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On the basis of the perturbation expansion for the electron gas energy in the third order to
the electron—ion potential the pair and irreducible three—ion interaction potentials in metallic hy-
drogen are calculated. The irreducible potential of three—ion interaction has attractive nature at
short interionic separation and oscillates at large ones. The anisotropic character of the three—ion
interaction is shown. The potential relief of the ions pair relative to the third ion is constructed.
This relief has some potential wells and valleys which connect them. The important role of the
irreducible three—ion interaction in the formation of the local order in three- and four—ion clusters
is shown. The potential relief of an equiangular ion triplet relative to the fourth ion is calculated.
This relief has a deep potential well for the fourth ion at interionic separation corresponding to
the interproton separation in the Hy molecule . The quasiclassical probability of the ion transition
into this well is evaluated. The life time of the metallic phase of hydrogen relative to the tunneling

nucleation of the Hy molecules is estimated.
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I. INTRODUCTION

The significance of manyparticle interactions and their
role in forming the structure and properties of vari-
ous condensed systems are not well known yet [1]. For
the calculation of manyparticle interaction potentials the
knowledge of the linear and nonlinear response functions
of the electron gas is necessary. At present the explicit
form of a three—pole diagram expression in ring approx-
imation for the homogeneous electron gas is known [2],
[3]. Tt was possible to calculate the equilibrium struc-
tures and dynamic properties of simple metal crystals
and metallic hydrogen (MH) in the third order to the
electron—ion potential (EIP) [3-9] as well as to study
three-ion interaction potentials in simple metals [3,7].

The study of the possibility of metastable state of MH
at zero pressure is of special importance [4]. In the case of
solid MH calculations have been performed by Brovman
and Kagan. They calculated the structure, elastic prop-
erties, phonon spectrum of the solid MH at zero pres-
sure and proved the local stability of the metastable MH
phase in the framework of the manyparticle theory of
metals [4]. As it turned out in the third order to the EIP
the energy minimum exists for twoparameter hexagonal
lattices with a triangular string structure [4]. For all the
structures with the energy minimum the elementary cell
volume was Qo = 20.8a% (ap is the Bohr radius ) and
interproton spacing fixed along the Z axis was equal to
d = 2.04ap. The investigations of the higher order ap-
proximations did not change conclusions essentially. It is
connected with the fact that eventually a small parame-
ter in the perturbation expansion for the MH energy at
P = 0 approximately equals 1/5 [4,6]. In such a case the
sum of all the perturbation expansion terms with the or-
ders n > 5 gives an error as the dielectric permittivity of

the uniform electron gas does [6,9].

The evaluation of the life time of the metastable MH
phase relative to the spontaneous quantum tunneling
transition in the insulating phase is among the most im-
portant problems. This estimate cannot be made with-
out considering the specific microscopic mechanism of
the nucleation of the Hy molecules or the H2+ ions in the
metallic phase. For the MH as a system in which the
tendency to diatomically ordering exists [8], the calcula-
tions of interionic interactions potentials and elucidation
of this tendency on the language of groups ion interaction
potentials in configurational space are of great interest.
In the quantum kinetics of the new phase formation two
characteristic times may be distinguished [10]. In the first
place the time of transition through a potential barrier
(in our case the life time of the metallic phase relative to
the nucleation of the Hy molecule). In the second place
the total time of the new phase formation. As a conse-
quence of a significant difference between the electron
and proton masses during the process of molecular hy-
drogen phase homogeneous nucleation the characteristic
time will be determined by a slow ionic motion in the
potential relief created by the nearest neighbouring ions
group. Diatomically ordering in MH corresponds to the
possibility of the drawing together the ions to the dis-
tance corresponding to the interatomic separation in the
Hs molecule . Inasmuch the direct interionic interaction
corresponds to the Coulomb repulsion the possibility of
drawing ions together may be ensured only by means of
indirect ions interaction through the surrounding elec-
tron gas.

The purpose of this paper is to consider pair- and
three- ion interactions in metastable MH at P = 0. The
consideration is based on the manyparticle Brovman and
Kagan approach [3-6]. The peculiarities of the potential
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relief for the ions group are discovered and interpreted
from the point of view of manyparticle tunneling forma-
tion of the molecular hydrogen phase.

In sec.2 expressions for manyparticle potentials are re-
ceived. In sec. 3 and sec. 4 results of calculations are
shown.

