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Emergent quantum technologies have led to increasing interest
in decoherence—the processes that limit the appearance of
quantum effects and turn them into classical phenomena. One
important cause of decoherence is the interaction of a quantum
system with its environment, which ‘entangles’ the two and
distributes the quantum coherence over so many degrees of
freedom as to render it unobservable. Decoherence theory'™
has been complemented by experiments using matter waves
coupled to external photons®” or molecules®, and by investi-
gations using coherent photon states’, trapped ions'® and
electron interferometers'"'>. Large molecules are particularly
suitable for the investigation of the quantum—classical transition
because they can store much energy in numerous internal
degrees of freedom; the internal energy can be converted into
thermal radiation and thus induce decoherence. Here we report
matter wave interferometer experiments in which C;, molecules
lose their quantum behaviour by thermal emission of radiation.
We find good quantitative agreement between our experimental
observations and microscopic decoherence theory. Decoherence
by emission of thermal radiation is a general mechanism that
should be relevant to all macroscopic bodies.

In this Letter we investigate the decoherence of molecular matter
waves. We change the internal temperature of the molecules in a
controlled way before they enter a near-field interferometer, and
observe the corresponding reduction of the interference contrast.
The idea behind this effort is to demonstrate a most fundamental
decoherence mechanism that we encounter in the macroscopic
world: all large objects, but also molecules of sufficient complexity,
are able to store energy and to interact with their environment via
thermal emission of photons. It is generally believed that warm
macroscopic bodies emit far too many photons to allow the
observation of de Broglie interferences, whereas individual atoms
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or molecules can be sufficiently well isolated to exhibit their
quantum nature. However, there must be a transition region
between these two limiting cases. Interestingly, as we show in this
study, C;o fullerene molecules have just the right amount of
complexity to exhibit perfect quantum interference in our experi-
ments" at temperatures below 1,000K, and to gradually lose all
their quantum behaviour when the internal temperature is
increased up to 3,000 K. We can thus trace the quantum-to-classical
transition in a controlled and quantitative way. The complexity of
large molecules adds a novel quality with respect to previously
performed experiments with atoms>”: the energy in molecules may
be equilibrated in many internal degrees of freedom during the free
flight, and a fraction of the vibrational energy will eventually be
reconverted into emitted photons. Therefore the internal dynamics
of the molecule is also relevant for the quantum behaviour of the
centre-of-mass state. In contrast to resonance fluorescence, which
was investigated with atoms®”, thermal decoherence is omnipresent
in macroscopic systems and it cannot be switched off.

The basic set-up of our experiment'* is sketched in Fig. 1: a beam
of C;o molecules is generated by sublimation at about 900 K. The
molecules pass a heating stage where they cross a focused argon ion
laser beam up to 16 times. The fullerenes interact with the laser
approximately every 0.3 mm. The laser heating increases the mol-
ecular temperature by 140 K per absorbed photon. We calculate that
they reach up to 5,000 K for very short times, but the re-emission of
thermal photons is so efficient that even the hottest molecules are
cooled to below ~3,000 Kwhen they enter the interferometer 7.2 cm
behind the heating stage.

The interferometer consists of three identical free-standing gold
gratings with a period of d = 991 nm. They are separated by the
equal distance of L = 38 cm, which is the Talbot length Lt = d 2 Aas
for a typical de Broglie wavelength of A4z = 2.6 pm. The first
grating acts as a periodic array of narrow slit sources, the second
one as the diffracting element, and the third grating is used as a
scanning detection mask, which modulates the molecular density
pattern produced by the Talbot-Lau interference effect''c. The
transmitted molecules are ionized by a blue laser beam (wavelength
488 nm, 6.6 p.m waist), and their intensity I is recorded as a function
of the lateral displacement of the third grating. The fringe visibility
V= (Imax — Imin)/(Imax + Imin) characterizes the interferogram
and thereby the coherence of the molecular evolution.

The essence of the experiment is to measure the variation of the
interference fringe visibility with heating laser power (Fig. 2). Two
observations can be made: first, the interference contrast decreases
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Figure 1 Set-up for the observation of thermal decoherence in a Talbot—Lau molecule

interferometer. A fullerene beam passes from left to right, interacting with a heating stage,
a three-grating (G1—Gs) matter-wave interferometer and an ionizing detection laser beam
in D, (wavelength 488 nm, 1/e? intensity radius 6.6 um, 15W). The gold gratings have a
period of 991 nm and slit widths of nominally 475 = 20 nm. Decoherence of the fullerene
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matter waves can be induced by heating the molecules with multiple laser beams
(514.5nm, 40 pm waist radius, 0—10 W) before they enter the interferometer. The
resulting molecular temperature can be assessed by detecting the heating-dependent
fraction of fullerene ions using the electron multiplier D1 over the heating stage.
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Figure 2 Molecule interferograms for C;o at 190ms ™' for increasing laser heating
powers, P. The fringe visibility IV decreases with increasing heating power P owing to the
rising emission probability of visible photons: P= 0W (V= 47%), P= 3W (V= 29%),
P=6W (V="7%), P=10.5W (V= 0%). In contrast to that, the absolute count rate
grows initially with increasing P. This is due to the fact that the thermal ionization
probability in detector D, increases with the temperature of the arriving molecules. At
even higher heating intensities the count rate falls again because of ionization and
fragmentation in the heating stage.

