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ABSTRACT:

Classic nucleation theory (CNT) is an approach that illustrates the concept of phase
transitions and subsequent new phases creation from the underlying parent phases that are in
a metastable state. The application of external electric fields has brought about considerable
changes in the thermodynamic driving forces of the nucleation process. The current paper
presents a theoretical analysis of how electric fields can influence the free-energy barrier
(AG*) and the critical nucleus radius (r*) in the context of CNT. We obtain new expressions
for these critical parameters by adding electrostatic contributions to the total free-energy
balance. The study shows that the application of an electric field can significantly decrease
the energy barrier and the critical radius, which in turn leads to an increase in the rate of

nucleation and a shift in the phase stability landscape.

Keywords: Classical nucleation theory, electric field, free-energy barrier, critical radius, electrochemical nucleation, field-assisted
crystallization.

1. INTRODUCTION:

The nucleation is the first step of first-order phase transitions that cause the new phase to form as the
melting and/or mixing of phases in the metastable phase are leading to the creation of the nuclei of the new
phase The classical theory of nucleation was first proposed by Volmer, Becker, and Doéring, and later on,
Turnbull and Fisher introduced various refinements that have been applied to understanding nucleation events
in different systems like vapor condensation, melting and crystallizations from solutions, and electrochemical
deposition (Volmer & Weber, 1926). The central idea of the CNT is that there is a fight between the volume
free energy gain that comes with the change of phases and the energetic cost of forming a new boundary
(Kashchiev, 2000). The result of this fight is the formation of a free-energy barrier that needs to be overcome
for nucleation to take place spontaneously. The position of this barrier (AG*) and the size of the critical nucleus
(r*) at the barrier peak control the nucleation rate and eventually determine the microstructure of the produced

material.
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1.2 Electric Fields in Nucleation:
The effect of electric fields on nucleation processes has been a topic of research with increasing interest
due to its impact in:

e Electrochemical systems: Metal deposition and battery electrode formation

e Atmospheric science: lon-induced nucleation in clouds

e Materials processing: Field-assisted sintering and crystallization

¢ Biological systems: Electric fields in mineral formation

¢ Industrial applications: Electrospinning and electro-crystallization
Electric fields change the nucleation thermodynamics through several pathways:

1. Polarization energy from the field added to the nucleus
2. Electrostatic attraction or repulsion between charged nuclei and the applied field
3. Possibly altered chemical potentials because of electrochemical influences
4. Interfacial energy shifting through the field-induced molecular alignment
1.3 Scope and Objectives:

It formulates a comprehensive theoretical structure for the integration of electric field influences into
traditional nucleation theory. We are led to modified formulas for AG* and r*, analyze the dependencies on
parameters and unfold the physical meaning of the electric field's effects on the nucleation barrier’s height.
2. Classical Nucleation Theory: Fundamental Framework:

2.1 Free Energy of Cluster Formation:
In the absence of external fields, the reversible work of forming a spherical nucleus of radius r from a

supersaturated parent phase is given by:

4
AG(r) = —§7tr3Ag,, + 4nry

where:
e Ag v is the volume free energy change per unit volume (the thermodynamic driving force)
e vy is the interfacial free energy per unit area between the nucleus and parent phase

The first term represents the favorable volume contribution (negative for supersaturated systems where Ag_v
> 0), while the second term accounts for the unfavorable surface energy penalty.
2.2 Critical Nucleus Parameters

The critical radius r* is obtained by finding the maximum of AG(r):

dAG
5 = 0
This yields:
L2y
" T hg,
The corresponding critical free-energy barrier is:
AG* = AG(r*) = tomy”
3(Agy)?
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Alternatively, in terms of r*:

A’y 1A*
-3 377

where A* = 4nr*? is the surface area of the critical nucleus.

AG”

v
E
(=]
=
)
<1
=
(=) ]
=
w
| =
firm]
w
w
—_
firm

7.6 8.: ﬂ-.'—"l 10.0
Mucleus Radius (r)

Figure 1: AG(r,E) - Free Energy of Nucleus Formation

¢ No Field (E=0)

e  Moderate Field (£=0.5)

e Strong Field (6&=1.0)
Key Observation: The electric field has the effect of lowering the nucleation barrier and decreasing the
critical radius, r*. The stronger fields displace the location of the barrier minimum to lower radii, thus leading
to a quicker nucleation (Eq. 3.5 & 3.6).
2.3 Nucleation Rate

The steady-state nucleation rate follows from transition state theory:

*

A
J =Joexp (— kT

)

Here, Jo is a kinetic prefactor, k B is Boltzmann's constant, and T is the absolute temperature. The
exponential dependence on AG* indicates that even small lowering of the nucleation barrier can result in large
increases in nucleation rates.

