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Unusual Doppler Effect in the B Phase of Superfluid*He
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We calculate the unusual Doppler effect in tRephase of superfluidHe in the Ginzburg-Landau
regime and at low temperatures. We analyze the nontrivial dependence of the sound velocities and of
the internal Doppler-shift coefficients on the superfluid velocity in the Ginzburg-Landau regime. The
value of the fourth-sound Doppler-shift coefficient is most remarkable: it exceeds 2.2 (the intuitive order
of magnitude is 1). [S0031-9007(98)07981-2]

PACS numbers: 67.57.—z

The unusual Doppler shift in superfluid He was pre-sounds af" < T.. Thus forv = 0 one can write
dicted by Khalatnikov [1]. Further investigation of the Ps
phenomenon ifiHe and in th¢He->He mixture was made Au; = Livy, Ii =i / r
in Refs. [2-5]. Experimental measurements were made

by Rudnicket al. [6] and Kojimaet al. [7,8]. (=1 aT~T. or i=2 al «<T),
In this work we investigate the Doppler phenomenon B B Pn 3)
in the B phase of superfluidHe both in the Ginzburg- Au; = Ty, T = =i / o

Landau (G-L) regime and at low temperatures. The G- i )
L temperature range is more interesting because in this ( =24 atT =T. or i=14 atT <T).
regime p, (superfluid density) is a nontrivial function of  I'; describes deviation of the center of spreading sound
relative velocityw (w = v, — v, wherev, andv, are  velocity Au from its zero value in the rest frame of the
superfluid and normal fluid velocities, respectively) [9,10]liquid. For the classical liquidl; = 0. The Doppler
effect is termed “normal” ifl’; is in the range) = I'; =
pl = pI(T,v,) = p,(T) (1 — Bw?), 1. The casd’; < 0 when the direction o« is opposite
1) to the dlr_ectlon of the dominant component |s_called
backentrainment effect (BEF). The cdse> 1 in which
Au is T'; times larger than the velocity of the dominant
component is called the outstripping effect (OEF) [4].

The dependence of the superfluid density on the relative The basic two-fluid hydrodynamics equations are
velocity w is also present irfHe, but it can be, as a
rule, neglected there. Critical velocities | cannot be
approached irfHe because of the vorticity phenomenon dpo) Ly 5 =0
[11]. In 3He, especially in the G-L regimay, is rather ot (porin) =0,
small <1 cm/sec), and superfluid velocity should be
taken into account.
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}i + Vk(pvnivnk + PV T+ P6ik) =0, (4)

The quantitative description of the Doppler effect for the R 1,
ith sound is made by means of Doppler coefficientand Us + V(# ) Us) =0,
parameterg’; [4,5]. Thev; are defined by (henceforth all 1 P
velocities are in one direction) du = ;dP — odl — " (n = vy)d(v, — vy)

(where o is the specific entropyP the pressure, ang

the chemical potential). The condition for the existence of
solutions in the linear approximation (see [3,4,12]) gives
wherev, andu; are, respectively, the normal componentthe velocities of the first and the second sounds in the
and the sound velocity in the laboratory frame, anw ~ following form (U = u — v):

is the velocity of the center of spreadirify sound sphere Upp = U?’2 + AU = U?,2 + yiaw, (5)
[2—-5]. The definition ofl; depends on which component \yhere
(normal or superfluid) is dominant in the structure of

-

1 - >
Au; — v = yiw, v = ;(psvs + patn),  (2)

the particular sound for this particular temperature. The (U9)? = E,

normal component is dominant for the first sound atose ap ©6)
to 7. and the second sound &t< T.. The superfluid oo psot (1= 3Bw?)

