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are likely closely related. The parallel-coupled case has
only recently been analyzed in a model without interdot
tunnel coupling where the AF coupling occurs via elec-
trostatic coupling, yielding a discontinuous transition [6].

Our device was fabricated on a GaAs=AlxGa1!xAs
heterostructure containing a two-dimensional electron
gas 80 nm below the surface, with electron density
and mobility of n " 3:8# 1011 cm!2 and ! "
9# 105 cm2=Vs, respectively. The lithographic size of
each dot is 170 nm# 200 nm [see Fig. 1(a)]. The eight
separate metallic gates are configured and operated with
five independently tunable gate voltages. The dark regions
surrounding (and underneath) gates 5 represent 120 nm
thick overexposed polymethyl methacrylate (PMMA),
which serve as spacer layers to decrease the local capaci-
tance thus preventing depletion, enabling each lead to
simultaneously connect to both dots. The experiment
was carried out at a lattice temperature of 30 mK.
Standard, separate characterization of each dot in the
closed dot regime [17] yielded a charging energy U of
2.517 meV (2.95 meV) for the left (right) dot, with corre-
sponding dot-environment capacitance C! $ 63:6 aF
(54.3 aF), and level spacing "E $ 219 !eV (308 !eV).
Modeling the dot as a metal disk embedded in a dielectric
resulted in a disk of radius re $ 70 nm (60 nm) with 58
(43) electrons. To characterize the DQD device and dem-
onstrate its full tunability, in Fig. 1(b) we show the
Coulomb blockade (CB) charging diagram of the con-
ductance versus plunger gates V2 and V4 [18] as t was
increased, for weak coupling to the leads where Kondo
correlation is unimportant. The central pincher gate V5
controlled t where a reduction of the gate voltage de-
creased t. At weak coupling (t small), the electrons sepa-
rately tunnel through the nearly independent dots
yielding gridlike rectangular domains in Fig. 1(b)(1).
With increasing t charge quantization in each dot is
gradually lost as the domain vertices separate and the
rectangles deform into rounded hexagons. At large t the
two dots merge into one and the domain boundaries
become straight lines [Fig. 1(b)(4)]. Such tunability bodes
well for quantum computation applications [19].

# and t govern the delicate Kondo physics. To obtain the
desired large t, the center pincher gate V5 was set so that

the zigzag pattern in the charging diagram is barely
visible (Fig. 2), ensuring that the Kondo valleys can be
located. To form the Kondo states in both dots, pincher
gates V1 and V3 were tuned to give a sizable # $ "E to
ensure strong Kondo correlation. An estimate for t is
based on the charging diagram, which indicates a con-
figuration close to the limit of a merged single large dot
(Fig. 2), so that the level broadening "jtj2="E should be
comparable to the level spacing "E, yielding t $
150 !eV, while # is deduced to be $150 !eV from the
half-width of the CB peaks.

Care is required when tuning t via V5, while maintain-
ing symmetry between the dots [20]. The mutual capaci-
tive coupling between the gates and dots gives rise to a
complex capacitance matrix. Changing V5 simulta-
neously affected the charge on the dots and other gates.
By adjusting the remaining gates, we tuned the Kondo
anomaly to be nearly symmetrical about zero bias. We
relied mainly on plunger gates V2 or V4, which were
found to follow V5 in an approximately linear manner.
This procedure can be thought as experimentally diago-
nalizing the capacitance matrix. The desired configura-
tion of an unpaired excess spin on each dot could be
maintained within a V5 tuning range of $4–7 mV with-
out causing sudden charge reconfiguration. Typically V5
is set $70 mV above pinchoff. Therefore, the relative
tuning range in this Kondo regime is roughly 6%–10%
of closure and even smaller for the corresponding frac-
tional change in t, since tunnel coupling becomes expo-
nentially suppressed in the small t limit.

Focusing on the topmost states in each dot, three dis-
tinct spin configurations may appear assuming even-odd
electron filling (Fig. 2). Our investigation was carried out
in such regimes. Non-even-odd behavior was also observ-
able, but will not be discussed [21]. The Kondo valleys
and spin states in each dot were identified by measuring
the differential conductance, dI=dV, versus source-drain
bias, VSD, at an electronic temperature of %45 mK.
For regions 1–6 in Fig. 2, we observed the expected
appearance and disappearance of Kondo resonance peaks
near zero bias shown in the insets of Fig. 2.

