We believe that the present study represents a significant step
beyond the observation of long-range order loss that was made in
previous X-ray experiments on ultrafast non-thermal melting: in
these previous experiments, it was not possible to obtain the initial
displacements. Although the relationship between the large coher-
ent displacements of the lattice atoms observed in the present work
and the stability of the parent phase is still elusive, our experiments
establish a direction for future studies—the use of X-ray scattering
on the appropriate timescale to reveal details of product phase
formation. O

Methods

The X-ray pulses were generated by focusing femtosecond laser pulses from a
titanium:sapphire laser system (120-fs pulse width, about 100-m]J pulse energy, 10-Hz
repetition rate) onto a thin titanium wire to produce a microplasma?'. The incoherent
X-ray emission from the laser-produced plasma (Ti K, line at 0.274 nm) was collected,
and focused onto a spot of approximately 80 pm in the centre of the laser-excited area on
the surface of the bismuth crystal. To focus the X-rays, we used a toroidally bent silicon
crystal. The 50-nm Bi films were grown heteroepitaxially on a Si(111) wafer. The growth
process provided high-quality single crystalline layers of bismuth with a lattice constant
different from that of the Si substrate. This allows us to isolate the relatively weak X-ray
diffraction of the thin Bi film from the strong background diffraction due to the Si
substrate. An X-ray-sensitive electronic camera was used to record the angular distribution
of the diffracted X-rays. The X-ray signal integrated over the diffraction angle (integrated
reflectivity) typically corresponded to 10 diffracted photons per pulse. Therefore, signal
integration over many thousands of pulses was necessary to achieve a measuring accuracy
of several per cent.
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Glasses"? are amorphous solids, in the sense that they display
elastic behaviour. In crystalline solids, elasticity is associated
with phonons, which are quantized vibrational excitations.
Phonon-like excitations also exist in glasses at very high (tera-
hertz; 10'>Hz) frequencies; surprisingly, these persist in the
supercooled liquids’. A universal feature of such amorphous
systems is the boson peak: the vibrational density of states has
an excess compared to the Debye squared-frequency law. Here we
investigate the origin of this feature by studying the spectra of
inherent structures* (local minima of the potential energy) in a
realistic glass model. We claim that the peak is the signature of a
phase transition in the space of the stationary points of the
energy, from a minima-dominated phase (with phonons) at low
energy to a saddle-point-dominated phase®>” (without phonons).
The boson peak moves to lower frequencies on approaching the
phonon-saddle transition, and its height diverges at the critical
point. Our numerical results agree with the predictions of
euclidean random matrix theory® on the existence of a sharp
phase transition® between an amorphous elastic phase and a
phonon-free one.

Vibrational excitations of glasses in the terahertz region, and the
related vibrational density of states (VDOS), are important in their
thermodynamic properties'’. Recent results suggest that the VDOS
is determined by the properties of the potential energy landscape*
(PEL), a tool useful in the understanding of the slow dynamics of
supercooled liquids®. Indeed, the VDOS and the dynamic structure
factor can be qualitatively reproduced from the (harmonic)
vibrational spectrum obtained from the diagonalization of the
hessian matrix of the potential energy evaluated at the minima
(‘inherent structures’) of a Lennard-Jones system''. The same
numerical procedure has led to quantitative agreement with in-
elastic X-ray scattering experiments in amorphous silica'?. Here we
will show that a boson peak must be present in the VDOS as a
consequence of the PEL geometry; we also make quantitative
predictions, which can be checked by rapidly quenching super-
cooled liquids below their glass temperature.

The high-frequency (0.1-10 THz) excitations have been exper-
imentally shown to have linear dispersion relations®*™'® in the
mesoscopic momentum region (~1-10nm™'). Although clearly
not plane waves, they are highly reminiscent of phonons, both
because they propagate with the speed of sound, and because the
VDOS g(w) (w is the frequency) is Debye-like (g(w) oc w?) at low
enough frequency. These excitations have in fact been dubbed
‘high-frequency sound’, and a coherent theoretical picture of their
properties has been obtained”'** using euclidean random matrix
theory® (ERMT).

