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Kinetics of crystal nucleation in undercooled droplets of Sb- and Te-based
alloys used for phase change recording
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Droplets of molten alloys of composition Ge12Sb88, Ag0.055In0.065Sb0.59Te0.29, Ge4Sb1Te5, and
Ge2Sb2Te5, used for optical data storage, surrounded by a molten dehydrated B2O3 flux were
undercooled to 40–80 K below their liquidus temperature in a differential thermal analyzer. The
crystal-melt interfacial energy was calculated from the nucleation temperature using the classical
nucleation theory, which gave values of around 0.20 times the heat of fusion per atom in the
interface for all alloys. This value should be a lower limit since we did not establish that nucleation
was homogeneous in the experiments. The steady-state nucleation rate was calculated between the
liquidus and glass transition temperatures and was higher for the GeSbTe alloys than for the Sb-rich
alloys. Nevertheless, the nucleation rates appear too high to allow amorphization under operating
conditions for the highest achievable cooling rates. Therefore, we conclude that it is the presence of
an incubation time that makes amorphization and therefore phase change recording possible in both
optical and electronic media. © 2005 American Institute of Physics. �DOI: 10.1063/1.2037870�
I. INTRODUCTION

Tellurium- and antimony-based alloys are used for opti-
cal data storage in commercial rewritable phase change me-
dia. In rewritable compact disks �CDs� and digital video
disks �DVDs�, a thin film of a Te alloy is locally and revers-
ibly switched by laser heating between the amorphous and
the crystalline state. These states can be distinguished opti-
cally by their difference in reflectivity.1 Recently, Te alloys
have also shown high potential for future electronic nonvola-
tile data storage.2 In these so-called phase change random
access memories �PC-RAMs�, electrical power provides the
heat that is necessary for transformations between the amor-
phous and crystalline states, which can be distinguished sub-
sequently by their pronounced difference in electrical
conductivity.2–5

To develop programmable resistor elements on the na-
nometer scale for the next generation of phase change media,
it is highly necessary to understand their crystallization ki-
netics better. Those have been extensively studied on the
time scale of minutes5–9 around the glass transition tempera-
ture Tg and are useful to estimate the stability of the amor-
phous phase against spontaneous recrystallization at room
temperature.10 Unfortunately, quantitative extrapolations of
such crystallization parameters to higher temperatures are
difficult because the activation energies of the atomic trans-
port coefficients are strongly temperature dependent11 around
Tg. Therefore, such experiments have limited comparability
to kinetics under operating conditions. We present estimates
of the crystal-melt interfacial energy �, which is the most
important parameter for the calculation of the steady-state
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nucleation rate, from undercooling liquid droplets of Sb- and
Te-based alloys below the liquidus temperature Tl and ob-
serving crystallization in a differential thermal analyzer
�DTA�. That the atomic transport coefficients are only
weakly temperature dependent around Tl allows us to make
quantitative extrapolations of the nucleation rate to the tem-
perature regime between Tg and Tl over which crystallization
may occur under operating conditions.

The undercooling of a droplet is usually limited by the
presence of impurities, surface oxides, and container walls
that act as heterogeneous crystal nucleants.12 It has been
demonstrated that the undercooling can be significantly in-
creased by surrounding the droplet with a liquid flux, which
isolates the droplet from the container walls and eliminates
nucleants from the surface of the droplet by dissolution and
inclusion.13–19 As a secondary effect, the flux significantly
reduces evaporation of volatile droplets.

II. EXPERIMENTAL TECHNIQUES

B2O3 flux was chosen for three reasons: �i� B2O3 is
chemically more stable than all oxides that can form20 from
elemental Ge, Sb, Te, Ag, and In. �ii�Due to its low glass
transition and melting temperature, 275 and 450 °C,
respectively,11,21,22 the viscosity of B2O3 is sufficiently low
around the liquidus of the phase change alloys to serve as an
effective flux. �iii� B2O3 is an easy glass former that does not
crystallize at any temperature at ambient pressure23 and
thereby provides a liquid or amorphous sample container at
all temperatures. As B2O3 is hydrophilic, it had to be dehy-
drated by annealing in a Pt crucible for about 30 min at
1000 °C in air.

