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A I ABSTRACT

The velocity and attenuatidn of longitudinal sound -

-~

were measured at various molar volumes in bcc and hep BHE
and in hcp 4Heg- The measurements were made between 80 mK
and melting at frequencies between 3 and 21 MHz. Below |
about one half of the melting temperature, frequency .

dependent velocity anagaliés accompanied by large attenua-
N+ion values were observed both in bce and hep ?He ag well

as in hcp 4He. The anomalies could be explained by the

theory of vibrating dislocations’ due to Granmato and Liicke
(1956) . By applying high amplitude 3 MHz pulses ag
temperatures below 0.3 K, .the én@ﬁalies were greatly
reduced, in a manner which indicated that the large sound
pulsés Pinned the dislocations. Upon warming, the anomaly
recovered to its original form at around one half of the
meltind temperature. The recovery process was shown to be

L

thermally activated with an activation energy equal to that

of mobile vacancies. By adding isotopic impurities, the
anomaly could be eliminated allowing the zero sound

attenuation to be observed.
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CHAPTER 1

INTRODUCTION

Q

-

Helium is chemically'inert with a weak, spherically
symmetric interatomic potential. It forms a dielectric
80lid with a simple cubic or hexagonQI symmetry. In view
of this simplicity and the accuracy with which the potential
is known, solid gelium Seems to be a model substance in
which to compare experimental results to theoretical
predictions.

Early experiments showed that, in its thermal and
elastic properties, solid helium is similar to more conven-
tional solids. The first theoretical calculations, however,

were in quantitative disagreement with the measured values
S

-~

of such properties as the compressibility, molar volume
and sound velocities. It was soon realized that the
discrepancies w;ie due to the very large zero point motion
of the atoms, a result of their small mass and weakkinter-
action. Subsequent wérk (for a review see, e.g. Glyde
(1976)) has taken the quantum effects into account and
there now exists sufficient agreement between theory and
experiment to make quantitative comparisons possible.

The effects of quantum statistics are most dramatic
in the liquid state where 4He is a Bose fluid undergoing a
transition to a superfluid around 2.17 K while BHe remains
a normal Fermi liquid down to a few mK. 1In the solid, the

atoms are more .localized, reducing the effects of quantum



statistics. The solid phase diagrams of BHe and ‘e {shown

in figures 1A and 1B) are qualitatively similar but there

are quantitative differences as a result of the diffe ce

in the magnitude of the zero point motion.

One of the most interesting manifestations of the

quantum nature of solid helium is the non-thermal motion of

such defects as vacancies and impurities. This results

Lo

rom the overlap of the wave functions of adjacent atoms
which permits quantum exchange (or tunneling) of atoms.

Due to the periodic potential presented by the lattice,
thlssggnnellng may become coherent under certain conditions
and allow defects to propagate through the crystal.

Ultrasonic measurements of sound velocities provide

rect information about such properties as the elastic

oM
it

nstants and the phonon specific heat. Combined with
attenuation measurements, the sound velocities can yield

information about defects such as dislocations, vacancies

and impurities and their interactions.

Solid helium has several experimental advantages over

more conventional solids for such ultrasonic studies.

First, because of its very low boiling point, it can be
obtained free of all but isotopic impurities and these can

be reduced to low concentrations (~ 1 ppm). The existence
of Fermi and Bose isotopes makes it possible to isolate
thé effecﬁs of statistics while the existEﬁce‘afieasily
;écessible body centered cubic (bcc) and hexagonal close

packed (hcp) phases allows the effects of crys tal symmetry
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to be determined. Also, the very large compre ;bility'af
helium permits experiments to be perfcrmeé at constant
volume over a wide range of densities. Finally, it is
fairly easy to grow the large single crystals needed for

ultrasonic studies. The fact that these crystals remain

under pressure at all temperatures e¥Yiminates spurious
effects due to the strains which would be introduced by

bonding the crystals to transducers.
Counterbalancing these advantages are the experimental

difficulties in generating and maintaining the necessary

pressures and temperatures. It is also difficult to

stals.

\%:

control or determine the orientation of the cr
Another disadvantage is the lack of an independent deter-
mination of defect concentrations such as would be available
in conventional solids (e.g. from electron microscopy) .

The motivation for the experiments described in this
thesis was the observation of an anomalous sound velocity
and attenuation in pure hcp 4He (z .1 ppm 3He) which was not
present in impure becc BEE (< 0.1% 452)5 This anomaly (cf.
attributed to interaction between sound waves and disloca-
tions in iHe but no explanation has been given for its
absence in JHe. |

hese experiments were intended to determine whether

H\

the differences between hcp 4HE and becc BHe’we:e due to the
differences in isotope, i.e. statistics, in crystallographic

phase, or in sample purity. As well, it was hoped that



further evidence to connect the anomaly to crystal disloca-
tions could be obtained and the interactions between the
digslocations and other defects studied.

With these aims, crystals of 4He (hcp) and BHe (bece
and hcp) were grown and studied at a variety of densities,
The longitudinal sound velocity and attenuation were
t fr%quen:ies

between 3 and 21 MHz. ~ The effects of isotopic impurities

measured between about 80 mK and melting

were investigated by adding up to 0.53% of the other

452) and

Hh

isotope to the initially pure BHe (1.35 ppm o

YHe (< ) ppm of BHe)i The effects of pulse amplitude were

also studied.

Chapter 2 of this thesis gives some of the tR
and experimental background to the work. Chapter 3
describes the experimental apparatus and procedures. The
experimental results and analysis are presented in Chapter
4 and the final Chapter 5 summarizes and discusses the

results.



CHAPTER 2
BACKGROUND

2.1 Lattice Dynamics and Elastic Properties

Propagation of sound in solids is 'generally described
in terms of the linear elasticity equations of a continuous
medjum. The important quantities in such a de:criptiaquif

the displacement from equilibrium of a volume element at —

position x in the i direction, denoted by u, (x), the strain

tensor ,
¢

[
1]

b

N
M
—————,
| @
xl e
[ [
+
(5]
®l oo
| N ——)
~
L
]
[

and the stress tensor Gij defined as the force per unit
area in the i direction on a surface normal to the j
direction. For small strains, the stress is proportional
to the strain (Hooke's law) so

gij = Cijkl €1 (2.1-2)
where summation over repeated indices is assumed.

The equation of motion is

(2.1-3)




ézu

. . k - a

where p is the mass density. By assuming solutions of the

plane wave form. 4

i(g-x-wt)

(2.1-5)

A

U T A

we get the secular equation

p det[cijkiq}qi—pm 5,1 = 0. (2.1-6)

In this description, the coefficients Cijkl which are
characteristic of the solid are treated as phenomenological.
They can, however, be derived from the microscopic
properties of the solid by u;ing lattice dynamics.

The classgical pPicture of a solid at zero temperature
is of individual atoms localized at lattice sites. The
atoms sit at the minima of the pPotential wells created by
the interatomic potentials of the surrounding atoms.- The
effect of finite temperatures or elastic strains is to
cause displacements of the atoms from their equilibrium
positions. If the interparticle potential is known, the
elastic and thermal properties of the lattice may be
calculated. ;

Fér small displacements from equ:;lbrium, the

potential energy of the lattice may be written as
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(2.1-7)
where ui(é) is the displacement of the atom at pésitiéﬁ
£ in the direction i. The kinetic energy then is
¢

(2.1-8)

-
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B
e~
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Ce
=
e
—~
=

is then possible to derive from the Lagrange equations

=
[

of motion (e.g. Musgrave (1970)) the secular equaﬁi&n

dgt[Dlj(q)-mm (q) 5ij] = 0 (2.1-9)

where q is the wavevector, § the Kronecker delta and

-1 1)

T
L
]
| =

-2 j "
] (2.1-10)
In the long wavelength limit (i.e. small q), this can

=

be written (Maradudin (1971)) in the form '3

z, sy . o
det[(Cyypp*Cijkg) ATy ~ P 8,51 = 0 (2.1-11)

where C and C' are complicated functions of the derivatives

of

\U\

ij(q)- This is identical in form to equation (2.1-6)
- and shows the connection between elasticity theory and
classical lattice dynamics.

Unfortunately, applying classical lattice dynamics to



f‘s ’
sound velocities four times larger, compressibilities
thirty times smaller, and molar volumes smaller by half
than those observed experimentally.

The origin of this large discrepancy is the quantum
zero point motion which was ignored in the classical
calculation. From quantum mechanics, it is known that the
perfect localization of atoms at zero temperature in the

.
class%cgl picture cannot be correct since the uncertainty
in momentum would then be infinite. For a particle of
mass m localized within one lattice spacing a, the kinetic
zero point energy can be estimated from the uncertainty

principle as

=

2 2 . _

= LAp) I« ’ 9 12197

E, ol 2 (2.1-12)
LMa .

If the lattice spacing ig increased compared to its
classical value, the zero point energy is decreased but the
potential energy due to the interparticle potential is
increased. The equilibrium lattice spacing in a gquantum
solid is thus a balance between the repulsion due to the
zero point motion and the attraction due to the potential.
The small mass and weak attractive potential of helium
result in a very large expansion. Associated with the
expansion are‘lafge increases in the compressibilities and
.

decreases in the sound velocities.

In view of the very large amplitude of the zero



10

point motion of helium atoms about their mean positions,

the harmonic form (2.1-7) is totally inadequate. 1In fact,
calculations using the known potential gnd lattice spacings
(deWette and Nijboer (1965)) show that at low densities the
lattice sites are not at minima but rather at local maxima
of the potential wells and the calculated phonon

frequencies are imaginary. The helium atoms may be
visualized as occupying spherical shells about their lattice
sites.

In contrast to this unusual microscopic picture of
solid helium, experiments show that sound propagates quite
normally, albeit slowly, in accordance with equation
(2.1-6) and the low temperature specific heat and thermal
conductivity indicate that phékéns are good excitations.
What is needed is a theory of lattice dynamics of quantum
solids which takes into account the zero point motion and
which deacgibes the propagation of sound in the long
wavelength limit. ‘

Considerable progress on such a theory ‘has been
made (e.g. Guyer (1969) or Glyde (1976)). The essential
features of the theory of quantum solids are very briefly
summarized below.

First, it is important to realize that, in their

Zzero point motion, the atoms' positions will be correlated
in order to avoid close encounters in which the hard core
repulsion is important. These short range correlations

may be taken into account (Nosanow (1966)) by assuming the



=
wave function to be of the form

v=0T9¢, (r,-2.) N f (riérr) (2.1-13)

L™

where ¢, is the single particle wave function localized

at lattice site li and f is a Jastrow function describing

the short range correlation and could, for example, have

the form
</ f(r) = ¢ KVI(X) (2.1-14)

By choosing a plausible Gaussian form for the single

particle wave function .
T ) -
ghrizfz
¢, (r) = e (2.1-15)

we can vary K and A to minimize the energy and find

m(g) + é < "ngf‘rij"‘} (2.}é16)

Lo
]
b 2
[

where

. .
and the effective potential is



>
)
Voeelr, ) = £2(r. ) [V(r,,) - 1’k v2v(r. )]
eff ' "ij" ij ij Zm B R
, (2.1-18)
As shown by Fredkin and Werthamer (1965), the phonons may
be included with the resulting equation
S . 2 _ T 1
det[D j(q)= mw(g) 5133 -0, (2.1-19) ¢*

identical to (2.1-9) exXxT&pTt that the dynamical matrix is

given by
e 4 32Veff Tyy)

(@) = Z 1) <of — o>

(2.1-20)

Thus, in a quantum solid, short range carreiaticns
can be included by using an effective potential of the
form (251é135 while averaging the second derivative of
the effective potential over the zero point motion as in
(2.1-20) gives éhe renormalized force constants which
give rise to phonons.

Withethe above in mind, we can.use equation (2.1-6)

to find the various sbund modes in helium, taking Jle

stiffness constants Cijkl from experiments.
The number of independent constants C, can be

ijke
greatly reduced by using the symmetry of the crystal.

The elastic constants are generally written in the Voight
notation in which Cijkl is written as a 6x6 matrix by

replacing index pairs by single indices according to the

\iillb \

el

(5]
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prescription 11+1, 22+2, 33+3, 23 or 32+4, 13 or 31+5, and
12 or 21-+6.

For a crystal with hexagonal symmetry, the matrix
Cij has 5 independent elements:
3
€11 €12 €3 0 0 0
€12 €11 G130 0 0
C C C 0 0 0
Cij = 13 13 33 (2.1-21)
o o0 0 Cqq O 0
0 0 0 0 C44 0
1,. _A
0 0 0 0 0 f(cll ClE)
\
-
while in a cubic crystal there are only 3 independent
elastic constants
' o C 0 0 0o )
. €11 12 ‘12
€12 €1 G, 0 0 0
C C C 0 0 0 ’
Cy5 12 712 711 . : (2.1-22)
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 244 e
\

By solving the secular equation (EilséLf%g;the

L=

crystal symmetry, the various sound modes can be found.

are mutually orthogonal.

These do not propagate normal to

A
the wave front but rather at some angle A from it.

)



For hexagonal crystals there is one pure transverse
mode, one quasi-transverse mode and one quasi-longitudinal
mode. The sound velocities v and the beam deviation
angles A depend only on the angle 6 between the wave
normal and the'c-axis of the hexagonal crystal.

The velocity of the quasi-longitudinal mode is
given by

2

1 2. , 2, .
pv, = = 5[c11+c44)sln 8 + (cyy+c,,)cos®e + $(8)] (2.1-23)

\\
\MQ:re

\
<:”’/;k(e) = (cll-c44)zsiﬂ48 + (c33!céi)2casée +
\ :

2

. 2.1 . . Co e 2

+ 2sin“6cos Sf(ell Cuq) (C4q=C33)+2(c 3%c, ) 1.
(2.1-24)

Similar expressions give the velocities of the pure

transverse mode le T2°

Figures 2.1A and 2.1B show the sound velocities and

and the quasi-t:ansv?ése mode v_

beam deviations, A, for hcp He at 17.7 cmBXlee using

-

the elastic constants as calculated by Calder (1977).
Note that since vy depends only on 6, measuring the
longitudinal sound velocity allows one to determine 8,
although not always uniquely.}

For cubic’crystals. the sound velocities, polariza-

tions and beam deviations depend on the angles between the
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the wave front normal and two crystal axes so0 that at least

two velocities are needed to find the orientation.

2.2 Sound Velocity and Attenuation in an Ideal Solid \

In the previous saction the sound velocities
depended on elastic constants which were essentially
phenomenclogical. At finite temperatures, the thermal
motion of the‘atéms will certainly affect the elastic
properties. In this section, the expected temperature
dependences of the sound velocity and attenuation are
discussed.

A longitudinal wave may be thought of as a periodic
density variation in which the compressed regions are
heated and the rarefied regions cooled. If the heat Ql
which flows from the warm to the cool region during one .
period is‘much less than the heat Qz required to equalize
the temperature, then the sound wave will propagate

adiabatically. Using the expressions

. C v
) = KAT 1V D r P
Q=T IV Vv "V Wt (2.2-1)

N e

where v_ is the Debye velocity and T is the relaxation

lé



time for resistive phonon scattering processes, the

condition for adiabatic propagation is

CWwT << 37 {-C—P] [-Y—]z ~1 (2.2-3)
u 2 Cv Vb *
so that sound propagates adiabatically for low frequencies
or hiéh temperatures (where T is small).

In‘the adiabatic regime, the variation with tempera-
ture of the attenuation a and the adiabatic velocity Va.
come from.,a mechanism considered by Akhieser (1939). The
sound wave strains the medium and, since the t;;rmal
phonon frequencies depend on strain, the phonon system is
disturbed from equilibrium. The phonon system then
irreversibly relaxes to equilibrium via collisions between

the thermal phonons. The effect on a due to this mechanism

has been calculated (e.g. Bhatia (1967)) as

Y2C T

m \'
a > 3 ;Wz—— wTu (2.2-4)

where y is the Griineisen constant (assumed to be the same
for all modes) .

For an isotropic material obeying a reduced equation
of state, Wanner (1973) has shown that the adiabatié

velocity has the form

_ . _dtny, o _
vy (T) = v, (0) iﬁr'vjjo‘)' (v+1 - SEb (um-u(9]  (2.2-5)

17



where U is the internal energy. At low temperatures

where U(T)-U(0) = AT* + BT® + ..., this reduces to
VB(T) - v_(0) = aT" + bT . (2.2-6)

As the temperature is lowered, T becomes larger
until at some point the condition (2.2-3) for adiabatic
propagation is violated. For helium, the relaxation times
as determined from thermal conductivities (Hogan (1969),

l at a taﬁﬁﬁrature

between 1 and 2 K for a frequency of 3 MHz. Below this

L'

Thomlinson (1972)) are such that mfu

temperature sound propagation is no longer adiabatic and
it might be expected that the propagation ;culd become
isothermal. However, in order to speak meaningfully of
either adiabatic or isothermal sound propagation, the
phonon system must be in local equilibrium over regions
small compared to the sound wavelength. This means that
the phonon mean free path % must be much shorter than the

sound wavelength
£ << ) or wt << 1 ' (2.2-7)

where t is the total phonon relaxation time determined
from the relaxation times Ty for momentum céﬁserving
(normal) processes and T, for resistive (umklapp) processes

by

N~

18
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N u

Thus, for isothermal, as well as for adiabatic

sound propagation, it is necessary that
W, << 1. (2.2-9)

The time T, ‘can also be found from the thermal conductivity

N
and, for 3 MHz sound, the condition (2.2-9) breaks down

at about the same temperature as the condition (2.2-=-3)

for adiabatic propagation. Thus, there is no region of
isothermal sound propagation in solid helium at Erequenéieg_
above a few MHz.

At low temperatures the mean free path of thermal
phonons becomes very large and they are said to propagate
ballistically. The sound wave is then best regarded as a
beam of coherent low energy phonons which are scattered
by thermal phoncns because of the anharmonicity of the
crystal. 1In this so-called "zero soynd” regime, the sound
velocity has been calculated (Maris (1971)) as

2 -

v (T) = v (1) + %E%%;EYE (2.2-10)
where Yeff is a complicated effective Grineisen constant.
The zero sound attenuation was also calculated and found

to be of the form
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a ~ oTd, " (2.2-11)

Thus at wt ~ 1, there is a transition from zero to
adiabatic sound propagation which shifts to lower

temperatures (larger 1) as the frequency is decreased. At

the transition, the attenuation changes from the T4

dependence of equation (2.2-11) to the form (2.2-4). In
addition, the velocity has a shift given by (2.2-10). The
magnitude of the shift is hard to estimate but the zero
sound velocity is greater than the adiabatic velocity and
approachies & as T - 0.

