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Whereas the CO-to-H I line intensity ratio increases twofold
between D39 (R  11 kpc) and the inner arm around D153
(R  6 kpc), the slope of the I(CO)/tR relation remains the same.
Yet D153 is not only closer to the centre, but it also shows a much
lower star formation activity. Does this mean that Allen and coworkers8 are wrong? Their contention that there is a large hidden
molecular mass rests on two cloud complexes located at 2 kpc from
the centre and might apply only to the innermost region. There, the
thick stellar bulge prevents the estimation of tR. We note, however,
that their mass estimates assume viral equilibrium and a smooth CO
brightness distribution, two assumptions that do not seem ful®lled
in the largest complex, D478. There, CO pro®les8 are broad and
double-peaked, and look typical of kinematically perturbed clouds
near H I regions (such as D47 in Fig. 2b). They also show evidence of
CO brightness ¯uctuations on scales of 40 pc. Thus, even in these
innermost regions, the evidence for hidden molecular gas is meagre.
Because CO is a good tracer of H2, Fig. 1a yields the molecular
cloud distribution in M31 with an unprecedented resolution. The
brightest clouds are grouped in narrow ®lamentary arms, which
stand out against a rich background of fainter clouds. The connection of the arm segments into a spiral pattern is not straightforward.
One solution is illustrated by the three ellipses of Fig. 1a. It assumes
a major axis position angle PA  428, the value that ®ts the southern
velocity ®eld best, and an inclination on the plane of the sky i  788.
In this picture, all the bright CO clouds lie on three circular arms of
radii R  7, 11 and 18 kpc and on the border of the stellar superassociation NGC 206. Another arm pattern17 assumes that PA  388
and two logarithmic spirals with a pitch angle of 78.
The CO arms are very narrow, as illustrated in Fig. 2, which shows
the cloud complexes associated with D47 and D84, observed with
resolution of 20 (9 pc). The bright blobs of Fig. 1 are now resolved
into thin, clumpy ®laments quite similar in brightness and size to
Orion A and Orion B18; the peak CO brightness temperature,
averaged over the ,9 pc beam, is 7 K. We note that, although D84
is the strongest CO source in the southwest half of M31, Orion is not
the brightest source by far in the Milky Way, but only the brightest in
the vicinity of the Sun. Obviously, M31 lacks a bright inner structure
like the Galactic `Molecular Ring', but it shows relatively strong
molecular emission up to R  18 kpc, farther than the Milky Way19.
Does CO emission trace the molecular gas in other galaxies as
well as in M31? A correlation between CO arms and dark dust lanes
is also observed11,20 in the Sc-type spiral M51, but on a coarser scale.
M51, 10 Mpc away, is the archetype of spirals with a high starformation rate. Poorer resolution and a less uniform stellar background make it dif®cult to repeat our analysis, but again, all
conspicuous dark lanes of M51 seem to have bright CO counterparts. The millimetre dust emission has been mapped in M51
(ref. 13) and in half a dozen of Sb±Sd spirals, including NGC 891
(ref. 12), which is often considered a twin of the Milky Way. Except
in the outermost parts of the disks, there is a tight correlation
between this emission and CO. Although the dust emission depends
on temperature, this tight correlation strongly suggests that CO is
indeed a fair tracer for the molecular clouds in most spiral
M
galaxies.
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Quantum dots are small conductive regions in a semiconductor,
containing a variable number of electrons (from one to a thousand) that occupy well-de®ned, discrete quantum statesÐfor
which reason they are often referred to as arti®cial atoms1.
Connecting them to current and voltage contacts allows the
discrete energy spectra to be probed by charge-transport measurements. Two quantum dots can be connected to form an
`arti®cial molecule'. Depending on the strength of the inter-dot
coupling (which supports quantum-mechanical tunnelling of
electrons between the dots), the two dots can form `ionic' (refs
2±6) or `covalent' bonds. In the former case, the electrons are
localized on individual dots, while in the latter, the electrons are
delocalized over both dots. The covalent binding leads to bonding
and antibonding states, whose energy difference is proportional
to the degree of tunnelling. Here we report a transition from ionic
bonding to covalent bonding in a quantum-dot `arti®cial molecule'
that is probed by microwave excitations5±8. Our results demonstrate controllable quantum coherence in single-electron devices,
an essential requirement for practical applications of quantumdot circuitry.
When particles are allowed to tunnel back and forth between two
quantum systems, the energy states of the individual systems mix
and form new states that extend over both systems. The extended
states are referred to as the bonding or symmetric state, and the
antibonding or antisymmetric state. In solid-state systems, the
energy splitting between bonding and antibonding states have
been observed in quantum-well structures9,10, superconducting
tunnelling devices11,12, and exciton systems13.
Quantum dots are uniquely engineered solid-state systems in the
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sense that they have discrete states and the electrons on the dots are
strongly interacting. The question whether different dots can be
coupled together in a quantum-mechanically coherent way is nontrivial. The reason is that quantum dots composing single-electron
devices are embedded in an environment with many electronic
degrees of freedom. The electron that occupies the covalent state of a
double-dot system has a Coulomb interaction with all the other
electrons con®ned on the dots and also with the electrons in the
current and voltage leads. These interactions can lead to dephasing
of the quantum-mechanical wavefunction resulting in a breakdown
of the covalent state. For realistic devices there is yet no theory that
can calculate reliable dephasing rates. Nevertheless, if elements like
quantum dots are ever to be integrated in little quantum circuits14±16, it is necessary that dots can be coupled coherently.
We have used microwave spectroscopy (0±50 GHz) to measure
the energy differences between states in the two dots of the device2
shown in Fig. 1a. We show that these energy differences, including
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the bonding±antibonding splitting, is controlled by gate voltages
which tune the tunnel coupling between the dots. We ®rst discuss
the weak-coupling regime.
Electrons are strongly localized on the individual dots when
tunnelling between the two dots is weak. Electron transport is
then governed by single-electron charging effects8. The charging
energies can be tuned away by means of the gate voltages. It is then
energetically allowed for an electron to tunnel between dots when a
discrete state in the left dot is aligned with a discrete state in the right
dot. External voltages also control the alignment of the discrete
states. A current can ¯ow when electrons can tunnel, while conserving energy, from the left lead, through the left and right dots, to the
right lead. We note that energy is also conserved when a photon of
energy hf (where h is Planck's constant), which matches the energy
difference between the states of the two dots, is absorbed from the
microwave ®eld of frequency f (Fig. 1b).
The resonance in the lowest trace in Fig. 1c is due to an alignment
of discrete states. The other traces are measured while applying a
microwave signal. The satellite resonances are due to photonassisted tunnelling processes which involve the emission (left
satellite) or absorption (right satellite) of a microwave photon.
Stoof and Nazarov17 give a detailed description of photon-assisted
tunnelling in a double quantum dot. The basic idea is that electrons
can absorb ®xed quanta of energy hf from a classical oscillating ®eld.
An a.c. voltage drop V  V ac cos 2pft across a tunnel barrier
modi®es the tunnel rate through the barrier as18:
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order Bessel function evaluated at a  eV ac = hf , which describes
the probability that an electron absorbs or emits n photons of
energy hf. e is the electron charge.
Figure 2 shows the current for several microwave powers. The
dashed curve shows the main resonance measured at zero power. As
the power is increased, satellite peaks appear corresponding to the
absorption of multiple photons which are observed up to n  11. At
these high powers, the microwaves strongly perturb tunnelling. This
is re¯ected by the nonlinear dependence of the peak heights on
power (left inset of Fig. 2), which is in agreement with the expected
Bessel-function behaviour.
The right inset to Fig. 2 shows that the separation of the satellite
peaks from the main peak depends linearly on frequency between 1
and 50 GHz. As we discuss below, this linearity implies that the
tunnel coupling is negligible. The electrons are thus localized on the
individual dots and they have an ionic bonding. The line proportional to 2hf is taken from data at higher microwave powers where
electrons absorb or emit two photons during tunnelling.
a

