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Spin-Blockade Spectroscopy of a Two-Level Artificial Molecule
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Coulomb- and spin-blockade spectroscopy investigations have been performed on an electrostatically
defined ‘‘artificial molecule’’ connected to spin polarized leads. The molecule is first effectively
reduced to a two-level system by placing both constituent atoms at a specific location of the level
spectrum. The spin sensitivity of the conductance enables us to identify the electronic spin states of the
two-level molecule. We find in addition that the magnetic field induces variations in the tunnel coupling
between the two atoms. The lateral nature of the device is evoked to explain this behavior.
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FIG. 1. (a) SEM image of the experimental device; scale bar:
500 nm. (b) The relevant orbitals in both dots at � � 2 regime.
Black (gray) circles indicate initially occupied (unoccupied)
orbitals of the 1LL (2LL). Dotted circles represent the outer-
most empty edge orbitals. The arrows indicate the spin polar-
ization of the leads. (c) Schematic representation of � � 2
ground state in each dot containing an even number of elec-
trons. The horizontal lines correspond to the ring orbitals
drawn as circles in (b). (d) Symmetric (S) and antisymmetric
(AS) molecular states formed as a result of the tunnel coupling
t between two unoccupied edge orbitals, one from each dot and
tion of the current through the molecule, we also observe of equal energy ("L � "R).
Considerable experimental and theoretical effort is
currently being applied towards the realization, charac-
terization, and manipulation of artificial molecules [1],
building largely on the progress in studies of artificial
atoms [2– 4]. The main focus is on building spintronic
nanostructures, including single and coupled quantum dot
devices, in which a single electron or a single spin can be
isolated and probed [5]. Connecting a single quantum dot
to spin polarized leads effectively resulted in a simple
spin transistor [4,6–8]. Coupled quantum dot systems are
technologically important for the creation of entangled
spin states for quantum information applications such as
the construction of quantum gates [9].

In this Letter we report on Coulomb- and spin-
blockade spectroscopy studies of a spintronic nanostruc-
ture consisting of two laterally coupled quantum dots in a
series connected to spin polarized leads via tunnel bar-
riers. Although the total number of electrons in each dot
was larger than 1 [10], it is possible, by applying a
magnetic field, to reduce effectively the two-dot system
to a two-level molecule, to which we can controllably add
up to four ‘‘valence’’ electrons. The above condition is
achieved at filling factor � � 2 in the dot, a regime well
described in our studies on single-dot devices [6,7]. In a
Fock-Darwin picture of a quantum dot spectrum this
corresponds to the region just after the last orbital
crossing [3,11]. The localized spatial distribution of the
relevant wave functions allows us to treat electrons occu-
pying the lowest (highest) energy orbitals as ‘‘core’’
(valence) electrons. Two valence orbitals, lying at the
edge of the individual quantum dots, can be coupled
and decoupled by means of electrostatic gates. The total
spin of the valence electrons in the molecular states
controls the current through the system, because of the
spin polarized leads. The spin of quantum molecules can
be tuned in a similar fashion to the spin in single dots—
by lowering the magnetic field slightly below its � � 2
value and inducing singlet-triplet transitions in the indi-
vidual dots [11,6]. In addition to the amplitude modula-
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variations in the interdot tunnel coupling as the magnetic
field is reduced.

Figure 1(a) shows a scanning electron microscope
(SEM) image of our coupled quantum dot device. The
dots are defined within the two dimensional electron gas
of a GaAs-AlGaAs heterostructure. Negative voltages
applied to the pairs of gates 1T-0B, 2T-2B, and 3T-4B
define the lead-to-left-dot, interdot, and right-dot-to-lead
tunnel barriers, respectively. Gates 1B and 3B are used
not only to change the number of electrons but also to
tune the energy levels of each dot. The dot-to-lead tunnel
conductance is always set so that the coupled-dot system
is well isolated from the leads ( � 2e2=h), whereas the
2003 The American Physical Society 026803-1
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FIG. 2. (a) Gray scale plot of the conductance G as a function
of the voltages VL and VR. Two conductance peaks, A and B,
separate three Coulomb-blockaded regions labeled by the num-
ber of valence electrons NV of the chosen two-level system at
� � 2. The faint dashed lines mark the linear portion of the
position of both peaks away from the triple points � and �.
(b) Expanded view of the rectangular region in (a) showing the
position of both peaks close to � and �. (c) Filling of the S and
AS states for NV � 0, 1, and 2 as deduced from (b).
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interdot tunnel conductance can be tuned from zero to
2e2=h to control the interdot coupling. The device em-
ploys the same gate geometry that allowed us to realize
single lateral quantum dots containing a single electron
[4,6]. The conductance G was measured using standard
lock-in techniques.

