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Femtosecond dynamics of the laser-induced solid-to-liquid phase transition in aluminum
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We present femtosecond time-resolved measurements of the reflectivity of aluminum during the laserinduced solid-to-liquid phase transition over the 1.7– 3.5 eV spectral range. Previous optical and electrondiffraction studies have shown discrepancies on the order of picoseconds in the time scale of the solid-to-liquid
phase change. As a result, it is not clear if the transition mechanism is thermal or nonthermal. Our experiments
conclusively show that this transition is a thermal process mediated through the transfer of heat from the
photoexcited electronic population to the lattice. Our findings agree with the results of the electron-diffraction
study and rule out the nonthermal mechanism proposed by the optical study.
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I. INTRODUCTION

The dynamical properties of the electrons and the lattice
in solids define many basic properties of these materials,
such as their conductivity, superconductivity, magnetism,
and linear and nonlinear optical properties. Excitation with
intense ultrashort laser pulses is one way to induce nonequilibrium processes and observe the resulting dynamics. Previous studies have shown that large laser-induced changes in
carrier occupation in metals and semiconductors can lead to
substantial band-structure renormalization and even to structural phase transitions.1–5 An ultrashort laser pulse can rapidly heat electrons to temperatures on the order of 103 K
while leaving the lattice near room temperature. This transient two-temperature system tends to reach quasiequilibrium within a few picoseconds via electron-phonon interactions, as well as electron diffusion out of the excited region.
In the low-intensity regime, the excited region returns to the
ground state with no permanent changes. In the highintensity regime, on the other hand, structural changes such
as melting and ablation take place and the morphology of the
material is permanently modified. Melting that results from a
rise of the lattice temperature above the material’s melting
point, called thermal melting, can readily be observed with
laser pulses of duration longer than 10 ps. After the development of femtosecond lasers, a different, nonthermal melting
mechanism was reported in semiconductors.1,6–10 This
mechanism takes place when the ions rapidly gain kinetic
energy after the laser-induced electronic excitation and rearrange themselves in a liquidlike, disordered configuration before the lattice has enough time to reach the melting temperature. Nonthermal melting is usually completed within
hundreds of femtoseconds after photoexcitation, as opposed
to thermal melting which evolves on a picosecond time scale
that is set by the electron-phonon coupling constant.
Aluminum was the first metal for which a nonthermal
melting mechanism was reported by Guo et al.3 The optical
properties of aluminum both in the solid and in the liquid
state have been the subject of intense research over the past
decades.11–16 Guo et al. performed optical pump-probe measurements of the dielectric constant of aluminum at 800 nm,
with femtosecond time resolution. This wavelength, which
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corresponds to a photon energy of 1.55 eV, is particularly
suitable because the absorption of aluminum is enhanced at
800 nm and light can couple into the material more effectively. The enhanced absorption is due to nearly parallel electronic bands around the Fermi energy that are separated by a
gap of 1.55 eV and that give rise to an interband contribution
to the dielectric function of the material around 800 nm.17
Guo et al. showed that 500 fs after excitation of a solid aluminum sample by a laser pulse, the dielectric constant at
800 nm reaches the value of the dielectric constant for liquid
aluminum. Because this time is shorter than the picosecond
time scale for lattice thermalization, the material was reported to undergo a nonthermal, electronically induced phase
transition. This conclusion was later disputed by Siwick et
al.,18 who sent 500-fs-long electron pulses through an optically excited 20-nm-thick aluminum film and studied the resulting electron-diffraction spectra. In these films, the solidto-liquid phase transition was found to take 3.5 ps and to be
a thermal process. Each of the two aforementioned studies
has its limitations. The optical pump-probe experiment was
performed with high time resolution, down to 130 fs, but it
tracked the dynamics of the dielectric constant at a single
wavelength only. The electron-diffraction experiment provided a direct picture of the aluminum lattice during the
phase transition but it was performed with limited time resolution, only down to 500 fs.
In this paper, we present an optical pump-probe study of
the laser-induced solid-to-liquid phase transition in aluminum. We employ a broadband time-resolved reflectometry
technique that enables the measurement of the optical properties of aluminum during the solid-to-liquid phase transition
over a wide frequency range, from 1.7 to 3.5 eV, with a time
resolution of 65 fs. Our findings show that the laser-induced
solid-to-liquid phase transition in aluminum is a thermal process that takes place on the picosecond time scale. The observed optical properties over this broad frequency range do
not exhibit a subpicosecond time scale, as previously
reported.3 Our data indicate that the dynamics appear faster
for photon energies near 1.55 eV, but for higher photon energies, the time scale of the transition is clearly in the picosecond regime.