A Perkin Elmer/Seiko Pyris Diamond

thermogravimetric/differential thermal analyzer �TG/DTA�

© 2005 American Institute of Physics0-1
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was calibrated24–27 for both the heating and cooling mode
using the melting points and enthalpies of fusion of indium,
tin, zinc, and aluminum as standards.

Crystalline bulk samples of the slightly off-eutectic28

composition Ge12Sb88 were prepared by alloying 5N elemen-
tal Ge and Sb powders in an argon atmosphere �preevacuated
to high vacuum� for 3 h at 1050 °C. After cooling, optical
microscopy revealed the eutectic microstructure of 5-�m-
thick lamellae. Crystalline bulk samples of compositions
Ag0.055In0.065Sb0.59Te0.29 �similar in composition to the mate-
rial of choice in DVD+RW and DVD−RW, hereafter
AgIn–Sb2Te�, Ge4Sb1Te5, and Ge2Sb2Te5 �the material of
choice in DVD-RAM� were prepared by cutting chunks from
a single sputter target with a razor blade. A typical sample of
size between 0.03 and 1 mm3, determined from its mass and
density,3,5,29 was placed into a cylindrical ceramic DTA
sample pan �diameter and height: 5 mm� and surrounded
with dehydrated amorphous B2O3 chunks at room tempera-
ture, which provided a liquid sample container once the pan
was heated.

The fluxed sample was repeatedly cycled in the DTA in
Ar atmosphere at constant heating and cooling rates between
0.1 and 50 K min−1. Melting upon heating and crystallization

FIG. 1. Heat flow as a function of temperature for B2O3-fluxed Sb and Te a
to assign the correct liquidus temperature Tl to the observed endothermic mel
base line �dashed� at an angle obtained from a calibration experiment �cf. R
onset of the exothermic crystallization peak. Above Tn, the sample remains e

�Tn=Tl−Tn �cf. Table I� obtained. The heating �cooling� rate was Ṫ= ±10 K
upon cooling was observed by an endothermic and an exo-
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thermic peak, respectively. The objective of this experiment
was to undercool the sample as far as possible and thereby to
approach the limit of homogeneous nucleation, which yields
the largest possible undercooling. The amount of undercool-
ing as a function of fluxing time tf and fluxing temperature
Tf �Tl was investigated.

A power-compensated differential scanning calorimeter
�DSC, Perkin Elmer, Pyris 1�, calibrated using the melting
points and enthalpies of fusion of indium and zinc, was used
to measure the heat of fusion �Hf of Ge12Sb88, AgIn–Sb2Te,
and Ge2Sb2Te5 from the area under the endothermic melting
peak upon heating. Due to its high liquidus temperature, the
heat of fusion of Ge4Sb1Te5 could not be measured in the
DSC and had to be estimated from the area of the endother-
mic DTA peak.

III. RESULTS

The upper curves in Fig. 1 display the endothermic melt-
ing peak for all alloys measured in the DTA. Analysis of the
melting peak of Ge12Sb88 based on the binary phase
diagram28 confirms that this composition is slightly off-
eutectic �sharp peak from eutectic melting at 592 °C, fol-

measured by differential thermal analysis. Heating �upper curve�: In order
eak, an auxiliary line is drawn from the end of the signal to the interpolated
�. Cooling �lower curve�: The nucleation temperature Tn is assigned to the

y liquid. For each alloy, the cooling curve displays the largest undercooling

n for all alloys, except for Ge4Sb1Te5, where it was Ṫ= ±5 K/min.
lloys
ting p
ef. 24
ntirel

/mi
lowed by a broader peak up to the liquidus of the noneutectic
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phase�. The eutectic composition is Ge15Sb85 �Ref. 28�. For
AgIn–Sb2Te, the measured value for Tl �cf. Table I� is close
to the literature value28 of Tl=545 °C for the alloy Sb2Te,
which is similar in composition to AgIn–Sb2Te. The mea-
sured liquidus temperatures �Table I� for Ge4Sb1Te5 and
Ge2Sb2Te5 agree with other DTA studies.30–32

