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ABSTRACT

Nuclear spin lattice relaxation behaviors inm solid 3He
have heen studied syatematically, varying the impurity
concentration x of YHe with wide range, 2.0 X 1077 4 x ¢
1.47 x 1072, Por hep samples at the tempergture below
about 1.2 K, three kinds of relaxation times were observed.
We measured the temperature and concentration dependence
of all the relaxation times, In order to apnalyze the data,
a phenomenclogical four bath model is proposed, four baths
being the Zeeman hath, the phenon bhath, the X bath and
the Y bath. The concentration dependence of the energy
constanta of all the bathas have been also measured., The X
bath consists of the exchange (3He - ®He exchange and
3He - 4He exchange) bath and some part of the 4He - 4Ha
strain field interaction bath. The Y bath is thought to
be the main part of the strain field interaction bath.

The relaxation behavior corresponding to the proceas
between the X bhath and the Y bath can pot be expressed by
a simple exponential function of time and the relaxzation
rate strongly depends on the 4He concentration, ag x =
with n = 3~4., This proceas may be related to the internsl
thermal equilibriuvm process in the atrain field interactilon
bath.

The theory for the 4He impurity dependent relaxation



time between the exchange bath u=nd the cthonon bzth gives
the temperature dependence of 2, For hep solid 3Hé,
however, the relaxation {time has a temperature dependence
of Tr7 and can not be explained by the existing theories.
¥e propose a new mechanism to explain the experimental

results in hep rhase.



CHAPTER I
INTRCDUCTION

The most striking and interesting feature of so0lid
Helium is that the zeroc point energy is large compared
with the Van der Waals binding energy due to a light maaze
of a He atom, sc that the atoms undergo large zero roint
vibrations whose amplitudeszs are about a third of the
interatomic distance. This leads to a large overlap of
the atomic wave functions between the neighboring atoms
and there is a large probability that atoms c¢an exchange
their positions with each other by quantum tunneling
effect. The solid Helium is so called a quantum solid.
The magnetic and thermal properties of solid 3He at low
temperature are influenced to a large extent by this exchange
interaction.

iz a 3He has a spin I = 2, the nuclear magnetic
relaxation method is one of the most powerful techniques
to cobserve the atomic motions. Fortunetly solid 3He has
ne quadrupole interamction complicating the results.

Az well as 3He atoms, the wvacancies and 4He atoms in
solid ’He exchange their positions with the neighboring
3He atoma. At low temperature these motions give rise to

the fluctuation of the local fleld in the 3He apin systems,



8o that the measurement of the nuclear magnetic relaxation
times gives us the informetions about the motions and the
interactions between them.

The spin lattice relaxation time in solid 3He has an
interesting temperature variation because the different
kinds of motioprs or interactions are dominant in various
temperature ranges. Above about 1K the spln lattice
relaxation times in solid 3He has been interpreted on the
bagia of the three bath mndellj_3), the three baths being
the Zeeman, the exchenge, and the phonon. In this
temperature range the dominant motions which fluctuate
the spin systemn are the 3He - 3He exchange and the vacancy
motions. But below about 1K the spin lattice relaxation
times can not be explained by the simple three bath model.
In this temperature range & small amount of 4He isotope
(even ppm order) gives efficient influence on the spin
lattice relaxation times, and in addéition the large specific
heat which depends on the “He concentrations appears,

For bce samples the nenexronentlal recovery of magnetigetion
whose relaxation rate was strongly affected by 4He lmpurities
has been observed.

The *He impurity effects have been studied comparably
well for bee solid 3He“'n). While for hep solid 2o
there have been no systematic data about the effects of

4He impurities. Some data of the relaxation times in hep



phases)’a)'10}’123’13) seem %o be inconsistent with each
other and to be different from those in bee phase.

To explain the 4Ha impurity effects on the spin
lattice relaxation times, some model have been proposed
14]'15)'16). For bee solid 3Hb with a small amount of *We
impurities, these theories are now usually accepted, but the
experimental data are not necessarily definitive. Also the
differsnce of the relaxation times between two phases has
not been explained sufficiently hecause of the lack of
data in hcp phase.

On this point ¢f view we have measured the spin
lattice relaxation times mainly in hep s0lid -He to
wnderstand the *He effects on the relaxation mechanisms
in solid 3He systematically and compared the results in
hee and hep phases. This study will make it possible to
understand the interactions of atoms and excitations in
gquantum crystals.

Recently it has been possible to decrease +the
temperature down to about 1 mK by the technical developments
of the refregirators such as the dilution refregirator,
the Pomeranchuk cooling refregirator and the nuclear
adiabatic demagnetization refregirator. In sclid 3He the
nuc¢lear spin ordering is expected to take place at ultra
low temperature {about L mK}. In order to study the

behavior of spins in solid 3He at ultra low temperature,



it is very important to know the relaxation mechanisms
between the epin system and the lattice system and the
affects of 4He impurity which is inevitably contained in
the sample.

The plan of this thesis is as follows. In chapter 11,
wa give the bhackground te understand the nuclear spin
relaxaticn in =solid 3Ha. The excltation systems in aclid
He and their interactions are mentioned., The bath model
and the relations between the observed values and the
intrinsic values are discussed. The development of the
investigations in our temperature range is found in chapter
II,%84. The theories of the relaxation mechanisms between
the exchange bath and the phonon bath are shown in & 5.

In chapter III,the constructions of the cryostat and the
pulsed NMR apparatus are described. Experimental preocedures
are also mentioned in the chapter., In chapter IV the
experimental results are shown, and a phenomenocliogical new
bath model is proposed. Following this bath model, our

data are analyzed in the chapter. The relaxation
mechanisms between these baths are discussed in chapter V,

We manifest the impurity effects and compare the experiwmental
results in twoe phases, In the last chapter we gpummarize

the results,



CHAPTER 11
THEORETICAL AND EXPERIMENTAL BACKGROUND
$ 1 Phase Diagrams of He and %He

The phase dlagrams of 3He and %He are shown in Fig, 1
and Pig. 2 respectivelyl7}. One of the unusual features
in helium is that the solid helium can only exist at the
pressure not less than about 30 kg/cm2 due to a large
zero point motion.

The =solid 3He crystallizes in a bee lattice between
about 30 asnd 110 kg/cm2. Above this pressure & hep lattice
ig the stable phase and a fcc lattice can be obtained at
the high pressure above akbout 1600 kgfcmz. For *He there
exist also heyp, bee and fee solid phases.

When 3He and 4He are mixed, there appear seversl
mixed phases near the phase boundary curves according to
the Gibb's phase rule and the phase diagrams become very
complicated, But in =scliéd SHe with the *He impurity of
the ppm order which we used for our experiments, the change

of the PVT relations on the melting curve is negligebly

smalti.
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§ 2 Excitations in Solid -He
2-1 Introduction

In order to understand the results of the NMR
experiments on soclid 3HE, it is signhificant to know the

3

excitations in selid “He and the interactions between them.
In quantum crystal there are several kinds of interesting
excitations, Each of the excitation systems can be
considered o be a heat bath to analygze the experimental
results of the nuclear spin relsxation behavior, if the
gystem can attain its therral equilibrium within itself in
g time gsufficiently short compared with the relaxation
times which characterize the coupling with the other
excitation systems. If the condition is satisfied, the
temnerature of the bath can be defined.

The energy Ei of an excitation system i is calculated

from the Hamiltonian }fi of the system;

E, = (.Hi> = trf, o B ; (2-1)

1

where Pi = l/kBTi and T, is the temperature of the system.

