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An analytical expression for the heat capacity of confined one-
component liquid in its critical region has been obtained, and a
new value of the critical temperature, which corresponds to the
maximum of the heat capacity of such liquid, has been determined.
The obtained results have been applied to the studies of the
influence of the system confinement on the specific heat of He*
in the vicinity of its A-point. The relevant experimental results,
obtained under the microgravitation condition during the flight of
the Space Shuttle in 1997, were taken as a reference point. The
problem of competition between two effects, the gravitation and
finite-size ones, on the critical temperature of the confined system
has been considered. Theoretical estimations of those two factors,
when calculating the temperature shift of the A-transition point
in He?, give rise to results of the same sign and quite close by the
absolute value.

Introduction

In the previous work [1], the critical behavior of the
heat capacity of non-uniform liquid in a gravitational
field and the shift of the temperature, which corresponds
to a maximum of the heat capacity averaged over the
altitude position, with respect to the critical temperature
of the bulk homogeneous liquid were investigated. This
work deals with the heat capacity features and the shift
of the critical temperature, which arise owing to the
spatial confinement of the liquid which is in the state
near its critical point.

The behavior of non-uniform systems, embedded into
external fields (in particular, the gravitational field of
the Earth) and considered near to their critical points or
their points of the phase transition of the second kind, is
similar, to a great extent, to that of the confined systems,
whose linear dimensions (single for a plane-parallel layer
or several for cylindrical or spherical samples) become
comparable, by the magnitude, with a correlation length

1090

of the order parameter fluctuations. This is caused
by an entirely clear reason that the correlation length
cannot exceed the linear dimensions of the confined
system. Therefore, the interaction of the order parameter
fluctuations, similarly to what happens in systems in
external fields, cannot be abnormally large along the
directions of the spatial confinement.

One of the interesting manifestations of the
confinement of one-component liquids and liquid
mixtures in the vicinity of their critical points is
the shifts of their critical parameters (the critical
temperature, density, and concentration) [2-4]. In
connection to what was said above, such a shift is
similar to a shift of the temperature which corresponds
to a maximum of the heat capacity of the non-
uniform liquid in a gravitational field, averaged over
the altitude position, with respect to the critical
temperature of the bulk phase of the homogeneous
liquid in the absence of external fields, investigated
in [1].

It is necessary to emphasize the significance of a
theoretical research of such a kind in connection with
experimental results of studying the influence of the
system confinement on the specific heat of He* in
the vicinity of its A-point, which was carried out in
[5-8]. As was marked in [7, 8], the research of the
influence of gravitation on the specific heat of He*
is of importance, because, according to the authors’
opinion, there is a competition between two factors,
the confinement of the sample and the dependence of
the phase transition temperature on pressure, which
results in the shift of the critical temperature. It was
this obscure dependence of the shift of the temperature
of the A-transition in He* on the gravitation action that
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caused, in principle, the necessity of carrying out precise
experimental researches of the specific heat of confined
liquid helium in a plane-parallel gap 57 pm in thickness
under the condition of space flight on board of the Space
Shuttle from November 19 till December 4, 1997. The
results of those researches of the critical behavior of
the specific heat of confined liquid helium, provided
the condition of microgravitation, were published in
[7,8].

In the present work, we attempt to answer the
question concerning the character of a competition
between two effects, namely, the influence of gravitation
and the system confinement on the system’s critical
temperature.

1. Heat Capacity of Confined Liquids

In accordance with the scaling hypothesis for confined
systems, which was formulated for the first time in [2]
(see also [4,9]), a singular part of the thermodynamic
potential A®, of the one-component liquid, i.e. that of
the Gibbs free energy AG; for independent variables
T,P or that of the Helmholtz free energy AF; for
independent variables 7,V , depends not only on the
temperature 7 and an external field H but also on the
linear dimensions of the system:

A®, = L% (ar "  bHLP/"). (1)

Therefore, the isochoric heat capacity of the confined
liquid is characterized by the formula, which can be
obtained by differentiating twice the singular part of the
Helmholtz free energy with respect to the temperature,
namely,

0’A® _ ,
Cus = =5 = L7 o), @
where f. = a’f, —d + 2/v = a/v, and the scaling

variables are # = arL'/" and y = bHLP%/7.

