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Following the development of his theory of a 
Fermi liquid in 1957,* Landau predicted the ex
istence of two collective excitations in normal 
3He at very low temperatures2; these excitations 
a re referred to as longitudinal (symmetric) and 
transverse (asymmetric) zero sound. The onset 
of the longitudinal zero-sound mode was first ob
served by Keen and co-workers3 while the com
plete temperature dependence of the velocity and 
attenuation was first studied by Abel, Anderson, 
and Wheatley4; the transverse mode has not been 
observed previously. 
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is that its velocity, V, be greater than the Fermi 
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veloci ty , V F . The s t reng th of the Landau-quas i -
pa r t i c l e in terac t ion p a r a m e t e r s , Ft, d e t e rmines 
V and for the t r a n s v e r s e mode the condition V 
>V? r e q u i r e s Fx>6 for the c a s e F{ = 0, i^2. Ex 
per imen ta l data indicate Fx> 6 for a l l p r e s s u r e s , 
but re l i ab le data on higher Ft a r e not avai lable . 

The ze ro (or col l i s ionless) sound r eg ime i s 
cha rac t e r i z ed by the condition C O T » 1, w h e r e co 
i s the angular sound frequency and r i s a q u a s i -
pa r t i c l e coll is ion t i m e ; in the degenera te r e g i m e 
T O C T " 2 . As the t e m p e r a t u r e i s i nc reased , a hy-
drodynamic r e g i m e i s en te red w h e r e O > T « 1 . The 
modification of the t r a n s v e r s e mode a t high t e m 
p e r a t u r e s i s radical ly different f rom the longi-
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The direct transmission of transverse zero sound between two AC-cut quartz t rans
ducers is observed in the vicinity of 3 mK; at higher temperatures the transition to 
classical viscous shear-wave behavior is observed through the effect on the damping of 
a single transducer. 
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tudinal case: The transverse wave goes over in
to the classical damped viscous shear mode with 
a complex propagation constant, K=k + ia, given 
by 

K = (i+i)(uP/2<n)
1/2 

(1) 

here p is the density and r\ is the viscosity. This 
mode is diffusive and does not propagate in the 
usual sense. 

The attenuation of transverse zero sound was 
first calculated by Corruccini, Clarke, Mermin, 
and Wilkins.7 The full dispersion relation for all 
values of cor was later calculated by Lea, Birks, 
Lee, and Dobbs.8 Both sets of investigators con
sidered the case F2 = 0. We have extended the 
calculations to the case F2^ 0 and find for the dis
persion relation 

(5 -i)w- 3 jp i_9 i3 + 3 6 ? 2 a ( 1 + i 3 ) , W 

where a=\F2/{l + %F2), £ = ( K O T - 1)/ITKVV, (B 
= ( m > T - l ) - \ a n d w = i £ l n [ ( £ + l ) / ( £ - l ) ] - l . Re
cently Bolton9 has shown that, for the case where 
only Fx is retained, the results of Lea etal. may 
be closely approximated by use of a simplified 
transport theory. He finds for the dispersion 
relation 

^2 7 2 _ - W T ( _ 1 - ioor)2 

K2l2=- Hm*/m +OOT ' 
(3) 

where m* is the effective mass, 1 = V¥T, m*/m 
= l + i F i , Vv=p¥/m*, and/>F = H(3ir2n)1/3, with n 
the number density of 3He atoms. This expres
sion yields the classical expression for K at high 
temperatures [r] = ^(m*/m)pV¥

2r], and oo/K = VF 

and a =(V¥r)"l(l - m*/10m) at low temperatures; 
note that the zero-sound attenuation is proportion
al to T2. 

Bolton has also taken into account the effect of 
slip between the liquid 3He and a transversely 
oscillating boundary with maximum velocity u0 

and has calculated the work done per unit area 
per cycle, W, and finds 

W = 
TTU0

2 rj ImKl + (2/9)\Kl+ojr\2 

oo I l + (4/6)lmKl + (2/6)2\Kl+ooT\2 

(4) 

for diffuse (specular) reflection of the 3He quasi-
particles striking the surface, 6 has the value 1 
(0); no damping occurs in the limit 0=0. 

