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Femtosecond, 8.04 keV x-ray pulses are used to probe the lattice dynamics of a 150 nm Cu (111)

single crystal on a mica substrate irradiated with 400 nm, 100 fs laser pulses. For pump fluences

below the damage and melting thresholds, we observed lattice contraction due to the formation of a

blast force and coherent acoustic phonons with a period of �69 ps. At larger pump fluence, solid to

liquid phase transition, annealing, and recrystallization were measured in real time by monitoring

the intensity evolution of the probing fs x-ray rocking curves, which agreed well with theoretical

simulation results. The experimental data suggest that the melting process is a purely thermal phase

transition. This study provides, in real time, an ultrafast time-resolved detailed description of the

significant processes that occur as a result of the interaction of a femtosecond light-pulse with the

Cu (111) crystal surface. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975198]

I. INTRODUCTION

The effect of ultrafast, femtosecond, pulse heating of

condensed matter, such as metals and semiconductors, has

been associated with a number of fundamental dynamical

processes that occur on the femtosecond to picosecond tem-

poral scales. Because the electron heat capacity is typically

orders of magnitude lower than that of the lattice, upon fem-

tosecond laser irradiation of a metallic crystal sample,

the photon energy is deposited by the photon–electron inter-

action within the pulse width into the conduction band

electrons located within the optical absorption depth (skin

depth). The hot electrons equilibrate at a temperature of tens

of thousands Kelvin within hundreds of femtoseconds by

means of electron–electron interactions, whereas the lattice

system remains at room temperature. Within a few picosec-

onds time interval, after the electron–phonon interaction, the

thermal energy is transferred from the electron system to the

lattice system through electron–phonon coupling until a ther-

mal equilibrium state is established. Such a two-step non-

equilibrium energy transfer process is usually described by

the well-known two-temperature model (TTM).1–5 During

the first stage, the sharp temperature gradient of the hot elec-

trons within the optical absorption depth generates a tran-

sient elastic stress, blast force,6 which develops the pressure

wave and blast wave, within the laser pulse width. Such a

blast wave typically lasts 1–2 ps and propagates at sonic

speed within the bulk of the crystal, altering the lattice

parameters.7 The properties of this blast force have been

studied in detail theoretically,8–10 and its effects on the lat-

tice have also been experimentally observed by means of

time-resolved x-ray diffraction (XRD).11,12 In the second

stage, the energy is transferred to the lattice phonons through

electron–phonon coupling within a few picoseconds, and a

portion of the energy may also be carried into the bulk by

ballistic hot electrons, which typically have a mean free path

on the order of 100 nm in metals.12 However, in our case, the

ballistic electrons generally account for a very small portion

of the heat transferred, which is supported by experimental

observations that show that the melting at high pump fluen-

ces occurs only within the skin depth of 15 nm. An increase

in lattice temperature causes strain and launches acoustic

waves that propagate with sonic velocity within the crystal

sample. For thin films grown on substrates, the blast waves

and acoustic waves are reflected at the substrate, forming a

standing wave between the sample surface and the substrate,

causing expansion and compression, “breathing motion,” of

the lattice.13 Such coherent phonon generation has been

detected in ultrafast electron diffraction studies on Al14 and

time-resolved x-ray diffraction of Au.15

At large pump fluences, sufficient laser energy is coupled

into the lattice through photon–electron, electron–electron,

electron–phonon, and phonon–lattice interactions, the crystal

temperature reaches the melting point, and the long range

lattice order disappears. The time scale of such purely

thermal melting of metals is mainly determined by the elec-

tron–phonon coupling process that usually takes place within

several picoseconds. Ultrafast electron diffraction studies

revealed that the melting of 20 nm Al and Au takes 3.5 ps

and �12 ps, respectively,16,17 whereas ultrafast x-ray diffrac-

tion shows that the solid to liquid transition of a 150 nm thick

Au crystal occurs in 8 ps.15 In addition, non-thermal melting

was also observed experimentally for semiconductors includ-

ing Si, GaAs, and InSb, irradiated at fluences that were insuf-

ficient to heat them to their melting point.18–22 Thisa)Electronic mail: prentzepis@tamu.edu
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non-thermal melting is due to the laser-induced excitation of