However, there is more to the low-frequency VDOS of glasses
than the Debye law. A characteristic feature is that the VDOS
departs from the Debye form, displaying an excess of states,
which has been named the boson peak. As observed in many
materials®'*%, the boson peak is in a region of frequencies where
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(T.S.G.); Departamento de Fisica Tedrica I, Universidad Complutense de Madrid, Avenida Complutense,
28040 Madrid, Spain (V.M.-M., P.V.).
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the dispersion relation for phonons is still linear (w is a few
terahertz). Several non-equivalent ways of experimentally defining
the boson peak have been introduced. One approach defines it as a
peak in Raman scattering data, another as a peak in the difference
between the VDOS of the glass and the corresponding crystal. Other
authors extract g(w) from their neutron scattering data and look for
a peak in g(w)/w>. This is the definition that we adopt, because we
believe that it reveals universal properties of glasses.

The origin of the boson peak can be understood if we consider the
ensemble of generalized inherent structures (GISs): for each equili-
brium configuration, the associated GIS is the nearest stationary
point of the hamiltonian. If we start from an equilibrium configur-
ation at low temperature, the GIS is a local minimum, and it
coincides with the more frequently used inherent structure (that
is, the nearest minimum of the hamiltonian). On the contrary, if we
start from high temperature, the GISs are saddle points. In the GIS
ensemble there is a sharp phase transition separating these two
regimes. It takes place in glass-forming liquids®” at the mode-
coupling temperature*”** (Ty;c), above which liquid diffusion is no
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Figure 1 The vibrational density of states, g(w), at low frequencies depends only on the
energy of the inherent structure, 5. a, glw/wo)/(w/wo)® (Where wo is the unit of
frequency defined below) for an equilibrated 2,048-particle system at 7= 0.97y¢
compared to that obtained from ten inherent structures of the same e s from a
20,000-particle system out of equilibrium. The larger system was quenched from infinite
temperature to 7= 0.54 Ty, and the inherent structures obtained by minimizing
instantaneous configurations between 1.9 x 10* and 2 x 10* Swap Monte Carlo steps.
Similar results are obtained at all the temperatures for which comparable e s are obtained
in the quench. Inherent structures were found by minimizing instantaneous configurations
with a conjugate gradient algorithm. The hessian was diagonalized with standard library
routines in the case of the smaller system, and with the method of moments for the larger
system. Each VDOS was obtained from at least 200 inherent structure as the histogram of
the square root of the eigenvalues. b, Monte Carlo history of e5 on a logarithmic
timescale, for the system of 20,000 particles suddenly quenched from infinite
temperature to 7= 0.54Tyc. The soft-sphere binary mixture is made of 50% of particles
of type A and 50% of type B, both with the same mass. The interaction potential is
Vag(r) = e[(04 + 05) /112 + Cagla, B € {A, B}), with o values fixed by the conditions
og = 1.20 , and (20p)° + 2(op + 08)° + (208)° = 4ayg. A smooth cut-off is imposed
atre=/3op :forro = r=a weset Vo = Byg(a — n®, and Veg=0forr>aln
the results, lengths are given in units of o , energies in units of &, and frequencies in units
of wy = (maZ/e)~"/2. Using argon parameters (op = 3.4A, & = 120K kg (ks is
Boltzmann’s constant), and m = 39.96 a.m.u.), the frequency unit wq is 0.46 THz and the
mode coupling temperature Tyc is 26.4 K. All runs are at constant volume, with particle
density p = 00’3. For temperatures down to 7= 0.97,¢ thermalization was achieved, as
checked by ensuring that the equilibrium fluctuation—dissipation ratio is reached. For

T < 0.9Tyc, the runs were followed until e s reached stationarity.
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longer ruled by rare ‘activated’ jumps between inherent structures,
but by motion along the unstable directions of saddles. Phonons are
present in the spectrum of the VDOS in the low-temperature phase
(inherent-structure dominated), but are absent in the saddle phase
(see ref. 23 for a different approach).

