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1. Superionic crystals (solid electrolytes) are a spe-
cial class of ionic crystals characterized by anomalously
high ionic conductivity which develops abruptly at some
temperature characteristic of a given crystal.!»2 This
peculiarity is caused by a phase transition of the first
kind, which causes an abrupt disordering of one of the
ionic sublattices (usually the cation) while the other sub-
lattice remains rigid. The theory of temperature phase
transitions in superionic crystals, based on consideration
of additional interactions occurring in the system because
of disordering, has been considered in a number of studies
(Refs. 3-7).

The application of an external electric field can have
a significant effect on these phase transitions and leads
to qualitatively new effects.

2. We will consider a crystal containing in a unit
volume N lattice points and N' interstitial positions, over
which cations are distributed. We denote the cation con-
centration at interstices by n;, and the vacancy concentra-
tion left by them at lattice points by n,, while in an elec-
tric field n; = ny. For chemical potentials p, , of cations
at interstices and vacancies, within the framework of the
mean-field approximation we have

p=potwteq il ln—

ETIn Z—hmt — s (1
n» n4y— ‘_IV lZNv ()

F BT 10 Ze—Re e g ()

pz——p,o+ecp+lenN oy N N

Here g is the cation energy at a lattice point, and uy+ w
is the cation energy at an interstice in the absence of in-
teraction between defects; ¢ is the electric field potential;
Z,,, are the vibrational partition functions for cations at
mterstlces and lattice points. The last two terms in Egs.
(1), (2) correspond to the presence in the system of binary
interactions; A, A, and A,, are constants describing the
interactions (possibly indirect) of cations among them-
selves, vacancies among themselves, and cations with va-
cancies.
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Transforming in Egs. (1) and (2) to dimensionless
variables x; , = n; ,/N and denoting by x, the quantity X =

Xy for ¢ = 0, we obtain
N'/N—z
—eq=kT ln-:o—l((N—,—/-N—_-z—:)')'— M (23— 20) ~Ma (T—%0) 5 (3)
z.(1—
ep=kTIn -.;?-((—1_—::3)— — Ae(2o—20) —Maa (24— ) - 4)

The quantity x, is determined from the condition py =
w—Aoze=kT In[ (V'/N—z,) (1—zo)3/2:%], (5)
where Ao = A’l + 7\2 + ZAn and X = ziﬂz.

Equation (5) describes the thermodynamics of disor-
dering in the absence of an electric field. If A4 > 0, upon
change in system temperature phase transitions are pos-
sible, which are accompanied by discontinuous changes in

xq. These temperature transitions were analyzed in detail

in Ref. 6.

3. To realize the transitions (described below) in-
duced by an electric field at constant temperature, it is
necessary that the condition A; > 0 or A, > 0 be fulfilled,
which is more severe than A, > 0. We will demonstrate
the existence of phase transitions induced by an electric
field for the case A, = 0and Ay > 0, A, S 0or Ay >0,
A;= 0. Moreover, we will limit ourselves to the case
N' = N (symmetric system), considering that these effects
should appear for any relationship between N*' and N.
From Egs. (3) and (4), with consideration of the above,
we obtain

T2 (1'—10) =Ty (1_11,2) eXp{[M;: (x(,z—l'o) —eq)]/kT} . (6)

- Equation (6) describes the dependence of Xy,2 OD @,
If the quantity Ay (or A,) is negative, then x; (or x,) is a
single-valued function of ¢. If, however, A; > 0 (or A,>
0) it is not hard to see that the corresponding functions
for the condition A; > 4kT (or A, >4kT) have S-shaped
segments (Fig. 1). From this it follows immediately that
at certain values of ¢ there must be discontinuities in x;
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FIG. 1. Schematic representation of interstitial ion concentration (x,) and

vacancy concentration (xp) versus potential x, << 1, % , > 4kT; the dashed
line is for Ay = 0.

(if Ay > 4kT) and x, (ifA, >4KkT). From the condition of
thermodynamic equilibrium in a system with a variable
number of particles it follows that in the case considered
the transition potentials ¢, and ¢, correspond to the cen~-
ters of symmetry of the S-shaped sections of the curves
X1(¢) and xy(¢); also the values x , = !/, must satisfy Eq.
(6)at ¢ = P1,9

@12=FkTIn [ (4—=z0) /.'co]:l:M.z(llz—Zo). 7

The function x(¢) for ¢ < ¢, is described (Fig. 1) by the
upper branch of the curve, and for ¢ > ¢,, by the lower
branch. The function x,(¢) for ¢ < ¢, is.described by the
lower branch, and for ¢ > ¢,, by the upper. Denoting the
solutions x, , for ¢, , lying on the upper branch by x{!,,
and on the lower branch by xf#, we obtain from Egs. (6)
and (7) for the concentration jump A, , = X{ , = X{,, the
equation

(4+A,2)/ (1—A2) =exp{hi20,,/ET}. (8)

Field-induced phase transitions can be realized even
at crystal parameter values for which temperature transi-
tions are absent.!)

