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The study of phase-transition dynamics in solids beyond a
time-averaged kinetic description requires direct measurement
of the changes in the atomic configuration along the physical
pathways leading to the new phase. The timescale of interest is
in the range 10~ to 10™'%s. Until recently, only optical
techniques were capable of providing adequate time resol-
ution’, albeit with indirect sensitivity to structural arrange-
ment. Ultrafast laser-induced changes of long-range order have
recently been directly established for some materials using
time-resolved X-ray diffraction®®. However, the measurement
of the atomic displacements within the unit cell, as well as their
relationship with the stability limit of a structural phase®™"', has
to date remained obscure. Here we report time-resolved X-ray
diffraction measurements of the coherent atomic displacement
of the lattice atoms in photoexcited bismuth close to a phase
transition. Excitation of large-amplitude coherent optical pho-
nons gives rise to a periodic modulation of the X-ray diffraction
efficiency. Stronger excitation corresponding to atomic displa-
cements exceeding 10 per cent of the nearest-neighbour dis-
tance—near the Lindemann limit—leads to a subsequent loss of
long-range order, which is most probably due to melting of the
material.

The most common crystalline form of bismuth is the a-arsenic or
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Figure 1 Geometrical structure factor |S(h, k, /)]? of bismuth as a function of the
distance d of the two basis atoms for diffraction from (111) and (222) lattice planes. The
dotted lines denote the atomic movement after an impulsive shift of the equilibrium Bi-Bi
distance upon transition to an excited electronic state.
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A7 structure®. The lattice can be derived from the face-centred-
cubic lattice by a weak rhombohedral distortion of the cubic unit
cell. The crystal basis consists of two Bi atoms: atom 1 on a lattice
site, and atom 2 at a position slightly displaced from the centre along
the body diagonal of the unit cell.

The distortion from the cubic structure to A7 is stabilized by the
so-called Peierls—Jones'> mechanism, which introduces a small
bandgap over extended regions of the Brillouin zone and is
responsible for bismuth being a semimetal. However, the equi-
librium structure, particularly the equilibrium distance of the two
basis atoms, can be easily perturbed by external influences—for
example, by changes of pressure and temperature, or by electronic
excitation''>. When the distance is changed by a fast perturbation,
the Bi atoms perform a damped oscillation along the body diagonal
and finally come to rest at the new equilibrium position. This mode
of coherent atomic motion represents a totally symmetric A,
optical phonon mode of the crystal.

Excitation of coherent lattice vibrations by an impulsive pertur-
bation of the atomic equilibrium position (displacive excitation)
has previously been studied in a variety of materials'>°, including
bismuth. In these experiments femtosecond laser excitation was
used, and the atomic motion was detected indirectly by measuring
the weak oscillations in the optical reflectivity at the phonon
frequency that are produced by the lattice vibrations.

A direct way of observing the evolution of the atomic configura-
tion is to use time-resolved X-ray diffraction. The changes in the
diffraction efficiency caused by atomic motion in the unit cell are
determined by the squared modulus of the geometrical structure
factor |S(h, k, I)|*>, where h, k and [ are Miller indices. Figure 1
compares the X-ray diffraction from lattice planes of bismuth
corresponding to (hkl) = (111) and (hkl) = (222). |S|* is plotted
as a function of the Bi-Bi distance d (in units of the length of the
body diagonal). For d = 1/2 (atom 2 in the centre), diffraction from
(111) planes is forbidden, whereas (222) diffraction has a maxi-
mum. The actual equilibrium value of 4 in the unperturbed crystal
is marked by the dashed vertical line (d = 0.468).

We now consider a perturbation that sets the atoms in motion
towards a new equilibrium position with atom 2 closer to the
centre of the unit cell (dash-dotted line in Fig. 1). As this motion
proceeds, we expect to see changes in the X-ray diffraction signal in
opposite directions: an increase for (222) and a decrease for (111).
Following these initial changes, the oscillatory atomic motion
should give rise to oscillations both in the (222) and the (111)
X-ray diffraction with a frequency corresponding to the A, optical
phonon mode.

In the time-resolved X-ray diffraction experiments reported here,
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Figure 2 X-ray diffraction efficiency of the (222) reflection as a function of time delay
between the optical pump pulse (fluence 6 mJ cm~?) and the X-ray probe pulse. The solid
line is fitted to the experimental data. The decrease of the mean value of the X-ray signal
(dotted line) is explained by the Debye—\Waller effect, and reflects the increasing random
component of the atomic motion.

287




letters to nature

we studied crystalline bismuth films of 50 nm thickness and (111)
surface orientation. X-ray pulses at a photon energy of 4.51 keV
(wavelength 0.274 nm) were used. The material was optically
excited by near-infrared (800 nm) femtosecond laser pulses with
an energy fluence of 6mJcm 2 in order to launch a strong Ajg
optical phonon mode through displacive excitation. The atomic
motion underlying the excited lattice wave was probed by measur-
ing the diffraction of the X-ray probe pulses interacting with the
lattice after a controlled time delay with respect to the laser pulses.
Measurements were performed at two different Bragg angles,
60111 = 20° and O,, = 44°, in order to compare the X-ray diffrac-
tion from (111) and (222) lattice planes.

