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Double quantum dots provide an ideal model system for studying interactions
between localized impurity spins. We report on the transport properties of a
series-coupled double quantum dot as electrons are added one by one onto the
dots. When the many-body molecular states are formed, we observe a splitting
of the Kondo resonance peak in the differential conductance. This splitting
reflects the energy difference between the bonding and antibonding states
formed by the coherent superposition of the Kondo states of each dot. The
occurrence of the Kondo resonance and its magnetic field dependence agree
with a simple interpretation of the spin status of a double quantum dot.
The Kondo effect is a many-body phenomenon resulting from the spin interaction between localized magnetic impuritiesand conductionelectrons.The recent discovery of the
Kondo effect in artificial quantum dot systems (1-7) has raised much interest in the
area of quantumimpurityand the associated
physics of electron spin and strong correlation. The Kondo problem in a quantumdot
(8, 9) is now well understoodthroughexperimental and theoreticalstudies. Furtherinteresting physical situationscan be found when
we consider the interdotinteractionin multiple quantumdots.
In a conventional metallic Kondo system
with dilute magnetic impurities, the impurities are far apart and can be modeled by a
single-impurityAndersonor Kondo Hamiltonian (10, 1]). The properties of such a system

are well known where screening of an isolated impurityspin by the conductionelectrons
takes place. When the density of magnetic
impurities is high, we can no longer ignore
the spin-orderingtendencies due to interaction between impurities.The two competing
effects that lead to two differenttendenciesof
the system to interactwith conduction electrons-the Kondo effect and the RudermanKittel-Kasuya-Yoshida (RKKY) interaction
a crucial influence on the
(12-14)-have
impurity magnetism. The conduction electron-mediated, RKKY indirect-exchangeinteraction favors magnetic ordering of impurities, whereas the Kondo effect tends to
quench individual impurity spins. Theoretically the two-impurityKondo problem provides a simple model to study these competing effects (15-17), and is importantfor the
understanding of strongly correlated electrons. For example, Fermi and non-Fermi
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liquidbehaviors,ferromagneticand antiferromagnetic correlations, and diverse behavior
of heavy fermion systems are all believed to
result from the competition between Kondo
and RKKY interaction.
The tunability of artificial quantumdots
has brought unprecedented control to the
investigation of the Kondo effect at the
single-impurity level. It is a natural next
step to inquire about the physics of interaction between multiple localized magnetic
spin moments and conduction electrons in a
double quantum dot system. Here, the impurities interact through an effective antiferromagnetic coupling, J = 4 t2/U, where
t is the tunable interdot coupling and U is
the intradot charging energy. These two
new energy scales, t and J, are expected to
introduce qualitatively new behavior. The
rich physics of a double quantum dot
Kondo system as a tunable, two-quantum
impurity system has been studied extensively by theorists (18-22). More intriguingly, the double dot has recently been
proposed as a feasible two-qubit system for
quantumcomputation (23). Here, we report
the observation of a coherent Kondo effect
in a double quantum dot, which is a direct
experimental realization of a two-impurity
Kondo model.
Our device is fabricated on a GaAs/AlGaAs heterostructure (Fig. IA). The sample is mounted in the mixing chamber of a
dilution refrigeratorparallel to the axis of a
superconducting magnet. The lattice base
temperature is 15 mK, whereas the electronic temperatureis estimated at -40 mK.
It is possible to set each quantum dot to
show similar characteristics by tuning gate
voltages properly. Each dot exhibited two
Kondo valleys represented by the pronounced zero bias maximum (ZBM) (Fig.
IB). We observe the Kondo ZBM only in
the odd-electron Coulomb blockade (CB)
valleys between CB peaks with a spacing
smaller than that between the adjacent
even-electron valleys. These Kondo valleys
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exhibit an increase in the conductance with
decreasing temperature. AE and U were
determined in the closed dot regime by the
standard method of measuring the lever
arm, a, and the differential conductance at
finite source-drain bias to observe excited
states. For the upper (lower dot), AE =
0.45 meV (0.37 meV) and the charging
energy U = 1.92 meV (1.73 meV). These
are comparable values reported previously
by other groups for dots of similar size (1,
3, 6). To accomplish the delicate settings for
forming the double dot, we used the gating
informationof each dot because all the gates
are needed. For example, by using VI, V2,
and V3, the upper dot is first formed. Next,
V4 is biased up to the propervalue; finally,
V5 is energized. Because of mutual capacitive coupling, the center tunneling barrier
becomes higher after energizing V4 and V2,
and then needs to be reducedto maintainthe
optimum conduction characteristicsthrough
the center barrier.
Assuming simple, even-odd electron filling in each quantumdot, we can expect three
unique spin configurationsin a double dot. It
is necessary to consider only the uppermost
energy level in each dot because it is the most
relevant one for Kondo physics (Fig. 1, C to
E) (24). When both dots contain a single
electron on their uppermostlevel, a coherent
Kondoresonancecan occur,which is the case
that has attractedthe most theoretical attention. If one or both of the dots contain a
spin-singletpair of electrons (Fig. 1, D or E),
a coherent Kondo resonance cannot occur
because Kondo coupling cannot be achieved
throughoutthe double-dotsystem. In a seriescoupled double dot, we can readily distinguish cases (C) and (D) because even if a
Kondo resonance forms in (D) in one dot,
transportis greatly impairedby the presence
of the paired electrons in the remaining dot.
Within this scenario, we expect a periodic
occurrence of Kondo resonance (circled region of Fig. 2A) as electronsare addedone by
one.
To locate the valleys where a coherent
Kondo resonance occurs, we first identified
the valleys of relatively well-defined numbers of electrons in a manner analogous to
the single dot case. In a two-dimensional
plot of the double dot Coulomb blockade
conductance peak position versus plunger
gates, a honeycomb structure (Fig. 2A) is
observed where the peak splitting depends
on the coupling between the dots (25, 26).
The regions with a well-defined number of
electrons can be found around the central
region of each hexagon. It is necessary to
follow and identify proper valley regions in
every instance of pincher-gate voltage
change, because a change in any pinchergate V1, V3, or V5 can produce a significant
shift of the overall honeycomb patternnin
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the device. The most critical parameters in
the experiment were the tunneling matrix
between the dot and the leads, F, and the
coupling strength between the two dots, t.
The useful ranges of both F and t are
constrained for the following reasons. Because the Kondo temperature, TK, sensitively depends on F, then in order to maximize F and TK,the dot-lead tunnel barriers
need to be open enough to yield a conductance close to 2e2/h (1-3, 5). To optimize t,
we note that if the dot-dot tunneling barrier
is too high (small t), the overall conductance of the dot becomes small and the

