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A B S T R A C T

The metal-insulator phase transition is considered within the framework of the Ginzburg-Landau approach for
the phase transition described with two coupled order parameters. One of the order parameters is the mass
density which variation is responsible for the origin of nonzero overlapping of the two different electron bands
and the appearance of free electron carriers. This transition is assumed to be a first-order phase one. The free
electron carriers are described with the vector-function representing the second-order parameter responsible
for the continuous phase transition. This order parameter determines mostly the physical properties of the
metal-insulator transition and leads to a singularity of the surface tension at the metal–insulator interface. The
magnetic field is involved into the consideration of the system. The magnetic field leads to new singularities of
the surface tension at the metal–insulator interface and results in a drastic variation of the phase transition
kinetics. A strong singularity in the surface tension results from the Landau diamagnetism and determines
anomalous features of the metal–insulator transition kinetics.

1. Introduction

Here we investigate the metal–insulator phase transitions (MIT).
Any MIT in a crystalline material, at any rate at zero temperature, must
be a transition from the situation in which electronic bands do not
overlap to the situation when they do [1,2]. One of the overlapped
bands is initially empty and gets carriers of electron type. The other one
is initially entirely filled with electrons and gets carriers of the hole type
due to the overlapping of the bands. The small band-crossing leads to
the two-band metallic state with the small numbers of electrons and
holes carriers per atomic cell. In addition, the numbers of holes and
electrons equal to each other. The situation is quite typical for common
semimetals.

The MIT belongs to the phase transitions of the first order. The
description of these transitions is usually based on the common
approach to the first-order phase transition theory [3]. The leading
parameter which determines the MIT is the material density ρ r(→) of
the phases. This parameter determines the first-order type of phase
transition at critical value ρc. Here ρc is a function of pressure p and
temperature T (ρ ρ p T= ( , )c c ). The pressure p changes ρ and governs
the MIT. The growth of the density in the insulator phase leads to the
overlapping of two electronic bands. One of these bands is empty and
the other one is filled with electrons. As the bands overlap, the MIT

occurs with an appearance of new order parameter which characterizes
the density of current carriers in the system. This parameter vanishes
in the insulator phase and becomes nonzero in the metal phase. This
parameter behaves as a second-order phase transition parameter.

So, we can describe the MIT by two order parameters (cf. [4–7]).
One of the order parameters is the material density distribution ρ r(→)
either of the metal phase or of the insulating one. The second one is the
density of electrons and holes in two bands. The density of electrons
and holes can be described by a vector in the Hilbert space with
electronic and hole components Υ r(→):
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The components of the vectorΥ r(→) are functions of electrons and holes
for the up and down spins. In the absence of magnetic field all these
components of the vector Υ r(→) are real functions. The role of these two
order parameters is quite different. The density ρ governs a position of
the MIT as a function of p T( , ) and the order parameter Υ r(→) becomes
nonzero just in the point ρ ρ= c. However, the physical properties of the
system depend weakly on the value of ρ alone. On the other hand, the

http://dx.doi.org/10.1016/j.physb.2017.09.018
Received 24 May 2017; Received in revised form 29 August 2017; Accepted 7 September 2017

E-mail address: dubovskiy_lb@nrcki.ru.

Physica B xxx (xxxx) xxx–xxx

0921-4526/ © 2017 Elsevier B.V. All rights reserved.

Please cite this article as: Dubovskii, L., Physica B (2017), http://dx.doi.org/10.1016/j.physb.2017.09.018

http://www.sciencedirect.com/science/journal/09214526
http://www.elsevier.com/locate/physb
http://dx.doi.org/10.1016/j.physb.2017.09.018
http://dx.doi.org/10.1016/j.physb.2017.09.018
http://dx.doi.org/10.1016/j.physb.2017.09.018


value of Υ r(→) can drastically change the physical properties of the
system. In particular, the surface tension Σρ of the MI interface
depends weakly on ρ alone and is determined the variation of Υ r(→).
The physical reason of the phenomenon is an outflow of conduction
electrons into the MI interface [8].

We can put the following invariant scalar quantity
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mines the densities of electrons and holes in the metal phase and
vanishes in the insulating phase at T = 0. We take the identity
n r n r(→) = (→)h e due to the local electrical neutrality within the metal
phase.

Our consideration is restricted to the most simple two-bands model
when the overlapping of the bands leads to the metal-insulator phase
transition. The consideration of more complicated cases like the metal-
insulator phase transition for the Hubburd model needs a more
sophisticated consideration [11–15].