The specific heat is then given by

C. = —l— {2-2)



and the energy constant which is often met in the

calenulutions of the relaxation times is defined as

. {2-3)

2-2 Zeeman Bath

When a sample containing nuclear spins is placed in
the magnetic field Ho' each of the spins precesses about

the magnetic field with the Larmor frequeny;

Wo = THO r (2-4)

where ¥ = 2.038 X 10% raa ¢™1 sec™d for JHe. When the

spins have come to thermal equilibrium, the population of

the two spin states for spin 1/2 is

P iH
— = exp(- '1’-;“_? BTO ) . (2-5)
=

If the energy is dumped into the spin system by the rf
pulse, the spin system is driven away from equilibrium.
If the spins return to equilibrium among themselves in a
time short compared with the time required for excess
energy in the spin system to decay away, the spin system
can be described by a spin temperature. The spin system

is thus regarded as a heat bath and is called the Zeeman



bath. The Zeeman bath is described by the Zeeman

Hamiltonian given by

o
Az = _HD'Z M (2-6)

=!

At kT » %5, that is the high temyperature approximation,

B
the energy of the Zeeman bath is

(2=7)

The specific heat and the energy constunt of the. Zeeman

bath are obtained from eq.(2-2), (2-3) and (2-7) as

Nk_. {{p‘ i
B 2
Cz = 4 { kaL ) (2-8)
k, = - _E_. (fas)° ) (2-9)

The Zeeman bath is the first bvath from which the energy
flows to the other heat bhath,

Next we menticn the excitation systems in gquantum
crystals. There are three kinds of excitations in pure
solid 3He. These are phonons, vacancy motions and exchange
excitations. In the case of the solid JHe with a small
amount of 4H‘e impurities, in addition to these three
excitations in the pure selid 3Hh. there exist the

4

excitations associated with the motions of the "He atoms

3

in the -“He medium,

- 10 -



2-3 Phonon

Because the atoms take place very large zero point
vibrations in solid He, it may become necessary to
congider the effects of the unharmonic term of vibrations.
It may require to build up a2 new phenon theory about the
18),19}.

unharmenic crystals However in the NMR experiments
the results have been successfully understood by the usual
Debye s0lid model and the unkarmonicity of the atomic
vibrations has been unnecessary to take into account.

The phoncons play a very gignificant role in
transferring energy from a certain excitation system to
the other system, and the phonen system is a heat reservoir
which has an infinite heat capacity in our experimental

temperature range.

The Hamiltonian of the phonon Bath is

H, = %{"J’(q} ( n(g) + 3= ) , (2-10)

where W {q) is the phonon frequency and n(q) is the number
of phonons with the wave vector q. The energy, the
gpecific heat and the energy constant of the phonon bath

are given, following the Iebye model, by

- 11 -



0 o (2-11)
¢ = 12mt T3

p_ 5 B ‘"o (2-12)
_— 1271:.4N(k 02 (L3

r 5 B ) (2-13)

where & 1is tzken to be the experimentally ovbserved.

Deoye temperature.

-4 Exchange

The exchange in solid 3He is the direct exchange of
Jiie atoms by tunneling caused by the overlap between the
wave functions of the adjacent atons, This is different
from the simple process associated with antisymueiricing
wave functions for fermions. ©The Hawiltonian of the

exchange excitation is described by
A = i?%. Ty Loy (2-14)

If the exchange interaction is assumed to be only between

- 12 -



the nearest neighboring 3He atoms and-Jij = J, the energy

of the “He - 3ﬁe exchange bath is at kB‘.E > Rd

2
R B &+ I -
ET = 8 Nz kgt . (2-15)

The specific heat and the energy constant are

0. = —— Nz % tiJ)‘z (2-16)
T8 "% B (x.1)2 -
B
and
kp = - 4 Nz (£9)% (2-17)

where ¢ is the number of the nearest neighbors.

2=-5 Yacancy

The vecancy motion is the drastic phenomena which
refiects the nature of guantum solid. In the case of the
usual classical solid, an atom must get over the high
potential barrier to move into a vacancy site in its
neighborhood, and the probability is proportional to
exp( —1&E/kBT}, which decreases rapldly in the low
temperature. Af is the activation energy. Thus the

vacancies can not move in the classical solid at low

- 13 -



Vir) = - 30 J'Ldbzl"—lj R (2~20)
r

where

d = Gy = Cpp = 20y,

and C are the elastic constant.

11212 %44

4, 4, 4 _ 3
r:l + m +n —5—

where (l,m,rr) are the direction cosines between the two
impurities. The constant b is the strength of the defeet
which is related with the difference between the atomic
volume of 3Hﬁ and that of 4He in the solid.

16) and Guyer 30) have introduced the

Nakajima et al.
4Hb - 4He gatrain field interaction bvath in order to explein
the 4HE impurity effects on the nuclear spin lattice
relaxation in solid 3HE. The Hamiltonian of this bath is

given by
= E. ‘ﬁ_V (-—-—) mr)mm (2-21)
where n(r) is the number of 4% atom at r and & is the

nearest neighbor distance. V  is the magnitude of the

gtrain field interaction, negrecting the anisotropy.

- 12 .



V(r) = - 30 rtdbgl"—l3 , (2-20)
Ir

where

L

v nd 011,012,044 are the elastic constant.

r=l4+m4+n4—%

where (l,m,n) are the direction cosines between the two
impurities. The constant b is the strength of the defect
which is related with the difference between the atomic
volume of >He and that of “He in the solid.

l6)

Nakajima et al. and Guyer 30) have intrcduced the

4He - 4He strain field interaction bath in order teo explain
the 4He impurity effects on the nuclear spin laitice
relavation in solid 3He. The Hamiltonisn of this bath is

iven by

A 3
}1044 ) ZE %Va ( "j-':) "E{n-)"’lu;) (2-21)
] J ¥

where n{r) is the number of 4He atom at r and A is the
nearest neighbor distance. V  1s the magnitude of the

strain field interaction, neglecting the anisotrony,.

- 18 -



The energy constant k,, of this bath is calculated as

2
Ky = - B (R 5 E- . (2-23)

v 4 i

Because 2, ri-G is evaluated as 12.25 A's for bee crystal
F e}

and 14.45 A'G' for hep crystal, we have

- 6.13 Nx? ( i:vb}g ( bee )

44
- 7.22 m% (% vb)2 ( hep )

(2-24)

- 19 -



$ 3 Rate Equation

The spin lattice relaxation time T1 is the time
constant of which the energy delivered to the spin systen
(Zeeman bath) by rf pulse flows to the lattice (phonon}.
In solid 3He there are gome kinds of heat baths between
the Zeeman bath and the lattice phonon bath, ao the
energy flow experiences some bottlenecks to rsach the
reservoir. On nuclear magnetic relaxation experiment we
measure the time evolution of megnetization which is
inversely proportional to the temperature of the Zeeman
bath., But we can not observe the time evolutions of the
temperature in the other heat baths directly.

When there are some heat baths between the Zeeman
bath and the lattice phonon bath, the recovery of
magnetization which is observed on the NMR measurement is
the sum of exponential functions of time on proper
conditions. Accordingly we can get some relaxation times
goerresponding to the number of hottlenecks between the
Zeeman bath and the phonon bath. But the observed
relaxation time is not the same value as the intrinsic
relaxation time between the two baths. The observed
relaxation time is a functiocn ¢f the intrinaic relaxation
time and the energy ccnstants of the heat baths.

Por instance we show here the relations between the

- 20 -



observed values and the intrinsic wvelues in the case that
three baths connect in series as shown in Fig.3-a. The
first bath is corresponding to the Zeeman bath and the
third bath corresponding t0 the lattice phonon bath. The
energy constants of each bath are kl,k2 and kj. Here the
value of k3 is assumed t0o be infinite because the phonon
bath is considered to bean infinite heat reserveir in our
temperature range. The intrinsic relaxation tlimes
between each bhath are defined by le and Téj. On this

bath model the rate equations can be written as

[ a4, 1
~zt -t (fa- 81

Y P

1

" =T21({51-@2)+T23(@3-[32)
d s o

—aF T (2-25)

k )

where P;= l/kBTi. T; is the temperature of each bath
and kB is the Boltzman constant. As the third bath is a
infinite heat reservoir, the temperature of this bath
does not change at all times.

