Due to screening, the effects of the top-gates are more
pronounced in the upper system, leading to depletion al-
ready at less negative voltages than the lower system.

The tunneling transconductance as a function of
center-gate voltage Vi and the magnetic field By, is dis-
played in Figure a), measured by modulating the gate
voltage with a small (~ 5mV) ac-voltage at a few Hz.
The modulated current is then measured by a lock-in am-
plifier, which gives a signal corresponding to 9I/0Vg. We
note that the transconductance, as measured here in re-
sponse to a small modulation on the center gate, is highly
sensitive to gate-voltage dependent features and mostly
eliminates a gate-voltage independent background. The
most striking feature is the almost parabolic-looking res-
onance curve, see blue dashed curve, where Eq. is



satisfied underneath the gate [28]. Upon closer exami-
nation, we observe a range of oscillating patterns, which
are highlighted in Fig[2] (b). These correspond to finite-
size effects [17, [I8] 28] arising from different regions in
the tunnel junction and will be discussed in detail in the
following section.

Due to the finite length of the UW, the electronic spec-
trum along the longitudinal direction (X) is expected to
be discrete. Whether the discrete spectrum can be ob-
served, depends on the experimental conditions, in par-
ticular temperature 7" and the applied dc voltage Vgsp,
both of which can be experimentally controlled. To ob-
serve the discrete energy levels, the corresponding energy
scales should be smaller than the addition energy in the
wire. First, we will discuss the case where these condi-
tions are not met, and the system is in the continuum
regime.

III. QUANTUM INTERFERENCE IN THE
CONTINUUM REGIME

At large enough dc-bias eVgp > A or large enough
temperature kpT > A, the electronic structure can be
viewed as a continuum, with A being the level spacing
of the states in the first UW-mode. The following mea-
surements were taken at Vgp = 100 uV. This is already
bigger than the level spacing, even for the shortest wire
length of 6 um, which can be readily estimated for an in-
finitely deep potential well, which yields a level spacing
of 76 pueV.

We begin our discussion with a specific example of a
6 pm long wire where we highlight the occurring features
and their possible origins, before we move to a compari-
son of different length wires. The magnified view of the
tunnel conductance of the 2|22 configuration in Fig. [2|(b)
shows the four associated finite size quantum interference
effects. The main resonance (blue dashed curve) is bro-
ken up into segments. For gate voltages more negative
than the one at which the main resonance appears, we ob-
serve replicas of the main resonance (green dashed lines).
Both the main resonance and the replicas get interrupted
by almost vertical stripes of vanishing oscillations (red
dashed lines). For gate voltages less negative than, i.e.
above the main resonance, we observe a different set of
resonances (white dashed lines) which have a different
slope than the main resonance replicas. The stripes of
vanishing oscillations terminate at the main resonance
and do not interrupt the ”white” resonances.

Features with opposite slopes (e.g. rising in Vo for
increasing By) to the ones described above can be seen
in the top right corner of Fig. [Pfb) and are under-
stood as tunneling from the 2DEG to the second lower
wire mode and are not discussed further. We proceed
to provide explanations for these main observations as
described above. Here, we find that all oscillations are
caused by the finite size sections appearing in the wire
and the corresponding period is related to that length L;
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FIG. 2. (a) Transconductance 01 /0Vg2 of 2|2|2 junction over
the full range of gate voltage and magnetic field measured
at 100 4V dc-bias. The main tunneling resonance between
the lowest UW and LW modes is marked with a blue dashed
curve. The inset shows g vs Vg2 with all other gates deac-
tivated, showing 2DEG and eventually wire mode depletion.
The white box is magnified in (b), showing finite size effects
arising from the gated section (green), ungated section (red)
and the total length (white). The same color scale as in (a)
is used. The extracted values are: AVy; = 51mV, AV, =
46.2mV, ABy = 38mT, AByg = 99mT, ABy = 25mT.
(¢) UW and LW density extracted from the main resonance
in (a) using Eq. (I). Due to screening the UW depletes before
the LW.

by Ak =2mn/L;,n € N.
Main resonance replicas (green dashes): When



reducing the gate voltage of the center gate, the density in
both UW and LW is also reduced. The local Fermi wave
number of electrons under the gate is reduced according
to kp = mn/2. This means the momentum mismatch
between the UW and LW under the gate is given by

Akp =m(ny(Va) —np(Vg))/2 + eByd/h, (2)

where ny (V) and np (V) are the UW and LW density
under the gate,respectively (see Fig. [2| (c)), extracted
from the main resonance and Eq. . The condition for
a replica peak to arise is that the momentum mismatch
changes by a multiple of 27/L such that:

AT — Ak =27/ Ly, (3)

where Ak% is the momentum mismatch for the i-th
replica. This allows us to extract the length associated
with that oscillation period by utilizing Eq. either at
constant Vg or constant B,. The corresponding period
in gate voltage and magnetic field are AV, and AB)yy,
which interestingly, seem to yield two different length
Ly, and Ly, , respectively. At constant Vi this gives a
length of ~ 3.5 & 0.2 ym while at constant B,, a length of
2.3£0.4 pm results. The gate dependent oscillation yield
a length in good agreement with the lithographic gate
width, the magnetic field period does not. In fact it is
close to the value expected for the sum of gate width and
ungated section width (i.e A4+B or B4+C). This finding
is confirmed by the other configurations and simulations
where the lengths of the gated and ungated section are
varied. In all configurations, Ly, is close to the litho-
graphic gate length, and Ly, is similar to the sum of the
two sections.

Generally, we find the oscillation frequency in gate
voltage to increase slightly at more negative voltages be-
cause the gating of the UW becomes more effective due to
less screening at lower densities. This can be seen clearly
in Fig. [2(c) where the UW density reduces faster as Vo
is decreased, while the density in the LW decreases lin-
early. This means the rate at which the density-difference
and therefore Akp grows increases as Vo is made more
negative. When displaying the data as a function of the
density difference An(Vg) = ny(Va) —nr (V) the spac-
ing between the resonances becomes equidistant (see Ap-
pendix .

Stripes of vanishing oscillations (red dashes):
The regions on either side of the central gate are only
weakly influenced by changing the gate voltage. While
there is a slight slope on the stripes in Vg when the un-
gated section is 2 um, almost no slope is seen if it is
6 um long, as can be seen for the 6|6|6 configuration
further down. Therefore, they only contribute a gate-
independent modulation of the overall oscillation pat-
terrﬂ for gate voltages more negative than the main res-
onance. This period is given by AByg = 2nh/edLyga,

2 It is important to note, that the stripes of vanishing oscillations

with Lyg being the length of the ungated section of the
UW. In the 2|2|2 case where the ungated section is of
lithographic length 2 ym, we extract Lyg = 1.5 pm.

