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THERMODYNAMICS OF METALLIC HELIUM

The internal and free energies of liquid metallic helium are calculated for wide ranges of
density and temperature, and the corresponding equation of state is obtained in the framework
of perturbation theory. The electron-ion interaction potential is selected as a small parameter,
and the calculations are carried out to the third order of smallness inclusive. Conduction
electrons are considered in the random phase approximation with regard for the exchange
interaction and correlations in the local field approximation. The hard-sphere model is used
for the nuclear subsystem, the sphere diameter being the only parameter of the theory. The
sphere diameter and the system density, at which helium transforms from the single- into
double-ionized state are evaluated by analyzing the effective pair interaction between helium
nuclei also in the third order of perturbation theory. The case of double-ionized helium atoms
is considered. The third-order correction turns out substantial in all ezamined cases. The
values obtained for thermodynamic parameters such as the density, temperature, and pressure
fall within the ranges typical of the central regions of giant planets, which allows us to suppose

the existence of metallic helium in the solar system.
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1. Introduction

Progress in the experiments dealing with the shock
compression of substances allowed one to metallize
those of them that are gases in the normal state
[1,2]. In particular, hydrogen and deuterium in the
metallic state were obtained and studied in details
in 1996-1999 [3-5], oxygen in 2001 [6], and nitrogen
in 2003 [7]. However, nobody has succeeded in ob-
taining helium in the metallic state experimentally
till now. Nevertheless, the theoretical study of the
process of probable helium metallization runs more
productively, although the total number of works de-
voted to this subject is rather small.

According to one of the first relevant works [§],
a pressure of 100 Mbar is required for helium met-
allization at low temperatures, which makes its ex-
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istence in the metallic state unreal even in the in-
ternal regions of giant planets in the solar system.
Within the quantum-mechanical method of molecu-
lar dynamics, the authors of work [9] obtained rather
an unexpected result that the metal-insulator tran-
sition can occur in liquid helium already at a density
of 1 g/em?. In work [10], the quantum-mechanical
Monte-Carlo method was used to obtain the equation
of state for solid helium. The corresponding results
consist in that the metal-insulator transition has to
take place at a density of 21.3 g/cm?® and a pressure
of 25.7 Mbar. In work [11], the equation of state and
the coeflicient of electroconductivity for helium were
calculated in the framework of the molecular dynam-
ics method and with the use of the density functional
method for the electron subsystem. The cited au-
thors claimed that the temperature is a crucial factor
for the helium electron structure. In particular, the
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energy gap disappears at a density of 13 g/cm?® at the
zero temperature and at 6.6 g/ cm? at a temperature
of 20,000 K. The latter values are quite reachable in
Jupiter’s internal region.

As follows from the aforesaid, the calculations of
various properties of metallic helium have been car-
ried out with the use of mathematical simulation
methods, and the results obtained are not in com-
plete agreement with one another. This work is one
of the first ones devoted to the application of analyti-
cal methods to studying the properties of metallic he-
lium, and its main aim is to study the corresponding
equation of state. The theory contains a single fit-
ting parameter, namely the diameter of solid spheres.
To determine it, the effective ion-ion pair interaction
will be analyzed by analogy with the cases of metallic
hydrogen and other simple metals [12-16].

2. Internal Energy

While studying metallic helium, let us take advan-
tage of the Hamiltonian [13, 17] used for the analy-
sis of simple liquid metals, which takes the electron-
electron interaction into account exactly. The inter-
nal energy of the metal can be obtained by averaging
the Hamiltonian over the Gibbs canonical ensemble

E=E;+ E,. (1)

