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Polarization of superfluid helium (Hell) during the second sound
excitation, which was observed by Rybalko (Fiz. Nizk. Temp. 30,
1321 (2004)), has been explained as the inertial polarization of a
dielectric medium P ~ —xkm4v/(4e), where k is the polarizability
of Hell, my the atomic mass of *He, e the electron charge, and
v the mechanical acceleration. For the second sound waves, the
acceleration is chosen as the time derivative of the relative velocity
of the normal component with respect to the superfluid one. The
ratio between the amplitudes of temperature and electrostatic
potential oscillations in the second sound standing wave has been
obtained: AT/A¢y = 2ef(T)/kp, where f(T) = pn(T)/co(T),
pn(T) is the density of the normal component normalized to
the total Hell density, kg the Boltzmann constant, and o(T)
the entropy per 4He atom in units of kg. The dimensionless
parameter f (T) is almost temperature-independent in the range
1.3 K < T < 2 K, being close to unity, but it drops rapidly with
the temperature decrease at T' < 1.3 K. Consequently, additional
measurements in the low-temperature range have been proposed
to elucidate the mechanism of Hell polarization in the second
sound wave.

1. Introduction

The centenary of low-temperature physics—the branch
of science started by Kamerlingh Onnes [1] by producing
liquid helium (*He) for the first time in August,
1908—and the 70-th anniversary of the discovery of
superfluidity in liquid helium, made by Kapitsa [2] and
Allen and Misener [3] in 1938, are almost synchronized
with the 90-th anniversary of the National Academy of
Sciences of Ukraine (NASU) and the 80-th anniversary
of the Institute of Physics of the NASU. Plenty of new
phenomena and unique properties have been revealed
for a century of experimental and theoretical researches
of normal (Hel) and superfluid (Hell) liquid helium, a
quantum Bose liquid.

Recently, in work [4] by Rybalko, the electric activity
of Hell has unexpectedly been found below the A-
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point (T = 2.18 K). Namely, when standing waves
of the second sound were excited in a resonator, a
time-dependent potential difference with the amplitude
Ap = (10+100) nV between the metal body of
the resonator and an isolated electrode was observed.
Temperature, T, and potential, ¢, oscillations were
cophased, and the ratio between their amplitudes (AT
and A, respectively) did not depend on 7' within the
temperature interval 1.4 K < T < 1.8 K, obeying—with
a relative accuracy of 25%—the relation

AT _ 2e 4
AU gy 2818810 K/V, (1)
where e is the electron charge, and kg the Boltzmann
constant.

It should be noted that a possibility of static
polarization of Hell was indicated for the first time
in work [5], where the influence of polarization on the
first sound velocity along and across the electric field
direction was considered. It was found there that the
motion of Hell in strong fields with the strength E of
about 108 V/cm that occurred normally to the field
direction gave rise to a superfluidity destruction.

The first attempt to explain the experimental
data of work [4] was done by Kosevich [6]. He
supposed that the quadrupole moments of *He atoms
became macroscopically ordered in the superfluid state.
However, the issues on the microscopic nature of such
quadrupole moments and on the mechanism of their
ordering remained unanswered.

In work [7] by Melnikovsky, an assumption was put
forward that the electric polarization of Hell in the
second-sound standing wave is associated with a general
inertial mechanism of atom polarization in dielectric
media, being similar to the Stewart—Tolman effect in
metals [8]. In that theory, the vector of macroscopic
polarization was determined, by the order of magnitude,
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as
Pr—— v, (2)

where kK = (¢ — 1) /(4) is the polarizability of a medium
with the dielectric permittivity €, M the mass of an
atom, Z the total number of electrons in its electron
shell, and Vv the mechanical acceleration (v is the
velocity, and the dot means a time derivative). For liquid
4He, the parameters are £ ~ 4.5 x 1073, M = my ~
6.68 x 10724 g, and Z = 2.

In work [7], the quantity P for Hell was calculated
by analogy with a procedure for normal liquid [9], i.e. by
averaging over thermal fluctuations, the role of which
is determined by thermodynamic equilibrium phonons.
As a result, on the basis of the virial theorem on the
equality between the average values of the kinetic and
potential energies of phonons, the following expression
was obtained for P:

_kmy |1 oW 1
P= 1 {p <1 C%)Vp 3C’(T)VT, 3)

where p and p are the pressure and the density
of Hell, respectively; c¢; is the velocity of the first
(hydrodynamic) sound in liquid heliums (¢; a2 236 m/s);
and § W and C(T) are the enthalpy and the specific heat,
respectively, of the equilibrium Bose gas of phonons, so
that C (T) ~ T3 (see works [10,11]).