214107-1

©2007 The American Physical Society

PHYSICAL REVIEW B 75, 214107 共2007兲

KANDYLA, SHIH, AND MAZUR
II. EXPERIMENT
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We performed dual-angle-of-incidence reflectometry measurements in a pump-probe setup19 to measure the changes in
the reflectivity of aluminum during the laser-induced solidto-liquid phase transition. We use a commercial Ti:sapphire
oscillator to seed a homebuilt 1 kHz repetition-rate Ti:sapphire multipass amplifier which produces 40 fs, 0.5 mJ
pulses at 800 nm.20 The pump beam consists of a train of
800 nm s-polarized pulses that we focus onto a
110-m-diameter spot on the sample using a 0.2 m focallength lens. We use a p-polarized white-light 共1.7– 3.5 eV兲
probe, which we obtain by focusing part of the femtosecond
laser-pulse train into a 3-mm-thick piece of CaF2. To correct
for dispersive stretching of this broadband probe pulse, we
measured the chirp separately using a Te sample and time
shifted the data according to the measured chirp.21 Measurements of the spectrum and chirp of the white-light probe
indicate that the time resolution of the probe varies from
20 fs near 1.7 eV to 65 fs near 3.5 eV.22 We use a small
fraction of the probe beam as a reference beam in order to
normalize the effect of pulse energy fluctuations. In order to
ensure probing of a homogeneously excited region, the size
of the pump beam spot on the sample surface is about four
times larger than the probe spot. The angle between the
pump and probe beams is kept as small as possible 共approximately 13°兲 to minimize the loss of temporal resolution that
accompanies noncollinear pump-probe configurations.
The sample was translated between successive pump laser
pulses so that each pump pulse excited an undamaged area.
Each data point is averaged over 20 shots. Two sets of reflectivity measurements were taken with the probe beam at
angles of incidence of 68.4° and 58.7°. The detection system
is calibrated to obtain absolute reflectivity values. Shot-toshot fluctuations in the white-light probe intensity limit the
sensitivity of our apparatus in measuring minimum changes
in reflectivity of about 3%–4%.
The polycrystalline 1-m-thick aluminum samples were
prepared by electron-beam evaporation in high vacuum on
clean glass microscope slides. The thickness of the films is
much greater than the roughly 10 nm penetration depth of
the optical fields and thus the samples can be considered to
be optically thick. Reflectivity measurements performed on
aluminum and Al2O3 at laser intensities and wavelengths
similar to the ones used in our study have shown that the
presence of a thin Al2O3 layer does not significantly affect
the aluminum metal data.23

III. RESULTS

In order to present our measurements on the laser-induced
solid-to-liquid phase transition in aluminum in a meaningful
way, we first need to determine the melting threshold fluence
Fth 共that is, the minimum incident laser fluence that induces
melting on the material surface兲. To this end, we irradiated
an aluminum sample with single pump pulses of varying
intensity and examined the resulting surface morphology
with a scanning electron microscope. Using this approach,
we find that the minimum incident laser fluence required to
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FIG. 1. 共Color online兲 Time-resolved reflectivity dynamics of
aluminum following single-pulse photoexcitation across the
1.8– 3.5 eV frequency range. The peak absorbed fluence of the incident laser pulse is 3.6Fth.