Consider first two well-isolated dots, each containing
an even number of electrons, in the regime of filling
factor � � 2. We can picture electrons in this phase as
occupying just a simple ladder of states within the first
Landau level (1LL), associated with an approximately
parabolic confining potential in each dot [12]. As depicted
in Fig. 1(b), the wave function of each of these states can
be regarded as a ‘‘ring’’ with a radius that increases with
the energy of the state. Each state is occupied by a pair of
electrons with opposite spin. These core electrons form a
spin singlet droplet of electrons within each dot [6]. We
consider these two droplets as the ‘‘vacuum’’ state to
which valence electrons are added [Fig. 1(c)].

With both dots set at � � 2, the empty valence orbitals
are located at the edges of both droplets. If we now lower
the interdot barrier, only these outermost valence orbitals
become significantly coupled [Fig. 1(b)]. The two dots
now effectively form a very simple artificial molecule in
which valence electrons can occupy two molecular states
that are delocalized over both dots [13]. A representation
of the molecular states of the effective two-level system
is shown in Fig. 1(d) for the case when the energies of
the left and the right dot edge orbitals are matched
("L � "R). In this case, the molecular states are the
related symmetric (S) and antisymmetric (AS) states.
Valence electrons can be manipulated by different oper-
ations, e.g., adding/subtracting electrons to/from the sys-
tem or, at a fixed number of electrons, reducing the
magnetic field from its � � 2 value to transfer an electron
between the outermost orbital of the 1LL and the inner-
most orbital of 2LL within each dot [Fig. 1(c)] [6].

We now proceed to demonstrate how Coulomb-
blockade (CB) spectroscopy is used to measure the energy
difference between S and AS molecular states. Figure 2(a)
shows a gray scale plot of the measured conductance
through the two dots, as a function of voltages VL and
VR applied to gates 1B and 3B, respectively. The number
of core electrons localized in the left and the right dot is
12 and 14, respectively [Ncore � �12; 14�]. A small mis-
match in the occupation number of both dots allows us to
separate the effects related to coupling of orbitals belong-
ing to the 1LL and the 2LL, as will be discussed later. The
magnetic field is set to B � 1:05 T, in the � � 2 regime.
Large Coulomb-blockaded regions of zero conductance
are separated by two conductance peaks labeled A and B.
The position and amplitude of these peaks vary in the
�VL; VR� plane. The region where A and B are closest, and
their amplitude is largest, corresponds to a pair of triple
points, labeled as � and �, in the charging diagram of the
double-dot system [13]. The CB regions are labeled with
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numbers corresponding to the number of valence elec-
trons (NV � 0, 1, 2) occupying the two-level system.

On conductance peak A, at point �, electrons tunnel
one by one from the left lead to the right lead through the
S state of the two-level system, and the number of valence
electrons fluctuates between 0 and 1 (NV � 0 $ 1). Peak
B corresponds to the situation where NV � 1 $ 2. The
observation that peaks A and B have opposite curvature,
i.e., they are not parallel, in Fig. 2(b) suggests that at
point � electrons are transported through the AS state,
with the S state permanently occupied with one electron
[14]. This simple observation leads us to the level filling
scheme depicted in Fig. 2(c) which we will confirm by
spin-blockade spectroscopy discussed below.

