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We present a theory of electric field driven phase transitions that occur via nucleation of needle-shaped, metallic particles. The
predictions of this theory have much in common with the observations related to nonphotochemical laser induced nucleation
(NPLIN). That connection is rather paradoxical because the final NPLIN productsare dielectric crystals. By elaborating on the
uniquefeaturesof field induced transitionsand thecomplexitiesof liquid systems, wediscusshow our theory may providesome
insight to the open question of the NPLIN mechanism. A qualitative description of the post nucleation stage and conjectures
about themicroscopic natureof themetallic particles in liquidsarealso provided.

1 Introduction

Electric field induced nucleation (FIN) is a recently devel-
oped concept of needle-shaped, metal particle nucleation in
an insulating host under astrong static1,2 or oscillating (laser)
3 electric field (fields are typically in the range of E & 106

V/m). Field induced transitionsareobserved in many techno-
logically important areas, such as laser induced phase trans-
formations in chalcogenide alloys1 [underlying optical disc
(DVD) recording], and electric bias induced transformations
in the same materials [serving as a base for the phase change
memory (PCM) technology], as well as bias induced insu-
lator/conductor transformations in vanadium dioxide (VO2)
and other materials (with applications in optical and electric
switches)4–6. A few common features of these transitions in-
clude: exponentially accelerated nucleation rates in the pres-
ence of the field; anisotropy that favors new phase growth in
the direction parallel to the field; and a threshold field below
which theanisotropic nucleation isnot observed.

All of theabovecases involvesolidsthat undergo insulator-
metal transitions. However, there is growing experimental
support for electric field induced nucleation of solute parti-
cles in supersaturated solutionsand other liquid systems (e.g.
super-cooled liquids). First reported by Garetz et. al.,7 the
phenomenon referred to as nonphotochemical laser induced
nucleation (NPLIN) has been observed with both oscillating
7–19 and static20 fields. The term ‘nonphotochemical’ em-
phasizes that there is no light absorption; hence, underlying
changes in electronic structure capable of chemical reactions
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areruled out. Clear indications, in many cases, that thefield is
theprimary phasechangedriver arethealignment of nucleated
particlesalong thedirection of theapplied field (or laser beam
polarization) and the existence of a threshold field. It has led
to a type of ‘polarization switching’ wherein the polymorph
(crystal structure) of the nucleated crystal can be controlled
by applying either linear or circular polarized light.8,10 The
underlying mechanism remains an open question with many
practical implications.21

Although theNPLIN observationsdisplay thecommonfea-
tures of FIN, a paradoxical issue is that the NPLIN experi-
mentsconductedto datehaveproducedonly dielectric crystals
as the final product. The similarities between the predictions
of FIN and the NPLIN observations has inspired the present
work. Here we provide a theoretical basis for FIN in liquid
systems but we restrict our analysis to systems that are capa-
ble of a metal phase since it is not clear how the dielectric
productsof theNPLIN experimentsaremanifested.

A significant insight of FIN theory is that, when theelectric
field is strong enough, the energy reducing effect of the elon-
gated conductive particles allows metals to form even when
the metallic phase would be unstable in the absence of the
field. That leads to intriguing predictions, such as the forma-
tion of metals at unexpected temperatures and pressures, or
field induced nucleation of dielectric particles via short-lived
metallic precursors. We elaborate on the latter possibility be-
low by presenting a summary of the available data on NPLIN
of dielectric crystals and discussing how the theory described
herein may shed some light on theunderlying mechanism.

Recent observationsof laser-induced water condensation in
air22 may also be connected with FIN. In that work, water
condensation in thesub-saturated atmospherewas induced by
ionized filaments generated by ultra-short laser pulses. The
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nucleationmechanism isnot knownbut it isclear that thelaser
field causes a phase transition to a dielectric product (water)
via an electrically conductive plasma. In that case, however,
the laser intensity is approximately two orders of magnitude
larger than in the NPLIN experiments leading to multiphoton
ionization of air molecules; hence, photochemical effects be-
comeimportant.

It is worth noting that similar effects of the electric field
on material structure have been observed independently for a
variety of glassy systems. This includes exponentially strong
increase in nucleation rates,23 the intriguing phenomenon of
thealignment of nucleated (crystal) particlesto the laser beam
polarization,24,25 and threshold nature of nucleation vs. laser
beam intensity.26 The underlying mechanisms remain largely
unknown. It was however realized that the electric field in-
ducedreduction in thenucleationbarrier couldbequalitatively
attributed to the field induced polarization of spherical em-
bryos whose induced electric dipoles interact with the field;
thiswasdescribed in theframework of theclassical nucleation
theory.23 In general, it is natural to assume that the observed
similarity of the field induced transformations in NPLIN and
glassy systems is due qualitatively to the same phase change
mechanism.

The latter approach based on the classical nucleation the-
ory was considered for NPLIN of dielectrics as well.13–15 As
described in detail in Sec. 6, this explanation leads to a cor-
rect qualitative prediction of the nucleation barrier decreas-
ing linearly with laser power, in agreement with the observa-
tions. However, the corresponding field-driven barrier reduc-
tion, ∆W, turns out to be five orders of magnitude below the
observed effect (predicting, say, ∆W ∼ 0.003kT instead of the
observed 30kT ).

Our paper is organized as follows. Section 2 describes the
known theoretical results13–15,23 of the electric field effect on
nucleation of spherical dielectric particles. We show which
physical parameters make that effect small compared to the
electric field induced barrier reduction that can be achieved
by needle-shaped metallic particles. In Sec. 3 we describe a
more quantitative theory of field induced nucleation that pro-
vides numerical estimates sufficient for comparison with the
experimental data. Sec. 4 concentrateson the post-nucleation
stage and the related peculiarities of field induced nucleation
in solutions. In Sections 2-4, the microscopic structure of the
metallic particles remains arbitrary. Therefore, Sec. 5 is de-
voted to thequestion of conceivablemicroscopic models; sev-
eral such models are discussed. Finally, Sec. 6 provides a
general discussion including a summary of the experimental
data for NPLIN of dielectric crystalsand how our resultsmay
help to elucidatetheunderlyingmechanism, along with possi-
blemethodsof experimental verification.