The scaling function f.(z,y) in Eq. (2) has the
following asymptotics:

1. In a zero external field (H = 0, y = 0), the linear
dimension of the bulk liquid considerably exceeds the
correlation length of the density fluctuations (L > £).
In this case, the scaling variable z ~ [L/&(T)]'/* > 1
and the scaling function f.(z > 1,y = 0) ~ =%, which
gives the well-known result Cy,s ~ 77¢ for the isochoric
specific heat of the bulk liquid systems.

2. In the opposite case, where L < ¢, ie. for
the confined liquid in a zero external field, the scaling
function f.(z < 1,y = 0) = const and the specific heat is
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characterized by the following dependence on the linear
dimension: Cys ~ L/”.

3. In anonzero external field at z = 0 and for the bulk
liquid, the scaling variable y ~ [L/£(7)]?/¥ > 1. In this
case, the scaling function f.(z = 0,y > 1) ~ /8
which gives the well-known field dependence of the
singular part of the isochoric specific heat of the bulk
liquid: Cys ~ 2=/59.

4. In the confined liquid, which is in an external field
at © = 0, the scaling function f.(x = 0,y < 1) = const
and, consequently, Cys ~ L/”.

Consider now the critical temperature of the confined
liquid. Analyzing an expression for the heat capacity

Cos = ()" fol,p), 3)

which is totally equivalent to formula (2), one can
make a conclusion that the confined liquid must be
characterized by a new critical temperature T)(L),
which depends on the linear size L of the system. It is
the temperature, at which the heat capacity C,s reaches
its maximum value in the confined liquid.

The value of the new critical temperature T*(L) is
determined from the condition of extremum of the heat
capacity (3)

T =) () £ () g <o

(4)

which gives

* _ Lfﬁ 1/v

T(L)_aféL . (5)
for the shift (L) = [Tx(L) — T¢]/T. of the critical
temperature. It follows immediately from here that
the shift of the new critical temperature T(L) of
the confined system with the linear dimension L is
characterized with respect to that of the bulk one by
a universal dependence on the system linear dimension,
namely,

(L) = [T} (L) = Te(00)]/Te(00) ~ L7, (6)

which is corroborated by experimental researches [5, 8,
10,11].

At the same time, the factor A, = af./af!in formula
(5) has not any universal value. In principle, it has to
vary for different properties of the confined liquid. Thus,
as has already been noted in [4], the value of the new
critical temperature T of the confined systems, at which
a certain physical property (the order parameter, the
susceptibility, the heat capacity, the correlation length,
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etc.) amounts to its maximum value, depends, generally
speaking, on what property of the confined system is
under consideration. For example, it follows from the
condition of maximum of the susceptibility x (for liquids,
the isothermal compressibility Sr) or the correlation
length & of the order parameter fluctuations that the
role of the constant A, in formula (5) is played by other
quantities, Ay = yfy/af, or A¢ = vf,/af,, where f,
and f, are the scaling functions of the susceptibility and
correlation length, respectively, of the confined system
[9]-

It should be noted that the nonuniversality of
the shift amplitude of the new critical temperature
in formula (5), owing to its dependence on a
studied physical property, complicates very much the
experimental researches, involved themselves, of the
critical phenomena in confined systems. The problem
“Is there, in general, any difference between the critical
temperatures T.*(L)’s for different physical properties of
confined systems?” is a problem which should be resolved
first of all in experiment, because, in our opinion,
the issue concerning the nonuniversality of the critical
temperature shift in confined systems remains open for
discussion in theoretical aspect.