I<0

b

I=0

c

I>0

In contrast to the case of weakly coupled dots, covalent bonding
occurs when two discrete states that are spatially separated become
strongly coupled. Electrons then tunnel quickly back and forth
between the dots. In a quantum-mechanical description this results
in a bonding and antibonding state which are respectively lower and
higher in energy than the original states. Our strong-coupling
measurements were made on a second type of double-dot sample
(see inset to Fig. 4). To single out the current only due to microwaves
we operate the device as an electron pump driven by photons in a
way described theoretically by Stafford and Wingreen19 and by
Brune et al.20 (see the diagrams of Fig. 3a±c). By sweeping the gate
voltages we vary DE  Eleft 2 Eright, where Eleft and Eright are the
energies of the uncoupled states in the left and right dot. The bonding
and antibonding states, that are a superposition of the wavefunctions corresponding to an electron in the left or in the right dot, have
an energy splitting of DEp  Eantibond 2 Ebond   DE2  2T2 1=2 ,
where T is the tunnel coupling between the two dots. When the
sample is irradiated, a photocurrent may result as illustrated in
Fig. 3a±c. A non-zero current indicates that an electron was excited
from the bonding state to the antibonding state, thereby ful®lling
the condition hf  DEp , or conversely:
q
DE 
hf 2 2 2T2
2