II. MANYBODY INTERACTION IN METALS

In the framework of manyparticle theory of non-
transition metals the energy of electron subsystem in the
field of fixed ions in the adiabatic approximation may be
written [3]:
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where each term of the (1) series describes the interac-
tion of ion groups through the surrounding electron gas
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and can be represented as a power series in the EIP [3].
For example
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etc. The indirect interaction of two ions in the second
order perturbation theory in EIP is well known [11] and
equals

W = & [art?avortyy, o

where V(q) = —%2 is the form factor of the EIP; I'®)(g)
is the sum of two-pole diagrams.

In the third-order perturbation theory in EIP the in-
direct pair—ion interaction is defined by the expression
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where I'®)(qq, g2, q3) is the sum of three-pole diagrams; g3 = (¢ + ¢3 + 2q1¢g2)

1/2.

The potential of indirect three—ion interaction after double integration may be written [7]
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where Jy(z) is Bessel function of the zeroth order; z = cos(qi,q2); Ri2, Res, Riz are the distances between the

vertices of a triangle formed by the protons.

The calculations of potentials were executed at the Wigner—Zeitz radius rg = 1.65 which corresponds to zero
pressure in the zeroth model of a metal [4]. A permittivity function in the Heldart—Vosko form was employed. The
collections of potential values were calculated on the set with a step equal to 1 Bohr radius for each dimension. In
the drawings of graphs the cubic—splain interpolation was used.

590



MANYPARTICLE INTERACTIONS AND LOCAL STRUCTURE OF THE METALLIC HYDROGEN ...

III. RESULTS
Pair interionic potential in the third order has a form

62

"(R) = 5 + 8 (R) + 2,7 (R), (1)

where e is the electron charge.
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Fig. 1. Potential »*(R) and its components for rs = 1.65.
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Fig. 2. Potential ¢*(R) for rs = 1.72 and rs = 1.55.

Fig. 1 shows the computed potential ¢*(R) and its
components. Curve 1 corresponds to the contribution

e 1+ o (R), 2 - ®Y(R), 3 - ¢*(R). The pair interi-

onic potential % + ‘I>g2) (R) has no deep potential well.
Stevenson and Ashcroft [12] have obtained the pair inter-
proton potential % + <I>52) for MH at rs = 1.6 analogous
to the one shown in fig. 1 (curve 1). The indirect interi-
onic interaction <I>53) (R) has attractive nature and forms
a potential well for the nearest neighbouring ion and min-

imum in the repulsive part of the potential ¢*(R). The

decrease of the density leads to a strong increase of the
depth of the minimum in the repulsive part of the poten-
tial ¢*(R). Curve 1 at fig. 2 corresponds to the potential
©*(R) at rs = 1.72. At rs < 1.65 the minimum in the
repulsive part of p*(R) turns shallow and its position
shifts towards a smaller R and at r¢ = 1.55 this mini-
mum disappears (curve 2 in fig. 2). The position of the
minimum in the repulsive part of ¢*(R) in fig. 1 cor-
responds to the separation of R = 1.6ap. It should be
mentioned that the separation between the nuclei in the
H, molecule is equal to 1.4ap and the binding length in
the Hy ion is equal to 2ap [13]. The formation of the
minimum in the dependence ¢*(R) at a distance which
is smaller than the interproton average distance and a
strong dependence of the depth of this minimum on the
density of MH may be treated as a tendency to diatomic
ordering in the electron—proton plasma.

Fig. 3. interaction potential

3 (2, Ris, Ras).
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Fig. 4. Potential relief for the 3rd ion in the field of two
ions with pair interactions taken into account.

The results of the calculation of the irreducible three—
ion interaction potential <I>§3) for rg = 1.65 are presented
in fig. 3 in the form of the potential relief. The mini-
mal interproton separation in a metallic phase at P =0
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equals to 2.04ap [4]. Two ions are placed in the ordi-
nate axis on a distance 2ap and the third ion is sited
in the plane XOY. For small distances the potential
<I>§3) (2, Ro3, R13) has an attractive character. The po-

tential <I>§3) (2, Ra23, R13) has an anisotropic form and its
most rapidly changing takes place in the OX direction.

For large distances the potential <I>§3) has an oscillatory

character. Note that <I>§3) (0,0,0) ~ —1 Ry.
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Fig. 5. Potential relief for the 3rd ion in the field of two
ions with pair- and three—ion interactions taken into account.