component is dominant in the structure of the second and (U3) =

Png—; (1 +32 w2’

n

fourth sounds forT close to7,. and the first and fourth
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1+3 — B2 2P (1~ 3py2
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9
g p <4ps — 4p,Bw? + pi Bw2(3 — 4.5,8w2)>
,02 T Pn

oo Ps ap
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For the first and second sounds calculations are made in the rest frame of the liquid. Under fourth sound conditions
(v, = 0) it is more convenient to perform calculations in the laboratory frame. For that reason the synibaised

instead ofUy,,

+

P oT
W9)? = ”—(— + o2 —)(1 — 38v2),
’ " ®
Pl ¥p{/p) 9P a(pf/p)( £+i££6_p>
=, P P ap oT \“ o0 p oo ap oT )
Using the expression for the free energy [9]
3 173 3 T
F=F— —<£> [CoT? + CY(T. — T2V + —p<1 - —)ﬂ v2(1 — qud)V, 9)
2 \m 5 T.)m*
where .
1 *
- 3(3)"F
3\3 h
m* 872 :| )
C; = ks, 10
23722 R2 [7§(3) B (10)
1 T
ch = <1—12>, z—(l——>,
3= 6 3 Us T~ (103 cm/se9? T.
m* is the effective mass, arid is the volume, one finds
3 (m\*? M 3 1 m
~ == CT—CTL.—TI——ZH——— ’
r=n(5) ler-em-n(i-Fu)]- S35
Jdo 3 /(m\¥?
— = —(—= Cy, + C3), 11
=22 e (11)
-z (- 2))- S
—=—-==) |G -1 -T)|1 - — - = ===
oT c% m 2 a( ) 6 Ys 5 m* T, c%
It is well known that
e
— = cf, (12)

wherec; is the first-sound velocity.
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The expressions fgs,(T) and its derivatives in the Ginzburg-Landau regime are [9]

m Te (T _ 2
ps =20 T <T 1)(1 Bw?),
ap! 2
Nos/p) 2 m 0y, (13)
oT T. m*
pl/p) oT. 2 m >
—— (1 -2
oP P T m bw?)
From the experimental data [13] /P is found to be
oT, 1 _ 1
~0.11T, — = 1.1 X 1077, — . (14)
P Bar Pa

Substituting Eqgs. (11)—(14) into Egs. (6)—(8) in the lifiit— T, one finds the expressions for the velocities

Uy =ci,

/3 (15)
U2 ="2452"2"(1-3 ~ — | CTl——-1)0 -3 )
2 pa 80'( Aw) C, + C3sm*\p : T ( Aw)

2~&£/_ 2~ﬂ_£1_ 2.2
uy = > op 1 3,8vs~2m*<1 T 1 —3Bvicy, (16)

c

and for the Doppler coefficients

8 C 20,12 T C oT, 1/3
ne LS o e (e ) -
3p m m

Cy, + Cs ci T.\C, + C3/ 0P
~ —1.06 X 1077(1 — 2bw?), (17)
p T d(p!/p) 26, m 2 2
2T 00T C2+C3m*( i ( ")
2p 0T, , 2 C, ) m 2 2
oy~ 2P + = == (1 = 2bv?) = 2.24(1 — 2bv?). 18
va <TC T Weaey vs) ( vs) (18)

As can be seen from Eq. (17) there is a weak BEFreason, ag — T., vy remains finite and does not go over
for the first sound; the corresponding coefficient is  smoothly into the nonsuperfluid “classical” valug: = 0.
very small (of the order of~-10"7). The normal fluid T} = y,p/p, diverges atT., but the effect itself is still
component is the dominant one in the structure of thevery weak.
first sound near the critical temperature. The first sound The Doppler effect for the second sound is normal,
propagates by means of density oscillations; hence thE, = —vy, = 0.30 [EqQ. (3)] at T — T.. The velocity
most important factor contributing to the correspond-of the second sound/, depends very strongly om
ing Doppler coefficient has to do with the normal den-[Eq. (15)]. U, vanishes ag approaches the pair-breaking
sity oscillations. These oscillations are described by theritical velocityv, . = (1/3%2b)[1 — (T/T.)]"/* [9] as it
quantity d(p,/p)/dP which appears in Eq. (17) in the should, because at this velocity the superfluid phase can be
form a(p,/p)/0P = —a(p,/p)/dP. Thus the main rea- considered as destroyed’, also vanishes linearly with the
son for the backentrainment effect is the negative “relatemperature a§ — T..
tive” compressibility of the dominant (normal) component There is a strong outstripping effect in the case of the
[0(pn/p)/0P < O] fourth sound—vy4 = I'y ~ 2.2. It means that the velocity

