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Ultrafast thermal melting of laser-excited solids by homogeneous nucleation
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Homogeneous nucleation is considered as a mechanism fortregitial melting of solids irradiated with
ultrashort laser pulses. Based on classical nucleation theory we show that for sufficient superheating of the
solid phase the dynamics of melting is mainly determined by the electron-lattice equilibration rather than by
nucleation kinetics. Therefore, complete melting of the excited material volume should occur within a few
picoseconds. This time scale lies between the longer time scale for heterogeneous, surface-nucleated melting
and the shorter time scale for possible nonthermal melting mechanisms.
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The nature of melting, i.e., the transition of a material picosecond$ and also for femtosecond pulses close to the
from the solid to the liquid phase, is one of the fundamentamelting thresholéP~??the phase transition can be described
questions of condensed matter physics. Usually, meltingis a rapid thermal process. Up to now the available data
starts at the surface of a solid, since the barrier for heterogegseem to point towards a heterogenous melting process in
neous nucleation of the liquid phase is zero at the solid-vapohich the liquid phase is nucleated at the surface and a melt
interface™? However, if heterogeneous nucleation can peffont proceeds from the surface into the material with a ve-
suppressed, a solid may be heated to temperatures considieity ultimately limited by the speed of sound. For example,
ably above its equilibrium melting temperature. Severalin Sémiconductors like silicon, germanium, and gallium ars-
theories have considered the fundamental stability limits of £nide maximum melt-front velocities, up to 1000 m/s
superheated solid at which the material cannot survive ifiave been measuréd?*~**which also indirectly indicates
crystalline ordef~® Thesestatic approaches focused on the large solid-phase superheating. These melt-front velocities
limit of metastablesuperheatingbut did not take into ac- result in total melting timesty =d/vy~100 ps whered
count the kinetics of the phase transformation. Based of=100 nm is a typical thickness of the heated layer.
classical nucleation thechya few attempts have been made Here we describe a different possibility for the laser-
to study thekinetic limits of the attainable solid phase induced melting of solids due to fasbmogeneousiucle-
superheating®* ation under strongly superheated conditions. By deriving an

In this work we extend these approaches to the rapid melteXplicit expression for the melting timg; we show that for
ing of solids that can be achieved by ultrashort pulsed lasetufficiently high superheatings a solid may melt completely
irradiation. Laser pulses of femto- to picosecond durationivithin a few picoseconds, this time scale being mainly de-
provide a unique tool for preparing and studying extremdermined by the time needed for electron-lattice equilibra-
states of condensed matter. Initially, the solid is transformedion. Therefore this process can be significantly faster than
into a highly nonequilibrium state as the optical energy isheterogenous, surface-nucleated melting.
deposited in the electronic subsystem, while the lattice re- Based on Ref. 10 we consider the homogeneous nucle-
mains cold*?'3 The time subsequently required to heat theation of spherical nuclei in the bulk of a superheated crystal.
phonon system depends on the particular material but lierowth of lentil nuclei was investigated in Ref. 25. The elas-
typically in the range of picosecond$* Consequently, by tic energy of lentil-shaped nuclei may be lower than that of
using short laser pulses of sufficient energy, very high heatspherical nuclei, so the nucleation will be even more rapid in
ing rates of several tens or hundreds of kelvin per picosecontlis case. However, it was found that the formation of lentil-
can easily be reached. Thus, it is expected that within a fehaped nuclei is only preferable for small superheatfrig.
picoseconds a solid may be heated to very high temperaturdius, the assumption of spherical nuclei is justified for the
which, transiently exceed well the melting temperature and €stimation presented here.
also the static stability limits mentioned above. In fact,  According to Ref. 10, the probability of the formation of
there are a few experimental indications of large Superpne'critical nucleus per time and volume at the temperaiture
heating in laser-excited solids obtained by picosecond timels given by
resolved electron diffractidA® and time-of-flight mass
spectroscopy’ WETARL Ak

The dynamics of the solid-liquid phase transition induced =2 A6 n§ \/ﬁ( m) nexp( -
by short laser pulses has been studied experimentally for 16mq* T(T-Tp)?
more than two decadé8.In accordance with the consider- (1)
ations on the electron-lattice equilibratidi* the experi-
ments have shown that for pulse durations down to a fewvith
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temperaturek is Boltzmann’s constant, angl is the latent °E> 10ps Ny \\ ) Sitver =
heat for melting.» is connected with the velocity of the = W™ Silver
phase boundary and given by=v,c,/(qk),*’ wherev,,, is 4 \\ N,
an empirical constant determining the velocity of the growth % 1 ps kN \»\ .
of nuclei and being on the order of the speed of sound, and = \\ ’\.,\ ~~~~~~
Cp is the heat capacity of the solid. \,\\’\,\ ........