induce melting is Fth = 2.1 kJ/ m2, a value that is higher than
previously reported.3,18 Guo et al.3 reported an irreversible
damage threshold of 0.34 kJ/ m2 and Siwick et al.18 cited the
same damage threshold. This discrepancy can be attributed
to the difference in film thickness: our samples are 1 m
thick, whereas the previous study used films with a thickness
on the order of 20 nm.18 For 20-nm-thick films, the thickness
of the sample is comparable to the ballistic range of the
photoexcited electrons. As a result, the film becomes uniformly heated upon electron thermalization and there are no
significant hot-electron diffusion effects.24 This lack of diffusion in very thin films results in a higher energy density
stored in the material, and therefore these films require a
lower incident fluence for melting to occur. In contrast, in the
1-m-thick aluminum samples used in this study, the hot
electrons diffuse into the bulk of the material. Consequently,
the energy deposited by the laser pump pulse is distributed
deeper into the material via electron diffusion, resulting in a
lower energy density stored near the surface, and therefore a
higher melting threshold. A similar dependence of melting
threshold on sample thickness has been observed in other
materials.24
Figure 1 shows the response of the reflectivity of aluminum across a spectral range of 1.8– 3.5 eV following single
pulse excitation with a fluence of 3.6Fth. The angle of incidence of the probe is 68.4°. At negative time delays 共that is,
when the probe arrives before the pump pulse兲, the reflectivity data agree with ellipsometric measurements of the aluminum sample. At positive time delays 共after the arrival of the
pump pulse兲, we observe that the reflectivity starts to drop
across all frequencies within our spectral range as the solidto-liquid phase transition is initiated. The transition is complete after 1.9 ps, as can be seen by the low reflectivity region in Fig. 1. This is when the reflectivity reaches an
equilibrium value, which, for all frequencies contained in the
white-light probe, is lower than the reflectivity of solid aluminum.
Figures 2共a兲 and 2共b兲 show the response of the reflectivity
at four different fluences above the melting threshold, with
the probe beam incident at 68.4° and 58.7°, respectively.
Because 68.4° is closer to the angle for minimum p reflec-
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FIG. 3. Time-resolved reflectivity dynamics of aluminum following single-pulse photoexcitation at 2.1 eV. The peak absorbed
fluence of the incident laser pulse is 3.6Fth. The reflectivity measurements are taken at an angle of 70°.
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FIG. 2. Time-resolved reflectivity dynamics of aluminum following single-pulse photoexcitation at 2.1 eV for different peak absorbed fluences of the excitation pulse. The reflectivity measurements are taken at probe beam incidence angles of 共a兲 68.4° and 共b兲
58.7°.

tivity in aluminum, the sensitivity of the measurements at
this angle is higher than the one at 58.7°.25 The fluences used
in Fig. 2 are above the ablation threshold of the aluminum
films, as we determined by postirradiation study under an
optical microscope. However, because ablation involves
transport of large numbers of heavy particles, these processes
tend to be slow compared with the time scale of energy
thermalization.26 Ablation therefore occurs outside our time
window and we can isolate the solid-to-liquid phase transition that precedes the removal of material from the sample
surface.27,28 The data in Fig. 2 show that for all fluences and
angles, the time scale of the laser-induced solid-to-liquid
phase transition in aluminum lies in the picosecond regime.
For both angles, the reflectivity in the liquid state decreases as the incident pump fluence increases. Previous
measurements have shown that the index of refraction of
liquid aluminum increases and the extinction coefficient decreases with increasing temperature.13,29 Based on these observed changes in index of refraction and extinction coefficient, the Fresnel equations30 predict a decrease in
reflectivity with increasing temperature. The higher fluence
data thus suggest that the liquid aluminum reaches a higher
temperature, as one would expect.
For sufficiently intense laser pulses, the material can undergo a solid-to-plasma phase transition, without reaching
the liquid state. In order to exclude the possibility that the
decrease in reflectivity is due to a plasma expansion, we
extended the time delay up to 10 ps. Figure 3 shows the

