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Abstract
When intense femtosecond laser pulses are focused on solid targets short-lived
microplasmas are formed which emit bursts of x-rays with kilovolt photon
energies. Under the proper conditions x-ray pulses as short as a few hundred
femtoseconds can be produced. These x-ray pulses enable ultrafast x-ray
spectroscopy using pump–probe schemes where the x-ray pulses serve as
probe pulses. This article describes time-resolved x-ray diffraction experiments
which reveal changes in the atomic structure with a time resolution of a few
hundred femtoseconds. In particular, we have studied solid-to-liquid phase
transitions in semiconductors induced by femtosecond photoexcitation and
the accompanying thermoacoustic phenomena. We were able to monitor the
changes in the atomic position underlying a coherent optical phonon mode.
These and a number of other lattice dynamics experiments discussed here
demonstrate the feasibility and usefulness of ultrafast time-resolved x-ray
diffraction. Future applications in many other fields of science can be foreseen.
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1. Introduction

Knowledge of the atomic structure of matter is of fundamental importance in science. The
discovery of important structural information has often led to the creation of a new field. A
good example is the foundation of modern solid state physics following the discovery by von
Laue of x-ray diffraction from crystal lattices which enabled him to show that the crystal
structure could be obtained by measuring x-ray diffraction patterns [1]. A second example is
the discovery of the double helix structure of DNA by Watson and Crick [2]. This finding may
be regarded as the beginning of modern molecular biology and of genetic engineering.

Diffraction experiments, in particular x-ray diffraction ones, have been very important
tools in structural science. So far, however, diffraction methods have essentially provided a
view of the static structure. Although changes in the structure of matter may be measured
using time-resolved methods, it has been impossible to directly observe the atomic motions
leading to a structural change. In a chemical reaction, for example, the structure of the starting
material could be measured, and that of the end product, but it was not possible to follow the
detailed steps of the elementary reactions on an atomic level.

The reason is, of course, that atoms move very fast and changes to an atomic configuration
occur very rapidly. The typical timescale for the change in atomic configurations is the fem-
tosecond timescale, roughly speaking from 10−12 down to 10−14 s. These times are comparable
with the duration of the cycles of molecular vibrations. Although femtosecond laser pulses
have been available for quite some time and have enabled optical measurements with fem-
tosecond time resolution, these optical techniques cannot directly provide a view of the atomic
structure. This is because the wavelength of light is so much larger than the sizes and distances
of the atoms in molecules and crystals. Information on structural changes could only be derived
indirectly from the secondary effects that structural changes have on the optical properties.

This situation is now changing rapidly. Some x-ray sources that produce flashes only a
few hundred femtoseconds in duration are already available and new kinds of x-ray sources are
being developed which will provide very powerful x-ray pulses of one hundred femtoseconds
or less [3]. The important feature of these new sources of ultrashort x-ray pulses is that they
enable physical experiments combining femtosecond time resolution and atomic scale spatial
resolution. The vision of scientists being able to take snapshots of the atomic structure will
therefore become reality.

2. Femtosecond laser-produced plasmas as x-ray sources

In the past decade impressive progress has been made in the generation of ultrashort laser
pulses of extremely high peak intensity [4]. These developments have made it possible to
carry out new kinds of experiments [5] such as the acceleration of charged particles by strong
laser fields and the triggering of nuclear reactions from laser pulses. They have also provided
new methods for the generation of x-rays [6], in particular, very short x-ray pulses [7].

During the interaction with a strong laser pulse matter becomes fully ionized and is turned
into a plasma. The kinetic energy of the plasma electrons depends on the laser intensity and
can reach tens or hundreds of electron volts at readily attainable laser intensity. The interaction
of these energetic electrons with the material gives rise to bremsstrahlung and characteristic
x-ray line radiation, in very much the same way that x-rays are generated in an ordinary x-ray
tube. However, the fundamental difference is the duration of the x-ray radiation. In the case
of a plasma generated by a femtosecond laser pulse, the duration of the emitted x-ray burst can
be comparable to that of the laser pulse, when certain conditions are met [8]. In this manner
it is possible to generate femtosecond x-ray pulses.
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Figure 1. A photograph of the x-ray source. A laser beam coming from the left (not visible) is
focused on a titanium wire producing the plasma plume visible in the centre of the picture. The
incoming and outgoing wire can be recognized in the upper left corner.