The energy spacing between peaks A and B in Fig. 2(b)
is given by � � �M �

������������������������������������
�"L � "R�2 � 4t2

p
, where �M is

the interdot charging energy and t is the tunnel coupling
energy [14]. The energies of the left and the right dot edge
orbitals, "L and "R, can be adjusted by gate voltages VL
and VR. From the minimum value of the spacing �,
�min � �M � 2t, we estimate �M � 160 �eV and t �
30 �eV at 1.05 T [13,15]. This occurs for the condition
"L � "R identified by the black dashed line in the
�VL; VR� plane which crosses peaks A and B at points �
and �, respectively. When the two levels are detuned by
the gates, i.e., "L � "R, � increases, the S and AS states
become bonding and antibonding states [16], and ampli-
tude of the peaks decreases [13,14].

To investigate the effect of the magnetic field on
the spin of the molecular states, in the regime where
singlet-triplet transitions are observed in single dots,
spin-blockade spectroscopy was performed. This spin
026803-2
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sensitive technique was originally used for single-dot
devices [4,6,17]. Because of the spin polarization of the
leads, the tunneling rates for spin-down electrons are
higher than for spin-up electrons and the spin injection/
detection mechanism is enabled. Hence, if a molecular
state is already occupied by a spin-down electron, only
the spin-up tunneling channel is available and the current
is substantially reduced. Figure 3(a) shows the amplitude
of the conductance peaks A and B at points � and �
("L � "R), related to the addition of valence electrons to
the molecular states, as a function of perpendicular mag-
netic field. Since Ncore is different for each dot, the posi-
tion of the triple points (the condition "L � "R) in the
�VL; VR� plane can, and does, change slightly with mag-
netic field, as seen in Fig. 4(a). The origin for this is
discussed later. Conductance plots between 0.89 and
1.05 T, similar to the one shown in Fig. 2(a), are carefully
repeated and the conductance at points � and � extracted.
Remarkably, not just the magnetic field dependence of the
conductance, but also the amplitude, are practically iden-
tical for both � and �. This reveals that both added
electrons must have the same spin. Therefore, due to the
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FIG. 3. (a) Conductance G at points � and � versus perpen-
dicular magnetic field B. Inset: B dependence of four consecu-
tive peaks—adding NV � 3; 4 to Ncore � �10; 12� (open
symbols) and NV � 1; 2 to Ncore � �12; 14� (solid symbols).
All numbers are defined at the � � 2 regime; both G and B
positions were normalized to values at the � � 2 transition.
(b) Schematic representation of core electrons (open arrows) in
each dot in the absence of tunnel coupling, for the three
discussed regimes of a magnetic field. Solid black (gray) lines
indicate the orbitals of the 1LL (2LL). (c) Filling of the S and
AS states with valence electrons, as deduced from (a).
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Pauli exclusion principle, they must be added successively
to the S state (at point �) and the AS state (point �).
Within the discussed field span we can clearly distinguish
three different regimes in terms of the conductance level.
These are characterized by ‘‘low’’ (LO), ‘‘very low’’
(VLO), and ‘‘high’’ (HI) amplitudes. The electronic con-
figurations we deduce for the core electrons for these
three regimes are shown in Fig. 3(b). The observed varia-
tion of the amplitude at points � and � will now be
explained by a combination of the lateral extent of the S
and AS molecular states, depicted in Fig. 3(c), and the
spin polarized injection/detection mechanism.

Over the range of magnetic field where the amplitude at
points � and � is high, electrons move through edge-
edge molecular states (originating from the coupling of
edge orbitals of each dot) at � � 2 [Fig. 1(b)]. As the
amplitude at both points is high, it must be a spin-down
electron that is added to the system in both NV � 0 $ 1
and NV � 1 $ 2 transitions. Hence, during HI phase, for
NV � 1, one spin-down electron occupies the edge-edge
S state, and for NV � 2 both edge-edge S and AS states
are occupied by one spin-down electron each. Such a level
filling scheme, depicted in the rightmost panel of Fig. 3(c),
confirms the results of CB measurements.