Fluxing the sample slightly above the liquidus gave al-
most no undercooling for all alloys �about 10 K�, no matter
how long the fluxing time tf was. The undercooling is mea-
sured from the liquidus, i.e., �Tn=Tl−Tn, where Tn is the
onset of the exothermic crystallization peak upon cooling �cf.
Fig. 1�. This is empirically justified by observations that the
composition dependence of Tn in undercooling experiments
on binary alloy droplets roughly parallels the liquidus
line.33–37 Increasing the fluxing temperature Tf enhanced the
undercooling, i.e., B2O3 acted as a more efficient flux at
higher temperatures, probably due to its viscosity decrease or
to the enhanced dissolution kinetics. Fluxing temperatures Tf

above about 800 °C did not further enhance the undercool-
ing for any of the alloys. The fluxing time tf did not have a
significant effect on the amount of undercooling. Fluxing
times of a few minutes and of a few hours gave the same
undercooling for the same fluxing temperature.

The lower curves in Fig. 1 display the exothermic crys-
tallization peak of the cooling cycles that yielded the largest
undercooling �cf. Table I�. The undercooling was indepen-
dent of cooling rate and sample volume within the limits
mentioned in Sec. II.

After cooling down to room temperature, the samples
were exposed by boiling the sample pan in water and thereby
dissolving the glassy B2O3. Optical microscopy revealed the
eutectic microstructure of 5-�m fine lamellae for the
Ge12Sb88 alloy.

The heat of fusion �Hf determined from DSC and DTA
measurements has been normalized to an entropy of fusion �
according to Eq. �A4� in the Appendix and is given in Table
I.

IV. ANALYSIS

The interfacial energy � was calculated using the
method described in the Appendix, with f��� set to unity.
Hence, we assume that the largest observed undercooling

TABLE I. Liquidus temperature Tl upon heating, lo
largest undercooling �Tn=Tl−Tn, and largest relativ
analysis measurements �cf. Fig. 1�. The uncertainty fo
crystal-melt interfacial energy � �absolute value, Eq.
entropy of fusion � from differential scanning calo
measurements �Eq. �A4��.

Alloy
Tl

�°C�
Tn

�°C�
�Tn

�°C�

Ge12Sb88 607.0 529.9 77.1
AgIn–Sb2Te 534.1 471.9 62.2
Ge4Sb1Te5 690.7 625.1 65.6
Ge2Sb2Te5 643.2 600.7 42.5

aFrom DSC measurements.
bFrom DTA measurements.
�Tn �Table I� corresponds to homogeneous nucleation. An

Downloaded 12 Sep 2005 to 134.130.242.17. Redistribution subject to
estimate of the Gibbs free energy difference �G between
undercooled liquid and crystal based on liquid heat-capacity
measurements is available only for AgIn–Sb2Te due to the
higher liquidus temperature for the other alloys.38 Figure 2
compares the experimental curve of Ref. 38 with the calcu-
lations of Eq. �A3� for this alloy. Only the Thompson/
Spaepen39 �TS� and Hoffman40 �HM� approximations de-
scribe the measured curve satisfactorily, but not the
Turnbull41 �TB� approximation, which is usually used only
for undercooling of metals, for which the difference in spe-
cific heat between liquid and crystal near the melting point is
close to zero. We therefore assume that the TS and HM ap-
proximations also apply to the other alloys. For small under-
coolings �Tn,r of less than 10% as given in Table I, the
viscosity � can be assumed independent of temperature.42