We now consider the roalation between le and T21.

- 2] -



It T23 ig infinite, the relaxation will occur between the

l-bath and 2-bath, and the energy ccnservation between

these baths requires
ky B+, fp=0

where dot denotes the time derivative.

(2-26) we get

i
12 Tor

If we define the constants as

T, 5 /1,

Tas = /Mo
X
-—1
P .

we can rewrite (2-25) as

- 92 w

(2-26)

From {2-25) and

(2=27)

(2-28)



H

( él Mo Ps-Py)
< : =Pl (By- P+ T (Ps-E00

-~
Lb]
|

\ éf, =0 {2-29)

The initial conditions corresponding to our

experimental conditions (90° pulse method) are at t = ©

Pl(O} =
@2(0) = @ 3
300y = pB {(2-30)

The system of the linear ordinary differential equations

(2.29) has the solutions as

As - -1 A, -1, Ayt
( P,{.t) = Ps( I = Ai_l,ac + )L;-—A.ze ) )

A "Erz R A At
< Pat‘t) = @3( b= A:_-l, '-?—1&" €+ Aze}y T ¢

- 23 -

}L,- - ’?:g, "Ij; - )-1 - Mt

L G = B (2-31)

)



where

!
>" = 2 [(HP}'Z:;"' 'z.as 1\/{ “'"P)'Ft-t*'?as }1" # e ?"3 ]

Pc—

(2=32)
Let's consider the following cases.
T T, )
(A} PT_;; « ?33 ( .k' iz » 13
This conditicon leads (2-31; and (2-32) to
B ) = ﬁaf |-exp(~f/ThJJ
Bty = B, (2-33)

As the l-bath corresponds to Zeeman bath and the
magnetization M is nroportional 1o ﬁl’ the magnetization
recavery which is cbserved by NMR experiment is

expressed &s

M) = Mit t
: = exp{~-
M{m} ¢ P ( Tll ')

(2-34)

The graph of this magnetization recovery is pictured in

Pig. 3-b for comparison with the next case.

- 24 -



In this case the observed relaxation time is equal
%0 the intrinsic relaxation time T,, and any of the
energy constant can not be measured. This case means
that the 2-bath is tightly coupied with the 3-bath and

herice we can not obsarve the relaxation time T23.

(8) P?;z > s ( "éz. Ta & Ty )

This condition means that the 2-bath 1s coupled with
the l-bath more tightly than with the 3-bath. In this
case we get from (2-31) and (2-32)

'kz ‘&;4ﬁ t ‘kl - ...___.'&‘ ...E_..

'-31 1t} = Pg, { 1= k;""f!z, EKP(_ *3 * -ﬁ)" k,-l"k: EIP( k,+ . Eg)}
ki ot ks 1 ) K J

Putty = M'* T ek R Rl e )

By = P

(2-35)

Thus the magnet}ization recovery is observed as the sum of

twe exponential functions of time ;

Mooy ~ M) 7 EKP(-EEL
Moo} - Er"'ﬁ:‘:
% . T
+ e et ae )

(2-36)

- 25 -



Therefore we can obtain two relaxsticn times, which we
define Tl?)oh and T23J0b' These observed relaxation
times are different from the intrinsiec relaxation times.
The relations between the intrinsic values and the observed

values are from (2-36) ;

k
Tio)on = % < ki T12
1+ Kk
o _ kl + k2 .
21)ob k, 23 . (2-37)

Fig. 3-c¢ shows the behavior of the magnetization
recovery in this case. In this figure the intercept

of the second magnetization recovery line corresponding

to T23Job at t = 0, which is denoted by R, is
| (2-38)
= Tk ¥ kK, .
o+

This is the prefactor of the second fterr in (2-36).
This value can be obtained in the experiment as well as

Tl?}ob and T?})ob’ when kl and k2 are the same order.

- 26 -



Fig. 3

Three Bath Model and Magnetizaticn Recovery

( 3-a )
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§ 4 TRelaxation Time in Solid -He
4=-1 Spin Lattice Relaxation Time

In this section we review the typlcal spin lattice
relaxation times T, in solid “He. The mechanisms which
control the spin lattice relstion times are different in
cseveral temperature ranges. The typical temperature
variation of Tl is shown in Fig. 4. 1In this figure we
separate five temperature regions designated by I-a, I-b,
II-a, II-k and III. The temperature dependence of T, is
explained by the cseveral kinds of excitation systeams
{heat baths) and their couplings between them. TPhis is
callied bhath model. The baths are coupled by a weak
interaction with each other, s¢ that the process hetween
the baths becomes to be a bottleneck of the energy flow,
This characteristic time is observed as the relaxation
time Tl in the NME experiment.

The relaxation times in regions I-a, I-b and Il-a
are independent of the small amount of 4He impurities.
But in regions II-b and III %He impurities play an
important role on the relaxaticn times.

In region I-a, the high temperature region, the



energy dumped into the Zeeman bath by the rf pulse is
delivered to the vacancy bath through the agency of the
dipole field. The topology of the energy flow process
is shown in Fig. 4. Reich2} guccesefully used the
treatment of diffusion by Bloembergen, Purcell and
pound3l), to deseribe the relaxation process in this
region. The relaxation is occurred by the modulation of
the dipole interaction between the nuclear magnetic
moments due to the vacancy motions. The vacancy bath is
tightly coupled with the latiice phonon bath through the
vacancy phonon coupling.

The spin lattice relaxation time Tl in this

22]. We take

temperature range is calculated as follows
the Hamiltonian describing the ¢oupled Zeeman-vacancy

gystem to be

M= Ay v A+ My (2-39)

where J%Z is the Zeeman Hamiltonian and JJV is the vacancy
Hamiltonian. J{ZV is & perturbation Hamiltonian which
couples the Zeeman and the vacancy bath, and in this case
is the dipole interactien

AR, AH; _ 3(M‘--]}‘$]{M‘- H‘;‘j) ]

ry? o

he 53

(2-40)

_ 28 _



Using the well khown density matrix method, the relaxation
time is obtained

—-]:.... = -..g—- M ( Tv + 4 Tv
T, 372 I+ wr T} bt o4 wATd
(2-41)
[
= = Ewy x, (2-42)

where H2 1s the Van Vleck second moment and & is the
frequency for #%unneling of a 3He particle into a
neighboring vacancy site in solid He’. x, is the
concentration of vacancies in solid He3 and is expressed

by the formation energy & of a vacancy as

Xy = exp( - EET— ) . (2-43)

As temperature is lowered, the wvacancy concentration
goes toward zero. Thus the mechanism due to the vacancy
motion becomes less dominant,

In region I-b, the energy in the Zeeman hath fiows
t¢ the exchange bath by the modulation of dipole
interaction due to the exchange motion of 3He atoms
instead of the vacancy motionja). Therefore in this cass

the spin variables rather than the special variables of

the dipole Hamiltonian which is the case in region I-a
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fluctuate randomly with time. DBecause the exchange motion
is independent of femperature, the relaxation time in this
region is temperature independent and thie region ie called
the exchange plateau region.

The total Hamiltonian in this system is

M= Mg+ Hop+ Mg (2-44)

M p is the exchange Hamiltonian given by (2-14).