2 Qualitativeanalysis

The following provides a qualitative comparison of the field
effectspredicted by classical nucleation theory and nucleation
in a symmetry-breaking electric field. We show that nucle-
ation of spherical particles cannot account for the often ob-
served dramatic field effects.

2.1 Field effect in the classical nucleation theory

The classical nucleation theory27,28 assumes spherical nuclei
that are described by the coefficient of surface tension σ and
the chemical potential difference (per volume) between the
two phasesµ. Their freeenergy in zero field isgiven by

F = Aσ−Vµ,

where the surface area is A = 4πR2, and the nucleus volume
is V = (4/3)πR3. This leads to the well known results for the
classical barrier and critical radiusgiven respectively by

W0 = 16πσ3/(3µ2) and R0 = 2σ/|µ|.

The sign in absolute value of the last formula does not af-
fect the classical definition of R0; however, it enables one to
extend that definition to the case of energetically unfavorable
bulk phases that will be shown to result form needle-shaped
particles under strong enough electric field (Sec. 2.2, 3). For
the case of solutions, the chemical potential can be approxi-
mated asµ = kT lns, where s is thesupersaturation.

The field effect is accounted for by the electrostatic contri-
bution to the freeenergy originating from the interaction−pE
of theparticle’s induced electric dipole p ∝ E with thefield E.
A particleof generic shapeand volumeV in auniform field E
reduces the freeenergy according to,29

FE = −
ε∗E2

8π
V with ε∗ =

ε∆ε

ε+n∆ε
. (1)

Here, the particle polarizability depends on the effective per-
mittivity, ε∗, which in turn is a function of the difference
∆ε= εp−ε between theparticle(εp) andhost (ε) permittivities
and theshapeof theparticlethroughthedepolarizing factor, n.
The latter equals 1/3 for the case of sphere. As a result, for a
dielectric sphere of permittivity εp in a host with permittivity
ε, wehave

ε∗ = 3ε(εp− ε)/(εp+2ε). (2)

Adding the contribution in Eq. (1) and assuming that the
particle shape remains spherical results in the effective renor-
malization of the volume term (proportional to V) in the free
energy,

F = Aσ−Vµ+FE. (3)
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Therefore, theoptimizationprocedureremainsthesameyield-
ing the nucleation barrier Wsph = max{F(R)} and its corre-
sponding critical radius in the form

Wsph =
W0

(

1+E2/E∗2
)2

with E∗ = 2

√

3W0

ε∗R3
0

, (4)

Rsph =
R0

1+E2/E∗2
. (5)

Here E∗ has the meaning of the characteristic field above
which thefield effect on nucleation becomesstrong. Note that
the critical radius and the nucleation barrier in the field are
smaller than their respective zero-field values when εp > ε;
hence, thenucleation rate increases.

The above effect tends to be rather insignificant in the case
of dielectric spherenucleation. Consider a scenario where the
observed field induced barrier reduction is∆W = 30kT . From
Eq. (1), setting FE = ∆W yields ε∗ = 8π∆W/(E2V). As a
rough estimate, a particle of volume V ∼ R3

0 ≈ 3 nm3 and an
applied field of E ∼ 107 V/m gives the requirement ε∗ ∼ 104.
In comparison, for a dielectric sphere we have Eq. (2) with
εp = 2.2 (e.g. for KCl) and ε = 1.8 (for water in a laser field of
wavelength λ = 1.064 µm),30 yielding ε∗ = 0.4; five ordersof
magnitude too low. One could arrive at the same conclusion
based on the estimate of E∗ ∼ 1010 V/m obtained by substi-
tuting the above numerical parameters in the definition of E∗

in Eq. (4). When E∗ � E, it follows from Eq. (4) that the
expected field effect is negligibly small for the typical exper-
imental conditions discussed in Sec. 6. These qualitative es-
timates reveal the unlikelihood that a dielectric particle could
providethenecessary barrier suppression.

To reinforce the above claims, we also provide the follow-
ing very rough but indispensable argument. Taking into ac-
count that the induced dipole is p = βE whereβ ispolarizabil-
ity and requiring a field effect of pE ∼ 30kT at room temper-
ature, one arrivesat β ∼ 10−17 cm3. Since it is known that the
polarizability of a spherical metal particleof radiusR is R3/2,
one arrives at the conclusion that metallic particles of radius
greater than 10 nm areneeded to account for theenergy reduc-
tion (or much larger dielectric particles), which iswell beyond
theknown rangeof nucleation radii.

The above results can be interpreted as evidence of the in-
sufficient polarizability predicted by the classical nucleation
theory. Therefore, in what follows we will concentrate on
modifications that can significantly increase the polarizabil-
ity of a new phase particle: metallic nature, and needle-like
elongated shape. This is qualitatively discussed in the next
subsection.

2.2 Needle-shaped metallic par ticles

A relevant caseof gigantic polarizability is found with ametal
needle of length H and radius R � H. Under an electric

field E, it will accumulate at its ends opposite charges of ab-
solute value q ∼ EH2ε corresponding to the dipole moment
pm ∼ qH = EH3ε = EεV(H/R)2, whereε is the dielectric per-
mittivity of the host material and V ≈ HR2 is the particle vol-
ume. For comparison, a spherical dielectric particle of equal
volumeand characteristic dimension V1/3 will develop, under
the same field, the dipole moment pd ∼ E∆εV � pm, where
∆ε = εp − ε� ε. Hence, the electrostatic energy gain in nu-
cleation, pE, is higher for needle-shaped metal particles by
approximately a factor of (ε/∆ε)(H/R)2� 1.

It is remarkable that under strong enough fields, the above
estimatepredictsstable, needle-shaped metallic particleseven
when their constituting bulk phase is energetically unfavor-
able. Indeed, the above electrostatic energy gain ∼ E2H3

will overbalance the chemical potential loss |µ|R2H when
E� (R/H)

√

|µ| for high aspect ratio shapeswith R/H� 1. In
other words, nucleation of an energetically unfavorablemetal-
lic phasecan occur that istotally forbiddenby theclassical nu-
cleation theory. Physically, thisenhancement is due to a large
induced electric dipole in the needle-shaped particle. Once
created, it will act as a lightning rod, concentrating the field
and triggering further nucleation.Thisenergy analysis will be
mademorequantitative in Sec. 3 below.