Here,

B = NSk T+N-iz'v-( )[Si(q) — 1] 2)
T — 12 B 12V - 1i\qd i\d

is the contribution of the nuclear subsystem. The
first term on the right-hand side of equality (2) is
the kinetic energy of nuclei, the second one corre-
sponds to the Coulomb energy of their interaction,
V is the system volume, N; the number of nuclei,
Vii(q) = 4mz%e?/q* is the Fourier transform of the
energy of Coulomb interaction between helium nu-
clei, z = 2, T is the absolute temperature, the prime
means the absence of the term with q = 0, and S;(q)
is the static structure factor of the nuclear subsystem.
In what follows, the structure factor calculated in the
hard-sphere model will be used for S;(g). For a given
concentration, it depends parametrically only on the
solid sphere diameter. At the temperatures consid-
ered below, the nuclear subsystem can be regarded
as classical.
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The energy of the electron subsystem and the en-
ergy of interaction between the electron and nuclear
subsystems are convenient to be analyzed together.
Their sum, being the energy of the ground state of
the electron gas in the field of nuclei, can be expanded
in a series in the electron-nucleus interaction param-
eter [13]

Eie=Y E,. (3)

Every term in this series, in turn, should be expanded
in a series in the electron-electron interaction param-
eter. The term of the zeroth order in the electron-
nucleus interaction, when using the Noziéres—Pines
interpolation formula [18,19], looks like

1.105  0.458

T's T's

Ey = N, ( — 0.058 +0.016 In r5>. (4)
Here, the Brueckner non-ideality parameter r; was
introduced, which equals the radius of a sphere, the
volume of which is equal to a volume per one electron,
and IV, is the number of electrons in the metal.

Owing to the electroneutrality of the system, the
first-order correction in the electron-electron interac-
tion to the ground-state energy of the electron gas in
metallic helium is absent. The terms of the second
and higher orders look like

N; n
E, = Vn Z F( )(qla"'aqn)‘/ie(ql)nj/;e(Qn)x
qi1;---;dn
XSi(q1y oy A )A(Q1 + ... + Q). (5)
Here, Vi.(q) = 4mze?/q? is the Fourier transform

of the Coulomb electron-nucleus interaction energy,
Si(q1, -, Q) is the n-particle structure factor of the
nuclear subsystem; A(qy + ... + q,) the Kronecker
symbol, and T (qy, ..., q,) the electron n-pole fac-
tor [13]. The last expression is formally exact and,
hence, is unsuitable for specific calculations.

There are a number of techniques to approximately
calculate the electron three-pole factor [20-23] and
many-particle structure factors for the nuclear sub-
system [24]. For the electron double-pole factor, the
general result obtained by various authors reads

r®(q,—q) = —;Z((g))- (6)
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Here, 7(q) is the polarization function, and e(q) is
the dielectric permittivity of the electron gas. In the
random phase approximation with regard for the ex-
change interaction and electron—electron correlations
in the local-field approximation, we have

e(q) = 1+ [Vee(q) + U(q)]m0(q), (7)

where V,.(q) = 4me?/q? is the Fourier transform
of the Coulomb electron-electron interaction energy,
U(q) = —2me?/(¢*> + Ak3) is the potential energy of
exchange interaction and correlations in the electron
gas, A & 2 [25], and my(q) is the polarization function
of the ideal electron gas.

The results obtained by different authors for the
electron three-pole factor are substantially different.
The result of our independent calculations [17] carried
out in the framework of the ideal electron gas model
coincides with that obtained in work [22]:

Aés) (q1,92,493) (8)

I'®(qy,q2,q3) = e(a)e(az)e(as)’

Here, A(()S)(ql7 d2,q3) is the electron three-pole factor
for a degenerate ideal electron gas. After changing
from summation to integration in a spherical coordi-
nate system, the terms of the second and third orders
in the electron-proton interaction are as follows:

N [ SOV20)Sia)a*da )

Ea = =)

0
1 o0 o0
L3 :Nim/d(hﬁ/d%qg}?(%v(b): (10)
0 0

K

2n + 1 / A83)(Q17Q2, —q; — q2)
2 e(q1)e(gz)e(lar — qzf)

F(q1,q2) =

X Vie(q1)Vie(q2) Vie(la1 + qz|)Si(a1, 92, —a1 — q2) ¥

X sin(&lg)d912. (11)

For the three-particle structure factor, we use the ap-
proximation [24, 26, 27|

Si(d1,92,q3) = Si(a1)Si(az)Si(as)- (12)