When second sound waves propagate in liquid
helium, then, owing to an anomalously low coefficient
of thermal expansion of Hell, the relation Vp = 0
holds true with a high accuracy [12]. For this case,
the following expression was obtained for the potential
difference U between the opposite walls of a half-wave
resonator [7]:

AUz4w/de%—

Expression (4) does not agree with empirical relation
(1) by both the order of magnitude and the temperature
dependence. Moreover, relation (3) cannot be applied
in the temperature interval of measurements reported
in work [4], because the basic contribution to the
thermodynamic properties of Hell at 7" > 1 K is given
by the Boltzmann gas of thermally excited rotons rather
than by phonons [10, 11]. Therefore, the consideration
carried out in work [7] can be applied only to a range of
rather low temperatures, T' < 1 K.

In work [13], the macroscopic polarization of Hell
in the second sound wave was associated with the
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inertial separation of charges belonging to two boson
condensates: a negatively charged electron one, which
consists of strongly correlated singlet electron pairs in
the filled shells of *He atoms, and a positively charged
nuclear one consisting of heavy nuclei with zero spins (-
particles). In the framework of this approach, taking a
large difference between the electron and nuclear masses
into account and supposing that the polarization of Hell
in the second sound wave is a bulk effect rather than a
surface one and the electric field is potential — i.e.

P =kE = —kVy, (5)

where E is the strength of the induced field, and ¢ its
potential — the following ratio between AT- and Ae-
amplitudes was obtained:

AT 4e
Ap o) )

Here, o(T) is the entropy of Hell per *He atom (its
dimension coincides with that of the Boltzmann constant
k). In work [13], to put Egs. (6) and (1) into agreement,
an assumption was made that the entropy of Hell
includes a constant component o9 = 2kg, which is
independent of T'. However, such an assumption does
not agree with conventional ideas concerning the zero
entropy of the superfluid component. It also contradicts
the temperature dependence of the second sound velocity
[12].

Recently, another hypothetical mechanism of the
Hell polarization in the second sound wave has been
proposed [14]. Tt is based on an assumption that there
are microscopic quantum vortex rings in Hell. But
such rings are possible only if a strongly developed
vortex turbulence takes place in Hell. However, there
are no reasons at the excitation and propagation of
second sound waves with a small amplitude for such a
turbulence to emerge.

In this work, we show that, in the framework of
the phenomenological approach, the inertial polarization
of the normal and superfluid components of Hell in
a second-sound standing wave is governed by the
relative acceleration of those components w = (V,, — V)
and characterized by the following ratio between
the amplitudes of temperature and electric potential
oscillations:

AT _ 2epn(T) _ 2e pn(T) )
Ap  myS(T) o(T) p

where S(T) is the entropy per unit volume, and
pn (T) the density of the normal component of Hell.
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The temperature dependence of the right-hand side of
relation (7) is characterized by an almost constant value
close to 2e with an accuracy of 25% in the interval
1.3 K < T < T),, which agrees with experimental
data [4]. However, at T' < 1.3 K, the right-hand side of
relation (7) drops rapidly as the temperature decreases,
down to zero at T' — 0. Therefore, to elucidate the issue
concerning the mechanism of the Hell polarization, when
the second sound waves are excited, it is necessary to
measure this effect in the low-temperature range.

2. Inertial Polarization of Hell at Second
Sound Wave Excitation

In the framework of the macroscopical approach, the
property of Hell are described by the equations of two-
liquid hydrodynamics [11,15]

@ + div (pp Vi + psvs) = 0; (®)
ot

% +div (Sv,) =0; (9)
d;s _ 88\/: ¥ (veV) v = — Vi (10)
pnd;’—tn +ps d;;s + vn%" + Vs 68'0: +VaV (pnvn) +

+vsV (psvs) = *VPa (11)

where p,, and p, are the partial densities of the normal
and superfluid components, respectively; v,, and v, are
the corresponding hydrodynamic velocities; p = p,, + ps
is the total density of Hell; S the entropy per unit
volume; and p the chemical potential, the gradient of
which equals

S Pn 2
—VT — =V (v, —vs)".
5 2p " ¢ )