3. Electric Field Modifications: Theoretical Development
3.1 Electrostatic Energy Contributions

In the presence of an external electric field E, the free energy of the nucleus formation gets extra terms
that are related to electrostatic interactions. The electrostatic contribution for a spherical nucleus with dielectric
constant & that is surrounded by a medium with dielectric constant €2 can be classified as follows:

1. Polarization energy: Energy assigned to polarizing the nucleus
2. Field-induced dipole interaction: Interaction between the dipole created and the external field

3. Electrostatic pressure: Maxwell stress at the boundary of the nucleus
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Field Dependence
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Figure 2: Normalized Critical Radius and Free-Energy Barrier vs Dimensionless Field Parameter &

3.2 Dipole Model for Dielectric Spheres

For a dielectric sphere in a uniform external field Eo, the induced dipole moment is:
p = 4meye, fr3E,

where the polarization factor f is:

€1 — €
AV a
€1+ 2¢,

The interaction energy between the induced dipole and the external field contributes:

1
AGfiea = _EP “Eg = _2”50623735'5

3.3 Modified Free Energy Expression

Incorporating the field contribution, the total free energy becomes:
4
AG(r,E) = — §Trr3Agv + 4nrty — 2meye, fr3E2
This can be rewritten as:
4
AG(r,E) = —§7T7”3(Agv + Agfiea) + Anry

where we define an effective field-enhanced driving force:

3€o€,PES
AGfiela = — 5

The total effective driving force is:
Agerr = Agy + AGficla
3.4 Modified Critical Radius
Setting d(AG)/dr = 0 with the field-modified expression:
—4n(r*)?(Agy + Agfieta) + 81y =0

5
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Solving for r*(E):

2y _ 2y

Agy + Agricta 3ep€2BES
2

r*(E) =
Ag, +

This demonstrates that the critical radius decreases with increasing field strength when § > 0 (nucleus
more polarizable than medium).
3.5 Modified Free-Energy Barrier
Substituting r*(E) into AG(r,E):

AG*(E) = 16my3
3(Agv + Agfield)2
Or equivalently:
AG*(E) = 16my3
B E?
3(ag, + 2020y

3.6 Relationship Between Field-Free and Field-Modified Barriers
The ratio of barriers can be expressed as:

AG*(E) Agy ) = (1 +Agfield

il )~
AG (O) Agv + Agfield Agv

For convenience, we define the dimensionless field parameter:

AGfiela A 3€0€,BES
Agy 2A9,

&=

Then:

AG*(0)
(1+$)

r*(0)
1+¢

AG*(E) =

r*(E) =

4. Physical Interpretation and Parametric Analysis:

4.1 Field Enhancement Factor

The dimensionless parameter & acts as a comprehensive gauge for measuring the electric field
contributions to the total thermodynamic driving force of the nucleation process in terms of their relative
magnitudes. The use of this parameter makes it easier to see the role of external electric fields in modifying
the phase transition energy landscape. Different values of £ will allow us to differentiate operational regimes
that will show the transition from field-independent to field-dominated nucleation behavior.
Weak Field Regime (§ << 1)

« In this regime, the electric field is a minor perturbation to the classical nucleation process. The field
effects can be treated using linear response theory, where the nucleation barrier shows still very small

deviations from its value at zero electric field. The barrier height can be estimated as AG*(E) =
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AG*(0)(1 - 2&), meaning that the field strength has a linear impact of a reduction proportionate to the
field. This regime is defined by:

