PHYSICAL REVIEW B 77, 193306 (2008)

Two-path transport measurements on a triple quantum dot
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As an advanced quantum system, a three terminal triple quantum dot with one lead attached to each dot
allows us to simultaneously measure a transport along two different paths. Quadruple points with all three dots
in resonance are prepared and investigated for different electron numbers in the individual quantum dots

including one dot with only one or two electrons.
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The spin of electrons on a quantum dot is proposed as a
realization of a qubit that is needed for quantum
c:omputation.l Therefore, quantum dots, the so-called artifi-
cial atoms, have been intensively investigated in recent
years.” Next to single quantum dots, two coupled quantum
dots (artificial molecules) have gained broad interest.> Cou-
pling phenomena have been investigated in devices with
parallel*> as well as with serial®~ configurations. The ongo-
ing technological progress has allowed the fabrication of
more and more complicated setups, including charge detec-
tion with quantum point contacts (QPCs).!*!! Recently, the
technological and scientific preconditions have reached a
level that allows one to go beyond single and coupled qubits.
An exciting field of research is being entered: the investiga-
tion of triple quantum dots.

Next to fundamental physics, the research on triple quan-
tum dots is motivated by the fact that a triple quantum dot is
the smallest system, with quantum dots being part of a qubit
chain. However, despite this importance for quantum com-
putation and further interesting theoretical predictions,!>!3
triple quantum dots have almost not been investigated so far
(except for some basic experiments in the early 1990s'¢:17)
due to experimental difficulties. Now that researchers have
started to overcome these difficulties, the intensive investi-
gation of triple dots has begun with three recently published
experiments. Vidan et al.'® investigated a serial double quan-
tum dot with a side coupled third dot as a quantum box.
Gaudreau et al.' observed charge rearrangements on a ring-
like triple quantum dot in a system that was originally de-
signed for double quantum dots. Schroer et al.?’ created a
system with three dots in a row.

In this Brief Report, we present a different geometry for a
lateral triple quantum dot. We created a starlike system with
each dot placed next to the other two. In contrast to the
formerly published works, we have three leads connected to
our system, one for each quantum dot. Thus, we can simul-
taneously measure the transport via different paths with only
two dots per path. With this setup, transitions from configu-
rations of two dots in resonance (triple points) to configura-
tions of all three dots in resonance (quadruple points) can be
studied in transport in order to understand the formation of
triple quantum dot states.

To enable charge detection, we extend our device by a
QPC, making the setup more flexible. With this variety of
features, we decided to use an atomic force microscope
(AFM) to build this unique setup, as this technique provides
the same functionality with fewer gates involved compared
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to devices made by split gate technique with e-beam lithog-
raphy. Therefore, as far as we know, this is the only lateral
triple quantum dot made with local anodic oxidation
(L A0)2 1,22