monotonically with increasing power, and vanishes at 10 W. This is
the signature of decoherence due to the enhanced probability for the
emission of thermal photons that carry ‘which-path’ information.
Second, we notice that the count rate also varies considerably. This is
explained by the dependence of the ionization efficiency in the
detector D, on the internal energy of the fullerenes. It proves that
much internal energy remains in the molecules during their flight
through the apparatus.

In order to confirm quantitatively the interpretations of both
observations, we model the evolution of the distribution of the
internal energies on their way through the apparatus. The tempera-
ture dependence of the spectral photon emission rate (equation (1)
below) then yields the loss of fringe visibility as predicted by
decoherence theory (equation (2) below).

The first photon absorption populates the electronic triplet state
T, via the excited singlet S;. Given the known Cj, triplet lifetimes
and non-radiative transition rates (see ref. 17 and references
therein), we can assume that all further excitation occurs in the
triplet system and that the absorbed excess energy is rapidly
transferred to the vibrational levels. It is known that fullerenes
may store more than 100eV for a very short time'’, and it was
observed that at high temperatures three different cooling mecha-
nisms start to compete—the thermal emission of photons, electrons
or C, dimers'®?*. These processes are the molecular analogues of the
bulk phenomena known as blackbody radiation, thermionic emis-
sion and evaporative cooling. Following the most recent experi-
mental data®, we may safely assume that fragmentation is the least
efficient mechanism. In contrast, thermally activated ionization is
an important mechanism, which we use both in our fullerene
detector” and for molecule thermometry, as discussed below.
Nevertheless, we can safely neglect both delayed ionization and
fragmentation for the discussion of the fringe contrast, because
the recoil upon fragmentation and ionization is generally so large
that the affected molecules will miss the narrow detector. We have
also experimentally confirmed that neither C; ions nor Cgg nor
smaller fragments from the heating region are recorded by the
detector D,.

However, CJ; ions—and potentially ionized fragments—can be
detected immediately above the heating stage by the electron
multiplier D; (Fig. 1). To get an estimate of the molecular tem-
perature distribution, we record the number of ions as a function of
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Figure 3 Spectral photon emission rate R, of C;q molecules, as used for the calculation
of thermal decoherence. We use the published® absorption cross-section for (So — S)
and a heat capacity of Cy = 202 kg. The fall-off to short wavelengths is determined by
the limited internal energy of the molecules, while the decrease at long wavelengths is due
to the lack of accessible radiative transitions at energies below ~1.5 eV. The figure shows
that in the absence of cooling a single molecule at 2,500 K travelling at 190 ms ™" (that s,
with a transit time of 4 ms through the interferometer) would emit an integrated number of
three visible photons. This is sufficient to determine the path of the molecule if the
emission occurs close to the second grating.

the heating power and of the fullerene velocity. By comparing the
data with a model calculation, we can extract the parameters that
govern the molecular heating of C;,. Our model describes the
spatial and velocity-dependent distribution of the internal molecu-
lar energy by accounting for the stochastic absorption process, the
laser beam characteristics, and the rapid radiative cooling between
the beams as determined by equation (1) below. It reproduces the
detected number of ions in the heating stage for different laser
powers, different numbers of heating beams and all velocities with
the fit parameters for the triplet absorption cross-section,
o(T) =2%x10"" cm?, and the effective Arrhenius constant for
ionization, A;,, = 5 X 10°s ™. The same calculation also describes
the heating-dependent increase in count rate at the detector D,
and thus yields independent information on the temperature
distribution in the molecular beam.