In s§lid helium, it is also possible to propagate a
lightly damped phonon density wave or second sound
(Ackerman and Overton (1969)). This is not a quantum
effect but is rather due to the high purity of solid
helium which permits long :elaxatian(ﬁz:;s for resistive
processes. If this relaxation time is much longer than
the period of the oscillation (mTu >> 1) then the
disturbance can propagate. Héwg§erg in order for the
phonons to be in local equilibrium within one wavelength
there must be many normal processes (MTN << 1). Thus, there
is a window for, second sound propagation given by (Guyer

and Krumhansl (1964))

Wty << 1 << wT - ’ (2.2-12)

If second sound can propagate, it will couple to



first sound, attenuating it and shifting its velocity.
However, the window for second sound (2.2-12) is essen-
tially the same for isothermal propagation and does not

exist at frequencies above a few MHz.

2.3 Crystal Defects and Sound Propagation

So far, only perfect crystals have been considered.
In this section the effects of crystal imperfections on
sound propagation are discussed.

Since helium can be highly purified, the only point
defects which need to be considered are vacancies and
isotopic impurities. Direct X-ray ﬁeasurements of the
number of thermally activated vacancies (Fraas, Heald and
Simmons (1977), Heald (1976)) give activation energies
Wy in ’He of between 2.3K (V = 24.86 cm3/mole) and 21.4 x
(18.8 cm3/mole) and vacancy concentrations at melting of
about 0.5% (bcc) and 0.1% (hcp). 1In hep YHe (V = 20.2
cm3/mole) the activation energy is 12.7 K with about 0.2%
of vacancies at melting. |

The vacancies give a significaq; contribution to the
thermal properties of helium, particularly in bcc 3He at
low density (Greywall (1977)) where, near melting, the
specific heat due to vacancies is comparable to the lattice
specific heat. Therefore, the expression (2.2-5) for the
adiabatic‘velocity should be modified to account for the
vacancy energy. Iwasa and Suzuki (1981) have shown that

a term proportional to vaac(T)dT should be added to (2.2-6)

21



where

v Ny .
Cyae (T) ["?] e (2.3-1)

is the vacancy specific heat.

The quantum nature of solid helium has important
consequences for the mobility of point defects. Due to
the large overlap of the wave functions of neighbouring
lattice sites, exchange (tunneling) processes are possible.
This allows vacancies and impgfitigg to move, even at
zero temperature. Various %étha:s (Hetherington (1968)
and Mineev (1973)) have cangidered this process and
concluded that the tunneling motion of vacancies or
impurities can become coherent at low temperatures and
lead to wavelike propagation of the defects. Experimental
evidence to support this viewpoint comes from NMR spin
diffusion éxperiments on dilute mixtures of SHE in QHe

(Mikheev et al. (1977)) in which the mobility of the SHe

impurities in¢reased ag‘the temperature decreased, limited
only by impurity-impurity scattering. ‘

The effect of such mobile defeots on sound propaga-
tion was considered by giierévich (1975). He found a
contribution to the at;Eﬁégtian of the form

1417w

S~ N (T) —yy . (2.3-2)
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. -W_/T
where N, (T) ~ e V" is the number of thermal vacancies
and 1 ~ ng is the relaxation time. This attenuation

increases monotonically with decreasing frequency and
goes rapidly to zero at low temperatures as the number of
vacancies decreases.

Besides point defects, all real crystals contain
dislocations. These are known to make important contri-
butions to the attenuation and velocity of sound,
especially in metals (De Batist (1972)).

The effect of dislocations on sound propagation was
treated by Granato and Liicke (1956), based on a model due
to Koehler (1952). 1In this model, a dislocation line
behaves like a damped vibrating string. The fundamental
equation of motion for the transverse diiplacemg:'gg(x)

of the dislocation is L

b

2 . .
3g _ . 3% _

2 VB ~C 3
X

X

A

]
Q

(2.3-3)

L%

It

The effective mass (A = ﬁaaz where a is the Burger's
vector) and the effective string tension (C = 2Gazfﬁ(1!ﬁ)

where G is the shear modulus and v is Poisson's ratio),
result from the energy in the elastic strain field around
the dislocation. The damping B comes from interactions
between the moving dislocation and thermal phonons and

is at low temperatures generally of the form

B = gT . (2.3-4)



The driving force is provided by o, the shear stress
normal to the Burger's vector. The contributions AV (%)
and a() to the velocity and attenuation due to a unit

density of dislocation loops of length ¢ are

av(e) _ "o w (L) - Q . S
- — —~ - (2.3-5)

4v 2_ :
(1) = —2 — O B/A___ 5 (2.3=6)

" w?(1)-a%]% s [ﬂ]

A

where Q is the sound frequency and

Y
w(t) =[5 {TT] (2.3-7)

14
where Vep is the velocity of transverse sound. The
critical loop length ic which has a resonant frequency

Q

L
[ ]

ter /i |

The forms of Av(L)/v and G(%) are shown in figure 2.2 for

2,5

]. (2.3-8)

various values of the damping B. Note that the loops
shorter than gg reduce the sound velocity while those
longer than L increase it.

In a real crystal, the dislocations form an irregular
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network with the loops pinned where they intersect. They

can also be pinned by impurities which are bound to them and

by jogs. The result is a distribution of loop lengths.

For the case of pinning by random point defects, the

distribution is
] (2.3-9)

for an average loop length L and dislocation density A.
The contribution of all the dislocations to the

velocity and attenuation is

AV o R J en(r) AV g (2.3-10)
v v
Q ’ Q

« = R J IN(2)3 (L) dg (2.3-11)

where R is an orientation factor which accounts for the
fact that only the shear component of the stress normal to
the Burger's vector acts on the loop. ‘
The effect of having a continuous distribution of
loop lengths is shown in figure 2.3. Thia shows the
cantributigﬁg Av(L) to the velocity and a(L) to the
attenuation due to a unit density of dislocation loops
with a length di;tri&uti@n ~ Egl/Li Comparing figufes 2.2

and 2.3, we see that the distribution of loop lengths

'»..,____\“

.
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reduces and smears out the anomaly at low damping and
reduces the effective critical length (value of L for - .
which Av = 0).

If the slip systems (planes in which the dislocations
lie, together with the glide directions in which they
move) are known, then R can be calculated from the elastic
conatants (Henneke and Greep (1967)).

Measurements in met#éi (Nabarro (1967)) indicate

that in materials with the hcp structure the dominant

The orientation factor for the three sound modes is

shown in figure 2.4 for hcp 4He at 17.7 zmz/male as a
function of the angle 8 between the wave normal and the
c-axis. Note that for longitudinal waves R < 0.13 for all
angles and is zero at 6 = 0° and 6 = 90°,

In bcc materials, the slip systems are not so well
defined but, in systems with cubic symmetry, the orienta-
tion factor is much less anisotropic (Green and Hinton
(1966)) and depends on both orientation angles.

The damping coefficient B is due to the interaction
of thermal phonons with the dislocations and so increases
with temperature. If the thermal phonons scatter off the
strain field of the moving dislocation due to the anhar-

monicity of the lattice, the damping reduces to the form

5

B ~ T  at low temperatures (Brailsford (1972)). The T

dislocations can also "flutter" in the stress field cf[the



0.5

0.4

03

0.2

01

29

T L T L L L L ™
Dislocation Orientation
Factors in hcp? He
(17.7 cm3/mole)
Transverse (T,) 7
~ Quasi-transverse (T,) .
-
Quasi-
longitudinal (L)— x
[ 1 ! "
10 20 30 40 50 40 70 80 90

0 (degrees)

Figure 2.4 Disiocation orientation factors in hcp “He at 17.7
em?/ mole



thermal phonons, radiating energy and giving a low

3 (Ninomiya (1974)).

temperature damping B ~ T
The temperature dependence of the velocity change
and aEFenuation due to the exponential distribution
(2.3-9) of loop lengths is shown in figqure 2.5 with the
choice B ~ T3 for the damping. The parameter t is defined

as

t = L/. (2.3-13)

The parametgrs B, A and w(%) in equations (2.3-5) and
(2.3-6) are those for hcp 4He at 17.7 cmzfmaleg The short
lpops are more important at high temperatures where the
long loops are too strongly damped to have much effect
while the long loops become important at low T.

By increasing the sound frequency 2, the critical
lsagth Rc is reduced and so the parameter t increases. The
effect of changing the sound frequency while keeping the
loop length distribution (2.3-9) fixed is shown in figure
2.6. As the frequency is increased, any negative velocity
anomaly changes eventually to a positive one. Further

increases in the frequeﬁfz/zéaaax\the amplitude of the

positive anomaly. The attenuation, which rises roughly

1

-n
as E T

at high temperatures, eventually levels out

at a temperature which is higher for higher frequencies,

2.4 Experimental Results in Solid Helium

The earliest measurements of sound velocities

30
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in so0lid helium were made by Vignos and Fairbank (1966)
(both bec and hcep, 3He and 4He)§ Their measurements
showed a scatter of up to 12% which was interpreted as
evidence of anisotropy. Later measurements of sound
velocities in single crystals oriented by birefringence
methéds (hecp QHe; Wanner and Franck (1970), Crepeau et al.
(1971)) and by X-ray methods (hcp and bcc 432, becec BH::
Greywall (1971), (1975), (1976)) have confirmed this and

allowed the elastic constants to be determined. 1In hep

BHE the elastic constants are unknown but the variation in

v observed by Vignos and Fairbank indicates an anisotropy
similar to that of hcp 4He at the same density.
Once the description of sound propagation in terms

elastic constants was established and the molar volume

Lo

o
dependence of those constants measured, attention was
turned to the temperature dependence of the sound velocity
and attenuation. Almost all of the measurements to date
have been on hcp 4He due to the availability of pure 4He
and the existence of the hcp phase over a wide temperature
/

range.

The early measurements off Franck and Hewko (1973) with

5 MHz longitudinal sound in hcp ‘Ye showed a velocity
decreasing with temperature proportional to T4; in agree-
fient with equation (2.2-6). However, at about one half of
the melting temperature, most crystals showed a "knee"

below which v did not change. The attenuation increased

rapidly in the knee region. This combination of a



deviation of the sound velocity from the adiabatic form
(2.2-6) and an increasing attenuation as the temperature
is lowered is referred to as the anomaly.
Later measurements by Wanner, Iwasa and Wales (1976)
-at 8 and 12 MHz also showed the anomaly in the longitudinal
velocity. In their measurements the anomaly took the form
of a smooth deviation of the velocity from the adiabatic
form. The anomaly was sometimes positive and sometimes
negative and had a magnitude Av/v_ s 3Ix107 3, They fitted
their data quite sujééllfully with a parameterized form
of the Granato-Licke equation (2.1-11) and found typical

dislocation parameters B = (2=3) xT" where n = 2, L = 19!3 cm

and RA = (2-5)x10% cm™2. They also observed an anomaly

with transverse séund and found that addiﬁg 0.01% BHe
suppressed the anomaly.

The longitudinal measurements were later extended to
cover a range of frequencies and to include the attenuation.

Calder and Franck (1977) and (1978) and Calder (1977)
measured v and a in hcp ‘He between 5 and 25 MHz. They
found the anomaly to be very frequency dependent, with
smaller positive velocity anomalies at higher frequencies

and attenuation rising down to temperatures of about 0.5 K.

least one case was negative. In addition, they grew two
crystals which showed no %n@mgly at all.
Iwasa, Araki and Suzuki (1979) performed measurements

between 10 and 50 MHz with results similar to those of

34
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4
Calder and Franck. They were able to fit the velocity
anomaly at 10 MHz to the Granato-Licke equation (2.1-11)
using the exponential distribution (2.3-10) of loop
lengths. They then found that the velocity at higher
frequencies and the attenuation were at least in qualita-
tive agreement with the Granato-Licke values found from
the 10 MHz parameters. Their gislocation parameters were
substantially in agreement with those of Wanner et al.
(1976). Iwasa and Suzuki (1980) investigated the effect
of adding He impurities to their samples. They found
that, at low impurity concentrations (30 and 300 ppm), the
anomaly was partially suppressed but had an amplitude
dependence which could be described by the Granato-Liicke
theory of stress induced breakaway from impurity pinning
points. The binding energy between a BHe impurity and a
dislocation was estimated as about 0.3 K. At high BHE
concentrations (1l%) the attenuation below 1 K was fairly

well described by the zero sound form (2.2-11) while the

lowest temperatures (~ 0.1 K).
There have been several other ultrasonic measurements
of attenuation in hcp ‘He. Tsuruoka and Hiki (1979)
measured the attenuation of longitudinal sound between 5
and 45 MHz near the melting temperature. They interpreted
their results in terms of overdamped dislocations but '

their dislocation densities (3*53109 cm are very

different from those found in other experiments. By using
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the sound velocity to orient their crystals they found
that the attenuation had an orientation factor of the
form shown in figure 2.4, indicating that the glide plane
is the basal plane.
Sanders et al. (1977) measured the attenuation during

plastic deformation and found that it increased greatly

uring the first 1% of deformation, a result which could

Ll

e due to dislocation multiplication during deformation.

-8

Tsymbalenko (1978), (1979) measured the internal
friction in hep 4Hg at 15 and 78 KHz. His results were
also attributed to overdamped dislocations and the dislo-
cation densities and damping constants agreed reasonably
well with those of Wanner et al. (1976) and Iwasa et al.

3

(1979) . He found that adding “He impurities decreased

the internal friction but observed little change when he
deformed his samples. r

Paalanen et al. (1981) measured the internal friction
and shegf modulus in hep 4He at 330 Hz. They observed
very large reductions in the shear modulus which were

greatly affected by BHE concentrations as low as 0.3 ppm.

Their results were well described in terms of overdamped
dislocations and, using the dislocation parameters obtained,
they were able to show agreement with the higher frequency
measurements of Tsymbalenko and of Tsuruoka and Hiki. From

the amplitude dependence of the internal friction they

estimated the energy binding a BHE atom to a dislocation



37

as 0.7 K. In ultra pure ‘He (0.0024 ppm “He) the damping
constant was found to be of the form B = gTz.

Finally, Berberich et al. (1976) measured the
attenuation of GHz phonons using stimulated Brillouin
scattering and found it to have the zero sound form -
(2.2-11) over the entire temperature range.

EY
There are far fewer results on sound propagation ip

3He.. Other than the early results of Vignos and Fairbank

3He and the

(1966) there have been no measurements in hcp
few measurements in bcc 3He did not show any anomaly.

Wanner et al. (1973) measured the temperature
dependence of the sound velocity at 10 and 12 MHz in bcc
3He (< 0.1% 4He) at 24.1 cm3/mole down to 123 mK. They
were able to observe the longitudinal and both transverse
modes but found no anqmaly. The velocities were of the
form (2.2-6) with large T6 terms.

Iwasa and Suzuki (1981) made similar measurements of
longitudinal velocities in bcc 3He (24.4 cm3/mole) between
10 and 50 MHz also without seeing an anomaly. They

6 term as being due .to vacancies

intérpreted the large T
ana were able to fit the velocity by using a term of the
form (2.3-1). p

Iwasa et al. (1981) observed an increase in attenua-
tion in impure bcc 3He (480 to 1600 ppm of 3He) below the
isotopic phase separation temperature which they |
attributed to dislocation multiplication during the phase

separation. They also concluded that dislocations are



Pinned by the Peierls potential in bcc 333_
The experiments reported in this thesis were

He as closely as possible the

intended to duplicate in
conditions of the ultrasonic experiments in hcp 4He.

To do this, pure 3He was used (1.35 ppm 453) and crystals

were grown in the hcp phase. In addition, bee BHE crystal

were studied and the effect of impurities (4Hé) was

investigated. Finally, hcp 4He crystals were grown with

varying amounts of 3He to provide a comparison to previous

work on hcp 4H¢.
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CHAPTER 3

EXPERIMENT

3.1 Experimental Apparatus

In order to perform these experiments, it was
necessary to achieve and measure temperatures down to 100
mK, to maintain pressures up to 200 bar and to measure
the ultrasonic velocity and attenuation with considerable

sensitivity.

3.1-1 Refrigeration

The low temperature portion of the!cry@stat is
shown in fiqure 3.1. The primary means of cooling was a
dilution refrigerator (SHE minifridge). The 1K stage
consisted of a 4He pot with a volume of about 0.4 liters
which could be refilled from the main dewar. The ultra-
sonic cell was thermally coupled to the mixing chamber of
the fridge by strips of high purity copper clamped tightly
to the mixing chamber and to one end of the cell., The
cell was sdppo;ted by a graphite column nuqi from the
4He pot. This support column had several copper rings
which were thermally anchored to the still, the heat
exchanger and the mixing chamber.

When tested without the sound.cell, the fridge
reached about 50 mK, near the limit of 40 mK quoted by the
manufacturer, indicating that heat leaks due to the support

column and thermometer leads were less than about 1 uW.

39



Figure 3.1
Cryostat
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‘Hé pot needle valve
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With the cell in place the lowest temperatures reached
were about 65 mK, indicating an extra heat leak of about
3 uW. Most of this was probably due to the stainless

steel pressure capillary which entered the vacuum can at

is leak was reduced as much as possible by making

3

4K.
the capillary as small (0.3 mm outer diameter with a 0.1
mm i.d.) and as long as possible (about 3 m long, coiled
below the cell for compactness). Some heat flowed
through the helium in the capillary but no difference was
observed between the ultimate temperatures of the cell
when it was empty and when it was full.

n fact, the main heat input to the cell came from °

(o]

the ultrasonic signal. Due to inadequate electrical

hielding, noise from the ultrasonic electronics was

picked up by the thermometers and heaters on the cell,
warming it to about 75 mK. EVen more significant was the
heating due to the rf signal to the transducers. Some of
this was converted to sound waves which were attenuated
and convertaed to heat in the helium sample. The rest of
the rf energy was converted directly to heat in the
coaxial leads to the cell and the electrical feedthroughs /
in the cell. The amplitude of ultrasonic signal needed
depended on the quality of the signal in the sample. Even
in samples with strong signals and lcﬁ attenuation, the
minimum input which still allowed an accurate measurement
of the velocity and attenuation heated the cell to about

90 mK, indicating a total heat input of about 10 uW. At
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higher ultrasonic frequencies and in crystals with poor
signals, the necess#ry input signal was greater and the
limiting temperature correspondingly higher.

The pumping systems are shown schematically in
figure 3.2. Due to the relatively small fridge, the
pumping requirements'for the system were modest. Not
shown in f%gure 3.2 is a Varian 974 partial pressure
gauge which was connected to the pot systém, the fridge
system and the vacuum can'system. This was used to

3He-4He ratios in the dilution fridge and to look

monitor

for leaks in the pumping and pressure systems and was
: .

invaluable in diagnosing leaks in the low temperature

portion of the cryostat.