When t was tuned, two distinct regimes of behavior
were evident in dI=dV [see Figs. 3(a)–3(e)]. The main

FIG. 1 (color). Device and characterization
in the CB regime: (a) Scanning electron mi-
crograph of the device. (b) Logarithm of
double dot conductance as a function of gate
voltages V2 and V4 for weak lead-dot cou-
pling, first cooldown. The color scale indicates
the magnitude of conductance. The voltages in
central pincher gate V5 are (1) !0:7477 V,
(2) !0:6573 V, (3) !0:6494 V, and
(4) !0:5701 V.
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parallel-coupled double quantum dots


Figure 1(a) shows a scanning electron microscope (SEM)
image of one sample with the same structure as the bilayer de-
vice we measured. Two central islands with diameter of 100
nm connect through 30 nm wide narrow constrictions to the
source and the drain regions. Another narrow constriction (35
nm in both width and length) connects the two central islands.
Seven in-plane plunger gates labeled as GL, GR, GM, PSL,
PDL, PSR, and PDR are integrated in close proximity to the
dots. GL, GR, and GM are, respectively, designed to adjust
the energy level of left dot, right dot, and inter-dot coupling
strength. And PSL, PDL (PSR, PDR) are used for the tuning
of the coupling of the left (right) dot to source and drain. The
n-type heavily doped silicon substrate is used as a global back
gate. The bridge plunger gate GM is separated from the drain
part of graphene by a layer of over exposed PMMA. All the
devices were primarily tested to check the functionality of all
the gates in a liquid helium storage dewar at 4.2 K. Then the
samples were mounted on a dilution refrigerator equipped
with filtering wirings and low-noise electronics at the base
temperature of 10 mK. To maintain consistency, we will use
the data from one sample only in the following.

Figure 2(a) shows color scale plot of the measured dif-
ferential conductance of the double dot as a function of VGL

and VGR detected in standard ac lock-in technique with an
excitation ac voltage 20 lV at frequency of 11.3 Hz. A dc
bias of 0.3 mv is applied, the back gate voltage VBG is fixed
at 5 V and the middle plunger gate VGM is !0.45 V. The
hexagon pattern characteristic for double dot coupled in par-
allel is clearly visible. Figure 2(b) Zoom-in of the area (N,
M) of the honeycomb pattern, Figure 2(c) Zoom-in of a ver-
tex pair with white dashed lines. From the model of purely
capacitively coupled dots as illuminated by Figure 2(d), the
energy scales of the system can be extracted.3,11,12,14 The ca-
pacitance of the dot to the side gate can be determined from
measuring the size of the honeycomb as shown in Figs. 2(a)
and 2(b), DVGL¼ 0.087 V, DVGR¼ 0.053 V,
DVm

GL¼ 0.0261 V, and DVm
GR¼ 0.0133 V, therefore,

CGL¼ e/DVGL¼ 1.84 aF, CGR¼ e/DVGR¼ 3.0 aF. With a
large DC bias of 0.3 mV, we can get dVGL¼ 0.013 V and
dVGR¼ 0.01 V as shown in Figure 2(c). The lever arm
between the left (right) gate VGL and the left (right) dot can
be calculated as aGL¼Vbias/dVGL¼ 0.023 (aGR¼Vbias/
dVGR¼ 0.03). The total capacitances of the dots can then be
calculated as CL¼CGL/aL¼ 79.8 aF and CR¼CGR/
aR¼ 100.4 aF, the corresponding charging energy
ECL¼ aGL#DVGL¼ 2.0 meV and ECR¼ aGR#DVGR¼ 1.6
meV, the coupling energy between the two dots
ECM¼ aGL#DVm

GL¼ 0.3 meV. It is also noted that the lever
arms between the left gate and the right dot and vice versa
can be determined from the slope of the co-tunneling lines
delimiting the hexagons. These crossing couplings only
modify the results slightly and are neglected usually.11,12,14

Here, by calculating dots area and carrier density (related to
VBG), or from the Coulomb charging period, we estimate
each dot contains more than 20 electrons when VBG¼ 5V.