4. The predicted transitions should lead to anomalous
charge distributions in the surface regions.

Let the potential in the interior of a semiinfinite crys-
tal be equal to zero, with potential ¢, at the surface. With-
in the framework of the self-consistent field theory the
potential distribution in the crystal volume is given by the
equation

d*@/dz*=—4nNee [z, (9) —7:(9) ] (9)

(here ¢ is the static dielectric permittivity of the crystal);
the coordinate z is perpendicular to the surface, so that
Q= @ylz=0 ¢ = 0]z 00

Integrating Eq. (9) with the condition d¢/dz = 0 at
¢ = 0, we obtain

% = (sgn.go) [

° A
e [ et~ t@nde] - a0

For definiteness we will assume that A, > 4kT and
Xq < xp (— A4 /2kT), so that ¢; < 0. If ¢; < ¢y < 0, then
x,(¢) and x,(¢) are continuous functions of ¢ (and the co-
ordinate z) over the entire volume-charge region. If
@q < @4, then the volume-charge region proves to be di-
vided into two subregions; ‘normal and anomalous (Fig.
2), by the plane z = z.(¢), where ¢ = ¢,. In the normal
region the distributions of interstitial cations and vacan-
cies are close to the normal Boltzmann form. On the
boundary of the regions the concentration of one type of
charges changes discontinuously, so that the anomalous
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FIG. 2. Spatial distribution of inter-
stitial ions (x;) and vacancies (x,)
near surface; ¢, < ¢, < 0; z,, bound-
ary of anomalous region.

0 Z z

region is characterized by dominance of carriers of one
sign (in the given case, interstitial cations). If A, > 4kT,
so that according to Eq. (8) Ay = 1 ("strong" transition),
from Eq. (6) we obtain

22(@) =zo exp{eq/kT} for Beex @<<0,

. , )_{xoexp{—etplkT} for @<@<O0, (11)
A 1—z,exp{—2eq./kT}exp {e@/kT} for o@<q,.

Integrating Eq. (10), we find for the thickness of the
anomalous region

- elp—qsl 2(eqa.)__ helqnl 12
ze=4n~lzy [V werr N\ ) T I (12)

where -1 = (87e2Nx,/ekT)~1/2 is the Debye length of the
crystal. Thus the thickness of the anomalous region in-
creases linearly for a small difference ¢y — ¢, and is pro-
portional to the square root for sufficiently large values
of | gl. |

We note that together with the anomalous region con-
sidered here, it is also possible for a narrow layer to ex-
ist near the surface® with a structure differing from the
bulk structure.

5. One of the simplest methods of detecting a field-
induced transition is measurement of the differential ca-
pacitance C of the volume-charge region. Considering
that the excess charge of a unit surface is

Q=eNI[xx(z)—zz(z) ]dz=—e1vj'f(“?;)q;___%&d(p’

for the capacitance C = dQ/d¢, with consideration of Eq.

FIG. 3. Differential capacitance
C(¢,) (schematic curves). 1) Xy < 0;
2) A;= 0; 3) A > 4kT; 4) Ay = 0, no
charge saturation.
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(10), we obtain

8neN &

| @ -aenae]

Cel 1z (g0) —2.(90) || (13)

A detailed analysis of the function C(¢g) in ionic crys-
tals in the absence of the transitions considered here was
presented in Ref. 9.

As follows from Eq. (13), in the general case induced

transitions at ¢, =
tinuities in C(¢pg).
we obtain

¢4 and ¢, = ¢, should lead to discon-
In particular, from Egs. (11) and (13)

c—c, {ch (eqo/2kT); @ <q,<O0,

el | e =
[4 ( q)o P +4xosh’(§cqi;7))] y @<y (14)

Here Cy = e /47n™!). From Eq. (14) it follows (Fig. 3)
that the transition from the standard potential dependence
of capacitance, i.e., C = Cycosh (epy/2kT)tothe function
C « (Jgo| + const)‘l/2 caused by the effect of charge sat-
uration? (i.e., by the fact that Xy,2 < 1 for any ¢g), must
occur discontinuously.

Since the high ionic conductivity is caused by high
mobility of interstitial cations, the development of an
anomalous surface region in the case considered here
of ¢4 < 0 and a discontinuity in x; should be accompanied
by a sharp increase in the ionic conductivity. If ¢, > 0
so that the discontinuity (at potential ¢,) occurs in x,, then
despite the discontinuity in capacitance, no sharp growth
in surface conductivity should be observed.

In Egs. (11), (12), and (14) the variant x; « 1 was
analyzed. For 1 — x, <« 1 development of an anomalous
surface region is also possible. The general form of the
function C(¢g) is of the same character as for Xy« 1, i.e.,
the function C(¢g) can have discontinuities. The differ-
ence reduces essentially to a change in the value of the
parameter Cy. The value of the ionic conductivity of the
anomalous region developing at a potential ¢, = ¢,(x,)
(with ¢y > 1) is now sharply reduced in comparison to
the volume value.

6. The predicted effect of development of a surface
layer with anomalous properties, whose dimensions may
be controlled by the applied potential, should appear ina
number of physicochemical processes sensitive to charge
distribution near the boundary.

Dn particular, this implies that such transitions are possible in ionic crys-
tals in which temperature anomalies in ionic conductivity have not been
observed.
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It is well known that hydrodynamic equations can be
used approximately under certain conditions in the one-
dimensional collisionless motion of a plasma. In this case
the local pressure is obviously

p(z)=m I n(u,z) (u—a)*du.

Comparing it with the expression for the density

p(z)=m [n(a,2)da,
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we find
p=p (u~—a)*=p[u*~(7)*].

The concept of the pressure is not connected with the
interaction (by collisions) of the particles. It is known
that the one-dimensional motion of a collisionless plasma
leads to an effective adiabatic index equal to 3, i.e., p ~
p3. This result follows from the Liouville theorem: In
one-dimensional motion along the x axis the role of the
pressure is played by the component Txx of the strain ten-
sor (the tensor is not reduced to a scalar and isotropy of
the pressure, i.e., Pascal's law, is violated), Txx is ex-
pressed in terms of integrals containing ug, and the width
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