3.1-2 Thermometry and Temperature Control

Since the lowest temperatures encountered were
around 65 mK, electrical resistance thermometry was
adequate and no problems were encountered in making thermal
contact to the thermometers. All thermometers were
mounted in copper blocks which were clamped to the cell
or fridge. Thermal contact was made with Apiezon grease
and by varnishing the leads to copper posts screwed into
the mounting blocks. All thermometer and heater leads
were thermally anchored at the poﬁ, the still, and the
heat exchénger to reduce the heat load on the fridge.

Speer carbon resistors (2202, 0.5 W) were mounted on

the still and on the sound cell and were used primarily



Figure 3.2

Pumping Systems

1. Thermocouple vacuum gauge (0-2000u)
2. Cold cathode ionization gauge (,],.C)ia - J,;Oé4 torr)
3. Sealed mechanical pump

4. Cold trap
5. Molecular sieve cold trap
P\ET\\"He-“He mixture storage
7. “He pot fill valve
8. “He pot
9. Dilution refrigerator (SHE minifridge)
10. Vacuum can

11. Exchange gas (“He) storage
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for temperature control. For this purpose they were used
in a two-wire configuration in the arm of a bridge in
which the out of balance signal was amplified and fed to 4
a heater in order to control the temperature. Due to the
limjted sensitivity of the controller, this method was
useful only at temperatures above 0.5 K. Below 0.5 K,
temperatures were maintained by manually balancing the
heater current against the cooling power of the fridge.
The cell heater consisted of about 200 Q of fine manganin
wire wound and varnished onto a brass post.

The primary thermometer for data gathering was a

calibrated (30 mK to 5 K) germanium resistance thermo-

meter (Lakeshore Cryogenics GR-200A-30) which had an

0.5 K. The resistance was measured in a 4-wire configura-
tion by a SHE potentiometric conductance bridge which had
an accuracy comparable to that of the thermcﬁeteri No
change in the resistance of the thgrﬁameter was observed
after thermal cycling to room temperature and no indication
of thermometer self‘heaging or inadequate thermal contact
was observed. As a result, the limiting factor in the
accuracy of the temperature measurements was the tempera-
ture stability during a measurement. For typicél heating
-or cooling rates this contributed an uncertainty of less
than 5 mK to the temperature values.

When a continuous record of temperature was required,

the output from the SHE bridge was recorded on a chart
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recorder.

3.1-3 Pressure System

Since crystals of both bcc and hep 35; were. to be
grown and the effects of density studied, it was necessary
to generate and maintain pressures up to 200 bar. The
limited amount of BHelavailablg (about 0.56 moles) meant
that the cell and the auxiliary equipment (gauges, valves,
etc.) caulé’have little volume. The sound cell, when
built, had an internal volume of 2.1:.1 emB and, using
this size, a pressure system was designed to generate

200 bar and maintain it during crystal growth. A schem-

2]

atic of this system is shown in figure 3.3.

The valves PVl to PV7 are HIP 1/16" valves, selected
for their small iﬁternal volume and their ability to
hold up to 1000 bar. The pressure gauge is a Heise
bourdon tube gauge (0-200 bar) which was calibrated
against a dead weight gauge to an accuracy of $(0.1 bar
+0.1%) .

The primary sample of 3H= consisted of 0.56 moles
of gas in a cyilnder with a volume of 7.9 liters. 1In
order to increase the pressure, the BHg was condensed into
a coil immersed in liquid QEE. The condensing coil was
made from 2.05 m of 1/4" stainless steel tubing giving an
internal volume of 24.1%.2 :mj,

The internal volume of the pressure gauge (13:.5 cmz)

was used as ballast to keep the pressure in the cell



1. Ultrasonic cell

2. Pressure gauge (Heise, 0-200 bar)

3. Two vacuum pumps and partial pressure gauge
4. Hydrogen storage

5. ‘He storage

6. Calibrated volume (0.103 cm’)

7. ‘He condensing coil

8. Helium dewar

9. .Sample gas (’He) storage
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nearly constant during crystal growth. The volume
between the valves PV6 and PV5 was measured to be

3 and was used to add known amounts of

(0.1032.005) cm
gas either to the cell or to the gas sample.

The pressure system also had a line which allowed
the system to be pumped out and checked with the partial

BHE .

pressure gauge for impurities before admitting the
The cylinder of hydrogen shown was for flushing the cell
to remove impurities since the size of the capillary
prevented rapid evacuation. The 4He cylinder shown
contained ‘He at low pressure (~ 5 bar) and was used to
add 4H;ﬁ§qizye BHe sample,

The saﬁnd cell was leak tested up to SDDibar, the
condenser up to 600 bar an the rest of the system was

tested to 200 bar befpre using it.

' 3.1-4 Ultrasonic Cell

[ |

The ultrasonic cell is shown in figure 3.4. t

ansducers, one

]
o ]

consists bgsiéglly of two parallel quartz t
used as a pulse generator and the other as a receiver,
with the helium crystal contained in the space between
them. _

For strength, the cell body was made from hardeéned
beryllfum copper. The two sides of the central body
piece were polished flat and parallel to be used as a
spacer for the transducers. The two main body pieces were

/
sealed to the central spacer with an aluminum gasket and



Ultrasonic Cell

Helium pressure line

Pressure line heater

Electrical feedthrough connection
tainless steel g::gmbiing screvw
Cell end cap )
Electrical connector (spring)
Cell body

Transducer backing piston

Aluminum gasket

Polished parallel transducer spacer

Helium sample space

Transducers (3 mHz, X-cut quartz)
Transducer retaining ring

Indium pressure seals

Electrical feedthrough insulation

Clamping nut
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the end caps were sealed to the body with indium O-rings.
The cell was assembled with stainless steel screws.

The two tragsducers were 1/2", 3 MHz, X-cut quartz
transducers, overtone polished and gold plated (Valpey-
Fisher). Their front surfates were supported and
electrically grounded by the central spacer. They were
backed by poiished Be-Cu pistons which were held in place
by springs and insulated from the cell body by Vespel

jackets.

The electrical feedthféughs through the end caps of
the cell wére Be-Cu pPins, sealed with indium O-rings and
insulated by Vespel jackets. 1In one.of the feedthroughs,
a hole was drilled and the pressure‘line was soldered
into it.+ This pressu;e line was connected to the capillary
by an electrically insulating fitting a few inches away.
This isolated the electrical feedthrough from the grounded
capillary.

In order to prevent the pressure line from freezing
during crystal growth; a mangénin wire heater (around
1609) was wound around the pressure line where it entered
the cell. In addition, the capillary could‘be heated by

passing current directly through it.

3.1-5 Ultrasonic Electronics
A block diagram of the system used to measure the
sound velocity and attenuation is shown in figure 3.5.

The phase velocity was measured using a modulated pulse
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superposition method similar to that described by

Holder (1970), and the attenuation was measured by

comparing the heights of selected pulses in the echo train.
?he phase velocity was determined by measuring the

round trip time of a sound pulse in the cell. This is

given by
T = 2D/v (3.1-1)

where D is the transducer sgpacing and v is the sound
velocity. If a single rf pulse is excited, a series of
echoes is received which decays away due to attenuation

in the crystal and to misalignment of the transducers.

If a second rf pulse is excited, it either adds to the
echo from the first one or subtracts from it depending on
whether the rf components of the second pulse and the echo
from the'first are in or out of phase. If the second
pulse is excited ‘a time 1 after the first, the first pulse
‘will have just completed one round trip and the echo will
be exactly in phase with the second pulse, resulting in a
maximum amplitude of the combined signal.

The method for measuring the velocity theé is to \
send widely spaced groups of two or more rf pulses
separated by approximately 1t and to vary the separation
td get the maximum amplitu@e of ultrasonic signal,
corresponding to a separation of exactly r.

In practice, the value of 1 is determined approxi-



mately from the echo train of a single pulse displayed

in an oscilkgsé@peg Then the frequency synthesizer
(Rockland 5100) is set to a frequency v = 1/1. After
passing through a f%equency locked oscillator (EIC F34)

to reduce the noise lgvel, the continuous wave signal of
frequency v is converted to spikes by a decade frequency
divider (Matec 122B). The frequency divider also converts
the signal to a series of spikes of frequency v#100 or

eries of spikes (frequency v)

v$1000. The undivided

is fed to a pulse generator (HP 8013A) which is equipped

with a gate. The frequency divided signal meanwhile is

fed to a second pulse generator (HP 222A) and the output

pulses from this go to the gate of the first pulse

generator. The result is a series of groups, separated

by a time tx100 or tx1000, of several pulses separated ,Q;/

>by a time 7. , 7
These groups of pulses are used to trigger the rf

pPulse generator (Matec 6600 with a 755 or 760 plug-in)

which drives the transducer. The rf pulse generator is

tuned to a resonant frequency of the transducer and its

\output pulses are sent to the transducer through an

impedance matching network. The ultrasonic pulses which

are excited travel back and forth in the sample. After

going through another impedance matching network, the

signal from the receiving transducer is amplified (by the

combination pulse generator and broadband amplifier) and

sent to the oscilloscope.



By adjusting the synthesizer frequency v, the second

rom the first can be brought into

i

pulse and the echo

phase, resulting in a maximum ultrasonic amplitude. By
observing the signal on the gsc;llcscgpe the time v = 1/v
can be adjusted to within about one one hundredth of an.
rf period. For a 3 MHz transducer and a sound velocity
of EbD m/sec, this means that 1 and hence v can be
measured to about 1 part in 104.

A considerable improvement in sensitivity can be
achieved by using a lock-in technique. The amplified

and rectified signal from the receiver is fed into a box-
car integrator (PAR CW-1) whose gate is set on the first
echo after the two pulses. The p%%se separation time 1
is modulated by the reference out gigﬁal from a lock-=in

amplifier (PAR HR-8) by adding the modulating signal (at

around 300 Hz) to the signal from the frequency synthesizer

- using a stereo amplifier (Yamaha CA 610 II). This results

in a modulation of the pulse separation 1 and also of the

signal from the boxcar integrawor which is then sent to the

lock-in amplifier. By adjusting the frequency of the
synthesizer, the a;gnai from the lock-in can be zeroed,
indicating that thé pulses are separated by exactly T.

The sensitivity of the method depended on the
strength of the ultrasonic signal and on the attenuation,
but was generally around 1 part in 105. The stability of
all the electronics was such that the velocity was

reproducible within 3 parts in 10° from day to day. The
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absolute accuracy of the velocity measurements was
limited by the accuracy with which the transducer separa-
tion was known and was about +0.5%.

The attenuation was measured with an automatic
attenuation recorder (Matec 2470A). This compared the
amplitudes of two selected echoes with a sensitivity of
about .02 db under optimal conditiong. The sensitivity
dropped to about 0.1 db when the attenuation was highest.
The accuracy of the attenuation measurements, however,
was much lower and was limited by several factors.

First, in order to reduce the heat input to the

meant thaw the noise level became comparable to the

height of the second pulse and affected the attenuation

measurements. In practice, if the attenuation was

greater than 5 db/cm, the measured values were unreliable.
Secondly, the slight misalignment of the transducers

resulted in a non-exponential decay of the pulse amplitude

and so the relative heights of successive pPulses did not

provide an absolute measure of the attenuation. The

shape of the echo envelope has been calculated for trans-

ducers tilted with respect to each other (Truell et al.

(1969)) and for a simply curved reflector (Calder (1978)),

allowing corrections to be made for these misalignments.

he echo envelope 'in liquid helium is shown in figure

=]

3.6A and does not resemble the pattern for either tilted

or simply curved transducers and is quite different from

b
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Figure 3.6 Echo Envelopes:

(A) Ligquid Halium
(B) Solid hcp Helium
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the solid echo envelope (figure 3.6B). Also, the echo
envelope for so0lid helium was ;pparently dependent on
whether the pressure capillary blo¢ked as the crystal was
growing. It therefore seems that the non-exponential
echo envelope‘resulted from a complicated distortion of
the transducers due to the forces exerted by the spring
loaded backing piston, the somewhat distorted spacer and
the solid helium. Rather than attempt to correct the
attenuation values for tpis distortion, only changes in
the relative heights of two echoes were considered. The
absolute values of the attenuation could only be estimated
but in some crystals near melting as many as 100 echoes
were observed, a path length of nearly two meters, indi-
cating gttenuation values as low as 0.3 db/cm.

Finally, the misalignment meant that the echo which
was superimpesed on the second pulse was not perfectly in
phase with it over the entire surface of the transducer.
This meant that the echo énvelope was not quite the same
for the double pulse case as for a single pulse. This
effect was most noticeable when the envelope was very non-
exponential and at higher ultrasonic frequencies when the
misalignment was more significant. However, this did not
seriously affect the relative measurements.

In order to check the validity of the modulated
multiple pulse superposition method, some measurements
were repeated using sets of two and.of five pulses, and

using a single pulse echo overlap method (PEO) as described
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by Papadakis (1976). The absolute velocities measured by
the three methods agreed within 2 parts in 104 and the

changes in velocity agreed with each other within the

sensitivity of the measurements (5-10 parts in 105 for the
PEO method) . The attenuation values, however, agreed
only within about 25% although the sen;itivity to attenua-
tion changes was roughly the same in the different methods.
For this reason, the attenuation measurements presented
in this thesis should be regarded as being rélative
measurements and of very limited accuracy, particularly
at high attenuations and high frequencies.

P
3.1-6 Sample Gas

The majority of the BHE crystals were grown from

BHe with a nominal 4He concentration less than 4 ppm

(Monsanto Stable Isotopes). At the conclusion of the
S;xpaéiﬁ%ntg; a sample was analysed by the U.S. Bureau of
\Hiﬁegsaﬁd found to have 1.35¢.05 ppm of 4He.

B Crystals were also grown with varying amounts of gﬂe

1

éin order to study the effects of impurities. The gas
”used for this initially had a nominal ‘He concentration
less than 0.1%. This gas was also analysed by the U.S.
Bureau of Mines an’-@und to contain only 47:.5 ppm of 9He.
Crystals grown from this gas are indicated with an
asterisk (*) before their number.

By using the calibrated volume (0.103 cm>) between
PV5 and PV6, known amounts of 433 could be admitted to the

FH&\



gas sample. Samples were prepared in this way containing
4He in concentrations of (430:40) ppm (denoted by **) and
(0.53+.05)% (denoted by ***),

4He crystals were grown from Matheson purity 4He.

The
The 3He concentration was unknown but probably was < 1 ppm.
Known amounts of 3He were added, resulting in BHe concen-
trations of (10:1) ppm (denoted by *), (105+10) ppm

(denoted by **) and (1400:140)ppm (denoted by ***).

3.2 Experimental Procedures
This section describes the methods and procedures
used in growing helium crystals and in making velocity and

attenuation measurements.

3.2-1 Cooling Down
The most important consideration before cooling the
cryostat was to thoroughly remove any contaminants,

especially 4He, from the cell. Since the fill caéillary

was so narrow this involved quite long pumping times. In
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order tq clean the cell out more effectively, it was flushed *

repeatedly with high purity hydrogen at around 100 bar.
The flushing and pumping of the cell and pressure system
was repeated about three times and took about 3 days. The
cell and pressure system were checked for remaining
contaminants using the partial pressure gauge. The cell
and pressze system were then pressurized to a few bar

with the mple gas. By this time, the vacuum can, fridge



and ‘He pot had been pumped out and cooldown could begin.

A few torr of gﬂe was admitted to the vacuum can
to act ‘as an exchange gas and liquid nitrogen (LHZ) was
siphoned into the main dewar. When the cell had reachkd
LHZ temperature (in about 4 hours), the nitrogen was
removed and replaced with ligquid helium. After another
4 hours or so, the cell had reached about 6 K and the
exchange gas was pumped out. When the can vacuum reached
about SXlD§7 torr (after several hours), the pot needle
valve, which was submerged in liquid helium, was opened and
the 4He pot filléd_

By pumping on the pot, its temperature could be
reduced to 1 K in about 1/2 hour. If left to cool, the
cell would reach 1 K overnight b%Efifémefe rapid cooling
was desired, some éf the 3He=iy§jmi:tu:e could be circula-
‘ted through the fridge. The éell then cooled to 1 K in
about 15 minutes and a limitiﬁq\%amperature of about 0.5 K
was reached in an hour or so.

Té;reach lower temperatures, the BHe=4He mixture
was completely condensed into the fridge (a process
reqéiring about 2 hours) and circﬁi;tign through the
‘fridge begun. ~About half an hour aé%ér the still heater -
was turned on (to about 2 m¥) the cell cé@led below 0.5 K
and continued cooling until it reached the ultimate
temperature determined by éhe heat input to the cell.

The ‘He pot lasted about 2 days without filling but

could be filled without stopping the fridge so that
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temperatures below 200 mK could be maintained indefinitely.

3.2-2 -Préssﬁrizing and Cooling the Sound Cell

The procedure for increasing the BHe pressure from
its value in the storage cylinder of less than 2 bar to the
pressure needed to érew a crystal (between 29 and 200 bar)
was as follows. Once the sound cell haé been cleaned, the
3He was allowed into the cell and condensing coil at its
storage pressure of about 2 bar. The condenser was then

cooled to helium temperature. By pumping on the dewar

containing the coil, the coil's temperature could be

reduced to 1.6° K. At that temperature the vapour pressure

i

of 3He is about 0.09 bar amrd so about 95% of the BHé

sample was condensed into the coil. By shutting the value

>
the desired pressure could be generated. The system

proved capable of generating pressures up to 200 bar with

no difficulty. ~

The same system was used with the second 3He

sample (47 ppm of 4He) which was stored at 30 bar and with

4He. With these samples it was easier to generate the
desired pressure since the necessary amount of gas could
be condensed into the coil at 4 K.

Once a crystal had been grown and studied it was -
necessary to reduce the pressure below the melting pressure
in order to grow another. This was done by cooling the

condenser to LN2 temperature and opening the valves PV5



and PV6é to the cell.

The 3He crystals were grown between and 185

bar, :Qrfespﬂnéiﬁg to melting temperatures veen 0.48 K

and 3.95 K. The cooling was achieved by ciféulating some

the BHe!iﬂe mixture through the dilution refrigerator.

‘m\

o
The gas tended to condense at the still at around 1 K and
evaporate in the mixing chamber which was warmer. This
resulted in umndesirable bursﬁs of cooling rather than
steady crystal growth. By heating the still with about

1 mW, gas condensation was prevented and steady cooling

resulted.

©3.2-3 kﬁ;ystal Growth

Since high quality helium crystals are best grown
at constant pressure (Fraass et al. (1977)), that was the
method chosen for these gxperiments- This involved two
problems. First, when the helium froze, the pressure
dropped and more helium had to be supplied by the pressure
'system, Secondly, when the crystal was partially grown,
the capillary tended to freeze and the!crystal would
complete its growth isochorically. The cry}talggrgvth
procedure used was an attempt to gclve these problems.