Fig. 4 (geometry coincides with fig. 3) shows potential
relief for the 3rd ion in the fields of two other ions with
pair interactions taken into account, that is the potential
©*(Ra3) + ¢*(Ry3). The minima B and D and a valley
which connects them correspond to the possible positions
of the nearest neighbouring ion in the field of two fixed
ions (see fig. 4). It should be noted that ion transition
from minimum B to minimum D along the valley entails
the crossing of the potential barrier with the height of
~ 1200 K. This situation remains unchanged when ir-
reducible three—proton interaction is taken into account
because of the short—acting character of the potential
<I>§3). The quantum consideration of the ion motion in
the field of two fixed ions results in the conclusion about
the splitting of the energy level for the ion which is the
nearest neighbour for the pair considered. The local min-
ima A and C in fig. 4 correspond to the distances to ions
1 and 2 which are less than the interionic average dis-
tance.

Fig. 5 shows the potential relief which is created
by the ions pair and taking into account pair— and
three—ion interactions. It is described by the function
©*(Ra23) + ¢*(R13) + (I>§3) (2, Ra3, R13). A change of the
local minima A, B, C, D positions as compared with fig. 4
is unimportant. As a consequence of a short-range and
anisotropic character of the potential <I>g3) the depth of
the minimum A changes markedly and the depth of the
minimum B increases a bit. The ion wave function in po-
tential relief which is shown in fig. 5 has a nonzero value
near local minima A and C. This means that ions have
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a finite probability draw together with the separation
of the order of internuclei distances in Hy or H . From
comparison of fig. 1 and fig. 5 the conclusion follows that
the presence of the the third ion essentially increases this
probability.

X

Fig. 6. Distribution of conditional probability density for
the ion positions in the ions pair field.
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Fig. 7. Potential relief which the three ions create toward
the fourth ion (pair interactions taken into account).

X

Fig. 6 shows computed distribution of conditional
probability density for the ion positions in the ions pair
field with the pair and three—ion interactions taken into
account in Boltzmann approximation at the temperature
T = 1000 K. In this approximation the distribution of
the conditional probability density may be described in
the form of

Fi(R1|R2, R3) ~ exp (—(p"(R12) + ¢"(Ri3) (2)

+ ¢‘§3)(R1272,Rl3))/kT) ,

where k is Boltzmann’s constant. Local minima of the
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potential relief at fig. 5 correspond to the peaks of the
function F1 (Rl |R2, R3)

It is interesting to consider potential relief which is
created by a group of ions. Fig. 7 shows the potential
relief which three ions forming equiangular triangle with
the side 2ap and placed in the XOY plane create in the
same plane towards the fourth ion. In fig. 7 the pair—ion
interaction is taken into account and the potential relief
is assigned to the function ¢*(R14) + ¢*(Ra4) + ¢* (R34).
It is easy to see the two minima A and B and the saddle
point C in the XOY plane.
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X

Fig. 8. Potential relief which three ions create toward the
fourth ion (pair— and three—ion interactions taken into ac-
count).
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Fig. 9. The dependence of the potential ®(z).

The potential relief which is shown in fig. 8 (the ge-
ometry is the same as in fig. 7 ) and which is described
by the function

©*(Rua) + 9" (Roa) + ¢* (Raa) + 35V (2, Ros, R14)

+ <I>§3) (R24,2, Ray) + <I>§3) (R4, R34,2)  (3)

takes into account three-ion interactions in the cluster
of four ions. Three—ion interactions transform the saddle
C into the local minimum and minima the A and B be-
come considerably deeper. This means that an increase
of the particles number in the cluster lowers the potential
barrier to diatomic ordering.

If three ions are situated in the way shown in fig. 8 and
the fourth ion is placed on the Z-axis, the dependence of
the potential ®(z) with pair— and three—ions interactions
taken into account is shown in fig. 9. The presence of a
deep minimum at z = ap is characteristic peculiarity
of this dependence. The second minimum at z = 3.5ap
corresponds to the equilibrium position of the fourth ion.

Fig. 10. Potential relief for the 3rd ion in the field of two
ions (interionic separation is equal to 1.5ap) with the pair
interactions taken into account.