Regarding the dynamic characteristics in a laser field, we
note that the typical metal plasma frequency in the range of
ωp ∼ 1015−1016 s−1 is much greater than both the typical ap-
plied laser frequencies and the characteristic dielectric relax-
ation frequenciescorrespondingto reorganizationand orienta-
tion of permanent dipoles, which are all below ωd ∼ 1011 s−1.
Therefore, the metal particles will behave as good metals in
the laser field.

Two comments are in order regarding the above consider-
ation. The first addresses the commonly known trend that
metallic properties are suppressed when the particle size de-
creases. Taken superficially, that trend may seem to under-
mine the assumption of small metal nuclei. We note, how-
ever, that the nature of that trend is dimensional quantization:
31 themetallic propertiesdisappear when thecharacteristic di-
mensional quantization energy gap Ea ≈ ~2/ma2 in a particle
of size a becomes greater than the thermal energy kT . This
would change the nature of the electronic spectrum from an
effectively continuous(Ea� kT ) metallic type to the discrete
spectrum typical of dielectrics. It is readily seen, however,
that such quantization doesnot takeplacebecausetheneedle-
shaped nuclei can besufficiently long.

As an example, a nano-size particle (a = 1 nm) with the
electron mass m ∼ 10−27 g corresponds to an energy gap
Ea ∼ 0.1 eV, too wideto maintain metallic properties. Wewill
see in what follows that the needle-shaped nuclei considered
heretypically havetransversal dimension (R) on thescaleof 1
nm and, therefore, detrimental to metallic conductance. How-
ever, their longitudinal dimensions (H) are much greater, say
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H ∼ 10 nm, leading to energy gaps of Ea ∼ 0.001 eV, fully
consistent with the notion of metal conduction. In that case,
typical of highly anisotropic systems, the metallic properties
are due to the quasi-continuous, possibly overlapping energy
sub-bands related to the longitudinal dynamics (we assume
that theFermi level lies in oneof thosesub-bands).

Our second comment addresses thecharacteristic timenec-
essary to form a metal cluster during the duration of one laser
pulse,∆t ∼ 10 ns. Bearing in mind theneedle-likeshapeof the
particlesand limiting the transport to diffusion only, the crite-
rion of fast enough nucleation kinetics is that atomic particles
can diffusedistancesof the order of R, i. e.

4D∆t & R2

where D is the diffusion coefficient and the coefficient of 4
accounts for the 2D (perpendicular to the cylinder axis) diffu-
sion component. Using for specificity a reasonable values of
D = 2.1×10−9 m2/s and ∆t ∼ 10 ns shows that the latter cri-
terion holdsup to a radiusof 10 nm. Therefore, field induced
nucleation is not inhibited by low atomic diffusivity: metallic
nuclei have time to form during a single laser pulse of 10 ns.
Alexander et. al.13 arrived at the same conclusion for dielec-
tric clusters.

3 Field induced nucleation

3.1 Field dependent nucleation barr ier for needle-shaped
par ticles

The above claim of strong energy gain can be made more
quantitative in the framework of field induced nucleation
(FIN) theory.1–3 FIN isa recently developed concept of metal
phasenucleation in an insulating host under astrong static1 or
oscillating3 field. In particular, we explicitly show next how
phase transitions are possible even for the case of an energet-
ically unfavorablebulk new phase (negativeµ) when a strong
electric field isapplied and theconstraint of spherical shapeis
relaxed.

We start with noting that the equilibrium form of a particle
in a uniform field is close to prolate spheroidal.32 Referring
then to Eq. (1) we use the depolarizing factor for a prolate
spheroid of radiusR and height H, given by29

n = (R/H)2[ln(2H/R)−1]. (6)

From Eq. (1), ametallic particlewith εp→∞ leads to n∆ε�
ε, resulting in ε∗ = ε/n, consistent with the intuitive estimate
presented in Sec. 2.2 for thedipolemoment, pm, of ametallic
needle. At optical frequencies, where εp is finite and nega-
tive, the polarization enhancement is governed by plasmonic
oscillations that are in resonance with the field frequency.33

Rather than elaborating on thelatter mechanism here, wesim-
ply mention that the plasmonic driven field-induced polariza-
tion can belarger in magnitudethan that of astatic field by the
quality factor Q = ωτ, whereω is the laser frequency and τ is
the electron relaxation time in the metallic phase. The corre-
spondingnucleation barrier turnsout to belower by afactor of
1/Q. However, the measured Q for metallic nanoparticlesare
not very large: the ratio of theplasmonic peak frequency over
peak width is of the order of 3-5.34 In what follows we will
assumethat factor is included in theparameter α, if necessary,
in order to maintain simplicity of consideration.

For thecaseof needle-shapedparticles, nucleationproceeds
through two degrees of freedom by forming high aspect ratio
metallic clusters aligned with the field (or laser beam polar-
ization). They areefficient at reducing theelectrostatic energy
because of their larger dipole moments. Their exact shape is
not known, but modeling with either spheroidal or cylindrical
particles leads to differences only in numerical coefficients.1

We opt for the mathematically more concise form of a cylin-
drical nucleus with A = 2πRH and V = πR2H, leading to the
freeenergy of Eq. (3) expressed as,

Fcyl =
W0

2















3RH

R2
0

± 3R2H

R3
0

− E2

E2
0

H3

R3
0















. (7)

Herewehaveassumed theparticleto bemetallicwith ε∗ = ε/n
and used the approximation n = (R/H)2, thereby setting the
expression in the square brackets of Eq. (6) to unity. In the
second term of Eq. (7), we allow µ (included in R0) to be
negative for a new phase that is energetically unfavorable in
the bulk. Here, thecharacteristic field isgiven by,

E0 = 2

√

W0

εR3
0

. (8)

The contour plot in Fig. 1 illustrates how the system can
lower its free energy more easily by forming elongated parti-
cles. Wenotethat thezero-energy contour (labeled0) in Fig. 1
represents the boundary beyond which the free energy is neg-
ative. It isdefined by the equation,

H
R
>

√

3
(

1+
R0

R

)E0

E
, (9)

consistent with our abovequalitativeconclusionabout thepos-
sibility of needle-shaped particles of an otherwise energeti-
cally unfavorablephase.