A pair of AC-cut quartz transducers was used 
to generate and detect the transverse waves. Cal
culations using Eqs. (2) or (3) show that the at
tenuation is quite high and thus a very short path 

length is required. The path length employed in 
our experiments was 0.0025 cm, which was pro
vided by a fine platinum wire separating the two 
transducers.10 Some bowing of the transducer is 
possible as well as a compression of the wire 
spacer; both of these effects can lead to some 
uncertainty in the path length. Because of the ex
tremely short wavelength of the transverse mode 
(5x 10"4 cm at 12 MHz) nonparallelism between 
the transducers can reduce the amplitude of the 
signal. By viewing with coherent light two opti
cal flats separated by a wire spacer, it was de
termined that parallelism of order a fringe could 
be achieved. With the path length employed there 
is no advantage in using a pulse technique since 
a time separation between the feedthrough and 
the signal is not possible; thus a continuous, am
plitude-modulated, rf signal was applied to the 
first transducer. The output of the second t rans
ducer was applied to an rf amplifier detector and 
then to a lock-in amplifier which was, in turn, 
driven by the modulation frequency, f m. The 
modulation frequency of 20 Hz was such t h a t / m 

« 1/TJB (where rR is the ringing time of the t rans
ducers) and thus the transducer can follow the rf 
envelope. A certain amount of electromagnetic 
coupling or feedthrough exists between the r e 
ceiving and transmitting transducers; for 12 MHz 
the feedthrough was the same order of magnitude 
as the zero-sound signal at 2.5 mK. The feed-
through was nulled by passing amplitude-modu
lated rf from the oscillator through a phase shift
er and attenuator and adding it to the receiver in
put. Some temperature dependence of the feed-
through is expected because of the temperature 
dependence of the electrical impedance of the 
transducers (which in turn ar ises from the 3He 
acoustic impedance); this affects the magnitude 
of the rf signal in the cell and thus the feedthrough. 
However, this small effect on the feedthrough 
should be completely temperature independent be
low ~ 5 mK according to our acoustic impedance 
measurements. Some spurious signal from a 
small amount of longitudinal zero sound could a l 
so exist. For longitudinal sound to exhibit an ap
preciable attentuation change in the range of 2 . 5 -
4 mK, however, it must exist as a standing wave 
of very high standing-wave ratio. Otherwise, in 
transiting the cell only once, for example, the 
wave would be attenuated by an amount that would 
change by less than 0.1 dB in going from 2.5 to 4 
mK. A high standing-wave ratio is very unlikely 
in our cell since it would require a much higher 
degree of parallelism of our transducers than 

737 



V O L U M E 36, N U M B E R 13 P H Y S I C A L R E V I E W L E T T E R S 29 MARCH 1976 

would appear reasonable. Even if the parallelism 
were adequate, it would not be possible for the 
transducer spacing to satisfy the very sharp 
standing-wave resonance condition at all the dif
ferent pressures (and sound velocities) at which 
measurements were made. Thus the signals 
arising from the temperature-dependent loading 
effect and a possible longitudinal component are 
expected to have little temperature dependence 
below about 5 mK; therefore, we nulled the de
tected signal near this temperature and the sig
nal which grows rapidly out of the noise below 
about 4 mK can only arise from transverse zero-
sound transmission. In order to measure the at
tenuation a second attenuator-phase-shifter com
bination (in parallel with the previously mentioned 
one) was used to null the transverse zero-sound 
signal. In order to increase the signal-to-noise 
ratio, an unmodulated rf bias of appropriate 
phase and amplitude was also added to the r e 
ceiver input. 