By applying voltage to the middle plunger gate GM, the
interdot coupling can be tuned efficiently. Figures 3(a), 3(b),
and 3(c) show the charge stability diagrams of the PDQD in
three different coupling regimes. [(a) weak, (b) medium, and
(c) strong]. In these measurements, back gate voltage
VBG¼ 3 V, Source-Drain DC bias Vbias is set to! 1 mV, the

FIG. 2. (Color online) (a), (b), and (c) PDQD differential conductance as a
function of plunger gate voltage VGL and VGR. The red dash lines are guides
to the eyes showing the honeycomb pattern. (N,M) represents the carriers in
the left and right dot, respectively. (b) Zoom-in of the area (N,M) of the hon-
eycomb pattern. (c) Zoom-in of a vertex pair with white dash lines. (d) Ca-
pacitance model for the analysis of the double dot system. Graphene nano-
constrictions behave as tunneling barriers, which are presented, for example,
as RSL, CSL (a capacitance and a resistance coupled in parallel). Gate GL
and GR are capacitively coupled to the dots; CGL and CGR represent the
capacitance.

FIG. 3. (Color online) Interdot coupling vs middle gate voltage VGM. Con-
ductance as a function of gate voltage VGL and VGR at VBG¼ 3 V,
Vbias¼!1 mV, the scan regions of GL and GR are the same. (a), (b), and
(c) represent three different coupling regimes of the two dots. (a) weak cou-
pling regime, VGM¼!0.15 V, (b) medium coupling regime, VGM¼!0.2 V
(c) strong coupling regime, VGM¼ 0.45 V. (d) shows coupling energy
ECM(V) as a non-monotonic function of the middle gate voltage VGM. A, B,
C point here represent the corresponding coupling energy in (a), (b), and (c).
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Gates controlled parallel-coupled double quantum dot on both single layer
and bilayer graphene
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We present quantum transport measurements of gates controlled parallel-coupled double quantum
dot (PDQD) device on both bilayer and single layer graphenes. The interdot coupling strength can
be effectively tuned from weak to strong by in-plane plunger gates. All the relevant energy scales
and parameters can be extracted from the honeycomb charge stability diagrams. The present
method of designing and fabricating graphene PDQD is demonstrated to be general and reliable
and will enhance the realization of graphene nanodevice and desirable study of rich PDQD physical
phenomena in graphene. VC 2011 American Institute of Physics. [doi:10.1063/1.3638471]

Gates controlled double quantum dot (DQD) system has
been considered as a promising candidate of spin-based solid
state qubits for the quantum computation processing.1,2 Many
efforts and progresses have been made in the double dot devi-
ces research based on various materials, including GaAs two-
dimensional electron gas,3,4 semiconductor nanowires,5,6 and
carbon nanotube.7,8 The natural two-dimensional material,
graphene, has attracted extensive interest due to its distin-
guishing electronic quality and flexibility in device
designs.9–16 In addition, it is theoretically predicted that the
spin decoherence time in graphene can be very long due to its
weak spin-orbit coupling and largely eliminable hyperfine
interaction, which has a significant meaning for spin-based
quantum processors.

In contrast to DQD in series, where the applied current
passes through the double-dot serially, the parallel-coupled
double quantum dot (PDQD) requires two sets of entrances
and exits, one for each dot. PDQD is an ideal artificial sys-
tem for investigating the interaction and the interference.
Rich physical phenomena, such as Aharonov-Bohm (AB)
effect, Kondo regimes, and Fano effect, have been predicted
to be observed in parallel PDQD.17–21 Particular excitement
is the prospect of accessing theoretically predicted quantum
critical points in quantum phase transitions.22 The graphene
PDQD is an attractive system for investigating the quantum
phase transitions due to its intrinsically large energy separa-
tion between on-dot quantum levels, thus offering a signifi-
cant advantage over conventional systems as GaAs or silicon
based quantum dots.

In this work, we present the design, fabrication, and
quantum transport measurement of double dot structure
coupled in parallel, on both bilayer and single layer graphene
flakes, which may open a door to study the rich PDQD physi-
cal phenomena in this material the parallel graphene struc-
ture can be tuned from a strong-coupling resulted artificial
molecule state to a weak-coupling resulted two-dot state by
adjusting in-plane plunger gates. The tuning is found to be

very reliable and reproducible, with good long-term stability
on the order of days.