We now turn to thequestion of thenucleation barrier corre-
sponding to FIN. The free energy of Eq. (7) seems to suggest
that nuclei with R→ 0 are themost favorable. Realistically, R
must be greater than some minimum value determined by ex-
traneous requirements, such as sufficient conductivity to sup-
port a large dipole energy or mechanical integrity. Based on
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Fig. 1 Contours of free energy F/W0 from Eq. (7); positive and
negative regions are separated by the zero contour. The contour
spacing is F/W0 = 0.5. Nucleation of elongated particles along path
2 over the barrier W ismore efficient than nucleation over the
maximum barrier of path 1. R/R0 = α is the minimum physically
reasonable radius.

data for other types of systems, it was estimated1 that a rea-
sonableminimumradiusisRmin = αR0, whereα∼ 0.1 isaphe-
nomenological parameter. Assuming R0 of several nanome-
tersputs Rmin in the molecular size range. Lacking morecon-
crete information, we employ the same approximation here.
In the region R < Rmin, the free energy is substantially larger
than described by Eq. (7), since the energy reducing effect of
the electric field cannot be manifested by such thin particles.
Theregion R < Rmin can beapproximated by a potential wall.

Following previous work,1 we consider nucleation along
the path R/R0 = α (see Fig. 1); alternative paths that start
from theorigin introduceonly insignificant numerical factors.
Then, from Eq. (7), the nucleation barrier and critical aspect
ratio are,

W =W0
α3/2E0

E
≡W0

Ec

E
,

Hc

Rmin
=

E0

α1/2E
� 1 (10)

to within the accuracy of insignificant numerical multipliers
of theorder of unity. Here Ec is the characteristic field, above
which FIN dominates. Employing typical nucleation valuesof
W0∼ 1eV, R0∼ 3 nm, andα∼ 0.1, Eq. (10) predictsthat asub-
stantial barrier reduction isachieved at afield of E & Ec ∼ 107

V/m for metallic cylinders; within a reasonable experimental
field range. In astatic field, wehaveε ∼ 100 for aqueoussolu-
tionsand thelatter valueisreduced to Ec ∼ 106 V/m. Thefield
dependent nucleation barriers for variousscenariosareshown
in Fig. 2.

Comparing Eqs. (4) and (10) indicates that nucleation of
needle-shaped particles is favored when W <W0, resulting in

107

100

Electric Field (V/m)

W
/W

0

10-1

10-3

10-2

E
c

100 E
c

1/4

109108

Dielectric Sphere
Metal Sphere
Metal Cylinder

?

Fig. 2 Comparison of the field induced barrier suppression from
Eqs. (4) and (10) for adielectric sphere (dash-dot), metallic sphere
(dash), and metallic cylinder (solid). Experimentally observed
barrier reduction W/W0 = 1/4 (with W0 = 40kT ), shown by the
horizontal line, is achieved near 3×107 V/m for the metallic
cylinder; in the range the data (see Sec. 6). The region
Ec < E < Ec/α

2 (using α = 0.1) is the effective range of FIN.
Nucleation in the region E > Ec/α

2 is uncertain due to the
requirement of ultra-small nuclei. The numerical values are
provided in the running text.

the critical field condition E > Ec ≡ α3/2E0. The requirement
on the aspect ratio Hc/Rmin � 1 from Eq. (10) implies the
upper limit E < E0/

√
α. Taken together, FIN is effective in

the range,
1< E/Ec < α

−2, (11)

which isclearly indicated in Fig. 2; 107< E < 109 V/m for the
numerical values mentioned above. Beyond the upper limit
(E > Ec/α

2), small nuclei with R < Rmin are expected. The
nucleation of such small particles can involve other physical
aspects35 that wedo not consider here. Below thefield range,
spherical particles may be more probable than cylinders but
the field effect is negligible (i.e. insignificant barrier suppres-
sion).

3.2 FIN in the proximity of bulk phase transitions and
the threshold laser power

Another interesting observation concerns the dominance of
FIN near bulk phase transition (µ ≈ 0), such as solid-liquid,
metal-dielectric, etc. To account for the bulk phase transition,
one can use the standard approximation µ = µ0Θ whereΘ is
the phase transition parameter and µ0 is the chemical poten-
tial differencebetween the two phasesat Θ = 1. For example,
Θ= |1−T/Tc| for phasetransitionsdescribedby acritical tem-
perature, Tc (e.g., in themetal-dielectric transition of VO2).

For the case of solutions we quantitatively define supersat-
uration as s = (c/c0)−1 to makeit formally similar to thecase
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of temperature (note that some sources13 use the definition
s = c/c0). We then take into account that the difference in
chemical potentials between the actual and oversaturated so-
lutionsisproportional 36 to s. Becausethechemical potentials
of theoversaturated solution and material in thesecond phase
coincide, onecan writeµ ∝ Θ = s.

The latter relation will result in a corresponding renormal-
ization, according to which the above introduced parameters
will be replaced respectively by the following,

W0→
W0

Θ2
, R0→

R0

Θ
, E0→ E0|Θ|1/2. (12)

Because Rmin = αR0 is determined by microscopic structure
and remainspractically independent of Θ, weobservethat α∝
Θ. Taking into account the latter scaling relations, Eq. (10)
predicts that the nucleation barrier W isΘ-independent.

Thisconclusion is in striking differencewith theprediction
of classical nucleation theory that the nucleation barrier for
spherical embryos isstrongly Θ-dependent,

W0 ∝ Θ−2. (13)

This prediction6 was recently compared to experimental data
for thecase of FIN in VO2.

It is readily seen from the above that FIN of needle-shaped
embryo becomes exponentially more effective than the clas-
sical nucleation of spherical particles in the proximity of the
bulk phasetransition. Indeed, thelatter ischaracterized by the
barrier that can be presented as W0 = W00Θ

−2 while the Θ-
independent field induced nucleation barrier can be presented
in theform W =W00α

3/2
00 E00/E, whereW00, E00, andα00 refer

to Θ = 1. As a result, field induced nucleation can dominate
under relatively weak fields E > E00α

3/2
00 Θ

2 near the phase
transition point. Here, the characteristic values of the “zero
temperature” quantities W00, E00, and α00 far from the bulk
phase transition are estimated in the above as their respective
values without indices: W0, E0, and α. Simply stated, FIN
is prevalent in the proximity of bulk phase transitions; the re-
quired electric fields can be either externally applied, say, in
the form of low power laser beam, or generated internally asa
result of minutematerial nonuniformities.