Figure 1 shows a photograph of a laser plasma x-ray source. In this particular case laser
pulses of 40 fs duration are focused onto a thin titanium wire which can be recognized in the
upper left corner of figure 1. Because the laser is pulsed at a high repetition frequency, the wire
must be rapidly pulled through the laser focus to avoid material erosion and the wire being cut.
The peak laser intensity reaches 3 × 1016 W cm−2. A spectrum of the x-ray emission from the
titanium wire target is shown in figure 2. A large portion of the x-ray emission from the laser-
produced plasma is titanium Kα radiation with a photon energy of 4.5 keV. The corresponding
x-ray wavelength of 0.275 nm is just right for x-ray diffraction from crystal lattices. The x-ray
wavelength can be easily changed simply by replacing the wire material. For example, with a
copper wire one obtains Kα radiation from copper, λ = 0.154 nm (8 keV).

3. Focusing of the x-rays

The x-rays generated in this way are emitted incoherently into the full solid angle from a small
spot on the target. The size of the emitting area is determined by the laser focal spot, which is
typically 10 µm in diameter. To use this radiation for an experiment, one must try to collect as
large a portion of the x-rays as possible and focus it onto the sample to be studied. X-rays can
be effectively collected and focused using the x-ray Bragg reflection from the lattice plains of
bent crystals [9]. To image the point-like x-ray source onto a sample we use toroidal mirrors in
Rowland geometry as shown in figure 3. For one-to-one imaging of the source onto the sample
the microplasma and the sample area (to be probed by the x-rays) should be located on the
Rowland circle in a symmetrical configuration. Under these conditions the Bragg condition
can be satisfied over almost the entire area of the x-ray mirror.
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Figure 2. An x-ray emission spectrum of the titanium source driven at 1 kHz repetition rate with
the Kα and the Kβ lines of titanium (Kα1 and Kα2 not resolved). The laser parameters are: 1.4 mJ,
40 fs, 3 × 1016 W cm−2. The measured x-ray emission is 1.2 × 107 Kα photons per pulse into the
full solid angle. The features near 9 keV are an artefact of the detector (multi-photon counts).

ΘΒ

X-ray point source   X-ray focus
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Figure 3. The Rowland circle geometry of the x-ray mirror using a toroidally bent Ge crystal platelet
with (100) surface orientation and Bragg reflections from (400) lattice planes. The corresponding
Bragg angle for titanium Kα radiation (λ = 0.275 nm) is 76.7◦ . The dashed line indicates
(qualitatively) the position for the measuring spatial distribution of the reflected x-rays.

For titanium Kα radiation we use crystal platelets of Ge and GaAs with (100) orientation.
Suitably oriented crystals are thinned down to less than 100 µm and then bonded to a toroidally
shaped substrate surface. A photograph of a Ge(100) x-ray mirror for titanium Kα is depicted
in figure 4. The Ge crystal has a rectangular shape with the approximate dimensions of
1.5 cm by 4 cm and radii of curvature of 50 and 45 cm in the horizontal and the vertical
plane, respectively. Figure 5 shows spatial x-ray intensity distributions, measured by an
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Figure 4. A photograph of an x-ray mirror with a Ge crystal bonded on the surface of a glass
substrate. The x-ray mirror was manufactured by INRAD Inc., 181 LeGrand Avenue, Northvale,
NJ 07647, USA.

x-ray-sensitive CCD camera. The spot diameter in the focal plane is less than 100 µm. Also
shown in figure 5 is the out-of-focus spatial distribution closer to the mirror surface, where
the intensity distribution outlines the shape of the reflecting Ge crystal. It can be seen that the
x-ray distribution is quite homogeneous across the entire mirror surface with the exception of
just a few localized imperfections.

When the x-ray plasma source is driven by femtosecond laser pulses of 100 mJ from a
titanium–sapphire laser system (λ = 800 nm), there are approximately 5 × 104 Kα photons
per pulse in the x-ray focal spot. Thus, with a repetition frequency of 10 Hz the x-ray flux is
106 Kα photons per second.

4. X-ray diffraction with femtosecond time resolution

With femtosecond x-ray pulses at our disposal x-ray experiments with femtosecond time
resolution can be performed [10]. For example, to reveal ultrafast changes in the atomic
structure ultrafast time-resolved x-ray diffraction experiments can be carried out using a variant
of the well-known ultrafast optical spectroscopy pump–probe scheme in which the optical probe
pulse is replaced by an x-ray pulse.