M yp is also the dipole interaction (2=-40). By the
gsimilar caleulation in the case cof the relaxation from
the Zeeman t¢ the wvacancy bath, the spin lattice

relaxation time is given for a powder of crystallites by

—Ti—=J(w;) + 4 J(2w;) (2-45)
J{wy) is the Pourie transformation of the correlation
function of spins, so-called the spectral function. If

we assume the correlaticon function to be a Gaussian,

J(We ) is
JIT M2 wy?
W) == ol e
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where

wf = (2-47)

Jin, ) = XD = =— 2=48
() = gt expl - =) (2-48)
where
2 Ma
wr = 2-
T 1M, (2-49)
The second moment Mz and the fourth moment M4 are
evaluated for bece and hep crystals as follows.
22.796 10 _ (bee)
M, = { x ——;QE—— ) sec 2
22.610 v {hep)
(2-50)
517.76 2 _ (bee)
M4 = { x 10%0 { _ii_ ) sec 4
951.68 v {hep)
{2-51)

where V is the molar volume in cm3/mol. The relations

batwaen Wi and J for both correlation functions are

- i1 -



Gausgslan

{ 4.76 J (bee)
“rT 1648 a (hep) (2-52)
Lorentzian
{ 3.3 4 {bce)
u&r =
4.58 4 {hep) (2-53)

The magnitude of exchange interaction J can de derived
from the measurement of Tl or T2 in this region33j.
d ig also derived by the thermodynamic measurements, such

a3 the susceptibility meaaurement534)“56), dP/dT
37),38)

6),39)

measurements and the nuclear relaxation heat capacity
measursements
In the exchange plateau region, the exchange bath
is tightly coupled with the phonon bath, thus the exchange
bath is always at the lattice temperature. But as the
temperature is lowered, the exchange bath is no% strongly
coupled with the phonon bath, hecause the pumber of phonons
or wvacancies decrease. As & consequence, the process from
the exchange bath to the phonon bath or vacancy bath

vecomes & new botileneck of the energy flow. In the

procass, since the numberg of the phonens or vacancies

- 32 -



are related to the relaxation mechanism, the relaxation
time is teamperature dependent. We denote this temperature
range of the relaxation time by region II (II-a and II-b)
in Filg., 4.

In region II-a, the vacancy motions play a dominant
role on the relaxation mechanism and the energy in the
exchange bath flows to the vacancy bath which is tightly
coupled with the phenon bath, The relaxation time of this
process depends on the number of vacancies and is not
influenced by 4He impurities,.

In region II-b, a8 the number of vacancies decreases,
the relaxation process from the exchange bath to the phonon
bath becomes t0 be observed, The relaxation time of this
process is affected by a small amount of 41e impurities,
Furthermore in this {emperature region, it has been
observed that there exists a large energy constant which
depends on the 4He concentration, The pioneering
authorsj)’5)’6}’12) attempted to znalyze the relaxation
time by the Griffiths theory40}, but the theory does not
explain the effects of the 4He impurities, They d4did not
observe the 4He concentration dependence of the
relaxation time.

For bee solid 3He in this temperature region, Giffard
l.?) Berniera) and Bernier et al.ll) have studied

et a

L
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the relaxation time in the samples with wvarious
concentrations of 4He impurities. In order to explain
the impurity effects on the relaxation hehavior, Guyer
et al.l4}’22), Bernier et al.l5) and Nakajima et al.ls)
proposed the idea of the phonon scattering by 4He
impurities. The large energy constant accompanied by the
exlstance of 4He impurities has been interpreted by
introducing the ‘e - *He interaction hath., PFor bee

samples with 4Be impurities of less than 2.0 x 10-3, the

relaxation behaviors have been explained by these theories.

ll}havg found the exiastance of another

But Bernier et al.
large heat bath and long relaxation time, which were not
measured systematically. In addition, the nonexponential
recovery of the magnetization was observed at the lower
temperature for bee samples. The temperature range where
the nonexponential recovery of the magnetization is
observed is denoted as reglon III in Fig. 4.

On the other hand for hep solid 3He in region II there
is no systematic data on the effects of 4Hh impurities,

6),8),12),13) peems to be

and some experimental results
different from those of bece solid or to be inconsistent

with each other. One of the differences is the temperature
dependence of the relaxation time, which is T~/ for kep solid

and T " with n=8~9 for bee solid. The relaxation process
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due to the vacancy moticm in region IT-a and the
nonexponential reecovery of the magnetization have not
been observed in hep phase.

We have studied the relaxation behaviors in region

ITI-a, II-b and III mainly in hcp phase.
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4-2 Spin Spin Relaxation Time

Tz, the characteristic time for decay of the
transverse magnetization, is a measure of the {ime
required for the spins to come to equilibrium among
themselves., The individual spins move in the transverse
plane relative to one snother due to the local field,
Energetically the process by which the equilibrium 1is
established among spine involvers energy transfer within
cnly the Zeeman system. The typical temperature variation
of T2 is shown in Pig. 4 with Tl.

In region I-a the irreversible motion of the spins
in the transverse plane jisa caused by the fluctuations in
the local field dme to the motions of wvacancies in solid.
The interacticn between the sping 1s the dipole interaction.
T, is obtained by calculating the time evolution of the
transverse component of magnetization using the density

22)

matrix method and ls expressgsed as

1
L+ wicl

1 —

2 1
+ -3 T3 Wi TE ) {2-54)

The physical content of this result is the same as that
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of Eq., (2-41) for T, in region I-a. T, in region I-a
is temperature dependent., This is due to the
temperature dependence of 'tv, which iz related to X
the concentration of the vacancies. Az temperature is
lowered, T2 becomes short until the particle motions which
cause the dipole field to fluctuate are principally the
exchange motions.

In region I-b, the important particle motion whieh
fluctuates the dipole field is the exchange motion of H93
atoms. Using the Gaussian approximation for the exchange

gorrelation function, T2 is expressed as

M o,
'i';'“@ o { 2+ F -+ = )
+ exp [ -2 ( %&-)2]} (2-55)

‘Uh, which is proporticnal to J, is temperature

independent, so T, is independent of temperature in this
region,

T, in these two regions is independent of a small

2
concentration of 4He impurities.
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£ 5 Relaxation Theory between
the Exchange Bath and the Phonon Bath

In this section we show the relaxstion mechanisas
from the exchange bath to the Phonon bath or the vacancy
bath.

The relaxation time between the baths is calculated
by treating the weak coupling interaction between them
ag a perturbaticn. When we denote the main Hamiltenians
of the a-bath and the b-bath by ;{a and }{b regpectively,
and the perturbation Hamiltonian by }{ab’ the relaxation
time Tab from the a-bath to the b-bath ia calculated,

following the well known density matrix method22) 447,

-8 (Hq )
Tl = é Sﬂr“ t.(e ) f*rq. Haum][”a."f‘bm] )
ab : 1 k, ‘o ,
{2-56)
where
i, +M.)t 1M + M, 04
Hab(t] = exp[ a{ b JHabexP[" aﬁ: b J

(2-57)

and ? is the inverse temperature of the b-bath and is
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assumed to have a fixed value. The Hamiltonians have the

following commutation relations.

[Hﬂ:“’rb]=o
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5-1 Exchange-Vacancy Relaxation

The atomic jump due to the vacancy motion 1s one of
the mechanisms for relaxzing the exchange energy bhecause
the motion fluctuates the exchange field. Garwin et 31.3),

22) 45) caleulated the relaxation

Guyer =1 al, and Richards
time in this case. The main Hamiltonians of the baths are

identified as
He — M. = “ﬁJ% I;- 1 (2-58)
H, — H, (2-59)
and the perturbation Hamiltonian is
o — M= RIT 8% L (2-60)

where '&D{"ij = qij -(dij} , and A .. is unity if the

J
8ites i and j are both occupied by 3He atoms and zero
otherwise. Subatituting these Hamiltonians to eq. (2-56),

Richards obtained the relaxation time as

L -2(z-1)/¢, (2-61)

Toy ;

where T, ie the mean time in which the vacancy stays
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at one lattice site and is related to W, and & ag

%%, T
- we "k (2-62)
Le

where /. is the fregquency with which a 3I-L‘.e atom tunnels

into a wvacancy szite.
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5-2 Exchange modulation

The exchange interaction varies very rapidly with the
interatomic distance, and thus the latitice vibrations
modulate the exchange interactiion beiween the spins.