Kondo correlation becomes weak. On the
other hand, if it is too low (large t), it is not
possible to identify valley regions of hexagons, because the zigzag pattern of a double dot peak position approaches a set of
parallel straight lines in the limit of perfect
coupling. In the measured double dot conductance as a function of plunger gate voltages V2 and V4 (Fig. 2B), the center gate
V3 is set such that it gives barely enough
honeycomb structurefor easy identification
of the valley regions and also enough cotunneling conductance for the Kondo resonance. From the splitting of the Coulomb
blockade peaks, we estimate an interdot
conductance of -0.8 (2e2/h) (25-28). In
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this strong tunneling regime, however, it is
not straightforwardto convert the conductance into a reliable estimate of t. To find
out which valleys are Kondo valleys containing a single electron on each dot, we
measured the differential conductance, dII
dV, versus voltage bias across the double
dot in a total of 32 valley regions, four of
which show zero-bias maximum peaks. For
example, in the six numbered regions in
Fig. 2B, we see the appearance and disappearance of zero-bias maximum Kondo resonance peaks roughly matched to Fig. 2A
(Fig. 3).
Compared with the single dot case, the
notable feature of the Kondo resonance
peaks is its splitting into two peaks in zero
magnetic field. Several theoretical papers
have predicted that when the many-body
molecular bonding and antibonding states
are formed, the Kondo resonance shows a
double peak structurein a coupled quantum
dot (19, 20, 22). When the split peaks are
symmetric (Fig. 3, valley 4), they are centered about zero bias, and for the nonsymmetric cases (Fig. 3, valleys 1, 3, and 6),
the larger peak is closer to zero bias. We
believe that the prevalence of the asymmetric situation is due to the difficulty in
achieving the same condition on both dots.
This is supported by the observation that
for the symmetric trace 4, when either dotlead tunnel barrier is changed through Vl
or V5, we obtain a similar asymmetric double peak. Attempts to make asymmetrical
peaks symmetric were less successful due
to slight differences in the characteristicsof
the two dots and the mutual capacitance

> -660

Fig. 1. (A) The dots are defined by 10 independently tunable gates on a GaAs/AIGaAs
heterostructurecontaininga two-dimensional electron gas (2DEG)located 80 nm below
the surface.The low-temperaturesheet electron density and mobilityare n = 3.8 X 1011
cm-2 and ,. = 9 x 105/cm2 Vs-1, respectively. Lithographicdot size is 180 nm in
diameter, and each dot contains about 40
electrons inside. To reduce an unnecessary
degree of freedom in controllingthe double
dot, gates sitting on the opposite side are
hookedtogether, givinga total of five pairsof
controllablegates. Gate pairsVl and VS are
used to set tunneling barriers,whereas V3
sets the interdot tunnel coupling between
the dots. V2 and V4 control the number of
electrons and energy levels in each dot separately. (B) Typical traces of Kondo resonance peaks when each dot is working as
single dots. The upper dot shows larger
Kondoresonancethan the lower one. (C to E)
Threeuniquecases of spin states of a double
dot, based on a simple electron filling with
spin degeneracy.(C) is the case that has been
considered to show split Kondo resonance
(18, 19, 21). (D) and (E)contain singlet electrons in one of the two dots, and the overall
Kondoresonance is not allowed.
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Fig. 2. (A) Schematicof a periodicstructureof
the electronspin configurationas a functionof
two gate voltages controlling the electron
numbersin each dot in a doubledot. The lines
representpositionsof Coulombblockadepeaks.
Thiszig-zagpatternchanges,dependingon the
interdotcouplingstrengthcontrolledby V3. For
simplicity,only the spins of last electroniclevels are shown.Circledregionscontainpossible
double-Kondoimpurityspinstatus correspondingto the regions1, 3, 4, and 6 in (B).(B)Color
scale plot of the measuredconductanceof a
double dot as a functionof gate voltages V2
and V4. The center gate voltage V3 = -860
mV.Red(blue)colormeanshigher(lower)conductance.The numberedvalley regions,1, 3, 4,
and 6 show zero-bias maximum(see Fig. 3).
Note that (A)is intendedonly as an illustration
for comparisonwith (B). In a real device, the
double dot characteristicsgraduallychange as
the plungergate voltages are swept, and the
honeycombpatterninevitablyappearsdistorted from the ideal situation.

