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Abstract. The results of experimental and theoretical investigations of shock-wave propagation in bcc iron under ultra-short loads
driven by femtosecond laser pulses are presented. Chirped pulse interferometry was used for continuous diagnostics of movement
in a picosecond range of the rear-side surface of thin iron films. The evolution of ultra-short elastic-plastic shock waves in samples
with different thicknesses and purity has been studied. The obtained HEL and spall strength are close to ultimate values of shear
and tensile stresses. Response of single-crystal iron to ultra-short shock loading/unloading was also explored in micron-sized films
by molecular dynamics simulations. The experimental and simulation results on shock-induced elastic-plastic transformation and
phase transition from bcc to hcp iron in a picosecond range of loading are discussed.

INTRODUCTION

Material response to ultra-short shock waves generated by femtosecond laser pulses (fsLP) has attracted considerable
interest last decade. Recent experimental and theoretical studies of micrometer-sized metal films under ultra-short
picosecond shear and tensile stresses demonstrated that materials can exhibit the very high shear and spall strengths
closely approaching the corresponding theoretical ultimate mechanical properties [1–6]. Non-mechanical response
of shocked materials, including non-equilibrium polymorphic phase transitions and melting, has also attracted the
particular attention [7–9]. Extensive studies of material under ultra-fast compression and unloading can impact on the
theories of phase transition, plasticity and strength of materials for such high strain rates. On other hand, progress in
experimental techniques is required to check the results of atomistic simulation and two-temperature hydrodynamics
modeling of metals irradiated by fsLP.

Here we present our recent results about behavior of sub-micron films of iron with different purity under ultra-
short shock loading within a picosecond time scale. For diagnostics the ultra-fast chirped pulse interferometry is
applied. This report supplements our preceding work [4] with new results. Molecular dynamics (MD) simulations of
single-crystal iron films in conditions similar to those in experiments are also reported and compared with experimen-
tal data.

EXPERIMENTAL TECHNIQUE

Iron with the high purity of 99.99% was used for deposition of thin film on glass substrate with the help of magnetron
sputtering method. In addition, we performed experiments with thin films made from armco iron with purity of 99.6%,
which contains 0.021% of carbon, 0.13% of manganese and 0.15% of silicon. The thicknesses of iron films were
measured to be 250 and 480 nm using atomic force microscope, while the glass plate was 150 μm thick.

Source of laser beam was a femtosecond Ti:S CPA laser system. Laser pump pulse was directed to the glass-iron
interface through the glass substrate, while a probe pulse was sent to the free rear side of the iron film. Only a small
part of chirped pulse with duration 300 ps was used for probing a target.
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FIGURE 1. Displacement and velocity of free rear-side surface as
functions of time after reflection of shock wave generated by fsLP
with duration 200 fs and incident fluence F0 = 4 J/cm2 for Fe99.99

sample with thickness of 250 nm.

The incident fluence F(x, y) of pump pulse has
the Gaussian distribution on the target within a focal
spot of 25 μm width at the level of e−1. After each
shot the target film was shifted to a new position by a
three-coordinate micromanipulator.

Imaging Michelson interferometer in conjunc-
tion with the diffractive spectrometer Acton 2300i
was applied for diagnostic of the movement of the
rear surface. The used Fourier analysis of 2D interfer-
ence patterns [10] combined with normalization of the
phase distributions provides a small inaccuracy within
0.01 radian in the measured phase shift, which corre-
sponds to an error in surface displacement in the range
of 1 − 2 nm. The used experimental setup provides
continuous record of target surface displacement as a
function of time in the range of 0 − 200 ps with time
resolution of 1 ps and spatial resolution of 2 μm in
a plane of target. More details of experimental tech-
niques can be found in [4].