To grow a crystal, the cell was first warmed above
the desired melting temperature, T,, and the pressure
reduced below the melting pressure PHi The fill capillary

and the pressure line feedthrough into the cell were’ heated

to prevent blockage and gas was circulated through the

65



66

fridge to cool the cell. The cell was allowed to cool
nearly to TM' then the power through the pressure line
heater was increased to balance the cooling power of the
fridge. By warming the condensing coil of the pressure
system with the valves PV5 and PV6é closed, the pressure
in the condenser was raised to well above PM. The valves
PVS and PV6 were cracked to increase the pressure in the
cell to PM' At this point the pressure line heater power

was reduced slightly and the cell began to cool slowly

(at about 30 mK/min).

When the cell reached T, the cooling rate decreased
as helium began to freeze. At the same time, the pressure
in the cell and ballast volume (provided by the gauge PGl)
began to _drop slowly. By opening and shutting PV6 and then
opening PV5, small amounts of gas from the volume between
PV5 and PV6 (0.103 cm3) could be admitted to the cell and
ballast volume. In‘this manner the pressure in the cell
was maintained constant to within 0.2 bar during crystal
growth. The slight increase in the cell pressure and the
influx of warm gas when the pressure was raised warmed the
cell slightly and indicated that the fill line was open.

When the crystal first reached the near transducerc
the liquid echoes deteriorated, then disappeared. As
the helium froze, the cell temperature dropped slowly
as the liquid-solid interface moved through the cell.

After about 1 to 2 hours echoes began to appear, indicat-

ing that the solid had reached the second transducer.



The echoes grew over a period of abéu: 10 minutes. The
space behind the second transducer then froze and the
temperature dropped quickly after the cell was completely
filled with solid.

Often: especially at pressures greater than 50 bar,
the pressure line blocked just before or just after the
solid reached the second transducer. If the solid had
not yet reached the second transducer, this was indicated
by a drop.in the temperature of the cell while the pressure
measured on PGl remained constant. If the crystal had
reached the second transducer, the echo envelope was also
observed to deteriorate when the fill line blocked. To
free the fill line, the heater power was increased until
the temperature suddenly increased and/or the ultrasonic j§3
" signal changed, indié;ting that more helium had entered
the cell.

The last stage of crystal growth seemed to be the
most important in determining the quality of the ultrasonic
signal, particularly in hcp crystals. If the fill line
blocked after solid echoes were visible, they deteriorated
quickly and usually did not recover completely when the .
fill line was unblocked. If the fill line remained frozen,
the signal deteriorated until only a few very small and
messy echoes were visible.

In a few cases a sQlid echo envelope containing
several minima was observed just after the crystal reached

the second transducer. This pattern was similar to that



expected for transducers tilted with respect to each
other and, after the capillary had blocked, the minima

moved closer to the first echo, indicating an increase

[}

in the tilt angle. ome other cases, the gapill;fy was
unblocked after the signal had nearly disappeared and the
signal recovered almost to its original form. The quality
of the ultrasonic signal ﬁhe:efarg did not appear to
reflect so much the quality of the crystal as the align-
ment of the transduce:s

The best ultraso#ic signals occurred in hcp and high
density bcc crystals. Up to 100 echoes were observed near
melting with nearly exponential echo envelopes. 1In bce
BHE crystais grown at 35.5 bar, the best signals consisted
of about 30 echoes. The signal in*an hep BHe crystal
grown at 145 bar is shown in figure 3.6B. )

There were also differences in the strengths of
the received signals. Some crystals with relatively ’
low attenuation had only very weak signals, making it
difficult to make accurate measurements without heating
the crystal. This may have been dué to prable@g of
bonding to the transducer or due to beam deviations since
in anisotropic crystals the ultrasonic beam does not
propagate normal to the transducer but rather at an angle
(Musgrave (1970)). In helium, which is very anisotropic,
the longitudinal sound beam may deviage from the normal

- by up to 15% (Wanner (1970)). 1In this sound cell, this



\ .
by the second transducer, reducing the signal strength.

A total of ab@ut!SD bee JHe and 20 hep e crystals
were grown. Those with strong ultrasonic signals, an
echo envelope indicating good transducer alignment and
moderate or low attenuation were studied in detail. At
pressures above 50 bar this resulted in a rejection rate
of about 50%. At pressures below 50 bar where no
problems with capillary blockage were encountered, only
about 20% were rejected. A few attempts were made to
anneal the crystals near the melting temperature but no
improvement in ultrasonic signal was observed.

The low values of attenuation near melting
indicated that there was little scattering from defects
such as grain boundaries. The signal in each crystal
studied consisted of a single set of ech@§s with a
well-defined velocity. 1In a few crystals there appeared
to be two sets of echoes corresponding to different
velocities superimposed. The signal in these samples
(presumably consisting of a few large crystals) became
unstable near melting and the crystals were not studied
in detail. The velocities measured at some densities
varied from sgﬁple to sample by .as much as 15%, which is
comparable to the range of velocities expectéé from
crystal anisotropy. These observations indicated tﬁat
the crystals grown were aither single orystals or crystals

with only small angle grain boundaries.
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3.2-4 Ultrasonic Measurements

All of the measurements reported here were made
using the methods described in 3.1-5. The number of pulses
superimposed, the pulse repetition rate and the input
pulse amplitude all varied somewhat but the general
procedure is described below.

Once a crystal had been selected for its strong
ultrasonic signal, the rf frequency, pulse length and
tuning networks were adjusted to give the minimum apparent
attenuation. The velocity was then measured using the
oscilloscope and 2 to 5 pulses were superimposed to give
the maximum/amplitude. The pulse amplitude was reduced
to the lowest value which allowed reasonable sensitivity,
"using either the amplituae control on the pulse generator
or a 12 db variable attenuator inserted in the output
line from the generator. The gate of the boxcar inte-
grator was adjusted to enclose one echo (usually the
first echo after the last transmitted pulse) and two
echoes were selected for the attenuation recorder (usually
the first and second echoes). It was not necessary to
adjust any of these‘settinqs except when the rf
frequency was changed.

The whole tuning procedure could be repeated with
the resulting velocity measurement agreeing with the first
to within &out 1 part in 104. The attenuation measure-

ments were much more sensitive to the tuning, varying by

up to 25% for different tuning.



Once the ultrasonics had been tuned, the crystal
was cooled and measurements of v and a were taken every
0.1 or 0.2 K. If desired, the crystal could be warmed
and cooled repeatedly. The crystals were generally kept
at least 0.2 K below melting during measurements.

The amplitude of the pulses could be increased by
using the variable attenuator. The attenuator was always
returned to its original setting before further measure-
ments were taken as it affected the tuning. Further
increagses in pulse amplitude involved using the amplitu&e
control on the pulse generator. It too was returned to
the original amplitude (within about 1%) before taiing
measurements.

Once sufficient data had been collected at one
frequency, the system was retuned to one of the harmonics
(9, 15 or 21 MHz) and the. crystal studied at the higher
frequency. Most crystals had enough echoes (more than
about 5) at 9 MHz to permit measurements but at higher
frequencies only a few crystals had good enough signals
to be studied.

Once all the desired measurements had been made,
the crystal was warmed and melted while measuring the
velocity and attenuation. The start of melting was
observed as a very sudden'increasé in the attenuation,
accompanied by a change from decreasing to increasing
sound velocity. This allowed the melting temperature to

be determined within about 10 mK. The values of TM thus
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obtained agreed with the known melting temperatures for
each pressure and were uaed to determine the molar volume,

The onset of melting; ags determined both from the
ultrasonic properties and from chart records of the
temperature as a function of time, occurred suddenly,
indicating that no large unannealed pressure gradients were
present in the solid.

ﬁg;e transducer spacing in the cell was determined
using the known velocity of sound in liquid 4He (Vignos
and Fairbank (1966) and Abraham et al. (1970)). The
velocity was measured in liquid 4He between 23 and 120 bar.
The average value obtained for the transducer spacing was
0.933 cm with an estimated uncertainty of 0.5%.

The stress amplitudes in the sound waves could be Skfgéﬂﬁ\
roughly estimated from the voltage Vp produced by the rf
pulse generator and the received signal voltage Vg; At
3 MHz the ratio VP/Vg was about 104 indicating a matching
loss of about 40 éb at each transducer. Equating the
fraction 1/104 of the electrical power which is actually

transmitted into the crystal to the acoustic power gives

. 2
2 \'2
1 o° 1l 'p 4 — '
%=z Bt 10 (3.2-1)
] 2o 2 R

where R is the output impedance of the pulse generator
(50 ) and o is the stress amplitude in the sound pulse.

At 3 MHz, output voltages were around 8 volts corresponding



o
s Bk - =

L o
to a stress amplitude.of about 100 H/mzi At higher
frequencies, the matching was even poorer and, as a result,

the stress amplitudes at 9 and 21 MHz were 20 N/mz or

less.



CHAPTER 4

EXPERIMENTAL RESULTS AND ANALYSI

4.1 Introduction .

In this chapter, the results of the experiments are
presented and analysed in terms of the expected features
of sound propagation as discussed in Chapter 2. This
introductory section briefly describes the important
experimental results and outlines the sequence in which
the data are presented. ’ .

The first observation to be méde is that, when cooled
below about one half of the melting temperatures, both hcp
and bcc crystals of pure BHE (1.35 ppm of gHe) showed an
anomaly in the sound velocity and attenuation similar to
that previously seen in hcp 4Hei The anomaly took the form
of a deviation of the velocity from the adiabatic form

i

A S _—
va(T) - va(D) = aT  + bT , (2.2-6)

accompanied by a large increase in att;nuati@n; At the
lowest frequency of 3 MHz the velocity deviation was usually
negative and the magnitude of the relative deviation Av/va
varied from less than 10~ % to more than 2x10™>. The
attenuaiion at 3 MHz increased down to temperatures below
0.5 K. In crystals with 1arg? velocity anomalies, the
attenuation was also large, ié that in many cases the

ultrasonic signal disappeared, making measurements at
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temperatures below about 1 K impossible. .

At higher frequencies, the character of the anomaly
changed somewhat. The velocity anomaly at 9 MHz was
generally positive and smaller than the 3 MHz anomaly. The
9 MHz attenuation increased with decreasing temperature,
usually feaghing a maximum around 0.5 K. 1Inh crystals in
which measurements could be made at 21 MHz, the velocity
anomaly was positive and smaller than that at 3 or 9 MHz
while the attenuation usually was lower and had a maximum
at a higher temperature.

These features are essentially the same as those

,,,,,, 453 (e.g. Calder and Franck
(1977), Suzuki et al. (1979)). As a check on the “He
results, EE%Efal hcp 4He crystals were studied and these

In hcp BHe the magnitude of the anomaly varied by
about two orders of magnitude at a given density. Crystals
were grown at tﬁgégeniitieg (18.6 and 17.8 cmjfmgle) with
cfy:tals at both densities showing anomalies.

In bcc BHe, most of the crystals were grown at a
density of 20.1 cmzfmcle. These showed much less variation
in the size of the anomaly. Several crystals were studied
at lower densities. At 22.3 cm3£?sle, the anomalies were
considerably sialler and barely Qithin the resolution of
the velocity measurements. At 24.2 Emgfmcle, no velocity
anomaly was observed and the attenuation remained small.

3

When the “He crystals with anomalies were cooled to
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below about 300 mK, the attenuation at 3 MHz decreased
while the 3 MHz velocity changed. This proved not to be

an equilibrium feature of the crystal since the velocity
and attenuation upon warming did not agree with their
cooling values but rather showed some hysteresis. If the
crystal was warmed to near melting and then recooled, the
original behaviour was repeated, resulting in a reproducible
hysteresis on thermal cycling.

temperature reached (below about 300 mK) and on the length
of time the crystal remained at the low temperature. At
the high temperature end, the crystal had to be warmed
abcvé about one half the melting temperature and held there
for some time in order for the original cooling behaviour

to be repeated. Both the low and high temperature ends of

[

the hysteresis loop were studied in detail.
The reduction of the attenuation and change in

velocity at low éempe:atu:e; was found to be caused by the
sound pulses themselves. The ultrasonic pulses were turned
off before cooling the crystal below 300 mK. The crystal
was then held at its minimum temperature of about 100 mK
for 20 hours. When the crystal was then warmed to above
300 mK before turning the pulses back on, no hysteresis was
observed in either the velocity or attenuation. On the
other hand, if the ultrasonic pulses were turned on at

temperatures below 300 mK, the attenuation immediately

began to decrease and the velocity to change. A significant



hysteresis was apparent after only a few minutes of
exposure to the pulses. Further study showed that the
amcuntﬁandlrate of change of the velocity and attenuation
were greater at lower temperatures (below 300 mK), for

larger amplitude 3 MHz sound pulses, and for higher pulse

repetition rates.

The changes in the velocity and attenuation caused
by the 3 MHz gulseg could be considerable. 1In some cases,

the anomaly was completely eliminated with the sound
vglacity approaching the adiabatic velocity while the
attenuation decreased from a value so high that no ultra-
sonic signal was visible (>>10 db/cm) to a low value
comparable to that near melting (<1 db/cm and up to 100
echoes visible).

No such effect was observed at frequencies of 9 or 21
MHz. At these frequencies, there was no grsteresis even
when high amplituyde 9 or 21 MHz pulses were applied at the
lowest temperatiires. However, applying high amplitude
3 MHz pulses at low tampergﬁure; did affect the 9 and 21
MHz velocity and gttenuaticn; By measuring v and a at 9
or 21 MHz during cooling, applying high amplitude 3 MHz
pulses at low temperature then measuring the 9 or 21 MHz

velocity and attenuation during warming, the hysteresis

‘ould be studied at higher frequencies. The essential

effect of the high amplitude 3 MHz pulses was to change an
initially positive velocity anomaly to a smaller but

negative one, while reducing the attenuation. By warming
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21 MHz velocity and attenuation also recovered to their
original values.
The region in which v and a recovered was studied.

The velocity and attenuation changed with time in this

region and the recovery rate increaséd rapidly with
temperature. By measuring this rate as a function of
temperature, the recovery process was found to be thermally
activated and the activation energy was determiﬁed: The
activation energies thus found agreed well with those féf
mobile vacancies as measured by other techniques (Sullivan
et al. (1975)).

The anomalous velocity and attenuation during cooling

|

tions as described in section 2.3 and as applied to hcp 4He

by Wanner et al. (1976) and by Iwasa et al. (1979). It
proved possible to fit the velocity datalquite well. The
attenuation predicted using the dislocation parameters
from the velocity fits agreed at least qualitatively with
the measured attenuation.

The effect of the high amplitude 3 MHz pulses in
reducing the anamal¥ could be accounted for by assuming
that the pulses shortened the average lengths of the dislo-
cation 11533. The dislocations thus pinned :gmainedrsc
untii thegrystal was warmed sufficiently for thermally
activatgd vacancies to gnpin them.

Since impurities are expected to pin dislocations,

v
© “



4He was added to the 3He in concentrations of 47 ppm, 430

ppm and 0.53%. At 47 and 430 ppm of 4Hef little or no

effect was observed. With 0.53% 4Hé, the anomaly was

La

completely ahse?t in hep BHe and, in becc BHE; only a small

3 MHz anomaly remained which was easily eliminated by

relatively low amplitude pulses. 7
Concentrations of 10, 105 and 1400 ppm of 3He were

also added to the 4He. Similar effects were cobserved with

In the hcp BHe crystals with 0.53% 4He§ several

interesting features were observed., First, with the -
anomalous contribution to the velocity and attenuation
eliminated, the attenuation from other sources could be
studied. The attenuation increased with temperature and
with sound frequency and, at low temperatures, was well

described by the zero sound formula

79

a ~ wr?, (2.2-11)

At low temperatures (below about 1 K), the 3 MHz
crystal. As the pulse amplitude was increased, the velo-
city deviatgff from the adiabatic form and the attenuation
increased. The critical gmplitudi'at which the attenuation
started to rise decreased as the temperature was increased.
By measuring the critical amplitude as a function of

temperature and interpreting the results in terms of stress

N | |



induced breakaway from impurity pinning points, the

binding energy between 4He atoms and dislocations in hcp
3

-

He could be estimated.
A check on the impurity concentration was provided

by the observation of the isotopic phase separation in

bee BHe (0.53% 4He) at 24.2 cmB/mgle! The phase separation
appeared as an increase in the attenuation at a temperature
of about 125 mK.

The experimental results are presented in the follow-
ing sequence. First, in section 4.2, the results for hep
BHe arngiveni The data from the crystal hcp 3He 5 (18.6
chzfmale) are shown in detail, including the anomaly on
cooling, the hysteresis, the effects of high amplitude
3 MHz pulses and the fits of di;lccaticn theory to the
velocity and attenuation anomaly observed during cooling.
Then, for comparison, the anomalous velocity and attenua-
tion are shown, together with the dislocation fits, for two
more pure hcp BHe crystals at the same density. Next, the
results from an hcp crystal at a higher density (17.8
cmgfmgle) are shown. Finally, the results of adding 4He
impurities are presented. At the lower concentrations of
47 and 430 ppm, the impurities have little éffeet 8o the
anomalies and dislocation fits are shown. At 0.53% 4Heg
the low amplitude-data are presented, showing no anomaly.
The amplitude dependence of the velocity and attenuation
is also shown and analysed. .

In section 4.3 the results for bcc e are similarly
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‘
presented. First, a typical crystal (bec BHE 43) is shown
in detail. Other crystals at the same density, cryétals
at lower densities, and finally crystals with 4He added
are then shown.

The results from hcp 4He are given in section 4.4
for comparison, including the effects of BHE impurities.

In section 4.5 the adiabatic (high temperature)
region is discussed. The coefficients a arnd b from the
high temperature fits are tabulated.

In section 4.6 the thermally activated recovery is
studied in detail. The data on the temperature dependence
of the recovery rate are shown for one hcp and two bce BHE
crystals together with the activation energies.

The dislocation parameters from hcp and becc 3He and
for hcp 4He are collécted in section 4.7.

Finally, in section 4.8, the comparison is given
Petween the zero sound predictions and the attenuation in
hép 3He containing 0.53% 4He-

4.2 hcp 3He

4.2-1 hcp JHe 5 (@ 18.6 cm>/mole).

This crystal was studied in considerable detail and
showed clearly all the features observed in other hcp BEe
crystals.

Figures 4.1, 4.2 and 4.3 show the actual velocity

and attenuation data both on cooldng (open squares) and
y
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on warming (solid symhols). Thé line. in the velaéity plots
is a fit of the adiabatic form v - va(D) = aT4 + bIG to
the velocity-meaSured durimg cooling (above about 1.5 K).