8

Figure 3 shows measured current traces as a function of the
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DEp  hf. In a, Eleft . Eright which results in electron pumping from right to left
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correspond to different coupling constants T. Solid lines are theoretical ®ts to
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DE. The different traces are taken at different microwave frequencies, and are
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changing the magnetic ®eld (®lled diamonds, B  3:3 T; ®lled squares, B  2:2 T;
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other curves, B  0). The upper left inset shows a diagram of the sample5. A
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Filled skutterudite antimonides1,2 are cubic compounds with the
formula RM4Sb12, where R is a rare-earth element (such as La or
Ce), and M is a transition metal (for example, Fe or Co). The rareearth ion is weakly bound in an oversized atomic cage formed by
the other atoms. Its presence has been shown to cause a dramatic
reduction in the lattice component of the thermal conductivity,
while having little effect on the electronic properties3±5 of the
compound. This combination of properties makes ®lled skutterudites of interest as thermoelectric materials. It has been suggested4
that localized, incoherent vibrations of the rare-earth ion are
responsible for the reduction in thermal conductivity, but no
direct evidence for these local vibrational modes exists. Here we
report the observation of local modes in La-®lled skutterudites,
using heat capacity, elastic constant and inelastic neutron scattering measurements. The La atoms show unusual thermodynamic
behaviour, characterized by the presence of two low-energy
localized modes. Our results suggest that consideration of local
modes will play an important role in the design of the next
generation of thermoelectric materials.
Localized vibrational modes are uncommon in solids because
of the strong interactions that exist between the constituent
atoms. When present, local modes are usually associated with
weakly bound guest atoms that reside in the voids of an openstructured non-metallic host. In metallic solids, which tend to
crystallize in close-packed structures, local modes are exceedingly
rare. These low-energy vibrational modes, which are not present in
the un®lled parent compound CoSb3, give unambiguous evidence
for the `rattling' behaviour of the rare-earth atom in the

CoSb3
La0.9Fe3CoSb12
CoSb3+γT+A C(θE1)+B C(θE2)
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applied microwave frequency is decreased from 17 to 7.5 GHz in
0.5 GHz steps. The distance between the pumping peaks, which is
proportional to 2DE, decreases as the frequency is lowered. However, the peak distance decreases faster than linearly with frequency;
the peaks follow the hyperbola rather than the straight lines. The
distance goes to zero when the frequency approaches the minimum
energy gap between bonding and antibonding states, hf  2T. For
frequencies smaller than the coupling, hf , 2T, the photon energy
is too small to induce a transition from the bonding to the
antibonding state.
The coupling between the dots can be decreased by changing the
gate voltage on the centre gate to more negative values, or by
applying a magnetic ®eld perpendicular to the sample. In Fig. 4 we
have plotted the frequency dependence of the energy spacing DE at
which the pumping current is at a maximum. Different plotting
symbols correspond to different centre gate voltage settings and
magnetic ®elds. The solid lines are ®ts of equation (2) to the
measured data. It follows that the coupling 2T has been tuned
from 11 to 60 meV. The good agreement with equation (2) and the
clear nonlinear frequency dependence demonstrates the control
over the formation of covalent bonding between the two dots.
Quantum dots have been suggested as possible candidates for
building a quantum computer14±16. We have shown that it is indeed
possible to coherently couple dots, and that one can induce transitions between the extended states. The next crucial step towards
quantum logic gates is to show that the coherence of the superposition is preserved on timescales much longer than the time
needed for manipulating the electron wavefunctions. A lower
bound for the dephasing time is 1 ns, which we deduce from our
narrowest peaks and from the smallest energy gaps between the
bonding and antibonding states that we have resolved. We intend to
perform measurements of the decoherence time in which the states
are manipulated by applying the microwaves in short pulses. M
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Figure 1 Speci®c heat divided by temperature versus temperature squared for
La0.9Fe3CoSb12 and CoSb3. The dashed line through the La0.9Fe3CoSb12 data is
based on a calculation in which the contribution from two Einstein oscillators with
level spacings of 70 and 200 K are added to the CoSb3 data (see text for details).
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