EXPERIMENTAL RESULTS

Figure 1 shows the displacement z(t) and velocity u f s(t) of free rear-side surface of samples made from Fe99.99.
Laser pulse with incident fluence F0 = 4 J/cm2 and duration 200 fs irradiates the iron film with thicknesses 250 nm.
While the surface displacement (black curve) was calculated directly from the phase shift measured in experiment,
the surface velocity profile (blue curve) was obtained via differentiation of the dependence z(t) with the subsequent
iteration processing that ensures the best correspondence of the integral of the velocity (red curve) to the measured
displacement profile. The error in the determination of the velocity was about 0.1 km/s.
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FIGURE 2. Displacement and velocity of free rear-side surface af-
ter reflection of shock wave generated by fsLP with duration 800 fs
and incident fluence F0 = 7 J/cm2 for Fe99.6 sample with thick-
ness of 480 nm

The two-wave configuration of the arriving com-
pression wave was determined from the velocity pro-
files shown on Fig. 1. The surface velocity u f s asso-
ciated with the first fast wave was 0.9 km/s in propa-
gation of distance 250 nm.

The stress in uniaxially compressed material be-
hind the elastic SW front can be calculated as σHEL =

ρ0US up, which gives a magnitude of HEL equal to
23 GPa. Here we use the elastic shock Hugoniot in
the from US = cl + 1.2up = 6.0 + 1.2up, where
cl = 6.0 km/s is a longitudinal sound speed in iron
at standard conditions from [4].

Figure 2 shows the similar displacement z(t) and
velocity u f s(t) profiles obtained after SW arrival to
the rear-side surface of an armco iron film of 480 nm
thick. It is found that the stress in an elastic precur-
sor is σHEL = 31 GPa in this sample irradiated by
fsLP with incident fluence F0 = 7 J/cm2 and dura-
tion 800 fs .

Figure 3 shows a P − V phase diagram of iron,
where the obtained metastable elastic shock Hugoniot (red curve) is plotted. There are also the two equilibrium plastic
Hugoniots of α− phase of low-pressure bcc iron (blue curve) and ε− phase of high-pressure hcp iron (green curve).
The extension of plastic Hugoniot to metastable states of α− phase is shown by a dot-dashed blue line. A junction of
α−Hugoniot and ε−Hugoniot at 13 GPa corresponds to the equilibrium polymorphic phase transition α→ ε.

The maximal shear stress was determined from difference of compressed state after elastic precursor front from
a state on equilibrium Hugoniot of low-pressure solid phase with using the equation 4τ/3 = σz(V) − p(V) from
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[11], where σz is a longitudinal stress of elastic compression. It was found that the shear strength of τ = 7.0 GPa
measured in the high-purity iron film with thickness of 250 nm approaches the ultimate shear strength of 7.2−7.5 GPa
obtained from ab initio calculations [12, 13]. Taking into account that elastic waves decay rapidly with increasing
sample thickness at a micron scale [2, 4], the obtained data show that shear strength of the iron sample with purity of
99.6% is higher than one with purity of 99.99%
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FIGURE 3. Phase diagram of iron in P − V plane. Experimental
data marked as squares are obtained for Fe99.99 sample and circles
corresponds to Fe99.6. sample

The spall strength, determined as a tensile stress
just before fracture [4, 14], was measured from ve-
locity pullback Δu f s shown in Fig. 2. Because the
plastic deformation of material occurs before forma-
tion of voids and cracks we use the following estimate
of spall strength taking into account the elastic-plastic
effects [15, 16]. In this case in the linear approxima-
tion for triangular shock profile the expression for the
spall strength according to [15] gives an accuracy bet-
ter 15% and has the form:

σspall = ρ0clΔu f s/(1 + cl/cb) (1)

However, accuracy of this equation for non-linear re-
sponse of material to strong tensile stress at very high
strain rate is controversial. As we will show in the next
section, MD simulation indicates that Eq. (1) may lead
to overestimation of the spall strength. For Fe99.6

(Fig. 2) for the velocity pullback Δu f s = 0.73 km/s
the spall strength is found to be σspall = 15 GPa at
the strain rate V̇/V ≈ 109 s−1.