' Note that the cooling velocities show pﬂsitiv% deviations
from the adiabatic form below 1.5 K,  accompanied by la:ée
increases in the attenuation. The 3 MHz velocity could
not be measpred below 1 K due to the very large attenuation.
Between 9 and 21 MHz the’size of the velocity anomaly
decreased. The 21 MHz attenuation had a maximum around

0.8 K. Note that only changes in attenuation aré signifi-

=

cant since the‘isaliqnment of the transducers resulted i

a large apparent a%tehuation'which was independent of
temperature but increased with frequency. §

The signal amplitude used during the 3 MHz ieasQEEi

ments corresponded to a stress amplitude of about 100 Ht/mz,
When the crystal was first cooled to the lowest temperature
(~ 80 mK), no 3 MHz signal was observablegi The pulse

..“hmplitude was then increased by about l?gdb for 5 minutes
(7><104 pulses). After this treatment, which warmed the
crystal to about 160 mK, the attenugtian had fallen to the
low value shown in figure 4.1 (with about 40 echoes visible).
When the crystal was warmed, the velocity was very near the
adiabatic velocity and the attenuation remained low. Above
about 1.3 K, the attenuation rose somewhat until by 2 K it

. ,

had returned to its original value. The whole cycle could

be reproduced by cooling again from above 2 K.

o



and 21 MHz. The 9 and 21 MHz pulses used for measuring
had gtfessiampligudea of about 20 Nt/mz which could only
' be increased by about 6 db without heating the crystal

above 200 mK. No change in the attenuation or velocity

£

was observed after the 9 or 21 MHz pulses were épplieé.
By applying high amplitude 3 MHz pflises ‘at low temperature,
however, the attenuation and velocity at 9 and 21 MHz were

~ changed to the values shGWﬁ.iﬂ figures 4.2 and 4.3. Both

at 9 and 21 MHz the attenuation was gfeat1§ reduced and
the velocity anomaly eliminated. After warming above 2 K,
the 9 and 21 MHz velocity and attenuation recovered to

their original values.

The effect of high amplitude pulses at low tempera-

tures was studied systematically. ES\Encreasiﬁg the pulse
amplitude by only 6 db above the measuring value, the,
.

change from high to low attenuation occurred lowly

enough that it could be followed in detail. Figure 4.4A
shdws the sound velocity at 140 mK (as relative deviation
from the adiabatic velocity) as a funéticn of time. The
solid symbols show the results for a repetition rate of 230
pulses per sec§nd while the Gpén symbols are for 2300
pulses per second. In figureli_is the same data are
plotted as a function of the number of pulses. The change
in velocity is seén to depend on thg total number of pulses
with only a slight dependence on repetition rate. When

the attenuation'had decreased sufficiently for the velocity

to become measurable (t = 0 in figure 4.4), the velocity
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b ]
was larger than the adiabatic velocity. The deviation
quicklj became negative and geacheﬂ a m%nimum after the
application of ab@éé lGS pulses. The pulse amplitude was
then increased by a further 6 db whereupcs the velocity
increased, reaching‘the adiabatic velocity after a few
minutes.

Figure 4.5 shows the sound velocity and attenuation
as functicnsrgf time (at a pulse rate of 230 pulses per
second) at temperatures of 90, 140 and 255 mK. At each
temperature, the initially positive anomaly decreased and
pecame negative while the attenuation steadily decreased.
At the lowest temperature (ég mK) , fthe velocity started to
increase téﬁard the adiabatic velocity after about 15
minutes. The rate at which the process occurred decreased
as the temperature was raised.

Although no systematic measurements were made, the
effect of the pulses increased when the pulse amplitude
waé increased. With no pulses being t;angmitted through
the crystal, no hysteresis was observed, ;v%n after leaving
the sample below 100 mK overnight, While at the highest
amplitude (~ 12 db above the measuring amplitude) the
attenuation and velocity anomaly were greatly reduced in

just a few minutes.
)

In order to better understand the effect of the
pulses, measurements of the 3 MHz sound velocity and
-
attenuation were made after subjecting the crystal to

various numbers of high amplitude pulses. The results are

%

i
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shown in figure' 4.6.-The crystal was cooled from near

| TN
melting to around 100 mK and the pulse amplitg?e increased
by about 6 db. When the attenuation dropped safficiently

that the velocity could be measured, the pulse amplitude

was reduced and the crystal warmed ﬁhile:measuring the

velocity and attenuation. The results are shown by the

triangles in figﬁgé 4.6. Only the relative deviation
Av/v_ from the adiabatic velocity is shown. The velocity
anomaly was positive at low temperatures and became slightly

negative above 0.6 K while the attenuation decreased.

After reaching 1.3 K, the crystal was cooled and a few

more high amplitude pulses applied. The velocity and

attenuation dropped somewhat to the values shown by circles

in figure 4.6. On warming, the velocity and attenuation
]
E

behaved much as in the pf;vigus run. The procedure vgé
repeated twice more, with the é}ystal being cooled to
around 100 mK from near melting and high ampli£ude pulses
being applied. The data shown as open squares and crosses
in figure 4.6 correspond to the application of successively
mcré and larger 3 MHz pulses.

- Comparing the data in figure 4.6 to tha curves shown
in figure 2.5 for the dislocation contributions to the
sound velocity and attenuation févealj ;Sﬂarkahle similar-
ities. The four solid lines shown in figure 4.6 are the
dislocation contributions to v and a for an exponential
distribution of loop lqngths with different average lengths.

The dislocation parameters are chosen as density

=

90

‘*\
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‘ e _7'7
RA = 5.68x10° m™2,
: ’

values of t (= L/L,) are 0.50, 0.45, 0.21 and 0.08. The

damping B = 3,78x10"0

T3 mKs and the
choices of B and RA were made to give the best f#t to tﬁe
velocity data shown as open circles (t = 0.45). Only the
parameter t was then changed in order to fit the velocity
for the other three sets of data. The agreement of the
measured velocity with the other curves is fgifiy good.
The curves shown for the attenuation were then calculated
from the parameters derived from the fit to the velocity
datag

It thus seems that, if the velocity anomaly and the
high attenuation are due to vibrating dislocations, the
effect of applying high amplitude pulses at low tempera-

ture is to shorten the average loop length (i.e. pin the

For comparison, figure 4.7 shows the same velocity

data fitted to dislocation theory with-a damping term B
2

4

(figure 4.7A) and to T (figure 4.7B).

2

proportional to T
The fit using B a T

Bartis

is considerably worse but that using

lmost as good as the T3 fit.

In forder to further relate the anomaly to disloca-

ts frequency dependence was studied. For this,
only the data taken during cooling were used so that the
lefigth distribution was not affected by the large 3 MHz
pulses.. The existence of a positive anomaly at 9 MHz,
reduced in size at 21 MHz, is in qualitative agreement with

dislocation theory (cf. figure 2.6).
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The data were fitted to the Granato-Liicke theory
outlined in section 3.3 with the exponential length

-y 3

distribution

N(L) = — (2.3~9)

WS
[1 ]
"
w
3/

The fits were made on a graphics computer terminal by
choosing a ?alue of L that gave the best qualitative agree-
ment with the velocity data and then varying RA to match
the magnitude of the anomaly and B to best match the
temperature depéndenzég

“In figure 4.8 the anomalies found during cooling at

curves). Due to the hiéh attenuation, the 3 MHz data

‘(open squares) extend only down to 0.88 K, not low enough

to see a significant velocity anomaly. The data at 9 MHz
(open gircles) show the largest veloci ; anomaly and the
dislocation parameters are determined using this anomaly.

3

1.41x10°8 ¢

The resulting values are RA = 1_34310?, B
mks, L = 6.37316i5 m. The dependence B a TB was chosen in
view of the results shown in figures 4.6 and 4.7 and gives
a reasonable fit. Using these parameters to calculate the
velocity at 21 MHz gives an anomaly slightly smaller than
that observed.

Thé attenuation predicted by these parameters, however,
is ccﬁsider;bly less than that measured. On the other hand,

the qualitative features of the dislocation predictions and
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experiment are similar. Both show a rising attenuation as
the temperature is lowered with the largest attenuation at
3 MHz and the smallest at 21 MHz. In addition, both show
a maximum in the 21 MHz attenuation around 0.8 K.

Figure 4.9 shows the same data with the dislocation

parameters found by fitting to the 21 MHz velocity. The

2.63x10° and B = 1.71x10 ¢ T

mks) differ somewhat from those found using the 9 MHz data

parameters thus found (RA

but the general features of the dislocation contributions

-
7]

to v and a are the same.

Lk

Unfortunately, the parameters found by fitting the

frequency dependent velocity ‘@anomaly on cooling do not

=

agree with those found at 3 MHz after applying high ampli-
tude pulses (RA = 5.68x10° m™2, B = 3.78x107% 73 mks).
Since the fitting parameters at 9 and 21 MHz do not agree,

some of this discrepancy may be due to the difference in

frequency (3 MHz instead of 9 or 21). Also,

oth the

2

frequency dependence predicted for the anomaly and the
relationship between the velocity anomaly and the attenua-
tion depend on the choice of an exponential distribution of
dislocation lengths. If the high amplitude pulses do pin

dislocations, the distribution of loop lengths should

(9]

hange. The choice of distribution also affects the values

found for RA and B. Iwasa et al. (1979) found that, in
hep 4He, th

velocity anomaly did not decrease with fre-

i1

quency as rapidly as dislocation theory predicted for an

exponential length distribution. They were able to get a

96



« {db/omy

(avivg) X 104

Ny

[3

hep e 8
(18.8 cm3/mole)

Ay = 283> 107 m™2 —
B=171x 108 T3 (mkn)
=837 x108m

- m

" TEMPERATURE (K) -

-

hop e 8 -

97



o
m
+
rt
m
a}
Lot
Lo
rt
o
ket
0
= g
o]
o
]
s
o
‘M‘
]
o
'
o
[ ]
]
=
[
o |
s
"
[
[ d
la
[
o
[
rt
Q
o
O
(s
st
0
\0\
o

lengths at the expense of introducing an aéditicnal'adjugt—:
able parameter.

It thus appears that the velocity and attenuation of
sound in this crystal can be at least qualitatively
explained in terms of vibrating dislocations which arei
pinned at low temperatures by high amplitude 3 MHz pulses.
Before leaving the discussion of hcp BHE 5, something
should be said about the high temperature recovery of v
and a to their original values. In this crystal, the

recovery occurred in the temperature range between 1.3 and

]
P

1.8 K. In this region the dislocation re so strongly

dampéd that the velocity is very nearly equal to the

adiabatic velocity and no change with time was observed,
LI

The attenuation, however, still has a siqngficant disloca-

tion contribution at this temperature and in figure 4.2,

for example, the effect can be seen of holding the crystal

]

t around 1.5 K during warming. The attenuation returned
(over a period of 10 minutes) to its cooling value. This
time dependent recovery during warming was observed between
1.3 and 1.8 K with the recovery rate increasing rapidly

with temperature. It is discussed in detail in section 4.6

for this crystal as well as for bcc BHeg

4.2-2 hcp 34e (@ 18.6 cmB/mcle)
Several other crystals were grown at this density.

Of these, two had sufficiently complete data for an analysis



in terms of dislocations.

The general behaviour of the velocity and attenua-
tion in these crystals was the same as for hcp EHE 5. At
high temperatures, the velocity was adiabatic and the
attenuation low. Wwhen thg crystal was cooled below about
one half the melting temperature, the attenuation rose and
the velocity deviated from the adiabatic form.

In these crystals the 3 MHz velocity anomaly was
negative. This corresponds to a shorter average disloca-
tion loop length than that observed in hcp BHE 5. 1In

igure 4.10, the data and fit for hcp

]

Since the poor 9 MHz signal only allowed measurements to

be made down to about 0.8 K, the fitting was done using

the 3 MHz velocity data. Again, there is at least qualita-

tive agreement between the predicted énd measured

\"‘.
attenuation. N
k»

Figure 4.11 shows the anomaly in hcp
similar to that in figure 4.10 except that it i

of magnitude smaller. The fit is again made to Eheéiaﬂﬂff

data and gives good agreement, both with the 9 MHz velocity

and the attenuation.
The values of B (1.00x10"° T3 mks for both) and of

L (5.94x10"% and 1.02x10"° m for hcp “He 2 and hcp “He 3,

respectively) are comparable but the dislocation density
RA is quite different. This difference (between 4.231107
m 2 and 1.70x10%) could either be due to a real difference

in the dislocation density A or to a difference in the

99
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orientation factor R (cf. figure 2.2).

When high amplitude 3 MHz pu;ses were applied to
these crystals at low temperatures, the negative 3 MHz
velocity anomalies became smaller while the positive 9 MHz
anomaly became negative. At the same time, both the 3 and
9 MHz attenuation decreased. 1In the dislocation model,
these features correspond to a shortening of the disloca-
tion loops. ’

The recovery of v and a to their original values
occurred in the range 1.3 to 1.8 K for both of these
crystals.

AlthQugh several other crystals of pure hcp BHe were
grown at 18.6 cm3/méle, none of them had a complete set
of data. What measurements were made, however, were in
qualf;ative agreement with the crystals already described.
That is, there was a negative velocity anomaly at 3 MHz and
a positive one at 9 MHz accompanied by high attenuation.
By applying high-amplitude 3 MHz pulses these were changed
to small negative anomalies with low attenuation. Warming
above 1.8 K returned the anomalies to their original form.
4.2-3 j&cp 3He (e 17.8 cmz/male)

Only two hcp 3He crystals were grown at this density.

ZHE 7)

The data taken at 3 and 9 MHz on one of these (hcp
o o y

are shown in figures 4.12 and 4.13. The open symbols are

data taken on cooling, the solid ones are on warming after

applying high amplitude 3 MHz pulses.
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Due to a rather poor signal, the measuring amplitude
had to be quite high and itself affected the -3 MHz anomaly
when the crystal was cooled below about 400 mK. The
anomaly was not as greatly reduced as in the less dense
crystals but the "high amplitude; pulses were only 4 db
greater than the measuring pulses.

The recovery in this crystal occurred at a somewhat
higher temperature of about 2 K.

In figure 4.14 the anomaly during cooling and the
dislocation fit are shown. The velocity is fit fairly well
but again the measured attenuation is larger than, although
in qualitative agreement with, that predicted from the
dislocation parameters.

The other hcp BHe crystal grown at 17.8 cmB/mgle had
an anomaly an order of magnitude smaller. Since this
velocity anomaly was barely resolvable at 3 MHz and not at
all at higher frequencies, no attempt was made to fit the
data to dislocation theory. Again, the iifects of high
amplitude pulses and the high temperature recovery were

the same as in hecp 3He 7.

4.2-4 Effects of Impurities.-.

One technique for studying dislocations is to remove
their effects by completely pinning them. In conventional
solids thie can be done by introducing point defects,
either by radiation damage or by adding impurities. The

only practical method in helium is to add isotopic

105
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impurities.
‘The crystals described up to this point were all
grown from e which was analysed as containing l1.35 ppm

of 4Heé This is a rath

4

r small concentration but, in hcp

He, Paalanen et al. (1981) observed large effects on
dislocation mobilities due to BHE concentrations as low
as 0.3 ppm. To check the effect of impurities, cfyit;li
were grown at 18.6 cmB/leé; frq@ BHe containing 4He ig
concentrations of 47 ppm, 430 ppm and 0.53% (denoted by *,
*%* and *** 6 resgpectively,in the crystal's name).

Figure 4.15 shows the anomaly observed during
cooling in *hcp e 12 (47 ppm of 4He). Although there
are only limited data, the quality of the fit and the
values of the dislocation parameters found are comparable
to those for pure 3He. The other features involving the
high amplitude 3 MHz pulses and the recovery at high
temperature showed no influence due to the QHE impurities.

; 3

Figure‘é.lé shows the anomaly in **hcp "He 13 (430

ppm). The velocity fit is qgéé but the attenuation fit
shows the 3 MHz attenuation as larger than that at 9 HH%;
in contrast to the measurements. The changes in v and a
au; to high amplitude 3 MHz pulses occurred somewhat more
quickly than in the pure crystal but no other effects due
to the impurities were seen, v

The next two figures 4.17 and 4.18 show the data
from ***pcp JHe 17 which contained 0.53% ‘He. The anomaly

was completely absent and applying high amplitude pulses
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did not result in any hysteresis. The remaining attenuation
due to other processes is discussed further in section 4.8.
Although the high amplitude pulses did not affect
v or a at the measuring amplitude, a reversible amplitude
dependence of the velocity and attenuation was observed.
The 3 MHz data of figure 4.17 were taken at the lowest
stress amplitude of about 200 Nt/ng These measurements
were repeated at‘three higher amplitudes corresponding to
stress amplitudes of about 400, 1600 and 4000 Nt/mzi The
results are shown in figure 4.19. The data at the lowest
amplitude (-6 db, indicated by open squares), showed no
velocity anomaly and an attenuation rising with temperature,
corresponding to complete pinning. At the next amplitude -
(0 db, indicated by open circles) there was a small nega-
tive velocity anomaly below 1 K and the attenuation had
increased. At the two higher amplitudes, the negative
velocity anomaly became larger, then became positive while

ation

=

the attenuation increased. The increase in atten
and appearance of a velocity anomaly at high stress ampli-
tude is typical of stress induced breakaway from impurity
pinning points. The high amplitude attenuation is usually

8 loss due to the unpinning

>

attributed to the hystere

and repinning of the dislpcations during a half cycle of

the sound wave. If, however, the dislocations are unpinneg -
R
at the beginning of the sound pulse and are not repinned ‘
during the pulse because of the inertia of the dislocation

line, then the attenuation and velocity anomaly at high
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Eamplitude are the same as for the unpinned case.

Similar effects were seen in hcp QHE with 30 ppm of
BHE by Iwasa and Suzuki (1980) who also attributed them
to breakaway from impurities.

The amplitude dependence was further examined by
measuring the attenuation as a function of pulse amplitude

at various temperatures. The results, shown in figure

(=]

4.20A show an attenuation roughly constant up to some
critical amplitude (marked by an arrow). Above the
critical amplitude the attenuation increased. The critical
amplitude was higher at lower temperature. TRe very
similar results found by Iwasa and Suzuki (1980) were

attributed to the condensation at low temperature of the

BHE impurities onto the dislocation lines. The average
pinning length depends on the exact shape of the disloca-
tion (Gerold, 1979). For an ideally straight dislocation,
the average pinning length is inversely proportional to
the impurity concentration c while for a completely
flexible dislocation free to move in its glide plane, the

pinning length is proportional to cisg The true concen-

lies between these extremes.