The mean temperature in the beam drops rapidly behind the
heating stage through the emission of thermal photons. The emis-
sion of a continuous photon spectrum has already been observed for
fullerenes in other experiments'®**. The equation for the thermal
radiation density differs from the macroscopic Planck law for
several reasons. First, the thermal wavelengths are much larger
than the size of the fullerene, turning it into a coloured emitter.
The mean emission probability is proportional to the usual mode
density factor w?/w’c* and the known frequency-dependent
absorption cross-section® o,,s(w), assuming that it does not
strongly depend on the internal temperature. Second, the particle
is not in thermal equilibrium with the radiation field. It emits into a
cold environment and stimulated emission does not occur. For this
reason, the statistical factor 1/[exp(hw/kgT) — 1)] of the Planck
formula now would read exp(—hw/kgT). Third, the 204 vibrational
modes of C,, do not constitute an infinite heat bath but have a finite
heat capacity Cy. Therefore the emission does not take place at a
fixed temperature, although the internal energy is nonetheless
conveniently characterized by the micro-canonical temperature
T This leads to a further correction in the spectral photon
emission rate’®, which is now fully described by

w? hiw kg i \ 2
Rw ) Tm = abs T A~ T 1
(@ To) = g oul)exp |~ =5 & <kBTm> (1)
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Figure 4 Decoherence curves. a, Interference visibility as a function of laser heating
power (lower scale). The molecular beam with a mean velocity of v,, = 190 m 5!
passes a 50 wm central height delimiter comparable to the waist (40 wm) of the 16
heating laser beams. We observe a rapid decrease of the fringe visibility with increasing
power both in the experiment (circles) and in theory (solid line). The upper axis indicates
the mean temperature of the molecules when they enter the interferometer. The
maximum contrast without heating was Vo = 47%, which is close to the theoretical
value''. b, Molecules with v, = 100ms ™", selected by a 150 um height delimiter and
heated by ten beams of the specified incident laser power. The qualitative behaviour is the
same and the quantitative agreement with theory is as good as before. The maximum
contrast for this velocity class was Vo = 19%. In both experimental arrangements, a
mean number between one and two visible photons is required to reduce the contrast by a
factor of two.

In Fig. 3 we plot the wavelength dependence of Ry = R, |dw/dA|. We
observe that at temperatures below 2,000K the emission rate is
negligible, whereas at higher temperatures the molecules may emit
photons whose wavelengths are comparable to (or even smaller
than) the maximum path separation of ~1pm. They transmit
(partial) which-path information to the environment, leading to a
reduced observability of the fullerene wave nature. Around 3,000 K
the molecules have a high probability to emit several visible photons
yielding sufficient which-path information to effect a complete loss
of fringe visibility in our interferometer.

A formal description of this qualitative picture can be given by
decoherence theory. It considers the entanglement of the molecule
with the emitted photon, and shows how coherences vanish once a
trace over the photon state is performed. For objects with velocity v
and temperature evolution T(t) we obtain a visibility

2L /v 0
V =Vyexp —J dtJ dA Ry(A, T(1)X
0

0

1 — sinc( 2 é_L—Ivt—LI
Sinc 'ﬂ')\ 7[4-

as discussed in the Methods section. V denotes the interference
contrast in the absence of photon emission. In the exponential,
the sinc function compares the effective molecular path separation
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to the radiation wavelength, while the integrals cover all photon
wavelengths A and longitudinal positions v in the interferometer.
As a result, the visibility is reduced exponentially whenever
photons are emitted whose wavelength is sufficiently small to
resolve the path separation. Our predictions for the loss of visibility
are obtained by weighting equation (2) with the previously deter-
mined distribution of temperature evolutions in the molecular
beam.

In Fig. 4 we compare our decoherence model with the experi-
ments by plotting the interference fringe visibility as a function of
the laser power. We observe a strong decrease of the visibility for
molecules at 190m s~ ', heated by 16 laser beams (Fig. 4a), and for
molecules at 100ms ™', heated by 10 laser beams (Fig. 4b).

We also observe good agreement between decoherence theory
(solid line) and the experiment (circles). The experiment is repro-
ducible within the indicated error bars for a given laser alignment,
but small displacements of the laser focus will influence the shape
and slope of the observed decoherence curve. The difference
between the theoretical and the experimental curve is of the order
of this variation.

In summary, we have presented conclusive empirical and
numerical evidence for observation of the quantum-to-classical
transition of a material object caused by its own emission of thermal
radiation. This auto-localization is a fundamental process limiting
the ultimate observability of quantum effects in macroscopic
objects. However, for nanometre-sized systems'>»*”** this mecha-
nism becomes relevant only at high temperatures, and it is not
expected to be a limitation for interference of objects even con-
siderably larger than the fullerenes, such as proteins. O

Methods

Equation (2) describes the loss of matter wave coherence due to the emission of thermal
photons. It is obtained by assuming that the emission is isotropic and that the absorbing
walls of the apparatus are located in the far-field, where the photon position distribution
reflects its momentum distribution. In this case, a trace over the photon state changes the
fullerene centre-of-mass state p according to

; 0.
.y :Jdkp_[(r ) s 0 ©)

where the Uy = exp(itk) are momentum translation operators and p(k) is the probability
density for the photon wavenumber k = 2x/A. In the position representation of the
density matrix,

p'(ry, 1) = (r1l6'|r;) = (r1l6lrom(r; — ry) 4)

we find from equation (3) that the off-diagonal elements are reduced by the decoherence
function®

n(r, —m:iJ dA Ry sinc(Z‘n‘u) (5)
Riot Jo A

Here p(k) is expressed in terms of the spectral emission rate R (see equation (1)) and the
total photon emission rate R,,. This sinc-shaped position dependence of 7 is also found in
other experiments with isotropic momentum change”®. It describes the diffraction
limitation of a hypothetical microscope used to obtain which-path information on the
molecules.