Recently the polymorphic phase transition in iron was recognized in [8], where a relatively long laser pump pulse
with duration of 300 ps and a sharp leading front was used. It was found that α→ ε transition happens approximately
200 ps after HEL. The found stress of 25 GPa required for transition exceeds nearly twice the well-defined transition
threshold of 13 GPa measured at low strain rates.

In contrast to [8] we did not find the α→ ε transition in our experiments with ultrashort shock waves generated
by fsLP. The realized shocked states in different iron films are shown on Fig. 3. All those states lie on either the elastic
or plastic shock Hugoniot of low-pressure phase. Thus, the expected α → ε transition does not occur or an degree
of transition is too small. Relying on molecular dynamics (MD) simulations discussed below, we think that the rapid
unloading, happened about 50 ps after leading shock front, prevents development of such transition. MD results also
indicate that to trigger such ultra-fast transition a much higher compression than we had is required.

SIMULATION RESULTS

MD simulation of laser-induced shock wave propagation in the free-standing iron films was performed with using
a new EAM potential for iron developed in [17]. The potential was specifically fitted to reproduce bcc-to-hcp and
bcc-to-fcc phase transitions in iron. While the film thickness of MD sample was identical to that in experiments,
y− and z− dimensions were taken as 16.1 × 16.2 nm 2 with periodic boundary conditions imposed along those
axes. To obtain the single crystals with pre-existing dislocations the samples were initially subjected to a large shear
deformation along y− axis. Then the samples were thermalized to T = 300 K with using the Langevin thermostat.

To mimic laser heating of the surface layer of a film the Langevin thermostat targeted at a Gaussian temperature
profile with a heat depth of 45 nm was applied during 3 ps. Since the deposited energy was unknown in experiments
the surface temperature of the Gaussian profile was varied in simulations to provide an amplitude of shock wave
detected experimentally on the rear-side of film.

MD simulations of iron films oriented in the main crystallographic directions [100], [110], and [111] were per-
formed. We found that the [100] is an exceptional direction, in which a laser-generated ultra-shot shock wave can
easily trigger the α → ε transition as it is illustrated on Fig. 4. To recognize a kind of lattice during run-time of
simulation the combined atomic order parameter Q4 − Q6 is used [17]. Molten material is colorized by purple, blue
is used for bcc crystal, green for hcp, and red corresponds to fcc crystal.
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FIGURE 4. Snapshots of combined atomic order parameter Q4 −Q6

and stress Pxx ≡ −σxx profiles in a single-crystal iron film oriented in
x = [100]. Molten material is colorized by purple, bcc crystal – blue,
hcp – green, and red corresponds to fcc crystal. α → ε transition
occurs just after elastic zone. The reverse ε → α transition starts
from Pxx ≈ 23 GPa and completes at 13 GPa on the unloading tail
of ultra-short shock-wave profile.

The α → ε transition is initiated for very short
time of 2-4 ps at the leading shock front where com-
pression remains uniaxial in [100] direction. Under
such deformation the (110) atomic planes of bcc
crystal transform to 2D close-packed geometry sim-
ilar to that in hcp lattice. The cooperative shuffle,
described in [7], of many those planes produced by
shear stress in the shock front results in transition of
large domains to hcp structures as Fig. 4 illustrates.