The optical pump/x-ray probe scheme is shown in figure 6. A femtosecond laser pulse
from a titanium–sapphire laser system generates a microplasma on a suitable target. The x-
rays from the plasma are collected by an x-ray mirror and focused on the sample to be studied.
Suppose that we wish to study the structural changes triggered by an optical pump pulse. A
suitable pulse can be produced by splitting a fraction off the main pulse and, if necessary,
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Figure 5. The spatial distribution of the reflected x-ray intensity. (a) The CCD camera close to the
mirror (see figure 3). The arrows indicate local imperfections of the bonded crystal. (b) The camera
in the focal plane. The size of the pixels that can be recognized in (b) is 20 µm by 20 µm. The
measured widths (FWHM) of the horizontal and the vertical profiles are 60 and 70 µm, respectively.

changing its frequency, for instance by second-harmonic generation or some other non-linear
optical frequency conversion scheme. By means of an optical delay line the time delay of
the arrival of the probe pulse at the sample can be precisely controlled. The sample volume
excited by the pump pulse must, of course, overlap the volume illuminated by the x-ray probe
pulse.

The angular distribution of the diffracted x-rays can be measured with a suitable area
detector, for example, an x-ray-sensitive CCD camera. By measuring the diffraction pattern
as a function of the delay time between pump and probe, information on the evolution of the
atomic structure may be recorded. There is no need for a fast x-ray detector because the time
resolution is determined by the duration of the x-ray pulse and not by the response time of the
detector.

5. Ultrafast structural phase transitions in semiconductors

There is strong evidence from optical data that in covalent semiconductors such as silicon,
germanium and other similar ones, the photoexcitation of a high concentration of electrons
and holes leads to a destabilization of the lattice and a transition to the liquid phase [11].
An example is shown in figure 7 where the density of electron–hole pairs obtained from
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Figure 6. The optical pump/x-ray probe scheme for carrying out femtosecond time-resolved x-ray
diffraction experiments.

1020

1021

1022

0.01 0.1

data
corrected 

E
le

ct
ro

n
-h

o
le

 d
en

si
ty

 (
cm

-3
)

Laser fluence (J/cm2)

melting threshold

Figure 7. The electron–hole density generated by a 100 fs laser pulse at 620 nm in silicon. The
density was obtained from measurements of the optical reflectivity. The corrected data take two-
photon absorption into account.

measurements of the optical reflectivity of femtosecond laser-excited silicon is plotted as
a function of the laser fluence. The data indicate that an electron–hole pair density of
approximately 1022 cm−3 is reached at approximately 150 mJ cm−2. At this high level of
excitation, an abrupt increase in the optical reflectivity is observed to occur within a few
hundred femtoseconds after the excitation pulse. As an example of the induced changes in
the optical reflectivity, a series of reflectivity spectra of silicon measured at various delay
times after laser excitation are depicted in figure 8. The dashed–dotted and the dashed lines
represent the well-known reflectivity spectra of crystalline and molten silicon, respectively.
The measured time-dependent reflectivity data show that within a few hundred femtoseconds
the reflectivity spectrum changes from crystalline type to liquid type.
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Figure 8. Spectra of the optical reflectivity of silicon. Dash–dotted curve: crystalline silicon.
Dashed line: molten silicon. Data points: spectra measured at various time delays between the
pump pulse and the optical probe pulse (optical pump/optical probe measurements).

The changes in the reflectivity spectra suggest that a transition from the covalent crystalline
state to the metallic liquid state is taking place. Such ultrafast structural phase transitions [12]
have been extensively investigated in the past by means of ultrafast optical spectroscopy. It is
fundamentally different from ordinary thermal melting which takes much longer. Because the
electronically induced solid-to-liquid transition is accomplished in a time much shorter than
that required for the thermalization of the deposited laser energy, this melting process is also
called non-thermal melting.

6. Probing of structural phase transitions by x-ray diffraction

Femtosecond laser-induced non-thermal melting obviously represents an excellent case study
for the application of ultrafast x-ray diffraction and the demonstration of its feasibility [13].
However, there is a principal experimental difficulty because x-rays tend to penetrate deeply
into the bulk of a material, whereas the laser melting of semiconductors produces a very
thin liquid layer on the surface, typically less than 100 nm. When the lattice is destroyed
by the melting process the x-ray diffraction from the lattice planes must evidently disappear
completely. If, however, the penetration depth of the x-rays is much greater than the thickness
of the liquid layer on the surface, the x-ray diffraction will be dominated by the solid bulk
material underneath the liquid. Under these circumstances, no significant change in the x-ray
diffraction signal would be expected upon melting.