time-resolved reflectivity data at 2.1 eV, taken with the
probe beam incident at 70°, following excitation by a pump
pulse with a fluence of 3.6Fth. Across all frequencies in the
white-light probe, we observe a behavior similar to the one
shown in Fig. 3: the reflectivity drops for about 2 ps and then
remains constant up to 10 ps. In a previous pump-probe
experiment,31 it was shown that the effect of plasma expansion on aluminum results in an initial drop of the reflectivity,
followed by a recovery to approximately 60% of the original
value within 15 ps. Such a recovery is not present in our
findings, indicating that the excitation fluence we used is
sufficient to initiate a solid-to-liquid phase transition but not
high enough to initiate a detectable plasma expansion process.
IV. DISCUSSION

Our results show that over the entire fluence range studied, the laser-induced solid-to-liquid phase transition in aluminum takes 1.5– 2 ps, confirming that the transition is thermal. We extract the picosecond time scale from curves
similar to the ones shown in Fig. 2 at all the different frequencies contained in the white-light probe. Because there
are 18 such curves at each fluence, it is not possible to show
all of them. Instead, we show in Fig. 4 the average of the
solid-to-liquid transition time over the frequency range of
2.0– 3.3 eV for each fluence. We do not include the edges of
our spectral window 共1.7–1.9 and 3.4– 3.5 eV兲 in the averaging because the signal-to-noise ratio at these frequencies is
significantly smaller compared to the rest of the white-light
data points. Figure 4 shows that the average transition time is
on the order of picoseconds for all eight fluences and two
angles of incidence for which we took measurements. None
of the data sets exhibits a femtosecond time scale as reported
in Ref. 3. Moreover, the average transition time is nearly
independent of fluence, as indicated by the nearly zero slope
of the linear least-squares fitted line in Fig. 4. In contrast, for
nonthermal phase transitions, the characteristic time of the
changing component of the reflectivity gets shorter as the
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FIG. 4. Average transition times extracted from reflectivity measurements similar to the ones shown in Fig. 2 for different peak
absorbed excitation fluences and incidence angles of 68.4° 共filled
circles兲 and 58.7° 共open circles兲. Transition times of reflectivity
curves in the 2 – 3.3 eV range were averaged for each fluence. The
solid line is the least-squares fit to the data.

laser fluence increases.6,7 Therefore, both the picosecond
time scale governing the reflectivity dynamics and the independence of this time scale from fluence lead to the conclusion that the laser-induced solid-to-liquid phase transition in
aluminum is a thermal process. Furthermore, our time scale
is in agreement with calculations based on homogeneous
melting of photoexcited materials, which involves the formation of liquid nuclei in the bulk of a superheated crystal.32
According to the homogeneous model, melting of femtosecond laser-excited aluminum takes a few picoseconds. In contrast, heterogeneous nucleation, where melting starts at the
surface and the melt front propagates into the material with a
velocity limited by the speed of sound, results in much
longer time scales.
Our results agree with those of Siwick et al.18 in that the
phase transition is a thermal process, mediated by heat transferred from the excited electronic population to the lattice
through electron-phonon coupling. However, the transition
times of 1.5– 2.0 ps we obtain are shorter than the 3.5 ps
obtained in Ref. 18 and the difference cannot be accounted
for by the difference in time resolution 共65 fs vs 500 fs, respectively兲. As mentioned in Sec. III, hot-electron diffusion
is inhibited for the 20-nm-thick aluminum films of Siwick et
al. but present for the 1-m-thick aluminum films used in
our study. According to the two-temperature model, diffusion
of hot electron results in faster equilibration times between
hot electrons and the lattice. Therefore, the lattice temperature exceeds the melting temperature faster in thick photoexcited samples than in thin films,24 and so the solid-to-liquid
transition should occur more quickly in thicker samples, as
we observe.
The question remains why the results obtained by Guo et
al. do not agree with ours, both being obtained from optical
measurements with similar time resolution. An important
distinction between the two measurements is that while we
monitor reflectivity over a broad range of photon energies,
Guo et al. monitored reflectivity changes only at a single