In the framework of FIN theory, the time of the experi-
ment (i.e., theduration of field exposure∆t) can play asignif-
icant role determining the threshold field, below which field
induced nucleation becomes unlikely. This relation is based
on the understanding that the exposure time must be greater
than the nucleation induction time τ = τ0exp(W/kT ) with W
from Eq. (10). Equating∆t = τ givesthe threshold field,

Eth =
W0

kT
Ec

ln(∆t/τ0)
, (14)

where k is Boltzmann’s constant and T is temperature. This
provides verifiable predictions in terms of the threshold field

dependence on exposure time, temperature, and the supersat-
uration s.

One non-trivial prediction from Eq. (14) is that the thresh-
old field (or threshold laser power density) doesnot dependon
the order parameter Θ, in particular, Eth does not depend on
supersaturation for the case of FIN in solutions. This predic-
tion isfully consistent with theavailabledata,13 and cannot be
explained by the classical nucleation theory.

Furthermore, assuming reasonable ln∆t/τ0 ∼ 10, W0/kT ∼
30, and Ec ∼ 107 V/m (see Fig. 2) yields Eth ∼ 3Ec. This
translates into the threshold laser power Ith = cE2

th/(4π) ∼ 100
MW/cm2, where c is the speed of light. The prediction of
the threshold field and laser power being logarithmically de-
pendent on the time of exposure, ∆t, calls upon experimental
verification.

4 Post-nucleation kinetics

The above analysis was limited to the nucleation stage of the
phase transformation. That limitation iswell justified in some
cases. For example, field induced nucleation in chalcogenide
glassesresults in metallic embryosof crystallinestructurethat
arestableenoughand can exist assuch for along time.1–3,24,25

However, post-nucleation growth (or decay) can strongly af-
fect thenumber of experimentally observed second phasepar-
ticles in many other systems. In general, the post-nucleation
processes can be rather complex, including secondary nucle-
ation of the second phase particles on precursor embryos,
structural reconstruction,37 and subsequent particlegrowth by
accretion from the solution. The reconstruction step implies
that “nucleation is, at least, a two-barrier process in terms of
the thermodynamic potential, in which the first barrier neces-
sary for cluster formation is lower than themain barrier neces-
sary for the transformation of the already formed cluster into
astablecrystallinenucleus” ;37 it goesbeyond classical nucle-
ation theory and was suggested based on empirical observa-
tions.

A possible complication that is characteristic of field in-
duced nuclei is that they remain stable when a strong enough
electric field ispresent and thusbecomestrongly unstable(left
with significant excessive free energy) upon field removal.
This instability can result in extremely rapid decay accom-
panied by substantial volume and temperature changes, and
pressuregradientsconduciveof local shock wavesand cavita-
tion. The latter factors can by themselves serve as important
phase transformation drivers.17,18,38 Since this scenario is ex-
tremely difficult to describe theoretically, we leave it hereasa
possibility that cannot beruled out. Wenote, however, that the
scenario can hardly work for the cases of nucleation under dc
field or laser-inducedphasetransformationsin glassy systems.
24,25 In what follows, we attempt a semi-quantitativedescrip-
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Fig. 3 Sketch of the particle free energy under zero field and strong
electric field. R0 and RE show the corresponding nucleation barriers,
whileR00 and RE0 represent the radii above which the particle
becomes energetically favorable. The upward arrow shows the
transition that takes place upon field removal, which leads to particle
decay.

tion of how thesecondary processdependson thefield and so-
luteconcentration for thestandard scenario of post-nucleation
kinetics.

As illustrated in Fig. 3, a newly nucleated particle will re-
main unstableupon field removal unless it growsenough (R >
R0 in Fig. 3) to ensure particle stability (continued growth)
in zero field. Therefore, the field needs to be maintained for
a sufficient time to let a just nucleated particle evolve into the
zero-field stability region. Theparticlegrowth ratedetermines
both that time and the number of stable particles found upon
field removal. Assuming the characteristic time of field ex-
posure ∆t, the condition of sufficient growth takes the form
R(t = ∆t) > R0.

When the post-nucleation stage of particle formation be-
comes the bottleneck, the phase transformation rate will not
be exponential in the electric field and material parameters,
aswould be typical for nucleation processes.28 Here, wecon-
sider aconceivablescenario that isuniqueto thefield induced
mechanism and is inspired by the NPLIN data (see Sec. 6).
8,13 Since the field greatly increases the nucleation rate, we
assume the growth stage to be the bottleneck that determines
thenumber of particlesobserveduponfield removal, whilethe
characteristic nucleation time τ� ∆t is the shortest of all the
processes. Thus, metal nucleation takes place with certainty
during the time ∆t of field exposure. Therefore, the number
of particles to grow beyond the stability radius R0 is propor-
tional to the diffusion flux I of molecules from the solute to
theparticle. The latter is given by theequation,36

I = 4πr2Ddc/dr = 4πD(c− c0∞)(R0−RE), (15)

where we have implied a spherical nucleus with radius close
to the critical radius R0, c is the solute concentration, and c−

c0∞ ≡ ∆c is the solute over-saturation. Because the practical
fields are much lower than E∗, it follows from Eq. (5) that
R0−RE ≈ 2R0E2/E2

∗ , which yields for the number of stable
particles,

N ∝ DE2∆c. (16)

Obviously, E2 should be replaced with the laser power for the
case of laser fields. Thedependencein Eq. (16) can beshown
to hold not only for spherical particles [assumed in Eq. (15)],
but for cylindrical particles as well (to within the accuracy of
a numerical coefficient).

We conclude that, when the field is sufficient to induce nu-
cleation of metallic particles (E > Ec), the probability of ob-
serving crystallization dependson the field and concentration
according to Eq. (16); as observed in several of the NPLIN
experiments8,13,39 discussed below. The dependence on the
diffusion coefficient D (which can be affected by tempera-
ture) remains to be verified. Another verifiable prediction is
that shortening the laser pulses down to the sub-nanosecond
range should suppress nucleation because of insufficient time
to grow the needle radius beyond zero field stability value R0

(see Fig. 3).