Inner region oscillations (white dashes): At fixed
gate voltage, there is a fixed mismatch between the Fermi
wave vectors in the UW and LW. For magnetic fields in
between the matching points, oscillations appear with a
period given by ABy = 2wh/ed Ly, where Ly is the total
length of the UW. We extract a length of Ly = 5.1 um,
which is slightly shorter than the lithographic length of
6 pm. The magnetic field period is, except for the exper-
imental data of the 6|6]6 configuration, independent of
gate voltage, and the details of the origins of this period
are discussed further below. For the 6|6]6 configuration
we find a range of L1 between 13 ym and 17 pm, with the
larger values appearing at at less negative gate voltages.
We therefore assume this dependence of L7 on disorder
to be associated with the influence of disorder as den-
sity is lowered sufficiently. The gate voltage periods of
the inner region oscillations are identical with those of
the main replicas, and therefore reflect the length of the
gated section.

A. Period scaling

To further support these findings, we repeated the
same analysis for the 2|6|2 and 6|6|6 configurations by us-
ing different gates on the same sample and observe a scal-
ing of the periods with the various lengths. To confirm
our results we perform numerical simulations (described
in Appendix to obtain the the tunneling matrix ele-
ment M o g for the three configurations 2|2|2, 2|6|2 and
6/6]6. The results are shown Fig. [3[ (a), and display all
previously discussed features, such as the correct posi-
tion of the main resonance, the appearance of the main
resonance replicas, and the almost vertical stripes of sup-
pressed interference due to the ungated section. Also, the
inner region oscillations are correctly reproduced. Most
notably, this is achieved without the need for any tunable
parameters. All relevant quantities are either given from
the lithographic dimensions, or extracted from the tun-
neling spectroscopy measurements directly, such as the
density of the UW and LW modes. Thus, the agreement,
over the three different length configurations, is quite
striking, and demonstrates a very thorough understand-
ing of the double wire system. The extracted lengths
from measurements and simulations all agree well with
the lithographic dimensions of the device and with each
other and are summarized in Table ().

We show the scaling of the periods with gate length and

ungated section length in Fig. 3 (b) and (c), displaying

we discuss here are different from the ones discussed in [I7, [I8],
which have been attributed to the presence of two velocities due
to spin-charge separation. These were observed in the Vgp and
By plane, contrary to the measurements here in the Vg and By
plane at a low bias of 100 V.



a clear tripling in the frequency when the corresponding
length is increased from 2pm to 6 um, confirming the
assumption of Akp = 27/L;.

Especially for the 2|22 and 2|6|2 we find excellent
agreement between simulation and experiment for all ex-
tracted values. The fact that we extract a similar Lyg
in both cases, where the lithographic length is the same,
is noteworthy. Also, the total length Lt is reproduced
well, and in agreement with the value extracted from
the simulations. In general, we observe the extracted
length for the gated section to always be bigger than the
lithographic length, while the ungated section is always
smaller. This can be explained by a gating effect out-
side the lithographic gate dimension, making the gated
region L, and the regions under the two barrier gates
effectively bigger, at the cost of the ungated sections.

When comparing the the ABj, periods of the 2|62
and 6/6|6 configuration we find the extracted lengths to
differ even though the lithographic dimensions of the
gated sections are the same. The values are in good
agreement with the length of the sum of gated and un-
gated section which is 8 yum (7.8 um extracted) for the
2|6]2 configuration and 12 pm (11 pm extracted) for the
6/6]6 configuration.

For interference over the full length of the combined
segments, there is excellent agreement between simula-
tion and experiment for the two shorter configurations,
see the Ly entry in the table. For the long 6|6|6 configu-
ration, the extracted length depends on gate voltage. At
more negative voltages, where the density is lower and
correspondingly also a higher sensitivity to disorder ap-
pears, the extracted lengths are a few microns below the
full length. This is presumably due to disorder making
the effective length a bit shorter. Nevertheless, at volt-
ages close to zero, corresponding to high carrier densities
well above the disorder potential, the oscillation period
corresponds to the full expected length of ~17 um, indi-
cating full ballistic interference over the entire length of
the wire.

The previously mentioned resonances due to the pres-
ence of higher modes (running diagonally toward the up-
per right in Fig. [2| (a)) are not reproduced in the sim-
ulations because only the lowest modes were considered.
The fact that the main resonance for the 2|6|2 and 6/6|6
configurations (the two arrangements of largest length)
appears to be made up of two resonances, which also is
not reproduced by the simulation. A possible explana-
tion could be given by the presence of a density variation
in the UW underneath the gate. The needed difference
in density to reproduce the observed splitting of AB ~
100mT can be estimated as An = 2ABed/mh = 3 um™1!,
while the total density without the effect of the gate is
~ 80 pm~!. A simulation showing this double peak struc-
ture, and the assumed potential profile, is shown in Ap-

pendix [C7]

Lyc|La|Lug [pm] 2]2|2 2]6]2 6/6/6
Exp. Sim.| Exp. Sim.| Exp. Sim.
ABy (£2) [mT]| 38 38 | 17.3 17 | 124 11
AByc (£5) [mT]| 99 97 | 94 87 | 262 26.7
ABr (£2) [mT]| 258 26 | 135 14 | 811 7.6
Ly, [pm]| 35 35 |78 78 |11 12
Lue [pm]| 1.3 14 | 14 15 | 51 49
Lt [um] | 5.1 51 | 9.8 95 | 13-17 16.5
Luy +Lug [um]| 48 49 | 92 93 | 161 159
Liitho [m] 6 10 18

TABLE I. Extracted lengths from finite size effects. For each
entry we compare the numbers acquired from experiment and
simulation. Lz, is the length of the sum of gated and un-
gated section (see text). Lyg is the length of the ungated
section alone, extracted from the period of the stripes of van-
ishing oscillations. Lt is the full length of the wire extracted
from the inner region oscillations. Li;tho is the lithographic
full length of the wires. The errors in L scale as 1/AB and are
therefore more pronounced for small AB (i.e. long length)

B. Spectral analysis of wave functions

Figure 4| (a) shows the Fourier transform (FT) mag-
nitude of UW and LW wave functions for three differ-
ent gate voltages. At Vi = 0 the spectrum is strongly
peaked at a single wave number kr (black arrow in the
first panel) with a width on the order of 27/ L for the UW.
The lower wire is open and thus shows a sharper Fourier
peak. As expected, the spectrum contains no weight at
wave numbers larger than the Fermi wave number, since
higher energy states are not occupied. Due to the soft
longitudinal confinement V(x), wave numbers k < kY
are added to the spectrum, but for Vg = 0 most of the
spectral weight is concentrated around kp. If one now in-
creases the gate voltage Vg, the local density under the
gate, and therefore the local Fermi wave number kp(z),
is reduced. This introduces a second peak in the FT
at smaller wave numbers. These peaks are marked with
black arrows in the second and third panels. Close to
kY a peak remains in both UW and LW spectra, corre-
sponding to the dominant wave number in the ungated
section. This peak acquires a substructure and broadens,
while also shifting to lower values, because the bottom
of the confinement potential is slightly pulled up. This
effect is more pronounced for the upper wire due to more
effective screening of the gate, as seen from the lower
wire. As discussed earlier, this leads to the slight slope
of the stripes of vanishing oscillations seen in the 2|2|2
configuration in Fig. 3] (a).