In the Talbot-Lau geometry'*'®* the final molecular fringe pattern w(x) is strictly
periodic in the grating constant d, and can be expanded as a Fourier series, which reads in
the absence of decoherence

w(x) = ZCzexp(Z-n-ilx/d) ()
T

Assuming that a single photon emission occurs at the longitudinal position z = vt, a
closed expression for the resulting molecular density pattern can be found. It is obtained
by propagating the molecular density matrix in paraxial approximation first to the
position z. We then apply the decohering transformation (equation (4)) followed by a
propagation to the final grating. For a set-up with equally spaced and identical

gratings, the new fringe pattern is described by a simple modification of the Fourier
coefficients

C—C' =C-qld(L — vt = LI)/Lr) (7)

In order to account for more than one photon emission, we make the Markov assumption
that all photon emissions are independent of each other. Because the modification
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(equation (7)) is independent of the molecular density matrix, the change of the final
density pattern is governed by the differential equation

d L—|vt—L
ECI = Riot {Cﬂi (ld#) - Cl} (8)

It describes how the final interferogram is blurred as the time interval of emission
increases. Equation (2) follows then immediately after taking into account the

time dependence of the emission rate due to cooling (equation (1)) and the fact that
for our grating geometry, with a slit width of 470 nm and grating constant of 990 nm,
only the lowest-order Fourier components contribute to the fringe visibility™

V =2|C,/Cyl.
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High-transition-temperature
superconductivity in the absence
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The fundamental mechanism that gives rise to high-transition-
temperature (high-T.) superconductivity in the copper oxide
materials has been debated since the discovery of the phenom-
enon. Recent work has focused on a sharp ‘kink’ in the kinetic
energy spectra of the electrons as a possible signature of the force
that creates the superconducting state''*. The kink has been
related to a magnetic resonance'>'>"” and also to phonons'®.
Here we report that infrared spectra of Bi,Sr,CaCu,05.4;
(Bi-2212), shows that this sharp feature can be separated from
a broad background and, interestingly, weakens with doping
before disappearing completely at a critical doping level of 0.23
holes per copper atom. Superconductivity is still strong in terms
of the transition temperature at this doping (7. =~ 55K), so our
results rule out both the magnetic resonance peak and phonons
as the principal cause of high-T. superconductivity. The broad
background, on the other hand, is a universal property of the
copper—oxygen plane and provides a good candidate signature of
the ‘glue’ that binds the electrons.

We investigated the Bi-2212 material systematically as a function
of doping, including highly overdoped Bi-2212 (see Methods). To
better display the sharp ‘kink’, we do not show the optical conduc-
tivity but focus our attention on a related quantity, the optical
single-particle self-energy, Z°P(w) (see Methods). In Fig. 1a—d we
plot the imaginary part of this quantity, which is simply the
scattering rate of the charge carriers. At high frequencies the
scattering rate varies linearly with frequency: this is called the
marginal Fermi-liquid (MFL) behaviour'. We note that the overall
scattering rate decreases as the doping increases and that there is a
sharp depression in 1/7(w) below 700 cm ™" at low temperatures,
with an overshoot in the superconducting state. This sharp onset of
scattering has been in general attributed to the interaction of the
charge carriers with a bosonic mode and more recently to the
41-meV neutron resonance”'>'. In the real part of the optical self-
energy, plotted in Fig. 1eh, we note a sharp peak around 700 cm ™',
which tracks the depressions in 1/7(w) in both frequency and
amplitude. One interesting property of the peak in the self-energy
is its doping and temperature dependence: the peak gets weaker as
the doping level and the temperature increase. We call the peak the
‘optical resonance mode’. The resonance peak in the self-energy
spectrum can clearly be resolved from the broader background of
MFL scattering.

The optical self-energy is closely related to the quasiparticle self-
energy L% (w), which can be measured in ARPES experiments
although there are important differences in the two quantities® .
In Fig. 2 we show a comparison of the optical self-energy from our
data and the ARPES self-energy at two temperatures: one in the
normal state and the other in the superconducting state. We see that
although the qualitative features are very similar, the magnitudes
and the frequency values of the various features differ considerably,
as expected from theory. Part of the difference can be attributed to
the uncertainty in locating the unrenormalized baseline in the
ARPES analysis. As noted in ref. 6, a peak in Z{"(w) can be clearly
separated from the broad continuum and is closely correlated with
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