electrons that alter the interatomic potential and eventually

collapse the lattice. Because non-thermal melting does not

involve heat transfer, it is expected to occur at a shorter time

scale, namely, 1 ps or less. However, depending on the laser

fluence,23 the melting could be the combination of thermal

and non-thermal mechanisms. Which mechanism dominates

the solid to liquid phase transition for gold17,24,25 and alumi-

num16,26,27 is still debated.

In this study, a 400 nm, 100 fs pulse struck the surface

of a 150 nm Cu (111) single crystal and the effect of the

pulse on the crystal was monitored by femtosecond Cu Ka

x-ray pulses. At low fluence, 10 mJ/cm2, we measured, in real

time, picosecond time heating and the generation of a blast

force (contraction of lattice) and coherent phonons. At higher

fluence, melting, annealing, mosaic crystal formation, and

recrystallization were observed in the actual skin depth of the

sample. The experimental data agreed well with our theoreti-

cal, TTM, simulations. Monitoring these processes in real

time from excitation to tens of picoseconds after excitation,

by means of ultrafast time-resolved XRD, we determined the

dynamics and mechanism of the processes evolved. For exam-

ple, the observed picosecond (�8 ps) melting suggests that the

melting in this case is a thermal process.

II. EXPERIMENTAL

The time-resolved x-ray diffraction system has been

described in detail in our previous publications.28 The sys-

tem includes a femtosecond (fs) laser system that is capable

of delivering 100 mJ/pulse, 800 nm, 100 fs laser pulses at a

10 Hz repetition rate, a vacuum chamber for the generation

of ultrashort x-ray pulses, a sample holder that provides rota-

tion, 3-dimensional translation, and tilting adjustments, a

2 K� 2 K x-ray CCD with a pixel size of 13.5 lm� 13.5 lm

and a linear translation stage that precisely control the rela-

tive time difference between the arrival of the pump and

probe pulses on the crystal. The 800 nm fs laser pulse emit-

ted from the fs laser system was directed onto a beam split-

ter, with 20% of the pulse being frequency doubled to

400 nm by a Beta-Barium Borate (BBO) crystal, and used to

excite the 150 nm Cu (111) single crystal. The remaining

80% of the laser pulse was focused onto a 0.25-mm-diameter

moving copper wire, placed in a low vacuum chamber, gen-

erating laser-plasma femtosecond Cu Ka x-ray pulses. A

0.3 mm slit placed �4.5 cm away from the x-ray source colli-

mated the x-ray beam that was transmitted through the

0.1 mm Be window of the x-ray generating chamber. The

single crystal Cu (111) sample was placed �14 cm away

from the slit and rotated to a diffraction angle of 21.8�,
which corresponds to the diffraction angle of the Cu Ka line.

The probe 8.04 keV x-ray pulse contained �106 photons/s at

the sample position. The diffraction patterns were acquired

by �8 min integration through the x-ray CCD, which was sit-

uated approximately 21 cm from the sample. The relative

delay time between the pump laser and probe x-ray pulses

was precisely controlled by a linear translation stage. The

400 nm pump beam was focused onto the Cu (111) single

crystal to a size of �2.5 mm� 1.5 mm with an optical

penetration depth of 15 nm. The 150 nm Cu (111) single crys-

tal was grown on mica at a substrate temperature of 400 �C.

