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The maximum superheating and undercooling achievable at various héatingoling rates were inves-
tigated based on classical nucleation theory and undercooling experiments, molecular dyivDjicsmu-
lations, and dynamic experiments. The highestiowes) temperaturd . achievable in a superheated sdit
an undercooled liquiddepends on a dimensionless nucleation barrier parargedad the heatingor cooling
rate Q. B depends on the materigh= 16w7§|/(3kTmAH,2n) where vy, is the solid-liquid interfacial energy,
AH,, the heat of fusionT,, the melting temperature, akdoltzmann’s constant. The systematics of maximum
superheating and undercooling were established phenomenologicglky @, — b l0g;,Q) 6.(1— 6.)> where
0.=T./T,, Ap=59.4,b=2.33, andQ is normalized by 1 K/s. For a number of elements and compoyds,
varies in the range 0.2-8.2, corresponding to maximum superhe@tiofy 1.06—1.35 and 1.08—1.43 &t
~1 and 162 K/s, respectively. Such systematics predict that a liquid with cergaicannot crystallize at
cooling rates higher than a critical value and that the smalgsachievable is 1/3. MD simulations)
~10'2 K/s) at ambient and high pressures were conducted on close-packed bulk metals with Sutton-Chen
many-body potentials. The maximum superheating and undercooling resolved from single- and two-phase
simulations are consistent with ttfe-3-Q systematics for the maximum superheating and undercooling. The
systematics are also in accord with previous MD melting simulations on other materigissilica, Ta and
e-Fe) described by different force fields such as Morse-stretch charge equilibrium and embedded-atom-method
potentials. Thus, thé.-B-Q systematics are supported by simulations at the level of interatomic interactions.
The heating rate is crucial to achieving significant superheating experimentally. We demonstrate that the
amount of superheating achieved in dynamic experimeQts 10'? K/s), such as planar shock-wave loading
and intense laser irradiation, agrees with the superheating systematics.
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[. INTRODUCTION on metals, alkali halides, and silicates demonstrate nonequi-
librium melting. Superheating has been proposed to explain
The melting of crystals and crystallization of liquids are the sharp drop of temperature at successive shock states as
of scientific and technological significance. Metastable supressure is increased along the HugoridtSimilarly, non-
perheating and undercooling are inherent in melting anequilibrium melting has been observed in intense laser
freezing processes. A fundamental issue of immediate thedrradiation® Considerable superheating achieved in ultrafast
retical and experimental interest is the extent to which a solidlynamic loadingheating rateQ~ 10°-10'? K/s) and its rar-
can be superheated and a liquid undercooled. Numerous uity in conventional melting experiment®c-1 K/s) indicate
dercooling experiments have been conducted to probe thihe important role of heating rates in achieving superheating.
maximum undercooling on elements and compoundsd  The melting temperatures obtained previously from shock-
appreciable undercooling has been observed as homogerave experiments are significantly higher than those ex-
neous nucleation of crystals from the liquid is readily attain-trapolated from recent diamond-anvil-céDAC) dat& for
able experimentally. However, considerable superheating hdasansition metals such as Fe, V, Mo, W, and Ta. These dis-
rarely been achieved except for a few cases with speciarepancies raise such issues as the interpretation of tempera-
experimental desigrfsdue to the fact that heterogeneousture measurements in shock melting experiments and the
nucleation is dominant in most melting experiments with lowmaximum superheating achievable at various heating rates.
heating rates. Heterogeneous nucleation of the melt is fa- Molecular dynamic§MD) simulation is a useful tool to
vored at sites with free surfaces, defects, and impuritiestudy melting and freezing processes under various pres-
which significantly lower the energy barriers for nucleation.sures. It has long been recognized that temperature hysteresis
Predicting the maximum superheating is particularly chal-exists in MD simulations of bulk crystal with three-
lenging due to a paucity in experimental data. dimensional(3D) periodic boundarie%:'® But a systematic
Shock-state sound-speed and temperature measuremeatsd quantitative investigation of both superheating and un-
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dercooling in MD simulations has not been previously con-uid nucleus of critical radius within a superheated crystal
ducted. It is of particular interest whether consistent prediciattice (and similarly for nucleation of crystal within an un-
tions of both superheating and undercooling and alsaercooled liquigt the critical nucleation enerdy® AG,
material properties can be made using a single set of force 167y3/(3AG2) where v, is the solid-liquid interfacial
fields in MD simulations. Heatingcooling rates typical in  energy andAGg, the Gibbs free energy difference per unit
conventional MD simulations are on the order of4R/s,  volume between the solid and liquid state, approximated as
comparable to light-gas-gun shock-wave experiments and inAH ,(T—T,,)/ T, whereAH , is heat of fusion and ,, melt-
tense laser irradiation. Thus melting and freezing simulationghg temperaturéassuming heat capacities of liquid and solid
with MD can be checked against ultrafast dynamic experiare approximately equal; see Refs. 1,17, angd ZBe tem-
ments and the predictions of various superheating theoriesperature dependence of ti term in | is negligible com-
Previously, theoretical models for melting are mostly pared to that of the exponentidlG, term; thusM can be
based on the Lindemann’s vibration criteridrand Born's  regarded as a constait2®1,. We define the energy barrier
shear instability>'°The limit of superheating has been stud- for nucleation,, as a dimensionless quantity,
ied assuming the catastrophes of entrbpyigidity, and

volumé'® upon melting. Other efforts to describe superheat- 16my3,
ing utilized kinetic nucleation theory:?° Recently, we pro- B(vs1, AHm, T = —, @)
posed a systematic framework to predict the maximum su- 3AHLK Ty

perheating(and undercoolingat various heatingcooling)

rates?! In this work, we extend our previous effoftsto and introduce the reduced temperat#te T/T,,. Thus |

present detailed treatments of the systematics and MD simu- of (8, 6) with

lations of the maximum undercooling and superheating and

dynamic melting experiments. Section Il establishes the sys- f(8 0)=exp{ kB ] 3)
tematics of maximum superheating and undercooling based ' 6(6—1)2]"

on classical nucleation theory and undercooling experiments.