Using LAO on a GaAs/AlGaAs heterostructure, oxide
lines are created, which are shown in black in the AFM im-
age of the device in Fig. 1 (left hand side). Three dots (A, B,
and C) (see dashed circles) are defined in a starlike setup
with tunneling barriers in between. Each dot is connected to
a “personal” lead used as the source or drain contacts. Four
gates (G,—G,) are used to tune the coupling to the leads and
the interdot coupling. Due to the small dimensions, the gates
do not have an independent influence and thus a fine balance
of all four gate voltages is necessary to operate the system.
For a charge detection, a QPC (dashed lines) is placed below
dots B and C with its own source and drain leads (sourcegpc
and draingpc) and an additional gate Gopc to tune the con-
ductance of the QPC. The complete QPC can be used as
another gate (Gs) for the triple dot with the charge detection
still working.
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FIG. 1. (Color) Left: colored AFM image of our triple dot de-
vice defined by oxide lines (dark). Three quantum dots (A, B, and
C) are placed in the center of the device, such that each dot is
connected via tunneling barriers to the other two. Each dot has its
own lead which can serve as a source or drain contact. The dis-
played setup with source at dot A, drainl at B, and drain2 at C is
used for two-path transport measurements. Four gates (G,-Gs)
control the potentials of the dots and the barriers. A QPC is placed
next to dots B and C for charge detection. It has its own source and
drain leads (sourcegpc, draingpc) and a tuning gate Ggpe. The
complete QPC can be used as an additional gate (Gs) with the QPC
still working. Right: schematic for the triple dot setup. The three
dots are coupled via tunneling barriers (R,C) to the leads and to
each other; dots B and C are capacitively coupled only (C). Trans-
port is measured via two paths, along dots A and B (path 1) and A
and C (path 2).
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FIG. 2. (Color) Charge detection of triple dot states. The differ-
entiated current through the QPC dlgpc/ dVG3 is plotted as a func-
tion of the two gate voltages for different values of Ve, with Ve,
=0. In each image, dark features are visible with different slopes.
They denote states from all three dots (marked for Vg =0 mV).
Anticrossings appear for resonances of two of the three dots
(marked with circles; red for resonances of B and C, green for B
and A, and yellow for C and A). With V¢ , those can be shifted to
establish a triple dot resonance (black circle for VGZ=0 mV). The
simplified schematics below show the corresponding electronic
configurations. The numbers count the electrons added to dots A, B,
and C relative to the configuration at the lower left.

The measurements were performed in a *He/*He-dilution
refrigerator at a base temperature of 15 mK. ac and dc volt-
ages were applied to one lead of the triple dot called the
source, while the differential conductance G through the de-
vice was measured on the other two leads called drainl and
drain2, each of which uses two lock-in setups. The QPC was
operated with a dc voltage applied to sourcegpc and with a
dc measured at draingpc. In the following, the device is con-
nected, as shown in Fig. 1: the source contact is connected to
dot A, drainl is placed at dot B, and drain2 at dot C. Thus,
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FIG. 3. (Color) Differential conductance G measured at drainl
(blue) and drain2 (red) with the corresponding charge measurement
as a function of Ve, and Vg with G4 at =100 mV. Along both
paths, spots of finite G show serial transport due to resonances of
the corresponding two dots (marked with small circles along path 1
and big circles along path 2). These spots correspond to anticross-
ings as shown in the QPC measurement. Blue spots denote reso-
nances of dots A and B; red spots appear for resonances of dots A
and C. The QPC measurement shows further resonances of dots B
and C (square). Those are not visible in transport.
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FIG. 4. (Color) Differential conductance G along both paths
(along dots A and C in red, along dots A and B in blue) as a function
of Vi, and Vi while stepping Vi, from —30 (upper left) to 25 mV
(lower right). Vg, is setat =100 mV. Vi =5 mV is identical to the
measurement shown in Fig. 3. Along both paths, spots of finite G
show serial transport due to resonances of the corresponding two
dots, some of them marked with accordingly colored arrows. With
Ve, those are shifted and triple resonances are established. Those
appear for VGZ=—15 mV and Ve,= 10 mV. Further triple reso-
nances are found for higher voltages (e.g., for V5, =20 mV). White
dashed lines show the charging lines measured with the QPC.

transport can be measured in two parallel paths, as shown in
the schematic on the right hand side of Fig. 1, with dots A
and B in series along path 1 and dots A and C in series along
path 2.