Really, it is possible to suggest another theoretical
approach for the definition of the new critical
temperature T*(L) of confined systems (in particular,
of one-component liquid), which uses known relations
between various physical properties and the correlation
length of the order parameter fluctuations in the critical
region. For example, the isothermal compressibility of
the liquid is connected to the correlation length of the
density fluctuations by the following relation: Br ~
€277, where 7 is a critical exponent of the anomalous
dimensionality of the pair correlation function G5 of the
order parameter fluctuations [12]. It is clear that if one
use such relations and the formula for the correlation
length in the confined system (see, e.g., [4,13])

€ = Lfe(ar LY bHL/V) (7)

with the scaling function fe(x,y), which can be
obtained in an explicit form for confined systems
of various geometrical configurations with certain
boundary conditions, the new critical temperature T>*(L)
will be determined only making use of the condition
of extremum of the correlation length (7) and will not
depend any more on other physical properties.
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2. Influence of the Confinement and Gravita-
tion on the Critical Temperature of He*

For an estimation of the influence of the finite size
on the specific heat of He*, we shall use the known
relation Cys ~ £*/¥ between the singular part of the
heat capacity Cys of the one-component liquid and the
correlation length £ of the density fluctuations, as well
as the following formula, which was obtained in [9,14,15]
for the correlation length of the density fluctuations in
the liquid, the latter being near its critical point and
confined to a narrow plane-parallel gap:

£=&lr+ (n/K) 1+ 7)) (8)

Here, K = d/& is a geometrical factor, which
determines the width of the plane gap in terms of the
correlation length amplitude &. For He?, & = 0.36 nm
above and 0.14 nm below its A-point [16], and the critical
exponent v = 0.6705 [17].

The relation Cys ~ /¥ with formula (8) gives the
following expression for the specific heat of the liquid in
a flat gap:

Cos ~ [T+ (n/E) /Y (L+ 7)), (9)

which enables an opportunity to estimate the
temperature shift of the \-transition in He* resulted
from the confinement of the bulk, where the features of
this phase transition of the second kind are studied.

The following data characterize the numerical
experimental and theoretical values of the temperature
shift AT)\ = (T)\b — T:)/T)\b, where T)\b ~ 2.17 K is
the temperature of the A-point of He? in the quasi-bulk
state and Ty is the temperature which corresponds to
a maximum of the heat capacity of He? filling the flat
gap: (AT\)exp = 2.9 X 1078, (AT))theor = 2.3 x 1075,
The theoretical value of the temperature shift of the
A-transition due to the finite size of the system was
calculated according to formula (9), when approaching
the A-point from above. It turned out to be smaller
by 20% than the experimental value [8], which should
be adopted as rather a good result. The theoretical
calculations also yielded the results which appeared very
much close to those of the researches of the heat capacity
of confined helium with the characteristic dimension of
the gap within the interval of 0.107 — 0.692 pm under
terrestrial conditions [18].

The “exact” value of the A-transition temperature
Tyy in a large volume of He, necessary in the quoted
calculations, was measured during the experiment [7],
carried out on board of the Space Shuttle in October
1992. The optimum value of the critical exponent, which
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describes a divergence of the heat capacity below the
transition point, was determined in this work to be
—0.01285. The experimental value of the temperature
shift of the A-transition in confined He* was obtained
in [8] with the use of the data concerning the specific
heat capacity of helium, which filled a plane-parallel gap
57 pum in thickness under the conditions of the space
zero-gravity and was at a temperature “distance” from
the A-point of no more than several nanokelvins, i.e.
the nearest approach to the A-transition temperature
was achieved: |T — Tp|min ~ 2 X 1072 K or 7ipin ~
1079, Such a high sensitivity with respect to the midget
temperature changes was obtained due to the use of
the perfect paramagnetic-salt thermometer [19] in the
orbital experimental installation. This modern technique
of measuring temperature, in the developers’ opinion,
will make it possible to investigate the confinement effect
in rather big systems with characteristic dimensions of
about 100 pum in the nearest future.