Molecular dynamics simulations of undercooling and super-The prefactor ; can be obtained experimentally or theoreti-
heating(Sec. ll)) were conducted to validate the empirical cally. This functional form applies to both melting and freez-
superheating-undercooling systematics at the level of inteing cases. Nucleation is essentially controlled s, 6),
atomic interactions. Section IV presents the superheating ré-€., by the dimensionless energy barrieat given tempera-
sults from dynamic melting experiments and their compariture. The form off(3,6) is simple but it does reflect the

son to the superheating-undercooling systematics. fundamental physics of nucleation. During superheatifig (
>1) of solids,f (i.e., normalized nucleation raténcreases

Il. SYSTEMATICS OF MAXIMUM UNDERCOOLING with temperature monotonically, as the mobility of atoms

AND SUPERHEATING and the chemical driving force for melt nucleation both in-

. . _ crease withT. On the other hand, during undercooling of

To study the maximum undercooling and superheatingjiquids (0< 9<1), the thermodynamic driving force induced
we adopt classical theory of homogeneous nucleation. Hey yndercooling is partly offset by the decrease in mobility;
erogeneous nucleation theory is difficult to implement bevn,s we have a maximum fémt 6= 1/3. Although diffusion
cause it requires a detailed description of heterogeneoysg not explicitly included inf, it is accounted for by the
nucleation sites, and heterogeneous nucleation can be expéfimctional form off.
mentally circumvented? Homogeneous nucleation theory Note thatf(3,6), B, and 6 are all dimensionless, allow-
supplies an upper bound to the maximum undercooling anghg girect and convenient comparison of these quantities for
superheating. For homogeneous nucleation of crystals fromifferent materials3 is characteristic of a particular mate-
undercoc_;led Ilqw_ds(e.g., liquid metals the time re_zquwed rial, depending onye;, AH,,,, andT,,. To estimate the value
for nuclei growth is much less than that for nucleaffothus of B, we start with a hard sphere systélMSS due to its

only the nucleation aspects are of interest. Indeed, a catdymplicity and the availability of high-quality theoretical re-
strophic increase in nucleation rate near the maximum undeg—un& Consider hard spheres of diametefThe solid-liquid

cooling (superheatingdominates the process of creating or interfacial energyyH,SS for a hard-sphere system has been
breaking '[2r31e27 long-range order. Various treatments o hown to b&° 0.6]kST/02. The heat of fusio® for a HSS
nucleatior share a common form for the steady-stateAH:gszl'la(T' Thus, ~0.77 for a hard-sphere system.

nucleation ratd (per unit volume: We may expect that for a real system the valug3afvould
AG, be of similar magnitude. For a real systemy~0.1 J/nf,
= M(m,T)exp[ T 9((25)], (1) T,~10® K, andAH,,~ 10 J/n? yields 8~ 1.2. Undercool-
ing experiments with homogeneous nucleation have been
whereM is a function of material propertie@n) and tem-  well documented in the literature.g., for elements’). The
perature T). AG. is the critical Gibbs free energy for nucle- elements studied include transition metals, simple metals,
ation,k Boltzmann'’s constant, amgl ¢) a geometrical factor and semiconductors in the third to sixth rows of the periodic
depending on the wetting angde of a heterogeneous nucle- table. Elements are simpler than compounds, yet their physi-
ant. For homogeneous nucleatiomg(¢)=1, the case as- cal properties vary dramatically due to the variations in elec-
sumed in the following discussions. Consider a spherical ligironic structure. They show a range of properties relevant to
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0.2 I
’0 I volume andN, Avogadro’s number. ThugxAS,, from its
0.4 definition. As the entropy of fusiofper mole atomsAS;,
03[ ] ~R, B should vary in a narrow range for different materials.
o2l ] The same arguments can be made wigh<AH ,,/a? where
01 ] a® is the effective atomic surface aréaWe also expect that
1 1 1 1 1 1 1 - - .
010 20 " m % % 20 20 % B for most materials should vary only slightly as pressure is
Atomic Number (2) increasede.g., to megabar pressure under shock compres-

sion) becauseAS,, is given closely byRIn2 at high
FIG. 1. Atomic numbefZ) vs melting point T,,,, indexed as ), pressures! Moreover, molecular dynamics simulations of
heat of fusion AH,, 2), solid-liquid interfacial energy §5;, 3),  superheating and undercooling of Al between 0 and 100 GPa
normalized energy barrier for nucleatio,(4), experimental un-  exhibit a weak pressure dependencesiisee Sec. I). We
dercooling @, 5), and calculated superheatin@®(, 6) at Q  also note tha3 poorly correlates withT,,, AH,,, and yq
~1 K/s. Values forT,,,, AH,, v5; and® ~ are from the literature (Rij =-0.57, —0.46, and—0.38, respectively; see Tablg |
(Refs. 1 and 2J Having established the systematics@fwe next explore
] . ) the relationship ofT,,, AH,,, vs, and B to the maximum
more complex materials. GiveTy,, AHp,, andys (Fig. 1), yndercooling and superheating, denotedasT, /T, where
values of 8 for these elements are readily calculated ast_ s either the highest temperature achieved in the super-
shown in Figs. 1 and 2. Transition metdgroup IVB—IIB)  heated solid or the lowest temperature in the undercooled
have relatively similar values 8 with an average close to |iquid. The maximum undercooling is also denoted ®y
significantly higher values o, with a maximum at Gag  Q~1 K/s is typical for conventional undercooling experi-
=8.15) except for Al $=1.47) and Se which has the lowest ments. We represent this rate by a subscsipnd the rate
B=0.20. These observations reflect the periodic variations iq 12 /g by a subscripns Experimental values o®; for

electronic structure in a general Sense. elements and calculatel] (discussed nextare plotted in
We calculate the cross-correlation coefficients ambpg Fig. 1 (indexed as 5 and 6, respectivelf). and ©_ in-
: ' S S