If the impurities are in thermal equilibrium, then

B/T | (4.2-

impurity concentration in the bulk and W

o
"
=
]

wl 2 8
where o B



-
H‘
L, |

+ T T T T
Ny ;
|
"\cp3H017 *
, & i
E
[y
|
.0. 012K 7“
"OOOCQ¢_!¢Q§' .
4 . X
¢ 0 20k : ¢
'..°0°‘0.iii:‘i‘- L I
! A
¢ a
° o .
| ..O.JO.K“‘t‘i [)
| .
T e |
~ 060k Y * «*° - :
g f".ooo‘i . i'-
- | Q.
! 1OKe ® |
§ | ‘.0‘0. . "
2 o0 e o0 «*"*
3 | e o’
g } ‘GS.K.i-
!! o ®
3z o ®
L 1 L o
] 5 10 15 20
Amplitude (db )
\
3
g
|
'.5
[+] 1 1 N i. L
0 2 4 , é ' 10
wriK )

Figure 4.20 Soporuitncs of MNrEBON B B in
N*g." mﬁiﬁﬁﬂﬁ—ﬁh



-

is théﬁi;gﬂigg energy between the dislocation and
impurities.

The breakaway stress is inversely proportional to
by

a4 concentration dependence between c'® and c. Using

(4.2-1), the temperature dependence of the breakaway

s -
"e T (4.2-2)

g ac e B/T (4.2-3)

for a straight one.

In figure 4.20B, the critical pulse amplitudes
(in db) are plotted against 1/T. Although the data are
not sufficiently precise to be sure that a linear relation-
ship exists, simply taking a straight line fit gives a
slope of 1.5 db-K which corresponds to a .-binding energy
WB - 17D.mR if equation (4.2-2) is used and WE “~ 340 mK if
(4.2-3) is umed. 1Iwasa and Suzuki (1980) found a binding

4

energy for 3He impurities in hcp "He of around 300 mK,

assuming that the pinning length was proportional to c~2/3,
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4.3 becc “He
4.3-1 bcc "He 43 (€ 20.1 :m*/mgle)

Most of the bcc crystals were grown from pure éﬂe
‘(1.35 ppm of 4He) at 20.1 cmS/maleg As in section 4.2 on
hep BHeE the results for bcc BHE are introduced by showing

the data from a typical be¢c crystal.

n

igures 4.21 and 4.22 show the velocity and attenua-

3

tion measured in the crystal bcc “He 43 at 3 and 9 MHz.

Again, open symbols indicate the cooling data while the

i_i\%
solid mbols are the warming data.

éhe data during cooling showed an anomaly very much
like that seen in hcp 352. The velocity anomaly was
negative at 3 MHz, positive at 9 MHz and at both frequencies
was accompanied by an increase in attenuagiang

Before the warming data were taken, the crystal wa
held at about 200 mK and the 3 MHz pulse amplitude waé

increased by 12 db (from its measuring amplitude which

(W)

corresponded to a stress of about 200 Nt/m°). About 6x10%
high amplitude pulses were applied before the amplitude was
reduced. The result was that the size of the negative 3 MHz
velocity anomaly decreased as did the attenuation. As in
hcp BHe, applying 9 MHz pulses to the crystal had no effect
but the large 3 MHz pulses changed the 9 MHz velocity
anomaly from positive to negative and reduced the attenua-
tion.

Althaough no systematic study was made of the effects

L |
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of the high amplitude pulses at low temperature, the
genéfél features were similar to the hcp BHe case. That is,
the effect was greater for lower te&per&turesgfar larger
pulses and for higher pulse fégetiﬁian rates.

On warming, v and a recovered to their original
values in the temperature range between 0.6 and 0.9 K,
This recovery was also thermally activated and is discussed
vin section 4.6. Note that the 9 MHz attenuation overshot

its cooling value during the recovery, an effect never

Tt

observed in hcp “He.
In view of the almost complete similarity between
hcp and bcc BHei the data were analysed in the same manner.

Figu:e 4.23 shows the results of fitting the anomaly

found on cooling to the dislocation theory. The velocity

alitative

agreement with the data. The values of Rh(l.963107 m-z)

fit is fair and the resulting attenuation is i

and L(S-SBKlD—S m) are comparable to those in hcp BHE and

the damping B (2.70x10"°% 1 mks) is slightly larger.

4.3-2 becc JHe (@ 20.1 cm>/mole)

Only one other crystal of pure BHe at this density
had a complete set of data, although partial measurements
on several others agreed qualitatively with this crystal.

?igure 4.24 shows the anomaly and dislocation fits
in;the crystal becc zﬂe 36. The fit was made to the 9 MHz
data and the fits\at 3 and 21 MHz are qualitatively in
agreement with the data as are the attenuation curves using
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the parameters from the velocity fit. The values of

RA (2.62x10° m™2), B (2.76x10"% 73 mks) and L (9.66x10"% m)

are in excellent agreement with those from bccﬂBHe 43.

4.3-3 bcc He (@ 22.3 and 24.2 cm3/mole)

Crystals of pure bcc 3H3 were grown at two lower
densities of 22.3 and 24.2 cm’/mole. At 22.3 cm3/mole, the
anomaly observed during cooling was éméller than in becc BHE
at 20.1 cmj/mcle and at 24.2 cmB/mgle it had essentially
disappeared.

Figure 4.25 shows the data taken on bcc 353’45;
(22.3 :mB/maie) at 3 MHz. The data takemr’during cooling
(open symbols) show a small negative velocity anomaly b%}éy
about 0.6 K. The cooling velocity at 9 MHz (figure 4,26;g
Qhﬁws no anomaly within the experimental resolution. Due
to the small size of the anomaly, no attempt was made to
fit to dislocation theory.

At a temperature of about 120 mK, the 3 MHz éulse
amplitude was increased by 10 db. When the pulse amplitude
was increased, the attenuation began to increase and the

velocity to decrease. After the application of about 10°

pulses, the amplitude was reduced and the crystal warmed
(;ali§ symbols). At around 0.6 K, the velocity and atéenuaé
tion recovered to their cooling values and when the crystal
was cooled again the cycle was reproduced. The large 3 MHz
pulses had a similar effect on the 9 MHz velocity (figure |

-

4.26).
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This creation of a larger vé¢ldcixy and attenuation
anomaly by the high amplitude pulses is ite different
from the results at higher densities wheré\the anomaly
always decreased when pulses were applied. | It may be due
to the low density of the crystals since a similar effect
was observed at 24.2 cm3/mole.

Whatever the effect of the large pulses at this
density, it also exhigited a thérmally activated recovery,
in this case at abouﬁ/O.G K. This is examined in detail
in section 4.6.

The results for a crystal grown at 24.2 cmg/mcle
(figures 4.27 and 4.28) are similar to those at 22.3 cm3/
mole. " The total velocity changes were quite small and,
within the experimental resolution, no anomaly was observed
during cooling. Again, the large 3 MHz pulses created a
negative velocity anomaly and increased the attenuation.
Warming above 0.5 K restored v and a to their original
values. The effect offiarge 3 MHz pulses on the 9 MHz data
was small, with only a small hysteresis appearing in a
between 150 and 500 mK.

Although no velocity anomaly was observed at 3 MHz
and the attenuation decreased below 400 mK, the measuring
pulses themselves may have been sufficient to eliminate any
anomaly. When the crystal was cooled from near melting
with the ultrasonic pulses off and then, at the lowest
temperature of around 100 mK the pulses were turned Gn; the

attenuation was initially about 1 db/cm higher than the

126
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value when the cr;stal was cooled with the pulses on. As
soon as the pulses were turned on, the attenuation started
to decrease, reaching its final value in a few minutes.
This indicates that measurements at much lower pulse
amplitudes might have shown an anomaly due to dislocations.
Incomplete measurements on a few crystals at inter-
mediate densities (around 21 and 23 cm’/mole) also
indicated that the size of the cooling anomaly decreased
as the density decreased, until at 22.3 cmB/mgie it was
barely resolvable. The increase in the anomaly at low
densities due to the high amplitude pulses is not presently

understood.

4.3-4 Effects of Impurities

Crystals were grown at 20.1 cmB/melg from gas with
the same 4He concentrations (47 ppm, 430 ppm and 0.53%) as
for hcp 3He.

Figures 4.29 and 4.30 show v and a in *bcc BHe 50
(47 ppm of 4He). The anomaly, the effect of high amplitude
pulses and the high temperature recovery were essentially

the same as in pure bcc 3He.

Figure 4.31 shows the dislocation fit to the cooling
=2

anomaly. The dislocation parameters (RA = 5;36x107 m -,
B =2.21x10"°% 73 mks, L = 7.18x10"% m) are in good agree-
ment with those for pure crystals.

The results of adding 430 ppm of 452 to the crystals

are shown in figures 4.32 and 433. The anomaly on cooling
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did not appear to be affected but during warming the high
temperature recovery appeared as a large dip in the 3 MHz
velocity accompanied by a large peak in the attenuation.
This may not be significant but may merely be a larger
version of the dip in v and peak in a seen in the pure
crystal bcc 3He 43 (figure 4.21).

In this crystal, when about 103 high amplitude 3 MHz
pulses were applied at 150 mK, the anomaly changed to the
form shown by solid symbols in figures 4.32 and 4.33.

This compares to the approximately 105 pulses required to
produce the same effect in the purer crystals. It thus
appears that, in bcc 3He, the impurities help to pin the
dislocations at concentrations of 430 ppm.

Figure 4.34 shows the anomaly in **hce JHe 54 during
cboling and the dislocation fit to the data. The disloca-
tion parameters (RA = 3.12*107 m—z, B = E.EBELDE: T3 mks,
L = 1.30><10—5 m) again agree quite well with those in
pure crystals.

As in hcp 3He, the addition of 0.53% 4He to the 3%3
greatly reduced the anomaly. Figures 4.35, 4.36 and 4.37
show v and a at 3, 9 and 21 MHz in the crystal *#**bcc BHE
56 (0.53% 4He{. At 9 and 21 MHz there was neither an
anomaly nor any hysteresis due to the application of high
amplitude 3 MHz pulses. In contrast to the hcp BHe case,
there remained a small anomaly at 3 MHz which was elimin-

ated by the high amplitude 3 MHz pulses with a resulting

hysteresis in v and a. The amplitude dependence seen in

v

-
o
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140

3

***hcp >He 17 (figure 4.20) was not studied in this crystal

although there were some indications that it existed.

)

One crystal was grown from the 0.53% %He gas at 24.2
cmB/male_ No anomaly was observed at 3 MHz when the
crystal was cooled to 150 mK. However, when the sample

cooled below 125 mK, the attenuation began to increase.

By warming above 125 mK, the attenuatiopn could be made to

decrease again. . There was no measurable change in the

o

sound velocity associated with the changes in attenuation.
The time constant for the changes was quite long. When

cooled to 100 mK and kept there, the

the crystal wa

attenuation was still changing after an hour. When the

g
o]

crystal was then warmed, the attenuation did not return

its cooling value until the temperature reached 600 mK.
This effect can be attributed to the‘isctcpic phase

separation (Edwards et al. (1962) and Mullin (1968))

expected at about 140 mK. Iwasa et al. (1981) observed a

change in the amplitude dependence of the attenuation ~A
below the phase separation temperature in dilute solutigns

L

of QHE in 3He. They attributed the increase to a multipli-

cation of dislocations during the phase separation.
Greenberg and Armstrong (1980) have observed hysteresis

in the low temperature thermal conductivity of becec BHe

containing 4Heg They also interpreted their results in
terms of dislocations which nucleated the ‘He clusters

formed during the phase separation.
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4.4 hcp 4He

4.4-1 hcp ‘He 1 (17.7 cm3/mole)

Crystals of hcp 4He were grown in order to provide

3

a comparison to the “He results and to previous work on

hep 4He. In particular, since the hysteresis due to high

amplitude 3 MHz pulses had not previougly been observed

in 4He, it was possible that this was an isotopic effect.

The pure 4He crystals were grown from Matheson purity
4

Lo

He. This was not analysed for 3He content but probably -

contained less than 1 ppm of 3He.

Figures 4.38 and 4.39 show the data at 3 and 9 MHz
from the crystal hcp 4He 7 (17.7 cma/mole). The data
taken duying cooling (open symbols) show a velocity
anomaly which is negative at 3 MHz and positive at 9 MHz,
accompanied by a large attenuation. These‘features are
in agreement with previous work on hcp 4He {e.g. Calder

3He.

(1977)) and with the results on
Between the cooling data and that taken on warming
(solid symbols),‘£he pulse amplitude was increased from
its measuring value (corresponding to a stress ~ 200 Nt/mz)
by 12 db and 105 pulses were applied. The effect on the
anomhly was very similar to the 3He case, namely a reduc-
tion of the 3 MHz anomaly, a change of the 9 MHz velocity
anomaly from positive to negative and a decrease in the

attenuation at both frequencies. The pulse amplitude

dependent effect thus is common to both isotopes.
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The rather rapid decrease in a between 100 and 500

mK during warming which can be seen in figures 4.38 and
4.39 may be significant. It was not associated with the
recovery 0f v and a to their original values since on
cooling from 500 mK back to 100 mK the attenuation
increased, showing no hysteresis. The time dependent
recovery of v and a oécurrgd at a higher temperature
around 1.5 K. To explain the change in v and a below 500
mK during warming in terms of dislocations would require
a damping much greater than that indicated from the
anomaly on coaifgg.

The cooling anomaly and the dislocation theory fit
are shown in figure 4.40. .The velocity data fit quite
well but the attenuation is considerably largef than that
predicted using the dislocation paraméters from the
velocity fit. The general form of the dislocation predic-

tions for a and the ratio between the 3 and 9 MHz

144

attenuation agree with the data. The dislocation parameters

, B =2.24x10"% 13 mks, L = 3.80x10"% m)

are similar to those in 3He.

(RA = 2.69x10 " m~

2
The other crystal grown from pure 4He showed a
similar but slightly smaller anomaly.
4 3
4.4-2 hcp He (20.3 cm /mole)

Since most previous ultrasonic measurements on hcp

4He were performed at lower densities (Suzuki et al. (1979),

Wanner et al. (1976)), several crystals were grown at a
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density of 20.3 cm3/mole.

In each of these crystals, the attenuation rose so
steeply that measurements were impossible below 1 K.

This indicated the presence of a large anomaly although
the velocity remained adiabatic down to 1 K. All of the
crystals grown at this density had the same velocity (see
table 3 in section 4.5) perhaps indicating that they all
grew at a particular orientation which had a large value
of the orientation factor R.

By applying large 3 MHz pulses at 200 mK, the
attenuation was reduced. During warming, the anomaly
recovered to its original form around 0.9 K during which
timevthe attenuation increased until the signal disappeared.

Since it was possible to take only limited data on

these crystals, none are displayed.

4.4-3 Effects of Impurities

Crystals of hcp 4He were grown from gas with 3He
concentrations of 10 ppm (denoted by *), IQ5 ppm (denoted
by **) and 1400 ppm (denoted by ***).

In figure 4.41 the results are shown for *hcp 4He 7
(10 ppm 3He). Figure 4.42 shows the anomaly observed in
**hcp 4He 8 (105 ppm 3He). No effects due to the impuri-
ties were observed in either crystal. In both cases, the
velocity fits are quite good but, as in pure hcp 4He, the

predicted attenuation is a factor of 2-3 smaller thag’the

measured attenuation. The relative sizes of the 3 and 9
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MHz attenuation as well as the maximum in the 9 MHz
attenuation at about 0.5 K are correctly predicted using
the dislocation parameters determined from the velocity

data.

3He, the anomaly was almost

By adding 1400 ppm
compietely eliminated. Figures 4.43 and 4.44 show v and
a at 3 and 9 MHz in ***hcp 3He 9. The 9 MHz data show no
anomaly or hysteresis but at 3 MHz there is a small
hysteresis in the attenuation below 1.5 K. This probably

3He is not sufficient to

indicates that 1400 ppm of

completely pin the dislocations at this stress amplitude.
In addition to the impure crystals grown at 17.7

cm3/mole, a crystal was grown at 20.3 cm3/mole with 1400

ppm of 34e. This crystal, ***hcp Y4e 10, had the same

velocity (512 m/sec) as the pure crystal hcp 4He 4 but,

in contrast to that crystal, it had low attenuation over
the entire temperéture range. It behaved like the crystal
in figures 4.43 and 4.44 with no anomaly and only a small
hysteresis in the 3 MHz attenuation below 1 K.

The amplitude dependence of v and a was not studied

in any of the impure 4He crystals.

4.5 Adiabatic Region
In the temperature region above the anomaly, the
velocity decreased with temperature with a temperature

dependence of the adiabatic form
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The coefficients a and b obtained by a least squares

fit to the sound velocity above the anomaly are tabulated,

along with the adiabatic velocity extrapolated to T = 0,

in tables 1, 2 and 3. Table 1 gives the coefficients for

a
hcp JHe, table 2 for bcc 34e and table 3 for hcp THe.

Before discussing the values of the coefficients,

some comments on the method of obtaining them are in order.

.The velocity data for a particular crystal were first

plotted against temperature. Then, if an anomaly was

present, the maximum temperature at which it was observed

was estimated and only the data above that temgeratuté were

£

used in the least squares fit.

At 9 andgzl MHz, where tge velocity anomaly was
usually positive, this worked Qell in the sense that the
ﬁarameters a and b did not depend very strongly on the
exact temperature range of the fit. At 3 MHz, the para-
meters a and b did depend on the temperature range chosen.
This can be understood by looking at figure 2.6. The
negative anomaly at 3 MHz extends to considerably higher
temperatures than the anomalies at 9 and 21 MHz and, due

o its smooth temperature dependence, it cannot be easily

g

~distinguished from the adiabatic velocity change. Thus,

it was difficult to choose an upper temperature limit for
the anomaly and this resulted in an uncertainty in the

coefficients a and b at 3 MHz. This uncertainty also
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TABLE 1

ADIABATIC SOUND VELOCITY IN hop “He

Volume

v, (0)

Q/2n

(m/sec) (MHz)

ax10

[#%]

(V]

18.6

18.6

18.6

18.6

=
L]

(™)
L

1.35

47

830

831

806

870 -

825

823

825

821

1009
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= WD

[T XM

[V ]
0 W

WO O

WO

-4.85
=5.23
=5.13

=2.62
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TABLE 2
ADIABATIC SOUND VELOCITY IN boc He
4 . e a2 v o1nl
Crystal Molar He vy {0) /27 ax10 bx10
Volume ) 7
(@)  (pem)  (m/sec) (MHz) (m/sec—K')  (m/sec—kK®)
boc JHe 46 24.2  1.35 488 3 -49.52 -82.3
9 27.04 -275.4
*boc He 53 24.2 47 498 3 ~10.03 -218.
9 61.28 -343.6
boc JBe 45 22.3  1.35 592 3 -16.35 -9.31
boc JHe 33 20.1  1.35 722 3 -18.73 0.63
- 9 ~7.82 -4.62
boc JHe 36 20.1  1.35 792 3 -19.16 0.773
9 -13.09 ~1.383
1 -16.67 ~0.666
boc SHe 43 20.1  1.35 745 3 -17.23 1.625
9 -16.81 0.812
*boc JHe 48 20.1 47 689 3 -17.93 1.766
*boc He 50 20.1 47 728 3 ~18.37 0.585
9 -15.98 0.471
**poc JHe 54 20.1 430 761 3 -16.34 ~0.133
« 9 -26.87 5.01
**#hoc JHe 56 20.1 5300 753 3 -17.92 0.355
9 -15.35 ~0.010
21 -16.24 ~0.120
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affected the 3 MHz anomaly. The general effect was to
reduce the size of a negative anomaly from its true value
by including part of the anomaly in the adiabatic
temperature dependence.