This leads to a coupling between the exchange and phonon
baths. Griffiths40J considered this relaxation mechanism

45)

and Richards extended the calculation by including the

correlations between the different pairs of spins.
The main Hamiltonisns of the baths are the -Ee - -He

exchange bath and the phonon bath;
Hﬂ — H‘I‘ = 't:‘%.. J-',l Ii‘ IJ (2"'63)
"'(b = Hr . (2-64)

In eq. (2-63) we keep only the nearest neighbor interaction.

The coupling Hamiltonian }{ab is described by

Hep = w5 &, A,,-J- (2-65)
5j

hij is a function of the spin wverilahles,

Ayy o= I - ]I,- (2-66)
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and has the comzutation relations as
[AGJJHT]#O

[ Ay, }4p‘] =0

A is a funetion only of the lattice variables,

ij
a

where Jij( Tij} is the exchange interaction between spins

Hi and EJ which are separated by a distance Hij’ and

ng is the equilibrium distance. The commutation

relations are
{Avu 3 HT] =0

[QSJ:HF] £ 0

¥

Substituting eq. (2-63)(2-~64) and (2-65) into (2-56), and
uslng the commutation relaticns, the invariant property

of the trace and the partial integration, we obtain

- 43 -



w 2
[z J < ﬁ.’j{") a;lz ﬂki{'f)}{ o) Ai_“--“] o t
d
N Z L{n 0 19 _‘{Lul*f})l Ao Aﬂw”
(2-68)

where the {Q) indicates a thermal equilibrium average

with repect %o the lattice variables:

tr[exp( -fu) Q]

(Q) = tr EXP( -PHP) (2"69)
and {Q } is the average value for a spin operator;
t
(o) = 41 (2-69)

The gquantity Aij defined in (2-67) is discribed for the
emall departure of )rij from equilibrium as

2
Jioj(hy) 8 | 50 e s
A, =3 2l s L Z sl gty
13 g‘ 3 Xy i t 3 rz.'f A 31; g %t ’

(2-70)

whare x:j (s = 1,2,3) are the {artesian components of )r:i_j

s
and u; is the s th component of uij . U[ij(t) is
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described in terma of phonon creation and annihilation

ocperators as

u

i}
=
I
=

g3l8) = Wy5 - Ky

o . Y L

t.5 ZNm w;“

oy . "I- fy ¥ - . - .
x {Cwe Wt (o M oty , ¢ e wgren si-»”]

(e "¢

(2-71)

where o}, 1s the angular frequency of the phonon with
wave vector . and branch A, @4, the unit polarization
vector, N the number of atcms and m is the a2ftomic mass

of 3He. Then we need to calculate the matrix elements of
(ﬂ.}'{oj Ayp(-+)) in the phonon state space ]nq).

The first term in (2-70) gives the single phonon process
and the second gives the two phonon process {Raman process).
Because the experimental results indicate that the iwo
phonon process is dominant, we consider only this process,
In general the two phonon process 1s more dominant than
the single phoncon process at low temperature because all
the phonons in the spectrum can take part in the two
phonen process, but only the Low energy phonon can do in

the single phonon process,
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The summation over phonon state is replaced by an
integral and a Debye spectrum is assumed for which phonon
veloeity v is independent of the direction of propagation
and polarization. In the twoe phonon process, the phonon
will be significant for « and «' of order of kgl /% and
for energy change |wr-w’'I % J. And since %J<«kyP?, we may
set w'=w Band ' = q. According to the above assumptions,

the second term in eq. (2-68) becomes zero and we obtain

4,1 oo
0 S I B, ng W Ny (Mg + 1)
Tl ke 32 mimintv® Jo

’ 2 2
x Z.l [( I*'J' - 'T'} ];*} LJ"._. Jh :g'}*”‘k(?r)
L

2
- { Ij ~ T i) Lok S je (9

< 2
+ J;j_ J}* ( L;‘J'pl.'k 5}}'.;’"_{&) - Ll‘jlii { ‘J.pJ"C$J)] i

{2-72)

!

where 2% indicetes that i, j and k must be different,
vl
V is the volume and

- 1 -
n, = T (2-73)

~ 46 -



1ls the thermal equilibrium occupation number of the g

phonon mode. The gquantity fij kl(q) is defined by

() = A Blik | BT Am BT Gl
13,kl LT 2T [ iy

(2-74)
This term comes from the integral over the angles;
flMJ:JG wng P éi}r#““ o (2-1%)
The quantity Lij,kl is defined by
b T a;t.j;x.s a:t'J;Ex’ (2-76)
- I L I

If it is assumed that Jij( Hij} is a funection only of the

magnitude riJ and J"»J'/a, where the primes denote

derivative and a is the nearest neighbor distance, Lij Kl
]

cah be caleulated as follows.

2
Lyga3 = 9"
, 2
Lij,jk = J“ij J'jk cos @ijk
(2=-77)
2
Lysoge = 95 ik 008 Gy

2
a J" ijk Cos Qik‘

Lix, ix ik i,
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where & is the angle {i,j,k). For £y4 (q), in the
J,kl

1jk
long wave approximation, we find

1 2.2
f13,15(0) = 73 o%e

1 22
fij;ak(q} = - 3-' q a cO3s Gijk

{2-78)
2.2

1

_ 1 2.2
fij’ik(q) = —5— q“a® cos ejik

Substituting (2-77) and (2-78) into (2-72), we have

T 7' viat (‘fch 7
Tl - kT 96 2 mi i %
w el
x ju ‘&5 w 0{3 X B , (2‘79)
where
’ ,)2-
B = ‘?& [J.;j(Jej‘Icﬁ)Jm

- J}.; j}.; ot 76 (Jz =T~ Jidu t 3y Ji‘)]

(2-80)
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When 1t is assumed that J, . = J,if (1,} ) palr is nearest

neighbor and Ji' = 0 for otherwise,

J

0.523 (hep)
B =i x 32 gt Nz(z - 1)
0.846 . (bee)
{2-81)
Thus the result is finally for hep solid 3He
- = 9.56 x 10777 gne —ETT (2-82)
T1 g
and for bee sclid 3He
l = 8 78 x* 10-35 J"2 _2'1_7_._ (2—83)
Tl 910
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5-% Enhanced Exchange Modulation

The relaxaticn mechanisms mentioned in section 5-1
and 5=-2 are independent of 4He impurities. We extend the
mechanism des¢ribed in section 5-2 by introducing the
enhanced exchange interaction between 3Ha atoms near the
*He impurities according to the following consideration.

The atomic wave functions of 3He near the 4He atom
will be deformed due to the difference of the atomic
sizes between a He atom and a *He atom in the solid.
The deformations may cause the enhanced exchange interaction
between the 3He atoms in the nelghhorhood of a 4He atom,
Let us suppcose that the influence of a 4He atom is
restricted to the *He atoms which are nearest neighbors
of a 4He atom, and the exchange interagtion is assumed to
be effective only between the nearest neighboring %e atoms.
That is, if both 3I-Ie atoms at alte 1 and j are the nearest

neighbors of a 4He atom,

Ii3 = T5 Ny (2-84)

and otherwise

Iy o= Ig Ay (2-85)
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where j\ij is unity if i and j are nearest neighbor with
each o%her.and zero ctherwise.

Here we should pay attention to the difference of
the crysfhi structures between the hep and bee solids.
For heyr structure a 4Ha atom in the crystal has 12 nearest
neighboring 3Ha atoms and some of them are also nearest
neighbors with each other, as pictured in Fig. 5.