AHp, 51, andp (indexed as 1, 2, 3, and 4, respectively, in crease withB, with correlationsR,5=0.98 andR,s=0.96

Fig. 1, also see Table).lAs R;;=0.81-0.97 (,j=1,2,3), it .
. ) . A (Table ). However,®, (©) correlates poorly with any of
Tm, AHp, andyg vary with atomic numbe in a similar Yst» Tm,» @ndAH,,. This is possible because the nucleation

manner. In particulaiR,3=0.97 for v, andAH,,. This in- D
dicates that compared f6,,, AH, is a better indicator of ratel depends on the combination of these parameters. Thus,

¥si» Which is by itself difficult to measureR;;~1 also im-

plies that these three parameters can be attributed to the sameTABLE I. Cross-correlation coefficie®;; . Ty, AHm, vs1, B,
physical quantities such as binding energy or its closely re® , and®™ are indexed as 1, 2, 3, 4, 5, and 6, respectivalyo
lated parameter, the heat of vaporization, increases with ~ See Fig. 1

T, andAH,,. Thus, althouglB is sensitive toy,, the varia-
tion in B induced by that inyg, could be offset by those in Riz Riz R Ry Roq R Rais Rus Res

T andAH . To first order, ¢ VZ*NR®)/(AH,V)~const 081 0.84 097 —0.57 —0.46 —0.38 0.98 0.96 0.98
for a variety of elements and compourfdayhereV is molar
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B, involving vg,, Ty, andAH,,, better captures the physics 10 ————
of the nucleation and adequately represents variations in the [
maximum undercooling and superheating. It also goes
against conventional wisdom that materials with Iawy,
should demonstrate less maximum superheating or under i
cooling. Counterexamples include elements like Ga and Hg, [ , o
which have lowT, (303 and 234 K, respectivelput high i 7
values of®_ (0.57 and 0.38 Indeed, compared withg, and =
AH,,, T, is better anticorrelated wit® ~ and 3: most low-
T, materials surprisingly have high values gfand O
(Fig. 1). But this should not be overinterpreted, &s,
= —0.57, which is significantly less negative tharl. The
best parameter for studying nucleationds

In contrast with the large body of undercooling data with ) N . .
Q~1 K/s, data are rarely available with appreciable super- 0.5 1.0 1.5
heating at heating rates ef1 K/s as heterogeneous nucle- O =To/ Ty
ation dominates at these low rates. It would be of great in-
terest to predict the maximum undercooling and superheating FIG. 3. The systematics of maximum superheating and under-
under various cooling and heating rates, eQ@ 102 K/s.  cooling for elements;3=(Ay—b 10g;¢Q) 8.(1— 6.)2. Circles are
Given the systematics @ and experimental values 6f_ , experimental value of undercooling at cooling r&e-1 K/s, and
we next develop a scheme to predict the maximum underdiamonds are calculated superheatingat 1 K/s. Solid and dot-
cooling and superheating under different cooling and heatinged curves are plots witQ=1, 1¢, and 16°K/s, respectively.
rates. Dotted curves denote the undercooling portionngFO—%. The

For steady-state homogeneous nucleation of crystal in ligelements within the double-headed arrow are Ti, Al, Au, Cu, Hf,
uid (or melt in crystal, the probability x for a given amount  Cd, Pd, Ag, Co, Pt, Ta, Rh, Zr, Mn, Si, Sb, Ni, In, and Fe in
of parent phase of volume containing no new phase under B-increasing order. The maximum gf occurs atf.= 1/3 for each
certain cooling(or heating rateQ is Q.

u'nder.coolling sup'erhe'atin.g

Q=102K/s i 0 =106 K/s:

@ and for Bi, Ga, Pb, Sn, and Te @= 10" K/s. ® =1 indi-

) ) cates that under such high cooling rates, these liquids would
where + refers to superheating ane to undercooling. The ¢ solidify as crystals.

parameters for undercooling experiment®Qat 1 K/s, such The relationship between the material propestyheating

asvys, AHy, Thy (thusﬁ), andv, can be regarded as equal (cooling) rate Q, and maximum superheatirigndercooling
to those for superheating and undercooling at different heat6;C is obtained empirically as

ing and cooling rates. By assuming thaand| is approxi-
mately equal for the undercooling and superheating cases, B=A(Q)6b(6.—1)2, (6)
the maximum superheating and undercooling under @ny
can be calculated from the experimental valueBqf . For
example, the maximum superheati®g at any heating rate
Q can be found from