We now discuss the experiments involving the 
damping of a transducer following the removal of 
its rf excitation energy. If one assumes that the 
only mechanism for energy loss from the t rans
ducer is the coupling of energy into the liquid 
which loads the two faces, the time dependence 
of the detected signal, ip, is given by 

ip = JReip0exip[{-t/TR) - i(oo +Ao?)f], (5) 

where l/rR = (2RH/TTRQ)OO0 and Aco = (2XH/TTRQ)OO0; 
here / 0 = co0/27r is the fundamental frequency of 
the transducer, oo = (2n + l)co0, RH and XH are the 
real and imaginary parts of the acoustic impe
dance, ZH, of the 3He, a n d # Q is the acoustic im
pedance of the quartz (assumed real). Equation 
(5) neglects the effects of nonparallelism of the 
transducers and the extraction of energy for de
tection; it further assumes ZH/ZQ « 1. 

Classically (and neglecting slip), the acoustic 
impedance of a material is defined by pV, where 
p is the density and V is the complex acoustic 
velocity, V = w/K. Thus 

R_ 
P 

(jOk ooa 
p~~k2 + a2 (6) 

where k and a a re the real and imaginary parts 
of K. Based on simple arguments relating the 
work done on the liquid to the decay time, rR, 
used to determine RH, we obtain W(A)/TTU0

2=RH. 
Using Eq. (4) we f i n d i ^ ^ p BeV in the limit oor 
« 1, 0 = 1, or RH = (<jop7]/2)1/2; this is consistent 
with the classical interpretation of RH. However 
at low temperatures (cor» 1) we find RH =pV¥m*/ 

10m; thus an additional factor m*/10m multi
plies the classical result. 

The ringing experiments were performed as 
follows: An rf pulse whose width was long rela
tive to rR was applied to the transducer. The 
time dependence of the amplitude and phase of 
the ringing signal was then studied by adding a 
second comparison or reference signal of var i
able phase and amplitude to the receiver input; 
by setting the reference signal such that its am
plitude was identical but its phase opposite to 
that of the signal at some particular instant in 
the decay, the time dependence of the amplitude 
and phase of the ringing signal could be deter
mined. The existence of spurious effects on the 
amplitude and phase of the ringing signal made it 
necessary to normalize the data. The decay was 
measured at high temperatures where the viscous 
damping is negligible and the spurious decay 
time, T S , determined. At lower temperatures, 
where 3He loading effects appear, the total decay 
time, TT, was measured and rR was deduced 
from l/rT = l/rR + l/rs. 

The cryogenic techniques and the sonic cell em
ployed are essentially identical to those used in 
our earlier studies of sound propagation in the 
superfluid phases of 3He.11 

Figure 1 shows the temperature dependence of 
the attenuation of zero sound as determined in 
the transmission experiments for pressures of 
2.0, 8.0, 15.0, 23.0, and 28.9 bar. As in all 

2.5 xlO4 

2.0 3.0 4 .0 
T (mK) 

FIG, 1. The t e m p e r a t u r e dependence of the a t tenua
tion of t r a n s v e r s e ze ro sound for p r e s s u r e s of 2o0, 8.0, 
15.0, 23o0, and 2809 b a r . The fitted coefficient of the 
T 2 t e m p e r a t u r e dependence is shown next to the data at 
each p r e s s u r e . 
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acoustic experiments where only the relative at
tenuation can be determined, a normalization was 
required. The normalization was acomplished by 
requiring a T2 dependence for the attenuation. A 
smoothly varying behavior of the extrapolated 
zero-temperature normalization constant with 
pressure provided an overall consistency check 
on the data. 

The results of Fig. 1 may be compared with the 
attenuation coefficients resulting from Eq. (2) 
when various values of F2 a re put in along with 
known values12 for F19 VY, and r. In the limit 
OOT»1, Eq. (2) yields attenuation coefficients cor
responding to our measured results when values 
of F2 from 1.5 (at 2 bar) to - 1.0 (at 28.9 bar) are 
used. (The opposite pressure dependence of F2 