Mica is the preferable substrate because it is stable at the

400 �C growing temperature of the single crystal. It is also

easily cleavable and a cost-efficient substrate for Cu(111) sin-

gle crystal growth. The crystal surface was measured by a

scanning electron microscope, and its crystal quality was

determined by means of CW x-ray diffraction, which con-

firmed that the sample is a Cu (111) single crystal. However,

such films have the usual defects that are found in epitaxial

thin films. The reflectivity of the Cu (111) single crystal sug-

gested that 56% of the 400 nm pump beam energy was

absorbed by the sample.29 The diffraction of the probe x-ray

pulses is governed by the first order Bragg diffraction law

2d sin h ¼ k; (1)

where d, h, and k are the lattice plane distance, diffraction

angle, and wavelength of the probing x-ray pulse, respec-

tively. This equation implies that even small changes of the

lattice plane distance can induce measurable shifts of the dif-

fraction angle. Differentiating on both sides of Eq. (1) yields

Dd

d
¼ � Dh

tan h
: (2)

Therefore, the deformation of the lattice plane(s) after laser

irradiation is connected with the shift of the diffraction line,

which is an experimentally observable parameter. It is worth

mentioning that in ultrafast electron diffraction studies,30 the

diffraction angle is typically a hundredth of a degree and

Dd=d � �Dh=h is valid due to the small angle approxima-

tion. However, this relation is invalid in time-resolved x-ray

diffraction because the diffraction angle is usually large

(21.8� for the Cu(111) sample in this paper). Typical x-ray

diffraction rocking curves with and without laser excitation

are shown in the inset of Figure 1(b). The x-ray CCD array is

large enough to record simultaneously the diffraction from

both the excited (signal) and non-excited (reference) areas of

the sample. Both the signal and reference areas were verti-

cally integrated to obtain their corresponding one dimen-

sional intensity plots and then fitted to a Gaussian function to

extract the peak shift and width broadening at each delay

time, which provide information regarding lattice spacing

change and lattice disorders, respectively. The total intensity

at each delay time is obtained by normalizing the integrated

x-ray diffraction intensity of the signal area over the reference

area to eliminate the pulse-to-pulse fluctuations of the probe

x-ray pulse. Then, the normalized total intensities before time

zero are averaged and set as the new reference to be used for

the normalization of the intensities after time zero.

III. RESULTS AND DISCUSSION

As previously discussed, upon femtosecond laser irradi-

ation, the photon energy is initially absorbed by the free-

electrons of the Cu (111) single crystal within the 15 nm

optical penetration depth. Owing to the much smaller heat

capacity of the electrons compared to the lattice system, the

temperature of the electrons is initially very high (�104 K),

055102-2 Li et al. J. Appl. Phys. 121, 055102 (2017)



whereas the crystal surface remains cold, essentially at room

temperature. Then, the non-equilibrium hot electrons formed

within the optical penetration depth quickly transfer their

energy to the electron system through the electron–electron

interaction and the lattice system through electron–phonon

coupling, until the entire crystal reaches a thermal equilib-

rium. The non-equilibrium hot electrons and temperature

gradient contribute to the generation of blast force, sonic

waves, and thermal evolution at pump fluences below the

damage threshold. Increasing the pump photon fluence, the

crystal temperature can be raised to the melting point, or

above, allowing us to observe and record, in real time, the

melting phase transition of the surface layer of the crystal,

followed by annealing and recrystallization.

