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Electron States in Parallel Double Quantum Dots with a Tunable Inter-Dot
Coupling *
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We study the electron states on lateral double quantum dots coupled in parallel. The charge stability diagrams are
given in terms of the gate voltages of both dots. We discover that the two electron states translate from separated
states to coupled states continuously by increasing the inter-dot coupling strength. Our results demonstrate that
the parallel-quantum-dot tunability bodes well for future quantum computing applications.
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Great effort in work on electron spins in semi-
conductor quantum dots has been taken to en-
able the physical realization of solid state quantum
computation.!?l However the single spin states in the
quantum dot system are not completely decoupled
from the environment.!?! Alternatively, the singlet and
triplet states of two electron spins in adjacent dou-
ble quantum dots are promising candidates for the
spin qubit.[*=6 This decoherence free subspace pro-
tects the system from collective phase noise due to
uniform magnetic field fluctuations./®? In addition,
dynamical protection from differential phase noise due
to hyperfine interaction with nuclear spins can be im-
plemented within this subspace by means of spin echo
technology.!*1% With these safeguards, a qubit deco-
herence time approaching microseconds has recently
been achieved.['!]

Double semiconductor quantum dots are often re-
ferred to as artificial molecules, because these electron
boxes allow one to control the number of electrons
and their interaction precisely.l'? To control electron
states well in double quantum dots, this is one of the
most promising platforms for solid state quantum in-
formation processing. An important step towards re-
alizing such promise is to generate the molecular quan-
tum states accurately by adjusting the coupling of two
quantum dots (artificial atoms). This key element has
already been shown in electron transport experiments
on two lateral quantum dots coupled in series.!'1—13]
In contrast, in this Letter we use a different system
involving two parallel quantum dots to probe the elec-
tron states. The charge stability diagrams are given in
terms of the gate voltages of both dots. We observe a
continuous transition of two electron states from a sep-
arated state exhibiting a square structure to a coupled
state exhibiting a honeycomb structure by increasing

the inter-dot coupling strength. Our results demon-
strate that the parallel quantum dot tunability bodes
well for future quantum computing applications.
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Fig.1. (a) Scanning electron micrograph of the device.
Gates numbered VI1, VI2; VI3, VI4 /VII1 and VI1, VI2,
VI3, VII4, VI1 form the dot I and dot II, respectively, and
the lithographic size of each dot is 170 x 200 nm?2. VI1 and
VII1 are used to control the inter-dot coupling strength.
To prevent depletion and to enable each lead to simultane-
ously connect to both dots, a spacer layer of 120-nm-thick
polymethyl methacylate (PMMA) was overexposed under-
neath gates VI1 and VI1 (dark regions). (b) Schematic of
the parallel double dot system. Electrons tunnel though
the two channels between the public source (S) and drain
(D) by applying appropriate gate voltages. The line con-
necting the two dots indicates the electrons tunneling be-
tween the dots.

Sample and Method. Our device was fabricated
on a GaAs/Al,Ga;_,As heterostructure containing
a two-dimensional electron gas (2DEG) 80nm be-
low the surface. As determined from the Hall resis-
tance data and Shubnikov-de Haas oscillations in the
longitudinal resistance, the electron density is n =
3.8 x 10" cm™2. The sample has a low-temperature
mobility ¢ = 9.0 x 10%cm?/V's, which is high for a
2DEG. As shown in Fig.1, eight separate metallic
gates are configured and operated with tunable gate
voltages independently. These gates are designed to
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create the potential barriers used to confine the elec-
trons and form the quantum dots, where the litho-
graphic size of each dot is 170 nm x 200 nm. The inter-
dot coupling strength can be tuned by the gates VI1
and VI1. The device was first immersed into a liquid
helium storage dewar at 4.2 K to test the functional-
ity of the gates. The experiment was carried out in
an Oxford top-loading dilution refrigerator with base
temperature of 15mK. The standard differential re-
sistance was measured by a quasi-dc lock-in technique
using a small ac voltage with 11.3 Hz.

Charge stability diagrams and electron states. Sep-
arate characterization of each dot in the closed dot
regime yields a standard Coulomb blockade (CB)
peak, as shown in Fig. 2(a).[14] In the CB regime, the
electrons on the dot are well confined to an integral
number and the dot occupancy increases with the gate
voltage VI3 or VI3. Electron tunneling through the
quantum dot is only possible when the charges in the
quantum dot change between N and N + 1. Figure
2(b) shows the differential conductance dI/dVsy ver-
sus VI3 and V4. Diamond-shaped regions are due to
the suppressed current caused by Coulomb Blockade.

To characterize the double quantum dots device
and demonstrate its full tunability, in Fig.3 we show
the CB charge diagrams of the conductance versus
gates VI3 and VI3, as reducing negative voltages on
the middle gates VI1=VII1 thus increasing the coupling
strength between the dots. At weak coupling, the elec-
tron states are separated in the nearly independent
dots yielding square domain structures in Fig. 3(a).
With increasing coupling strength, two electron states
are quantum mechanically coupled, i.e., molecular
states (tunnel coupling is analogous to bonding). Tt
is clearly seen that from Figs. 3(a)-3(c), the stability
diagrams gradually evolve into the honeycomb struc-
tures. At large coupling strength the two dots merge
into one large dot and the domain boundaries become
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straight lines in Fig. 3(d).

