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We consider an equilibrium strongly-non-ideal partly-ionized plasma. Under certain conditions, the
interaction between the charged and neutral particles can lead to the formation of very heavy nega-
tively-charged clusters. Estimates show that under conditions realizable in a number of experiments
this can cause phenomena similar to phase transitions.

AT high densities, a nondegenerate plasma is a sys-
tem of strongly interacting particles. This determines
the various possible phenomena, and has recently at-
tracted considerable interest!*): In particular, the
possibility of a phase transition due to the interaction
of the particles in the plasma has been under discus-
sion. Usually one considers in this case effects due to
the interactions of the charged particles with one
another. In the present paper we consider a plasma
under conditions when the strong interaction is between
the charged and neutral particles. We show that this
interaction can cause a first-order phase transition in
the plasma. We advance the hypothesis that the well
known phase transition in vapors of certain metals are
just transitions of this kind.

1. At relatively low temperatures (~10°°K) and at
densities that are still nonmetallic at these tempera-
tures (up to 10% particles per cm?) the plasma is
weakly ionized and its non-ideal character is due
mainly to the interaction between the electrons and the
atoms (molecule). Of particular interest are strongly-
non-ideal conditions, when the interaction energy ex-
ceeds the thermal energy:

N|Vo|p>1. (1)

Here Nj is the concentration of the atoms, V, the
Fourier component of the electron-atom interaction
potential with zero momentum transfer, and g = 1/kT
is a quantity inverse to the temperature.

Under such conditions, the notion of a plasma as
mixture of weakly-non-ideal gases is no longer valid.
The plasma acquires properties characteristic of
certain semiconductors®). In addition to free electrons,
there appear electrons that are localized by the density
fluctuations; these are well known in the theory of
strongly-interacting disordered systems[s’”. The
localized electrons exert a radical action on the plasma
properties.

I. Lifshitz and Gredeskul!®), and Krivoglaz!®! called
attention to the fact that when an electron is localized
(when it is captured by the potential well of the density
fluctuation) it can stabilize the fluctuation. This leads
to the appearance of very heavy negatively-charged
particle complexes or clusters in the disordered
medium. The occurrence of clusters can lead to pho-
nomena similar to phase transitions.

We shall show below that these phenomena can be
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realized in a nondegenerate non-ideal plasma and ap-
parently can even be observed in alkali-metal and
mercury vapors.

2. Let us consider the thermodynamic equilibrium
in the plasma, assuming that the interaction of the
particles reduces to two effects. First, the electron-
atom interaction leads to a shift of the boundary of the
continuous spectrum by an amount.

NV,=N jV(r)dr = ——N‘,%L-.}IU(O), (2)
where V(r) is the potential of the interaction of the
electron with the atom, and ¢(0) is the cross section
for the scattering of a low-energy electron by an atom.

Second, let us take into account the possibility of
cluster production, by regarding the clusters as parti-
cles having a binding energy that depends on the ratio
of the depth of the potential well produced in the fluc-
tuation E(m, v) to the corresponding change of the
entropy. We shall identify different clusters by the
number of particles m making up the cluster and by
the ‘‘volume’’ v—the effective dimension of the potential
well of the electron in the cluster.

In addition, there are present in the plasma ordinary
(““short-lived’’) localized electrons. Apparently, in the
region of parameters that admit of the existence of
clusters, these electrons play a minor role.

Thus, for a system comprising a mixture of atoms,
electrons, ions, and cluster, we write down the follow-
ing equilibrium conditions:

3)
(4)

a=e+1i,

ma(v) + e = k(m,v).
The quasineutrality and normalization conditions are

N{=N.+Z‘N,.(m,v), N¢+N¢+2mN,.(m,v)=N, (5)

where N is the concentration of the heavy particles
and determines the plasma density. Assuming in addi-
tion that Nj < N and Ny < N, we can write for the
electron density Ne and the cluster density Nk

(6)
()

Ki(N, g) is the ionization-equilibrium constant, £ the
volume of the system, and K,‘(,m’ V) characterizes the

N =NEW,pe- [1+ Y KW | ”

Ni(m,v) = N.E (N, B),
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equilibrium of the reaction (4). Such an approach to the
determination of Ni(m, v) follows the Frenkel theory
of pre-transition phenomenal’®), Further