From tables 1, 2 and 3 it appears that the coeffi-
cient® a and b at 9 and 21 MHz do agree better than those
at 3 and 9 MHz, supporting the above considerations.

Not enoudh crystals were studied at each density to

make definite statements about the variations in a and b

for different orientations. There does, however, appear
to be some variation in a from crystal to crystal,
especially in hcp BHEi In mést crystals, the coefficients

b found at different frequencies are too inconsistent to

fu

]

raw any conclusions.
The coefficients a shown for hcp %He in table 3 do

not show much variation between crystals but the velocities

in all of the crystals at a particular density were the

same. This probably means that the’c:ystals grew at the

same orientation and so the coefficients for the adiabatic

a}

velocity are expected to agree.

<,
~ Two points should be noted ab%ﬁt the density
dependence of a and b. First, bctﬁ‘é and b increase in
magnitude as ‘the density decreases. Secondly, especially
in bcc BHE where a larger range of densities was studied,
the coefficient b becomes much larger with respect to a
at lower densities. A similar large T6 coefficient_in the

velocity has been observed in bcc gHe before (Wanner et al,
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(1973) and Iwasa and Suzuki (1981)) and was attributed
by the latter authors to the influence of thermal

vacancies as discussed in section 2.3 (cf. equation 2.3-1).

I

4.6 Thermally Activated Recovery

It was mentioned in earlier sections of this

chapter that the recovery during warming of v and a to
their original values was thermally activated. The first
indication of this was the observation that, if the
warming was stopped in the recovery region, v and a were
time dependent and eventually reached their cooling values.
The rate at which this recovery occurred increased rapidly
with temperature. It proved possible to measure the
recovery rate as a function of temperature in e at
several densities and thus to determine the activation
energy of the recovery process.

In hcp AHE; the recovery occurred around 1 to 1.5 K
at 17.7 GEB/MQle and around 0.9 K at 20.3 cmB/mcleg
Although the recovery rate increased with temperature, the
data were not good enough to measure the rates and so
no activation energies could be determined.

The general method used to measure the recovery
rates was as follows. The crystal was first cooled from
some temperature near melting to its minimum temperature.
Then, a large number of high amplitude 3 MHz pulses were
applied, decreasing the anomaly as much as possible. The

crystal was then warmed quickly to a temperature in the



recovery region and held there while v and a were measured
as functions of time. When the recovery was either com-
pleted or proceeding very slowly, the crystal was warmed

to near melting and the procedure repeated, stdpping at a
different temperature in the recovery region. By comparing

5
the curves for v and a as functions of time at different

£
t%mperatures; the relative recovery dates could be deter-
mined.

Figure 4.45A shows the recovery of a (at 3 MHz) in

e s (18.6 cmB/lee) at temperatures

the crystal hcp
between 1.39 and 1.75 K. At these temperatures the
velocity anomaly was very small so no significant changes
in v were c%ferved during the r;cévery_ Each attenuation
curve started from the same low temperature value of a and
eventually reaghed the cooling value. Since the cooling
value of a decreased with temperature in this region (see
figure 4.1), some correction was necessary in order that
the changes in a directly reflected the stage in the
recovery process. The a values shown in figure 4.45A have
been scaled by a factor equal to the measured difference
between the cooling value of a ané its initial low tempera-
ture value. This ensured that the various curves in
figure 4.45A had the same asymptotic value.

The similarity in the shapes ENE various curves
in figure 4.45A is apparent. By scaling the time dependence

of each isotherm by a factor t (with 1 chosen to be 1 for

T = 1.57 K), the various isotherms could be made to
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coincide as shown in figure 4.45B. The recovery rates at
different temperatures (relative to T = 1.57 K) are then
given Qy 1/t. The values of t thus obtained are listed in
table 4.

Figure 4.46 shows the analogous results for bcc

3He 43 (20.1 EmB/m@le)i In this case, it is easier to use

the velocity since the attenuation overshot its cooling
value and it was therefore difficult to choose an appro-
priate scaling factor. The velocity required no scaling

if the results were plotted as a deviation from the

e

adiabatic velocity at the appropriate temperature.

Once again, the various isotherms coincided when

scaled by an appropriate 1 (with T chosen as 1 for T 0.76
K). The values of t are listed in table 4 and the univer-
sal curve is shown in figure 4.46B.

Note that the velocity did not recover monotonically
to its cooling value but rather went through a minimum.
However, the curve shown in figure 4.46B is very similar
to the one shown in figure 2.3 for the dislocation contri-
bution to the velocity as a function of average loop length.
_The thermally activated recovery thus corresponded to an

ncrease of the average loop length with time.

-

Figure 4.47 shows the recovery in bcc BHE 45 (22.3

cmg/mcle)_ In this case the interpretation is not as clear
since the initial state did not correspond to a pinned

anomaly (cf. figure 4.25). However, the recovery was still

therméllytactivated as can be seen from the attenuation



T (K)

1.39
1.48
1.57
1.66
1.75

T (K)

0.698
0.730
0.758,
0.787
0.818
0.881

T (K)

0.417
0.461
0.504
0.547
0.595

TABLE 4

3

RECOVERY RATES IN "He

3.

hcp "He 5 (18.6 cm3/mcle)

9,26
3.08
1.00
0.202
0.056

bece "He 43 (20.1

T

2.65
2.38
1.00 .
0.370
0.252
0.076

becec "He 45 (22.3

&n (1l/7)

-2.23
~1.12

m”~ /mole)

in (1/71)

-0.973
-0.868
0.993

1.139
2.574

cmgfmsle)

in (1/1)

-2.018
-0.993
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&

recovery curves in figure 4.47. The velocity changes could
only be follot;led in a narrow temperature range so the .
attenuation was chosen for the determination of the
activation energy. The final (cooling) values of a depended

only weakly on temperature and the attenuation went through

»

- a peak whose temperature dependence was unknown. Therefore,

no scaling was applied to the a values which may have led
to systematic errors in the rates 1/t (listed in table 4).

The\récovery rates éetefmined in this way for the
three 3He crystals are shown in figure 4.48. Here in (1/71)
is plotted against 1/T. The resulting straight lines
indicate that the recovery process is thermally activated.
From the slopes (determined by a least squares fit), the
activation energies can be determined for the different
crystals. The values are listed in table 5.

An attempt was made to measure an activation energy

in bce 3He 46 (24.2 cm3/mole). The recovery rate did not
' -W/T

decrease with temperature as quickly as e and so no

164

activation energy could be found. This non-thermally ’

activated recovery at low temperatures may reflect the

i } *

non-thermal (tunneling) mobility of defects in BHE at low

pressures.
A gimilar effect was noticed in bcc BHé 45 (22.3

cm3/mole) at low temperatures. As a result, the rates

determined at the three higher temperatures weré considered

to be more reliable and were used to find the activation

energy. This accounts for the relatively large uncertainty
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TABLE 5

THERMAL ACTIVATION ENERGIES IN “He

Crystal Halgr Crystallographic Activation Energy
Volume Phase W

(cm®) e K

hcp "He 5 18.6 hep 34.

~J
-
L

o
0
N
X
o
-
Wl
M
o
—
i
Ly
Ly
[
[ %]
Ny ]
o d
[N

= 12




[
N
~l

quoted for W at 22.3 cm3/mole.'

4.7 Dislocation Parameters

All the dislocation parameters found by fitting to
the anomalies in different crystals are collected in ’
tables 6, 7 and 8.

In hcp 3He, the values of the average loop length
L vary by about an order of magnitude while the dislocation
densities RA vary by nearly two orders of magnitude. Since
the dislocation densities depend on the random dislocation
network and conﬁain the orientation factor R, they are
expected to differ considerably from crystal to crystal.
The damping B, which should be characteristic of the cféstal
lattice itself, varies only by a factor of four between
crystals and some of this may be due to uncertainties in
the fitting procedure. .

The values of L, RA and B found in bec 3HE show
considerably less variation. At least part of this is due
to the fact that the orientation factor R is much less
anisotropic in cubic lattices than in hexagonal ones. No
significant reduction in the average loop length L is
observed in crystals containing 47 o 430 ppm of 4He,

The values of L and RA in hcp 4He vary much less
than in hcp 3He. This may be due to the fact, mentioned
previously, that the hcp 4He crystals all appeared to grow

at the same orientation (ascindicated by the sound velocity).



TABLE 6

Crystal Molar ‘he t=L/% L RA g .
Volume (5-;;3) .
volur e MMz - :

(cm™) (ppm) (m) (m ™) (mks)
hcp He 2 18.6 1.35  0.14 5.94x10°° 4.28x107 1.00x10”8
hop He 3 18.6 1.35  0.24  1.02x10"° 1.70x10® 1.00x107®
hcp He 5 18.6 1.35 1.5 6.37x10°°  1.84x10’ 1.41x10"°
*hep Be 12 18.6 47 0.14  5.94x10°° 1.18x10% 2.25x107®
“*hcp JHe 13 18.6 430 0.17  7.21x10%  2.17x107 5.67x10~°
hcp JHe 7 17.8  1.35  0.13  7.30x10~°  4.32x107 ' 5.73x10"°




TAHLE 7

DISLOCATION PARAMETERS FOR boc “He

3
(cm™)

Yhe

(ppm)

g
(BegT”)
(mks)

He 36
he 43

"He 50

"He 54

20.1
20.1
20.1

20,1

1.35
1.35
47

430

9.66x10~°

9.38x10™°

7.18x10~°

1.30%x10"°

2.76x10

2
2
2

.70%10~
.21x10°
.23x10°

8

8

8
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**hcp 4He 8

0.30

0.30

&

3.80x10 2.69x10°  2.24x10
8.80x10° 6  1.49x10’  1.25x10

6

8.80x10°  7.30x10°
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4.8 Zero Sound

From the discussion in section 2.2, sound is
expected to propagate as "zero sound” at sufficiently low
temperatures. The expected zero sound velocity and
attenuation dependences on temperature should be observable
in solid helium.

From the results discussed in this thesis and the
work of others (e.g. Calder (1977) or Iwasa et al. (1979))
it appears that at low temperatures, the dominant contri-
bution to both v and a comes from interactions between
sound waves and dislocations. If this contribution can be
suppressed, the zero sound predictions may be tested.

The only crystals studied in which there was no
noticeable dislocation contribution to v or a (as indicated
by the abseﬁce both of a visible anomaly and of hysteresis
after applying“large 3 MHz pulses) were those of hcp 3He
with 0.53% 4He. The bcc 3He crystals with 0.53% 4He
still had a small 3 MHz anomaly and the hcp 4He crystals
with 1400 ppm of 3He showed hysteresis in a.

Figure 4.49 shows the attenuation in ***hcp 3He ¥7
at 3 and 21 MHz. The attenuation values are shifted to be
approximately zero at low temperatures. Also sh&wn are

curves pf~the zero sound form see equation 2.2-11)

a = 5.5x10"° oT? db/cm (4.8-1)

}

where the factor 5.5’<10-9 is determined by fitting to the
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2] MHz data. Below 1 K the agreement is excellent.

In the other crystals where the dislocation contri-
bution was nearly suppressed, the attenuation increased
with temperature at low teméératu:es and was larger at

higher frequencies but no detailed éﬁ%lygis was made.

b

~J



CHAPTER 5

DISCUSSION AND CONCLUSIONS

5.1 Discussion

In this éhgpter; the results described in Chapter 4
are compared to previous experimental work on solid
helium and arguments are given for attributing the sound
anomaly to dislocations. The éam§ari5én between the data
and the theory of Granato and Liicke ‘1956) is discussed in
some detail.

The previous measurements of the temperature depend-

ence of the sound velocity in solid 3He (Wanner et al (1973),
Iwasa and Suzuki (1981), Iwasa et al (198l)) were made at
low densities (V > 24 cmzfmale) in impure crystals (4He
concentration 2 200 ppm). The present work therefore
contains the first measurements of the temperature depend-
ence of the sound velocity and attenuation in hcp BHE and

in bce BHe at high densities. As a consequence, it also

contains the first observations of an anomalous velocity

and attenuation in >He since the anomaly was only present

in high density crystals,

All previous measurements in 3He (and most of those

in 4He) used sound frequencies greater than 10 MHz. The

reduction of the anomalies when high amplitude 3 MHz pulses

were applied at low temperature. This effect had not
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previously been observed in.either 3He or ‘He. It allowed
the anomaly to be changed and its recovery at high tempera-
tures to be studied. The thermally activated recovery of
the ultrasonic signal allowed the first acoustic measure-
ments of activation energies to be made.

The use, for the first time, of high purity 3He‘
(1.35 ppm 4He) allowed the effects of impurities to be
examined. Although the absence in previous measurements

3 ~

of an anomaly in “He seems to be due to the low densities

used, rather than to the 4He present, it was important to

4 3

check this. The addition of 0.53% of He to the “He

suppressed the anomaly and permitted both the amplitude
dependence of the attenuation and its zero sound behaviour
at low amplitudes to be observed for the first time in 3He.
The results from the low density bcc 3He crystals
(24.2 cm3/mole) can bf directly compared to previous work.
The adiabatic coefficients listed in table 2 are approxi-
mately the same as those quoted by Wanner et al (1973) at
24.1 cm3/mole. Iwasa‘and Suzuki (1981) observed a similar
temperature dependence ;t 23.8 cm3/mole although they
analyﬁed it in terms of a term proportional to T4 and one
due to the vacanéies. Neither of the above experiments
- observed an aﬂomaly, in agreement with the observations

during cooling of bcc 3He 46 (cf. figures 4.27 and 4.28).

Iwasa et al (1981) investigated the effects of 4He
impurities in bcc 3He'(24.4 ;m3/mole). No anomaly or

el
amplitude dependence was seen but the frequency (10 MHz)
‘.



was high enough that the effects described in section 4.3-3

due to high amplitude 3 MHz pulses would not be expected.
They observed an attenuation change at the isotopic phase
separation. The phase separation occurred at 86 mK for
480 ppm of gﬂg and at 98 mK for 1600 ppm of 4He. Thesé

values are somewhat lower than the temperatures of 99 and

176

117 mK which they calculate from the regular solution theory

(Edwards et al (1962)). The phase separation temperature

discussed in section 4.3-4 for BHE containing 0.53% 4He

was 125 mK, also somewhat lower than the calculated
regular solution phase separation temperature of 144 mK.
Greenberg and Armstrong (1980) observed the phase separa-

tion in their thermal conductivity measurements. At 500

ppm of 4He, it occurred around 94 mK, somewhat higher than

the acoustic measurements would indicate.
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In view of the
hecp BHe and 4He and of the large number of ultrasonic

experiments which have been performed on 4He, some discus-

sion of other 4He results is in order.
Previous work in this laboratory (Calder and Franck
(1977) and Calder (1977)) on hcp YHe at 17.4 cm>/mole

(5, 15 and 25 MHz) showed anomalies very similar to thaﬁg

described in this thesis. The magnitude of the anomaly
4

ranged from Av/v_ < 1074 to av/v_ ~ 3x1073, roughly the

same range as observed in hcp 3H

o

at 17.8 EmB/mcle (cf.

section 4.2-3). Although the anomalies these authors

described were not attributed to diglacatians;éth, result
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were in qualitative agreement with dislocation theory as
described irf this thesis. The amplitude dependences of v
and a were not studied and no hysteresis was observed.
This may have been due to the higher frequencies used
(> 5 MHz) or to lower pulse amplitudes.

Several other ultrasonic measurements on hcp 4He
have shown an anomaly which has been interpreted in terms
of dislocations. The measurements of Wanner et al (1976)
were made at a single frequency (8 or 12 MHz) and showed

magnitude from av/vy = 3x10° " to Qv/v@ ~ 3310§3i

The experiments and analysis most closely related to
this thesis are those of Iwasa et al (1979). In hcp 4He
at 20.32 cmd/mole, they observed posjtive velocity anomalies
at 10 MHz as large as Av/vé ~ EKlDigi This is.several times
larger than those typically observed at 9 MHz in this work
but the anomalies observed by Iwasa et al decreased when
‘the crystal was warmed above 1 K. The anomalies they
observed in a "well annealed" crystal were smaller
(av/v  ~ 3x1074) . They analysed the frequency dependences
of v and a in terms of an exponential distribution of
dislocation loop lengths and found that the anomaly agreed
qualitatively with the theory. They also found éuantitai
tive discrepancies similar to those shown in Chapter 4 of
this thesis.

he agreement shown in Chapter 4 between the data

=

and the Granato-Licke theory of dislocation resonance 1s
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evidence both for the existence of dislocations in helium
-and for the applicability of the vibrating string model
but other possible causes of the anomaly should be
discussed. .

There are several reasons to believe that the
anomaly is not a property of the perfect lattice. The
anomaly varied both in magnitude and in shape in different

crystals at the same density. Although some of the varia-

tion in magnitude could be due to an orientation effect,
the anomaly differed between the hcp 4He crystals whose

sound velocities indicated ;hat they had the same orienta-
tion. The fact that the anomaly cauld be reduced or
eliminated either by applying high amplitude sound pulses
or by adding isotopic impurities also argues against the
anomaly being a bulk Qfé?éfty of the crystal. Finally,
the hysteresis seen after applying large pulses indicates
that either the warming or the cooling state (or both) are

metastable The anomaly thus seems to be connected to

t
m

some defect property which can vary from crystal to crystal.
Tﬁeré are several types of defects possible in

helium. Of the point defects, only isotopic impurities

and vacancies are likely to be important since other

impurities freeze out at much higher temperatures.

It is difficult to attribute the anomaly to the

isotopic impﬁrities- The fact that the anomaly is present
1

essentially unchanged when 400 ppm are added indicates

—
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that the anomaly is not sensitive to the impurity

tration. In addition, adding more impurities (2> 1000
decreases rather than increases the anomaly. |

Vacancies also are unable to explain the anomaly.
The number of thermal vacancies decreases rapidly with
temperature while the anomaly remains large. Also, as the
density increases the number of vacancies decreases but
the anomaly gets larger. ‘

The other defects known to be important in solids
are dislocations. There is considerable evidence for their
. existence in helium besides the sound measurements already
described.