From Egs. (8) and (12), it follows that the characteristic
velocities for Hell are the hydrodynamic mean-mass
velocity

1
Vi = ;Vp— (12)

1
v = ; (PnVn + psvs), (13)

and the relative velocity between the normal and
superfluid components

w = (v, —Vg). (14)
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The constant velocity v is related to the mass transfer,
j = pv, and it can be excluded by changing over to the
coordinate system that moves together with Hell. The
relative speed w, on the contrary, is associated with the
convective heat transfer in Hell by counter fluxes of the
normal and superfluid components. Therefore, it cannot
be zeroed by means of the Galilean transformation,
being, actually, an additional thermodynamic parameter
of the system (together with p and T).

Suppose that there are no stationary fluxes of mass
and heat transfer in Hell in the equilibrium state, so
that vog = wg = 0, i.e. v,g = vgog = 0, in the zeroth-
order approximation. Then, if the waves of the first and
the second sound with small amplitudes are excited,
Egs. (8)—(11) considered in the linear approximation
are reduced—making use of Eqs. (12) and (13)—to the
following ones:

P+ div (ppov'n + psov's) = 0; (15)

S’ + div (Sov'y) = 0; (16)
1 S

V= ——vVp + 22vT; (17)
Po Po

M 1 o/ o/ 1 /

vi=— (pnovn + PsOVs) = 77vp ) (18)

Po Po

where the primes denote small perturbations, and
zero subscripts denote unperturbed values of the
corresponding quantities.

Expression (3) for the vector of macroscopic
polarization in Hell that arises under the action of
inertial forces due to the excitation of the first and the
second sound waves can be transformed with the help of
Egs. (17) and (18) to the following form [§]:

KMy Wo\ ., pPuo(T)Co(T) .,
P = —_— ]_ — — U
de [( cf )V 3p0S0 (T)

where Wy, Co(T), and Sy (T) are the unperturbed
values of the enthalpy, specific heat, and entropy of Hell,
respectively. Since the condition Vp' = 0 is obeyed for
the second sound waves—so that, according to Eq. (18),
v/ = 0—the perturbation of the relative acceleration
of the normal and superfluid components, according to

expressions (17) and (18), is equal to

. . . So (T) y
/— I ) —
w/ = (vn VS) oo (T)VT'

, (19)

(20)
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In work [7], expression (19) was obtained taking only
the phonon contribution to the Hell polarization into
account. Therefore, the specific heat capacity and the
entropy are coupled by the relation Cy (T) = 35, (1),
which is typical of an equilibrium Bose gas of phonons
with the acoustic spectrum e (p) = pcy, where p is the
phonon momentum (see works [10,11]). As a result, we
obtain in this case that
kmy Spn (T) VT
4e 00

P=- (21)
where Spn (T) is the phonon entropy (Spn ~ T°).
Whence — with regard for expression (5) modified for
the case of a plane wave ~ exp (ikx — iwt), where k is
the wave vector, and w the second sound frequency — a
relation analogous to Eq. (6), but with o(T") substituted
by opn (1) = maSpn (T') /p,, follows.

It should be noted once again that expression (21)
describes only the polarization of the normal component
in Hell at low temperatures T' < 1 K, when the dominant
contribution to the entropy is given by equilibrium
phonons.

On the other hand, relation (6) obtained in work
[13] corresponds, in effect, to the polarization of the
superfluid component only. Therefore, if Vp' = 0, then,
according to Eq. (17), we obtain

K1y

P:— ‘;/ :_Iim4S()(T)
4e ° de  po

vT', (22)
where So(T') is the total entropy of Hell at any T < T).
According to conventional concepts [10,11,15], the latter
is determined by the entropy of the normal component
with regard for the contributions of equilibrium phonons
and rotons. However, owing to a strong temperature
dependence Sy (T'), relation (6) does not agree with
empirical one (1).

The complete microscopic calculation of the inertial
polarization in Hell with a consecutive account
of contributions of all quasiparticle types to the
thermodynamic property of Hell is impossible now,
because of the lack of a rigorous microscopic theory
for superfluidity in the quantum Bose liquid “*He.
In this connection, remaining within the scope of
the phenomenological approach, let us determine the
momentum of a unit volume of Hell that passes per unit
time through a surface element dS:

Ki = Hijdsj; (23)
where II;; is the stress tensor [15],
Hij = PnUniUnj + PsUsiUsj +p5ij~ (24)
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In the absence of a macroscopic mass transfer flux in
Hell, i.e. when j = p,v, + psvs = 0, Eq. (23) reads
K =p,(vy—vs) (v, -dS). (25)
Such a momentum of the heat flux, which is caused by
the presence of two fields of velocities, v,, and v, in Hell,
was observed in experiments by Hall (see work [15]). In
particular, a recoil force acting on a surface that radiated
heat into Hell was revealed.