Viscosity data around the liquidus temperature are not avail-
able for any of the alloys studied here. We therefore estimate
the viscosity to be ��2�10−2 poise, a value measured
around the liquidus for Sb100−xTex, where x ranged from 0 to
100,43 as well as for Ge100−xTex, where x ranged from 50 to
100,44 and also for various other binary Te alloys.43,45 The
uncertainty for the calculated interfacial energy � in Table I

nucleation temperature Tn observed upon cooling,
dercooling �Tn,r=�Tn /Tl, from differential thermal
temperature is ±1 °C. Calculated lower limit for the
and 	 �normalized value, Eq. �A4�� and normalized

try �DSC� and differential thermal analysis �DTA�

,r

�
�mJ/m2� 	 �

8 76±5 0.20±0.01 2.94±0.04a

7 55±4 0.19±0.01 2.49±0.05a

8 47±6 0.22±0.01 1.51±0.18b

6 40±3 0.16±0.01 1.93±0.10a

FIG. 2. Difference in molar Gibbs free energy �G between the undercooled
liquid and the crystal as a function of relative undercooling �Tr for
AgIn–Sb2Te. The solid curve is based on liquid heat-capacity measurements
from Ref. 38. The other curves are calculated from Eq. �A3� using values for
� and Tl given in Table I: Turnbull approximation �TB, dashed�, Thompson/
Spaepen approximation �TS, dot-dashed�, and Hoffman approximation �HM,
west
e un
r the
�A2��
rime

�Tn

0.08
0.07
0.06
0.04
dotted�.
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includes �a� the uncertainty in the heat of fusion �Hf used
for the approximation of �G �Eq. �A3��, �b� the uncertainty
on the choice of the TS or the HM approximation, and �c� the
uncertainty in the factor J0 �Eq. �A2��, which is two to four
powers of 10.46 Since the dependence of the exponential
term in Eq. �A2� on � is so strong, the value of � required to
satisfy Eq. �A1� is insensitive to the large uncertainty in J0.
The normalized interfacial energy 	 �Eq. �A4�, Table I� is
slightly lower for Ge2Sb2Te5 than for the other three alloys.
All values are smaller than the value 	=0.34±0.05, which
was measured for silicon by the same technique,17 and far
smaller than the values obtained by interface modeling for
the closest-packed surfaces in pure metals �	=0.86 for the
face-centered-cubic and hexagonal-closed-packed struc-
tures47 and 	=0.71 for the body-centered crystal structure48�.
The values of the interfacial energies � and 	 in Table I are
lower limits, since we did not establish that nucleation was
homogeneous in our experiments. If, as is likely, the ob-
served nucleation was heterogeneous, larger undercoolings
should be possible. The corresponding values of � and 	
would be larger.

To extrapolate the steady-state nucleation rate Jss�T� �Eq.
�A2� or �A5�� to larger undercoolings, the viscosity � has to
be known over the entire temperature range. � is approxi-
mated by a Vogel-Fulcher-Tammann ansatz11

��T� = �0 exp� A

T − T0
� �1�

under three constraints. �i� ��Tl�=2�10−2 poise as used
above for small undercoolings. �ii� ��Tg�=1013 poise, which
is commonly used to define the glass transition.11 As pointed
out in Ref. 38, Tg can be chosen to be close to the crystal-
lization temperature in furnace heating
experiments:3–5,10,38,49,50 Tg=195 °C �Ge12Sb88�, Tg

=170 °C �AgIn–Sb2Te�, Tg=190 °C �Ge4Sb1Te5�, and Tg

=155 °C �Ge2Sb2Te5�. �iii� The fragility index as defined by
Angell51

m = � � log10 ��T�
��Tg/T�

�
T=Tg

�2�

was matched to literature values52–54 for various chalco-
genides by setting m=45. These constraints yielded reason-
able activation energies for the viscosity of about 4 eV at Tg.
The steady-state nucleation rate Jss�T� �Eq. �A5�� obtained
this way is plotted in Fig. 3 for both the TS and the HM
approximation. Jss increases rapidly for small undercoolings.
This explains why the nucleation temperature Tn �Table I�
was observed to be independent of cooling rate and sample
volume within the range given in Sec. II. Nucleation can
only occur once the observable limit on the order of
1 mm−3 s−1 is exceeded, i.e., one nucleation event in a typi-
cal sample volume of about 1 mm3 during the observable
time window of 1 s. The height and the position of the maxi-
mum in Jss �Fig. 3� depend only weakly on the choice of the

