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Mechanisms of dendrites occurrence during crystallization:
Features of the ice crystals formation
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Abstract

Dendrites formation in the course of crystallization presents very general phenomenon, which is analyzed in details via the example of ice
crystals growth in deionized water. Neutral molecules of water on the surface are combined into the double electric layer (DEL) of oriented dipoles;
its field reorients approaching dipoles with observable radio-emission in the range of 150 kHz. The predominant attraction of oriented dipoles
to points of gradients of this field induces dendrites growth from them, e.g., formation of characteristic form of snowflakes at free movement
of clusters through saturated vapor in atmosphere. The constant electric field strengthens DELs’ field and the growth of dendrites. Described
phenomena should appear at crystallization of various substances with dipole molecules, features of radio-emission can allow the monitoring of
certain processes in atmosphere and in technological processes. Crystallization of particles without constant moments can be stimulated by DELs
of another nature with attraction of virtual moments of particles to gradients of fields and corresponding dendrites formation.
© 2008 Elsevier B.V. All rights reserved.
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Growth of ice crystals is among the most elementary and
most accessible for research of processes of crystallization. The
composition of frozen water is easy controlled; it is possible
to observe unique processes of crystals-snowflakes formation
without influence of gravitation. Therefore investigations of dif-
ferent processes of ice crystals formation can lead to exclusive
information related to general problems of solidification. On
the other hand these processes are very significant for practice
of meteorology and for certain possibilities of weather progno-
sis.

Notice that physics of crystals arises at 1611, about four
centuries ago, with the famous essay of Kepler on forms of
snowflakes [1], but till now the particular, as can be seemed,
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physics of snow crystals contains a lot of unsolved problems.
The general interest to them is connected, in particular, with
the dendrite (or even fractal) structure features that lead to an
extremely variety of investigations: cf. the recent reviews [2],
the review of general problems of dendrites growth [3]. The
common approach to crystallization problems consists in their
consideration as the Stefan problem, possibly divided onto cer-
tain steps (e.g., [4]), with further artificial addition of some
singularities of “fingers-type” forms on the flat background of
the Laplace solution, but without physical substantiations of
processes (there are certain considerations of the role of elec-
tric field, e.g., [5]).

The microscopic approach to the theory of phase transitions
[6], especially to the phase transitions of the first kind, requires
a revealing of alteration of electromagnetic interactions at enter-
ing of single particles into condensable substance. So, the most
significant thermodynamic changing at such processes, removal
of latent heat, should lead to emission of this energy at charac-
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teristic frequencies proportional to latent energy per particle or
bond [7]. But we cannot assert that such radiation, which carries
away a basic part of energy and leads to the bonding of parti-
cles, represents the full content of transformation of latent heat:
other radiative processes, possibly of much lesser energy, can
exist and can play a significant role at formation of new phases.

We shall consider one such effect, the radio-emission at low
frequencies range of 104–106 Hz, observed in the course of ice
crystallization ([8] and references therein), and examine its role
in this process. It will be shown that this effect can be respon-
sible for the specific form of ice dendrites growing in natural
conditions and that the external electric field can increase their
growing (e.g., [9] and references therein). Certain strangeness
of these phenomena consists in their occurrence in the deion-
ized substance where are absent free charges that can radiate
surplus energy and/or carry out transference of ions as in the
habitual phenomena of electrocrystallization.

But these phenomena cannot be produced without certain
oscillations of charges; therefore it is necessary to pay attention
to internal fields in researched substances. The only one internal
proper field inevitably arising on a surface is the double electric
layer (DEL). The formation and/or oscillations of DEL leads
to the radio emission (such phenomenon was discovered and
investigated in [10], references therein).

The quantum theory does not admit sharp (geometrical) bor-
ders between substances. The intermediate, transitive regions
between them, in which a gradual transition, say, from dielec-
tric susceptibilities of one substance or phase to another one
occurs, always should exist. This basic feature can explain, in
particular, the occurrence of quasi-liquid layer on surface of ice
invented by Faraday [11], of so-called potential of freezing [12]
and/or an existence of some analog of the hexagonal phase of
liquid crystals. At interaction with electromagnetic fields such
layer is represented by a set of virtual or real electromagnetic
dipoles and/or currents [13]. So, on the border between liquid
water and vapor and/or ice the DEL of quasi-liquid character
with oriented dipoles and even their possible compositions must
exist (such layer was considered in [14]).

Originally the structure and properties of DELs had been
describing exclusively by ions distribution in both substances
(e.g., [15]). But, later has been established that electric dipoles
also can participate in their formation [16], and therefore in
certain cases, e.g., in the deionized substance with dipoles, the
DEL can be formed by them. The existence of such near-surface
layer in ice is examined in [17], our consideration will sup-
port this representation. (Formation of DELs by particles with
higher moments, as far as we know, is not investigated.)