5 On themicroscopic nature of metallic nuclei

In some cases, the nature of the predicted needle-shaped nu-
clei iswell known. For example, they aremetallic crystal par-
ticles in chalcogenide glasses. In general, however, we note
that the field induced decrease in freeenergy [last term in Eq.
(7)] may providea meansby which otherwise chemically un-
stableconductiveparticlescan persist in an electric field when
their aspect ratios exceeds that in Eq. (9). Here the phrase
‘chemically unstable’ corresponds to the case when the sign
in front of the second term in Eq. (7) is positive. This opens
intriguing possibilities for the metallic nature of the particles,
a few of which areconsidered next.

Consider first the example of a pure metal, such as the vi-
olently reactive combination of potassium in water with an
enthalpy of reaction, H ≈ 200 kJ/mol. We will take H as
an approximation for the thermodynamic potential difference
Φ, whose value per particle gives the chemical potential µ.
In that case, using the standard potassium density of ≈ 0.86
g/cm3 yields µ ∼ 4 kJ/cm3. The latter suffices to estimate the
characteristic field E0 introduced in Eq. (8). Representing it
as E0 =

√

8πµ gives E0 ≈ 5×1010 V/m. Assuming, as in the
above, α ∼ 0.1 yields then Ec ∼ 109 V/m, much larger than
the typical experimental fields of E ∼ 107 V/m. Also, given
a surface tension of σ ∼ 0.1 J/m2 for potassium,40 the above
estimated µ results in an unrealistic linear size scale of R0 in
the sub-angstrom range.

However, one can consider a metal phase of more complex
nature than pure potassium and with substantially lower en-
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thalpy of reaction. A set of useful hintstowardssuch phasesis
found in theextensivework on thevariousscenariosof metal-
insulator transitions; Mott31 has given a comprehensive re-
view of that field. Among such transformations, the case of
insulator-to-metal transitionsdueto solvatedelectronsappears
plausible in application to NPLIN; it isbriefly described next.

The concept of solvated electrons, originally proposed for
the case of metal (often K or Na) ammonia solutions, implies
that theelectron can form alocalized stateby self-consistently
polarizing the surrounding medium, which, in turn, creates a
potential well for the electron. Similar to the concept of po-
larons, it is made more specific by assuming that the required
polarization isachieved viaproperly orienting NH3 molecules
possessing considerable dipole moments. This results in a
cavity-like potential well confining the electron and having a
depth of the order of the potential step through its surround-
ing dipole layer. The details of this picture were extensively
discussed through both new experimental verifications, par-
ticularly including thecasesof Naand K,41 and mathematical
treatments, asdescribed in recent reviews.42,43

A featureof interest hereis that thesystem of solvated elec-
tronsundergoesan insulator-to-metal transition when thecon-
centrationof solvated electronsexceedsacertain critical value
in the range of 7-20 molar percent, above which the conduc-
tivity approachesvaluessimilar to that of liquid mercury. The
transition is thought of as occurring through collectivizing of
the solvent electron states with concomitant suppression of
their surrounding dipole layers; variousmathematical models
wereproposed.44

The above outlined concept of solvated electrons could be
relevant for NPLIN of dielectrics, in particular, for K and
Na solutions as containing those metals that are known to
supply the solvated electrons with water being a source of
electric dipole units. Other systems studied by Garetz et.
al. can include significant fractions of strong electric dipole
molecules facilitating the electron solvation, as suggested
by their chemical formulas: histidine (C6N3O2H9), glycine
(NH2CH2COOH), urea (CO(NH2)2), and lysozyme.

Our theory predicts that under asufficiently strong field the
insulator-to-metal transition in a system of solvated electrons
will occur through nucleation of needle-shaped, metallic clus-
ters. Quantitative estimates of the corresponding character-
istic fields E0 and Ec can be attempted based on the avail-
able information about the parameters of solvated electrons
in metal ammonia solutions. Namely, the enthalpy of transi-
tion to themetallic statecan beup to two ordersof magnitude
lower than that of the abovediscussed case of purepotassium
(say,45H ≈ 2 kJ/mol). The corresponding characteristic field
is Ec ∼ 5×107 V/m and using31 σ ∼ 32 erg/cm2 yields W0 ∼
2 eV and R0 ∼ 2 nm, consistent with the abovetheory.

Another possibly relevant mechanism of nonmetal-metal
transitions31 is related to noncrystalline semiconductors and

impurity bands. The underlying model is that of localized
electrons with localization radius al each at randomly posi-
tioned centers of concentration nl. When the electron wave
function overlap is significant enough, the participating states
form an energy band that can give rise to metallic conduc-
tion. This kind of transition is well studied both theoretically
and experimentally. Thecriterion of metal conductivity is that
the volume fraction occupied by localized electrons is high
enough, nla3

l & 0.005.
While the concept of a band of free electrons in water re-

mainslargely unexplored,47 onecan consider electronicstates
localized at positively charged ions, such as potassium K+, or
hole states localized at negative ions, such as chlorine Cl−.
They can be thought of either ashydrogen-likestates in semi-
conductors or as Frenkel-type excitons. Assuming their radii
of theorder of ∼ 3 Å (typical of electronsin water42,43,47), the
required concentration of such centers becomes of the order
of 1021 cm−3, i.e., ∼ 3 atomic percent. The latter could be
achieved, at least locally, with an averageKCl solute concen-
tration ∼ 10%. Overall, this microscopic mechanism of metal
particle formation remainshighly speculative.

6 Discussion and conclusions

The theory of field induced nucleation accounts for phenom-
ena where an electrical bias causes phase transitions to oc-
cur exponentially morerapidly than predicted by classical nu-
cleation theory. It has been applied to solid systems, such
as metal-insulator transitions in chalcogenide alloys1–3 and
vanadium dioxide.6 In the present work we have specifically
considered FIN in liquid systemsthat arecapableof metal nu-
cleation in alaser or static field. Werecall that auniquefeature
of FIN is that chemically unstablespeciesmay becomestable
as long as the field is present. The opportunity to form other-
wise unstable, short-lived speciesand the complexity of solu-
tions with high concentrations of solvated ions and electrons
can lead to unanticipated phases and rich post-nucleation ki-
netics, as described in Sec. 4 and 5. As such, we discuss next
how our theory may shed some light on the observed NPLIN
of dielectric crystals.