KV, B) = “Zexp(Ep — NV.p), 8)
KM (N, B) = ;:‘((mT”l;))exp[—ea(m,u) B+ NVBlw(m,v), (9)

(10)

1
w(m,v)= = (Nv) e,

Zg, Zj, Zy are the partition functions of the electron,
ion, and atom, and zkx(m, v) and za(m, v) are the
partition functions of the cluster {m, v} and of the
aggregate of m atoms in the volume v, E, is the en-
ergy of the electron in the atom, and €,(m, v) is the
energy of the ground state of the electron in the clus-
ter. The use of a Poisson fluctuation probability in (9)
presupposes smallness of the atom-atom interaction if
the distance between them is of the order of the cluster
dimensions.

3. Let us sum over the clusters with different
dimensions v but with equal particle numbers m:

w(m, v)exp[—es(m, v) B-+NV.p].

(11)
In zg(m, v)/z5(m, v) there is no sharp dependence on
v, and therefore this ratio is taken outside the summa-
tion sign. R

Unlike in'®®) the single-particle potential V(r) is

sufficiently deep, having bound electronic states. They
correspond to the states of the negative ions that exist
in the rarefied plasma of the vapors of a number of
metals. One can therefore expect to be able to use the
quasiclassical approximation at large values of m. We
assume that €4(m, v) = E(m, v) if

Nl(m)=ZINA(m‘v)=I,LZ' Aln(mlv)

m Zq(m, V)

12)

If the concentration of the particles in the cluster is
large, then the sphere of action of the electron-atom
forces, v,, contains many atoms (mv,/v > 1). The
quantity E(m, v) is then weakly dependent on the dis-
tribution of the atoms in the cluster, and it is possible
to use the expression

|E(m, v) — NV,|> h* / 8m,v"s,

E(m, v)=§ [var =mVup. (13)
In spite of the approximate character of (13), its use in
the calculation of the state density of localized elec-
trons in strongly doped semiconductors!!!) resulted in
better than satisfactory results. Formula (13) presup-
poses, in addition, additivity of the electron-atom
forces, which is well satisfied if they have a polariza-
tion character, and is poorly satisfied if the exchange
forces make a large contribution.

The summation (integration) over v will be carried
out with account taken of the fact that the minimal
dimension of the cluster is ~ v, and the maximal one
follows from (12). It turns out that the main contribu-
tion to Nkx(m) is made by clusters having small
dimensions, ~v,. We get

M eNVib—No, 1_ em ln([/'n)’
2a(m, Vo) 2. ym

{=Nvsexp (—VB/ve+1).

N,(m)=N.

(14)

4. The subsequent analysis makes it necessary to
give a concrete expression for zkx. We can visualize
several models of the internal structure of the cluster
and write down zi. However, since the expression for
zkx(m, vo)/za(m, v,) does not contain a function strongly
dependent on m, it follows that if we confine ourselves
to an exponential dependence we get

Ni(m) ~ exp (mln (§/m)). (14")

It follows therefore that clusters appear only when
¢ > 1. The most probable number of particles in the
cluster is m* >> 1, but it is not so large as to require
that the cluster be regarded as a macroscopic forma-
tion. This corresponds to the previously made assump-
tions

m* = {/e= Nv,exp (—V.p/vs). (15)

Appearing under conditions that are noticeably far
from ideal, the clusters gather-in an increasing num-
ber of particles as the conditions become less ideal
(as N increases or as the temperature decreases).

Principal interest attaches to the dependence of the
cluster concentration on the plasma parameters. It
follows from (6), (7), and (14) that

Z(m®, vo) z,Q*

7.6Xxp(—Nvo + Eif + m"). (16)

Nd(m*)=N
ZaZa (M, Vo) (m*)

When the clusters appear, they ‘‘bind’’ a larger part of
the free electrons, but at first Nx(m) decreases with
decreasing T (just as the concentration of the negative
ions in a rarefied plasma decreases when T decreases).
However, with further decrease of T the number of
clusters begins to grow rapidly. In a narrow tempera-
ture interval near

~ __”1 E 4 '/Vy/v, 17
por—grin (17)

the system experiences a qualitative change, which
should have the appearance of a first-order phase
transition. Roughly speaking, the ideal gas of atoms is
transformed into an ideal gas of clusters (mixed with a
small admixture of atoms), and this is followed by a
density jump.