2. The surface tension at the MI interface

In the MIT vicinity, the Ginzburg-Landau (GL) functional can be
assumed as a sum of contributions from the order parameters ρ r(→)
and Υ r(→):
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The parameter ρ r(→) describes the first-order phase transition between
the insulating and metal phases whereas the vector function Υ r(→)
describes the second-order phase transition. We expand the functional
F ρ r( (→))ρ according to the Cahn-Hillard approximation [9], see also
[10]:
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We use the GL expansion [16] for Υ r(→):
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Here we have expanded α linearly in ρ in the vicinity of ρc. This is
analogous to the well-known expansion of the appropriate parameter in
temperature T [3] for the Landau theory of the second-order phase
transition. The expansion proposed is convenient for investigating the
MIT at a fixed temperature, say, at T = 0. For simplicity, we have taken
the masses of holes and electrons to be equal to each other. In fact, the
last approximation should significantly be corrected [2]. In addition,
the interaction term F ρ r Υ r( (→), (→))int is taken as a linear function of
n r(→) (cf. [4–6]):

F ρ r Υ r g ρ Υ Υ( (→), (→)) = ( )( ).int
+ (6)

The variation of Φ Φ ρ Υ Υ= [ , , ]+ in ρ r(→) and Υ r(→)+ gives the self-
consistent equations of the GL type for the MI phase transition:
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In the case g ≡ 0, the parameters ρ and Υ are independent and the
surface tension Σ at the interface between the metallic and the
insulating phases can be calculated separately for ρ and Υ , correspond-
ingly Σρ, ΣΥ . The surface tension Σρ can readily be calculated as
([10,6]):
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The λ ρ( ) dependence on ρ is very essential since the λ magnitude in
the metallic phase is much larger than that in the insulating phase. The
λ ρ( ) magnitude is directly connected with the isothermal bulk modulus
of the phases. In the metal phase it is governed by the electronic
density (cf. [8]). It should be emphasized that the value Σρ is of the
order of the surface tension at the interface between an insulator and
vacuum. It is well known from experiments [18] that the characteristic
values of the surface tension at the interface between an insulator and
vacuum are at least one order of the magnitude smaller than those for
the metal-vacuum interface. The underlying physical mechanism of
this difference is related to the outlet of conduction electrons into the
MI interface at the distance of the order of the separation between
atomic layers in the metal [8]. So, we have

Σ Σ⪢ .Υ ρ (9)

In most cases we can neglect Σρ as compared with ΣΥ .
Here it should be emphasized that many other properties of the

system have an analogous behavior. Just, many other properties of
semimetallic or metallic systems consist of two different contributions.
One contribution is due to mechanical properties of the crystal lattice.
The other one is due to conduction electrons. In particular, this
behavior takes place for the phonon spectrum of semimetals and
metals [17].

3. The GL equations at the MI interface in the magnetic field

The investigation of the MI interface in the presence of magnetic
field is a delicate problem. The problem is quite similar to the Kohn-
Sham scheme [19] based on work [20]. One can understand the main
difficulty by considering the expression for the orbital current density:
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For brevity, we assume that there is a single conduction band. The first

term j r
→

(→)p is referred to as “paramagnetic current density” and
measures the density of canonical momentum in the wave function.
It depends explicitly on both the electron density n r(→) and the vector

potential A r
⎯→⎯

(→). Here we should emphasize that the situation in
normal metals differs drastically from that in superconductors. In
normal metals the electron density n r(→) is a function of coordinates r→

whereas in superconductors the electron density n r(→) is a multiple of
electron charge e [21] and independent of coordinate r→. The integer
value is e2 according to the microscopic theory of superconductivity
[22]. The brilliant discussion of the problem in superconductors can be
found in [23]. In [19] it is assumed that the fields, state and its energy
are uniquely determined by the densities and the paramagnetic current
density. This statement should not be correct if we attempt to work

with the physical current densities j r
→

(→) as a principle variable. In this
case one should have the freedom of operating a gauge transformation
for the vector potential and, hence, multiplying the wave function by a
coordinate-dependent phase factor, without changing the physical
current density. Therefore, the state of the system is not a unique

function of j r
→

(→). Working with the density j
→

p eliminates this

ambiguity. In the presence of magnetic field B
⎯→⎯

the mapping between
the ground-state energy and the ground-state wave function is diver-
gent. To recover a single-valued mapping, it is necessary to augment
the electron density distribution by the spin- and current-densities

which play the same role with respect to external field B
⎯→⎯

and vector

potential A
⎯→⎯

, as the density does with respect to the ordinary scalar
potential. An extended discussion of the problem can be found in [24].
The recent review and further developments of the problem can be

found in [25]. In summary, the consideration of the vector potential A
⎯→⎯

in the potential Φ (3) for normal metals is an extremely delicate
problem.

The work [26] is a generalization of the Hohenerg-Kohn-Sham
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