FIG. 5. Time-resolved reflectivity dynamics of aluminum at
1.7 eV following single-pulse photoexcitation. The peak absorbed
fluence of the incident laser pulse is 4.1Fth. The reflectivity measurements are taken at a probe incidence angle of 68.4°.

photon energy, the resonance energy in the dielectric function of aluminum. Indeed, our data closest to the aluminum
resonant energy of 1.55 eV exhibit faster dynamics than
most of the other photon energies contained in the whitelight probe 共Fig. 5兲. We observe that the reflectivity at 1.7 eV
reaches equilibrium at a time delay of about 800 fs, close to
the 500 fs reported by Guo et al. and much faster than the
reflectivity at 2.1 eV, shown in Fig. 2共a兲 for the same excitation fluence.
The discrepancy between the results obtained near and
away from resonance can be explained by considering the
difference in reflectivity of solid and liquid aluminum. Figure 6 shows the reflectivity of solid and liquid aluminum at
68.4°.11,15 While the difference in reflectivity between solid
and liquid is large at most photon energies, it is very small at
resonance 共1.55 eV兲 and so measurements obtained at that
photon energy are not very sensitive to phase changes. While
the experimental method and analysis used in Ref. 3 are

FIG. 6. p-polarized reflectivity of solid aluminum 共solid line兲
and liquid aluminum 共dashed line兲 calculated for an incidence angle
of 68.4°. Solid aluminum data are from Ref. 11 and liquid aluminum data from Ref. 15. The arrow indicates the position of the
interband resonance in solid aluminum at 1.55 eV.
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FIG. 7. 共a兲 The dielectric function of silicon 共from 1.7 to 3.5 eV兲 plotted over a grid of dielectric constant values with positive real and
imaginary parts. In 共b兲, the Fresnel equations are used to calculate reflectivity pairs at the angles and polarizations indicated for each of the
points in 共a兲. 共c兲 The dielectric function of Al 共from 1.7 to 3.5 eV兲 is plotted over a grid of dielectric constant values with negative real parts.
In 共d兲, the Fresnel equations are used to calculate reflectivity pairs at the angles and polarizations indicated for each of the points in 共c兲.

valid, the choice of wavelength appears to be unfavorable for
studying the time scale of the laser-induced solid-to-liquid
phase transition in aluminum.
A more direct way to compare our findings with the results of Guo et al.3 would be to use the Fresnel equations30 to
convert the reflectivity data to dielectric constant data. To
determine both the real and the imaginary part of the dielectric constant, one needs two independent reflectivity measurements at two different angles of incidence. Measuring
the dielectric constant has fundamental advantages over measuring the reflectivity because the dielectric constant reveals
information about the intrinsic optical properties of the material. In the past, dielectric constant dynamics have been
successfully determined from reflectivity measurements in
semiconducting materials by dual-angle reflectometry.21,33,34
In Fig. 7, we show the mapping between reflectivity and
dielectric constant space by calculating reflectivity pairs over
a range of dielectric constant values using the Fresnel equations. Figure 7共a兲 shows a grid of positive real and imaginary
dielectric constant values. For semiconductors such as
silicon,11 the dielectric function has positive real and imaginary parts at most optical frequencies; the dielectric function
for silicon from 1.7 to 3.5 eV is superimposed on the grid in
Fig. 7共a兲. Figure 7共b兲 shows the mapping of this grid onto
reflectivity space for p-polarized light incident at the angles