First, the device is studied in the closed regime where no
current is detectable along both paths. Still the charging of
the device is detectable using the QPC. This is shown in Fig.
2. The derivative of the QPC current is plotted as a function
of gates G; and G, for three different voltages at gate G,. In
each measurement, dark lines that denote charging events in
the system are visible. As the slopes of these lines depend on
the distance between a dot and the two gates, three different
slopes are visible, one for each dot. The lines with the lowest
slope belong to dot B; those with the largest slope belong to
dot C. The lines with intermediate slopes denote charging on
dot A (see Fig. 2, V=0 mV). Anticrossings are found with
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two dots in resonance where the lines meet. In Fig. 2 at
VG2=—10 mV, those anticrossings are visible for resonance
between dot A and dot B (green circle, the chemical poten-
tials for dot A and dot B are equal, puna=pmng With NA and
NB as the electron numbers on both dots), dot A and dot C
(yellow circle, una=pmnc), and dot B and dot C (red circle,
Mng= Mnc)- The anticrossings between dots A and B and be-
tween dots A and C appear due to capacitive and tunneling
coupling. Although no tunnel coupling is possible between B
and C,? there is still a huge capacitive coupling, which dem-
onstrates the close vicinity of the two dots. At these anti-
crossings, bright features are visible due to charge transitions
from one dot to another without changing the total charge of
the system. For V62=—10 mV in Fig. 2, all three anticross-
ings are separated by a few millivolts. For V5 =0 mV, these
anticrossings coincide (black circle), thus showing the reso-
nance condition for all three dots (una=png=mnc). With
increasing V¢, the resonances are shifted further and the
resonance condition for three dots is lifted again (VG2
=10 mV). Thus, the existence of three coupled quantum
dots with tunable resonance conditions is demonstrated. Fur-
thermore, dot C can be emptied to zero electron as the line
visible for dot C is the last line detected. No further line
corresponding to C appears when decreasing the gate volt-
ages. The line visible denotes charging with the first electron
(ne=mic)-

The schematics at the bottom of Fig. 2 show the corre-
sponding electronic configurations ranging from 0,0,0 to
1,1,1. Off triple dot resonance (left and right schematics),
either the configurations 0,1,1 or 1,0,0 appear in the middle.
On resonance (central schematic), both configurations are
visible. The typical triple points that connect three configu-
rations in double dot systems (a and b at left schematic) are
replaced by four quadruple points on resonance for the triple
dot system (a, b, ¢, and d at central schematic). They connect
four configurations. At these points, transport can occur. At
quadruple point a, an electronlike transport is possible along
both paths, while d features a holelike transport along both
paths. At b, electrons can pass the device via drainl and
holes via drain2, and at c, vice versa.

Indeed, adjusting the gate voltages and opening the barri-
ers, finite transport through the dots becomes measurable.
This is shown in Fig. 3. Charge diagrams are recorded
sweeping at gates Gz and Gy, as in Fig. 2. Next to the charge
detection, the differential conductance G is measured along
paths 1 and 2. The measurement along path 1 is plotted in
blue and the one along path 2 in red. Along both paths,
spotlike features are visible, some of them marked with
circles. Comparing these features with the QPC measure-
ment, one finds that they correspond to anticrossings of
quantum dot states. The spots measured at drainl (small
circles) correspond to resonances between dots A and B. The
features measured at drain2 (big circles) appear due to reso-
nances between dots A and C. The latter ones are slightly
split due to the strong interdot coupling of A and C. Thus,
transport occurs at the two triple points on both sides of the
anticrossing. Due to the smaller distance of the anticrossing
for dots A and B, the two triple points merge in transport and
drainl shows only single spots with a maximum in the center
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of the anticrossing. In both paths, at least two spots are vis-
ible, which means that these are resonances for different
electron numbers. The two marked blue spots appear for the
same state on dot A but for two consecutive states on dot B.
Thus, at one spot, dot B is charged with an even number of
electrons and at the other resonance with an odd number.
Similar properties account for the red features. Both spots
appear for the same state on dot C, which is charging here
with the second electron (transport for the first electron can
be measured for different gate voltages). Two consecutive
states on dot A are involved, one of them with even and the
other with odd electron numbers. The charge signal at the
QPC shows a third group of anticrossings that are exemplar-
ily marked with a square. Those correspond to resonances
between dots B and C. Comparing these features with the
measurements along both paths, it becomes obvious that
there are no corresponding features in transport. This re-
markably shows the functionality of the two-path setup with
a common source contact and two drain contacts. In each
path, the two dots placed there must be in resonance to allow
for serial transport. Resonances of two dots in different paths
are not sufficient to generate finite differential conductance.