There are 24 enhanced pairs around a 4He atom. For dce
structure, however, the 8 neareat neighboring 3He atoms
around a 4He atom have no nearest neighboring bonds with
each other. Therefore for the bece solid 3He, eq. (2-84)
is always gero &nd so the enhanced exchange interaction
does not exist in this phase. The relaxation mechanizm
due to the enh=znced exchange interaction is effective
oriLy in the hep solid 3He.

When we calculate the summution (2-80) carefully for
the hep crystal structure, we have

B = H{69.0 JN2 I & e x { - 597 JN2JN"2

2

1!2 2 ll2
* 93,6 37T © + 330 Jp70y

2J nz

+ 240 JN E

"2
- 180 I dy © =~ 96.5 JEJHJE"JH“)} (2-86)



Thus the relaxation time is in the hep solid He

L I ] L
oLy _Eva (T ef
T T TRy TR it i a} (e2-1)? * B

2 7
% ~36 , T
= - ko 6,22 x 10 (QT)XB N

(2-87)

where k0 is the sum of the energy constants of the normal

exchange part and the enhanced exchange part,

k, = ky + kg = - 5 Na( %30 - 2 20Nx(4ap)?

0

(2-88)

where we assumed that the normal exchange part and the
enhanced exchange part are in good thermal equilibrium
with each other,

It should be emphasized that T,¢T7' and T, depends
on the 4He impurities.

Previously Richards et 31.5’ and Bernier et al.al)’e)
applied the idea of the enhanced exchange to explain the
4He impurity effects in solid 3He. According to the
analysis by Bernier et al., the experimental results in the
bee solid SHe could be explained, if the 56 pairs of JHe

arcund a 4He atom were assumed to have the enhszriced

exchange constant JE which was about seven times as large
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as J- But the theoretical estimate42) for bec phase
indicated that the enhanced exchange was only JE % 1.6d
and the similar conclusion was obtained by the analysis
of the pressure measurement43} and that of the

50) yoth in the bee solid SHe

susceptibility measurement
with 4Hé impurities. Hewever as mentioned above, in hep
phase the enhanced exchange effect can be expecfed to

exist.
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5-4  Phonon Scattering by e Impurities

In order to explain the &He impurity effect on the
relaxation time, Guyer et al. 141, 22}, Bernier et 31.15)
and Nakajima et al. 16) have considered the relaxation
mechanism from the exchange bath to the phonon bath due
to the phonon scattering by 4He impurities.

Here we calculate the relaxation time of this
mechanism, following to the similar treatment with the
calculation developed by Richardst). Let us take the

3Hé - 3He and 3HE - 4He exchange Hamiltonians and the phonon

Hamiltonian as the main Hamiltonians,
+
Ao —> Hat ¥y, = %]*l} E*'HJ' ¥ ijﬂrg .ﬁkuéu (2-€9)
-

)'fh ——> ‘HF {2_90)
where bR iz the annihilation operator of a 4He atom at
the site R+ R +4 denotes the nearest neighboring site
of the site R. The perturbation Hamilteonian which

4

describes the phonon scattering by a "He impurity atom

due to the mass difference in the solid is given by
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2
=4 ZZZ i( ﬂ-}'he'ﬁx
R 44 »¥

4 Sp-tIR + - IR "
x (Couloy € + G Ce € ]

{2-91)

+ . .

where &m = my - Wz, Np = thR and l’.'!{1 is the creation
operator of the phonon with wave wvector q and palarization
A . When we define the phonon part A, and the particle
part Ap by

172
TE Alwy,w,) @€

R 4-um3 oo

PN - EOR
% (CMCE.').' e b 4+ Cou Gy e ]
(2-92)
and
hp = Am ng r (2-93)
{(2-91) is expressed as
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The a-bath is considered to consist of the 3He - 3He
3 4 -
and “He - "He exchange and to be J{a = }1T + 4134. But
since [HT , H4p]

relaxation mechanism.

= O, only }{34 ig effective in this

Substituting the main Hamiltonians (2-89)}, (2-90) and
the perturbation Hamiltonian (2-94) into the formula of
the relaxation time {(2-56), we have a following equation

which is similar to eg. {(2-68}.

! y
T, = 'k.u} ZES { 4o M, a-i-“){ ARLDJA&t-n}‘“

<+ ZE <£1,’ {p} RI f))l ARlPJ ‘AE'“” } ]

(2-95)

For the phonon vpart, using (6&.&&)2 = 3 and

C;Cdlnq} = nq‘nq> , we obtain

o Bty = Sr.r THimi Z s,

=B HR-R) S(eh- )
.4 ['[.'9’*4' v ﬂ?" e *F

. o Rl 'l‘(“-"lll'f *
4 gy Lmyge ) 7 BRIRRD I

(2-96)
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The summation over phonon state 1s replaced by an integral

as

S G e Famede T4y

The integral of the angular part is easily calculated as
P . X, 0 v 4 o 2ElPg-90K
S e mgi Ao’ ant €
a

4 4in Gt Ain @y
&8 r2 *

(2-97}

/!

where ¥ = R - & . Thus eq. (2-95) becomes

1 #* 3RIVE o (T b AT
—— = - wdur == (41
1 "ksq 2028 Nimi vt R & 5" &rt + (% ‘

X Spdﬂ -Qlj:',{f_ {Ag“’—’AgE-ﬂ] (et'-ﬁf*. e-;‘.ﬂf)

1

(2-98)
where 1= w -w’ . To obtain this equstion we performed
the similar estimations as for «~ and «° that were

mentioned above eq., (2-72).

- N
Fla) = 2 Jﬂ {Avr Agwn } eret ot ] (2-99)
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and assume P(-N) = F(Q2), The inverse Fourie transformation

is expressed by

o .
£(t) = —2]"{50 Flay & %" da
= {45(0) Ap,(-t) } (2-100)
and we have
2 ®
d RN S (PN -

eq., (2-10Q) and (2-101) yield

0 N dg
Jo.rx FR) 4 = - L-5— {Agw: A,g(—ﬂ] ieo .

ds (2-102)

Substituting eq. (2-99) into the left hand side of ey.
(2-102) and calculating the right hand side, the integral

over NN and t in eq. {2-98) is expressed by

j: d.2 nzs:',lf { AR(;:) Al"‘f}] ( e&'ﬂt e Lﬂ-l-)

« - L D Ae) (e, Agy) | (27109)
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Using Fermi commutation relations
-+
[bg » 3 J, = Tgpo

[bR » bRr]+ = [bﬁ ' bE1]+= 0 (2-104)

and {_b; bR] = X, we obtain

{[”34 » p)[Mag » Ap0) )

= 2(%J34am)2 x(1 - x) 2( gy = Jpg )

(2-105)

Substituting eq. (2-103) and (2-105) into {2-98), and
using the long wave approximation and k34 =

- zNx{(1 - x)(ﬂiJ34)2, T, is described as

m 4s Pe?
1 i(va.(a. 3& T)j e Ay

T, T (zn)? (e¥-1)*

(2-106)

where

= 40484
1]

{e?-1)*
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For hep solid 3He this is written as

1 _ 18 _T .8 A m 2
TS 1.44 x 1077 T( —— )7 ( T, )
(2-107}
and for bce solid 3He
1 iB T B a.m 2
—Tl-—_l.36><10 T(.—Q_} (v)
{2-108)

It should be noticed that Ty ¢ 777,

This result is identical with that by Bernier et al,l?’,
if tﬁm/mB is replaced by S which was introduced as a
coupling constant between the 4He impurity and the phonon.