x=exp[ +UTm|of1f(B G)dG] as shown next For instance® ~=1 for Ga atQ=10° K/s

Oc

where A is a fitting constant depending d@. Fitting the
undercooling and superheating cases independently, similar
values of A were obtained, indicating that this functional
form describes both superheating and undercooling with a
1 (@a+0%) 1 (1 uniqgue A(Q). Such fittings to both superheating and under-
—f f(B,H)d0=—f _f(B,0)do, (5  cooling yield A(Q)=59.4, 45.4, and 31.4 for 1, ¥0and
QJa QoJa-e;) 10" K/s, respectively(Fig. 3. While a precise physical in-
where Q,=1 K/s. Similarly, the maximum undercooling terpretation is not clea’ may be regarded as reflecting a
® ~ under various C00|ing rated can be read”y calculated. relative time scale characteristic of nucleation at different
Thus, for a given material witl8 and® , we can predict hfaating(cooling) rates. The fitting process was repeated at
the maximum superheating and undercooling at any heatingifferent Q, andA was found to vary linearly with logQ.
and cooling rate. Figure 3 shows the experimental value of hus we can rewrite Ed6) as
0. at the maximum undercoolinggf{=1—0® , circles and _ 2
the calculatedd, at the maximum superheatingd=1 B=(Ao—blog;Q) Oc(6:.—1)%, (7)
+0, , diamondsatQ=1 K/s, for elements. Note that heat- where A;=59.4, b=2.33, andQ is normalized byQ,
ing (cooling rates such as 1 and *K/s should be regarded =1 K/s. Equation7) is referred to as thé,-3-Q systemat-
as adequately representative, because a factorfoftidnge ics for the maximum superheating and undercooling.
in Q would yield negligible changes i (except for highg There are some important features in theB-Q system-
elements such as Ga upon undercoglirdpe to the func- atics[Eq. (7) and Fig. 3. The functional form implies that
tional form of f(8,6). When calculating maximum under- f(3,6.)=exd —A(Q)] and can be regarded as a constant for
cooling at high cooling rate€) ~ might be 1(essentially 2/3 a givenQ. The nucleation rate ned; dominates the nucle-
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TABLE Il. Comparison of the calculated maximum superheating from Refa$8uming =1 cm 3s 1) and this work at 1 K/s.

Sn Pb Sb Al Ag Au Cu Mn Ni Co Fe Pd Pt

Ref. 19 0.279 0291 0.192 0.208 0.179 0.184 0.174 0.177 0.212 0.184 0.212 0.183 0.185
This work 0.265 0.280 0.188 0.158 0.155 0.145 0.150 0.170 0.216 0.154 0.190 0.154 0.156

ation process during undercooling and superheating. Aand superheating at typical cooling and heating rates were
shown in Fig. 3, there is an asymmetry of the maximumpredicted(Table Ill). For example, the maximum superheat-
superheating and undercooliry (relative tod,=1) at the ing achievable for CsBr at 10K/s is 0.20. Similarly, given
sameQ; i.e., for a material with certai, it can achieve a superheating measurements on silicdte® can predicty
larger amount of maximum undercooling than maximum su-and the maximum undercooling and superheating under vari-
perheating. This is reasonable because the temperature andsQ (Table IlI).

hence atomic mobility are higher for superheating. The in-
crease of maximum superheating induced by increaQing
less pronounced than the undercooling case; e.g., for Al
0,.—0,=0.07 while®,,—0_=0.11. Increasing does
not significantly increase the maximum superheating: a The systematics of the maximum superheating and under-
change irQ from 1 to 102 K/s yields an increase 6£10%  ¢ooling [Eq. (7)] established in Sec. Il are empirical in na-

in §;. The maximum® " <0.45 even aQ=10"*K/s. But  tyre. Next we investigate the maximum superheating and un-
increasing the heating rate does serve as an important agercooling achieved in molecular dynamics simulations
proach to achieving superheating experimentagc. IV).  (with Q~10'2 K/s) and their relationship to the systematics.
There is a maximum op at 6.= 1/3 for any cooling rate— Simulations were made of a supercell with 3D periodic
e.g., Bmax=8.72, 6.73, and 4.68 at 1, 10and 10°K/s,  poundaries subjected to incremental heating at constant pres-
respectively. For any given cooling ra@, materials with  gyre p, e.g., with isothermal-isobaric statistical ensemble
B> Bmax= 27 (Ao—blog; Q) will not crystallize, and liquids  N-pP-T whereN is the total number of atoms in the supercell.
may persist or become glassy, depending on whether thghe temperature was increased until the crystal was observed
glass transformation temperature is higher or lower thagg have melted; then the system was cooled incrementally
0.% This occurs because of the trade-off between the inyntil it refroze. Hysteresis was observed in association with
creasing thermodynamic driving force for crystallization and

the decrea5|_ng atomic mot_)lllty as the temperature falls. The TABLE lIl. Undercooling and superheating parameters of alkali
largest possible undercooling for any material at all COOI'nghaIides and silicates based on the experiments and the maximum
rates is® ~ = 2/3 which is also implied by (3, 6) [Eq. (3)]. superheating-undercooling systemafigs|. (7)].

This result has been obtained using different approaches.
For the data we have collected, the larg@st exhibited is T Vsl AH, B O, 0, 0! 0,
0.57 for Ga. There could exist an uninvestigated material (K) (In?) (kd/mo)

with 3=8.72 such tha®, =0.67. An increased cooling rate

, Ill. MOLECULAR DYNAMICS SIMULATIONS
OF MAXIMUM SUPERHEATING AND UNDERCOOLING

may induce ®  =2/3; e.g., such undercooling may be Alkali halides®
achieved for Ga aQ~102 K/s. CsBr 909 0.066 23.58 1.56 0.18 0.26 0.15 0.20
Previously, theories involving catastrophe in entrbpy; ~ CSCl 919 0.051 15.06 1.41 0.17 0.24 0.14 0.19
of maximum superheating. Other effdité°to describe su- Csl 894 0.069 24.66 240 0.23 0.34 0.19 0.25
perheating assumetl=1 cm 3s ! or a critical volume. KBr 1003 0.063 20.92 1.27 0.16 0.23 0.14 0.18
Generally, the variation of heating rates was not consideredCl 1049 0.082 26.82 1.27 0.16 0.23 0.14 0.18
We have established thé.-B-Q systematic§Eq. (7) and  KI 959 0.047 17.15 1.27 0.16 0.23 0.14 0.18
Fig. 3] based on undercooling experiments and homogetiBr 820 0.046 12.13 0.63 0.11 0.15 0.10 0.13
neous nucleation theory, and have incorporated the effect afiCl 887 0.086 13.39 2.05 0.21 0.31 0.17 0.23
altering the heating or cooling rate. The maximum superheat-ir 1115 0.124 9.87 2.05 0.21 0.31 0.17 0.23
ing atQ=1 K/s predicted from Eq(7) is slightly lower than  NaBr 1028 0.088 25.69 1.27 0.16 0.23 0.14 0.18
that from Ref. 19(Table I). I=1 cm 3s ! is a reasonable NacCl 1074 0.112 3021 1.27 0.16 0.23 0.14 0.18
first-order value at lov. A direct application of the system- NaF 1261 0.206 2929 222 0.22 0.32 0.18 0.24
atics is that, given measured maximum undercooling and Stirpc| 988 0057 1841 1.27 0.16 023 0.14 0.18
perheating, we can determirg and predict the maximum Silicates
superheating and undercooling at other heating and coolingaaisi,0, 1371 0.088 63.00 1.52 0.18 0.25 0.15 0.20
rates. Knowledge oB also allows an evaluation of, given sio, 1700 0.106 9.40 501 037 1.00 0.26 0.34