0.2

0.2
3

-0.1

0.0

6

(X2)

0.1

0.0

0.1

VSD(mV)

Fig. 3. Differentialconductancetraces from 1
to 6 in Fig.2 B.Trace4 and 6 are magnifiedby
a factor of 2. The occurrenceof Kondoresonance peaksis well contrasted.The periodicity
is consistent with the diagramin Fig. 2A. A
uniquefeatureof the Kondoresonancepeaksis
their spitting, as compared with the single
peaksfrom single dots (e.g., Fig.1B).
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and interdependence of the gates. In small
devices such as ours, the gates are pushed
closer together and experience stronger interdependence. The observed splitting 8
45 pLeVis comparable to the molecular
bonding-antibonding splitting of 10 to 120
pLeV previously reported in double quantum dots (29, 30). It is importantto emphasize that our result demonstrates the formation of many-body bonding-antibonding
Kondo states. Previous experiments were
unable to determine the spin status of the
double dots and were often configured to
suppress Kondo correlation (small F),
yielding a splitting that was single particle
in nature. The height of split peaks is about
an order of magnitude smaller than that of
single dot Kondo resonance peaks, perhaps
because the double dot is more resistive or
because of antiferromagnetic coupling between the single localized electrons in the
two dots. For sufficiently large antiferromagnetic coupling, the Kondo effect will
be suppressed because it is more favorable
for the localized spins to form a spin singlet
than to form a Kondo singlet with conduction electrons. The gap between double
peaks can be adjusted to a certain extent
(Fig. 4A), depending on the gate voltage
settings-for example, by changing the
coupling of two dots or coupling of the dots
to the leads. However, we were unable to
observe single peaks in the regime where
the dot-dot coupling is smaller than the
dot-lead coupling mentioned in theories. In
the case where the coupling of two dots is
reduced, the decrease in overall conductance was too large in this series-coupled
configuration, and a clear signature of zero-

bias maximum was no longer observable.
All four split Kondopeaks showed qualitatively similarresultsin magneticand temperature dependence.The parallel magnetic field
dependence(Fig. 4B) of the symmetricpeak
trace4 in Fig. 3 showsthatas the magneticfield
increases,the two split peaks approacheach
other, merge, and then split again. When the
magnetic field is applied, the Zeeman effect
splits the two many-body molecular states
formedaroundthe Fermilevels, giving a total
of fourpeaks.Two of the fourpeaks closest to
the midpointof the left and rightFermi levels
overlap when the source-drainbias, VSDS is
applied,cross,and splitagain.The contribution
from the other two outside peaks should, in
principle,be presentbut is not observed,possibly because of spin decoherenceat largerbias.
Similarbehavioris also presentin the singleparticle,two-level Kondo system (4, 7) where
only two out of four peaks are clearlyvisible.
We can estimatea roughvalue for the electron
magneticmomentg factoron the basis of the
Zeemanenergy.We finda valueof between0.3
and0.6 comparedwiththe knownmagnitudeof
0.44. As the temperatureincreases,both of the
split peaks tend to decreaseand finally disappear(Fig. 4C). In this temperature
dependence,
the zero-biasconductanceof the symmetrically
split peaks increasesslightly at first, and then
decreases as the temperatureincreases (Fig.
4D). Eventhe doublepeakstructuredisappears;
the overall broad peak is maintainedin the
highertemperature
range.Thismay indicatethe
effect of the antiferromagneticspin coupling
competingwith the Kondo correlation.If the
energy scale of antiferromagnetic
coupling is
smallerthanthe Kondo temperature,it will be
destroyedfasterthanthe Kondoresonance.Be-
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cause the antiferromagneticcoupling reduces
the conductance(weakerKondocoupling),this
overallfeaturewill show a conductancemaximum in temperaturedependence.On the,basis
of the saturationtemperatureof the zero-bias
peak height, the Kondo temperatureis -500
mK.
From our study, we find that the spin
status of multiple dots is consistent with an
interpretationbased on electron spin filling
in a double quantum dot. The Kondo resonance peaks in this system showed clear
splitting as an indication of the Kondo effect in a quantum dot molecule. A more
quantitative analysis of the competition of
Kondo singlet energy versus antiferromagnetic coupling energy in a tunable manner
with the advancement of quantum dot device technology will elucidate diverse
physical phenomena in multiple quantum
dot systems.
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