Graphene flakes are produced by mechanical cleaving of
bulk graphite crystallites by Scotch tape.23 For this kind of
exfoliated graphene flakes on SiO2 substrate, the mobility is
normally about 15 000 cm2/(Vs).9 By using heavily doped Si
substrate with 100 nm thick SiO2 on top, we can identify
monolayer, bilayer, and few layer graphenes through optical
microscope. Monolayer and bilayer graphenes were further
checked by Raman spectrum. Firstly, graphene flakes are
transferred to the substrate with gold markers. Then, a layer of
50nm thick polymethyl methacrylate (PMMA) is spun on the
substrate for electron beam lithography (EBL) to form a
designed pattern. After that, O2/Ar(50:50) plasma is used to
remove unprotected parts of graphene. Next, an area of over
exposed PMMA is used to separate a bridge plunger gate
from the drain part of graphene.21,24 The final step is to make
the metal contacts, which are defined by the standardized
EBL process, followed by the E-beam evaporation of Ti/Au
(2 nm/50 nm).

FIG. 1. (Color online) (a) Scanning electron microscope image of the etched
parallel-coupled graphene double dot sample structure. The bar has a length
of 500 nm. The diameters of the two dots are both 100 nm, constriction
between the two dots is 35 nm in width and length. The four narrow parts
connecting the dot to source and drain parts have a width of 30 nm. Seven
in-plane plunger gates labeled as GL, GR, GM, PSL, PDL, PSR, and PDR
are integrated around the dot for fine tuning. (b) Schematic picture of the de-
vice. N-type heavily doped silicon substrate is used as a global back gate. A
layer of overexposed PMMA is used as a bridge to make gate GM separated
from the drain part of graphene.

a)Electronic mail: gpguo@ustc.edu.cn.
b)Electronic mail: tutao@ustc.edu.cn.
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parallel-coupled double quantum dots


Figure 1(a) shows a scanning electron microscope (SEM)
image of one sample with the same structure as the bilayer de-
vice we measured. Two central islands with diameter of 100
nm connect through 30 nm wide narrow constrictions to the
source and the drain regions. Another narrow constriction (35
nm in both width and length) connects the two central islands.
Seven in-plane plunger gates labeled as GL, GR, GM, PSL,
PDL, PSR, and PDR are integrated in close proximity to the
dots. GL, GR, and GM are, respectively, designed to adjust
the energy level of left dot, right dot, and inter-dot coupling
strength. And PSL, PDL (PSR, PDR) are used for the tuning
of the coupling of the left (right) dot to source and drain. The
n-type heavily doped silicon substrate is used as a global back
gate. The bridge plunger gate GM is separated from the drain
part of graphene by a layer of over exposed PMMA. All the
devices were primarily tested to check the functionality of all
the gates in a liquid helium storage dewar at 4.2 K. Then the
samples were mounted on a dilution refrigerator equipped
with filtering wirings and low-noise electronics at the base
temperature of 10 mK. To maintain consistency, we will use
the data from one sample only in the following.

Figure 2(a) shows color scale plot of the measured dif-
ferential conductance of the double dot as a function of VGL

and VGR detected in standard ac lock-in technique with an
excitation ac voltage 20 lV at frequency of 11.3 Hz. A dc
bias of 0.3 mv is applied, the back gate voltage VBG is fixed
at 5 V and the middle plunger gate VGM is !0.45 V. The
hexagon pattern characteristic for double dot coupled in par-
allel is clearly visible. Figure 2(b) Zoom-in of the area (N,
M) of the honeycomb pattern, Figure 2(c) Zoom-in of a ver-
tex pair with white dashed lines. From the model of purely
capacitively coupled dots as illuminated by Figure 2(d), the
energy scales of the system can be extracted.3,11,12,14 The ca-
pacitance of the dot to the side gate can be determined from
measuring the size of the honeycomb as shown in Figs. 2(a)
and 2(b), DVGL¼ 0.087 V, DVGR¼ 0.053 V,
DVm

GL¼ 0.0261 V, and DVm
GR¼ 0.0133 V, therefore,

CGL¼ e/DVGL¼ 1.84 aF, CGR¼ e/DVGR¼ 3.0 aF. With a
large DC bias of 0.3 mV, we can get dVGL¼ 0.013 V and
dVGR¼ 0.01 V as shown in Figure 2(c). The lever arm
between the left (right) gate VGL and the left (right) dot can
be calculated as aGL¼Vbias/dVGL¼ 0.023 (aGR¼Vbias/
dVGR¼ 0.03). The total capacitances of the dots can then be
calculated as CL¼CGL/aL¼ 79.8 aF and CR¼CGR/
aR¼ 100.4 aF, the corresponding charging energy
ECL¼ aGL#DVGL¼ 2.0 meV and ECR¼ aGR#DVGR¼ 1.6
meV, the coupling energy between the two dots
ECM¼ aGL#DVm

GL¼ 0.3 meV. It is also noted that the lever
arms between the left gate and the right dot and vice versa
can be determined from the slope of the co-tunneling lines
delimiting the hexagons. These crossing couplings only
modify the results slightly and are neglected usually.11,12,14

Here, by calculating dots area and carrier density (related to
VBG), or from the Coulomb charging period, we estimate
each dot contains more than 20 electrons when VBG¼ 5V.