used in this paper. Figure 7共c兲 shows a grid of dielectric
constant values extended to include negative real dielectric
constants, as is often the case for metals such as aluminum.11
The dielectric function for aluminum from 1.7 to 3.5 eV is
superimposed on the grid in Fig. 7共c兲. Figure 7共d兲 shows the
mapping of this grid onto reflectivity space for the same
conditions as in Fig. 7共b兲. We see that for metals, the result is
quite different than for semiconductors: a wide range of dielectric constant values collapses onto a very small range of
reflectivity values, and so the experimental uncertainty in the
measured reflectivity translates into a large uncertainty in the
dielectric constant. For this reason, we report the reflectivity
measurements directly rather than convert them to dielectric
constant values. For dielectric constant measurements in
metals, ellipsometry is more suitable than reflectometry.11
In Fig. 2, all the data sets show a sudden increase in
reflectivity near t = 0, followed by a decrease towards the
liquid value. This feature is not present in all frequencies
contained in the white-light probe, however. It appears at
photon energies between 1.7 and 2.5 eV and it is not present
at 2.6– 3.5 eV. Electron heating results in a drop rather than
an increase in reflectivity,31 and therefore cannot explain the
presence of this spike. In single-color pump-probe experiments, the presence of a similar spike near t = 0 has been
attributed to an interference due to the simultaneous arrival
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at the sample surface of the pump and probe beams 共a “coherent effect”兲.35–39 Although this coherent effect is more
commonly observed in experiments where the pump and
probe beams have parallel polarizations, there are various
cases where it has been detected with cross-polarized pump
and probe beams,36–39 as is the case in the experiments presented here. In contrast to single-color pump-probe experiments, the pump and probe pulses used in this work have
different frequencies, with the pump centered at 1.55 eV and
the probe spanning the 1.7– 3.5 eV range. Two coherent
beams of frequencies 1 and 2 can cause a coherent effect
when 兩2 − 1兩−1 ⬎ resp, where resp is the decay time of the
impulse response of the material to a delta function
excitation.39 Because each pair of pump and probe pulses is
derived from the same laser pulse, the pump and probe
beams are coherent. Furthermore, we only observe the effect
at the lower end of the frequency range of the probe beam,
for which 兩2 − 1兩−1 ⬎ resp, where 1 is the frequency of the
pump beam. Therefore, we conclude that the spike in the
reflectivity near t = 0 is a coherent effect, often present in
pump-probe experiments.
Our data also allow us to extract information about the
optical properties of liquid aluminum, which have been a
subject of debate.12–16 Whether liquid aluminum exhibits the
same resonance at 1.55 eV as solid aluminum remains an
open question. In Fig. 8, we compare reflectivity measurements for the solid and the liquid state of aluminum. The
filled circles represent reflectivity spectra taken with the
white-light probe at a negative time delay—that is, before
the arrival of the pump when the sample is still in the solid
state—superimposed on ellipsometric measurements 共solid
line兲 of the reflectivity of the same sample at the same angle
of incidence. The white-light data agree very well with the
ellipsometric data and they confirm the decrease in the reflectivity of solid aluminum around the resonance at 1.55 eV.
The open circles in Fig. 8 represent the reflectivity spectrum
after the arrival of the pump, when the material has reached
the liquid state 共1.9 ps兲. As can be seen, the resonant feature
is absent in the liquid state and the reflectivity no longer
shows an interband contribution near 1.55 eV. The liquid
aluminum reflectivity spectrum shown in Fig. 8 is representative of the entire fluence range we used. Due to the loss of
long-range order in the lattice, the parallel band structure is
absent in the liquid state of aluminum. It should also be
noted that the reflectivity of the laser-induced liquid aluminum state in Fig. 8 differs from the reflectivity of liquid
aluminum determined from ellipsometric measurements on
molten aluminum 共dashed line in Fig. 6兲. This difference can
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be attributed to the presence of an excited electronic population in the laser-induced liquid state. Similar differences have
been observed in other materials in similar conditions of intense laser excitation.5
V. CONCLUSION

We present broadband reflectometry data on the laserinduced solid-to-liquid phase transition in aluminum. The
time scale of the transition is 1.5– 2 ps, indicating that the
transition is thermal in nature, in agreement with electrondiffraction studies. The resonance in the optical properties of
solid aluminum at 1.55 eV is absent in the liquid state, demonstrating that the parallel band structure is no longer
present. The reflectivity of the liquid state is lower than that
of the solid state and remains constant over a period of 10 ps,
showing no plasma expansion contributions.
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