In fact, our analysis enables us to estimate only the
parameters of the curve of violation of the thermody-
namic stability, and yields no information on the dense
phase. When the latter appears, some of the assump-
tions made no longer hold. Apparently, the Coulomb
and interatomic interactions become significant (and
this increases the density jump). What is more inter-
esting is that the cluster becomes ‘‘metallized.’’ and
the valence electrons of its atoms become shared.
This leads to the formation of nuclei of a metallic
phase and to a transition into the conducting state.

The clusters can apparently be observed in the
pre-transition region. Optical measurements might
reveal the bands arising in the case of electronic
transitions.

Besides the clusters considered above, there can
exist in a non-ideal plasma also heavier and more
friable clusters with smaller electron binding energies.

DThe approximation (14’) should apparently be combined with
satisfaction of the condition [?] [E(m, v)—NV,| 23/, mT. This condi-
tion is satisfied for the clusters considered below.
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“Density-temperature” diagram for a mer-
cury plasma (solid curves) and a lithium plasma
(dashed): 1—experimental phase-coexistence
curves [19°12]; 2—calculated curves of violation
of thermodynamic stability, formula (17); 3—
parameter SN[V ] = 1 of electron-atom inter-
action; 4—parameter Nv,(8) = 1 of the atom-
atom interaction.

Being formations with certain macroscopic properties,
they recall to a greater degree the Frenkel hetero-
phase fluctuations!*), We are planning to investigate
the influence of such formations on the transition phe-
nomena in the future.

5. Numerical estimates and the comparison with
experiments will be made for a lithium and mercury
plasma. In the plasma of the vapor of such metals, the
phase transition is revealed by the jump of the density
(and electric conductivity) under conditions that corre-
spond fully to our initial assumptions.

Let us discuss the choice of the parameters V, and
vo. We define the quantity v, by starting from the
character of the wave function of the electron in a
negative ion. It behaves like e™?T (i%y%/2me = A is
the binding energy of the negative ion) at distances
exceeding the dimension p of the ion core!'®). We as-
sume v, = (47/3)(p + »™*), which yields ~4.0
x 1072 cm?® for the Li atom. For Hg there are appar-
ently no stable states of the negative ion!*®!, Therefore
we determine v, by using directly the value of the
cross section for the scattering of the electron by the
Hg atom; unfortunately, it is not very reliable; If we
assume it to be ~207aj, then v, ~ 1.3 x 107 cm?,

The value of V, cannot be determined with the aid
of the polarization potential, since the main contribu-
tion to the integral jV(r)dr is made by the ‘kernel’’
of the potential, and not by its asymptotic form. We
use formula (2), a cross section ~150 raj for Li, and
~ 20 7a2 for Hg. This yields Vo= —1.6 X 10* eV-cm?
for Li and (-0.57 x 107%2) for Hg.

The figure shows the result of a calculation based
on (17). They are in fair agreement with the experi-
mental phase-coexistence curves. An examination of
the figure allows us to advance the hypothesis that the
phase transitions observed in metal vapor are
‘“‘plasma’’ phase transitions due to the interaction of
the plasma charged particles with the neutral ones.
This conclusion is also corroborated in natural fashion
by the fact that only interactions between charges and
neutrals are strong under these conditions.

Charge-charge and neutral-neutral interactions are
weak. It is therefore less probable that they could lead
under these conditions to a phase transition. The
figure shows a plot of Nvg =1 for Li (estimates show
that the corresponding curve for mercury is similar).
Here v, is the volume of the sphere of action of the
atom-atom forces, determined by the equation U(Rga)gB
=1, where U(R) is the potential of the interatomic in-
teraction (mainly of exchange origin), taken from the
monograph!®), Obviously, to form stable ‘‘exchange’’
clusters it is necessary to have much stronger density
fluctuations.

The authors are sincerely grateful to L. M. Biber-
man, S. Ya. Voronin, and to other members of the
Theoretical Division of the High-temperature Institute
for a discussion of the results.
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