The key point, following both from analytic computations in
soluble models®* and simulations®”, is that the minima obtained
starting from configurations below Tyc and the saddles obtained
starting above Ty join smoothly at Ty;c. Thus we can study GISs as
a single ensemble, parameterized by the initial temperature or the
final energy. We expect that the GIS ensemble belongs to a large
universality class.

This transition from the phonon phase to the saddle phase is a
general phenomenon that is not restricted to glasses. It has been
studied in the framework of ERMT®, showing’ that close to this
transition, a boson peak is present in the phonon phase, whose
position shifts to lower frequencies on approaching the transition
point, while its height grows without bound. The boson peak
actually signals a crossover at frequency wpp between a (phonon
dominated) w? scaling of g(w) to an w” scaling (y < 2) that is
present at the phase transition point. More precisely, at frequencies
that are small with respect to the Debye frequency, the VDOS should
satisfy the scaling law

8(@,4) = h(wA™?) )]

where A is the distance from the critical point and depends on the
actual control parameter (pressure, temperature, and so on) and
h(x) is such that h(x) oc x>~ for x << 1 and h(x) is approximately
equal to a constant for x >=> 1. This scaling law implies that

wpp o< A, g(wpp)/whpoc AP )

where 8= p(2 — ). Under the resummation of a given class of
diagrams, ERMT predicts’ that p = 1, y = 3/2 and § = 1/2. The
actual (universal) values of these critical exponents in three dimen-
sions may differ slightly from the values found in this
approximation.
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Figure 2 The vibrational density of states g(w) of the soft-sphere binary mixture at three
representative temperatures. (The full set of temperatures was 7/ Ty = 0.9, 0.83, 0.78,
0.69, 0.61, 0.54 and 0.49; frequencies are given in units of wo). a, The g(w)/w? plot
shows a boson peak at low temperature (shown for 7= 0.54Tyc). When temperature is
increased, the peak shifts to lower frequencies and grows without bound. b, The
divergence seeninais due to an w” (with y < 2) scaling of g(w). At temperatures where
the boson peak s still seen, a crossover between w’ and w” scaling is noted (compare a
and b). Although ~ cannot be extracted very accurately from the data, it is compatible with
y=2—[8/p=1.6,with 8 and p taken from the fits of Fig. 3. ¢, The high-frequency
features of g(w) do not change drastically with temperature.
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We now analyse numerically the existence of such a transition by
studying the soft-sphere binary mixture, a model of a fragile glass®.
We simulate this system with the Swap Monte Carlo algorithm™,
and compute the VDOS of the inherent structures obtained starting
from equilibrium configurations at temperatures below Tyc.
Except where stated, we used 2,048 particles, and runs were followed
until the energy of the inherent structure, es, reached a stationary
value. The predictions above agree with the numerical data, taking
A = e. — ers (Where e_ is the critical value of eg).

Given the numerical results of ref. 27, we expect that g(w) will
depend only on eys, and thus that ers is the relevant control
parameter. To check this, we compare the VDOS of two systems
at different temperatures (one in equilibrium, the other not) but
with the same ers. The equilibrated system has 2,048 particles,
whereas the other has 20,000 and is in the regime where e;s has not
yet stabilized after a quench (Fig. 1b). As Fig. la shows for a
representative case, the VDOS obtained at the same ejg for the
two systems coincides, confirming that e is indeed the control
parameter. We can thus proceed to investigate the scaling laws,
shown in equation (2).