The Helmholtz free energy is defined as
F=FE-TS, (13)
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where S is the entropy of the system. It is expressed
as a sum of electron and nuclear components. In the
case of degenerate electron gas, the electron compo-
nent can be neglected in comparison with the nuclear
one. The latter contribution, in the hard-sphere ap-
proximation [19, 28], looks like

S = Soi + Sii(n), (14)
where
e [eMkgT 3/2
.= Nikpln | < 1
o = Nik n[m (o) (15)

is the entropy of the ideal nuclear gas, M the nucleus
mass, n; the concentration of nuclei,
3n? — 4n
(1—mn)*
is the contribution associated with the interaction be-

tween nuclei, and 7 is the parameter of nuclear pack-
ing.

S“(’I’}) = NZkB (16)

3. Effective Ion-Ion Pair Interaction

At first glance, the proposed theory contains a sin-
gle undetermined parameter, the diameter of hard
spheres. Knowing its dependence on the concen-
tration and the temperature, the corresponding de-
pendences of thermodynamic potentials can also be
found. In this work, in order to determine the re-
quired dependence for the hard-sphere diameter, we
use the approximation of effective pair interaction be-
tween nuclei. The expression for this interaction in-
cludes the direct Coulomb interaction between nuclei
and their interaction mediated through conduction
electrons. The former is repulsive, the latter attrac-
tive. The competition between those two components
may result in a formation of a potential well with a
characteristic minimum. From the dependence of this
interaction on the distance between nuclei, it is possi-
ble to determine the diameter of hard spheres for any
temperature and concentration [29].

The diameter of hard spheres ¢ is a minimum dis-
tance, at which the nuclei can approach one another
at a given temperature. It can be found from the con-
dition of equality of the kinetic and potential energies
of nuclei at their mutual approach,
Vet(o) = 3kpT/2. (17)
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Analogously to the case of metallic hydrogen [12,

30, 31], the effective ion-ion pair interaction in liquid
metallic helium is considered in the framework of the
theory of perturbation in the electron-nucleus inter-
action. The quantity concerned can be expressed as
follows [13]:

R)=>"U{"(R), (18)
n=0
where R is the distance between nuclei. If metal-

lic helium is formed by double-ionized helium atoms,
U(O)(R) = Vii(R) is the energy of Coulomb interac-
tion between nuclei. The term of the first order in the
electron-nucleus interaction potential Uz(l) (R) = 0,
the term of the second order is

o]
2
(2) € 2 mo(q) .
Us”(R) = \ % R)qd 19
(F) = 552 [ Vi@ S D sin(aryad. (19
0
and the term of the third order is
oo q1+q2
U2(3)(R) 4R/dq1q1 sin(q; R) /dngg dgs X
0 lq1—qz|
‘/ie V:ie V;Je 3
% (q1)Vie(q2)Vie(q3) A(3)(ql7 a2, q3)- (20)

£(q1)e(q2)e(g3)

In Fig. 1, the plot of the dependence of the effec-
tive pair interaction between nuclei on the distance
between them is depicted. The potential is reckoned
in kelvins, and the distance in atomic units. The
potential has a profile typical of that for simple met-
als. The depth of the first potential well minimum
amounts to approximately 3000 K, which is enough
for liquid metallic helium to be stable at lower tem-
peratures and the given density. The position of the
first minimum corresponds to the equilibrium relative
arrangement of neighbor helium nuclei in the metal
phase. The term of the third order has much more
importance to the formation of this minimum than
the second-order term does. Such a situation is in-
herent to metallic hydrogen as well [15]. Note that,
nevertheless, the contribution of the third-order term
to the internal energy of the metal amounts only to
a few percent, being much smaller than the contribu-
tion of the second-order term.