As the magnetic field is decreased away from the
� � 2, different orbitals come into play, and the ampli-
tude of points � and � falls dramatically as we enter the
VLO regime. At fields below about 1.03 T the innermost
orbital of the 2LL in each dot becomes the lowest un-
occupied valence orbital, as illustrated in the middle
panel of Fig. 3(b) (this is well established from single
quantum dot experiments [6]). As this ‘‘center’’ orbital is
highly localized at the center of the dot [Fig. 1(b)], it is
expected to overlap weakly with the center orbital from
the second dot when forming center-center molecular
states. This is confirmed when we examine in detail the
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FIG. 4. (a) Representative gray scale plots of the conductance
in the LO, VLO, and HI regimes. The dashed lines indicate the
condition "L � "R. (b) Corresponding position of peaks A and
B near the triple points � and � for each regime. The dashed
lines mark the linear portion of the position of both peaks
away from the triple points. For details, see text.
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middle plots of Fig. 4. We find that the position of peaks A
and B shows almost no curvature near the triple points,
i.e., t ! 0 �eV at 1.00 T [18]. At points � and �, spin-
down electrons may still tunnel through the S and AS
states, but a reduction in amplitude at these points is
dominated by the reduction in the coupling to the leads.
Since the number of core electrons in the two dots is set
different than when the empty edge orbitals in the two
dots are aligned in the HI regime [rightmost panel of
Fig. 3(b)], the empty center orbital in the left dot lies at a
higher energy than the equivalent center orbital in the
right dot. For this reason, the "L � "R condition must
occur at a slightly different position in the �VL; VR� plane
for the center-center S and AS states in the VLO regime
than for edge-edge states in the HI regime. This is clearly
seen in the middle plot of Fig. 4(a). Hence, during the
VLO phase, for NV � 1, one spin-down electron occupies
the center-center S state, and for NV � 2 both center-
center S and AS states are occupied by one spin-down
electron each, as depicted in the middle panel of Fig. 3(c).

Finally, the LO regime is entered when the magnetic
field B is decreased below 0.92 T. The empty center orbital
in each dot continues to be lowered in energy relative to
the highest occupied edge orbital, so eventually it is
energetically favorable for the spin-up electron to transfer
from the edge orbital to the center orbital, flipping its spin
in the process, as depicted in the leftmost panel of
Fig. 3(b). This constitutes a singlet-triplet transition for
an even-electron dot, well described by studies on single-
dot devices [6,7,11]. We see that the triple points move
back to a position similar to that in the HI regime, and the
tunnel coupling energy recovers to a value close to that
observed in the HI regime (t � 25 �eV at 0.91 T). From
these observations, it is clear that in the LO regime it is
again the edge orbitals that are responsible for the for-
mation of the molecular states, but with the important
difference that the edge-edge S and AS states already
contain two spin-down electrons [leftmost panel in
Fig. 3(c)]. Note that the edge valence orbital discussed
here is not the one involved in the HI regime but the
orbital one step down in the ladder of states of the 1LL in
the respective dots. Lowering B reduces then Ncore and
increases NV by 2. Since now initially NV � 2 and both
the spin-down valence states are full, peaks A and B
correspond to filling the edge-edge S and AS states
with spin-up electrons [19] and the resulting current is
low, due to spin blockade. In a simple picture, the differ-
ence between the LO and HI phases is due to the spin
blockade of molecular states triggered by the transfer of
one electron between the edge and center orbitals of each
individual dot. This is supported by observed B depen-
dence of peaks related to adding NV � 3; 4 at � � 2. The
peaks are still paired, but their amplitude pattern is
reversed, i.e., HI (LO) becomes LO (HI), while VLO is
unchanged. This is shown in the Fig. 3(a) inset.
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In summary, we have demonstrated a spintronic nano-
structure with an achievable two-level system in which
one can determine and manipulate the states of artificial
molecules at the single spin level. The experimental data
are fully consistent with our simple model and lead to a
conclusion that spin effects described in this Letter are
the artificial molecule analog of odd-even effects ob-
served for artificial atoms.
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