N

N

Liquid-gas phase transition in 3He
M. Barranco, A. Polls, S. Stringari

» To cite this version:

M. Barranco, A. Polls, S. Stringari. Liquid-gas phase transition in 3He. Journal de Physique, 1987,
48 (6), pp.911-914. 10.1051/jphys:01987004806091100 . jpa-00210520

HAL Id: jpa-00210520
https://hal.science/jpa-00210520
Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/jpa-00210520
https://hal.archives-ouvertes.fr

J. Physique 48 (1987) 911-914 JUIN 1987, PAGE 911

Classification
Physics Abstracts
67.50 - 64.70F

LIQUID-GAS PHASE TRANSITION IN %He
M. Barranco, A. Polls and S. Stringarit

Departament d’Estructura i Constituents de la Materia, Facultat de Fisica, Universitat de Barcelona,
Barcelona 08028, Spain

*Dipartimento di Fisica, Universita di Trento, 38050 Povo (Trento), Italy
(Regu le 29 janvier 1987, révisé le 7 avril, accepté le 8 avril 1987)

Résumé.- Nous étudions le changement de phase liquide-gaz de 3He par une méthode de champ moyen.
Cette derniére donne des prédictions raisonnables pour la pression de vapeur saturante & toute température.
Nous discutons également les prédictions de cette méthode concernant le point critique et les variations
de densités du liquide et du gaz en fonction de la température le long de la ligne de coexistence.

Abstract.- A mean field approach is used to investigate the liquid-gas phase transition in 3He. The
method provides a reasonable prediction for the vapour pressure in the whole region of temperatures. The
predictions for the critical point and the temperature dependence of the liquid and gas densities along the

coexistence line are also discussed.

Introduction

The properties of the liquid-gas phase transition
in helium systems are significantly affected by quan-
tum effects. This makes the investigation of the prob-
lem particularly interesting from a theoretical point of
view. One needs in fact a consistent formalism based
on quantum mechanics able to describe the liquid and
the gas in a wide range of conditions going from the
degenerate limit to the classical regime.

Most of the properties of the liquid-gas phase tran-
sition have been measured in both *He and *He [1-2].
The availability in the near future of experimental data
[3] on the liquid-gas phase transition in polarized 3He
is expected to open new and stimulating perspectives
in the study of the thermodynamic behaviour of quan-
tum liquids.

In this work we use a mean field approach for in-
vestigating the thermodynamic properties of the liquid-
gas phase transition in He. A similar method has been
already employed to investigate the thermodynamic
properties of nuclear systems, in particular of phase
transitions [4-5].

The formalism

A convenient thermodynamics potential to study

the behaviour of the system is the free energy density

f (P, T) = h(p, T) —Ts (P’ T) (1)

where T'is the temperature, p the particle density and
h and s are the energy and entropy densities per unit
volume respectively. It is convenient to write equation
(1) in the following form

f(o,T) = fui (0, T) + fu (0, T) (2)

where fy; (p,T) is the free energy density of a non-
interacting Fermi gas [6] and f, is the contribution
due to the interaction. The quantity f, can be evalu-
ated using an effective interaction in the context of a
mean field approach, as for example the Hartree-Fock
theory [7]. An especially simple result is obtained us-
ing a local zero range interaction. In this case f, is T
independent. In particular, the use of a local Skyrme
interaction yields the following expression for f, [5].

1 1
==} 2 +=-c 240 3
fo 2 P 2 P ( )
The term is b originates from an attractive two
body contact force, while the term in ¢ comes from a
repulsive density dependent interaction, such a depen-
dence being characterized by the parameter o.

From equations (2-3) one gets the following equa-
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tion of state (EOS) at finite temperature :
1 1
P(p’ T) = Pni(P, T) -+ Ebp2 + 5c(]_ + a,)p2+g (4)

where P,; is the pressure of the non-interacting fermion
gas.

The parameters of the force entering equations (3-
4) have been fixed in order to reproduce the experi-
mental values of the saturation density (po = 0.0165
part/A®), binding energy (E/N = —2.49 K) and in-
compressibility (K~! = 0.20KA~3) of liquid 3He at
zero temperature. In this limit, the energy per parti-
cle becomes

h? 3 2y2/3 273 1 1 140
E/N = 2m5 (3 .y ) P+ Ebp+ ECp (5)

where the first term in the right hand side of equation
(5) represents the kinetic energy of the free Fermi gas.
One can also derive the EOS and the incompressibility
at T=0:

2
P= 27‘_3 (.."»7r2)2/3 p° + %bp2 + %c(l +0)p%t° (6)

mb5
and
] 2/3
-1_ M2, 2 5/3 2
K 2m3(31r) %+ b p*+
1
+§c(1+a)(2+a)p2+". (7)

Fitting the experimental data yields the follow-
ing values for the parameters : $=—823.35 K A3, =

3 140 .
8714874 x10* K (A°)" and 0=2.66. Equations

(6-7) then provide a very accurate description of the
EOS of liquid ®He up to the solidication pressure. No-
tice that expressions (5-7) differ from the ones in ref-
erence [8] where the effective interaction, introduced
to investigate the equation of state at zero tempera-
ture, includes also a non local term responsible for a
density dependent effective mass. The use here of a
local effective interaction is justified by the fact that
in the range of relatively high temperatures explored
in the present work, the effective mass is expected to
be closer to the bare value than to the one exhibited
in the low temperature regime ( 7'<0.2K).