In Ref. 10, and similarly in Ref. 11, &inetic limit of 1001 \};}'::\ ~~~~~~

solid-phase superheating was defined by postulatimgcée-
ation catastropheat an arbitrarily chosen critical nucleation

rate of w,,=1 cm 3

s 1. It is obvious thatw,, is far too

low to be of any importance for ultrashort pulse laser-

Itrf]l(ijsuﬁﬁglgl(taig?%:tgs?rgg:ﬁ;%ﬁnndottlgqci jrcg:’?.s anf?t;?(;r\tlvt(i)rr:é%q' (4) for different materials in dependence on the superheating
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scales andransientsuperheating may be considerably higher

in this case. Therefore, we give here an explicit expression ) ) .

for the melting timet,, due to homogeneous nucleation as aand solidog . In Fig. 1 there are two curves for silver, based

function of superheating by assuming that one criticalon two different values fowg;, given in Table I. We see that

nucleus exists per volum¥. of a critical nucleus. The vol-

ume of a spherical critical nucleus hécz‘g‘Tng with R,

=204 Tn/[a(T—T,)] being its radius. With this, the melt-

ing timet,, can be expressed ag£€T/T,,)
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By inserting Eq.(1) into Eqg. (3) we obtain
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The first factor N is a numerical factor

3

(4)

of 4.15

X 10" (K/J)?3 the second factoM is material dependent,
and the third factof (6) is a function of superheating (and,

throughA/k®T3,, material dependent as well

Figure 1 shows the melting time calculated by E4.for
different materials as a function of the superheatihgin
superheated solids with between~ 1.3 and~ 1.5, melting

times of around 1 ps are easily reached for homogeneous

nucleation.

It is important to note that this statement is generallyAu
valid, despite the fact that several material parameters entesg
ing Eq. (4) are not known precisely. For example, there ispgM™
only limited knowledge of the surface tension between liquid
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FIG. 1. Melting time for homogeneous nucleation calculated by

the value ofoy, is crucial for calculating the melting time
ty - Adifference of about 10% i leads to a difference of
about one order of magnitude g, . However, if one wants
to calculate the superheatimgfor a givent,,, exact knowl-
edge ofoy, is not important. The superheatingdeading to
a certain melting time differ only by about 5%.

For our calculations we chose values for the surface ten-
sion between liquid and solid from Ref. 28; the values are
given in Table I. The other material parameters entering Eq.
(4) can be found in data book& The empirical constant,,
was chosen to equal the mean sound velocity. In Ref. 28 a
second set of values faorg, is listed, based on Ref. 30. These
values are up to 30% lower than those in Table I, thus lead-
ing to a faster nucleation than shown in Fig. 1. For silver we
consider a second value of surface tension, calculated from
Ref. 10, where the parametAfk3Tf’n, Eq. (2), was found to
equal 2.335. This set of parameters and the resulting curve in
Fig. 1 are marked with the index “MM.” The melting time
ty for silver is higher in this case than with the value &y
from Ref. 28. However, the necessary superheatifhder
melting within a certain time do not differ very much.

Note that the surface tension between liquid and solid is
related to the mechanical properties of the material and is
thus expected to be temperature dependent itself. This is in-

TABLE |. Surface tension for different materials from Ref. 28
(AgMM from Ref. 10 and resulting parameters entering E4).
Here # (ty=1 ps) is the necessary superheafirid ,, for a melt-
ing time of 1 ps by homogeneous nucleation.