The result of the (222) experiment is shown in Fig. 2. The
measured X-ray diffraction signal (integrated reflectivity) is plotted
as a function of the time delay between the laser pulses and the X-ray
pulses. As the time is increased, an initial increase in the diffraction
signal within a few hundred femtoseconds is observed. The first
maximum of the diffraction signal is followed by a sequence of
distinct periodic minima and maxima. This feature of the data
clearly indicates oscillations in the temporal evolution of the X-ray
diffraction efficiency. The solid curve in Fig. 2 is a fit of the
experimental data. The oscillatory part of the fit consists of constant
cycles of 467 fs, corresponding to a frequency » = 2.12 THz. No
effort has been made to take into account damping or changes in the
cycle duration.

We performed similar measurements for a crystal orientation in
which the diffraction from (111) lattice planes could be recorded. In
this case an initial decrease in the diffraction is observed, followed
by a series of maxima and minima very similar to what was
measured in the (222) diffraction experiment, but in the opposite
sense (Fig. 3). The period of these oscillations agrees with the
oscillation frequency » = 2.12 THz observed in the (222) experi-
ment. (The data point at the far right in Fig. 3 represents diffraction
measurements taken several seconds after the laser excitation
pulse. A full recovery of the crystal diffraction is observed, indicat-
ing that no laser damage or other material modifications have
occurred.)

From the measured changes in the X-ray diffraction, the actual
atomic displacement can be obtained. If it is assumed that the
variation of the X-ray signal is dominated by changes in d, the initial
increase of 7% in the (222) diffraction corresponds to a Ad of
approximately 0.015-0.025 nm. The two principal sources of error
in Ad, besides the experimental error bars, are uncertainties con-
cerning the depth profile of the excited Bi layer and the smoothing
of the oscillations caused by the finite duration of the X-ray
probe pulses. Linear absorption data of Bi correspond to a
penetration depth of 14-22nm (ref. 12), suggesting that only a
fraction of the 50-nm Bi film is optically excited and contributes
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Figure 3 X-ray diffraction efficiency of the (111) reflection as a function of time delay
between the optical pump pulse (fluence 6 mJ cm~2) and the X-ray probe pulse. The solid
line is fitted to the experimental data. The Debye—Waller effect in (111) diffraction is
negligible.
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to changes in the X-ray diffraction signal. From independent
experiments we have obtained a value of about 300fs for the
width of the X-ray pulses*. Deconvolution calculations using this
pulse width imply that the actual oscillation amplitudes are
approximately twice as large as the observed oscillations of the
X-ray signal.

A comparison of the observed frequency » = 2.12 THz with the
A, optical phonon frequency of the unperturbed bismuth crystal
(14 = 2.92THz) indicated that the phonon frequency is signifi-
cantly downshifted in the highly excited material. Very recently,
frequency downshifts to 2.45 THz were observed by Hase et al.*® in
displacive excitation experiments in which the coherent phonons
were detected through changes in the optical reflectivity. The
frequency shifts were found to be dependent on the phonon
oscillation amplitude, and the effect was attributed to anharmoni-
city’'. Here, we observe a much larger downshift. The measured
maximum atomic displacements correspond to a significant frac-
tion of the nearest-neighbour distance (d,,, = 0.31 nm) of the Bi
atoms in the A7 structure, Ad/d,, = 5-8%. Such large atomic
displacements are expected to lead to important changes in the
crystal potential, and eventually to a destabilization of the crystal
structure and structural phase transitions. The Lindemann cri-
terion® states that the solid-to-liquid phase transition occurs when
the mean displacement of the lattice atoms reaches 10-20% of the
lattice constant.

Indeed, we observed structural disordering of bismuth when the
laser excitation was further increased. An example is depicted in
Fig. 4, which shows the integrated X-ray reflectivity of the (222)
diffraction as a function of pump—probe time delay for an excitation
fluence of 20 mJ cm 2. At this excitation level, an initial increase in
the diffraction signal as large as 20% within a few hundred
femtoseconds was observed. Subject to the uncertainties described
above, we conclude that this strong change in the diffraction
signal corresponds to an initial coherent atomic displacement of
nearly 0.04nm, or more than 10% of the nearest-neighbour
distance.

However, in clear contrast to the observations at lower excitation,
no oscillations of the diffraction signal occurred. Instead, it was
observed that after reaching the maximum the diffraction signal
decreased monotonically, and reached a quasi-stationary level of
40% in approximately 10ps. We interpret this decrease as an
indication of disordering due to melting of the material. This
explanation is supported by the observed shift of the Bragg peak
towards smaller diffraction angles. The shifts can be attributed to
thermal expansion, and indicate that the temperature of the non-
disordered material underneath the disordered surface layer is close
to the melting point of bismuth. Diffraction data on the (111)
reflection are in line with this interpretation.
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Figure 4 X-ray diffraction efficiency of the (222) reflection as a function of time
delay between the optical pump pulse (fluence 20 mJ cm’2) and the X-ray probe
pulse.
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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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