Whereas the CO-to-H1 line intensity ratio increases twofold
between D39 (R = 1lkpc) and the inner arm around D153
(R = 6kpc), the slope of the I(CO)/7y 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 co-
workers® 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 7. We note, however,
that their mass estimates assume viral equilibrium and a smooth CO
brightness distribution, two assumptions that do not seem fulfilled
in the largest complex, D478. There, CO profiles® are broad and
double-peaked, and look typical of kinematically perturbed clouds
near H1regions (such as D47 in Fig. 2b). They also show evidence of
CO brightness fluctuations 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 H,, Fig. la yields the molecular
cloud distribution in M31 with an unprecedented resolution. The
brightest clouds are grouped in narrow filamentary arms, which
stand out against a rich background of fainter clouds. The connec-
tion of the arm segments into a spiral pattern is not straightforward.
One solution is illustrated by the three ellipses of Fig. 1a. It assumes
amajor axis position angle PA = 42°, the value that fits the southern
velocity field best, and an inclination on the plane of the sky i = 78°.
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 super-
association NGC 206. Another arm pattern'” assumes that PA = 38°
and two logarithmic spirals with a pitch angle of 7°.

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 2" (9 pc). The bright blobs of Fig. 1 are now resolved
into thin, clumpy filaments quite similar in brightness and size to
Orion A and Orion B'®; 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 kpg, farther than the Milky Way"’.

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 observed'"*” in the Sc-type spiral M51, but on a coarser scale.
M51, 10 Mpc away, is the archetype of spirals with a high star-
formation rate. Poorer resolution and a less uniform stellar back-
ground make it difficult to repeat our analysis, but again, all
conspicuous dark lanes of M51 seem to have bright CO counter-
parts. 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
galaxies. (I
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Quantum dots are small conductive regions in a semiconductor,
containing a variable number of electrons (from one to a thou-
sand) that occupy well-defined, discrete quantum states—for
which reason they are often referred to as artificial atoms'.
Connecting them to current and voltage contacts allows the
discrete energy spectra to be probed by charge-transport mea-
surements. Two quantum dots can be connected to form an
‘artificial 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 ‘artificial molecule’
that is probed by microwave excitations’™®. Our results demon-
strate controllable quantum coherence in single-electron devices,
an essential requirement for practical applications of quantum-
dot 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 structures™'’, superconducting
tunnelling devices'"", and exciton systems".

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 non-
trivial. 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 confined 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 cir-
cuits"™'%, 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 device?
shown in Fig. 1a. We show that these energy differences, including
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Figure 1 Photon resonances in a double-dot sample. a, Photograph of the double
quantum dot sample. The source and drain regions as well as the left and right
dots are indicated schematically. The tunnel barriers are depicted as arrows. The
metallic gates (1, 2, 3 and F) are fabricated on top of a GaAs/AlGaAs
heterostructure with a two-dimensional electron gas (2DEG) 100nm below the
surface. At 4.2K the 2DEG mobility is 2.3 x 10°cm?V~"s~" and the electron
density is 1.9 X 10" m 2. Applying negative voltages to all the gates depletes the
electron gas underneath them and forms two dots with estimate sizes of
170nm x 170nm and 130nm X 130nm. We measure the d.c. photocurrent in
response to a microwave signal (0-50 GHz) that is capacitatively coupled to gate
2. The tunnel coupling between the two dots and to the reservoirs can be
controlled with the voltages on gate 1, 2 and 3. The dots left and right contain
about 60 and 35 electrons, respectively. The sample is cooled in a dilution
refrigerator, yielding an electron temperature in the source and drain contacts
of ~100mK. b, Diagram of the electron energies in the dot for the case that an
electron needs to absorb a photon in order to contribute to the current. Shaded
areas represent the electron states in the leads that are continuously filled up to
the Fermi levels. A voltage Vgp applied between the source and drain contacts
shifts one Fermi level relative to the other. The discrete energy states in the two
dots can be adjusted independently by changing the gate voltages. ¢, The upper
diagrams illustrate three situations of the energy state in the left dot relative to the
state in the right dot. The hatched lines denote the Fermi levels in the leads. The
bottom curve shows the current as a function of the voltage on gate 1 for
Vg = 500wV without applying microwaves. A single resonance occurs when
two states line up. Other curves, which have been offset for clarity, show the
currentwhen microwaves with frequency f from 4 to 10 GHz are applied. Now, two
additional satellite resonances occur when the two states are exactly a photon
energy apart. The corresponding photon-assisted tunnelling processes are
illustrated in the upper diagrams.
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the bonding—antibonding splitting, is controlled by gate voltages
which tune the tunnel coupling between the dots. We first 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 effects®. 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 flow when electrons can tunnel, while conser-
ving 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 field of frequency f (Fig. 1b).

The resonance in the lowest trace in Fig. 1¢ is due to an alignment
of discrete states. The other traces are measured while applying a
microwave signal. The satellite resonances are due to photon-
assisted tunnelling processes which involve the emission (left
satellite) or absorption (right satellite) of a microwave photon.