The depth of the first minimum decreases at higher
densities and increases at lower ones. In addition, an-
other potential well starts to emerge at much shorter
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Fig. 1. Potential of effective pair interaction between helium
nuclei at a density of 6.7 g/cm?

distances between the nuclei. Such a behavior of the
potential of proton-proton interaction is also observed
in metallic hydrogen. It is usually interpreted as the
beginning of the formation of the molecular hydrogen
phase [30, 31]. In the case of helium, we, probably,
also obtain a reconstruction of the electron subsys-
tem in the metal, which corresponds to the emergence
of single-ionized helium atoms. In our opinion, the
characteristic density that separates those two metal-
lic phases of liquid helium is a density of 5.3 g/cm?,
at which the depths of two indicated potential wells
become equal. The situation with metallic helium
is unique. We can calculate only the free energy of
double-ionized helium. That is why our analysis is
based on the effective pair interaction rather than, for
instance, the free energy in a vicinity of the transition
point. The formulas for the pair interaction do not
contain any free parameter and do not demand any
grave model assumptions. The analysis of any other
metallic helium parameter would require the both.
The results of our calculations testify that helium
can be in the metallic state in the central regions of
all giant planets in the solar system. Note that the
results obtained, while finding the hard sphere diam-
eter, should be regarded only as useful estimations.
The issue concerning the role of terms in the per-
turbation theory series higher than the third-order
one for the calculations of the effective pair nucleus-
nucleus interaction remains open. In particular, for
a temperature of 10,000 K and a helium density of
5.3 g/cm?, we obtain 2.101 a.u. for the diameter of
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Fig. 2. Dependences of the Helmholtz free energy on the den-
sity at 7' = 10000 K found in the second, F3(n,T), and third,

F3(n,T), orders of perturbation theory, and an estimation of

the total sum for F(n,T)
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Fig. 3. Dependences of the pressure on the density at T' =
= 10000 K found in the second, P>(n,T), and third, P3(n,T),
orders of perturbation theory, and an estimation of the total
sum for P(n,T)

hard spheres in the second order of perturbation the-
ory. If the third-order term is taken into considera-
tion, this value falls down to 1.778 a.u. The terms
of the fourth and higher orders cannot be taken into
account accurately. We may only suppose that in-
cluding the terms of higher orders into consideration
would result in a further reduction of the hard-sphere
diameter. If we additionally suppose that the rate
of those variations corresponds to the geometric pro-
gression, the value of hard-sphere diameter obtained
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Fig. 4. Dependences of the pressure on the density calculated
in the third order of perturbation theory for various tempera-
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Fig. 5. The same as in Fig. 4, but for very high densities

in the second order of perturbation theory should be
multiplied by o = 0.5. In this case, it turns out close
to the diameter of the first Bohr orbit in a single-
ionized helium atom.

4. Discussion of Results

First of all, let us elucidate how eligible is the appli-
cation of perturbation theory in the electron-nucleus
interaction to the determination of the free energy.
In Fig. 2, the dependence of the free energy on the
density is exhibited. The free energy F'(n,T) was es-
timated, by assuming that the series of perturbation
theory for the structure-dependent part of the inter-
nal energy is a geometric progression with the com-
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mon ratio equal to E3(n,T)/Ea(n,T). The energy
values are reckoned in atomic units, and the density
in g/cm?® units. One can see that the obtained esti-
mation is close to the values of energy calculated to
within the third-order terms of perturbation theory.

A similar behavior is inherent to the dependence
of the pressure on the density, which is illustrated in
Fig. 3. The pressure is reckoned in Mbar units and
the density in g/cm?® ones. As the density grows, the
convergence rate for the free energy and pressure se-
ries increases. At a density of 5.3 g/cm?, the pressure
amounts to about 18 Mbar. Provided that helium is
in the single-ionized state below this density, the indi-
cated pressure value may probably be the upper pres-
sure limit for helium in this state. The values of pres-
sure and density shown in Fig. 3 fall within the cor-
responding ranges that are characteristic of the inner
regions of such planets as the Jupiter [32]. This cir-
cumstance points at a possibility for metallic helium
to exist in the central regions of not only the Jupiter,
but also other exoplanets belonging to its group.