Figure 9 illustrates how the problem due to the mismatch of the penetration depths can be
avoided by using special heteroepitaxial semiconductor samples. It is possible to grow thin
crystalline layers of germanium on silicon substrates of (111) orientation using a surfactant-
mediated growth process which relieves the stress at the interface [14]. The important point is
that a high quality heterostructure is obtained in which the lattice constants of the germanium
layer and of the silicon substrate do not match. Thus, the Bragg angles for x-ray diffraction
from the Ge layer and the Si substrate are different, and x-ray diffraction from the Ge layer
and the substrate can be readily distinguished.

The Ge–Si heterostructures are very suitable for studies of the changes in the atomic
structure associated with femtosecond laser-induced melting using time-resolved x-ray
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Figure 9. Heteroepitaxial Ge-on-Si samples for optical pump/x-ray probe measurements indicating
the selective optical pumping and x-ray probing of the Ge layer.
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Figure 10. X-ray diffraction from the (111) lattice planes of Ge versus time delay for two different
energy fluences of the pump pulse (λ = 800 nm).

diffraction [15]. Germanium has a secondary direct bandgap of approximately 0.8 eV and
therefore absorbs quite strongly at the wavelength of the titanium–sapphire laser (800 nm)
while silicon absorbs only weakly at this wavelength. Thus, it is possible to selectively deposit
laser energy in the germanium layer causing it to melt, and also to selectively probe the Ge
lattice with the x-rays.

Figure 10 shows the results of time-resolved x-ray diffraction experiments [15]. The x-ray
diffraction signal (integrated reflectivity) measured from the (111) lattice planes of Ge is plotted
as a function of the delay time between the x-ray probe pulses and the laser pump pulses for
two different laser fluences. Negative times indicate the arrival of the laser pump pulse after the
x-ray probe pulse. In this case, the lattice is still intact when the x-ray pulses interact with the
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Figure 11. X-ray diffraction from the (111) lattice planes of Ge versus time delay for two different
energy fluences of the pump pulse (λ = 800 nm). Evolution on the picosecond timescale. Melt
front velocity: see the text.

sample and the diffraction remains unchanged. However, a distinct decrease in the diffraction
is observed after the arrival of the pump pulse. This initial decrease takes approximately
300 fs but thereafter the decrease of the x-ray diffraction signal continues at a much slower
rate. However, although the diffraction signal becomes weaker, it never disappears completely.
A portion of the 170 nm thick germanium layer remains crystalline because in this case the
laser energy employed is not enough to melt the entire layer.

Measurements of the x-ray diffraction at very long delay times (delay time ‘infinity’ in
figure 10), after complete resolidification of the molten layer, indicate that the diffraction signal
recovers almost completely. More detailed investigations show that an epitaxial regrowth takes
place and that the Ge crystalline layer is restored. However, it has been found that a certain
amount of material is removed by laser ablation, typically 10–20 nm, depending on the laser
fluence. The recrystallized Ge layer is thinner than the original one and the recovery of the
x-ray diffraction signal is therefore incomplete.

Two main conclusions can be drawn from the results of the x-ray diffraction measurements
during the first picosecond:

(i) The fast initial decrease in the diffraction signal is consistent with the interpretation of the
optical reflectivity results that a portion of the Ge crystal undergoes disordering within a
few hundred femtoseconds. The measured 25% decrease in the diffraction indicates the
development of a molten layer of approximately 40 nm thickness.

(ii) The observed fast decay of the diffraction signal puts an upper limit on the duration of the
x-ray pulses of about 300 fs.

Previously, the only alternatives for measuring the duration of the x-ray pulses from laser-
produced plasmas were streak cameras, but in this case the time resolution is only about one
picosecond.

Interesting insight into laser-induced melting processes can be obtained from more detailed
measurements of the x-ray diffraction over a large range of delay times. Figure 11 shows the
evolution of the x-ray diffraction signal over an extended range up to 30 ps. It can be seen that
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Figure 12. A schematic diagram illustrating the various strata of the excited sample: liquid
layer, hot crystalline Ge, silicon substrate. Vi is the propagation velocity of the liquid–solid phase
boundary (melt front velocity).

the first fast decay of the diffraction efficiency is followed by an approximately linear decrease
over tens of picoseconds.

For an interpretation of this observation consider figure 12. The initial ultrafast, non-
thermal melting leaves a very hot liquid layer of approximately 40 nm on top of solid material.
Heat is transferred from the hot liquid to the underlying solid material causing more material to
melt and leading to an increase in the thickness of the molten layer. The x-ray measurements
indicate that the liquid–solid interface propagates towards the inside with a velocity of about
vi = 850 m s−1. This large melt front velocity suggests that a rapid thermal melting process
under highly superheated conditions is taking place.