In the second sound wave with small amplitude,
the velocities v,, and v, oscillate harmonically and
in antiphase. Therefore, the sole factor of the
inertial polarization in Hell is, in this case, the
relative acceleration between the normal and superfluid
components w = (v,—v,) # 0. Accordingly, for the
second sound waves, instead of Eq. (19) or (22), it is
necessary to put

KMy ,.

P = - (V). (26)

Taking expression (20) into account, relation (26) reads
(cf. with Eq. (21))

~ kmy Sy (T) ,

_ _ K pooo (T)
de Pno (T)

= v,
de Pno (T)

(27)

where oq (T) is the entropy per *He atom, and it has the
dimension of kg. Then, for a standing half-wave of the
second sound with maximal amplitudes of temperature
oscillations £AT with different signs at the opposite
walls of a plane resonator (so that the total temperature
variation along the resonator length is equal to 2AT)
and taking Eq. (5) into account, we obtain the following
relation (cf. with Eq. (6)):

£ - 2e Pno (T)
Ap oo (T)  po

In Fig. 1, the temperature dependence of the
dimensionless factor f (T') from Eq. (28) is shown. It was
calculated on the basis of the known formulas for the
entropy and density of the normal component of Hell,
in which the contributions of equilibrium phonons and
rotons are taken into account (see works [10,11]):

_ 2e
= 1. (28)

oo (T) _ 2x® (keT 3+
kg 45n \ he

203 /m3knT [Am N 3] - {

(277)3/2 h3n 2

2@ } ; (29)

kgT ' 2 kT
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Pno (T) _ =7
Po 45

o2 (kBT>3 kgT

2
hey cq

(30)

+ ng VAL exp{
3(2m)* 2 VETH?

where n is the concentration of *He atoms in Hell (n =
2.19 x 10? cm~3), A Planck’s constant, py the position
of the roton minimum in the elementary excitation
spectrum (pg/h ~ 1.92 x 108 cm™1), m* the effective
roton mass, and A (T') the temperature dependence of
the roton gap (as the temperature grows, it diminishes
from A(0) = kg x 865 K at T — 0 to A(Ty) =
kg x 553 K at T — T) = 2.18 K).

One can see that, in the range 0.6 < 7 < 0.9, i.e.
in the temperature interval 1.3 K < T < 2 K, the
factor f (7T') is almost independent of T', being close to
unity (with an accuracy of 25%). This fact agrees with
experimental data of work [4] which were obtained in the
temperature interval 1.4 K < T < 1.8 K. However, in the
interval T' < 1.3 K, the factor f (T') quickly drops with
the decreasing 7" and tends to zero at T" — 0. Therefore,
to elucidate whether the phenomenological model of the
inertial mechanism of the Hell polarization in a second
sound standing wave, which was considered above, is
valid, additional measurements of this effect in the low-
temperature region are needed.

At the same time, in the case of first sound
waves in Hell, when the excited normal and superfluid
components oscillate in phase, so that v,, = vy = v, the
polarization vector, according to Eq. (18), equals, in the
linear approximation,

it

 kgT

Ry ’

31
de M 4depo (31)
For a first sound standing wave, from relation (31)
and making allowance for Eq. (5), we obtain the
following relations between the amplitudes of density,
temperature, and potential oscillations:

Ap  2elAp

£0 my 62 '

(32)

Whence it follows that the electric signal of the order
of Ap ~ (10+100) nV in the first sound wave
can be reached at a relative amplitude of density
oscillations Ap/pg ~ 107° =-10~%, which means a rather
strong power of acoustic oscillations. Such a power was
probably not achieved in experiments [4], which was the
reason why the Hell polarization was not observed, if
the first sound wave was excited.
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Fig. 1. Dependence of the factor f(7) = pn (7) kB/(pgo0o(7)) on
the dimensionless temperature 7 = T/T) for a second sound
standing wave at the constant roton gap A (0) = kp x 8.65 K
(dashed curve) and taking the temperature dependence of the

roton gap A (1) into account (solid curve)