6.1 Application to NPLIN of dielectr ic crystals

Our summary of NPLIN data from the literature is presented
in Fig. 4 where the peak laser intensity (or applied field) and
exposuretime areprovided at which crystallization waseven-
tually observed in solutions at various supersaturation levels.
Typically, undisturbed samples displayed no signs of crystal-
lization for times on the order of days (∼ 105 s). Upon ex-
posure to brief (∼ 10 ns) laser pulses, however, crystallization
was often observed. For our purposes, the most important re-
sultsare that:
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Fig. 4 Summary of NPLIN data in aqueous solutions of: (a) urea;7

(b) α- and γ- glycine;8,9 (c) urea;8 (d) L-histidine;10 (e) lysozyme;
11 (f) KCl;12 (g) KCl;13 (h) γ-glycine.20 Also shown are nucleation
of (i) CO2 bubbles in water,17 (j) molten sodium chlorate,19 and (k)
acetic acid.15 The ordinate is the peak applied field (unless labeled
as the threshold field) at which nucleation occurred within the
exposure timeon the abscissa. The typical laser wavelength was
λ = 1.064 µm, except for (e), (f), and (i) at λ = 0.532 µm and/or
λ = 0.355 µm. Samples wereexposed to numerous laser pulses
(except for one case of single pulse exposure13) and, typically, less
than half of the samples crystallized when irradiated even at the
maximum intensity.

(i) the field reduces the nucleation time by 13 orders of mag-
nitudeor even more; and
(ii) it can do so at optical frequencies(∼ 1014 Hz).
Other observations include:
(iii) theexistenceof a threshold field, below which nucleation
did not occur; and
(iv) a linear-type correlation between the cumulative fraction
of samplesnucleated and laser intensity,8,13 aswell as theso-
lutesupersaturation.13

The anomalous strength of the observed field effect can
be conveniently expressed in terms of the nucleation bar-
rier, W0, that determines the nucleus induction time, τ =
τ0exp(W0/kT ), whereτ0& 10−13 sisthecharacteristicatomic
vibration or diffusion time. The observed reduction of τ by a
factor of 10−13 requires decreasing the nucleation barrier by
approximately∆W(E) =W0−W(E) ∼ 30kT . Earlier proposed
mechanismsbased on the Kerr effect7 or isotropic atomic po-
larizability of dielectric clusters13,14 provided coherent quali-
tative featuresbut were shown to produceeffects on the order
of only 10−4kT , five orders of magnitude below the observa-
tions. More recent hypotheses, based on bubble nucleation in
carbonatedwater17,18 and heterogeneousnucleation in molten

salts,19 leave the causal connection to the electric field unde-
termined.

That the expected field effect on nucleation is extremely
weak compared to NPLIN observations, was fully realized by
Alexander et. al.,13,14 who introduced an adjustable scaling
factor of ∼ 105 in order to fit the observed NPLIN data with
model based on classical nucleation of dielectric particles.
Thefittingparametersresulted in an insignificant field induced
reduction of thecritical radius[cf. Eq. (5)] by ∼ 10−4 nm. The
sameconclusion of insufficiency of theknown mechanismsof
nucleation to explain NPLIN was made recently based on a
more quantitative analysis.17 Furthermore, the predicted de-
pendenciesneed to be artificially shifted to reproduce the ob-
served threshold in laser power, which cannot beexplained by
the classical theory. We note that overlooking these problems
can lead to the incorrect conclusion that classical nucleation
theory can explain the NPLIN observations; some qualitative
trendsmay becompelling but the magnitudesare far too low.

Based on the theory presented here, we consider the possi-
bility that NPLIN of dielectricparticlesevolvesthroughnucle-
ation of short-lived, needle-shaped, progenitor metallic parti-
cles that nucleate under strong electric fields. The concept
of solvated electrons could provide a microscopic picture for
these precursor metallic nuclei. (A possible side develop-
ment is that our theory predicts, in principle, the possibility
of metallic water under strong enough fields at pressures and
temperatures orders of magnitude below the predicted val-
ues for zero field.46). However, the hypothesis of solvated
electrons as the origin of the metallic particles does not have
enough supporting data. In particular, the thermodynamic
characteristicsof nonmetal-metal transitionsin systemsof sol-
vated electrons remain poorly understood and, to our knowl-
edge, there isno published experimental evidenceof theexis-
tence of solvated electrons in potassium chloride and similar
solutions.

Regardless, it appears that FIN, along with the hypothesis
of metallic precursor nuclei, may help to explain the NPLIN
data but leaves several open questions. The successes, the re-
maining questions, and possibleexperimental methodsof ver-
ification of this mechanism are summarized in the following
subsections.

6.1.1 What is understood

The theory presented here can account for the following
NPLIN observations:
1) The abnormally strong reaction to the electric/laser field
as provided by the gigantic polarization of metallic, needle-
shaped particles. Based on aphenomenological description of
such particles, thetheory predictstheexperimentally observed
field rangewithout any adjustment of parameters[cf. Eq. (10)
and Fig. 2].
2) The effect of polarization and the appearance of strongly
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anisotropic nuclei aligned with the field polarization.
3) Nucleation in response to electric fields of optical frequen-
ciesdueto theuniquely high plasmafrequency of electronsin
metals.
4) Existence of a threshold electric field or laser power den-
sity abovewhichNPLIN takesplace, and independenceof that
field on such system parameters as the solute over-saturation
[cf. Eq. (14)].
5) Theobserved dc threshold fieldsan order of magnitudebe-
low that of the laser threshold fieldsdue to the significant dif-
ference between the static and high frequency dielectric per-
mittivitiesof thesolvent.
6) The number of nucleated particles quadratic in the elec-
tric field (linear in laser power) and linear in the solute over-
saturation [cf. Eq. (16)].

6.1.2 What isnot understood

The following aspects of the theory require further investiga-
tion:
1) Themicroscopicnatureof theproposedmetallicprecursors.
2) The mechanism of transformation from the metallic,
needle-shapedparticlesto theobserveddielectricparticlesthat
in some cases are needle-shaped, while in others are more
isotropic.
3) The scenario of possible shock waves and cavitation fol-
lowing nucleation of metallic particles leading to secondary
nucleation of dielectric particles.