7. X-ray rocking curves and picosecond acoustic transients

The x-ray signal plotted in figures 10 and 11 is the ‘integrated reflectivity’ of a particular
Bragg reflection (h, k, l), that is, the diffracted x-ray radiation integrated over the angular
distribution. The angular profiles are called ‘rocking curves’. In this section we show that
the rocking curves provide important additional information [15]. In particular, interesting
insight into the acoustic processes that follow the structural phase transition on a picosecond
timescale can be obtained.

Figure 13 illustrates the measurement of rocking curves. The cone of x-rays that is
incident on the sample from the x-ray mirror typically covers an angular range of a few
degrees, depending on the width of the mirror and its distance from the x-ray source. On the
other hand, the angular width �� of the usual rocking curves is much smaller. Thus, the full
rocking curve can be recorded with a suitable area detector such as a CCD camera, and it is
possible to monitor, for example, changes in the position and the width of the rocking curves.

Figure 14 depicts examples of rocking curves of the (111) Bragg orders of Ge and Si
measured at four different time delays. The dashed lines represent the rocking curves of the
Ge layer and the Si substrate for the unperturbed materials. The solid lines represent the
rocking curves after laser excitation. The data for a short time delay of 0.8 ps show that the
shape and the position of the rocking curve remain unchanged; there is only a reduction in the
diffraction intensity of Ge to somewhat less than 70%. This subpicosecond change in the x-ray
diffraction is attributed to the ultrafast structural phase transition as discussed in the previous
section.

On the other hand, complex changes both in the strength and the angular profile are
observed for picosecond time delays. These observations can be qualitatively explained as
follows. After ultrafast melting and thermalization of the deposited optical energy the surface
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Figure 13. A schematic diagram illustrating the measurement of the angular distribution (rocking
curve) of the Bragg-reflected x-ray probe pulse. �hkl is the Bragg angle for the diffraction from
the lattice planes (h, k, l). �� indicates the angular width of the rocking curve.
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Figure 14. Full line: measured rocking curves for various time delays. Dashed lines: rocking
curves of the unperturbed sample (no laser excitation).

of the sample is covered by a layer of hot, pressurized molten Ge (figure 12). Underneath the
liquid there is an intact layer of crystalline Ge, also hot and at high pressure. By comparison,
the pressure in the underlying Si substrate is negligible because at 800 nm the optical absorption
in Si and thus the deposited energy is much less than in Ge.
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The initial stress/pressure imbalance at the interfaces triggers several acoustic
perturbations. It follows from the continuity-of-stress condition that a compressive and an
expansive strain wave is launched from each interface into the low pressure and the high
pressure side, respectively. Also, a rarefaction wave develops at the surface and travels
into the liquid. Figure 15 shows a qualitative picture of the developing stress and strain
waves. The initial pressure is expected to be at its highest in the molten surface layer because
the largest portion of the optical energy is deposited approximately 40–50 nm beneath the
surface. Therefore, the primary acoustic perturbation in the remaining crystalline Ge should
be compressive strain launched from the molten layer.

In addition to the acoustic perturbations, the liquid-to-solid interface (melt front) moves
forward into solid Ge as discussed in the foregoing section. The liquid layer grows at the
expense of the crystalline layer, resulting in a continuing overall reduction in the diffraction
efficiency.

The different acoustic perturbations do not overlap for periods shorter than the travel time
between the interfaces (e.g. 23 ps for 130 nm of solid Ge). Later on, however, reflections occur
at the various interfaces because of the mismatch of the acoustic impedance. The situation
becomes quite complicated until the acoustic transients have finally damped out.

According to this qualitative model, the first acoustic effects to be noticed should be a
compression in Ge and, to a lesser extent, also in Si. The rocking curve for 13 ps (figure 14(b))
shows that this is indeed observed. There is a clear shift of the Ge line towards larger diffraction
angles and a weak shoulder of the Si curve in the same direction.

The rarefaction wave approaching from the liquid surface is expected to affect the
crystalline layer after times t > L liq/cliq ≈ 15 ps, where cliq = 2660 m s−1 is the sound
velocity of liquid Ge. In fact, the Ge rocking curve at 27 ps (figure 14(c)) develops a new side
band at lower diffraction angles and exhibits a doubly peaked structure. This shape indicates
the presence of both compressed and expanded strata in Ge at this time.