Stoof and Nazarov'’ give a detailed description of photon-assisted
tunnelling in a double quantum dot. The basic idea is that electrons
can absorb fixed quanta of energy hf from a classical oscillating field.
An a.c. voltage drop V = V cos(2mft) across a tunnel barrier
modifies the tunnel rate through the barrier as'®:

+m
F(E) = > Ji(I(E+ nhf) e))

n=—o

Here [(E) and I'(E) are the tunnel rates at energy E with and
without an a.c. voltage, respectively; Ja() is the square of the nth
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Figure 2 Current versus gate voltage of a weakly coupled double-dot. The dashed
curve is without microwaves and contains only the main resonance. The solid
curves are taken at 8 GHz for increasing microwave powers resulting in an
increasing number of satellite peaks. At the right side of the main peak these
correspond to photon absorption. The source-drain voltage Vg, = 700 nV and
the photon energy hf = 32 ueV at 8 GHz. At the highest power we observe 11
satellite peaks, demonstrating multiple photon absorption. Leftinset, height of the
first four satellite peaks as a function of the microwave amplitude. The observed
height dependence agrees with the expected Bessel function behaviour. Right
inset, distance between main resonance and first two satellites as a function of
the applied frequency from 1 to 50 GHz. The distance is transferred to energy
through AE = kAV/, where kis the appropriate capacitance ratio for our device that
converts gate voltage Vg to energy®. The agreement between data points and the
two solid lines, which have slopes of h and 2h, demonstrates that we observe the
expected linear frequency dependence of the one- and two-photon processes.
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order Bessel function evaluated at o = (eV_)/(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 ton = 11. At
these high powers, the microwaves strongly perturb tunnelling. This
is reflected 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 propor-
tional to 2hf is taken from data at higher microwave powers where
electrons absorb or emit two photons during tunnelling.
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Figure 3 Measured pumped current through the strongly coupled double-dot.
a-c, Energy diagrams. Solid lines depict the energy states £ e and £ igr, in the two
dots for the case that the coupling is weak and that their energy difference is
simply AE = E,¢q — E 9. When the dots are strongly coupled, the states delocalize
over both dots thereby forming a bonding and an antibonding state. These are
indicated by two dotted lines. Their energy difference is AE* = [AE? + (2T)%]"2.
Electrons are transferred from the bonding to the antibonding state when
AE" =hf. In @, Eg > E g, Which results in electron pumping from right to left
corresponding to a negative current. In b, the whole system is symmetric
(Een = Egn) and consequently the net electron flow must be zero. In ¢,
E\e. > E gy Which gives rise to pumping from left to right and a positive current.
d, Measured pumped current through the strongly coupled double-dot. Gates 1
and 3 are swept simultaneously in such a way that we vary the energy difference
AE. The different traces are taken at different microwave frequencies, and are
offset such that the right vertical axis gives the frequency. The main resonance is
absent as we have set Vg = 0. The satellite peaks typically have an amplitude of
0.5 pA. For weakly coupled dots the satellite peaks are expected to move linearly
with frequency, thereby following the straight solid lines. In contrast, we observe
that the satellite peaks follow the fitted dotted hyperbola hf = [AE? 4+ (2T)?]'"?
using T as a fitting parameter.
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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 Wingreen" and by
Brune et al.”® (see the diagrams of Fig. 3a—c). By sweeping the gate
voltages we vary AE = E, — E Where Ejeg and Eygpe are the
energies of the uncoupled states in the left and right dot. The bonding
and antibonding states, that are a superposition of the wavefunc-
tions corresponding to an electron in the left or in the right dot, have
an energy splitting of AE" = E_i0na — Boona = [(AE)* + (2T)*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 fulfilling
the condition hf = AE", or conversely:

AE = \/(hf)} = @T)? @)

Figure 3 shows measured current traces as a function of the
uncoupled energy splitting AE, where from top to bottom the
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Figure 4 Half the spacing in gate voltage between the positive and negative
satellite peaks as a function of frequency. Gate voltage spacing has been
transferred to energy difference AE (see also Fig. 2 legend). Different curves
correspond to different coupling constants 7. Solid lines are theoretical fits to
AE = [(hf)? — (2T)?]"2. The resulting values for 2T are given in the figure. In the limit
of weak coupling, this reduces to AE = hf which is indicated by the dashed line.
The coupling is varied by applying different voltages to the centre gate (2) or by
changing the magnetic field (filled diamonds, B = 3.3T; filled squares, B = 2.2T;
other curves, B = 0). The upper left inset shows a diagram of the sample®. A
narrow channel is defined by locally depleting the 2DEG using focused ion beam
implantation (FIB). Two dots are then formed by applying negative voltages to the
three gates (1, 2, 3)that cross the channel. Microwaves are capacitively coupled to
gate 2.
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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 2AE, decreases as the frequency is lowered. How-
ever, 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 field perpendicular to the sample. In Fig. 4 we
have plotted the frequency dependence of the energy spacing AE at
which the pumping current is at a maximum. Different plotting
symbols correspond to different centre gate voltage settings and
magnetic fields. The solid lines are fits of equation (2) to the
measured data. It follows that the coupling 2T has been tuned
from 11 to 60 peV. 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 computer'*'’. We have shown that it is indeed
possible to coherently couple dots, and that one can induce transi-
tions between the extended states. The next crucial step towards
quantum logic gates is to show that the coherence of the super-
position 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.  []
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Filled skutterudite antimonides"” are cubic compounds with the
formula RM,Sb,,, where R is a rare-earth element (such as La or
Ce), and M is a transition metal (for example, Fe or Co). The rare-
earth 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 properties’™ of the
compound. This combination of properties makes filled skutteru-
dites of interest as thermoelectric materials. It has been suggested*
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-filled skutterudites,
using heat capacity, elastic constant and inelastic neutron scatter-
ing 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 open-
structured 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 unfilled parent compound CoSbs, give unambiguous evidence
for the ‘rattling’ behaviour of the rare-earth atom in the
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Figure 1 Specific heat divided by temperature versus temperature squared for
LapgFesCoSby, and CoSbs. The dashed line through the LaggFesCoSby, data is
based on a calculation in which the contribution from two Einstein oscillators with
level spacings of 70 and 200K are added to the CoSb; data (see text for details).
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