AH,, andT,, which are in general available. Systematic un-
dercooling experiments have been conducted on alkafUndercooling data®;) are from Ref. 25.
halides?® The interfacial energy and maximum undercoolingSuperheating dataf() for albeit and quartz are from Ref. 2.
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heating or cooling at these finite rates. The melting tempera- TABLE IV. The gSC FF for fcc and hcp metai®ef. 37.

ture determined by heating the solid phasingle-phase
melting temperaturd; ;) was higher than the equilibrium
T, demonstrating a superheating component in the hysteE
esis. Conversely, the crystallization temperature by coolin%
the liquid phase(single-phase crystallization temperature | .
Tic) was lower thanT,. We refer to this procedure as
single-phase simulation. To quantify the degree of superhea <Y
ing and undercooling, we need to find the equilibrium melt-
ing temperaturel,,,. Given a specific force fieldFF) de-
scribing interatomic interactiong,,, can be determined by Ag
such techniques as thermodynamic integration of fred’
energy”° and solid-liquid coexisting phase simulatidische Pt
latter technique is a natural choice for our purpose. AssumAu
ing that superheating and undercooling reflect the nucleatioRP
process, they can be circumvented by constructing a solid=
liquid coexisting (two-phase system with a planar solid-
liquid interface. As both phases are present along with
boundary region, nucleation-related superheating or unde
cooling is avoided® We refer to simulations conducted on
such a two-phase system as two-phase simulations. Thus we

PHYSICAL REVIEW B68, 134206 (2003

aA) € (102eV) c m n
3.18863 0.18207 222.34769 6 13
4.03230 0.90144 54.97923 5 9
3.51570 0.73767 84.74500 5 10
3.60300 0.57921 84.84300 5 10
3.79840 0.24612 305.49900 5 13
3.88130 0.32864 148.20500 6 12
4.06910 0.39450 96.52400 6 11
3.83440 0.37674 224.81500 6 13
3.91630 0.97894 71.33600 7 11
4.06510 0.78052 53.58100 8 11
4.94950 0.55772 45.88200 7 10

gnergy was also included in the optimizatidhThe param-

gters of such a qSC force field for close-packed metals are
listed in Table IV.
Given the force field, we constructed a supercell of 864

can determine the equilibrium melting temperature from thetoms for each fcc metal and 1024 atoms for Be with 3D

two-phase simulationT,,, for the specific system with a
assigned FF. In this way, we can quantify the degree of maxi
mum superheatingqr;dzlem/Tzvm— 1) and undercooling

(Ong=1—T1c/T,p) in MD simulations. In this work, we

conducted single- and two-phase simulations of the meltin
and refreezing of close-packed metals. These simulatio
along with previous workt**3*®allow us to systematically

examine superheating and undercooling behavior for ele:
ments and compounds described with different potential
against the maximum superheating-undercooling systematic
developed. The pressure effect on superheating is als

addressed.

To simulate the close-packedcc and hcp metals, we
adopt Sutton-ChetiSC) many-body potentidf with quan-
tum correctiongqSQO.%” For SC FF’s, the total potential en-

ergy of the systemU,, is

1
= 1/2
Utot—z 5{2 EV(rij)—CPi : )]
! I 2.8 T T 12
@al O Heating (b) Pb O Heating
i i g A Cooling - A Cooling
The pair potential _ M ]
Fé 261 T ] Tim
n § 1,m 1
a 2 10 |
V(rij):<_ )] G t
Fij g 24 T ]
: or o
. . . m 2,m
accounts for the repulsion between the atonasdj where T2y
rij is the separation between them. The many-body cohesior 233 = == 8¢ o

n Periodic boundaries. MD simulations were conducted with
an N-P-T ensemble using a Hoover thermo®aand a
Rahman-Parinello barostit.The system was subjected to
incremental heating and cooling at a rate of 5 K/ps (5
X 10'? K/s). At the end of each heating and cooling step,
hysical properties such & density, andl were calculated
Statistically. Thus a plot of density verstisat constanP can
be obtained fronN-P-T runs, and the temperatures at the
irst-order phase transitior(snelting and freezingT, ,, and
1) were readily obtained by inspection in the plot. Figure
a) is a typical exampleéAl) of the melting-refreezing hys-
teresis: the system undergoes superheating before melting
and undercooling before refreezing. To find the equilibrium
melting temperature for the system with the prescribed force
fields, we constructed a two-phase system with solid and
liquid models at a common temperature from single-phase

simulations. For the two-phase system, we perforide@d-T
runs at different temperatures:Tt>T,,, the solid portion in

is accounted for with the local electron density on atom

The parametersa| €, ¢, m, n) were obtained by optimiza-

rij

(10

T(K)

T(K)

1000

FIG. 4. Typical single- and two-phase molecular dynamics

simulations of the melting and refreezing behavior: densityf.vA

complete hysteresis of density forms during continuous heating-
cooling process for Ala), while for Pb(b) liquid eventually be-

comes glass upon undercooling, ,, and T, are the single-phase

tion to best-fit empirical values including lattice parameter,melting and freezing temperature at the superheated and under-
cohesive energy, elastic constants, etc. The melting point wasoled states, respectivell, ,, is the equilibrium melting tempera-

not included. The quantum effe@.g., zero-point vibrational
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TABLE V. Single- and two-phase MD simulations of melting and refreezing of metd?s=dd. Subscript
1 denotes single-phase simulation, 2 two-phase simulatiomelting, ¢ crystallization,e experiment,md
molecular dynamics, ands 10'2 K/s. @, and®, are calculated from Eq7).