By applying voltage to the middle plunger gate GM, the
interdot coupling can be tuned efficiently. Figures 3(a), 3(b),
and 3(c) show the charge stability diagrams of the PDQD in
three different coupling regimes. [(a) weak, (b) medium, and
(c) strong]. In these measurements, back gate voltage
VBG¼ 3 V, Source-Drain DC bias Vbias is set to! 1 mV, the

FIG. 2. (Color online) (a), (b), and (c) PDQD differential conductance as a
function of plunger gate voltage VGL and VGR. The red dash lines are guides
to the eyes showing the honeycomb pattern. (N,M) represents the carriers in
the left and right dot, respectively. (b) Zoom-in of the area (N,M) of the hon-
eycomb pattern. (c) Zoom-in of a vertex pair with white dash lines. (d) Ca-
pacitance model for the analysis of the double dot system. Graphene nano-
constrictions behave as tunneling barriers, which are presented, for example,
as RSL, CSL (a capacitance and a resistance coupled in parallel). Gate GL
and GR are capacitively coupled to the dots; CGL and CGR represent the
capacitance.

FIG. 3. (Color online) Interdot coupling vs middle gate voltage VGM. Con-
ductance as a function of gate voltage VGL and VGR at VBG¼ 3 V,
Vbias¼!1 mV, the scan regions of GL and GR are the same. (a), (b), and
(c) represent three different coupling regimes of the two dots. (a) weak cou-
pling regime, VGM¼!0.15 V, (b) medium coupling regime, VGM¼!0.2 V
(c) strong coupling regime, VGM¼ 0.45 V. (d) shows coupling energy
ECM(V) as a non-monotonic function of the middle gate voltage VGM. A, B,
C point here represent the corresponding coupling energy in (a), (b), and (c).
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We present quantum transport measurements of gates controlled parallel-coupled double quantum
dot (PDQD) device on both bilayer and single layer graphenes. The interdot coupling strength can
be effectively tuned from weak to strong by in-plane plunger gates. All the relevant energy scales
and parameters can be extracted from the honeycomb charge stability diagrams. The present
method of designing and fabricating graphene PDQD is demonstrated to be general and reliable
and will enhance the realization of graphene nanodevice and desirable study of rich PDQD physical
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Gates controlled double quantum dot (DQD) system has
been considered as a promising candidate of spin-based solid
state qubits for the quantum computation processing.1,2 Many
efforts and progresses have been made in the double dot devi-
ces research based on various materials, including GaAs two-
dimensional electron gas,3,4 semiconductor nanowires,5,6 and
carbon nanotube.7,8 The natural two-dimensional material,
graphene, has attracted extensive interest due to its distin-
guishing electronic quality and flexibility in device
designs.9–16 In addition, it is theoretically predicted that the
spin decoherence time in graphene can be very long due to its
weak spin-orbit coupling and largely eliminable hyperfine
interaction, which has a significant meaning for spin-based
quantum processors.

In contrast to DQD in series, where the applied current
passes through the double-dot serially, the parallel-coupled
double quantum dot (PDQD) requires two sets of entrances
and exits, one for each dot. PDQD is an ideal artificial sys-
tem for investigating the interaction and the interference.
Rich physical phenomena, such as Aharonov-Bohm (AB)
effect, Kondo regimes, and Fano effect, have been predicted
to be observed in parallel PDQD.17–21 Particular excitement
is the prospect of accessing theoretically predicted quantum
critical points in quantum phase transitions.22 The graphene
PDQD is an attractive system for investigating the quantum
phase transitions due to its intrinsically large energy separa-
tion between on-dot quantum levels, thus offering a signifi-
cant advantage over conventional systems as GaAs or silicon
based quantum dots.