In the limit of high temperature where the Fermi
gas is completely non-degenerate and thus equivalent
to a classical gas, the EOS (4) gets the simplified form :

1 1
P(p,T) = pT + Ebp2 + Ec(l + 0)p%*° (8)

Results and discussions

We have investigated the EOS of 3He using equa-
tion (4). Typical isotherms are plotted in figure 1 for
different values of T. The present approach predicts in-
stability regions (8P/8p < 0), revealing the existence
of a liquid-gas phase transition. One can see from this

figure that our calculated equation of state for the lig-
uid (solid lines) is in fair agreement with the experi-
mental values [1] which are represented by dots.

Fig.1.- 3He isotherms for different temperatures. The
dashed lines correspond to the negative compressibility
regions. Dots are experimental values from [1].

Our model is able to reproduce the critical point
characteristics only in a semiquantitative way. The
critical point occurs at T, = 4.32 K, P, = 1425 mm Hg
and p. = 0.0404 g/cma. These values should be com-
pared with the experimental data [2,9] T. =3.32 K,
P, =873 mm Hg and p. =0.0418 g/cma.

It is also interesting to comment on the adimen-
sional quantity P./(p.T.). The experimental value is
0.30 while the present calculation gives 0.39. On the
other hand if one had used expression (8) for the EOS,
one would have obtained the result [5] P./(p.T.) =
(0+1)/2(0+2), yielding 0.39. The fact that the classi-
cal limit yields the same result as the quantum calcula-
tion seems to indicate that the combination P,/ (p.T.)
is very little affected by quantum effects. This fact has
been already pointed out in the investigation of critical
phenomena for different noble gases using the principle
of corresponding states [6]. Notice that our value for
P,/ (p.T.) is very close to the one given by the Van der
Waals equation (P./ (p.Tc) = 3/8).

The instability of the homegeneous phase for T' <
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T. reveals the occurrence of a phase separation. The
coexistence line can be obtained by imposing the equi-
librium conditions between the liquid (1) and vapour
(v) phases, i.e. pp = py and y; = uy, where u is the
chemical potential.

Figure 2 reports the vapour pressure as a function
of 1/ T. The agreement between our calculation and the
experimental data [2] is satisfactory. Notice that the
present model correctly reproduces the asymptotic be-
haviour of the vapour pressure when T goes to zero

L (2m\* s mymyr
BT = oo (T) e -

In fact, in the T — O limit the gas in equilibrium
with the liquid behaves as a free classical gas and the
chemical potential of the liquid approaches the binding
energy per particle E/N at saturation, which is one of
the quantities used to construct the effective interac-
tion.

th
exp.

o
T

In p (mm Hg)

1
(34
T

-10}

I 1 1 1 1

1 2 3 4 5
1T (K)

Fig.2.- Vapour pressure versus 1/T. The continuous
line corresponds to a fit to the experimental results
[2]. The points are our calculated values. The corre-
sponding experimental (Exp) and the theoretical (Th)
critical points are indicated by crosses.

In figure 3 we report the value of the liquid (p1)
and vapour (p,) densities computed along the coexis-

tence curve. One can see that the vapour and liquid
densities are predicted to be almost symmetric with
respect to p. in agreement with the experimental find-
ings [9-11].

0.09

S~—————T

T (K)

Fig.3.- 3He liquid-vapour coexistence line. The arrows
indicate the critical densities. The dashed line corre-
sponds to the experimental values of reference [11].

The critical exponents 8 and é§ characterizing the
behaviour of the thermodynamic variables near the
critical point have been also evaluated. We find the
characteristic values of a mean field theory [12] 8 = 0.5
and § = 3. The same is true in the case that we
start from the classical limit for the EOS, equation
(8). These critical exponents are significantly different
from the experimental ones [9] : # = 0.32 and § = 4.2.

It is also interesting to investigate the liquid den-
sity along the coexistence line in the low temperature
regime. While the theoretical curve is monotonously
decreasing with T, the experimental values [13] ex-
hibits a smooth maximum at T~0.5K. The occurrence
of the maximum implies a negative value of the expan-
sion coefficient for lower values of T [14]. The fact that
our model does not show such an effect is due to the
absence of non local potential terms in the effective
interaction. Indeed, the main origin of the negative
value of the expansion coefficient at very low T is the
density dependence of the effective mass [15]. Notice
that such an effect, being important only at very low
temperatures (T < 0.5K), has small influence on the
analysis of the vapour pressure P, (and consequently
on the vaporization heat L, see Eq. (10) below). In
fact, at low temperatures P, is essentially determined
by the value of the energy per particles (see Eq. (9)).
For example at T = 0.5 K, the experimental value of
P, differs from the value predicted by equation (9) only
by 15 % .
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We finally compare the theoretical prediction for
the latent vaporization heat

L=T(i——1->dp
Pv  PL

aT

(10)
with the experimental values 2] (see Fig.4). This quan-
tity is proportional to dP/d T and hence rather sensi-
tive to the fine details of the vapour pressure. The
agreement is satisfactory in the low temperature re-
gion.

sat
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