Tim Tic Tom Tem AHp, Vst Oq O ®r-:1d ®r+1—s

(K) (K) (K) (K)  (kdimo) (/)
Be 1600 900 1350 1560 15.55 0.248 0.33 - 0.19 -
Al 1100 650 925 933 9.08 0.095 0.30 0.25 0.19 0.20
Ni 1700 1000 1375 1728 13.55 0.221 0.28 0.36 0.24 0.26
Cu 1350 750 1070 1356 10.80 0.151 0.30 0.24 0.21 0.19
Rh 2700 1600 2125 2239 25.56 0.365 0.25 0.30 0.27 0.23
Pd 1850 1000 1475 1825 16.28 0.216 0.32 0.27 0.25 0.21
Ag 1200 650 1000 1234 10.78 0.111 0.25 0.27 0.20 0.21
Ir 3400 1750 2740 2683 31.76 0.415 0.36 - 0.24 -
Pt 2450 1300 1925 2042 20.93 0.291 0.32 0.28 0.27 0.21
Au 1400 600 1075 1336 12.38 0.169 0.44 0.25 0.30 0.20
Pb 700 - 575 601 5.93 0.045 vitri. 1.00 0.22 0.37
TaP 3650 - 3150 3253 24.70 0.222 - 0.30 0.15 0.23

3Calculated from the superheating-undercooling systematicand
bSimulated with embedded-atom-method force field based on quantum mechanics calc(Refoi34).

the two-phase system melted ahavas reduced for the next obtained* (Table ). Simulations with an EAM force field
run and vice versa. In this way the equilibrium melting tem-for e-Fe (hcp yielded T,,,~8600 K, T,,,~7100 K, and
perature of the two-phase systeri,() was bracketed @/ ~0.21% close to the predictio® .=0.23if3=3.111is
within a range of 25 K. assumed. For silica’s high-pressure phase stishovite with a
From MD simulations, we obtain€@i,,, T1c, andT,,  Morse-stretch-charge-equilibrium  FF,0,=0.28 was
at a given pressure; thus we can quantify the maximum sugchieved at 120 GP4.
perheating @) and undercooling @ ;) achieved for a The comparison above between MD simulations and the
material with the specific force field. The maximum super-predictions of the superheating-undercooling systematics as-
heating and undercooling achieved at ambient pressure aggimed that the force fields utilized in MD simulations accu-
summarized in Table VO, and® 4 vary in the range of rately describe real systems; this is not necessarily the case.
0.19-0.30 and 0.25-0.4éxcept for Pl respectively. These The equilibrium melting temperature from MD simulations
values of® .., and® ., are comparable to the predictions of (T,,) deviates from the experimental counterpaft {,) at
the superheating-undercooling systemati®s(and®,) at ~ambient pressure for some metdEable V). As the only
a similar heating(cooling) rate (@~ 102 K/s) for the real €Xxception, the undercooled Pb liquid does not refreeze in
systems. Interestingly, the MD simulations of undercoolingMD simulations while® ,, (Pb)=0.22 indicates that the lig-
in Pb in MD simulations predicted that the undercooled lig-uid should freeze witt® ;= 0.29 according to the system-
uid eventually becomes glass rather than cry$ta. 4b) or  atics[Eq. (7)]. Such discrepancies imply that the force fields
by calculating the radial distribution functi@nThis appears we employed do not necessarily represent all the behavior of
to be predicted by the systematics: at a cooling rategeal systems. To check whether MD simulations are consis-
~10" K/s [Egs.(7) and Fig. 3, a solid with3>4.68[e.g.,  tent with the superheating-undercooling systematics, it is not
B(Pb)=5.87] does not crystallize. appropriate to compare MD simulations directly with real
High-pressure melting—for example, melting under pressystems, although they were certainly in reasonable accord.
sures comparable to shock wave loading—is of particulait is not our purpose in this work to develop or improve a
interest. Here we explore the pressure effect on superheatirigrce field and check its accuracy. Instead, we regard the
and undercooling. Single- and two-phase simulations were
conducted on Al at 0, 20, 40, 60, 80, and 100 GFRable VI).
0.4 and O, for 0=<P<100 GPa lie between 0.19-0.25
and 0.30-0.48, respectively. There is no obvious pressur, + -
dependence for the maximum superheating and undercoolin% (GP3 Tim (K) T (K) Tom (K) md  Oma

TABLE VI. Single- and two-phase MD simulations of melting
and refreezing of Al at high pressures.

in the case of Al. This seems to support the weak pressure 1100 650 925 0.19 0.30
dependence oB as argued in the preceding section. Previ-20 2400 1150 1925 0.25  0.40
ously, the two-phase simulation technique has been emo 3400 1700 2750 0.23 0.38
ployed to simulate the melting behavior of other materialsso 4200 2200 3425 023 0.36
described with different force fields. For example, thegg 5000 2800 4125 0.21 0.32
guantum-mechanics-based embedded-atom-metE#dV) 100 5800 3200 4675 024 032

force field was applied to Tdbco and ®,;d=0.15 was
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5 —— T abnormal behavior of undercooled Pb is the only exception
which does not comply with the systematics, possibly due to
an ill-posed force field, or the atomic size of Pb.

i We have demonstrated excellent agreement between MD
simulations and the maximum superheating-undercooling
systematics. Thus the empirical systematics are validated at
the atomic level. A direct application is to predict the inter-
facial energyys . The heat of fusion{H,,) can be obtained
from the enthalpy(H) difference between solid and liquid
from single-phase simulations;,, (i.e., T,,) from two-

7 phase simulations, and from either®,., or ® 4 and the

systematics; thuy, can be derivedTable V).