» Very slight alteration of nucleation kinetics

» First-order perturbation theory still valid

+ Intrinsic supersaturation effects prevailing

» Field-induced changes usually less than 10% of the barrier height

* CNT remains valid with minor corrections
This regime is experimentally observed under low-field conditions or when the dielectric contrast

between the phases is small. The nucleation rate enhancement factor exp(2§AG*/kT) stays near unity, thus,

making it challenging to detect field effects without accurate Measuremen

AG*(E)/AG*(0) - Barrier Ratio > r*(E)/r=(0) - Radius Ratio
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Figure 3: Field Parameter (&) Effect on Barriers and Radius
o AG*(E)/AG*(0) - Barrier Ratio
e r*(E)/r*(0) - Radius Ratio
Moderate Field Regime (§ = 1):
This interim period signifies an important transition point where the electric field contributions are on a par
with the natural thermodynamic driving force. The barrier reduction gets very large, such that AG*(E) =
AG*(0)/4, which is equivalent to a fourfold decrease. The main characteristics are:
e A nonlinear field-barrier relationship is developing
¢ Nucleation pathways are being modified significantly
o Electric field fluctuations are being detected with a more sensitive instrument
¢ Nucleation rate can go up by several orders of magnitude
e Both field-induced and concentration-driven effects are competing
In this regime, the best conditions for field-controlled nucleation are provided because the relatively low
electric field strengths cause very large effects. The system is at its most responsive to changes in the electric

field and this makes it suitable for applications in controlled crystallization, electro spraying, and field-assisted
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material synthesis. The production of nucleation becomes very controllable and precise manipulation of the
microstructure formation can be done.
Strong Field Regime (§ >> 1):

In this scenario, the effects of the electric field are the main players in the nucleation thermodynamics
and they in a way change the energy landscape dramatically. The barrier is directly related to the field strength
parameter through the equation AG*(E) =~ AG*(0)/&?, which reveals the inverse quadratic relationship.
Moreover, since & is dependent on E?, the barrier undergoes a fantastic E scaling scenario. The following are
its features:

e Electric field governs the energy landscape

e Greatly reduced nucleation barriers

e Nucleation is practically without a barrier at very high fields
e Classical CNT assumptions cease to hold

e Field-induced metastable phases may be a new phenomenon

The E~* scaling is considered among the most sensitive field dependencies in the domain of condensed
matter physics. This very sensitivity allows the nucleation process to be switched on and off extremely fast
and has thus found applications in pulsed field techniques, rapid quenching processes, and field-induced phase
selection. At the same time, the physics of the very high fields could include dielectric breakdown, field-
enhanced chemical reactions, or electrohydrodynamic instabilities that might further complicate the simplistic
theoretical view.

4.2 Sign of Polarization Factor:

The polarization factor B = (&1 - €2)/(&1 + 2¢2) is the one that influences the external electric fields when
it comes to nucleation either promoting or inhibiting it. This parameter is an expression of the dielectric
contrast between the element of the nucleus being formed (permittivity €:) and the surrounding medium
(permittivity €2), which is the main determinant of the type of interaction between the field and nucleus.

B > 0 Case: Enhanced Nucleus Polarizability (1 > &2):

In situations where nucleus phase shows better dielectric permittivity than the medium surrounding it
the electric field plays an active role in reducing the nucleation barrier thus creating a catalytic effect. Among
the physical mechanisms are: Electrostatic Energy Reduction: The nucleus which has more polarizable
character preferentially orientates dipole moments or builds up charge, thus its electrostatic energy goes down
in the external field. The energy reduction is thus a direct subtraction from the nucleation barrier and the
nucleus phase gets effectively stabilized against the parent phase. Field-Induced Stabilization: The field acts
like an effective "potential well" and hence there is formation of regions with high-permittivity that are
favored. This can be viewed through the dielectrophoresis where polarizable entities move to high-field
regions. In the same way, nuclei with & > €2 are thermodynamically favored in the presence of fields.
Classical Example - Water Droplets in Air:

o Water: €1 = 80

o Airrex=1
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e [ =+0.96 (strongly positive)

o Electric fields dramatically enhance water condensation

« Applications: Electro spraying, field-assisted condensation, atmospheric electricity

Some more instances comprise of the liquid metal droplets in the dielectrics, polar crystal nucleation out
of the nonpolar melts, and making ferroelectric domains. The beneficial B scenario might be the most
important one from the technology point of view since it can lead to field-enhanced crystallization, controlled
generation of aerosols, and electrostatic and thus very efficient precipitation.
B <0 Case: Enhanced Medium Polarizability (&1 < £2)