When forming the product of the two wave functions,
as required in the calculation of the tunneling matrix
element, the FT of the product will contain wave vectors
up to k = k¥ + kL. This can be easily understood for an
infinitely long wire with homogenous density, where the
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FIG. 3. Comparison of experiment (upper panel) and simulations (lower panel) for different wire and gate length (a) left to
right: 2|2|2; 2|6]|2; 6/6/6. (b) vertical line cuts (offset for clarity) along solid lines in (a) oscillation frequency reduces with
shorter gate length. (c) average standard deviation along dashed lines in (a) vertical line spacing depends on length of the

ungated region.

wave functions are just plane waves sin(kx). The matrix
element then becomes,

M@ = [

=0(—Qv + k1 — k2) +6(Qp + k1 — k2)
+0(Qp — k1 — k2) +0(—Qp — k1 — k). (4)

This essentially reproduces the behavior of Eq. for
the infinitely long wire. In the finite length limit, other

sin(kyz) sin(kyz)e'?0% da:

frequency components will play a role as well, which leads
to a more complicated picture.

Figure [4{b) shows the FT magnitude of the product of
the UW and LW wave functions for the same gate volt-
age as in Fig. a). The peaks from the gated section
marked with black arrows in (a) lead to the difference
and sum peaks marked with colored arrows in (e) when
UW and LW wave functions are multiplied. The rela-
tionship between the FT of wave function products and
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FIG. 4. Spectral composition: (a) Fourier transforms of UW (blue) and LW (orange) wave functions. The wave vectors under
the gate G2 are highlighted with black arrows (green shaded area), while the red arrows indicate the wave vectors in the
ungated regions (red shaded area). (b) Fourier transform of the product of UW and LW wave functions. The main resonance
peaks are highlighted with colored arrows. The inset shows a magnified view (x70) of oscillations in the region between the
marked peaks. (c) Potential shape in the UW for three gate voltages (0mV, -300mV, and -500 mV). The corresponding wave
functions are shown (at much lower density for better visualization), offset for clarity, at the chemical potential p (horizontal
dashed line). Vertical dashed lines show the lithographic extent of the gate G2. (d) Derivative with respect to magnetic field
of conductance inside the blue dashed box marked in (e), highlighting the regularity of the inner region oscillations (diagonal
white dashed curves), and the independence of the period on magnetic field and gate voltage. Features from lower left to upper
right correspond to tunneling from higher modes. (e) correspondence between features in the tunnel map and peaks in the
product Fourier spectrum. Data shown is the same as in Fig. [2] (a).

the measurements becomes clear in Fig. [d[e). The ar-  In this sense, the wave functions (), ¢(z) correspond
rows mark the positions of the main replica and separate to the wave functions of infinitely long wires. The finite
the two regions of the FT spectrum into the inner re-  length UW wavefunction is then given by ¢ (x)w(z). The
gion enclosed by the two peaks (inside the parabola),  FT of w(x) is a w(k) = L-sinc(kL/2). As a result of the
and the outer region. As discussed earlier, all the oscil- convolution theorem, w(k) will be placed at the positions
lations related to density inhomogeneities are contained of the é-functions in Eq. ] where the main peak of the
in the outer region, while the inner region only displays sinc function corresponds to the main resonance and the
oscillations related to the full length of the wire. side lobes to both side are the inner region oscillations.
Though it looks like the inner region is empty, the
zoomed inset in Fig. Ekd) shows that there are small
magnitude oscillations throughout the inner region. The
oscillations arising here are essentially from the FT of a
finite size windowing function given by the length of the

IV. QUANTIZED REGIME

upper wire. To illustrate this effect we assume a plane The previously discussed oscillations in conductance
wave function in the upper system, without boundaries. can be understood completely within a continuum model,
The FT is defined with the integration boundaries rang- where the discreteness of energy states does not have to
ing from —oo to oo, so for the integral to be bound by be considered, since a large dc-bias exceeding tempera-
the length of the wire one can include a windowing func-  ture and the level spacing was applied. When the applied
tion w(z) = O(x) — O(x — L), where O is the Heaviside  dc-bias voltage is smaller than the level spacing of the
function. M(Qp) then becomes: UW, the assumption of a continuum of electronic states

is not valid anymore, and the discrete nature of the UW

Y —iQux states becomes relevant. In the following, we will discuss
M(Qy) = [m v(we pl@)w(z)ds (5) the crossover from the continuum to the discrete regime
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FIG. 5. Crossover between discrete and continuous regime for
the 2|2]2 configuration. (a)/(b) Comparison between finite
size effects at Vsqg ~ 0V and Vg ~ 100 V. (c) Coulomb
diamonds at B=80mT. (d) Horizontal line cuts of (c) along
the green and blue dashed lines.

for the 22|2 configuration. Figure [f[a) and (b) show a
comparison between conductance maps measured with
and without an applied dc-bias voltage. The previously
discussed oscillation pattern is still visible for zero bias,
but is now broken up into discrete peaks that align with
the original main resonance replicas. Upon closer exami-
nation, one finds that the peaks are bunching up in pairs
along the gate voltage direction, which is visible in Fig.
(a) and the line cut in (d). This suggests the presence
of two energy scales of similar size.

As a function of voltage bias, a set of clear Coulomb
diamonds is seen, shown in Fig. c) at the magnetic
field indicated by the blue dashed line in a). This sug-
gests that a quantum dot is formed here in the upper
wire, associated with a Coulomb charging energy F. and
a orbital level spacing A. Due to the spin degeneracy of
the orbital levels, the peak spacing depends on whether
subsequent peaks belong to the same or different orbitals.
In the same orbital, the addition energy is given only by

the Coulomb charging energy E., while adding an elec-
tron to the next orbital results in an addition energy of
FE. + A. The three bright lobes that can be seen in Fig.
[fc) (white dashed lines) correspond to the three main
resonance replicas that are crossed by the blue dashed
line in Fig. [5a). Their bias dependence is another man-
ifestation of the finite size effects and follows the pe-
riod AVsp = w2h?n/em* Lg [18] which corresponds to
a length of Lg = 1.9 pm.

