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We demonstrate how molecular quantum states of coupled semiconductor 
quantum dots are coherently probed and manipulated in transport experiments. 
The applied method probes quantum states by the virtual cotunneling of two 
electrons and hence resolves the sequences of molecular states simultaneously. 
This result is achieved by weakly probing the quantum system through parallel 
contacts to its constituting quantum dots. The overlap of the dots' wave 
functions and, in turn, the splitting of molecular states are adjusted by the direct 
influence of coupling electrodes. 

Coupled quantum dots in semiconductor ma- 
terials are often referred to as artificial mol- 
ecules, because these electron boxes allow us 
to precisely control the number of charge 
carriers and their mutual interaction (1, 2). 
For future quantum information processing, 
entangled quantum states within such meso- 
scopic systems need to be implemented in 
electronic circuits (3, 4). This requires pre- 
cise control of the bonds of the artificial 
molecule in situ. In this context, coupled dots 
can be used for investigating the probing 
mechanism of quantum physics; that is, how 
to attach leads to real molecules. Generally 
the interaction of quantum systems with their 
environment induces decoherence and the de- 
cay of quantum superpositions (5). Key ques- 
tions are how accurately the coupling of two 
artificial atoms can be adjusted and how co- 
herent coupling can be monitored noninva- 
sively without destroying the molecular 
quantum states. It has already been shown in 
transport (6, 7) and microwave (8, 9) spec- 
troscopy that the transition from ionic to co- 
valent binding in quantum dot molecules can 
be traced. The detection mechanism for those 
techniques relies on the transmission of a 
single electron through the coupled dot sys- 
tem. In contrast, we use a cotunneling mech- 
anism involving two electrons tunneling, si- 
multaneously, to probe the coupling between 
the dots (10). Even though the probed quan- 
tum states are only weakly coupled to adja- 
cent reservoirs, the dynamics resemble the 
Kondo effect (11-16), in which hybridization 
of electron states with source and drain con- 
tacts is desired. 

The experimental setup is diagramed in 
Fig. 1A. As for real molecules, two valence 
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electrons are exchanged between both quan- 
tum dots (purple double arrow). This two- 
electron state couples to individual source 
and drain contacts by tunneling barriers 
(black double arrows). The tips of the Schott- 
ky gates (Fig. 1B) form two small quantum 

dots (indicated by blue circles), each contain- 
ing about 20 electrons. The overlap of the dot 
wave functions can be tuned by the tunneling 
barrier, set by voltages on gates A and B 
(white). In order to complete the setup of Fig. 
1A, the source and drain contact regions of 
both dots (dashed lines) are patterned by an 
additional resist layer (7) (beige). This layer 
prevents depletion of the electron gas below 
gates A and B, and electrons eventually tun- 
nel through dot 1 and dot 2. The parallel 
access to the two dots enables correlated 
tunneling of two valence electrons simulta- 
neously. This phenomenon is shown in Fig. 
1C: (i) The left diagram shows only a single 
valence electron in the dots connected to the 
reservoirs through the tunneling processes 
(double arrow). The valence is indicated by a 
single line connecting the dots. (ii) The iden- 
tical case is depicted where the valence elec- 
tron connects to the reservoirs via dot 2. (iii) 
The situation we are investigating is charac- 
terized by a valence number of two, repre- 
sented by two lines; here, both covalent 

Fig. 1. (A) Experimental layout. An ar- A . 
tificial molecule is formed out of two A "'rain aii 
quantum dots within a two-dimension- o - i: idoi 
al electron gas 90 nm below the surface - 
of an aluminum gallium arsenide/galli- 
um arsenide heterostructure. Valence 

- 

N_ 

electrons are exchanged between both sour dot _ i 
dots (purple double arrow) and are de- ou e - - 
tected by measuring the system's con- 
ductance through cotunneling events. ) 6 
Electrons tunnel via both dots from 
source to drain (black double arrows) 
(7). (B) Atomic force microscopy picture (j) (jj) (iii) 
of the sample. The heights are color 
coded as indicated on the lower left 
lateral scale. In order to define the two quantum dots (sketched as two blue circles), negative 
voltages are applied to Schottky gates A, B, 1, and 2, made from gold (bright beige and white). The 
electron gas, with a sheet density of about ns = 1.7 x 1015 m-2 and an electron mobility (!*) of 
80 mZ/Vs at 4.2 K, is partially depleted and forms two quantum dots with roughly 20 electrons 
each. Both quantum dots are equally connected to drain and source contacts, as is essential for the 
presented spectroscopy. (C) Sketches of the characteristic electronic configurations within the dots. 
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Fig. 2. (A) Differential conductance 
trace GSD at a small ac voltage 
VSD = 10 iV versus voltage V1 at 
gate 1 (Tbath = 40 mK). (B) Charging 
diagram of the double quantum dot 
obtained by additionally sweeping 
voltage V2 at gate 2 (displayed in a 
logarithmic color representation). 
Addition energies (E) of both dots 
are found to be E1 = e2/C = 2.22 
meV (where C is capacity) and E2 = 
2.76 meV with single particle levels 
of E - 240 !meV. (C) Charge config- 
urations of the encircled resonance 
of 2(B) are sketched by brackets 
(n,m) with n electrons on dot 1 and 
m electrons on dot 2. 
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dimer states are occupied and equally cou- 
pled to source and drain (arrows). 