Movement of charged particles (ions) in a constant electric
field is a particular case of electrophoresis. Analogical move-
ments of dipoles in such fields can be called dipolephoresis (this
effect was suggested and practically used for formation of op-
tical devices by directed diffusion of molecules with big dipole
moments into polymer matrices [18,19]).

But for relief of entering into the DEL the dipole should
be correctly oriented (it will increase the attraction at compar-
atively big distances), and as the reorientation executes with
acceleration, this turning should lead to electromagnetic emis-
sion of dipoles. For observability of emission the energy of
reorientation must be no less than the energy of free rotation,
i.e., the energy of corresponding degree of freedom:

(1)Wrot � κT .

The angular moment of dipole �d orientation in the DELs’
electric field �E can be expressed and then approximated as

(2)�M = �r × �p =
∫

dt ( �d × �E) ≈ ( �d × �E)τ → ( �d × �E)/f,

where τ is the duration of dipole inversion and can be ap-
proximated via the frequency of rotation: τ → 1/f . With such
approximation the needed energy of dipoles reorientation can
be written as

(3)Wrot = �M2

2I
≈ d2E2 sin2(2πf t)

2f 2I
,

I is the moment of particle inertia.
From the condition (1) follows an estimation (upper limit) of

emitting frequency:

(4)f � |dE|
2
√

IκT
,

where the averaging sin2 ϕ → 1/2 is taken into account.
For molecules H2O the dipole moment d = 1.8 D and the

moment of inertia I ∼ 10−40 g cm2 are generally accepted.
(Note that these parameters can be précised [20], some new
experiments lead to higher dipole moment of water molecules
in liquid state, till 2.65 D [21], cf. also [22], but we shall use
the common data and did not take into account features of wa-
ter clusters [23].) The DELs’ field strength E ∼ 0.1 V/cm =
(1/3) × 10−3 CGSE/cm and the estimation (4) at T = 300 K
gives:

(5)f � 150 kHz

that corresponds, in general, to the experimental data [8]. The
most part of energy of rotation (3) remains in substance, the
radiated energy is much less energy of the corresponding degree
of freedom, 2πh̄f � κT , and consequently in thermodynamic
parameters of system is practically not reflected. Notice that
as the dielectric permeability of water ε ∼ 3 in the examined
frequencies range, interaction with surrounding particles does
not essentially change these estimations.

On the surface of liquid water at vapor condensation an ana-
logical DEL, a quasi-polarized layer, systems of oriented mole-
cules, also must be formed [10] and the emission of frequencies
f1 � 130 kHz may be waiting. This phenomenon can describe
radio noises at surfs zones, at occurrence of snow avalanches,
certain noises arising with some weather phenomena, etc.

Let us notice that radiation of dipoles with their reorientation
was examined by Planck [24] and just it had led to the Fokker–
Planck equations. In our case, however, the limiting to more
simple estimations for the initial investigation seems sufficient.

The force acting on diffusant molecules is determined as

(6)�F = −�∇( �d · �E),
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i.e., at the case of constant magnitude of dipole moment and
at �E(�r) = const, close to a flat surface this force leads only
on the dipole reorientation. But in immediate proximity to sin-
gular points, e.g., to corners of ice cluster and to tops of its
dendrites the electrostatic field becomes non-uniform and can
be represented as a field of one big dipole dDEL (probably on a
background of constant field of other parts of crystal). Angular
dependence of its interaction with flying molecules is compli-
cating:

(7)F ∼ d · dDEL

r4
f (ϑ,ϕ).

But without further consideration it must be underlined that
these forces are attractive for well oriented dipoles onto bigger
distances than intermolecular forces. They collect molecules to
corners of clusters and thus impoverish their lateral sides.

So, at a qualitative level, at least, this consideration leads to
such conclusions: if the crystal nucleus was flat, it will grow
as a stellar flat figure, the polyhedron can grow into a three-
dimensional acicular form, the cylinder should grow along a
length as the DEL field is non-uniform only close to its ends.
Note that such representation corresponds to the common de-
termination of duration of diffusion τdiff ∼ R2/D, where R is a
characteristic size of considered tops and D is a scalar diffusion
constant with taking into account properties of DEL.

For a common estimation of the role of this effect at crys-
tal growing the generalized form of the Fick second law (the
Smoluchowski equation) must be considered:

(8)
∂c(�r)
∂t

= D �∇ ·
(

�∇c(�r) + c(�r)
κT

�F
)

,

where c(�r) is the density of solute or vapor, and at each point
on the surface this density depends on surface curvature owing
to the Gibbs–Thomson effect [2]. So it can be proposed that
c(�r) = csat(1 + α/RκT ), where α describes features of DEL,
i.e., the density of surface energy.

Eq. (8) also demonstrates that the constant external elec-
tric field does not lead to direct attraction of dipoles to flat
surface, but can only turn them. Near to corners of cluster
and tops of dendrite (or near casual micro-heterogeneity on a
smooth facet of crystal), where this field will be effectively non-
homogeneous, its gradient can play a sufficient role. It means,
in accordance with observations [8], that the additional electric
field should enlarge the growth of dendrite structures in definite
direction.