Quantum dot formation in CEO wires was previously
observed at gate voltages close to the depletion of the
wire [27, 28], induced by the disorder potential on a
length of a few 100nm. In contrast, here, we observe
charging physics starting from the largest densities in
the ballistic regime, where the size of the quantum dot
is given by the full length of the wire as defined by the
gates, corresponding to 6 um. Data from a 10 um junc-
tion shows very similar behavior, see Appendix[C1] Fig-
ure Eka) shows an extended magnetic field range up to
6 T. The second derivative with respect to gate voltage
is shown to highlight the Coulomb peaks. The resonance
positions are extracted for clarity in Fig. Ekd) Between
0T and 37T, closely packed upward moving resonances
can be observed. Their origin is unclear, but we hypoth-
esize that they might originate from the finite size states
of the 2DEG, which is also confined to the same length of
6 pm and therefore should have a similar discrete spec-
trum of subbands in the Z-direction as the wire mode.
Alternatively, they could also be caused by the presence
of an additional UW mode. Above 3T these states van-
ish (see the transition from yellow to purple in Fig. |§|(a))
because the momentum shift Qg exceeds the counter-
propagating transition of the modes with the LW mode.
Above 3T, we are left with the Coulomb peaks of the
first UW mode only (purple region Fig. |§|(a))7 which are
now easy to follow even into the low field region.

The resonances stemming from transitions of the UW
states are overlaid by green and blue dashed curves for
two sets of Coulomb peaks in Fig. @(a). Further evidence
for a long quantum wire is given by the conductance mod-
ulations on the Coulomb peaks themselves, as the mag-
netic field is varied. As previously discussed, the finite
size effects in the inner region lead to oscillations where
the period only depends on the full length of the UW.
In a strongly magnified window in magnetic field, see
Fig. @(b), we observe a discrete set of conductance peaks
which together make up the larger data set when zoomed
out. The period of this modulation is AB = 21 mT which
corresponds to a length of Ly = 5.3 um, indicating that
the dot indeed extends over both gated and ungated seg-
ments. Thus, the quantum dot regime here is combined
and superimposed with the coherent interference physics
of the momentum resolved tunneling. This is imprinting
discrete Coulomb peaks on top of the intricate coherent
interference patterns as described in the previous section.

Further, when looking at the bias voltage dependence,
we observe clear Coulomb diamonds, see Fig. @(c), allow-
ing us to extract the quantum dot parameters such as the



82g/aV2, (arb. units)
0.0

0.5 1.0 1.5 2.0

d)  raw resonances ) Diamagnetic shift

O T T T T T 0 T T T T T T |
—-20 i <

z B -200 -
S L
N -40 B <

400 | .

_60 § 1 1 1 1 1 1 1 1

0123456 0123456

By (T) By (T)

FIG. 6.

10

3.5 3.6 3.7 -0.1 0.0 041
By (T) Vsq (MV)

f)  Zeeman splitting 9 Level spacings
50 I.Eeven ' .Eorb '
100  ®Eodd = Ec .
25 PR
S S 75+ .;’..'.'."'. R
2 0 ERENT . . NS
< w 50 - ‘.:Jm:.'?: A
-25 \"'.':? hd ..‘.f"
25 _:*.\ o ?.o L4 )

-50 ‘0 °

0 1 1
380 430 480
Ne

Energy level spectroscopy of a 6 um (2|2|2) long wire. (a) conductance map showing the first few Coulomb peaks.

For magnetic fields below 3T additional peaks from other modes reduce visibility. The second derivative with respect to gate
voltage is shown for clarity. Four resonances are marked with alternating green and blue dashed curves. (b) Zoom in into

the dashed white region in (a).

Dashed curves are the same as in (a).

Each Coulomb peak shows periodic modulation of

conductance as By is varied, with AB = 22mT. (c) Coulomb diamonds taken at B, = 0T of the first few resonances used
to extract the lever arm o = 9.3 ueV/mV. Blue and green dots mark the corresponding resonances in (a) and (b). d) The

extracted resonances from (a).

(e) The extracted diamagnetic shift for the first 12 resonances. (f) Extracted Zeeman energy

for the first 12 resonances. Dashed black lines correspond to the bulk GaAs g-factor of g = —0.44. Red dashed lines mark the
crossover from higher/lower orbitals that are lowered/lifted by the Zeeman energy. (g) Dependence of even Feyen(E:), odd
Eo,a4, and single particle level spacing A = FEyqq4 — Feyen 0n occupation number.

lever-arm of the gate, and the capacitances [31]. The to-
tal capacitance Cy,; = 3.5fF can be calculated from the
charging energy E. = €?/Ci,. The main contribution
to this capacitance is the drain capacitance, as extracted
from the slopes of the Coulomb diamonds. Here, this is
the capacitance between the UW and LW. This can be
estimated as Cy, = L/(log(1+ (D/d)?)/4me) [24], where
D = 500nm is the distance to the top gate, L is the
length of the wires, and d = 31 nm is the inter wire sep-
aration. This agrees well with the measured value. The
lever-arm of the gate a = Cy/Cioy is 9.6x10~3 and gives
a gate capacitance of C; = 33.6aF. This also agrees
very well with earlier measurements on similar devices
[32], even though they were acquired through different
methods. These capacitances suggest that the Coulomb
diamonds are caused by charging of the full wire.

From the Coulomb peaks at B, = 0, we extract the
addition energies for the first 100 resonances, a bit more
than half of the electrons underneath the gate (n ~
80m~1). The charging energy can be extracted from the
size of the smaller (odd) diamonds, while the difference of

big and small diamonds gives the orbital energy splitting
A. All three energies are displayed in Fig. @(g) revealing
the clear even-odd effect discussed before. Similar behav-
ior was observed in carbon nanotubes [33H36], but with
a period of 4 reflecting the additional valley degeneracy.
The general trend is a reduction of those energies, as
more electrons are removed from the wire. The orbital
energies appear to be increasing for higher occupation
numbers N, see the red markers |§|(g) For a potential
well with infinitely steep walls, the increase of the orbital
energy spacing would be linear, while for a parabolic po-
tential it would be constant. For potentials less steep
than a parabolic potential, such as a triangular potential,
the level spacing will actually decrease for increasing V.
Therefore, our data suggests a confinement somewhere
between a parabolic and a hardwall potential, at least
for the higher electron numbers further away from de-
pletion, which is consistent with the simulated potentials
used for the quantum interference oscillations. However,
we note that we are filling electrons only underneath the
center gated segment, not along the full length of the



wire, see Fig. [6]

At around N, ~ 430 electrons, the even-odd effect
seems to be reduced somewhat (size of even diamonds ap-
proaching that of odd diamonds, blue and orange markers
in[6g)), but then recovers as more electrons are removed.
This apparently has to do with the evolution of the con-
finement potential over large numbers of electrons, and
is not currently understood. It is important to mention
here, that the potential is changed relatively strongly as
more electrons are depleted from the wire, i.e. the po-
tential under the central gate is pulled up about half way
to the chemical potential, see Fig. |4] (c).