In transport measurements on the cou- 
pled dot system (Fig. 2A), a typical line 
plot of conductance (G) versus gate voltage 
(V1) detected in standard lockin technique 
is shown. The maximum conductance level 
of G - 0.1 e2/h (where e is electron) 
indicates the weak coupling of the dots to 
the leads. The data were taken in a dilution 
refrigerator with 40 mK bath temperature at 
an ac voltage of VSD = 10 piV. Although 
high tunneling barriers to the leads strongly 
suppress the conductance for Coulomb 
blockade resonances for each dot (17) 
(black arrows), we find enhanced transmis- 
sion at certain gate voltages (purple arrow). 
More information is gained by tracing the 
resonances in a charging diagram (Fig. 2B). 
The data trace of Fig. 2A is represented by 

the dashed line at V2 - -420 mV. 
(n,m) are diagrammed in Fig. 2C, 
charge configuration with n elect 
dot 1 and m electrons on dot 2 arc 
encircled resonance. This set is all 
exactly one electron when the bo: 
tween the hexagons is crossed, so 
lowing route (i) we get from (n,m) 
l,m). On resonance, this corresponc 
electron coupling the two dots (left 
in Fig. 1C). The same is true for r 
representing the transition (n,m) tc 
1). In route (iii) we observe the e 
central interest here: the coupling 
(n,m) to (n - l,m - 1). The simu 
exchange of two electrons is the n 
ference from earlier measurements 
with only one source and one drain 
on coupled dots, where only a sii 
lence electron can be monitored. He 

Fig. 3. (A) Logarithmic 
conductance trace ofA B 
resonant cotunneling o 
(corresponds to encir- o o 0 
cled resonance in Fig. 10 
2B). (B) The FWHMs of 
cotunneling events are' 
determined only by 4 ' 
lifetime broadening of : i 
the involved quantum 0 0.6 states and decrease lin- T (K) 
early with decreasing 
temperature (squares). 
In contrast, the 10 - \ 
FWHMs of typical Cou- , 
lomb blockade peaks 'o I 

(triangles) are addition- o, I / x 
ally broadened by the " ' ,' 'o- * 0 

Fermi-Dirac energy dis- r ' . *? ? 
tribution in the source - ----- - 
and drain contacts, 

' ' 

which shows a satura- -448 -452 10'- 10( 
tion at T th of 120 + V1 (mV) T (K) 
20 mK (black arrow) 
(7). (C) The amplitude of the center peak [squares in (A) and (C)] decreases logarithmic 
increasing temperature, which indicates coherent tunneling of two electrons (23,24). Circles de 
temperature dependence of the side peak in (A). 
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Fig. 4. (A) Sequences of covalent molecular states at 815 mK traced by cotunneling of 
binding electrons in the charging diagram. (B) The resonances 1 through 8 correspond to ti 
line in Fig. 4A. Increasing the negative voltages applied to gates A and B from -279 mV 
mV in steps of 2 mV raises the interdot tunneling barrier, which in turn suppresses all re 
but peak 4. The data are presented with an offset for better visibility. 

The sets pattern obtained in the present measure- 
with the ments shows the difference in revealing a 
trons on pronounced resonance for the exchange of 
)und the two electrons. This behavior is found not 
tered by only at the crossing point marked but also 
rder be- for all other resonances at corresponding 
by fol- phase boundaries (iii). 

)to (n - Furthermore, the amplitudes of the reso- 
is to one nances exceed conventional Coulomb blockade 
diagram oscillations by up to two orders of magnitude 
oute (ii) (19), and these resonance lines break up, reveal- 
) (n,m - ing a substructure (already evident in Fig. 2A). 
fffect of This substructure is better resolved in the log- 
of state arithmic conductance plot versus voltage (V1) 

Itaneous (Fig. 3A) depicting the encircled resonances of 
iain dif- Fig. 2B. As expected for resonant tunneling, the 

(7, 18) conductance is given by Lorentzians (17) 
I contact (black and dashed lines). The full widths at half 
ngle va- maximum (FWHMs) of these resonances de- 
mnce, the crease linearly with decreasing temperature and 

show no saturation down to lowest bath tem- 
peratures (Tbath) of 40 mK (squares in Fig. 3B). 