In contrast, electric fields have a barrier-enhancing effect on the nucleation when the medium has a
higher dielectric permittivity than the nucleus and thus the phase transformation is suppressed. The surprising
result is due to:

I. Electrostatic Energy Penalty: The presence of a low-permittivity nucleus in a high-permittivity medium
causes a significant decrease in the favorable polarization of the medium. The field has to be excluded from
the nucleus region, resulting in an equivalent electrostatic energy loss to that of forming a dielectric cavity.
ii. Field-Induced Destabilization: The system avoids the formation of low-permittivity regions and thus
minimizes free energy. This is a sign of a negative dielectrophoretic effect, where low-permittivity objects are
pushed away from high-field areas.
Classical Example - Air Bubbles in Water:
Air: g1~ 1

*  Water: 2= 80

* B =-0.48 (really strong negative)

» Bubble nucleation is greatly hindered by electric fields

» Use cases: Cavitation prevention, superheated liquids stabilization
This area of research has found applications in the regulation of cavitation, the maintenance of metastable
liquids and, in addition, the prevention of phase separation in electrochemical cells that is not desired. The
field of electrics acts like a "nucleation inhibitor" and thus the energy barriers can be raised and the metastable
zone can be extended.
B = 0 Case: Dielectric Matching (&1 = €2)

This exceptional situation arises when the nucleus and the medium have the same dielectric
characteristics, thus rendering them entirely insensitive to electric fields. The main points are:

Electrostatic Neutrality: There is no electrostatic energy change during the process of nucleus formation, as
the dielectric environment remains uniform. The field infiltrates the nucleus just like the surrounding medium.
Classical CNT Validity: The nucleation process turns back to its field-independent behavior, which is fully
described by classical nucleation theory. This is a significant reference point for comprehension of field
effects.

Experimental Implications: Materials with uniformly matched dielectric constants supply non-occupied
experiments to confirm or refute field-effect theories. Any field dependence detected in such materials points

Naveen International Journal of Multidisciplinary Sciences (N1JMS) 8)


http://www.nijms.com/

WWW.nijms.com

to the presence of effects that are more complex than those predicted by the simple dielectric model, such as
electrophoretic transport, electrochemical reactions, or field-induced concentration gradients.

Practical Considerations: The use of perfect dielectric matching is a rare phenomenon occurring naturally,
but it can be accomplished through meticulous materials selection or by operating at particular temperatures
where €1(T) = &(T). This method allows for the elimination of the dielectric field effects in the nucleation
studies.

The three-level class according to the B-sign gives a forecasting structure for the process of nucleation
controlled by the electric field, thus making it possible to design in a rational way the processes of phase
transformation that are either assisted or hindered by the field across a wide range of physical systems.

4.3 Temperature Dependence
In this formulation, the field contribution Ag_field is independent of temperature, while Ag_v usually increases
with supersaturation and thus it is temperature-dependent. So:
const.
Ag,(T)

At elevated supersaturations (i.e., at lower temperatures during the vapor to liquid transition), & goes

$(T) =

down and effects of the field become less significant in comparison. On the other hand, along the coexistence
line where Ag_v — 0, field effects can still play a major role even for weak fields.

4.4 Critical Field Strength

A characteristic field strength E _c can be defined as the field at which & = 1:

2A
E, = v
3ep€xp

For Eo >> E c, the field dominates nucleation thermodynamics.

5. Charged Nuclei and lonic Contributions:
5.1 Nucleation of Charged Clusters:
In many practical systems (electrochemical deposition, ion-induced atmospheric nucleation), nuclei
carry net charge Q. The electrostatic self-energy must be included:
QZ
AG = —
sell ™ Breqe,r

For a nucleus with charge Q in an external field Eo:
AGcharge(r) = —QE,r
The total free energy becomes:

AG(r) = —inrg'Ag,, + 4nr?y + Q—Z — QE,r
3 8meye,r
5.2 Modified Critical Parameters for Charged Nuclei
The critical radius satisfies a more complex transcendental equation:
QZ
—4m(r*)?Ag, + 8nr*y — Brene, ) QE, =0

For small charges, perturbative solutions can be obtained. For Q = ze (z elementary charges):
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ze zekE,

* ,Ez *0_ _
r(Q.E) ~ 7(0) 8myege,  4Amy

The barrier reduction due to charge and field becomes:

(ze)?