The dominant contribution to the Coulomb peak’s
magnetic field dependence is a diamagnetic shift, which
stems from the confinement along the directions perpen-
dicular to the external magnetic field, and grows quadrat-
ically with an applied magnetic field [37H40]. This effect
is dominated by the strong confinement direction, which
in our case is the confinement along % due to the quantum
well. Because all the discrete levels of the UW occupy
the same lowest subband of the quantum well, we expect
them to all experience the same diamagnetic shift. In-
deed, this is observed when comparing the diamagnetic
shift of a 2|2|2 and 2|6/2 configuration, once the different
lever arms are taken into account, see Appendix[C 1] The
observed direction of the shift in Coulomb peak position,
i.e. whether the peaks curve up or down, depends on
the relative diamagnetic shift between the participating
regions [39], in our case the UW and LW where the 2-
confinement is slightly different due to different quantum
well widths.

Additionally, we observe that neighboring traces ex-
hibit an alternating behavior, either approaching or mov-
ing away from each other. This is due to the Zeeman-
effect giving a spin dependent contribution F, = Sgup B
to successive spin states, where S is the spin quantum
number, g the Landé g-factor, and pp is the Bohr mag-
neton. Assuming the diamagnetic shift to be the same
for all resonances, the energy shifts with B of the spin
states can be written as,

Ex = +gupB/2 + B> (6)

With this, the diamagnetic shift can be isolated by
summing two adjacent resonances. As long as they
have alternating spin, the Zeeman terms cancel. We
extract the prefactor for the diamagnetic shift to be
v = —15ueV/T?, and confirm our assumption of es-
sentially identical diamagnetic shifts, as the traces in
Fig. @(e) overlap. By subtracting neighbouring reso-
nances, only the Zeeman splitting between the two states
AE, = gupB remains. The extracted Zeeman splitting
for the first few states is shown in Fig. [6[f). The magni-
tude of the extracted g-factor agrees well with the bulk
value of |g| = 0.44 and is shown in Fig. [6[f) as dashed
lines. The diamagnetic shift quickly becomes dominant
over the Zeeman term with growing B-field and is about
an order of magnitude larger at 5T.

When carefully studying the spin filling using the
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above tool over more than 100 electron transitions, we
observe a striking alternation of S = £1/2 over all of the
100 observed resonances (see Appendix for a larger
gate voltage range version of Fig. @(a)). In one case,
the even and odd diamonds are of approximately equal
size, suggesting a small or vanishing orbital energy split-
ting. Yet the observed Zeeman splitting still continues to
strictly follow the alternating spin sequence across this
and the neighboring transitions. This behavior of unin-
terrupted alternating spins is remarkable as we observe
this while removing more than a 100 electrons in a 1D
system, where electron interactions could be expected to
be strong.

The interplay of orbital and exchange energies deter-
mine the spin filling [41l 42]. While there may be no
magnetized ground states in an ideal, infinite 1D system
[43, [44], real 1D systems such as carbon nanotubes also
mostly exhibit alternating spin filling [33H36]. In con-
trast, higher spin states were indeed seen in 2D systems
e.g. in semiconductor quantum dots [37H40]. Energy
degeneracies, either deliberate by choosing a symmetric
shape [45] or statistical due to asymmetric (”chaotic”)
shapes [46], can lead to a type of Hund’s rule mechanism
via exchange interactions favoring higher spin states [47]
if electron interactions are sufficiently strong. This hap-
pens in form of a tradeoff between kinetic energy of the
higher occupied orbital state and an energy gain due to
the alignment of the spins [48].

Therefore, we hypothesize that in our 1D system the
strict spin sequence originates in the absence of orbital
energy degeneracies combined with relatively weak ex-
change interaction effects. The wire only occupies the
transverse ground state and, given its 1D nature, should
have a well defined, mostly non-zero longitudinal level
spacing, increasing with AE « n for hard wall confine-
ment. The interaction strength is reduced rs x 1/n
at higher densities, in addition to screening from the
metal gate about 500 nm above the parallel wires. The
low density regime would be interesting to investigate.
Particularly in the ungated segments, where screening
is weaker, though there, the electron number cannot
easily be changed. Indeed, in the low density regime
(n < 20um~!), an anti-ferromagnetic Wigner crystal
is predicted [49], which at even lower densities crosses
over into a ferromagnetic state (at finite magnetic field)
[20} 50].

V. CONCLUSION

We have investigated two manifestations of finite size
effects in the momentum resolved tunneling spectroscopy
of exceptionally long quantum wires with aspect ratio of
~1’000 and up to 18 um length — approaching macro-
scopic length scales. In the continuum regime we observe
an intricate set quantum interference patterns. Using a
model of non-interacting electrons in 1D, we can explain
these features appearing in the tunneling conductance of



parallel wires in terms of the Fourier components of the
wave functions of the segments in the wires. The striking
agreement between experiment and parameter-free simu-
lation showcases coherent quantum interference over the
full length of the wires up to 18 ym length, demonstrating
excellent quality of the wires and the excellent coherence
facilitated by the state-of-the-art low noise and low tem-
perature experiment.

In addition, we observed the discrete nature of the elec-
tronic states, clearly revealing the electronic spectrum of
up to 10 um long single mode quantum dots. A striking
result is the regularity of alternation between spin-up and
spin-down states, without the appearance of higher spin
ground states. This could possibly be explained by weak
exchange and the lack of accidental degeneracies in the
energy spectrum of a single mode 1D wire as opposed to
2D quantum dots, where orbital degeneracies can occur
regularly.

These results lead to the question how long such a wire
could be made while still exhibiting quantum interference
and/or discrete quantum states? We note that length
scales of about 20-50 pm are approaching the macroscopic
regime, visible by the bare human eye (diameter of a
hair). To estimate these limits, we assume typical phase
coherence times 7, = 3ns in high mobility GaAs 2DEGs
[5I]. The coherence length L, = vp7, ~ 600 pm would
suggest our observations are not limited by the coherence
or the thermal length Ly = hvp/kpgT, which reaches
about 150 pm at 10 mK.