For an estimation of the influence of gravitation
on the specific heat of He?, consider first of all which
limiting case, the vicinity of the critical isochore or the
critical isotherm, was realized in [8]. For this purpose
and taking into account the above-mentioned value
Tmin & 107, one has to compare the value of (Tmin)?’
with that of the dimensionless field variable in the
theory of the gravitational effect z = p.gL/P., where
L = 5.7 x 107® m is the thickness of the plane gap,
and p. = 0.145 x 103 kg/m® and P. ~ 5 x 103 Pa
are the critical density and pressure, respectively, of
He* near its A-point. As a result, (Tyuin)?® ~ 107'° and
z ~ 1.5 x 107%, i.e. the strong inequality (7min)?’ < 2
holds true, which is typical of the close vicinity of the
critical isotherm.

Then, for an approximate estimation of the required
shift of the temperature Thof the phase transitions of
the second kinds in He*, one may take advantage of
formula (15) from [1]. Provided that all parameters in
this formula remain untouched but the value of the
critical temperature 7,, which should be substituted by
Ts, one obtains ultimately that (AT»)Y, ... = Tx —Tho =
—5x 1078 K or (A7\)Yeor ® —2.5 x 1075,

Thus, the theoretical estimations of the influence of
the finite size of the system and gravitation on the shift
of the critical temperature of He* give similar results
by both the sign and the absolute value. The obtained
result should be interpreted in such a manner that
the value of the temperature shift of the A-transition
(AT))exp = 2.9 x 1073, obtained experimentally under
the conditions of microgravitaion in a space orbit [8], is
caused entirely by the confinement of the system. On
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the other hand, in the laboratory environment on the
Earth, one should expect the value of the temperature
shift of the A-transition in He* to be approximately twice
as much by the absolute value, namely, (AT))exp =
5.4 x 1078, because both the considered effects, the
influence of gravitation and the system’s finite size on
the A-transition temperature, cannot compensate but
only strengthen each other.

The author is grateful to Professor L.A.Bulavin from
the Kiev National University and Professor A.V.Chalyi
from the National Medical University for discussions of
the results and their critical remarks.
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TEILJIOEMHICTH TA 3CYB KPUTUYHOI TEMIIEPATYPU
B ITPOCTOPOBO OEMEXKEHUX PIJTMHAX

K.O. Yaaut
Pe3smowme
Orpumano GpOpMyJly [JIsi TEIJIOEMHOCTI IIPOCTOPOBO 0OMEXKeHOT
OJHOKOMIIOHEHTHOI PiIWHU B KPUTHUUIHINA 0OJACTI Ta 3HAWIEHO HO-

Be BHAYEHHS KPUTHIHOI TEMIEDPATYpPH, sIK€ BiAmOBimae MakcuMy-
MY TeIJIOEMHOCTI IIPOCTOPOBO 0OMexkeHOI piguau. OnmepkaHi pe-
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3yJITATH 3aCTOCOBAHO JJIsSI BUBYEHHS BILIUBY IIPOCTOPOBOI oOMe-
JKEHOCTI cucTeMu Ha muToMy TermoemuicTs He? mo6mamsy A-rouxm
i mopiBHSAHO 3 pe3yIbTaTaMu €KCIEPUMEHTY, SsKuii OyB IpoBegeHuit
B yMOBax Mikporpasitamil mij 9ac KOCMi4HOrO MOJILOTY Ha KOpa-
6a1i Space Shuttle y 1997 p. Po3ruisiHyTo nuTaHHS 00 iCHYBaHHS
KOHKYPeHIIiT Mi>kK JBOMa edeKTaMu — BITHBAMH Ha KDUTUYHY TeM-
nmepaTypy rpasiTaiii Ta IpocTopoBoi obMmexkeHOCTI cucTemu. Teo-
peTHYHi OIiHKHK [[UX BILIKBIB HA 3CYyB TEMIEPATYDPH A-IIEPEXOTy B
He? nmarors pesymprarTn, ogmaxosi 3a 3makom i 6im3bki 3a abco-
JIFOTHOIO BEJIMIHHOIO.
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