AGT(Q.E) ~ AG"(0) — 5= =5y

— zeEyr*(0)

5.3 lon-Induced Nucleation
In atmospheric and electrochemical contexts, ions can dramatically enhance nucleation rates. The critical

Boltzmann factor ratio:

Jion  _ AG™(0) - AGT(Q,E)
——— =exp ( T

For standard settings (r* ~ 1 nm, z ~ 1, E ~ 10° V/m), this ratio might be greater than 10'°, which is

] neutral

one reason for the great efficiency of ion-induced nucleation.
6. Interfacial Energy Modifications:
6.1 Field-Dependent Surface Tension
The electric fields have the power to directly influence the interfacial tension y by means of the following
effects:
1. Electrostrictive effects: Stress created by the field at the interfaces
2.Molecular reorientation: Polar molecules at the interface getting aligned
3.Electronic polarization: Shift in the electron density
The phenomenological model assumes the following:
y(E) = yo — aE¢

where a is the electrocapillary coefficient. This leads to coupled modifications:

. 2y(E)
(B
Agy + Agficia
167y (E)3
AG*(E) = v (&)

3(Agv + Agfield)2
6.2 Lippmann Equation and Electrochemical Analogy
In electrochemical systems, the Lippmann equation relates interfacial tension to electrode potential:

(%)T = —0s
where 6_s is the surface charge density. This provides a direct connection between applied potential
(related to local field) and interfacial energy modifications.
7. Applications:
7.1 Electrochemical Metal Deposition

In electrodeposition, nucleation occurs at electrode surfaces under strong electric fields (~ 107-10°

V/m). The overpotential n provides the driving force:
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where V_m is the molar volume of the metal. The field contribution can be comparable or dominant,
particularly for low overpotentials.
Example: Copper Electrodeposition

e & (Cu)=1, &2 (solution) = 80
o yv=0.1Jm?
e Eo~10*V/m
e 1~50-200 MV
For these parameters, & ~ 0.1-1, indicating moderate field enhancement effects.

7.2 Atmospheric lon-Induced Nucleation:

Atmospheric ions (from cosmic rays or decay of radioactive materials) have the ability to induce water
droplet nucleation. The interaction between the charge and the surrounding electric fields (fair weather: ~100
V/m, thunderclouds: ~10* V/m) greatly alters the nucleation barriers.

The increase in nucleation rate is mainly due to the charge self-energy term and not the external field, but in
the case of thunderclouds, the field effects are significant.
7.3 Ferroelectric Domain Nucleation:
In the case of ferroelectric materials, under the influence of applied electric fields, domain nucleation is a
process that involves alterations in free energy (AG) through the considerations below:

e The field's electrostatic energy of domain polarization

e The impact of the depolarization field

e The changes in domain wall energy

The formalism established in this study can be utilized, provided that parameters, such as replacing
polarization P for dipole moment, and domain wall energy for surface tension, are properly identified.
7.4 Field-Assisted Sintering:

Electric field-assisted sintering methods (like FAST or SPS) make use of pulsed DC currents, which
produce local fields capable of accelerating diffusion and decreasing the sintering temperature at the same
time. Although Joule heating is the main mechanism, the field-induced reductions in the nucleation barriers

for the migration of grain boundaries as well as the elimination of pores do contribute to the process.
8. Beyond Classical Theory: Corrections and Extensions:

8.1 Curvature Corrections (Tolman Length)
The Tolman correction takes into consideration the surface tension that varies with size.

Voo

v =167
where 0 is the Tolman length. Combined with field effects:

2Yo0
(1+26/r*)(Agy + Afiecia)

This becomes a self-consistent equation requiring numerical solution.