resulted from calculations of Ostgaard.13) Con
siderable caution is required before accepting 
these values of F2 at face value. By assuming, 
when we determined the attenuation coefficients, 
that the sound path length is given by the diame
ter of our wire spacer, we could be introducing 
an e r ro r of 1 to 2 units in the magnitude of F2. 
This path-length uncertainty would have little ef
fect on the pressure dependence of F2, however. 
Of the remaining parameters used in arriving at 
F2, both the values of r and the values of F± a re 
somewhat uncertain. At 29 bar it would only r e 
quire a 10% decrease in the value of r used along 
with a 15% decrease in the value of F x used in or
der to account for our 29-bar attenuation data us 
ing a value F2 = 0. Such an adjustment to r is 
probably within the uncertainty limits of the vis
cosity data from which it is obtained14*15 and the 
adjustment to F± is suggested by recent heat ca
pacity measurements of Halperin etal.16 

Figure 2(a) shows, for a pressure of 23 atm, 
the values of RH/p as a function of temperature 
for frequencies of 36, 60, and 108 MHz deter
mined from the measurements of 1/TR; measure
ments were also made at 12 MHz. Figure 2(b) 
shows the corresponding values of XH/p deter
mined from the frequency shifts, Aco. The val
ues of XH/p have been normalized such that the 
results for the three frequencies all extrapolate 
to zero at high temperature since this is the the
oretically predicted behavior. In Fig. 2(a) we 
have plotted the theoretical values of RH/p using 
Eq. (4); here we used an effective mass m* 
= 5.31m (corresponding to F1 = 12.94) and r(T) 
was deduced by interpolating between the viscos
ity data of Bertinat etal.14 at low pressure and of 
Alvesalo etal.15 at the melting pressure. The be
havior of XH was not reported by Bolton. The 
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FIG. 2. The temperature dependence of the measured 
values of (a) RH/p and (b) XH/p for a pressure of 23o0 
bar. The solid lines in (a) show the behavior predicted 
by the Bolton theory as contained in Eqs„ (3) and (4)0 

The lines in (b) are smooth curves through the points. 

Bolton theory is in good agreement with the data 
for RH for the frequencies shown in Fig. 2(a). 
The 12-MHz data (not shown) were only in qual
itative agreement, the reason for which is not 
clear; it may be because of the more severe cou
pling to spurious modes of the transducer at low
er frequencies. The data for both RH and XH 

agree qualitatively with Eq. (6) where k and a 
are derived from Eq. (3); note that we would ex
pect precise agreement with classical acoustic 
impedance theory at high temperatures but only 
qualitative agreement in the zero-sound regime. 

Taken together, the transmission and ringing 
experiments provide convincing proof for the ex
istence of transverse zero sound in normal 3He. 

We have extended the ringing experiments into 
the A and B superfluid phases and observe a peak 
in both components of the acoustic impedance 
just below the superfluid transition. Unfortunate
ly, reliable transmission experiments throughout 
the superfluid region are not possible with our 
technique because the change in the acoustic im
pedance upon entering the superfluid can upset 
our cancelation of the spurious signal. Details 
of these measurements will be published shortly. 
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molecular materials, local-field corrections 
must be better understood. This Letter presents 
the results of a new technique for studying local-
field corrections in solids. 

Since local-field corrections are density depen
dent, the pressure dependence of the optical prop
erties of solids can indicate the size of these 
effects if the electrons' energy states are not 
strongly density dependent. For example, mea
surements of the pressure coefficient of the in
frared refractive index for amorphous alloys con
taining Ge and Se show that Se-rich alloys obey 
the Lorenz-Lorentz relation,5 indicating large 
local-field effects in these materials. The pres 
sure dependence of the reflectivity will reveal 
more information about local-field corrections, 
and since for Se these corrections are expected 
to be large, Se is an ideal material for study. 

Early measurements of the reflectivity as a 
function of pressure were limited to observing 
energy shifts of the reflectivity peaks.6 Measur
ing the variation of the magnitude of the reflec
tivity is difficult because the refractive indices 
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The pressure dependence of the reflectivity of trigonal and amorphous Se has been 
measured between 1.1 and 4.5 eV using a new technique. The results indicate that local-
field corrections are large. Structure near 2 eV suggests a localized excitation in both 
the amorphous and the crystalline material. 
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