Such fast transition relaxes the shear stress
without notable motion and multiplication of pre-
existed dislocations, i.e. without plastic deformation.
The following uniaxial unloading in the tail of ultra-
short shock-wave profile leads to the perfect reverse
ε → α transition starting from Pxx ≈ 23 GPa and
completing at 13 GPa. As a result of such “per-
fect” direct and reverse phase transitions the tem-
perature rises but little from 300 K in the uncom-
pressed α− iron to 400 K in shocked ε− iron and
370 K in unloaded α− iron on the profile at 76.8 ps
shown in Fig. 4. The temperature of 420 K was in
shocked ε− iron at 38.4 ps. Such small shock heat-
ing is typical for strong elastic shock waves. After
reflection of the shock pulse from the free rear-side
surface the formed rarefaction wave produces tensile
stresses, which may lead to spallation of a rear-side
layer if the stress exceeds 16 GPa. This spall strength was taken directly from a simulated stress profile at the posi-
tion of first void just before the moment of nucleation of this void. It can be done easily since we have full record of
evolution of the simulated system.
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FIGURE 5. Snapshots of combined atomic order parameter Q4 −Q6

and stress profiles in a single-crystal iron film oriented in x = [110].
α → ε transition can occur at high-pressure shock in early stage of
propagation. The reverse ε → α transition happens on the unloading
tail of ultra-short shock within Pxx = 10 − 13 GPa. After drop of
shock stress below 30 GPa the α→ ε stops.

It is worth noting that the use of Eq. (1) for es-
timating the spall strength from the simulated veloc-
ity of rear-side surface results in 23 GPa, which is
about 40% higher than the calculated spall strength
of 16 GPa. The similar error of about 25% was
found in MD simulation of spallation in single-
crystal gold films [18]. Thus, Eq. (1) substantially
overestimates the spall strength calculated in MD
simulation of spallation by an ultrashort laser pulse.

In contrast to [100] crystallographic direction,
it was found that the ultra-short shock waves prop-
agating in [110] and [111] directions should have
much higher pressure to induce the α → ε transi-
tion because the shuffle mechanism is not directly
applicable in those directions of compression. Like
in the above-discussed experiments our simulation
indicates no such transition within the attenuated
shock wave profiles approaching the rear-side sur-
face of film after propagation of 540 nm. However,
this transition is found to happen during the early
stage of propagation when the shock pressure is large
enough. Figure 5 shows that at higher compression
in an ultra-short shock wave entering from the heated
frontal layer the α→ ε transition is realized (at least
partially in several spots), but in an attenuated shock
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Pxx < 30 GPa this transition ceased, which is in a agreement with above experimental results (see Fig. 3). Because
crystalline domains are oriented incidentally in experimental samples the peculiar behavior of [100] oriented domains,
found in our MD simulation, play a negligible role in response of polycrystal to shock-wave loading/unloading in our
experiments.

CONCLUSION

Ultrafast single shot interferometric diagnostics using a chirped laser probe was implemented to measure surface
displacement of target with accuracy of 1–2 nm. This technique was used to study response of iron film to ultrashort
shock wave loading produced by femtosecond laser irradiation. We have found that uniaxial shock compression in iron
at the submicron scale is elastic up to 31 GPa. MD simulation shows the maximal stress of 30 GPa can be achieved
in an elastic shock wave in early stage of propagation. The measured shear stress of 7.0 GPa in picosecond range of
loading is close to the ultimate shear strength of iron [12, 13], while the shear stress observed in MD simulation of
super-elastic shock wave is about 7.6 GPa for propagation along [110] direction and 10.7 GPa for [111] direction.

Our experiments reveal that the polymorphic α→ ε phase transition in polycrystalline iron film of 480 nm thick
is not realized at a stress of 45 GPa within 50 ps after HEL. On the other hand our MD simulation of [110] and [111]
oriented single-crystal films shows that the α → ε transition may happen at the experimental conditions within only
first 100-200 nm of film where the shock stress exceeds 30 GPa.

By contrast in the [100] oriented single crystal the transition is easily produced by an elastic shock with stress
exceeding 23 GPa. This transition is not associated with dislocation dynamics and also perfectly reversible in the
unloading part of [100] shock wave profile, where it is initiated at stress of 23 GPa. For all other orientations the
reverse ε → α transition is initiated at about 13 GPa in the unloading tail.
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