r*(E) =

8.2 Non-Spherical Nuclei
Real nuclei may be non-spherical, particularly under directional field application. For ellipsoidal nuclei with

semi-axes a, b, ¢ aligned with the field:
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4 5
AGrieia = —— €o€2Perrabcky

where _eff depends on the ellipsoid aspect ratio and requires solution of Laplace's equation with appropriate
boundary conditions.
8.3 Density Functional Theory Approaches:
Modern density functional theory (DFT) techniques have the capacity to deliver ab initio evaluations of
nucleation barriers without the capillarity hypothesis being applied. In this way, the methods can account for
electric field impacts by adding external potential terms to the Hamiltonian and likewise serve as a
confirmation for CNT forecasts in the tiny cluster domain.
8.4 Fluctuations and Non-Classical Pathways:
The classical barrier scenario presupposes the existence of a clearly defined saddle point in the configuration
space. High electric fields can potentially introduce new nucleation pathways such as spinodal decomposition
or multi-step nucleation wherein the single-barrier classical nucleation theory (CNT) model no longer applies.
9. Experimental Validation and Measurement Techniques:
9.1 Direct Observation Methods:
Transmission Electron Microscopy (TEM): In-situ liquid cell TEM makes it possible to see the nucleation
processes directly with the help of electrochemical conditions that are controlled and thus, to measure the sizes
of the critical nuclei.
Atomic Force Microscopy (AFM): The scanning probe methods with the conductive tips create small electric
fields in a particular location and observe the nucleation process continuously.
Small-Angle X-ray Scattering (SAXS): The time-resolved SAXS method under the influence of the fields
gives the statistical data about the rates of nucleation and the sizes that are critical.
9.2 Indirect Inference Methods
Current Transient Analysis: The Scharifker-Hills model is used to analyze potentiostatic current transients in
electrochemical systems and the nucleation rate densities are extracted, which in turn leads to the inference of
AG*,
Cloud Chamber Studies: Electric fields applied to expansion cloud chambers result in the measurement of
nucleation rates as depending on the strength of the field and the amount of supersaturation.
9.3 Challenges and Limitations

+ Differentiating nucleation from growth kinetics

« Manipulating and evaluating local field strengths

« Taking thermal fluctuations into account

» Recognizing homogenous and heterogeneous nucleation
10. Conclusions and Future Directions:
10.1 Summary of Key Results
The electric field effects on classical nucleation theory. The principal findings are:
1. Modified critical radius: r*(E) = r*(0)/(1+§), where & quantifies field strength relative to intrinsic

supersaturation
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2. Modified nucleation barrier: AG*(E) = AG*(0)/(1+&)?, exhibiting quadratic reduction with field strength

3. Polarization-dependent effects: The sign of the dielectric contrast (& - £2) determines whether fields promote
or inhibit nucleation
4. Charged nucleus enhancement: Net charge provides an additional field coupling term that dramatically
reduces barriers
5. Coupled interfacial effects: Electric fields can simultaneously modify both driving force and interfacial
energy
10.2 Practical Implications
The framework that was derived offers predictions that can be expressed in numerical terms with respect to:
» Electrochemical processing: the best combinations of overpotential and field for controlled nucleation
« Materials synthesis: methods for the crystallization of materials assisted by fields
» Atmospheric modeling: the rates of nucleation caused by ions in the models of the climate
» Device applications: control of nucleation in ferroelectric memories and phase-change materials
10.3 Open Questions and Future Research
Theoretical developments:
* Non-equilibrium nucleation under time-varying fields has been rigorously treated
« Multi-component nucleation where solubility depends on the field
* Quantum nucleation taking place in strong fields
+ Stochastic methods to the field-induced nucleation fluctuations have been applied
Computational approaches:
« Machine learning potentials for field-modified nucleation barriers
» Molecular dynamics with applied fields to validate CNT predictions
» Phase field modeling of field-assisted nucleation and growth
Experimental frontiers:
» Optical trapping with applied electric fields for single nucleolus measurements
« Ultrafast spectroscopy for the study of nucleation dynamics induced by fields
» Mapping of the electric field at the nanoscale during the events of nucleation
10.4 Broader Impact
Knowledge about nucleation controlled by the field is extendable to areas outside of pure phase transition
science:
» Energy storage: Electrochemical deposition in a controlled manner to achieve better battery
performance
» Climate science: Predicting aerosol formation rates with the use of mathematical models
» Nanotechnology: Creating structures through the application of electric fields with different strengths
» Pharmaceutical manufacturing: The use of electric fields to aid the crystallization process for the
control of different crystal forms
The theoretical model put forth in this paper serves as a basis for these applications and at the same time,

it brings out the rich physics that is underlying the field-assisted nucleation phenomena.
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