In addition, the diminishing oscillation periods as the
length is increased should not pose a problem, since for
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a wire length of 100um the magnetic field spacing of
the full length oscillations will still be ~ 1mT, which
is easily detectable. Yet, all of these lengths by far ex-
ceed the transport mean free path which is known to be
larger than 10 um [52] but probably well below 100 gm.
At some length the wire is not ballistic anymore, which
should lead to deviations from the simulation results, as
observed in the 18 um wire for more negative gate volt-
ages. While this has little influence on the visibility of in-
terference, it might introduce additional periods or mod-
ify existing ones, related to new lengths appearing due
to the presence of scatterers.

Similarly the observation of longitudinal discrete states
is only limited by the shrinking of the level spacing as
length is increased. A spacing of 1 uV, a reasonable limit
of detection given present limitations on temperature and
noise, will be reached at about 33 ym.
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VI. APPENDIX
Appendix A: Methods
1. Sample fabrication

A GaAs double quantum well (QW) is grown by molec-
ular beam epitaxy along the [100] direction, with the up-
per Well being 20 nm wide and the the lower 30 nm. The
0-doping is adjusted such that only the upper QW is pop-
ulated and conductive, with an electron density noppg ~
1 x 10" em~2 and mobility o ~ 3 x 105 cm?/(Vs) while
electrons in the lower QW remain localized. The sample
is cleaved inside the MBE machine, and successively over-
grown with GaAs and an additional layer of Si-dopants
onto the [110] surface. The electric field from the ion-
ized dopants on the cleaved edge attracts additional elec-
trons, thereby forming 1D modes in both the upper and
lower QW, referred to as the upper wire and lower wire.
The resulting density in the quantum wires is about
Ny ~ 80 um~'. Further details on the sample fabrica-
tion can be found in [7] 29].

2. Cryogenic setup

We performed measurements in a Leiden Minikelvin
MNK126-700 TOF 3He/*He dilution refrigerator with
the mixing chamber temperature reaching as low as
8 mK. Furthermore, a combination of discrete component
RC-filters, and microwave-filters [53] were used to achieve
thermalization of the electrons and low noise levels. Most
of the displayed data was acquired using standard lockin
(Signal recovery 7265) techniques at a few HZ (~ 17 Hz)
using excitations of 2-6 ;41V. Basel Precision Instruments
I/V converters and differential amplifiers were used as a
preamplifaction stage at room temperature. Dc voltages
where recorded with Agilent 34410A digital multimeters.

Appendix B: Simulation
1. Theory and Simulation

The following section describes the details and results
of the single particle, non-interacting simulation, that ac-
curately describes most seen features. The UW is mod-
eled as free electrons in 1D confined to length L with the
Hamiltonian,

(B1)

where m* is the GaAs effective electron mass m* =
0.067m, , with the free electron mass m., and Uyw (z)
is the longitudinal confinement potential due to the
gates. Previous works [I7], 18] used a power-law poten-
tial U(z) = Up|2x/L|®, where the exponent (3 governs
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the steepness of the confinement potential. Later, a soft-
ened potential bump, was used to model the effect of the
central gate[20]. In this work, we model all gates using
an analytic formula given by Davies et al.[54], specifi-
cally derived for stripe gates on top of a 2DEG in GaAs,
providing a smooth gate potential.

The specific shape of the potential created by the i-th
gate is calculated by

- VGa(ﬂT
~ 8dK(1/cosh(ma/2d))

x (1 + sinh?(7z/2d)? /cosh?(ra/2d))~1/2,
(32)

where d is the distance from the surface gate to the wire
(~500nm), a is the width of the gate (2 pm or 6 um), Vg
is the applied gate voltage, K is the complete elliptical
integral of the first kind, and ag = 47r606h2/m*62 is the
scaled Bohr radius for a semiconductor with dielectric
constant € (~12 for Al 32GagesAs)[ba]. The only free
parameters are the distance between the gate and the
2DEG, and the width of the gate.

The UW potential is then just Uyw (z) = >, Ui(x).
Because Eq. does not incorporate the screening
properties in the devices due to the multiple modes
per wire, and the screening of the LW by the UW, a
slightly modified approach is used to find the strength
of the induced potential. The potential change due to
an applied gate voltage is incorporated thus by using
the extracted densities in the gated section for the UW
and LW from the large field measurement Fig. (a).
The electron density is related to the local potential by
Uz, Vg) = h?n%(nd — n(x,Vg)?)/8me, where ng is the
density at Vg = 0 and n(x, Vg) is the gate-voltage de-
pendent density. This establishes a relationship between
the voltage on the central gate and the corresponding
density under that gate. So instead of inserting a value
for the gate-voltage Vi in Eq. [B2] we rescale the poten-
tial such, that the top flat part centrally under the gate
is the potential that creates the correct density n(z, V)
underneath the gate for that gate-voltage. This means
Ui(x = zo) = U(x, Vi) where x¢ is the center position of
the gate.

The wave functions in the UW are acquired by solving
the stationary Schrodinger equation, Hy(x) = Evy(z).
As the gate voltage and thereby the potential bump is
increased, the wave function transforms the most in the
gated area. Here, the number of nodes reduces, decreas-
ing the local Fermi wave vector, while it stays almost
constant in the ungated region. This is visualized in Fig.
c)7 where the wave function closest to the Fermi level,
and the potential due to the gates, are shown for different
central gate voltages.

With the wavefunctions at hand, the tunneling matrix
element M can now be calculated following Tserkovnyak
et al. [I7, [I§] as,

L
M(Qy) = / P(a)e T p(x)dz,  (B3)



where ¢(x) is the LW wavefunction, ¢(x) is the UW
wavefunction, and @, = eB,d/k is the momentum picked
up by a tunneling electron. Since the lower wire is
continuous, we obtain the wave function via the WKB-
approximation by,

o(x) =(1/2m* (ELw — Upw (2)))"/*)-
exp(i/h / VI o — Unw@))da’) , (B4)

where Urw (z) is the electrostatic potential in the LW
due to the gates. This is reasonable because in the LW
we stay strictly in the regime where Ery > Upw(z),
avoiding the classical turning points Epw ~ Urw(z).
We note that it is critical to include the effect of the
central gate on the LW density to reproduce the correct
period of oscillations for the finite-size effects.

To fulfill energy conservation, the energy of the LW
state has to be Erw = Eyw + eVsp + AEr with
AEr = EEW — EYW. The tunneling current Ir then
is proportional to the sum of squared matrix elements
of all states ¢; that are inside the bias voltage window
Er>FE;, > FEp — eVSD,

3
Ir(Vg, B) < Y |[M(V, B)|*. (B5)
To acquire the full range, the wave functions and corre-
sponding eigenenergies in the UW will be calculated for
every gate voltage V. Then |M(Vg, B)|? is calculated
for the needed magnetic field range.