glass transition temperature Tg and the fragility index m in
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the constraints above. If Tg is varied as 
40 °C or if m is
varied as ±15, the height changes by about ±1 order of mag-
nitude and the position by about ±0.01. The more pro-
nounced contribution to the uncertainty in the maximum
height is that of the nucleation rate prefactor J0 �Eq. �A2��,
i.e., about two to four orders of magnitude.46 The part of the
curve to the left of the maximum is essentially insensitive to
those uncertainties. Since we did not establish that nucleation
was homogeneous in our experiments, the nucleation rate Jss

as plotted in Fig. 3 is an upper limit for the homogeneous
nucleation rate. We refrain from plotting Jss for undercool-
ings larger than �Tr=0.4 for two reasons: �a� The free en-
ergy approximations �Eq. �A3�� are increasingly imprecise
for larger undercoolings. �b� There are indications55,56 that
the Stokes-Einstein equation, which allowed us to express
the preexponential factor in Eq. �A2� in terms of the viscos-
ity �, may not hold for temperatures around Tg, which cor-

FIG. 3. Upper limit for the homogeneous steady-state crystal nucleation rate
Jss �Eq. �A5�� as a function of relative undercooling �Tr �Eq. �A4�� for
Ge2Sb2Te5 �dot-dashed�, Ge4Sb1Te5 �dotted�, AgIn–Sb2Te �dashed�, and
Ge12Sb88 �solid�. For each alloy, the upper curve corresponds to the TS
approximation and the lower curve to the HM approximation of the Gibbs
free energy �cf. Eq. �A3��. For AgIn–Sb2Te, the intermediate curve corre-
sponds to the Gibbs free energy approximation from Ref. 38. For all alloys,
nucleation is observed if Jss exceeds about 1 mm−3 s−1 �observable limit�;
the corresponding undercoolings �Tn,r are those of Table I.
responds to an undercooling of about �Tr=0.5.
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V. DISCUSSION

A. Crystallization

At fixed undercooling �Tr, the steady-state nucleation
rate Jss �Eq. �A5�� depends critically only on three param-
eters: the normalized interfacial energy 	, the entropy of
fusion �, and the reduced glass transition temperature Trg

=Tg /Tl. The latter determines the degree of undercooling
�Tr at which the viscosity � constrains the nucleation rate to
decrease on the right side of the maximum.42 At fixed under-
cooling �Tr, Jss decreases with increasing parameters 	, �,
and Trg �Eq. �A5��. According to the analysis in Sec. IV �also
cf. Ref. 38�, Trg=0.53 �Ge12Sb88�, Trg=0.55 �AgIn–Sb2Te�,
Trg=0.48 �Ge4Sb1Te5�, and Trg=0.47 �Ge2Sb2Te5�. The pa-
rameters � �Table I� and Trg are higher for the Sb-rich alloys
than for GeSbTe alloys, which causes a higher nucleation
rate for the latter �Fig. 3�. The nucleation rate is highest for
Ge2Sb2Te5 due to its lower value of 	 �Table I�, which af-
fects the exponential part of the nucleation rate by a power of
3 �Eq. �A5��.

Studies on the recrystallization mechanism of amor-
phous marks upon laser irradiation revealed that Ge4Sb1Te5

and Ge2Sb2Te5 recrystallize by nucleation and subsequent
growth of crystals inside the amorphous mark.57 In contrast,
Ge12Sb88 and AgIn–Sb2Te recrystallize by the growth of the
crystalline phase from the rim of the amorphous mark.10,58

This correlates with our findings of a lower nucleation rate
for the Sb-rich alloys than for the GeSbTe alloys and is fi-
nally related to the relative difference in the parameters 	, �,
and Trg among these alloys.