The VDOS at three representative temperatures is shown in Fig. 2.
For temperatures up to T = 0.69T\c, a Debye behaviour
(g(w) oc w?) is found for the lowest frequencies that can be resolved
in a system of this size. In the g(w)/w” plot (Fig. 2a), a peak is clearly
identified, which is seen to grow in height and shift to lower
frequency on raising the temperature. The peak shifts to frequencies
below our resolution for T' > 0.69 Ty;c, but we can identify a Debye
region up to T = 0.83Tyc. Above this temperature the Debye
region is not well defined, and it disappears completely for
T = 0.9Ty\c. At these temperatures, g(o))/co2 seems to diverge (at
least within the frequency range that we can resolve). Experimen-
tally, this behaviour may be difficult to observe owing to the
presence of the elastic peak, but B,O5 data*® seem to support this
prediction. For frequencies immediately above wpp, the VDOS
scales as w”, with y = 1.5 (Fig. 2b). Note that these changes of
the VDOS with temperature go practically unnoticed if one plots
g(w) directly (Fig. 2¢). In particular, the boson peak is completely
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Figure 3 Scaling of the position and height of the boson peak near the liquid—phonon
transition. (Energies and frequencies are in units of & and wp, respectively.) a, The
position of the boson peak, wep, is linear in the control parameter, in this case the energy
of the inherent structures e 5. Extrapolating with a linear fit, wgp goesto 0 at gs = e, =
1.74(1)e. b, The height of the boson peak diverges as a power law (the leftmost point has
been left out of the fit). The height and position of the boson peak were obtained by fitting a
parabola to the peak of g(w)/w? at T/ Tye = 0.49, 0.54, 0.61, 0.69, 0.78 and 0.83. The
corresponding e/ are 1.668, 1.671, 1.674, 1.682, 1.689 and 1.707.
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unrelated to the first maximum of g(w), whose position is insensi-
tive to temperature changes.

Because we know that e;s decreases slowly with time after a
quench®” (see also Fig. 1b), the above results enable us to make
predictions about the ageing of the VDOS, and in particular of the
boson peak. With increasing time the system moves farther from the
critical point, and thus the boson peak should decrease in height and
shift to higher frequencies. Moreover, at a given frequency (below the
asymptotic wpp) g(w) should decrease, as it will be of the order of w”
at short times and of the order of w? at very long times. Similarly, we
expect a cooling-rate dependence of the shape of the boson peak: the
slower the cooling, the lower the asymptotic e;s, and thus the larger
the wgp and the less pronounced the boson peak. An effect of this
kind has been observed in As;S; (ref. 29), although in that work it is
difficult to disentangle the physical effect from the chemical changes
of the sample due to dissociation. To our knowledge, a clear-cut
experimental observation of these effects has not been reported.

Using all the spectra for which the peak position can be clearly
identified, we find that the relationship between w zp and the energy
of the inherent structure is linear (Fig. 3a). The energy at which wpp
becomes zero, e, is found from a linear fit as e. = 1.74¢ (¢ is the
energy scale). As for the height of the peak, the points up to
T = 0.83Tc are compatible with a power-law divergence of the
form shown in equation (2) (Fig. 3b). Fixing e. at the value 1.74¢
arising from the linear fit of w gp versus eys, a power-law fit yields an
exponent 3 = 0.040 = 0.15; if the exponent is fixed at § = 1/2, then
the critical value is obtained as e.= 1.752 = 0.002e. Thus the
numerical data are compatible with the theoretically predicted
scaling, although we have not been able to work close to the critical
point, and thus cannot attain great accuracy in the critical expo-
nents or the critical point.

The present discussion applies to experiments as long as the
system is in the regime where the inverse frequency is much larger
than the structural relaxation time, when the harmonic approxi-
mation is applicable®. Thus, although the boson peak observed in
liquids can be understood by the present considerations, one should
not expect to actually arrive close to the critical point in equilibrium
measurements. Rather, one should generate a glass by hyperquench-
ing (see, for example, http://www.df.unipi.it/workshop/oral/
OL6.pdf): for such a system, we predict that the boson peak
measured at low temperature should obey the scaling of equation
(2), the control parameter being the fictive temperature (that is, the
temperature at which the value of ejg actually reached would be the
equilibrium value). In our instantaneous quench, the fictive tem-
perature is simply the temperature at which the hyperquench starts;
but in experiments, the cooling rate will also have an effect. In this
way, the problem of swamping by the quasielastic peak should also
be alleviated.