If Eq. (8) will be written separately for dipoles with orienta-
tion to and opposite field, c+ and c−, then for their difference

c = c+ − c− can be written the approximation:

(9)

c

τ
∼ D


c

r2
± D

c

r2κT
2| �d · �E|.

It leads to such semi-qualitative estimation:

(10)

c

c
∼ ± dE

κT
· 2D

D − f r2
.

Near to dendrite top the first term on the right in (9), which
corresponds to diffusion without participation of a field, can be
omitted. It shows the accumulation of correctly oriented dipoles
at points of growth and, accordingly, their decreasing in other
areas. Thus the external field can accelerate the entering of
dipoles into definite points of condensate. On the other hand
as at usual conditions for water vapor in clouds 
c is maximal
very close to growing crystals only, the value of (10) must be
proportional to intensity of emission at the duration of crystals
grows. In the example considered above, dE/κT is of the or-
der of 10−8 and it conforms to smallness of radiation emission
fixed in [8] (as far as we know, the detection of radio emission
in external fields is not yet investigated).

Here must be underlined that the requirements of sufficiently
big values of 
c at points of dendrites growth forbid their
appearance at places of big gathering of singularities, e.g., at
singular facets of crystal. The levelling of singularities leads to
levelling of density of flying particles, i.e., to normal processes
of regular crystallization.

Let us consider the denominator of this expression. At
frequencies (5) and with the diffusion coefficient D = 6 ×
10−5 m2/s for the ice, the radio emission at crystal growing
in vapor phase can be maximized, if dipoles will be reorienting
at distances of the order of 2 mcm from surface.

Can the considered features be peculiar to substances
atoms/molecules of which do not possess dipole moments? If
on border of medium the DEL is present, it will induce di-
pole moment �d = α �E in approaching particles, where α is the
polarizability of particle, scalar in simple case. Force of its in-
teraction with DEL is determined by expression (6), i.e.,

(11)�F = −�∇( �d · �E) → −α �∇E2.

Hence, such particle will be mainly attracted to points of
field gradients and therefore it will promote growth of den-
drites. And as an intensity of radiation of a dipole is propor-
tional to the second derivative of the moment (spatial deriva-
tives are expressible through derivatives on time) in these points
of fields heterogeneity a low-frequency radio-emission should
be generated. But this radiation would be of spread-spectrum
and therefore the consideration of concrete cases is demanded.

Thus, it is possible to believe, that the basic distinction be-
tween formation of dendrites by particles with constant dipole
moments and without them will consist in the spectra of an ac-
companying radio-emission.

Let us enumerate the results of investigation, certain their
generalizations and perspectives.

1. Near-surface layer, at least, of frozen water, i.e., of ice
contains the ordering dipole molecules. The existence of this
DEL is proved by considered features of crystallization. Notice
that this phenomenon explains the high surface conductivity
and related phenomena that can be assigned to the high con-
centration of defects (thin ice layer on the metal surfaces can
has another structure [25]).

2. The crystallization and condensation of water can be con-
sidered as entering of single molecules through the DEL onto
the surface of condensate.

3. This process should be accelerated at sufficiently isolated
points of non-uniformity of field of DEL with a due excess of
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attracted free particles. The acceleration would be observable
near to corners of water clusters and to tops of dendrites; this
peculiarity can explain complicating and surprising variety of
snowflakes with their dendrites or even their fractal forms.

4. On a singular facet of crystal a lot of singular points are
leading to levelling of densities of attracting particles and to ab-
sence of conditions for dendrite growth. On the contrary, single
isolated fluctuations on non-singular facets can attract surplus
condensable particles and induce dendrites formation.

5. Reorientation of water dipoles in the course of their ap-
proaching to the surface DEL leads to the characteristic radio-
emission.

6. External constant electric field, that is added to the field
of DEL, can accelerate these processes in definite directions.

7. The attraction of electromagnetic moments to singulari-
ties of DELs on surfaces can be considered as sufficient gen-
eral feature of crystallization of substances with own dipole
moments of molecules. The radiation at moments of dipoles
reorientation can be used for monitoring these processes. This
phenomenon can be used also for monitoring certain weather
processes, status of snow and ice covers and so on. (These
processes are usually considered by thermodynamic approaches
only [26].)

8. These representations can be evidently generalized. So,
on each surface of condensed substances of almost every type
the DELs must be inevitably formed (exclusions can be pure
neutral substances like CO2, noble gases, etc.), and in atoms and
molecules without constant moments they nevertheless can be
virtually actuated. Therefore the crystallization with attraction
to near-surface DELs can be analogical to processes considered
above (without reorientation of dipoles and considered radio-
emission acts, of course). Thus the attraction of flying particles
will be stronger near to singularities of DEL’s field and will lead
to dendrites formation.

9. Slightly another example represents the electrocrystal-
lization: singularities of field can be induced by different fluc-
tuations and attraction to their points can be described by the
usual Coulomb forces.
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