In Fig. 4, the pressure is plotted as a function of
the density at various temperatures. This dependence
grows monotonously, being almost linear in the con-
sidered intervals of densities and temperatures. The
pressure is reckoned in Mbar units, and the density
in g/cm? ones.

Figure 5 demonstrates the dependence of the pres-
sure on the density for so high values of the latter that
the pressure no more depends on the structure of the
nuclear subsystem. At the end of the considered in-
terval, the results of summing up the series of pertur-
bation theory for the pressure including the terms of
the second or third order coincide to within three sig-
nificant digits, P»(50,10000) = P5(50,10000). The
relative magnitude of temperature corrections also
decreases. The behavior of the pressure becomes
more and more universal, which is mainly governed
by properties of the degenerate electron gas.

The reliability of the obtained results is also con-
firmed by the fact that the electrical resistivity of
metallic helium calculated similarly to that of metal-
lic hydrogen [15] falls within the interval of values
typical of simple bivalent liquid metals. Its temper-
ature dependence is also similar to that for metallic
hydrogen.

The results of our calculations provide quite rea-
sonable values, which may serve as a reference
point, while studying the thermodynamic properties
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of single-ionized helium. In this case, the develop-
ing theory will inevitably contain more fitting pa-
rameters, so that experimental information associ-
ated with the metallic state of helium will be required
for their determination.
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Translated from Ukrainian by O.I. Voitenko

B.T. Ilseuv, C.B. Kosuuyvkui
TEPMOJMHAMIKA METAJITYHOT'O T'EJITIO

Pezmowme

B pobori po3paxoBaHO BHYTPIIIHIO i BlIbHY eHeprito, Ta piB-
HSIHHSI CTaHy B PiAKOMY MeTaJIiTHOMY reJiil B IIUPOKOMY Iia-
ma3oHi ryctur i Temmeparyp. s Bcix 3a3madennx xapakTe-
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PHUCTHUK MeTajly BUKOPHUCTaHa Teopist 30ypeHb 3a IOTEHIiaJIoM
€JIEKTPOH-IOHHOI B3a€MO/Ii1 i3 BpaXyBaHHSAM YJIEHIB JI0 TPETHO-
ro MOpAAKY BKJIIOYHO. J[y1s1 eeKTpoHIB mpoBigHOCTI BHKOpH-
cTaHO HAOJIMXKEHHsI BUIIAQIKOBUX (pa3 MpU BpaxyBaHHI OOMiH-
HOI B3aeMOZil i KOpeJssiiii B HaOJIMXKEHH] JIOKAJBHOIO IIOJIsI.
Hyis simepHOl HmifcHCTeMU BUKOPUCTaHA MOJENb TBEPIAUX cdep.
Hiamerp nux cdep € equuuM napamerpoMm Teopil. Ouinky smi-
aMeTpa i I'YCTUHU CHUCTEMHU, 3a SAKMX BiJIOYyBaE€ThCs Iepexi re-
J1iI0 3 OJHOPa30BO y JABOPAa30BO iOHI30BaHUIl CTaH, BUKOHAHO
Ha OCHOBI aHasi3y mapHO! edekTuBHOI B3aeMomil MixK saxpa-
Mu resifo. [y ocTaHHBOI TAKOXK BPaXOBYETHCA UJIEH TPETHOIO
nopsAaKy Teopil 36ypenb B poboTi pO3ryIsSHYTO BHIAJOK JIBO-
pPa30oBoO i0HI30BaHUX aTOMIB rejiiio. Pojib mompaBKud TPETHOro
OPSAAKY y BCIX BHIIaJKaX BHSBUJIACH CYTTEBOIO. SHAYEHHSI
TEePMOJAMHAMIYHUX IapaMeTpiB: I'yCTHMHHU, TeMIepaTypH i TH-
CKy YKJIAJAlOThCA B Jialla30H 3HAYEHDb, XapaKTEPHUX JJIs LEH-
TpasbHuX obsacreil mianer-riranTis. lle no3Bossie mpumycruTn
iCHyBaHHS TeJjliI0 B METAJIYHOMY CTaHi B MeXKaX COHSYHOL
CHCTEMH.
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