6.1.3 Possible exper imental ver ification

We briefly mention possible experimental verificationsof our
theory.
1) Detecting needle-shaped metallic particles through their
characteristic features in light scattering49 using both the
NPLIN-scattered light and an additional probing laser beam.
This isdescribed in moredetail in theAppendix below.
2) Verifying our prediction that NPLIN will besuppressed un-
der sub-nanosecond laser pulses.
3) Verifying the temperaturedependenceof the NPLIN prod-
uct as related to thediffusion coefficient [cf. Eq. (16)].
4) Studying systems with higher concentrations of solvated
electrons, particularly generated by low energy X-ray radia-
tion or other extraneouscontrollablesources.
5) Observing the known characteristic properties of solvated
electrons, particularly their spectroscopic features, in parallel
with NPLIN experiments.50–52 More generally, trying to ob-
servenew spectral featuresin absorptionandreflectionof light
under NPLIN conditions.
6) Observing drift of needle-shaped nuclei in an additional
nonuniform electric field, such as, e.g., created by a conical
electrode.
7) Conducting NPLIN experiments in a dc field over a broad

range of exposure times to verify the logarithmic time depen-
denceof the threshold field in Eq. (14).

6.1.4 Other considerations

Our proposed theory, while approximate, remains sound at
least in the order of magnitudepredictions that are all consis-
tent with the observations without adjusting parameters. For
example, the ignored dependence of surface tension on par-
ticle curvature and on the external field strength cannot lead
to qualitatively different predictions. Indeed, neglecting the
first factor is not more significant than in the classical nu-
cleation theory where it has been proven to be qualitatively
sound, whilethesecond factor canonly lead to correctionsthat
are small compared to the ratio of the external field over the
characteristic atomic field responsible for the surface tension.
Similarly, the concept of classical nucleation theory remains
at least semiquantitatively valid as applied to clusters of not
too many molecules, say, 10-100 in our case.48

6.2 Conclusions

In conclusion, we have presented a theoretical basis for elec-
tric field drivennucleation of metals in solutionsand other liq-
uid systems. Themagnitudeof thefield effect can besufficient
to nucleate conductive particles that would be unstable in the
absence of the field. That mechanism leads to the possibility
that NPLIN of dielectric crystals could bepreceded by metal-
lic progenitor embryos, especially in thepresenceof high con-
centrationsof solvatedelectrons. Another possibleapplication
may arise in thelaser-inducedwater condensation in air where
ashort-livedplasmaleadsto thefinal observeddielectricprod-
uct of water. Broadly speaking, the possibility that detectable
metallic clusters can be created by an electric field in overall
insulating systems can open a venue of new phenomenawith
great significancein fundamental understanding and materials
technology.

A Optical proper ties of anisotropic metallic
par ticles

Here we briefly review the characteristic optical features of
strongly anisotropic (H/R� 1) spheroidal metallic particles53

that can be used to experimentally verify the theory proposed
in this work. These features remain one of the hot topics in
optical sciences, constituting a field commonly referred to as
plasmonics,34 asrelated to surfaceplasmonswhich arecollec-
tive oscillations of quasi-free electrons in nanoparticles. The
plasmon excitations show up in resonance absorption, scat-
tering, and second harmonic generation. The corresponding
cross-sections depend on the dielectric permittivities of the
particle and host materials and particle aspect ratio. Multi-
ple consequences include resonant enhancement (up to sev-
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eral hundredfold) of the electric field near the particle sur-
face, correspondinganomaliesin Raman scattering by tangent
molecules, increase in local temperature,54 and variousappli-
cationssuch as nano barcodes, metallic waveguides, lithogra-
phy, etc.34,55

Closed form analytical expressions for the linear op-
tics plasmon-related absorption and scattering by metallic
spheroidal particles have been derived.56,57 In particular, the
differential scattering cross-section by the high aspect ratio
spheroidal metallic particles56 can be presented in our nota-
tion as,

dΣ
dΩ
=
ε2V2ω4sin2θ

16π2c4

[

Φ‖ cos2φ

n2
+4Φ⊥sin2φ

]

(17)

whereΩ is the solid angle, ω is the light frequency,ωp is the
plasmon frequency,c isthespeedof light, θ andφ arethepolar
and azimuthal angles, the depolarizing factor n ∼ (R/H)2� 1
isdefined in Eq. (6), andΦ‖ andΦ⊥ are the frequency depen-
dent resonance factors related to the long and short axes of a
spheroidal particle respectively,

Φ‖ =
1

n2

[n(1− ε−1)ω2+ω2
p]2+ (4πnσ‖ω/ε)2

(ω2−ω2
pn)2+ (4πnσ‖ω/ε)2

,

Φ⊥ =
[ω2/2−ω2

p(1+ ε)−1]2+ (4πσ⊥ω/(1+ ε))2

(ω2−ω2
p(1+ ε)−1)2+ (4πσ⊥ω/(1+ ε))2

.

Here the principal components of the conductivity tensor, σ‖
and σ⊥, are different if the electron mean free path is shorter
than theparticle radiusR, in which case it wasestimated that,

σ‖ =

(

3
16

)2 (ωp

ω

)2 vF

R
, σ⊥ = 1.5σ‖, (18)

where vF is the Fermi velocity.
The above scattering spectrum exhibits two peaks corre-

sponding to plasmonic excitations parallel to the short and
long axes of the metallic spheroidal particle. The low fre-
quency peak at ω ≈ ωp

√
n ≈ ωp(R/H), likely in the near-

infrared, shifts with the particle aspect ratio; this peak is rel-
atively narrow as its width is suppressed by the same fac-
tor R/H � 1. The high frequency peak, at ω ≈ ωp/

√
1+ ε,

likely in the visible spectrum, is almost independent of parti-
cle dimensionsand is much broader. These and other predic-
tions are in general agreement with observations on metallic
nanorods.58,59

Nonlinear optical properties of the predicted anisotropic
nanoparticles lead to very efficient second harmonic genera-
tion that can be used for verification purposes. Thiseffect has
a resonance nature as well increasing drastically at ωp/2 and
ωp/2

√
2. Thehigh-frequency resonanceis induced mostly by

light with polarization parallel to theparticleshort axis, while

the low-frequency resonance is caused by light with polariza-
tion parallel to thelong axis. Spatial distribution and polariza-
tion of the second harmonic emitted light are different for the
two resonances.60
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Electric field driven phase transitions can occur via 
nucleation of elongated, metallic embryos even when the 
metal phase is unstable.
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