It should be noted, however, that the nucleation rates
given in Fig. 3 and the crystal-melt interfacial energies � and
	 given in Table I strictly apply only to that crystal phase
that actually nucleated in the undercooling experiments. For
the Ge2Sb2Te5 alloy, this is probably not the metastable cu-
bic phase, which is found following laser-induced crystal-
lization,59 but the hexagonal phase, which is the stable
phase,4,60 which forms upon furnace heating the cubic phase
above about 300 °C. For an estimate of the crystal-melt in-
terfacial energy for the cubic phase for Ge2Sb2Te5, the un-
dercooling should be measured from the �unknown� liquidus
temperature of the cubic phase, which should be lower than
the �measured� liquidus temperature of the hexagonal phase.
Moreover, the �unknown� heat of fusion for the cubic phase
would have to be used for the free energy approximation
�Eq. �A3��.

B. Amorphization

The steady-state nucleation rates given in Fig. 3 are too
high to allow amorphization in both optical and electronic
media under operating conditions. Nucleation interferes at
the highest attainable cooling rates, which can be estimated
by dimensional analysis of the heat conduction equation.61

The minimum time for heat removal by conduction is on the

order of
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where l is the shortest dimension of an amorphous mark,
which is at best on the order of 10 nm �film thickness for
optical media and minimum programmable volume dimen-
sion for electronic media�. 
 and c��� are the thermal conduc-
tivity and specific heat per volume, respectively, which are
on the order of 0.2 W m−1 K−1 and 1.3�106 J m−3 K−1,
respectively.2,38,62,63 This yields ��1 ns, which implies that
the highest attainable cooling rate is on the order of
1010 K s−1. Consistently, such cooling rates were obtained by
more accurate modeling of temperature profiles.62 For optical
data storage, the bit volume64 is on the order of Vb=1 �m
�1 �m�10 nm=10−20 m3 �limited by the wavelength of
the laser light�. For a cooling rate of 1010 K s−1, the tempera-
ture decreases by 100 K over a time of tc=10 ns=10−8 s.
Therefore, nucleation would interfere if the nucleation rate
were Jss�Vb

−1tc
−1=1028 m−3 s−1 over a range of 100 K. This

is certainly the case for the GeSbTe alloys �Fig. 3�, but most
likely also for the Sb-rich alloys, since the nucleation rates
determined by the fluxing technique probably approached the
limit of homogeneous nucleation far closer than the nucle-
ation rates in phase change media, which are even enhanced
by nucleation-promoting dielectric capping layers.65,66 For
electronic media, programmable volume sizes as small as
Vb=10−23 m3 are reported.67,68 Hence, nucleation would in-
terfere if Jss�1031 m−3 s−1 over a range of 100 K, which is
at least the case for Ge2Sb2Te5, which is often reported as the
material of choice for PC-RAM prototypes.2 Therefore, we
conclude that: �i� Melt quenching under operating conditions
occurs during the incubation time, when the steady-state dis-
tribution of critical nuclei is not yet formed,12,46,69 so that the
nucleation rate remains far smaller than its steady-state value
Jss. As the incubation time is independent of the bit volume
Vb, this statement applies equally to optical and electronic
media for all alloys investigated. Consistently, it was re-
ported by Kelton and Greer70 that transient effects become
increasingly important with increasing quench rate: While
the steady-state nucleation rate is readily maintained for
cooling rates on the order of 1 K s−1 as used in the present
experiments or in conventional metallurgical solidification,
deviations from the steady state are already large at cooling
rates in rapid solidification techniques, such as melt spinning
��106 K s−1�, and must be even larger for cooling rates un-
der operating conditions of phase change media. �ii� Amor-
phization would not be possible if the incubation time were
absent. Hence, the existence of an incubation time makes
phase change recording possible. This statement should ap-
ply for optical data storage to all alloys investigated and for
electronic data storage at least to Ge2Sb2Te5. Indeed, incu-
bation times were reported upon crystallization on the time
scale of minutes6,7,71,72 around Tg, as well as upon laser crys-
tallization on the nanosecond time scale.57,59,73,74

VI. CONCLUSIONS

�1� B2O3 is an effective flux to enhance the undercooling of

liquid Sb and Te alloys.
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�2� The steady-state nucleation rate was higher for the
GeSbTe alloys than for the Sb-rich alloys. This is attrib-
uted to the molar entropy of fusion � and the reduced
glass transition temperature Tg /Tl, both of which are
higher for the Sb-rich alloys. The lower value of the
�normalized� interfacial energy 	 for Ge2Sb2Te5 caused
an additional increase in the nucleation rate for this al-
loy. The observations are qualitatively in agreement with
the different kinetics of crystallization of the four alloys
observed under laser irradiation.