A. Blast force, compression wave, and coherent
phonon generation at low laser fluence

The peak shift of the 150 nm Cu (111) x-ray diffraction

rocking curve is shown in Figure 2, for pump fluences that

vary from 7 mJ/cm2 to 12 mJ/cm2. It is clear from Figure

2(a) that, after laser excitation, the peak shift is negative for

the first few picoseconds and reaches its negative maximum

around 3.3 ps. After that, the peak shift moves toward the

positive direction and continues to increase, followed by a

damping oscillation that persisted for more than 100 ps. The

negative peak shift indicates that the (111) lattice plane dis-

tance becomes shortened, a few ps after laser excitation,

which suggests contraction of the crystal planes. This can be

attributed to the theoretically predicted and experimentally

observed compression wave.6,15 This compressive wave, due

to the blast force formed initially on the surface layer of the

crystal, propagates through the bulk of the crystal; therefore,

the surface layer of the sample is initially denser with a

reduced lattice plane distance. As a consequence, the experi-

mental data shown in Figure 2(a) reveal a negative peak shift

for the first few picoseconds. The contraction between such

excited areas and the cold areas of the crystal occurs before

the phonon–phonon interaction and thermalization. Because

the laser pulse penetrates only through the few top lattice

planes of the sample (15 nm), whereas the x-ray pulse probes

the entire 150 nm thickness of the sample, it is expected that

the observed x-ray contraction signal accounts for only

�10% of the overall diffraction signal. As can be seen in

Figure 2(a), the contraction represented by the shift signal is,

proportionally small, around 2� 10�4. After the contraction

stage, the electron–phonon and the phonon–phonon coupling

take place and contribute to the establishment of the thermal

equilibrium state for the entire crystal. Therefore, the thermal

energy deposited into the skin depth propagates through the

FIG. 2. Peak center shift of the x-ray

diffraction rocking curve. (a) Peak shift

at a pump fluence of 11 mJ/cm2. The

contraction of the lattice around the

first few picoseconds is due to the blast

wave. (b) The peak shift at pump fluen-

ces of 7 mJ/cm2 and 12 mJ/cm2. The

contraction is not observed because of

the large delay time step, �14 ps, used

during the data acquisition.

FIG. 1. (a) Geometric relationship of the sample, the detector, probing x-rays, and pumping laser. Inset: the relation between the scattering vector k, incident

x-ray wave vector ki, and diffracted x-ray wave vector kd. Although the lattice vibrations measured in this study are along the scattering vector, there is no

need for the lattice vibration directions or pump laser beam to be strictly aligned with the scattering vector. (b) Rocking curves of the excited areas of the

150 nm Cu (111) sample, at 35 ps delay time and without laser irradiation (no pump). The pump fluence is 17.5 mJ/cm2. Inset: the CCD image recorded after

8 min exposure. Diffraction signals from the excited and non-excited areas of the sample are marked as S and R, respectively. The double lines of the diffrac-

tion pattern are the ka1 and ka2 diffractions.
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bulk and heats the entire depth of the crystal. The elevated

temperature of the crystal induces thermal expansion, which

was displayed by the increased peak shift of the x-ray dif-

fraction rocking curve, illustrated in Figure 2. In addition to

the increased peak shift, several damping oscillations are

also observed in the current experiments. Those periodic

oscillations, which represent lattice vibration, indicates the

generation of coherent phonons.13,31 Similar lattice vibra-

tions have been observed in time-resolved electron diffrac-

tion studies of 20 nm thin Al crystals.32,33 Previous time-

resolved XRD experiments on a 400 nm Ge single crystal

also revealed a similar damping oscillation of the lattice

planes.34 Theoretical studies based on the two-temperature

model (TTM) and the Fermi-Pasta-Ulam anharmonic chain

model have been applied to explain the experimentally

observed acoustic oscillations.35,36 It has been shown in pre-

vious time-resolved XRD studies of Au single crystals that

the laser fluence does not affect significantly the period of

the coherent phonon oscillations.12 Similar results are found

in the present study for the copper crystals, Figure 2(b), for

two different pump fluences of 7 mJ/cm2 and 12 mJ/cm2.

The oscillations can be simplified to a one-dimensional

standing wave between the crystal surface and the mica sub-

strate. The oscillation period, T, may be calculated using the

longitudinal velocity of the acoustic wave v in solid copper

T ¼ 2L=v; (3)

where L¼ 150 nm is the thickness of the copper single crys-

tal sample and 4660 m/s is the sound velocity in solid copper.

Therefore, the calculated oscillation period T is 64 ps, which

agrees with our observation of �69 ps, average of the two

damping periods shown in Figure 2. The damping of those

oscillations is attributed to the energy dissipated, mainly,

onto the mica substrate. The damping takes about 180 ps,

and after that, the peak shift of the x-ray rocking curve

remains unchanged up to the longest delay time, 200 ps, in

our experiments.