The simulations for the three configurations discussed
before are shown Fig. and display all previously dis-
cussed features, such as the correct position of the main
resonance, the appearance of the main resonance replicas,
and the almost vertical stripes of suppressed interference
due to the ungated section. Also, the inner region os-
cillations are correctly reproduced. Most notably, this
is achieved without the need for any tunable parame-
ters. All relevant quantities are either given from the
lithographic dimensions, or extracted from the tunneling
spectroscopy measurements directly, such as the density
of the UW and LW modes. Thus, the agreement, over
the three different length configurations, is quite striking,
and demonstrates a very thorough understanding of the
double wires system.

The previously mentioned resonances due to the pres-
ence of higher modes (running diagonally toward the up-
per right in Fig. 2 (b) in the main text) are not repro-
duced, because only the lowest modes were considered.

The fact that the main resonance for the 2|6|2 and 6/6|6
configurations (the two arrangements of largest length)
appears to be made up of two resonances, which also is
not reproduced by the simulation. A possible explana-
tion could be given by the presence of a density varia-
tion in the UW underneath the gate. The needed dif-
ference in density to reproduce the observed splitting of
AB ~ 100 mT can be estimated as An = 2xABed/nh =
3 um~!, while the total density without the effect of the
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gate is ~ 80m™'. A simulation showing this double peak
structure, and the assumed potential profile, are shown

in the appendix (Fig. .

Appendix C: Additional data
1. Data from a 10 micron wire

The same procedure as in the main text was used to
perform the analysis of the discrete states in a 10 um
quantum wire with a 6 um gate (2|6|2). The general be-
havior is quite similar to the 2|2|2 case discussed in the
main text, with a few differences. Due to the smaller
orbital and charging energies the data extraction is sig-
nificantly more challenging.

The first difference that one can notice is the smaller
seeming diamagnetic shift. expressed in gate voltages,
the shift appears to be only -30 mV in the 10 um case at
5T compared to -60mV in the 6 um case. This seems
to contradict the statement that the diamagnetic shift
only depends on the quantum well confinement, which
should be the same, regardless of the length of the wire.
Upon closer examination, this discrepancy can be re-
solved when including the leverarm of the gate action.
The leverarm, which describes the ratio of voltage change
on the gate to potential change on the wire, can be ex-
pressed as the ratio of wire-gate capacitance C'g and the
total capacitance the wire sees Cx. While C; scales lin-
ear with the length of the gate Lg, Cyx scale linear with
the total length of the wire Ly (The dominant contri-
bution to the total capacitance stems from the wire-wire
capacitance between UW and LW). The two length in
both cases are (L, Lg) (6 pm, 2 pm) and (10 pm, 6 pm),
meaning that the ratio of these lengths, and therefore the
leverarm in the 2|6|2 configuration is about a factor of 1.8
larger than in the 2|2|2 case. This agrees well with the
leverarm of 17.8 ueV/mV extracted from the Coulomb
diamonds extracted in Fig. [7| (¢) when compared to the
2|2|2 leverarm of 9.6 ueV/mV.

2. 6 micron wire as a function of density difference
3. Full map of tunneling resonances

In Fig. [9] we show the full evolution of the Coulomb
resonances starting from the highest density at zero gate
voltage, down to depletion underneath gate G5. The res-
onances marked with blue and green dashed curves are
the same as shown in Fig. @(a) Depletion of the UW
underneath gate G5 occurs at around -800mV, as can
be seen also in Fig. (a), where below this gate voltage
horizontal streaks appear in the tunnelling spectroscopy
measurement. These features were observed [24 28] and
studied before [19] 20} 50, [56] and are related to a local-
ization transition at very low densities.
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FIG. 7. Energy level spectroscopy of a 10 um (2/6||2) long wire. (a) conductance map showing the first few Coulomb peaks.
For magnetic fields below 3T additional peaks from other modes reduce visibility. The second derivative with respect to gate
voltage is shown for clarity. Four resonances are marked with alternating green and blue dashed curves. (b) Zoom in into
the dashed white region in (a). Dashed curves are the same as in (a). Each Coulomb peak shows periodic modulation of
conductance as By is varied, with AB = 14mT corresponding to a length of 9.5 um. (c) Coulomb diamonds diagram taken at
B, = 0.13 T of the first few resonances used to extract the lever arm o = 17.8 neV/mV. d) The extracted resonances from (a).
(e) The extracted diamagnetic shift for the first 11 resonances. (f) Extracted Zeeman energy for the first 8 resonances. Dashed
black lines correspond to the bulk GaAs g-factor of g = —0.44. Red dashed lines mark the crossover from higher/lower orbitals
that are lowered/lifted by the Zeeman energy. (g) Dependence of addition energy E,qq, charging energy E., and single particle
levels spacing Eorp = Eqad — Ec on occupation number.
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FIG. 8. Rescaled tunneling conductance map for the 2|2|2 configuration. Left: Data as measured and presented in the
main text. Right: The y-axis has been rescaled to the difference of the UW and LW densities, removing the curvature of the
resonances.

In Fig. [9] the main resonance for momentum matching is indicated by a white curve in all three panel, but for
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for the 2|2|2 configuration, with green and

blue dashed curves marking the same resonances. The white solid curve marks the position of the main resonance. In the first
two panels, only the counter propagating transition is indicated. At voltages below -800 mV a localization transition occurs,
which is indicated by a thick dashed gray line.



the first two panels only the counter propagating tran-
sitions is shown, because here the co-propagating tran-
sition would be very close to the figure axis, due to the
large aspect ratio of the figure.

One feature that can be observed is a reduced strength
of the diamagnetic shift, as gate voltage becomes more
negative. This can be caused by a shift of the wave func-
tion position in the quantum well as density is changed,
or due to the additional potential due to the field [39].
The assumption used to extract the Zeeman splitting,
that the diamagnetic shift for adjacent resonances is sim-
ilar, is still valid since the change only becomes notable
when looking at many resonances.

Close to the counter propagating transition at inter-
mediate to large gate voltages, the Coulomb peaks be-
have unusual. The previously smooth resonances start
displaying kinks and jumps that are not seen at less neg-
ative gate voltages. This behavior is not understood.

4. Asymmetric ungated sections

Previously we only presented the finite size effects as
they appear in wires with two symmetric ungated sec-
tions. Here we will discuss the effect of having two un-
gated sections of different lengths. This will predomi-
nantly lead to the appearance of two different ungated
oscillation periods. Though not surprising, it is impor-
tant to check that the expected behaviour of overlaid
oscillation patterns is consistent with what is observed
in measurements and simulations.