In this work, we present the design, fabrication, and
quantum transport measurement of double dot structure
coupled in parallel, on both bilayer and single layer graphene
flakes, which may open a door to study the rich PDQD physi-
cal phenomena in this material the parallel graphene struc-
ture can be tuned from a strong-coupling resulted artificial
molecule state to a weak-coupling resulted two-dot state by
adjusting in-plane plunger gates. The tuning is found to be

very reliable and reproducible, with good long-term stability
on the order of days.

Graphene flakes are produced by mechanical cleaving of
bulk graphite crystallites by Scotch tape.23 For this kind of
exfoliated graphene flakes on SiO2 substrate, the mobility is
normally about 15 000 cm2/(Vs).9 By using heavily doped Si
substrate with 100 nm thick SiO2 on top, we can identify
monolayer, bilayer, and few layer graphenes through optical
microscope. Monolayer and bilayer graphenes were further
checked by Raman spectrum. Firstly, graphene flakes are
transferred to the substrate with gold markers. Then, a layer of
50nm thick polymethyl methacrylate (PMMA) is spun on the
substrate for electron beam lithography (EBL) to form a
designed pattern. After that, O2/Ar(50:50) plasma is used to
remove unprotected parts of graphene. Next, an area of over
exposed PMMA is used to separate a bridge plunger gate
from the drain part of graphene.21,24 The final step is to make
the metal contacts, which are defined by the standardized
EBL process, followed by the E-beam evaporation of Ti/Au
(2 nm/50 nm).

FIG. 1. (Color online) (a) Scanning electron microscope image of the etched
parallel-coupled graphene double dot sample structure. The bar has a length
of 500 nm. The diameters of the two dots are both 100 nm, constriction
between the two dots is 35 nm in width and length. The four narrow parts
connecting the dot to source and drain parts have a width of 30 nm. Seven
in-plane plunger gates labeled as GL, GR, GM, PSL, PDL, PSR, and PDR
are integrated around the dot for fine tuning. (b) Schematic picture of the de-
vice. N-type heavily doped silicon substrate is used as a global back gate. A
layer of overexposed PMMA is used as a bridge to make gate GM separated
from the drain part of graphene.

a)Electronic mail: gpguo@ustc.edu.cn.
b)Electronic mail: tutao@ustc.edu.cn.
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Figures 2!a" and 2!b" show images of conductances GD1
and GD2 , respectively, versus changes in side gate voltages
#VG1 and #VG2 of the two dots. The bright regions have
high conductance and the dark regions have low conductance
and fixed dot charge. For these measurements, the tunnel
barriers to both dots were set in the weak-tunneling regime
(G!2e2/h), so that the number of electrons on each dot
!$800" was well defined and the Coulomb blockade conduc-
tance peaks were thermally broadened. The pattern of lines
in Fig. 2!a" is not seen in Fig. 2!b" and vice versa, because
no tunneling occurs between the dots. The key feature of
these images is the systematic and reproducible presence of
splits in the Coulomb blockade peak for each dot due to the
addition or removal of one electron from the adjacent dot.
Figure 2!c" is a superposition of Figs. 2!a" and 2!b"; the
splits in both dots occur at the same gate voltage changes
#VG1 and #VG2 , where the Coulomb blockade peaks of
both dots are suppressed.

As shown in Fig. 2!c", conductances GD1 and GD2 form
a hexagonal pattern very similar to the Coulomb blockade
pattern observed for a tunnel-coupled double dot.4 The indi-
vidual hexagons in Fig. 2!c" are labeled by the number of
electrons (n1 ,n2) in dots 1 and 2, respectively. The electro-
static energy of the double dot is a minimum at the center of
each hexagon. Moving in the direction #VG1"#VG2 in-
creases the total double-dot charge in steps of 2e between
hexagons. Changing the gate voltages in the perpendicular
direction #VG1"##VG2 keeps the total charge constant,
but increases the double-dot polarization by transferring one
electron from dot 1 to dot 2. Coulomb blockade peaks are
suppressed in the splits, because the electron numbers n1 and
n2 must change simultaneously for conduction to occur.

The interdot capacitance C INT is determined by12 the ra-
tio of peak splitting #VS and period #VP indicated in Fig.