With the ability to measure conductance along two paths
simultaneously but separately, the data can be analyzed in
combined color scale plots, as shown in Fig. 4. Both signals
are plotted together and are distinguishable by different col-
ors (red for path 1 and blue for path 2). In this way, positions
of features in both paths can be compared in detail. As in
Fig. 2, the resonances visible in transport can be shifted to
establish resonances of all three quantum dots. For each mea-
surement shown in Fig. 4, Ve, is set at a fixed voltage start-
ing from —30 mV at the upper left and is increased to 25 mV
at the lower right. Both paths show spotlike features due to
the resonance of two dots (color encoded as in Fig. 3), some
of them marked with blue and red arrows. While the red
spots move downward with increasing Ve, the blue spots
move to the left. Thus, using gate G, resonance conditions
for all three dots can be created. The two spots marked with
a red and a blue arrow for Vg =-30 mV (chemical poten-
tials puna=ung and una=Moc), for example, approach each
other with increasing V. At Vg, =—15 mV, both spots have
merged, simultaneous transport via path 1 and path 2 is de-
tected, and the three dots are in resonance (una=ung
=uyc). The blue features appear at the transition from 0,1,1
to 1,0,1 and 0,1,0 to 1,0,0 (see schematics in Fig. 2). At
resonance, both transitions appear separated by a few milli-
volts. Therefore, the blue spot is split into two spots connect-
ing the quadruple points a,c and b,d. A further increase in
Vg, moves the blue and red spots apart again. The same
happens with the red spot and another blue spot coming into
resonance at Vi, =10 mV (una=pnp-1=poc). Off reso-
nance, the red spots coincide with the charging lines detected
with the QPC (white dashed lines), while blue spots appear
in between (see VGZ=O mV). On resonance, the red features
follow the split blue spots and appear between the charging
lines as well (see V;,=—15 mV and V; =10 mV). The two
triple resonances differ by one electron on dot B. As men-
tioned before, further resonances are visible at higher Vg
(MUNA+1=MNBL1 = Moc at Vi,=20 mV). Here, the electron
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number on dot A has changed as well. Similar results were
gained by stepping Ve, instead of Ve,

Thus, not only with charge detection but even in transport
can we detect clear resonances of two quantum dots in two
different paths in combined color plots. Shifting these reso-
nances, quadruple points can be formed with all three dots in
resonance. These quadruple points can be prepared for dif-
ferent electron numbers creating odd or even configurations
on each dot and, thus, on the whole triple dot as well. There-
fore, this device is promising to verify theoretical predictions
recently published for two-path triple quantum dots. A two-
path triple dot can be used as a spin entangler,'? with a spin
singlet formed in dot A for an even number of electrons. As
mentioned before, we can prepare an even number of elec-
trons for each dot. The entangled spins are then separated
and transferred to the two drain leads with one electron per
path, thus creating spin entangled currents. References 13—15
predict the formation of a trapped state for electrons entering
the triple dot via dots B and C. A coherent superposition of
charge in the two dots can be created with destructive inter-
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ference at dot A blocking the transport. Depending on the
needed direction of the current flow through the two paths,
one could use different setups of source and drain contacts
on our device to establish the appropriate conditions for both
experiments.

In conclusion, we have investigated resonances of two
and three quantum dots in transport and with charge detec-
tion in a three terminal lateral triple quantum dot. The three
dots are arranged in a starlike geometry with each of them
coupled to the other two. Three leads, one for each dot, allow
for simultaneous transport measurements via different paths.
Adjusting the four gate voltages, it was possible to establish
resonances for all three dots. Via two paths, transport was
simultaneously measured with each path showing resonances
of two dots. The formation of quadruple points was simulta-
neously analyzed for both paths in the combined color scale
plots for different electron numbers including one dot with
only one or two electrons.
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