Theoretical simulations. For better understanding
and quantitative comparison with the experimental
observations, we perform numerical simulations based
on orthodox the Constant Interaction model.l'?] Be-
fore proceeding, one point need to be clarified: in
Ref. [12], only the series double dots were considered.
Nevertheless, after direct calculations the formula can
be applied to the parallel double quantum dots. The
electrochemical potential uy, uy of double dots system
can be expressed as

1
m(Ni, Na) = (Nt = 5 ) Ber + NiEcn

1
T(CISVI?)ECI + Cu3VizEcm) + Eor,

e
1

pu (N, Np) = (N]I - §)Ecu + NiEcm

1

?(CI[?)V]IBEC]I + C13VisEcm) + Eor,

where N1 and Ny the numbers of electrons in dots I
and II; C13 and Cps are the gate VI3, VII3 capacitances
of dots I and II; C,,, is the corresponding tunneling ca-
pacitance between dots I and II; Eg; and Egy are the
single particle ground energies of dots I and 1, the in-
dividual charge energies Ecr and Ecy of dots I and T,
and the coupling energy Ecn, between dots, which is
the change in the energy of one dot when an electron
is added to the other dot, can be obtained in terms of
the capacitances as

2 2 _ 2 2 _
Eor :eci(l* CCIZ*H) 1’ Een = (%H(l* c(fgﬂ) 1’
Ecm—gjn(cégﬂ *1)_17

where Cy, Cf is the sum of all capacitances attached
to dots I and 1IL.
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Fig. 2. Transport through dot I. (a) The conductance of dot I as a function of gate voltage VI3 for source-drain voltage
Vsa = 0. (b) The differential conductance versus (VI3 ,Vi4). The diamond-shaped areas around Vi4 = 0 are the Coulomb
blockade regions where the number of electrons on the dot is fixed. Dot I is operated and shows a similar outcome.
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Fig. 3. Experimental plots of stability diagrams of parallel double dots by sweeping VI3 and VI3 with the increasing
gate voltages VI1 and VII1. (a) VI1 = VII1 = —0.775V weak coupling. (b) VI1 = VII1 = —0.770 V and (c) VI1 = VII1 =
—0.730V intermediate coupling. (d) VI4 = VII4 = —0.665 V strong coupling.
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Fig. 4. Theoretical simulations of stability diagrams of parallel double quantum dot system in different inter-dot
coupling regimes: (a) weak coupling Cy,/Cy = 0, (b) and (c) intermediate coupling, Cr,/Cn = 0.209, Cp, /Cy =
0.521 and (d) strong coupling, Cy,/Cny = 1. The diagrams are the charging counters using the parameters extracted
from Fig. 3. The lines represents the conductance peaks, where the electron will tunnel into or out of the quantum
dot and the conductance signals can be observed in the transport measurements.

Double dot system capacitances can be obtained
by measuring the sizes and separations of the honey-
combs and vertices (Figs. 3(b) and 3(c)).['?] The size of
the honeycombs in Fig. 3(b) or 3(¢) determines AVjs,

AVps, where
(1+22).

AFEy, AEy are the level spacing of dots I and I, and
FEc1, Ecp can be determined from conductance dia-
mond of each dot in a plot of conductance as a func-
tion of Vi4 and gate voltage. The size of the vertex
splitting in Fig. 3(b) or 3(c) determines AV, AVE,

AEy
Ect

(1 n 2—?11) AVis =

lel

Crs

le]

Crs

AV =

where

le|Cr, le|Crr,
AV = —

Ci3Cr’ 137 Oy

Using the parameters extracted from Fig.3, the
electrochemical potential uy, pg versus the scanning
of two gate voltages Vi35 and Vy3 for different inter-
dot coupling is shown in Fig.4. The inter-dot cou-
pling strength is characterized by the ratio of tun-
neling capacitance to total capacitance of each dot,
Cp/Cr1 or C,,/Cyr. Depending on the inter-dot cou-
pling strength, the energy profile evolves from a square
structure (separated dots, Fig. 4(a), Cy,/Cy = 0), to a
honeycomb pattern (intermediate coupling, Fig.4(b)

AVyg' =
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Cpn/Cr = 0.209, Fig.4(c) C,,/Cyp = 0.521) then a
strip line (strong coupling, Fig.4(d) C,,/Cy = 1, two
dots merge into one large dot). These diagrams re-
semble Fig. 3.

In conclusion, only a few electron transport mea-
surements in double quantum dots coupled in parallel
have so far been investigated. Motivated by the rel-
evance of double quantum dot studies for realizing a
qubit, we perform a transport experiment on two par-
allel quantum dots to probe the electron states. By
increasing the inter-dot coupling, a continuous tran-
sition from a separated two electron state to a cou-
pled two electron state can be observed in the charge
stability diagrams, which are consistent with the the-
oretical simulations. Precise control of the number
of electrons in the coupled quantum dot system pro-
vides a promising environment for the development of
quantum information processing or addressing more
complex structures and phenomena. ']
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