The data in figure 14 can be used to obtain an estimate of the stress/pressure associated
with the acoustic perturbations. For example, consider the positive angular shifts �� marked
by the arrows in figure 14(c). They indicate compressive strain ε = ��/ tan �B of −0.02
and −0.005 in Ge and Si, respectively. The transient stresses σ = ρc2

111ε (ρ: density; c111:
speed of sound in the (111) direction) obtained from these numbers are 3.3 and 1 GPa.
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Figure 16. A schematic diagram illustrating displacive excitation in bismuth. A qualitative plot of
the potential energy as a function of d, the displacement of the second Bi atom from the centre of
the unit cell. Full curve: the unperturbed system. The black dot marks the equilibrium position.
Dotted curve: the potential energy of the electronically excited system. The grey dot marks the
new equilibrium point. In the electronically excited state the atom (grey dot) relaxes by performing
oscillations around the perturbed equilibrium position. The change in d is denoted a0 which is the
initial oscillation amplitude.

Finally, the data for 123 ps (figure 14(d)) reveal further points of interest. At this late
stage the acoustic perturbations of the Ge layer have damped out leaving the relaxed, thermally
expanded material, as indicated by a shift of the diffraction profile to smaller angles. The shift
represents a thermal expansion of εth = 0.008, which would correspond to a temperature of
approximately 1100–1200 K. This value is close to the melting temperature of Ge, suggesting
that the liquid and the solid Ge have reached equilibrium near the melting point. As regards the
rocking curve of Si at 123 ps, both expansive and compressive strain can be clearly recognized.
This complex structure is presumably attributable to transient bipolar strain superimposed on
the thermal expansion profile of Si.

8. Coherent lattice vibrations

The transitions from the crystalline solid state to the disordered liquid state involve a complete
rearrangement of the atomic structure causing the x-ray diffraction from the lattice planes to
vanish completely. However, even using today’s laser plasma x-ray sources with relatively
low x-ray flux, more subtle changes in the atomic configuration such as the changes associated
with vibrations of the atoms in a crystal lattice may also be observed, as has been shown in
experiments using the semimetal bismuth [16].

The usual crystal structure of Bi is a slightly distorted face-centred cubic lattice with two
atoms in the primitive unit cell. If the lattice is chosen in such a way that the first Bi atom is
positioned on a lattice point, then the second Bi atom is located on the body diagonal slightly
displaced from the centre of the unit cell.

The crystal symmetry permits totally symmetric lattice vibrations [17]. We are particularly
interested in the totally symmetric optical mode which corresponds to an internal vibration
of the atoms in the unit cell with the two Bi atoms moving against each other along the body
diagonal (A1g optical phonon mode). It is well known that this mode can be excited by the so-
called displacive excitation mechanism [17] which is illustrated in figure 16. This qualitative
plot shows the potential energy of the unperturbed (full curve) and of the electronically excited
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Figure 17. The squared modulus of the geometrical structure factor |S(h, k, l)|2 of Bi as a function
of the displacement d (for the definition see the caption of figure 16) for (111) and (222) Bragg
reflections. A movement towards the centre of the unit cell leads to an increase in the (222) and a
decrease in the (111) case. Atomic oscillations lead to cyclical changes in the x-ray diffraction.

crystal (dotted curve) as a function of distance d of the second Bi atom from the centre of the
unit cell. In the unperturbed crystal d has a certain equilibrium value slightly different from
half the length of the body diagonal. The important point is that the equilibrium atomic distance
can be easily changed by many kinds of perturbation, for example, electronic excitation.

Suppose that the crystal is electronically excited by a short laser pulse. The potential
energy curve is now qualitatively given by the dotted curve in figure 16. The equilibrium
distance assumes a new value. Immediately after the excitation the atoms find themselves in a
displaced position with respect to the perturbed equilibrium. The atoms relax by performing
a damped oscillation around the new equilibrium. This atomic motion occurs in phase in all
unit cells, and thus a coherent optical phonon mode with a wavevector q = 0 is established.

How can the resulting collective atomic motion be detected by means of time-resolved
x-ray diffraction? Consider the geometrical structure factor S(h, k, l) of Bi for the (111) and
the (222) Bragg reflections as a function of the distance of the Bi atoms shown in figure 17. The
square modulus |S(h, k, l)|2 is proportional to the diffraction signal for the Bragg reflection
corresponding to a set of Miller indices (h, k, l). As pointed out above, in the unperturbed
crystal the second Bi atom is slightly displaced from the centre. The excitation is expected to
change the location of the equilibrium point. Figure 17 shows that an increase in the (222)
x-ray diffraction is expected if the atoms move towards a new equilibrium located closer to the
centre. However, for the (111) diffraction the same motion should lead to a decrease. Thus,
the oscillations of the atoms associated with the displacively excited coherent optical phonon
mode should give rise to periodic changes in the x-ray (222) diffraction and similar oscillations
in the (111) diffraction, but 180◦ out of phase.