250 This is clear evidence for the dominance of 
cotunneling (10); that is, only two electrons are 
allowed to tunnel simultaneously at the very 
same energy (20). Consequently, the FWHMs 
of these cotunnel events are only govered by 

i' lifetime broadening of the quantum states in- 
,< volved and inelastic phonon scattering (21). In 

50 contrast, the FWHMs of conventional Coulomb 
blockade oscillations (triangles) saturate at 
about 120 ? 20 mK (arrow in Fig. 3B) (data 

3 taken off resonance). The latter reflects satura- 
tion of the electron temperature in the source 

G) and drain leads commonly caused by radio 
^- frequency noise in the supply lines of the setup 
CO (22). Complementing the coherent two-electron 

pictLire, the amplitude of the maximum peak 
0 odecreases logarithmically with increasing tem- 

D perature (23, 24) (squares in Fig. 3C). The 
logarithmic dependence indicates the relation to 
the Kondo effect (11-16), even though here the 

:ally with quantum states are only weakly coupled to the 
enote the leads. Furthermore, a thermally broadened 

Fermi-Dirac distribution in the source and drain 
leads allows cotunnel processes through higher 
energy states within the double dot. First, this 
result can be seen in the temperature depen- 
dence of the amplitude of the side peaks, be- 
cause the amplitude rises after a certain de- 

-279 crease (circles in Fig. 3, A and C). Second, 
additional resonances emanate at higher tem- 

w- peratures as discussed below. 
Cotunneling of two electrons occupies 3 quantum states of the double quantum dot 

virtually, without paying Coulomb charging 
energy (10). We demonstrate how these high- 

-291 er order tunneling processes can be applied 
for noninvasively probing covalent states of 
the dimer dot. At a Tbath of 815 mK, not only 

t t triplets (as in Fig. 3A) are found but also a 
ie dotted sequence of resonances, as seen in the charg- 
' to -291 ing diagram of Fig. 4A (compare to Fig. 2B). 
sonances The single trace, indicated by a dashed line, is 

plotted in Fig. 4B including calibration (25). 
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Eight resonances can be resolved for this 
interdot tuning with an energy offset (Ae) of 
about 70 to 120 ,ueV. Raising the interdot 
tunneling barrier reduces A? (dashed lines), 
and consequently the number of resonances 
diminishes to one. As for real dimers, this can 
be understood by the reduced overlap of the 
dot wave functions that determines As of 
corresponding molecular states. The remain- 
ing peak is a degenerate multiplet, which 
unfolds into resonances 2, 3, 4, and 5 as the 
overlap of two dots' wave functions is in- 
creased (indicated by the dashed arrows in 
Fig. 4B). Furthermore, the energy splitting 
found is of the same order of magnitude as 
the one for bonding and antibonding states in 
coupled dots with one valence electron (7). 
However, here we coherently probe and thus 
resolve a whole sequence of molecular states. 
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Recent advances in the realization of individual molecular-scale electronic 
devices emphasize the need for novel tools and concepts capable of assembling 
such devices into large-scale functional circuits. We demonstrated sequence- 
specific molecular lithography on substrate DNA molecules by harnessing ho- 
mologous recombination by RecA protein. In a sequence-specific manner, we 
patterned the coating of DNA with metal, localized labeled molecular objects 
and grew metal islands on specific sites along the DNA substrate, and generated 
molecularly accurate stable DNA junctions for patterning the DNA substrate 
connectivity. In our molecular lithography, the information encoded in the DNA 
molecules replaces the masks used in conventional microelectronics, and the 
RecA protein serves as the resist. The molecular lithography works with high 
resolution over a broad range of length scales from nanometers to many 
micrometers. 
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Recent advances in the realization of molec- 
ular-scale devices (1, 2) highlight their inte- 
gration into functional circuits as a major 
challenge. Successful attempts toward this 
goal include the use of e-beam lithography 
for wiring carbon nanotubes to form logic 
circuits (3) and the construction of logic gates 
from nanowire building blocks aligned by 
flow (4). 

An alternative route to nanometer-scale 
electronics relies on molecular recognition 
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and self-assembly. In such a bottom-to-top 
approach, the information is encoded into the 
components, which then self-assemble ac- 
cording to that information to form the struc- 
ture. DNA-programmed assembly is a partic- 
ularly promising strategy [see, for example, 
(5-9)]. We have previously shown that DNA 
molecules can be uniformly coated with met- 
al to form thin metallic conductive wires that 
can be attached to macroscopic electrodes by 
virtue of the DNA molecular recognition 
properties (8, 9). Molecular electronics, how- 
ever, requires more elaborate manipulations, 
including the formation of richer geometries, 
wire patterning at molecular resolutions, and 
molecularly accurate device localization. In 
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Fig. 1. Schematics of the homologous recombination reaction and molecular lithography. In part (i), 
RecA monomers polymerize on a ssDNA probe molecule to form a nucleoprotein filament. In part 
(ii), the nucleoprotein filament binds to an aldehyde-derivatized dsDNA substrate molecule at a 
homologous sequence. In part (iii), incubation in AgNO3 solution results in the formation of Ag 
aggregates along the substrate molecule at regions unprotected by RecA. In part (iv), the Ag 
aggregates serve as catalysts for specific gold deposition, converting the unprotected regions to 
conductive gold wires. HQ, hydroquinone. 
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