�3� The presence of an incubation time makes phase change
recording possible for both optical and electronic media.

�4� The nucleation parameters determined in this work can
be used to model crystallization kinetics.
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APPENDIX: DETERMINATION OF THE INTERFACIAL
ENERGY FROM OBSERVATIONS DURING
CONTINUOUS COOLING

Nucleation at a steady-state rate Jss of a new phase in an

undercooled liquid of volume V cooled at a rate Ṫ�0 leads
to transformation if the probability of nucleation during cool-
ing from the liquidus temperature Tl to the nucleation tem-
perature Tn is unity,17

V

Ṫ
	

Tl

Tn

Jss�T�dT � 1. �A1�

The steady-state nucleation rate Jss is given by the classical
theory of nucleation,46

Jss�T� =
J0

��T�
exp
−

16�

3kBT

�3

��GV�2 f���� m−3 s−1, �A2�

where � is the viscosity of the melt �in poise�, � the crystal-
melt interfacial energy, �GV the difference in Gibbs free en-
ergy between undercooled liquid and crystal per unit volume,
and f����1 a heterogeneous nucleation reduction factor. For
condensed systems, nucleation theory predicts J0=1036,
with an uncertainty between two to four orders of
magnitude.17,35,42,46,75–78 When liquid heat-capacity data are
not available, �GV has to be estimated. Simple approxima-
tions were proposed by Turnbull41 �TB�, Thompson and
Spaepen39 �TS�, and Hoffman40 �HM�:

�GV = �Hf ,V
Tl − T

Tl
� � �TB� ,

�GV = �
2T

�TS� ,

Tl + T
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�GV = �
T

Tl
�HM� , �A3�

where �Hf ,V is the heat �enthalpy� of fusion per unit volume.
Dimensionless parameters are defined by42

	 =
��2/3

�Hf ,m/NAv
=

�NAvVm
2 �1/3�

�Hf ,m
, � =

�Hf ,m

RTl
,

Tr =
T

Tl
, �Tr =

Tl − T

Tl
, �A4�

where 	 is the interfacial energy per atomic area in the in-
terface, normalized by the heat of fusion per atom; it is a
measure for the number of monolayers that can be melted
with the interfacial energy. �Hf ,m is the molar heat of fusion,
and � an entropy of fusion, normalized to the gas constant R.
NAv, �, and Vm are Avogadro’s number, the atomic volume,
and the molar volume, respectively. This yields the steady-
state nucleation rate as a function of dimensionless param-
eters:

Jss�T� =
1036

��T�

�exp
−
16�

3

f���
Tr��Tr�2	3�� m−3 s−1 �TB� ,

Jss�T� =
1036

��T�

�exp
−
4�

3

�Tr + 1�2f���
Tr��Tr�2 	3�� m−3 s−1 �TS� ,

Jss�T� =
1036

��T�

�exp
−
16�

3

f���
Tr

3��Tr�2	3�� m−3 s−1 �HM� .

�A5�

It is instructive to set f���=1 and thereby assume that nucle-
ation in the undercooling experiments was homoge-
neous.14,15,17 Hence, substitution of Eq. �A2� or Eq. �A5� into
Eq. �A1� and numerical evaluation of the integral yield an
estimate for the interfacial energy if the heat of fusion �Hf

and the viscosity � are known. In case nucleation was het-
erogeneous, this analysis still yields a lower limit for the
interfacial energy and an upper limit for the homogeneous
steady-state nucleation rate.
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