Fig. 11. Potential relief for the 3rd ion in the field of two
ions (interionic separation is equal to 1.5ap) with pair— and
three—ion interactions taken into account.

The quantum description of the ion motion in two-
well potential of fig. 9 yields the conclusion about a pos-
sibility of tunneling transition from the well A to the
well B. The probability of ion transition per 1 s is equal
to the product of the ion oscillation frequency in the
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well A and transmission coefficient through the potential
barrier. The transmission coefficient can be estimated
in quasiclassical approach. The ion frequency of zero—
oscillation in the well A is equal to v = 3.61-10'% Hz.
The transmission coefficient through the potential bar-
rier D = 3.85-107'2. Then the ion’s life time 7 in the
well A equals 7 = (Dv)™! = 0.0072 s. If ion tran-
sition into the well B takes place the conditions for the
electrons localization on the ion’s pairs will be created.
Taking into consideration also small characteristic time
of an electron subsystem it is possible to consider the
obtained time as a characteristic time of the tunneling
nucleation of the Hy molecule in MH at zero pressure.
If the identity ions is taken into account it is possible to
make a conclusion about a manyionic tunneling mecha-
nism for the metallic hydrogen transition into molecular
phase.

The quantum Monte—Carlo simulations of the molecu-
lar hydrogen [14] and calculations of the diatomic phase
energy as a function of the interproton separation [8]
indicate that at a chosen density the molecular unit in-
terproton separation is somewhat less than the neutral
molecule separation 1.4ap. We calculated the potential
relief which is created by the ions pair with the in-
terproton separation 1.5ap (fig. 10, 11). Fig. 10 shows
the potential relief for the third ion in the field of two
other ions with pair-ion interaction in the third order
perturbation theory (analogous to fig. 4). Fig. 11 (ge-
ometry coincides with fig. 10) shows the potential re-
lief for the third ion with pair and irreducible three—
ion interactions taken into account, that is the poten-
tial *(R12) + ¢* (Ras) + L7 (1.5, Ry3, Ros). As is easily
seen from fig. 10, 11, the irreducible three—ions interac-
tion essentially deepens the potential well A (fig. 11 is
analogous to fig. 5). The comparison of fig. 5 and fig. 11
yields the conclusion about a strong dependence on the
interproton separation Rj» of the probability of triplet
ions drawing together to the interproton separation as
in the Hy molecule. The time of the proton transition
from the well B into the well A (fig. 11) cannot be con-
sidered as characteristic time of the tunneling nucleation
H> molecule in the metallic phase since interproton sep-
aration Ri> = 1.5ap is less than the minimal interproton
separation in the MH phase at P=0 which equals 2.04ap
[4].

IV. DISCUSSION AND CONCLUSIONS

Our consideration is based on the assumption that the
metastable MH phase exists at P = 0. The calculations
show that irreducible three—ion indirect interactions have
a decisive influence on the local structure of the ionic
subsystem. The calculations of the possible MH struc-
tures at P = 0 show the tendency for MH to crystallize
in a triangular string with the twodimension periodic-
ity structure [4]. Our calculations of the potential relief
which the three ions create towards the fourth ion con-
firm this conclusion and show that taking into account

<I>§3) really leads to the formation of the hexagonal struc-
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ture in the plane of four ions arrangement. Taking into

account <I>§3) leads to the transformation of the saddle C
(fig. 7) in the local minimum (fig. 8). The minimum C is
formed along the direction which forms the angle of 60°
with the OX axis (the curves on fig. 7, 8 are drawn with
a step of 15° ).

It is possible to observe an interesting peculiarity of
the potential relief which a pair of ions creates towards
the third ion (fig. 4, 5, 6): the local minima B and D and
the valley which connects them and has a saddle point.
To make the transition from the minimum B to that of
D it is necessary to cross over the potential barrier. This
means that the energy levels of the third ion in the field
of the two fixed ions are split. The quantum effect of the
energy levels splitting will be exercised at the tempera-
tures which are less than the potential barrier height. It
should be noted here that as a consequence of a short—
range character of the potential <I>§3) it has a weak influ-
ence on this effect (fig. 4, 5). It can be supposed that the
existence of two—level subsystems in amorphous solids at
low temperature is somehow a display of collective quan-
tum oscillatory states of three—particle groups.