The temperature change in the lattice is associated with

the change in the lattice plane distance Dd and therefore the

peak shift of the x-ray rocking curve. Designating the ther-

mal expansion coefficient of copper by a, it can be easily

shown that

DTl ¼
1

a
Dd

d
¼ � 1

a
Dh

tan h
: (4)

Assuming a purely thermal process, the temperature change

of lattice DTl depends linearly on the laser intensity absorbed

by the sample Iabs

Dh / DTl / Iabs: (5)

Increasing the pump laser fluence, it is expected that the

peak shift of the x-ray rocking curve would increase linearly.

This relation is only valid for low pump fluences where the

thermal expansion coefficient is a constant and no melting is

observed. It should be noted that temperature is defined as a

statistic parameter that describes the equilibrium state of a

large number of particles. Given the non-equilibrium heating

of the crystal due to the ultrafast energy deposition through

femtosecond laser pulse excitation, the lattice temperature

being discussed here is the “equivalent temperature,” which

assumes that temperatures can be defined around each lattice

position at a particular time. This is generally used to define

the temperature in ultrashort laser pulse–matter interaction

studies. This equivalent temperature takes each unit cell as a

mini equilibrium system with representative electron and

lattice temperatures and uses them to define the temperature

of the entire crystal, which is a non-equilibrium system.

Increasing the pump laser fluence, from 3.5 mJ/cm2 to 17

mJ/cm2, the peak shift changed as shown in Figure 3. The

two representative peak shifts of each pump fluence are cho-

sen at delay times of 35 ps and 180 ps. At a delay time of

35 ps, the oscillations reach their maximum amplitude,

whereas at around 180 ps delay time, the peak shift reaches

almost at a plateau. The linear relation indicated by the log-

log plot of Figure 3 agrees well with the theoretical analysis

of Eq. (5) and also shows that the Cu single crystal heated by

the ultrashort laser pulse is a thermal process.

The broadening of the XRD rocking curve vs delay times

at two different pump energies is shown in Figure 4(a) where

the pump fluence vs broadening, at two representative delay

times, 35 ps and 180 ps, is depicted in Figure 4(b). The oscil-

lation period of the broadening is the same as that observed

for the peak shift, showing the propagation of sonic waves

between the surface layer of the crystal and the substrate.

According to previous studies, the broadening due to the blast

force and thermal stress depends upon the second order of

pump laser intensity and lattice temperature.8–12,37 Therefore,

the relation between the broadening of the rocking curve,

DFWHM, and the pump laser intensity, Iabs, is given by

DFWHM / ðDTlÞ2 / I2
abs: (6)

As depicted in Figure 4(b), the linear fitting of the log-log

plot shows that the broadening at 35 ps and 180 ps changes

with slopes of 1.5 and 2.1, respectively. Those slopes agree

FIG. 3. Energy dependence of the peak shift at two representative delay

times, namely, 35 ps and 180 ps. The linear fitting in the log-log plot indi-

cates a linear slope.
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with the prediction of Eq. (6), which further provides evi-

dence that the broadening caused by the non-thermal expan-

sion and compression of the x-ray rocking curve is due to the

stress and tension generated from the blast and sonic waves

within the crystal.