Fortunately, crystalline Bi films can also be grown as heterostructures on (111) Si
substrates, which allows the actual experimental observation of displacively excited coherent
optical phonons in Bi. Because of the different lattice constants, the Bragg angles for the



R1532 Topical Review

0.96

1.00

1.04

1.08

0 1 2 3  4

In
te

g
ra

te
d

 r
ef

le
ct

iv
it

y

Bi 
(a)

(b)

(222)

0.8

0.9

1.0

0 1 2
Delay time (ps)

oo

Bi (111)

Figure 18. The measured x-ray diffraction signal from (a) (222) and (b) (111) lattice planes of Bi
as a function of the time delay. The solid curves are guides to the eye.

diffraction from the Bi film and the Si substrate are different, and it is possible to selectively
probe the Bi films with the x-ray pulses.

Results of time-resolved x-ray diffraction measurements on a femtosecond laser-excited
Bi film of 50 nm thickness are depicted in figure 18. After the arrival of the laser excitation pulse
the x-ray diffraction signal from (222) lattice planes (figure 18(a)) shows an initial increase,
suggesting that the off-centre Bi atoms do indeed move closer to the centre of the unit cell,
i.e. the Bi–Bi distances increase. This initial increase in the x-ray diffraction signal is followed
by distinct oscillations. Thus, the observed evolution of the diffraction is consistent with the
expected atomic response to the perturbation of the equilibrium position.

If the microscopic interpretation in terms of a collective atomic motion is correct, the
signal for (111) diffraction should exhibit an initial decrease followed by oscillations out of
phase with those observed in the (222) diffraction. The results of figure 18(b) indicate that
this is indeed the case. Thus, the picture emerging from the time-resolved x-ray diffraction
data for two different Bragg orders is consistent and provides clear evidence of the excitation
of coherent lattice vibration on an atomic scale.

Interesting conclusions concerning the frequency and the atomic displacements can be
drawn. The measured period (frequency) of the oscillations both in the (222) and the
(111) diffraction signals is 470 fs (2.14 THz) which is interpreted as the oscillation period
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of the excited optical phonon mode. The oscillation period (vibrational frequency) of the
totally symmetric A1g optical phonon mode of unperturbed Bi is 347 fs (2.92 THz). This
comparison indicates that an important decrease of the vibrational frequency is observed for
strong femtosecond laser excitation (6 mJ cm−2).

It is interesting to estimate the actual atomic displacements under these conditions.
According to figure 17, the observed variations in the x-ray diffraction signal are related
to the changes in the Bi–Bi distance. The values of the atomic displacements estimated from
the experimental data are approximately 0.015–0.02 nm. These values represent a significant
fraction of the nearest neighbour distance which is 0.35 nm, indicating that coherent vibrations
with very strong excursions of the atoms are generated. The observed decrease in the oscillation
frequency is probably due to both anharmonicity and modification of the atomic potentials
caused by the electronic excitation [18]. Experiments with a high level of laser excitation
produced still larger shifts of the oscillation frequency down to approximately 1 THz. After
this the atomic motion transforms into an aperiodic mode and a phase transition to the liquid
state of Bi occurs.

9. Incoherent lattice vibrations

The interaction between electrons and lattice vibrations plays an important role in solid state
physics. For example, optical absorption excites the electrons from the electronic ground state
to higher energy states of the material. The excited electrons relax very rapidly by transferring
their excess energy to lattice vibrations. The final result of the electronic relaxation is an
increase in the temperature of the material.

Electronic relaxation processes have been studied quite extensively using ultrafast time-
resolved optical spectroscopy [19]. For example, it is possible to observe the initial
thermalization among the electrons and the subsequent cooling of the electronic system caused
by the energy transfer to the lattice. However, to a large extent the observation of the build-up
of lattice vibrations associated with the electronic energy relaxation has been elusive, and there
are only a few examples of the detection of the lattice vibrations generated in an electronic
relaxation process [20]. Now time-resolved x-ray diffraction is offering new opportunities for
detecting the excitation of lattice vibrations caused by relaxing electrons.

In the electronic relaxation process the energy is redistributed incoherently over a large
number of vibrational lattice modes. As a result, the individual atoms perform random
oscillations around their equilibrium lattice position. It is well known that such incoherent
lattice vibrations affect the Bragg diffraction of x-rays from the lattice planes in the following
manner. While the position and the profile of the Bragg peaks do not change, their intensity
diminishes by a certain factor, the so-called Debye–Waller factor [21]. The Debye–Waller
factor is an exponential function of the mean square atomic displacement which is proportional
to the lattice temperature under thermal equilibrium conditions.