3. Conclusions

To summarize, we have proposed a probable scenario
of the inertial mechanism of the Hell polarization
in a second sound standing wave due to the
relative acceleration between the normal and superfluid
components w = (v, —V). The scenario allows a rather
satisfactory agreement with the experiment by Rybalko
[4] to be obtained in the measurement temperature
interval 1.4 K < T < 1.8 K. At the same time, in the
low-temperature region 7' < 1.3 K, the ratio between
the amplitudes of the temperature, AT, and induced
electric potential, Ay, oscillations in a second sound
wave quickly drops with decrease in the temperature
and vanishes at T'— 0 (Fig. 1). Whence it follows that,
to make a more reliable comparison between theoretical
results and experimental data and to elucidate the
issue whether the mechanism of the helium polarization
considered in this work is applicable at the second sound
wave excitation, it is necessary to carry out additional
measurements of this effect in the low-temperature
region, as well as in the vicinity of the A-point, where the
theoretical model predicts a certain growth of the ratio
AT/Agp, provided that the temperature dependence of
the roton gap is taken into account (see the solid curve
in Fig. 1).

We consider it necessary to express our sincere
gratitude to V.G. Bar’yakhtar, E.Ya. Rudavskyi,
0.S. Rybalko, and S.M. Ryabchenko for the useful
discussion and their constructive remarks during the
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Translated from Ukrainian by O.I. Voitenko

IIPO IPUPOIY EJIEKTPUYHOI AKTUBHOCTI
HAOIIJIMHHOI'O TEJIIIO ITPU 3BY I2KEHHI
XBUJIb APYT'OT'O 3BYKY

E.A. Iowuyvkuti, O.M. Tkavwenxo, K.B. I'puzopuwun, B.I. Jles
Pezmowme

B nmaniit po6ori edekT nonapusanii naammanoro resio (Hell) mix
qac 30y I?KEHHSI CTOSTINX XBUJIb JPYTOro 3BYKY, SIKHIl ClIOCTepiraaun
B poGori [4], HOACHIOETHCS HA OCHOBI MexaHi3My iHepIiHOI moJIs-
pusanii mierekTpuaHOro cepemosuma P~ —rxmav/(4e), ne k —
nossipuzosuicts Hell, my — maca atoma *He, e — 3apsz eseKTpo-
Ha, V — MEXaHiYHe IPUCKOpeHHs. B posii Takoro npucKopeHHs njist
XBHWJIb IPYIOro 3BYKY BUKOPUCTOBYETBCSI ITOX1IHA 33 YACOM Bij Bif-
HOCHO! HIBAIKOCTI HOPMAaJIbHOI Ta HAAIIMHHOI KOMIOHEHT. OTpu-
MaHO CITIIBBITHOIIIEHHSI Mi’K aMILIITylaMU KOJIWBaHb TEeMIIEPAaTypU
AT Ta emekTpuaHOro moTeHrjiany Ag y CToA4ii XBUJIL APYyTroro
3ByKy y surasani AT/Ae = 2ef(T)/ks, ne f(T) = pn(T)/a(T),
pn(T) — rycTuHa HOPMAJBLHOI KOMIIOHEHTH, HOPMOBAHA Ha IOBHY
rycruny Hell, kg — crana Bonpumana, a o(T) — enrpornisa B pospa-
xyHKy Ha omua arom *He B omunuigzx kp. TemmeparypHo 3ajex-
uuit 6esposmipamii daxrop f (7)) B miamazoni 1,3 K < T < 2 K
Maiizke He 3aJ1eKUTh Bifg T 1 € OJIM3bKUM 10 OJUHHUIL, 110 33 0B1L/Ib-
HO y3TOJPKYEThCs 3 €KCIIEPUMEHTAJIbHUMY JJAHUMU, ajie B Iiana3oHi
T < 1,3 K dakrop f(T) mBUAKO 3MEHIIYETHCH IPU 3HUKEHHI
Temneparypu. ¥ 3B’43Ky 3 UM I 3’CYyBaHHs TUTAHHS IIPO Me-
xaHi3Mm nossgpu3sanil Hell y xBuji Apyroro 3ByKy 3allpOIIOHOBAHO
MIPOBEJIEHHS JTOJIATKOBUX €KCIIEPUMEHTIB B HU3BKOTEMIIEPATYPHO-
My Jgialta3oHi.
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