' und;ercoolling supérhea'ting )

7] IV. SUPERHEATING IN ULTRAFAST
DYNAMIC EXPERIMENTS

In shock-wave loading such as planar impact experiments,
the rise time of the shock in nonporous solids is of nanosec-
ond order. For shocks strong enough to induce melting in
typical solids, the temperature increase is of ordeérK0so

FIG. 5. Deduced energy barrigd vs maximum undercooling Q~10"%K/s. The solid is heated internally as the shock
and superheating acheived.] in MD simulations for close-packed front advances, and surface melting may be suppressed in
metals. Open symbols are for Al B=0, 20, 40, 60, 80, and 100 compression. The long-range order of shocked solid can per-
GPa(Table V) and solid symbols for other elemerigsnbient pres- ~ Sist because the temperature rises faster than the atoms can
sure, Table V simulated with the gSC force field. The solid curve is rearrange to melt. The kinetics inherent in the solid-liquid
the plot of 8=(A,—b log;(Q) 6.(6.— 1)? with Q=102 K/s. The  transition may play an important role at the time scale of the
dashed curve is the best fit of simulations to the same functionaghock front, thus allowing significant superheating to occur.
form [i.e., B=A(Q) 6.(6.—1)?]. Techniques employed to detect shock melting include

. , , ) sound speed and temperature measurements of the shocked
systems investigated as self-consistent and examine the Cogrie* When the solid melts, the sound speed drops from the
sistency of the MD simulation with the maximum |ongitudinal to the bulk value due to the loss of rigidity.
superheating-undercooling systematics. To serve this puimijarly, the latent heat of fusion decreases the temperature
pose, it would be ideal it/ were calculated from MD simu-  reached behind a shock inducing melting. Other techniques
lations. In that caseg for a specific system under certéh  gch as transient electron diffraction are important diagnos-
andT conditions could be obtained directly &8,y andTy  tics to detect melting from the loss of long-range order of
can be calculated readily from MD, and the maximum Superiaser-irradiated crystl.But real-time structure measure-
heating and undercooling achieved in MD can be compareghents are scarce due to technical challenges. Melting might
directly with the systematics. Ag~0.01-0.1 J/rin order  not be recognizable in a pressure-density Hugoniot function,
of magnitude, the contribution from solid-liquid interfaces to pecause the density change due to melting at high pressures
the total energy of the system should be negligible. The tWomgay he small. Changes in the slope of the shock-velocity—
phase technique described above is not appropriate for simgarticle-velocity relationship may serve as a complement to
lating 5. An alternative way to check the consistency is togther techniques.
employ both® ;4 and® 4. Suppose that the maximum un- A typical example of shock-induced superheating is
dercooling(or superheatingcan be described by the system- shown in Fig. 6 for CsBf.For shocks above-38 GPa, there
atics[Eq. (7)]. Given® 4 (or @), the material propert  is a decrease in sound speed and shock temperature, signal-
of the system with the prescribed force field can be thering melting. If theT-P Hugoniot states achieved thermody-
obtained from Eq(7). If B is obtained from® 4 (Tables V  namic equilibrium and were representeddicdewherebced
and V), the predicted superheatin@(,) at a comparable coincides with the equilibrium melting curve, the shocked
heating rate&) ~ 10*? K/s can be checked against results fromsolid would melt ath and the successive Hugoniot states lie
simulations. Both® 4 and @)r;d along with 8 (from 0, along the equilibrium phase bounddrgd As the measured
were fitted to the same functional form as the systematicd-P Hugoniot function states lie alongbc'de, it appears
[Eq. (6)], and we found excellent agreement between thdhat the shocked solid is superheated metastably to a maxi-
fitting to the MD resultgdashed curveand the systematics mum T, before it melts. In this case, the liquid Hugoniot
(solid curve, Fig. 5 Note that the MD results at both ambi- terminates on the equilibrium melting curve. The degree of
ent pressure and high pressutés Al) are included in Fig. superheating near the transition pressegen the Hugoniot,

5. Thus, the maximum superheating and undercoolind; =T /T.—1. For CsBr®,;~0.19. A significant number
achieved in MD simulations with prescribed force fields areof shock melting experiments with sound speed and tempera-
consistent with the maximum superheating-undercoolindure diagnostics have been conducted on alkali hdlides
systematics developed from undercooling experiments. ThECsBr and KBJ, transition metafs’ (Fe and V and

Oc

134206-8



MAXIMUM SUPERHEATING AND UNDERCOOLING. . .. PHYSICAL REVIEW B 68, 134206 (2003

54 T T T T T T v T T TABLE VII. Superheating achieved in ultrafast dynamic experi-
| CsBr ] ments: planar shock-wave loading and intense laser irradiation.
- 52 | © Boness & Brown, 1993 ] Notc_a_that ma_lterials may be subjected to phase changes and decom-
E position at high pressures. See text for references.
3 50 F i Starting Pe Te Te ? 0} (O
& o liquid Material (GPa (K (K)
'g solid 'S ]
3 48 r = Planar Impact
Fe 270 5800 7250 0.25 0.28
46 ) , . , ) . . . . \Y, 220 6150 7600 0.24 0.23
’ CsBr 38 4150 4950 0.19 0.20
6000 — T T T T KBr 28 3500 4200 020 018
- ¢ 1 Fused quartz 70 4500 5300 0.18 -
so0- e /L J Quartz 113 4800 6100 027 0534
/R T | Mg,SiO, 130 4300 7000 0.63 -
g w00k - Lindemann MC_ Laser irradiation
B~ Al 0 933 1300° 0.39 0.20
I Bi(000) 0 544 634 0.17 0.37
3000 = Ph(111) 0 601 721 0.20 0.37
X O Boness & Brown, 1993 - GaAs 0 1511 2061 0.36 -
2000 =— 2:) : ‘;0 : 6|0 : 8I0 T ¥ stimated from thé'-P Hugoniot.

bvalue for quartz at ambient pressuiRef. 2.
P(GPa) ®Value for irradiation flux of 7 mJ/cfis adoptedRef. 7).