We will compare the case of 2|2|2 with 2[2|10. From
the previous analysis, we would expect the gated oscilla-
tions to remain the same, while we should still observe
2 ym ungated oscillations accompanied by much faster
10 pm oscillations. In addition, the full-length oscilla-
tions should now correspond to a length of 14 ym instead
of 6 ym , which would increase the frequency.

Figure[10| (a) and (b) show the tunnelling conductance
for the 2]2|2 and 10|2|2 configuration respectively. In
addition to the modulation stemming from the 2 pm un-
gated section which is marked by green solid lines in both
graphs, faster oscillations stemming from the 10 um un-
gated section are marked by orange dashed lines in Fig.
(b). A zoom-in into the red solid box is shown in Fig.
(d). The extracted Periods are: AByge = 94mT and
AByaio = 14mT. Under the assumption that the dis-
crepancy between the lithographic and effective length
of a section is more pronounced for shorter sections, we
assume that the 10 ym section is effectively 10 um long,
while for the 2 um section we use the extracted value
from [[] which is Lyge = 1.5um. Then the ratio of
length and the ratios of oscillation periods both yield
Lyge/Lucio ~ ABugio/AByga ~ 6.6. This agreement
between the periods and the estimated length of the sec-
tions confirms that the dominant effect of sections of dif-
ferent lengths is the overlaying of features stemming from
the respective regions, without influencing each other.
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Another Period we can investigate is the inner re-
gion oscillations, related to the full length of the wire.
These are presented in Fig [10(c) as magnifications of
the dashed boxes of Fig. (a) and (b). The total
lithographic lengths of the wires are Lz = 6 um and
L = 14 um respectively. Again we find that the ratios
agree quite well, L;s/Li14 = 2.33 which is quite close to
ABt14/ABt6 = 24

5. Dual gated wire

To complete our study of the finite size effects, we also
show the effect of using a second gate on the same wire.
In this way, we create two regions of reduced density.
The question that arises is whether the gate-induced os-
cillations of one gate can be compensated by the use of
a second gate.

We use gates 2 and 7 as barrier gates, which create
a 18 um wire between them. This wire section contains
two center gates of length 2 um (g5) and 6 pm (g4), such
that we have 6/6(G4)|2|2(G5)|2. By applying an in-plane
magnetic field B, = —50m1" we move away from the
symmetric point of G(By,Vs) at B, = 0. Figure |11 (a)
shows the measurement of G(Vgu, Vs, By = —50) mT.

6. Temperature dependence of Coulomb blockade

In this section, we show the temperature dependence
of Coulomb peaks at the lowest accessible temperatures.
During this cooldown, the mixing chamber base temper-
ature reached 8.5 mK. This was the temperature at which
all the data presented in the main paper were recorded.
Figure [12(a) shows the conductance map as a function
of gate voltage and temperature, measured at zero bias.
The configuration for this measurement is a 2|6|2 configu-
ration, with a lithographic length of 10 pm. The even-odd
spacing is also visible here, with their charging energy
being substantially smaller than the energy level spac-
ing. Figure b) shows two horizontal line cuts along
the blue and black dashed lines in Fig. a). The blue
data points in (b) show the temperature dependence of
the conductance inside a Coulomb blockade valley. The
conductance increases monotonically as temperature is
increased.

On the contrary the black markers show the temper-
ature evolution of conductance on a Coulomb peak. At
the lowest temperatures, the peak height reduces as the
temperature is lowered, and reaches a minimum around
130 mK, which corresponds to an energy of 10.3 ueV. For
higher temperatures, the conductance on the peak in-
creases again, and the conductance of the peak and the
valley approach each other.

This behaviour of the non-monotonic peak height evo-
lution was predicted by Furusaki and Nagaosa [57] for
a finite length Luttinger liquid. The authors concluded
that the minimum should appear at a temperature T ~
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10]2|2

FIG. 10. Comparison between symmetric 2|2|2 (a) and asymmetric 10|2|2 configurations. c¢) Zoom in on the dashed boxes in
(a) and (b), showing the inner region oscillations. (d) Zoom in on the solid rectangle in (b), showing the additional pattern

appearing due to the two lengths of ungated sections.

AE, with AFE being the level spacing of the quantum
wire. This type of scaling should only be observed above
a certain temperature, given related to the thermal co-
herence length 71, = hvp/kpT [58]. For a 10 um wire
Tr, = 160mK. At temperatures smaller (larger) than T,
the thermal coherence length is larger (smaller) than the
length of the wire.

A similar study on the CEO-wires was performed by
Auslaender et al. [27] for the Coulomb peaks close to the
depletion of the wire (from ~-800mV in Fig. E[)7 where
they investigated the peak width of the coulomb peaks
as a function of temperature.

7. Doubling of the main resonance

For the two long configurations, a doubling of the
main resonance was observed. We hypothesize that

the density might vary along the long wires by a small
amount. This would lead to multiple wave vectors, at
which the matching can occur. To give an example, we
model the 2|6]|2 configuration, but reduce the density on
one half of the wire by 3um~!. To do this, the po-
tential has to be raised by ~ 0.6meV calculated with
AE = hbar?m?(ng — n?)/8m*, with ng the original den-
sity, and n the reduced density. This setup is show in
Fig. (a). We then run the simulation as before, vary-
ing the central gate voltage, and calculating the tunnel
matrix element for each V; and B,. The result is shown
in Fig. |13|(b), showing strong resemblance with the mea-
sured data shown in Fig. |3 (a).
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FIG. 11. Two-gate finite size effects: a) G(Vaa, Vas) , b) second derivative of a), ¢) Zoom into the blue dashed region in a)
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FIG. 12. Temperature dependence of Coulomb peaks for the 2|6|2 configuration. (a) Coulomb diamonds. (b) Conductance map
for the same Coulomb peaks as in (a) as a function of temperature at zero bias. (c) Line cuts along the blue and black dashed
line in (b). The blue markers show the temperature dependence inside a Coulomb blockade valley, while the black markers
show the Coulomb peak conductance. (d) Vertical line cuts showing the temperature evolution across multiple Coulomb peaks.
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FIG. 13. Simulation of the doubled main resonance for the
2|6|2 configuration. (a) shows the assumed potential profile
without the activation of the 6 um central gate. An increased
potential, corresponding to a decreased density of 76 yum™*
was used in the right half (positive z-values) compared to
80 um™' on the left side (negative z-values). (b) Calculated
tunneling matrix element for the potential shown in (a), as
the central gate voltage and spectroscopy field are varied.
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