Using a suitably short x-ray pulse the instantaneous value of the Debye–Waller factor can
be measured by means of x-ray diffraction. Thus, it is possible to observe the evolution of the
Debye–Waller factor and watch the lattice temperature rise during the electronic relaxation
that follows an optical excitation of the material.

For a first demonstration of the feasibility of such experiments we have used the Ge/Si
heterostructures discussed previously. Apart from choosing a level of laser excitation well
below the melting threshold, the experimental procedure is very similar to the one used in
the melting experiments. Femtosecond laser pulses of 800 nm wavelength were employed
for photoexciting electron–hole pairs in the Ge layer, and the x-ray diffraction from (400)
lattice planes of the excited sample (integrated reflectivity) was measured as a function of
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Figure 19. X-ray diffraction from the (400) lattice planes of Ge plotted versus time for weak laser
excitation (below the melting threshold). A (111) Ge–Si heteroepitaxial sample.

the delay time between the x-ray probe pulses and the laser pulses. The result is depicted
in figure 19. High measuring accuracy is required because under the given experimental
conditions the Debye–Waller effect is fairly weak. For a laser energy fluence of 35 mJ cm−2,
a decrease in the x-ray diffraction signal down to 93% of the signal without laser excitation
is observed. The measured decrease of the x-ray diffraction signal represents an increase in
the lattice temperature from room temperature to 550 K. Considering the heat capacity of Ge,
the temperature rise deduced from the x-ray data agrees very well with the final temperature
estimated from the amount of absorbed laser energy.

The electron–phonon energy relaxation time of Ge is obtained from the measured time
dependence of the Debye–Waller effect. The experimental data can be represented by an
exponential function with a time constant τ = 1.1 ps. Thus, we conclude that in germanium
the optically deposited energy is transferred to lattice vibrations in just about one picosecond.
This result is in good agreement with the expected general time range for energy exchange
between electrons and phonons.

10. Summary and conclusions

In this article we have shown that laser plasmas produced by intense femtosecond pulses emit
subpicosecond bursts of kilovolt x-rays. It has been demonstrated that these x-ray pulses can be
used for optical pump/x-ray probe experiments, enabling the extension of ultrafast spectroscopy
to the x-ray regime. In particular, we have used time-resolved x-ray diffraction to study laser-
induced structural phase transitions in semiconductors and confirmed previous conclusions
from optical experiments that solid-to-liquid transitions can occur in only a few hundred
femtoseconds. We were able to observe the dynamics of picosecond acoustic perturbations
generated during the relaxation of the hot pressurized liquid layer produced by ultrafast melting.
It was shown that much weaker changes in the atomic configurations can also be measured.
The collective atomic motion associated with a displacively excited coherent optical phonon
mode was detected and the atomic oscillation cycle of the lattice vibration could be resolved.
Finally, time-resolved measurements of the Debye–Waller effect revealed the heating of the
crystal lattice resulting from the energy relaxation of photoexcited electrons and holes, and the
electron–phonon energy transfer time was measured.
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Although quite a large number of interesting new kinds of investigations can be performed
using laser plasma x-ray sources the limitations of such sources are rather obvious. For instance,
there are restrictions on the available x-ray flux, and it is difficult to produce a highly collimated
x-ray beam. On the other hand, large scale efforts to build new kinds of powerful electron
accelerator based femtosecond x-ray sources are under way worldwide, for example the Linac
Coherent Light Source (LCLS) project [22] at Stanford, USA, and the European x-ray laser
project XFEL [23] at DESY, Hamburg, Germany. In addition to the exciting applications
of x-ray free electron lasers, these developments will undoubtedly also greatly enhance the
possibilities of femtosecond x-ray spectroscopy. On the other hand, great progress has also been
made in the generation and application of ultrashort electron pulses [24], and subpicosecond
electron diffraction has recently been used to study the dynamics of femtosecond laser-induced
melting of aluminium films [25].

The femtosecond time regime is scientifically very important because it is the fundamental
timescale of changes in atomic configurations. Over the last two decades femtosecond optical
spectroscopy has made a great impact on many fields of science and technology. Femtosecond
x-ray and electron pulses now enable a combination of ultrafast spectroscopy and structural
science. Considering the fundamental scientific importance of the structure sciences, it is quite
possible that this marriage could stimulate major new scientific developments.
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