B. Melting and annealing of the Cu (111) single crystal
at high laser fluence

With the excitation fluence gradually increased to the

melting temperature of copper, 1357 K, solid-to-liquid phase

transformation is expected to occur on the 15 nm skin depth

of the crystal, followed by annealing, mosaic crystal forma-

tion, and recrystallization. Time-resolved electron diffrac-

tion, x-ray scattering, and optical spectroscopic techniques

have been previously utilized to study melting of metals and

semiconductors.38–44 In this study, we observed the solid–li-

quid and liquid–solid phase transformation and other pro-

cesses of the Cu (111) single crystal induced by irradiating it

with intense 400 nm femtosecond laser pulses. The crystal

structure was monitored through the temporal evolution of

the XRD intensity. The pump fluence used, �58 mJ/cm2,

was insufficient to induce damage to the crystal while intense

and energetic enough to trigger melting within the skin

depth. As depicted in Figure 5, at negative delay times,

before excitation, the XRD signal is in all aspects the same

as those recorded at room temperature, without laser irradia-

tion. At delay times of �8 ps after laser irradiation, a sharp

decrease in the XRD intensity of the 150 nm Cu (111) single

crystal was observed. After that, the XRD signal intensity

begins to increase until �40 ps and then it takes more than

80 ps for the diffraction intensity to recover to its original

value. Diffraction signals recorded after the crystal is cooled

down to room temperature are the same as those obtained

at the start of the experiment, without fs pulse excitation,

which indicates that the copper crystal remains undamaged

throughout the experiment and there is no observable amor-

phous states within the resolution of our experimental setup.

The entire process is attributed to the melting and annealing of

the Cu (111) single crystal, which generally consists of three

steps: (i) the removal of crystal defects that cause the internal

stresses inside the crystal by means of melting or softening; (ii)

the growing of grains that introduces new internal stress if the

crystal temperature remains high enough to maintain the

annealing condition; and (iii) the mosaic crystal formation and

recrystallization processes that remove the internal stresses

owing to nucleation and growing of new strain-free grains.

The decrease in the XRD intensity, �7%, during the first

few picoseconds is attributed to melting or atomic disorder

of the Cu (111) single crystal. Due to the limited fs light

absorption depth, the picosecond disorder process occurs

only within the optical skin depth (15 nm for 400 nm pump

laser wavelength). However, the femtosecond x-ray pulses

penetrate through and probe the entire 150 nm thick copper

crystal. As a consequence, only a small portion of approxi-

mately 10%, 15 nm skin depth, is expected to be affected by

melting. This also suggests that ballistic electrons are few

and do not affect the melting process. If a significant amount

of the laser energy is carried into the bulk of the sample by

ballistic electrons, the entire sample would melt within the

first few picoseconds and the total diffraction intensity will

decrease by nearly 100%, which means no diffraction signal

would be observed. The experimental data presented here

also show that the rate of melting is estimated to be

1.5� 1011 s�1. Given that the electron–phonon interaction

and the phonon–lattice interaction are on the order of pico-

seconds, our experimental data suggest that thermal melting,

rather than interatomic potential change due to electronic

excitation, is the main mechanism, which agrees with previ-

ously published reports.15 The melting threshold determined

in this study only causes reversible recrystallization within the

skin depth, which is studied by fs x-ray pulses. Therefore, it is

FIG. 4. (a) Diffraction line broadening

at pump fluences 7 mJ/cm2 and 12 mJ/

cm2 and (b) pump fluence-dependent

broadening of the XRD rocking curve

at two representative delay times: 35 ps

and 180 ps. The linear fit in the log-log

plot shows slopes of 1.5 and 2, which

indicates a nonlinear dependence of

broadening on the pump fluence.

FIG. 5. The time-dependent intensity change of the x-ray rocking curve. The

150 nm Cu (111) single crystal is irradiated with a 400 nm, 100 fs, �58 mJ/

cm2 laser pulse.
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different from the traditional damage threshold measurements

performed on bulk materials, which examine the sample sur-

face after laser irradiations by microscopy.