1,16

Nakajima et a calculated the relaxation time of this

mechanism by the transition matrix method. Their result
is also identical with the above result, Guyer et al.gz)
obtained the relaxaticn time which was proportional to
T_7, by the density matrix method. They consgidered the
motions of ‘e impurities in solid >He as the mass
fluctuation waves and included all the correlaticns of the
mass differences., Using the random phase approximation

for the random distribution of the 4He impurities, they

assumed



Py {a500) 2p,(8) ] ew X2 (ie - @) (R - 1)

= S{ap(@ agled)}

But Nakajima et al.ls)

pointed out that the mass
fluctuation wave was not a good excitaticn. When the
localized model ig applied for the motions of 4He
lmpurities and thus the correlaticn is restricted wiihin
the same site and the nearest neighboring site, the

result is identical with eq. (2-106).
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CHAPTER IIX
EXPERIMENTAL
£ 1 Cryostat

Newars were of conventional glass design, with
extended tail assembly entering into the gap of the
electric magnet. The outer Dewar contained liguid F,.
The inner Dewar which contained liquid 4He was about
890 mm long in all and 86 mm i.d. The %ail was about
290 mm long and 35 mm i.d. Temperature from 4.2 K %0
1.2 ¥ was attained by punping liguid 4He in this Dewar.
We conatructed a cryostat. which immersed in liquid 4He,
as shown in Pig. 6. We could attain temperature between
1.2 ¥ and 0.4 K by pumping liquid 3He in a pot ingside a
vacuum can. The sample 3He was introduced through a
cupronickel capillary tube (0.15 mm i.d., 1.0 na o.d.) to
a sample cell. The sanple cell shown in Fig. 7 was =2a’le
oo Kel-F tha*t is easily nmachinable. e atoms can
penetrate through the Kel-F wall by diffusion at room
temperature and it could be detected by a leak detector.
But below liquid N2 temperature thare was no leak. The
sanple cell and the metal parts were connected by screws

and they were fastened by finger tight. The sample cell
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was attached firmly by a copper surporter to the not
of the 3He refrigerator.
The NMR coils, the transmitter coil and the receiver
coils, were wound around the outside of the sample cell
which had dimensions of 3 mm i.d., 6 mn o.,d., and 50 mm
long. Cares were taken to allow no ferromagnetic or
supperconducting materials not to disturb the magnetic
field and no metal to avoid eddy current heaiing near the
FMR sample cell,

The pressure of the samg.le was wmeasured by means of
8 strain geauge invented by Straty and Adams46J, which is
also shown in Fig. 7. This consisted of a capacitor
formed by & thin diaphragm and & regid plate. Their
surfaces were polished by A1203 polishing powder (0.05 .4},
The gauge was made of Be-Cu because this metal obeys the
Heoke's law up to high pressure at low tenperature.
The upper part of this gauge was made of oxygen free high
conductivity copper (OFHC) that has large thermal
conductivity. The doughnut ty.e mayler sheet of 30
thick was placed between the outer body and the lower
plate to insulate electrically and they were fastened
by nylon screws, The dimensicns of the sample chamber
in this pressure gauge were &6 mm i.d., Z2mm thick and
0.2 ce. 1t is easiest toc measure the capacitance by the

capacitance bridge, but for the lack of this instrument

we formed the oscillation cireuit by using a backward



diode (BD6) in the low temperature part53). The circuit
iz desecribed in Fig. 8. The heat power of this circuilt
wag ahbout 10 ¥W, The sample pressure was measured through
the frequency of the oscillator. The c¢hange of the
frequency per L kg/em® ig about 20 KHz, The stability
of the circuit was + 2 Hz for a long time, so the
gsensltivity was about 2 x 10™4 kg/cmz. The
reproducibility of this gauge waz good for the heat
cycle between He temperature and N2 temperature but not
good between the low temperature and the room temperature.
We have used twoe germanium resistance thermometers.
The one wag attached by the GE cement ¢on the copper
supporter just above the sample cell for the purpose of
measuring the temperature of the sample. The other was
cemented on the liquid 3He pot. Associating it with the
manganin heater wound around the pet, we composed the
feedback circuit to stabilize the temperature., The
thermometers were ca&librated against the 3He vapor pressuure
and the suceptivility of solid JHe which obeys the Curie's
law. The calibration was futher checked by taking the
melting curve of solid 3He and comparing it with the data

by Grilly L1,
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§ 2 Gas Handling systems

We have constructed the gas handling systems to
prepare the sample solid Helium. They consisted mainly
of a pressure unit, a sample storage unit and a flashing
unit, as shown in Fig. 9.

We used about 3.5 liters 3He gas for samples and it
was stored in the sample storage unit. This unit was
separable from the main system and movable in order %o
utilize also for the sample purification systems.

A cryopump was placed between the sample storage unit
and the pressure unit, It had a copper cell arcund which
the manganin heater was wound, Being co¢led down to
about 1,2 K by pumping liguid 4He, the cell could inbhale
about 90% 3He in the steorage <tanks. Then *He sample wag
transferred to the pressure unit by warming the cell up
%o the liquid N, temperature,

Pressure was generated by the ¢il pressure pumps
which were operated by hands. The cil was silicone
(Poshiba Silicone TSF 451). The pressure of the oil was
measured by two Bourdon gauges. The one could measure
up 1o 50 kg/cm2 and the other up to 200 kg!cmz.

A& compercial nressure guuse [ Teras Instrument Tne. “odel

14% with Tyne 7 capsule ) was used as the nressure standsrd,
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The compressed oil in turn pushed the mercury in a
steinless steel U-tuke, which compressed the helium gas.
To prevent the entrance of the mercury into the low
temperature part, the level was monitored by means of a
electric level meter. The sensers of the level meter
were straight steiniess steel wires, which were put into
the U~tube from the top. The wires with different lenzth
were insulated with each other and the U-tube body. The
gelectric circuit was censtructed with them to put the
lamps on, when the level of the mercury went up and the
lower tip of the wire was immersed in it.

We also measured the level of the mercury by the [
ray method. The scintillatlon counter was placed against
the ¥ ray source through the U-tube. The counter and the
source could move up and down with the same height. The
levei of the mercury could be memsured by the change of
the counts due ¢ the absorptiorn of the { ray by the
mercury.

A steinless esteel capiliary carried the compressed
gas from the U-tube {1¢ the eryostat, We have made a trap
(@ in Pig. 9) to aveoid the mercury vapor going into the
erycstat, It was packed with fine copper wires and was
¢00led by liguid Nz. This trap was also useful for
avoiding the disaster of the mercury psthing into the

cryostat at the high pressure.
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There were other three traps ( @, (3 and @) in Fig. 9)
between the storage tanks and the cryostat to absordb
lmpurity gases such as nitrogen, oxygen and vapor. The
traps &) and (@) were packed with molecular sieves and the
trap (3)was filled with fine copper wires. They were
¢cooled by liquid N2.

We equipped the flashing unit to flash the sample
filling line by 3He gas before the experiment. We
prepared about 2 liters 3He gags for this cperation.
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§3 Experimental Procedure for Sample

We got 3He gas whose concentration was 99.9%. We
made gaseous gamples with high concentraticns of 4He by
adding the known amount of 4Hé gas. The purer samples
were prepared by purification apparatus,

We constructed a recitifying column as shown in
Fig., 10, follewing the reports by R.P Giffard et al.47)’48J.
The rectifying column was a 120 mm long and 10 mm o.d.
steiniess gteel tube containing steinless steel mesh
(200 meshs per 1 inch square). The top of the column
wag made of copper and was in good thermsl contact with
the 4He hbath at about 1.2 K. The evapolator which was
made of copper was posltioned at the bottom of the column,
Its volume wag 6,6 cc and the liquid 3He in this evapolstor
¢corresponded to the gaseous 3He of 4.6 litters at room
temperature, The manganin heater (70N ) was wound around
it. Carbon resistance thermometers (470 ) were fixed
on the top and the bottom of the column for temperature
measgurement.