FIG. 6. Typical experimental example of melting under shock . . .
wave loading: CsBfRef. 4. Simultaneous measurements of shock- ermining the temperature could also contribute to the esti-

state sound speddpper panéland temperaturdower panel dem- mation of superheating. Despite these uncertainties, it is
onstrate simultaneous drop in sound speed and shock temperatufdéar that solids can be superheated substantially beyond the
signaling melting of shocked crystal at higher shock pressures thagquilibrium melting point by ultrafast heating, and the
P. (the long dashed curyeSolid curves indicate the Hugoniot amount of superheating is comparable to predictions of the
states. The dashed curve is the Lindemann melting c(M@) superheating systematics. The significance of heating rates
(Ref. 31. bc’ segment denotes superheated states. lies in the fact that ultrafast heating is crucial to achieving
superheating.

By considering shock-induced superheatifable VII),
equilibrium melting curves at high pressures were con-
%tructed based on the Lindemann law for silicates, alkali ha-
CIldes, and transition metafs. The static DAC and shock-

silicates*° (fused silica, quartz and M&iO,); similar
superheating-melting behavior deviating from equilibrium
melting has been observed. The results from planar sho

wave loading are summarized in Table VII. . . i halidfe
Heating rates of- 10*? K/s may be obtained using intense vx{av_e_results_ arein ac_cord f(_)r silica and_a_\lkall halideBut
I§|gnn‘|cant discrepancies exist for transition metals. A sys-

laser irradiation, depending on energy deposited, Irradlatlotematic DAC investigatich suggests that the slope of the

time, and material properties. In laser irradiation experi-m itin vedT.. /dP for transition metals becomes nearl
ments, real-time crystal structure information can be ob- €lling cu m or transition metals becomes nearly

tained from transient electron diffraction and the temperaturéero at~100 GPa. If we extrapolate the DAC melting

from calibration, mass spectometry, or inferred. Significantcurveg for .Fe, V. Mo, W, and Ta to 200-400 GPa where
superheating has been obseR&d>#2in laser-irradiated Al shock melting occurs, shock temperature measurements and

Pb(111), Bi(0003), and GaAs(Table VIi). calculationg”#4=% would indicate ®;;~0.7-2.0. These
Superheating-melting behavior appears to be the domiarge va}lues of supe_rheating are not consistent with the su-
nant feature in shock melting experimeriscluding laser perheating systematics developed above, even when the un-

irradiation. The observed superheating compares favorablfertainties are taken into account. The discrepancies could be
to the prediction of the superheating systematicsQat reconciled by possible solid-solid phase transitions at high

7
~10" K/s (Table VII). We assumed tha remains the same pressures!
at high pressure@vhere solid-solid phase changes or chemi-
cal decomposition may occ)Jrfor planar impact experi- V. CONCLUSION
ments. Shock loading on M§iO, demonstrates unusual
superheatind® larger than the prediction for G&.43 at a The maximum superheating and undercoolir}) (de-

similar heating rate. The result could have been complicategiend on the material paramef@iinternally and on the heat-
by unknown effects of phase changes and decomposition &g (cooling process(i.e., Q) externally. Thef.-B8-Q sys-
high pressures. Pressure was assumed to be ambient in lagematics for the maximum superheating and undercooling
irradiation experiments by these authors. Uncertainties in dewere established ag=(A,—blog;(Q) #.(1— )%, based
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on classical nucleation theory and undercooling experimentsSuch a catastrophe is driven by free energy and can be re-
B is weakly dependent on pressure and varies between Odarded as a kinetic limit. Previous efforts in MD simulations
and 8.2 for the elements and compounds investigated. Thattempted to relate the thermodynamic melting to the Linde-
range of 8 can be regarded as typical of solids in general.mann criterion(vibrational instability and Born(mechani-
Solids can be superheated by (0.05-0135) and cal) instability*®4° In MD simulations of a Lennard-Jones
(0.08-0.43Y,, (i.e., less than 0, at 1 and 18 K/s, re-  fcc system, superheating @f ,~0.20 corresponds to Lin-
spectively. The largest possible undercooli@yy (=2/3) was  demann’s parametef, ~0.22 (fractional root-mean-square
not observed in the data investigated, but should be achiewdisplacementand near-zero shear moduli of a bulk systém.
able by increasing the cooling rate. Materials with» B,ax It is not surprising that both criteria are satisfied at the kinetic
=5 (Ao—blog;(Q) should not crystallize at any cooling limit of superheating. We have validated the systematics of
rate Q. the kinetic limit for melting and freezing at the atomic level
Systematic molecular dynamics simulations were conand demonstrated that superheating achieved in dynamic ex-
ducted on close-packed metals using single- and two-phageeriments agrees with the systematics. But a universal rela-
simulation techniques. The maximum superheating and urtionship between the kinetic limit, Lindemann’s criterion,
dercooling predicted was consistent with the systematics esnd the Born instability needs to be established and quanti-
tablished empirically, thus validating the systematics at thdied from first principles.
level of interatomic interactions. The heating rate is crucial
to achieving appreciable superheating experimentally. We
demonstrated that superheating achieved in ultrafast dynamic
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