The increase in the XRD intensity from �93%, at about

8 ps, to approximately 114%, at 40 ps, after laser excitation

is attributed to softening, mosaic crystal formation, and

recrystallization. For the laser fluence used for melting, the

�15 nm surface layer, we expected that only softening of

interatomic potential of the inner bulk of the crystal will

occur.45 Considering that the heat capacity of energetic elec-

trons is on the order of 106 J/m�3 K, the electron temperature

within the skin depth is estimated to be 104 K during the laser

irradiation period. Those hot electrons are quickly equili-

brated and transfer their energy to the cold lattice of the skin

depth (surface area) by electron-phonon coupling and cause,

within picoseconds, the disappearance of long range order,

in that area. Meanwhile, the surface area that is at elevated

temperatures also transfers energy into the bulk of the Cu

(111) crystal through thermal diffusion. As the heat energy is

transferred from the skin to the inner bulk of the crystal

through the phonon–phonon interaction, the temperature of

the surface layer decreases. When the temperature of the sur-

face layer decreases below the melting point, recrystalliza-

tion occurs. Meanwhile, the heat transferred to the inner

crystal area is expected to induce softening. The dynamic of

these processes involves both the interior deformation of the

crystal and the crystallization of the skin. Grains are micro-

scopic crystals held together through their boundaries where

crystals of different orientations meet. During the nucleation,

which results from the decreased temperature, the size of the

grains increases and the boundaries between grains decrease

in number. During the growth of grains, blocks of mosaic

crystals are formed with dimensions on the order of 10�5 cm,

which are estimated to tilt by fractions of a minute of arc

with respect to one another. Because the x-ray beam is not

ideally collimated but has a small divergence angle of 0.4�,
more x-rays within the illumination area will be diffracted

by the slightly tilted mosaic crystals. Due to the incoherence

of diffraction waves from different mosaic crystal areas, the

total XRD intensity is the sum of individual signals from

each mosaic block. Therefore, the observed XRD intensity,

at around tens of picoseconds, may exceed the diffraction

intensity of the original crystal. During annealing of the crys-

tal, the mosaic crystal “fuses” into a single-orientation (sin-

gle crystal), which is confirmed by the decrease in the XRD

intensity, approaching the value before excitation. The

effects of diffraction intensities owing to mosaic crystals for-

mation have been theoretically pioneered by Darwin in the

early 1920s46–48 and also experimentally observed later.49,50

It is also worthy to note that the dip of the diffraction peak

position changes due to the compression wave occurred

around 3.3 ps, whereas the melting revealed by the intensity

drop is around 8 ps, which provides experimental evidence

that the strain revealed by the peak breath is unrelated to the

intensity drop caused by lattice collapse. Similar observa-

tions have also been reported in ultrafast electron diffraction

experiments.33,51

The laser heating of the Cu (111) crystal is simulated

through the two-temperature model (TTM), and the results

are shown in Figure 6. Because the laser irradiation area is

much larger than the signal area probed by the x-ray beam,

the three-dimensional laser-metal interaction is reduced to

one dimension. Therefore, the electron and the lattice tem-

perature at a given depth below the sample surface for a par-

ticular delay time can be described by Teðz; tÞ and Tlðz; tÞ,
respectively. According to TTM and considering the irradia-

tion by the femtosecond laser pulse Sðz; tÞ, the evolution of

electrons and lattice temperatures are described by two cou-

pled equations

Ce
@

@t
Te z; tð Þ ¼

@

@z
je
@

@z
Te z; tð Þ

� �

� g Te z; tð Þ � TL z; tð Þ½ � þ S z; tð Þ; (7)

CL
@

@t
TL z; tð Þ ¼ g Te z; tð Þ � TL z; tð Þ½ �: (8)

Because the melting occurs only within the optical skin

depth, the effect of latent heat is not considered in this calcu-

lation. At low pump fluences where the electron temperature

is below thousands of Kelvin, it is a valid approximation to

FIG. 6. Spatial-temporal distribution of (a) electrons and (b) lattice temperatures of the Cu (111) single crystal simulated by the two-temperature model. The

solid yellow contour curve in (b) indicates the melting point of Cu. A log color scale is used.
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assume that the electron–phonon coupling constant, g, is a