The significance of the value e. = 1.74(1)e is twofold. First, it is
the value of ejg that corresponds, in equilibrium, to T = Ty, the
mode-coupling critical temperature (which we have independently
determined as in ref. 22, using a standard Metropolis Monte Carlo
without swap moves). Second, it coincides within errors with the
threshold energy below which the ratio of the number of saddle
points to the number of minima vanishes exponentially with the
number of particles” (our numerical accuracy on e is similar to that
of ref. 7). Thus we find a link between the onset of slow dynamics,
the appearance of phonon-like excitations, and a geometrical phase
transition of the PEL in fragile glasses. At variance with previous
PEL studies, the clear link between the PEL geometrical transition
and high-frequency dynamics allows it to be studied experimentally
by following the evolution of the boson peak.

We have studied numerically the VDOS of a fragile glass-former
undergoing its mode-coupling transition. We have found that in the
ensemble of the stationary points near the equilibrium configur-
ations (GISs) there is a transition from a mechanically unstable
phase where saddles are present to a stable phase where phonon-like
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excitations appear. The scaling laws predicted by ERMT are com-
patible with the numerical results that we have obtained for the soft-
sphere model. This approach is equivalent to other microscopic
descriptions of the glass transition based on the geometry of the
PEL>7'. But this point of view emphasizes quantities accessible to
experiment, like the VDOS, and proposes an interpretation of a
universal feature of glasses, the boson peak. This peak appears in the
phonon phase, and it is a signature of a cross-over from a phonon-
dominated spectrum with a Debye w? scaling to an w”, y = 1.5
spectrum, resulting from the hybridization of acoustic modes with
high-energy modes that soften upon approaching the saddle—
phonon transition’. The ERMT predictions (equations (1) and
(2)) could be checked experimentally in hyperquenching exper-
iments, where the boson peak should strongly depend on the fictive
temperature. We expect that the ‘saddle-phonon transition’ point
of view will be able to bridge the realms of experiment and
numerical studies of the PEL, allowing the testing of many geo-
metrical ideas, and the use of insights derived from PEL in the
detailed analysis of the experimental glass transition. O
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Greenhouse gases and tropospheric sulphate aerosols—the main
human influences on climate—have been shown to have had a
detectable effect on surface air temperature'~, the temperature of
the free troposphere and stratosphere>* and ocean tempera-
ture>®. Nevertheless, the question remains as to whether
human influence is detectable in any variable other than tem-
perature. Here we detect an influence of anthropogenic green-
house gases and sulphate aerosols in observations of winter
sea-level pressure (December to February), using combined
simulations from four climate models. We find increases in
sea-level pressure over the subtropical North Atlantic Ocean,
southern Europe and North Africa, and decreases in the polar
regions and the North Pacific Ocean, in response to human
influence. Our analysis also indicates that the climate models
substantially underestimate the magnitude of the sea-level press-
ure response. This discrepancy suggests that the upward trend in
the North Atlantic Oscillation index” (corresponding to strength-
ened westerlies in the North Atlantic region), as simulated in a
number of global warming scenarios®'’, may be too small,
leading to an underestimation of the impacts of anthropogenic
climate change on European climate.

We use gridded observations of decadal mean December—
February sea-level pressure (1948—1998) taken from three sources:
a version of the HadSLP data set derived using only surface
observations'', the National Centers for Environmental Prediction
(NCEP) reanalysis'?, and an updated version of the Trenberth data
set'®. Intercomparison of these data sets indicates that agreement is
generally good over those regions covered by observations, and that
the Trenberth data and NCEP reanalysis differ mainly over Green-
land and the Himalayas, probably owing to differences in the
reduction of surface pressure to sea level. In regions where there
are few surface observations, such as the Antarctic, the NCEP
reanalysis is likely to be less reliable than in the better-sampled
regions covered by all three data sets. We use ensembles of inte-
grations with historical greenhouse gas and sulphate aerosol forcing
from four coupled ocean—atmosphere climate models: the first and
second Canadian Centre for Climate Modelling and Analysis
coupled models, CGCM1 and CGCM2, and the second and third
Hadley Centre coupled models, HadCM2 and HadCM3.

Figure 1 shows the trend in sea-level pressure over the 1948-1998
period in the NCEP reanalysis (Fig. 1a) and the multi-model mean
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