2!c" and the total capacitance of each dot to ground C% :

C INT"
2#VS

#VP
C% . !1"

Substituting the measured ratio #VS /#VP"0.14$0.01 and
C%"530$30 aF !from finite voltage bias Coulomb blockade
measurements" into Eq. !1", we obtain C INT"0.28C%"150
$20 aF. This interdot capacitance is considerably larger than
the values C INT"0.03C% and C INT"0.05C% reported for
planar double dots of similar shapes without interdot
capacitors.4,5

FIG. 2. !Color" Coulomb blockade conductance !a" GD1 for dot 1 and !b"
GD2 for dot 2 vs side gate voltages #VG1 and #VG2 . The light areas are
Coulomb blockade peaks which split abruptly as electrons are added or
removed from the adjacent dot. !c" Superposition of data in !a" and !b"
showing peak splitting #VS and period #VP .

FIG. 3. Conductance !a" GD2 for dot 2 and !b" GD1 for dot 1 along the white
line path in the inset. The addition of one electron to dot 1 switches dot 2 on
or off a Coulomb blockade peak.

FIG. 4. !Color" Conductance near the peak split !a", !c" GD1 for dot 1 and
!b", !d" GD2 for dot 2, overlaid with contours showing the error to line-shape
fits, and with axes used in those fits. Contour separation is 0.0075 e2/h for
dot 1 and 0.005 e2/h for dot 2; contours of zero error are not shown. !a" and
!b" images of GD1 and GD2 with both dots in the weak-tunneling regime.
Thermally broadened line shapes fit the data for both dots. !c" and !d"
images of GD1 and GD2 with dot 1 in the strong-tunneling regime and dot 2
in the weak-tunneling regime. Combined finite lifetime line-shape and ther-
mally broadened line-shape fits agree with the data.
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are likely closely related. The parallel-coupled case has
only recently been analyzed in a model without interdot
tunnel coupling where the AF coupling occurs via elec-
trostatic coupling, yielding a discontinuous transition [6].

Our device was fabricated on a GaAs=AlxGa1!xAs
heterostructure containing a two-dimensional electron
gas 80 nm below the surface, with electron density
and mobility of n " 3:8# 1011 cm!2 and ! "
9# 105 cm2=Vs, respectively. The lithographic size of
each dot is 170 nm# 200 nm [see Fig. 1(a)]. The eight
separate metallic gates are configured and operated with
five independently tunable gate voltages. The dark regions
surrounding (and underneath) gates 5 represent 120 nm
thick overexposed polymethyl methacrylate (PMMA),
which serve as spacer layers to decrease the local capaci-
tance thus preventing depletion, enabling each lead to
simultaneously connect to both dots. The experiment
was carried out at a lattice temperature of 30 mK.
Standard, separate characterization of each dot in the
closed dot regime [17] yielded a charging energy U of
2.517 meV (2.95 meV) for the left (right) dot, with corre-
sponding dot-environment capacitance C! $ 63:6 aF
(54.3 aF), and level spacing "E $ 219 !eV (308 !eV).
Modeling the dot as a metal disk embedded in a dielectric
resulted in a disk of radius re $ 70 nm (60 nm) with 58
(43) electrons. To characterize the DQD device and dem-
onstrate its full tunability, in Fig. 1(b) we show the
Coulomb blockade (CB) charging diagram of the con-
ductance versus plunger gates V2 and V4 [18] as t was
increased, for weak coupling to the leads where Kondo
correlation is unimportant. The central pincher gate V5
controlled t where a reduction of the gate voltage de-
creased t. At weak coupling (t small), the electrons sepa-
rately tunnel through the nearly independent dots
yielding gridlike rectangular domains in Fig. 1(b)(1).
With increasing t charge quantization in each dot is
gradually lost as the domain vertices separate and the
rectangles deform into rounded hexagons. At large t the
two dots merge into one and the domain boundaries
become straight lines [Fig. 1(b)(4)]. Such tunability bodes
well for quantum computation applications [19].

# and t govern the delicate Kondo physics. To obtain the
desired large t, the center pincher gate V5 was set so that

the zigzag pattern in the charging diagram is barely
visible (Fig. 2), ensuring that the Kondo valleys can be
located. To form the Kondo states in both dots, pincher
gates V1 and V3 were tuned to give a sizable # $ "E to
ensure strong Kondo correlation. An estimate for t is
based on the charging diagram, which indicates a con-
figuration close to the limit of a merged single large dot
(Fig. 2), so that the level broadening "jtj2="E should be
comparable to the level spacing "E, yielding t $
150 !eV, while # is deduced to be $150 !eV from the
half-width of the CB peaks.