ag[Im?] AT NXM[fs] 6(ty=1 ps)
0.093 0.956 17.24 1.31
Cu 0.177 1.49 8.62 1.37
0.132 1.335 18.33 1.37
0.126 1.626 10.97 1.40
0.142 2.335 7.2 1.46
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dicated in Ref. 10, where the temperature dependence of threal mechanisms which can lead to phase changes on an even
parametenA/k3T3m, Eg. (2), was investigated. With increas- faster time scale. Recent experiments using femtosecond la-
ing temperature the rigidity of the crystal decreases and thuser pulses of high fluences have demonstrated melting in less
the surface tension between liquid and solid will also defhan 1 'ps_in a variety of covalently bonded
crease, leading to an even faster nucleation. matenal_sz. e .'_I'h|s rapid phase_transnmn |s_expla|ngd
We would like to stress that the melting tintg calcu-  PY 2 lattice |nstab|llt§%e to the excitation of a high-density
lated through Eq(4) represents only a rough estimate due to€/ectron-holé plasma.”” Since in this case the lattice be-
various assumptions and approximations. The actual nucI{-Omes unstable prior to the heating of the phonon system,

ation rate may be different from E@L) in the presence of a h'?ﬁ;?;?osrz 'S.r?ﬂg:] dg?"fct)mgt)hsirrsmimg.eneo s thermal
high density of critical nuclei as assumed here in the deriva- | v 9 u

tion of the melting timet,, . On the other hand, our expres melting after short-pulse laser excitation it is important to
M - ’ -

sion forty, is based on the assumption that a certain amoun(fhoose the expenm_ental parameters ca_refully. A material
with a large penetration depth for the optical heating pulse,

of nuclei of a certain size is statistically present in the solid.as well as a detection technique with a sufficient probin
In reality, smaller nuclei also contribute to the melted vol- . q ) icient probing
depth(for example time-resolved x-ray diffractipnis desir-

ume. Moreover, critical nuclei built at times<t,, will con- .
. : ; ; able. Moreover, a pulse duration of the order of the electron-
tinue growing and thus increase the fraction of melted vol-

ume at timet,,. There are also fundamental limits foy, lattice equilibration time £1 ps) should be chosen. Such a

. . ST ulse still allows maximum heating rates but keeps the de-
determined by microscopic kinetics. An atom at the phas . o Lo
; - - ree of electronic excitation as low as possible in order to
boundary between solid and liquid changes to liquid phas ;
. . sSuppress the above-mentioned nonthermal effects.
not faster thari=100 fs, estimated from the mean distance

of atoms in the solid divided by the speed of sound. A similar In concl|u5|qn, Wf ﬁor:sldga;jredh raplc_j mheltlgglkbyfhorr?_ogle-
lower limit is obtained when assuming that the minimum "€0YS NUC eation of the liquid phase in the bulk of a highly
critical radius equals the mean atomic distance superheated solid. Our estimations show that for high super-

Therefore, Eq(4) should not be expected to give accuratecv?t?]ti':gas f?:/vabizgfsr;(l)ﬁsdzm Sdlljf(f:ehresnlf reﬁteeazlt?rlns SCZ?e nr]eezlat dil
values for the melting time in a given situation. However, we P : P 9 y

. . L h . . .—attained after excitation with an ultrashort high-energy laser
believe that this equation is suitable for the intention of th|sulse In this case the lattice is heated within a few picosec-
work: namely’. to demonstrate Fhat _the_ melting of superheatends éfter irradiation, and the total melting time of the crys-
bulk material is generally possible in times comparable to th(%al by homogeneoué nucleation is governed by the time
time needed for electron-lattice equilibration. . : : .

L . . needed for lattice heating. The process considered in our

us<|at dlsir:nt?{]?st'r\]/gortl? (ﬁiﬁpaﬁgcéﬁqagglsecguﬁ;apgrﬁzmcs work requires more time than possible nonthermal mecha-

ion<132 ) yn nisms but it is significantly faster than the time needed for a

calculations. The.se calcula}tlons_, although npt dlrgctly melting front to proceed from the surface through the heated
comparable to the highly transient situation considered in ou

work, provide detailed information on thaicroscopicpro- fayer. It thus provides a third pathway for the laser-induced

cesses determining the nucleation of the liquid phase in sus_olld-to-llqwd transformation in a bulk material with a time

perheated solids. In particular in Ref. 32 it was shown tha?Cale Iying_betwgen tge crf\aracteristic times of the melting

the predicted vibrationdland mechanicaiinstabilities of the processes Investigated so far.
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