In this study the peculiarities of the pair— and three—
ion interactions are interpreted as the vestiges of the
molecular phase in the metastable MH. These peculiar-
ities occur in the metastable metallic phase and are ab-
sent at the megabar pressure (fig. 2). This means that
an electron—proton system possesses a self-organization
effect of “preparing” a transition to the molecular phase.
Such an effect increases sharply with the decreasing of
the electron gas density.

The probability of the ions’ drawing together to the
interproton separation as in the Hs molecule depends
essentially on the electron gas density. With the density
decreasing the probability of the manyionic tunneling nu-
cleation of the molecules Hy sharply increases. Therefore
some interest has a study of the life time of metastable
MH relative to the homogeneous nucleation of the molec-
ular phase in pressure interval 0 < P < P; (P, is the pres-
sure of the molecular hydrogen transition in the metallic
phase).

The calculation of the life time of the MH as a macro-
scopic system calls for the considering both the mecha-
nism of homogeneous nucleation of molecular phase and
the kinetics of the formation of the insulating phase
droplets in the metastable metal. In this paper we did
not consider the kinetic stage. Such a consideration must
include a search for the volume and surface free energy
minimum of the heterogeneous system consisting of a
metastable metal and the insulating droplets. In accor-
dance with the classical and quantum theories of the new
phase formation [10,15,16] calculated in this paper the
life time of the metallic phase relatively tunneling nucle-
ation of the Hy molecule may differ from the life time
of MH as a macroscopic system by the factor ~ 3-5.
The new experimental data on the structures and phase
diagrams for the molecular hydrogen and deuterium at
the megabar pressure [17,18] may be very useful by the
consideration of the kinetic stage of the formation and
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growth of the insulating phase droplets in the metastable
MH.
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BATATOYACTUHKOBI BBAEMOOII TA JIOKAJIbHA CTPYKTYPA METAJITYHOTO
BOIOHIO ITPU HYJIBOBOMY THUCKY

C. I. Kain', H. II. Kosasienko'!, E. B. Baciniy!
t Monimexmivnu ynisepcumem, Yxpaina, UA-270044, Odeca, np. llesuenka, 1
" Teporcasnui ynisepcumem, Yrpaina, UA-270100, Odeca, eyas. Jeopancvra, 2

Ha ocHuoBi Teopii 36ypeHnb s eHeprii eJIeKTPOHHOTO ra3y B TPETHOMY MOPSIOKY 3 MOTEHIIISIOM eJIeKTPOH—

OHOI B3a€MOIil PO3PAX0OBAHO MOTEHIN LN TAPHOI Ta TPU-HOHHOL B3aeMoii B MeTasiaaoMy BomHi. [ToTenmist Hepe-

IyKOBAaHOI TPU-HOHHOI B3a€MOMil Ma€ TPUTATYBATHHUN XapakTep HA MAJIAX BIICTAHAX MiXK HOHAMH Ta OCIIWITIOE

Ha BesiMKUX Bigcransix. Ilokasamo amizorpomumii xapakrtep Tpu-itonnol Bzaemonii. ITobynoBano moreHuistaIbHIR

pesibed, CTBOPIOBAHMIT TAPOIO WOHIB BIIHOCHO TpeThoro iowa. Ileit pesthed Mae mekibKa MOTEHIISIHLHUX IM Ta,

“mosmuuy”, mo ix 3’enmyroe. Iloka3zano Bax/IMBY POJIb HEPELyKOBaHOI Tpu-ilonHoi B3aemomii B (popmyBaHHi J10-

KaJIbHOTO TOPAAKY B KJIacTepax 3 TPhOX Ta 40THPbOX Houis. PospaxoBano morenuiituuit pesmed, crsoproBanuit

PIBHOCTOPOHHIM TPHUIIJIETOM HOHIB IO BiIHOMEHHIO O0 derBepToro fiona. lleit pesmmed Mae rinboky moTeHIisAIbHY

AMY OJIS 9€TBEPTOro HOHA Ha MIKXTPOTOHHUX BiICTAHAX, IO BiANOBITAIOTH MiXKIPOTOHHINH BiICTaHI y MOJIEKYJI

Bomuio. PospaxoBano kBasiksiacuany WMoBipHICTH mepexomy itona B mio smy. OuineHo yac KuTTs MeTaaiauol (asu

BOOHIO BiJIHOCHO TYHEJIbHOI'O YTBOPEHHA MOJIEKYJI BOOHIO.
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