Care is required when tuning t via V5, while maintain-
ing symmetry between the dots [20]. The mutual capaci-
tive coupling between the gates and dots gives rise to a
complex capacitance matrix. Changing V5 simulta-
neously affected the charge on the dots and other gates.
By adjusting the remaining gates, we tuned the Kondo
anomaly to be nearly symmetrical about zero bias. We
relied mainly on plunger gates V2 or V4, which were
found to follow V5 in an approximately linear manner.
This procedure can be thought as experimentally diago-
nalizing the capacitance matrix. The desired configura-
tion of an unpaired excess spin on each dot could be
maintained within a V5 tuning range of $4–7 mV with-
out causing sudden charge reconfiguration. Typically V5
is set $70 mV above pinchoff. Therefore, the relative
tuning range in this Kondo regime is roughly 6%–10%
of closure and even smaller for the corresponding frac-
tional change in t, since tunnel coupling becomes expo-
nentially suppressed in the small t limit.

Focusing on the topmost states in each dot, three dis-
tinct spin configurations may appear assuming even-odd
electron filling (Fig. 2). Our investigation was carried out
in such regimes. Non-even-odd behavior was also observ-
able, but will not be discussed [21]. The Kondo valleys
and spin states in each dot were identified by measuring
the differential conductance, dI=dV, versus source-drain
bias, VSD, at an electronic temperature of %45 mK.
For regions 1–6 in Fig. 2, we observed the expected
appearance and disappearance of Kondo resonance peaks
near zero bias shown in the insets of Fig. 2.

When t was tuned, two distinct regimes of behavior
were evident in dI=dV [see Figs. 3(a)–3(e)]. The main

FIG. 1 (color). Device and characterization
in the CB regime: (a) Scanning electron mi-
crograph of the device. (b) Logarithm of
double dot conductance as a function of gate
voltages V2 and V4 for weak lead-dot cou-
pling, first cooldown. The color scale indicates
the magnitude of conductance. The voltages in
central pincher gate V5 are (1) !0:7477 V,
(2) !0:6573 V, (3) !0:6494 V, and
(4) !0:5701 V.
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Using DQDs to see the physics of the zero-bias 
anomaly in bulk disordered strongly-correlated 
materials


•  simple: less ensemble-averaged current at zero 
bias when the tunnel barrier is lowered


•  better: use differential conductance as a function 
of Vbias to distinguish the kinetic-energy-driven 
effect, a unique signature of strong correlations


are likely closely related. The parallel-coupled case has
only recently been analyzed in a model without interdot
tunnel coupling where the AF coupling occurs via elec-
trostatic coupling, yielding a discontinuous transition [6].

Our device was fabricated on a GaAs=AlxGa1!xAs
heterostructure containing a two-dimensional electron
gas 80 nm below the surface, with electron density
and mobility of n " 3:8# 1011 cm!2 and ! "
9# 105 cm2=Vs, respectively. The lithographic size of
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separate metallic gates are configured and operated with
five independently tunable gate voltages. The dark regions
surrounding (and underneath) gates 5 represent 120 nm
thick overexposed polymethyl methacrylate (PMMA),
which serve as spacer layers to decrease the local capaci-
tance thus preventing depletion, enabling each lead to
simultaneously connect to both dots. The experiment
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out causing sudden charge reconfiguration. Typically V5
is set $70 mV above pinchoff. Therefore, the relative
tuning range in this Kondo regime is roughly 6%–10%
of closure and even smaller for the corresponding frac-
tional change in t, since tunnel coupling becomes expo-
nentially suppressed in the small t limit.

Focusing on the topmost states in each dot, three dis-
tinct spin configurations may appear assuming even-odd
electron filling (Fig. 2). Our investigation was carried out
in such regimes. Non-even-odd behavior was also observ-
able, but will not be discussed [21]. The Kondo valleys
and spin states in each dot were identified by measuring
the differential conductance, dI=dV, versus source-drain
bias, VSD, at an electronic temperature of %45 mK.
For regions 1–6 in Fig. 2, we observed the expected
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When t was tuned, two distinct regimes of behavior
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FIG. 1 (color). Device and characterization
in the CB regime: (a) Scanning electron mi-
crograph of the device. (b) Logarithm of
double dot conductance as a function of gate
voltages V2 and V4 for weak lead-dot cou-
pling, first cooldown. The color scale indicates
the magnitude of conductance. The voltages in
central pincher gate V5 are (1) !0:7477 V,
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