The first (classical) sound velocity in our approximationof the center of the spreading sound exceeds by more than
does not change with temperature and relative velocity2 times the velocity of the superfluid component, when
The complete picture seems to be almost normal except fdhe normal component is lockedy, is in a sense the
an anomaly, caused by the phase transitipnlike all the  biggest Doppler coefficient for all the cases that have been
other Doppler coefficients is proportional to the derivativesexamined till now. In some systems considered earlier
of the superfluid density which are the second derivative$4,5] a big deviation from the normal effect was found, i.e.,
of the free energy. Consequently there should be a jump ia large Doppler parametér (up to 43.7 forl';) in [5], but
all Doppler coefficients at the critical temperature. Forthatherey, = I';p;/p < 1 because of the small superfluid
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density, and the smallness ¢f means the smallness of because\u, is still exponentially small [in the rest frame
the Doppler shiftAu; in comparison with the relative of the liquidv, ~ p, ~ exp(—kEiT) (3)].

velocity w [see Eq. (2)]. In our case ys ~ 2.2; hence To sum up, the Doppler coefficients, various parameters,
this effect should be much easier to measure. In analogind sound velocities in th phase of the superfluitHe

to the case of BEF for the first sound the main cause opoth in the G-L regime and at low temperatures were
this OEF lies in the value of the relative compressibility calculated. There is a weak BEF for the first sound near
of the dominant componend(p,/p)/dP, which is large  T,; the corresponding coefficiet is of the order ol 0.

in comparison with(1/p) (dp/dP). Their ratio is the The Doppler effect for the first sound at low temperatures is
main contribution toy, (the contribution of all the other found to be normal (i.e., its values are roughly the expected
terms is much weaker) and its numerical value is largebnes). For the second sound, the effect is almost normal

than two. (weak outstripping effect aI' — 0). However, for the
uy depends very strongly on the temperature and sufourth sound we get an outstanding OHF; =~ —vy, ~

perfluid velocity ¢; = —w, becausev, = 0). Equa- 2.2 inthe G-L regime; i.e., the Doppler shift %2 greater

tions (15) and (16) confirm thdf, andu, vanish ay, — than the expected valuel'y; — « asT — 0, buty; — 0

v, for any temperature and @t for any velocityv;. at the same time. Without taking into account phonon

For hydrodynamic theory to be valid two conditions corrections to the excitation spectrum, the second-sound
should be fulfilled. The first condition is that the relaxationvelocity was found to vanish witii — 0.
time (r) has to be much smaller than the period of the The results of the calculations in the G-L are amenable to
oscillations 27 /w) which can be written asw < 1. experimental verification. Taking into account the realistic
The second condition is that the mean free path has to hize of the experimental cell, the hydrodynamic approach
much shorter than the characteristic length of the systersan be used down to abdutt7,.. Below that temperature,
(the wavelength of sound or the size of the system). Thén the low temperature regime, the relaxation time and the
calculations performed for the low temperature (smalleimean free path of the excitations become too large and
than0.37,) regime are valid only for a very large (more the performed calculation can serve only as an estimate
than a few meters wide) experimental cell. Such a setupf the real values. Ne#067. the phonon contribution to
can hardly be regarded as a realistic one. Consequentljhe excitations begins to play an important role. Below
the low temperature calculations can serve only as ap.057. one can neglect the fermion origin of the system
estimate of the effect as it would be under the realisticand perform the calculations as foHe.
conditions. This work was supported by GIF, German-Israeli Foun-

At low temperatures?( < T.), for small enough ve- dation for Research and Development, and by the Fund
locities (w < kzT/pr), thew dependence o, can be  for the Promotion of Research at the Technion. We thank
neglected [14]; hence the expressions for the Doppler caProfessor L. P. Pitaevskii for valuable discussions.
efficients and parameters can be found from (6)—(8) by
dropping the terms which includé.
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