Low angle grain boundaries which are expected to
consist :of arrays of dislocations can be infé:red from the
mosaic spread observed in neutron diffraction experiments
(Minkiewicz (1973)) and more directly from x—ray\measure%
ments (Fraas et al (1977)).

NMR measurements of spin lattice relaxation rates in
bcc 3He (Gifford et al (1970)) iﬁdicate the presence of
small domains ~ 50u in size, presumably consisting of low
angle grain boundaries or stacking faults.

Charge mobilities were measured in plastically
deformed ‘He by Gudenko and Tsymbalenko (1979) ‘and by

Guenin and Dahm (1981). Both groups could explain their

i 2
results by assuming that ions were trapped by the disloca-
tions produced during the deformation.

A variety of plastic flow measurements have been
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made on solid helium. The results of Suzuki (1977) and of
Sakai et al (1979) indicated that helium behaves>mu:h like
a conventional solid where plastic flow involves the
creation and movement of dislocations. Sanders ét al (1977)

and (1978) were able to melt a thin layer of helium around

their crystals an!rlhus to produce unconstrained crystals
of hép and bcc 4He. They observed a very low yield stress
of less than leo3 Nt/m in these crystals which they inter-
preted as indicating a low Peierls stress. fn hecp 4He they
found that small smounts of deformatlan led to very ;afge
increases in attenuntlon, in agreement with the expected
increase in dlslocatxon,density. In becc 4Heg hawevéf,
deformation did ng@ affect the attenuat#on, leading them

to speculate that ghe plaftic flow involved vacancies

rathe? than dislocation multiplication.

Thermal conductivity measurements by Greenberg and
Armstrong (1979) showed an anomalous contribution which
coulq be explained by the scattering of thermal phonons by
dislocations.

Although direct observation of dislocations has not
been possible in helium, there is considerable evidence
that they do exist and that they behave much like disloca-
tions in conventional solids. The problem then is té

determine the effects of the dislocations on sound gr§p§—

gatlon.

sound

The best established theory of dislocation

wave interactions is that of Granato and Liicke. This



theory ‘starts with a model of a dislocation as a damped

vibrating string whose equation of motion is given by

L2, . 2
- 3" E & 3" & _
Az +B 2-c > a2 a0. (2.3-3)
Eli 3t axz

Several assumptions are implicit in ‘this mﬂéeli The
Peierls stress is neglected, an assumption often justified
by the existence of large numbers of thermally activated
kinks. At low températures, this may h@ longer be valid.

As usually developed, the the%ry asgumes an elasti-
cally isotropic crystal. ng several cases, such quantities
as the’'elastic strain energies,which determine the dislo-
cation effective mass A and string tension C, can be exactly

calculated jAﬁeliﬁckx (1979)). For basal dislocations in

hexagonal crystals, the results are very close to the
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idotropic vdlues but the effect

general dislocation orientations are unknown.

W,

Even if the concepts of an effective, mass agﬂ
string tension for dislocations are valid; the expressions
used for A and C are suspect., In this work and in all thé
work on helium, the values are those given in the original

paper by Granato and Liicke (1956), namely"

A = ﬁﬂaz : C = ﬁﬁr. (5.1-1)

These expressions include only the elastic energy of the

dislocation strain field and ignore the core structure of



-

# =

the dislocations, the effects of anisotropy, and the dif-

ferences between screw and edge dislocations. It is

probably more reascnable to assume (Balluffy andiéranata
(1979))
A= aaaz ;i B = 3332 ' (5.1-2)

where a and B are numerical factors of order 0.5.

nt B is treated as a

1]

Although the damping coeffici

parameter tofpe determined from experiment, the form

3 in the analysis of
S5
Chapter 4) may not be correct. The damping due to thermal

assumed for B (= ng where n

phonons certainly increases with temperature and the

dominant contribution at low temperatures is. expected to
have the form B a T3 (Ninomiya (1974)) bgt other damping
mechanisms are possible. For example, a vibrating dislo-

cation must lose some of its energy by radiating. Although

the radiation force is not proportional to the dislocation
velocity, its effects can be included by adding a frequency

dependent term B, to B (Garber and Granato (1970)) where

L w, (5.1-3)

o

]
Qo b=

o

W\

E

‘g .ll

For solid helium at 3 MHz, Bj 5x10° ~" mks which is negli-

1]

gible compared to the observed damping above 200 mK. At
lower temperatures or higher frequencies, radiation

damping may be significant.



« 183

Another important assumption made in the dislocation
analysis of the anomalies in @apter 4 was that the

dislocation loop length distribution was exponential:
. 7

/

N(2) = L exp (%}} . (2.3-9)

This distribution is. plausible for the case of pinning by
Point defects (Koehler (1952)) but is difficult to justify
for network pPinning.

The effiects of choosing a Gaussian loop 1ehgth
distribution were investigated by Iwasa et al (1979) . They
found that the frequency dependence of the anomaly ‘could
be fit better (using one addiégghal adjustable parameter).
They also feu%d that selecting different distributions
changed the values of &A Ahd{ L by factors of S or more.

The valugs of RA and L found in Chapter 4 thus are not the
‘true dislocation densities and lengths but rather are
appropriate only to an exponential length distribution.

Despite the uncertainties in the applicability of
the Granato-Liicke theory to helium and the uﬁ:ertainéies
in the choices made for A;E.C and the length distribution
N(L), many of the predictions of the theory are relatively
insensitive to the details of the dislocation properties.
The degree to which the measurements presented in Chapter
4 agree with the Granato-Liicke theory wi}l now be discussed,.

One of the most stringent tests Gfrth; dislocation

explanation of the anomaly is its frequency dependence.



The Granato-Licke theory predicts that anynnegative velocity
anomaly must eventually become positive at sufficigently high
frequency. Further increases in sound frequency result in

a smaller but still positive anomaly. This prediction is
due to the resonance nature of the vibrating string model
and is independent of the loop length distribution. The

fact that, within the experimental accuracy, the sound

velocity in solid helium during :aéling always shgwgé this
frequency dependence is perhaps the strongest evidence in’

favour of the dislocation explanation of the anomaly. The

quantitative disagreements between the predicted anc

F

easily be due to the choice of an exponential loop lgggth

(

distribution. e
The attenuation is predicted by the Granato-Liicke

are involved, it

theory and, since no adjustable parameters are
provides an additional test of the theory. As noted in

Chapter 4, the dislocation predictions for the attenuation
almost always agread'Qﬁalitatively with the measurements.
That is, the relative sizea of the>attenuatian at different
frequencies and the approximate temperatures of the maxima
in o were correctly predicted. In some crystals (e.g. hcp
3He 3), the magnitude of the p:adicéeﬁ attenuation was
appr@xiﬁgtely correct while in others (e.g. hecp ‘He 1) the
predicted attenuation was a factor of 3 too small.

Some of this discrepancy was no doubt due to the

choice of an exponential distribution. By choosing a
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different diltribution, the relative sizes of the velocity -

. and attenuation anomalies could éasily be changed by a

factor of 2.  Another possibility was the assumption of
isotropy. The thsee hcp 4He crystals grown at 17.7 cmzf

mole which had the same sound velocity (and presumably the

same orientation) also had the same ratioof approximately

3 between the measured and predicted attenuation but in
BHE where a range of orientations were observed, there was

no such consistency.
The orientation 'dependgnce of the anomaly is also °

unambiguously predicted by the Granato-Licke theory. 1In

hcp crystals, the orientation factor R is expected to be

2.4, varying between Zero and
|

m

of the form shown in figur
about 0.13 for longitudinal sound. This orientation
dependence has been verified by Tsuruoka and Hiki (1979)

in hcp 4HE- Although the slip systems in bcc materials are

Lo

not well enough defined to calculate t?e orientation facto
it is expected to be much more isotropic than in hcp
materials. In fcc materials, the orientation factor varies
only between about 0.04 A?d 0.09 (Green and Hinton (1966))
and a similar orientation dependence is likely in bcc

materials. } .

The anomalies observed in helium have this orienta-
tion dependence. Although the orientations gould not be
determined in BHE, the observed range of velocities (10%

in hep SHE, 15% in becc 3He) indicate that a wide raﬁgg‘éf

orientations were obtained in both phases. - However, the

185
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s
size of the anomaly (RA) varied by about two orders of’
magnitude in hcp Bée:but only by a factor of three in bec

= QHEH

In hep 4Heg little orientation dEPEﬁdEﬂ?E was seen,
no doubt because the crystals at each density had the
same oriemtation. Since the elastic comstants of hecp 4He

are kncwn,g;QgJQ;ientatiaﬁg of the hcp 4Ee crystals could

‘be estiméteﬂ Eécm the sound velocities. The crystals ‘
grown at 20;37§m3/m@le (which shﬁyed a very large attenua-
z 1
tion anomaly)"® ali had an orientation of 6 = 57 ¢ 5°,
corresponding to a la:gefééientatian factor of abast 0.].
The orientation of the c:ygtéls grown at 17.7 EEB/mgle
< A ] (which showed a much smaller anomaly) ééuld not be uniqaely;’g

>, determined since the velocity is double valued (cf. figure

e

’ 2.1). The two possible,orientatiens were © = 44 + 4°
((R= 0.)%) and 8 = 80 * 10° (R < 0.01). 1In view of the'
observed tendency of hcp helium crystals to grow with the
c-axis perpéendicular to tﬁ!ggrawﬁh direction (Fraas et al
(1977)), the orientation 6-=x éOﬁ is more likely and the
.ifmaller anomaly can be explained in terms of the orienta-
tion factor alone,.
The amplitude dependence observed in ***hcp 3H§.17
(cf. figu%F 4.20) also supports the dislocation theory ;1nse
it can be/explained in terﬁs of stress induced b%eakawayi
from impurity pinning points. The binding ene;gﬁ cbtained!
~ 250 mK) is similar to that?ébtiined by I;asa and

Suzuki (1980) for BHE in hcp 4He (wE ~ 300 mK) but binding
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7 energies measured in hc? 4He by other techniﬁuga vary from
0.7 K (Paalanen et al (1981)) to 1.8 K (TifmbaIEEEQ (%979);
Thegfetiz§l estimates of the binding ene:g§ between an

edge dislocation and an isotopic impurity in helium vary
between 0.6 K (Iwasa and Suzuki (1980)) and 2.8 K (Tsuruoka '
aqd Hiki (1979)) so it is dif%icult to compare theory to

experiment. g

The temperature dependence of the velogity anomaly

adiabatic velocity and low attenuation at high temperatures

is expected. Since the_daqging affects the long loops
.

mbst, the short loops should be dominant at high tempera-
) :

tures, resulting in a negative although perhaps small
velocity anomaly. At low temperatures, the longyloops e
become undamped and, depénding on the distribution, may give

a positive velocity anomaly. Several crystals (e.g. hcp

4He 1 at 9 MHz) had a negative anomaly at high temperatures

and a positive one at low temperatures but® none showed the
opposite behaviour (i.e. a positive anomaly at high
t§m93fatu;e and a negative %ﬁe at low.temperature), in
agreement with expected behaviour. The exist!!ee of a

, - L _ C , .
velocity anomaly which changes from positive to negative as

the temperature is raised is evidence for a distribution
of loop lengths rather than a single length.
The values of the damping parameter B which were

found from the velocity data should be properties of the



latti¢e and not of the dislocation network and so should be
reagonably consistent in crystals at the same density.

B varies aﬁly by a factor of about two in hcp BHe

and ‘Hg and only by about 20% in bcc BHei

@ince the temperature dependence of the damping was

found to be approximately B a T3, the values found can be

compared to the damping due to the fluttering mechanism.

At low temperatures, this is (Ninomiya (1974))
il

14.4 kE

B = —5—3 T (5.1-4)

Th™ ¢
where c is an average which may be taken as the Debye
velocity. For bcc BHe at 20.1 cmzjm@le (c = 310 m/sec),

8 T3 mks. This

compares to the observed range of B from 2.21x10 ° to

the fluttering value gf B is about 1.1x10°

2.76x10"% 73 mks (table 7). In hcp 2He at 18.6 cm>/mole,
the fluttering value of B is about 4.3x1059 T3 mks while
% to 2.25x107% 73 mk

the observed range is from 5.67x10 .
Considering the uncertainties in determining B from the
data and in the theoretical value, the agreement (within
a factor of about 5) is quite good. The decrease in B éith

increasing density agrees with the fluttering prediction.

It should also be ment 'ned that the fact that the

tion that depends on the statistics (Fermi or Bose). The

suppression of the anomaly when isotopic impurities are
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added is also expected if dislocations are the cause since
the impurities simply pin the dislocations, but it is . \
difficult to understand if the anomaly is either a bulk
property of the crystal or is due to point Qefectsi
It thus appears that the Granato-Licke theory provides

a good description of the sound anomaly observed in solid
helium during cooling. The dislocation Qarémetéfs take

on reasonable values and the damping is well described by

the fluttering expression (5.1-4). Most of the discrep-

ancies between the theory and experiment may be due to the
choice of loop 1éngth distribution. j '

The effect of high amplitude 3 MHz pulses at low
temperature is not as well understood. At high dénsitie;
in BHe or in 453, the changes in the anomaly when the 3 MHz
pulses are applied can invariably be interpreted as a
shortening of the loop lengths. The attenuation decreases

and pogitive velocity anomalies become negative and become

when many pulses are applied. This was studied in
detail in the crystal hcp e 5 shown in section 4.2-1
but the behaviour was the same in bcc BHe and hcp 4He.
During the thermally activated recovery of the anomaly
at high temperatures, the loop length increases. Comparing
the recovery éufve for becc BHe 43 shown in fiqure_4.45 to
the curve shown in figure 2.3 for the dislocation contri-
bution to velocity as a function of loop length supports

-this assertion.

, t .
The reproducibility of the anomaly after warming



above the recovery temperature indicates that the high
amplitude pulses did not irreversibly change the disloca-
tion network (as would be expected ifaplastic.flow occuxred).

There are some puzzling features of the high ampli-
tude pulse effect. 1In hcp He 5, the values of B and RA
found after the a§plic§¥iaﬁ of high amplitude pulses

disagreed with those found from the anomaly during cooling

=+ ¥

By factors of about 5. Althcugh part of this may be due
to the choice of an exponential ;QQP 1en§t‘ distribution
and to the fact that the large changes in average loop

length observed are unlikely to preserve the form of the
distribution, it is difficult to explain the large change

in B.

The overshoot of the attenuation past itg cooling

value observed in the fEEGVéry.in becec “He (eji; figure
4.32) is alsd ﬁnexplaineﬂ since figure 2.3 shows only a’
small increase of a above its final value and then only at
low damping. This too may be connected to the non-exponen-=
tial length distribution.

Although it seems t%?t the effect of the large 3 MHz

pulses is to shorten the iaeps, the pinning mechanism is

not known. Isotopic impurities pin the dislocations at
concentrations around 1000 ppm but they don"t seem to be
directly connected to the pinning effect of the large pulses
since the pulses have essentially the same pinning effect

in pure crystals (< 1 ppm of impurities) as in crystals

with 430 ppm. It is still possible that the 1 ppm or so of



impurities is impoftant in the pinning.

Another possibility is the creation of jogs on the
dislocations under ﬁhe action of the lérge pulses but it
is not clear haw é%fectiVely these would pin the disloca-
tions. |
| The behaviour during recovery does not help to
resolve this_question since most pinning mechanisms
(including‘impurities and jogs) caﬁ{only leave the
dfﬁlocations via thermally activated processes.

| In any event, the pinning seems to require large
displacements of th; dislocations since it occurs only at
Jéﬁ temperatures (where the damping is small), at large
stréss qpplitudes and at low frequencies, each of which
contributes to large dislocatiqn mﬁj}ons.

The activation energies iisted in table 5 f;f the
recovery process correspond closely to the activation
energies for mobile vacancies in 3He. These activation
energies can be derived from NMR, specific heat and X-ray
measurements. These values are shown in figure 5.1 along
'with the activation energies from the recovery rates as
liited in table 5. The NMR and specific heat values are
taken from Sullivan et al (1975) and the X-ray values from
Heald (1976). The agreement is excellent,Algading tao the
conclusion that the dislocation unpinning is accomplished
by mobile vacancies. These could allow impuritieé to

diffuse away from the dislocations or jogs to anneal out.

The low density bcc 3He crystals behave somewhat

=
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differently. As the densityA%s decreased, the anomaly -
observed on cooling decreases.until at 22.3 cm3/mole it is
barely observable. fhis could mean that there are few
dislocations at low densities or that they are immobile.
Iwasa et al (1981) maintain that most dislocations in bcc
crystals are screw dislocations and that these cannot move
because of a large Peierls stress. The existence of an
anomaly in higher density bc€’3He, however, indicates that
it is not the structure which is responsible for the
absence of an anomaly at low densities.

The fact that the high amplitude pulses seem to
create an anomaly at low d;nsities (éf. figure 4.27&/(2
not understood. It may not be connected to the an ly

+observed At higher densities. It would require fufrther
investigation to resolve this. g

Theaéomplete pinning of the dislocation anomaly in
***hcp 3He 17 ailoweé the remaining attenuation to be com-
pared to the zero sound prediction. As shown in figure
4.49, the attenuation at low temperatures has the T4
dependence and the linear dependence on w which are pre- . 3
diéted. Similar measurements by Iwasa and Suzuki (1980)
on hcp 4He containing 1% 3He showed essentially the same

behaviour. They found. a = }.9x10‘9 wT? db/em’ (at 20.06

cm3/mole) compared to the value

@« = 5.5x10"° wr? db/cm (4.8-1)
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found in section 4.8 for hcp BHe at 18.6 cmgfmele; The
difference of a factor of 3 in the coefficient may be due

either to the difference in isotope or in molar volume.

5.2 Conclusion

In conclusion, .the experiments described in this -
thesis showed that the sound velocity anomaly previously
observed in hcp 4He is also presgnt in both hcp and bcec 3He_
The size of the anomaly is similar in the two isotopes and
is approximateiy the same as observed in previous work on
hép 44e. The anbmaly observed during cooling agreed well
with the Granato-Liicke theory of dislocation resonance and
the dislocation densities, loop 1engthsiand damping assumed
reasonable values. It was found that, by applying large
3 MHz pulses at low temperatures, the anomaly could be
reduced in a manner which suggested that the diSlGCatiéﬁ§
were being pinned. Although the pinning mechanism was not
determined, it was found that the dislocations were
unpinned by thermal vacancies at about one half of the

melting temperature. By adding isotopic impurities, the

dislocations could also be pinned. From the amplitude

=]

an estimate of the binding energy between a 4He impurity
and a dislocation was obtained. When the dislocations were
comp{:fely pinned, the remaining attenuation agreed well

with the theory of zero sound.
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