constant; the electron specific heat capacity Ce is linearly

dependent on electron temperature; and the thermal conduc-

tivity of electrons, je, is also linearly dependent on the ratio

of electrons and lattice temperatures.52 However, for the

high laser fluence used in this experiment, the electron tem-

perature reaches more than 104 K. Therefore, the simple tem-

perature dependence of g, Ce, and je is invalid and more

accurate modeling of those parameters is required. In this

simulation, taking into account the effects of electron–elec-

tron and electron–phonon scattering on the electron relaxa-

tion time, the electronic thermal conductivity based on the

Drude model is used53–55

je ¼
a0Te

a1T2
e þ a2TL

; (9)

in which a0¼9:7�1013Wm�1K�2s�1, a1¼2:66�106K�2s�1,

and a2¼2:41�1011K�1s�1. The electron-phonon coupling,

g, and electron heat capacity, Ce, are obtained through the

fifth order Pad�e approximations of the data presented in

Refs. 55 and 52, respectively

g ¼ 1� 1017

X5

n¼0

A1 nð Þ Te

104

� �n

1þ
X5

n¼1

A2 nð Þ
Te

104

� �n
; (10)

Ce ¼ 1� 105

X5

n¼0

B1 nð Þ
Te

104

� �n

1þ
X5

n¼1

B2 nð Þ Te

104

� �n
; (11)

where A1ð0Þ ¼ 0:561, A1ð1Þ ¼ �2:263, A1ð2Þ ¼ 9:436, A1ð3Þ
¼ �32:906, A1ð4Þ ¼ 64:683 and A1ð5Þ ¼ 40:393; A2ð1Þ
¼ �3:587, A2ð2Þ ¼ 9:103, A2ð3Þ ¼ �6:258, A2ð4Þ ¼ 8:118

and A2ð5Þ ¼ 6:725; B1ð0Þ ¼ �0:039, B1ð1Þ ¼ 11:995, B1ð2Þ
¼ �76:675, B1ð3Þ ¼ 222:761, B1ð4Þ ¼ �238:574 and

B1ð5Þ ¼ 175:460; B2ð1Þ ¼ �5:700, B2ð2Þ ¼ 15:707, B2ð3Þ
¼ �19:342, B2ð4Þ ¼ 13:361, and B2ð5Þ ¼ �0:865. The TTM

Eqs. (7) and (8) were solved using an implicit finite-

difference scheme with a grid spacing equal to the lattice

plane distance of the Cu (111) single crystal. During the

simulation, the heat capacity of the Cu lattice, CL, was taken

as 3:445� 106J m�3 K�1. At room temperature, the reduced

values for g, Ce, and je are 5:55� 1016W m�3 K�1,

105 J m�3 K�2, and 401 W m�1 K�1.

The two-dimensional plot of the spatial-temporal evolu-

tion of electrons and lattice temperatures is given in Figure 6,

where the electron temperature is shown to reach its highest

value, �104 K, within 1 ps after laser irradiation, followed by

a thermalization within 2 ps. Accompanying the heat transfer

from the electron to the lattice, the phonon temperature

reaches the melting point in approximately 5 ps. The melting

of the surface layer reached the maximum melting depth

of 9 nm in around 10 ps. Those results agree with our experi-

mental data, which show that the diffraction intensity dropped

by 7% within 8 ps, indicating that about 10 nm of the surface

layer has melted during this time.

IV. CONCLUSION

Direct measurements of transient structure changes in

the Cu (111) single crystal illuminated with 400 nm, 100 fs

laser pulses have been obtained by means of ultrafast, femto-

second, time-resolved x-ray diffraction. Monitoring the ultra-

fast evolution of the x-ray diffraction intensity, width, and

shift, we have determined directly, in real time, the electro-

n–phonon coupling, the phonon lattice interaction, and the

evolution of lattice order, such as the lattice compression

due to blast force, breathing motion due to the propagation

of acoustic waves, melting, nucleation, mosaic crystal forma-

tion, and recrystallization. The long range lattice order disap-

pears within 8 ps, which suggests a thermal melting

mechanism. Theoretical simulations, TTM, of the femtosec-

ond pulse interaction with the Cu (111) crystal including

electron temperature, lattice temperature, and melting agree

well with the experimental data presented.
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