In operaticon the liguid 3He in the evapolator was
punped out snd the heat power was supplied to the heater
0f the order of 1 mW to keep the teaperature difference
between the bottom and the top of the column about 1 mK,

The helium mixture climbed the column changing from wvapor
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to dew or vice versa over and over again on the mesh and
thereby was rectified., As we had no attachable analyzer
and could not monitor the concentration of *He in the
returning gas, we could not search the bhest conditions

to obtain the pure 3He efficiently. But we collected

about 90% of the initial gas and could reduce the
concentration of 4He impurity down to 30 or 204 at one run.

Phe concentration of 4He in the sample was determined
by means of the mass spectrometer (type CH4 made by Atlas
K.K.) before and after the run of the experiment. The
lower limit of the “He concentration which we could
analyze by this analyzer was about 2 x 10"6. The
precision of this instrument was about 10'3.

The difference between the 4He concentrations of the
sample before and after the sxperiments was within about
5%.

Prior to each series of experimental runs, two days
were spent for cleaning up the sample filling lines to
avoid the contamination with air whick caused to block
the fine capillary in the low temperature parts. After
pumping out for one day to remove the outgas in the
system, we flashed the system by using the flashing unit.
Pirst we filled the sample lines with the 3He gag at
about one half atmosphere. Then we pumped out the 3He

gas for one or two hours, and eliminated sir contained in
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the returning gas by the trap{EL The=e flashing processes
were repeated about ten times., By means of this procedure
a small amount of air could be rejected and was

raplaced by 5He. It was a tedlous preparation but was
nacessary not ic block the fine capillary in the cryostat,

After flashing about five or six times we began to
precool the eryostat by liquid nitrogen. About half a
day was spent for the precooling. Then we transferred
liguid 4He from tThe vessel to the Dewar.

We next show the way how we formed the sample solld
3He. The 3He gas in the sample storage tanks was
transferred to the mercury U-tube by the cryopump.

Then we compressed the sample gas by the mercury U-tube
and the o0il pressure pump. The pressure of the cil was
monitored by the two Bourdon gauges. This pressure,
however, was different from that of the szmple gas hecause
of the difference of the marcury levels in both sides of
the U=tube. We measured the level of the mercury by the
& ray method, and estimated the gas pressure from the oil
preagure and the mercury level difference.

The observatlonal errcr of the mercury level was about

% 3 nmHg, which corresponded to * 1072 kg/cw® of the gas
pressure.

Till the gas pressure reached to 3.0 kg/cmz, the

high pressure value just above the cryostat was closed,



It was because we were afraid that the concentration of
the sample in the U~-tube at room temperature hecame
different from that in the cryostat at 4.2 K. The sample
3He wag forced to enter into the eryostat. Then we
calibrated the strain pressure gauge in the cryostat at
4.2 K and obtained the relations between the freguency of
the strain gauge and the pressure of the sample. After
solidification of the sample, the pressure of the sample
could be measured only by the strain gauge.

The next preocedure was 1o solidify the sample. We
used so-called blocked capillary method to form solid
sample., First at 4.2 K we compressed sample 3He, which
was liguid state at this temperature, up to the pressure
corresponding to the desired molar voliume. The PVT
relation on the melting curve of ’He is known from the
published data?979592:51)  ghen the sample was cooled by
pumping liquid 4He in the inner Dewar. When the
temperature was lowered, the capillary was blocked by the
solid 3He sample in the region where the temperature was
first reduced to the melting point. This region is thought
to be near the surface of ligquid 4He. Cnce the capillary
is blocked, the molar volume in the sample cell remains
constant and the state of the sample changes along the
melting curve. We could easily observe the moment of the

block accerding to an abrupt decrease of the sample
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pressure monitored by the strain gauge in the eryostat.
Then we reduced the temperature rapidly until all the
sample changed to sclid. It took &bout one hour from the
blocking to the solidification of all ‘the sample in the
cell.

After the solidification was completed in the sample
cell, in order to anneal the sample, we increased the
temperature slowly just above the melting point. Then
the sample was cooled again slowiy below the melting
point. This prccedure was repeated sbout three times,

It took about twe hours for one c¢ycle. The molar volume
of the solid sample was determined from the measured
melting pressure using the PY relaticn reported by Grilly
and Mi11s%9’,

Then we reduced the temperature down to 1.2 K which
was the lowest temperature obtained by pumping Liquid
4He. 3He gas for coolant was slowly introduced to the
pot in the vacuum can and was liquefied st this
temperature. JLboui 1.5 liters 3He gas wag prepared for
this ¢oolant, Simeltanecusly we began to pump out the
exchange e gas in the vacuum can to isolate the liquid
3He pot and the sample cell thermally from the liquid
“He bath. We waited at least three hours in this
gituation till we began 10 decrease femperature below

1.2 XK.
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We observed the relaxation behaviors mainly at the
3He temperature. During the NMR measurement we first
roughly controlled the pumping rate of e by the needle
value and then we operated the feedback temperaturs
gontroller which fed the current to the heater wound around
ihe 3He pot. We could perform our NMA experiment at the
e temperature for about 18 hours until the liquid 4He

level went down below the top of the vacuum can.
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& 4 ‘R Apparatus

The nuclear relaxation times Tl and T2 were measured
by using ‘a coherent pulsed NMR gpectrometer. The range of
frequency was 1~4.2 lMHz. The blockdiagram of the hHMRE
gpvaratus used in this experiment is shown in Fig., 11,

The main parts of this apparatus consisted of the trigger
genzrator, the exciter, the receiver system, the dzta
gequisition system, the data display system, the electric
magnet and the proton controller., Almost all the systems
were constructed hy the I.C. or transistors. The trigger
cenerator and the data acquisition system were programmed
by *he microcomputer.

The trigger generator programmed by the microprocessor
generated the trigger sequences to observe the free
induction decay signals cor the spin echo signals.

T 2lso provided the trigger pulses for the memory
synzroacope and the sample holding system. The pulse
generator which was conposed of the monostable
multivibrators produced the pulse which had the suitable
pulse width for 90° pulse. The 90° pulse means that the

vulse satisfies the relation of

e
L
L)’ Hl dt = - , (3~-1)

where tp is the pulse width and Hl is the mzgnitude of
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the component of circularly polarized rf field rotating
with the fregquency w;, In the exciter the continucus rf
wvave from the signal generator was gated by the pulse
and was amplified. Then the rf pulse was transmitted to
the coil in the cryostat. The pulse width was about

2¢ Msec for the 90° pulse. The transmitter coil was
wound around the sample cell, The coil had dimensicns
of 6 mm diameter and about 15 mm long, and was % turns
cf copper wire. On this construction the osecillating
magnetic field in the coil was estimated %o be about

4 Gavws=s, The receiver coil was 140 turns of ithe copner
wire.

The wlMR signel was amplified by the preamplifier
mounted on the head of the cryostat, The variable
ceraciter in this 2rmplifier and the receiver coil composed
the tenk cireuit to tune the resonant frequency. The gain
was &ghout 25 dB. The ouiput impedance was converted to
5042 , Then the signal was attenuated suitably not to
saturate the main anplifier. In the main amplifier the
ciznal was detected by the diode and was amplified.

The gain was about 60 dB, Both the preamplifier and the
wain amplifier were of the narrow band type. The EER
signal was shown on the memory syncroscope. In addition
we consatructed the sample holding systems in order to store

the data automatically. This system held the height of



the free induction decay signal and the output veoltage
was coverted to the degital values by the degital wvolt
meter., The degitalized signal was arranged by the
microcomputer and the data were written on the teletyne.

4 electiric magnet which had a flux stablizer was used.
The homogeneity was 10_6 per 10 mm and the stability was
10”7 for a short time scale and 10_5/hour for a long time
scale, It was very important to stabilize the magnetic
field to measure the long relaxation times. A proton NNMR
controller was used for the experiment =2t 3 WMHZ, which

develoned the stability to lO_S/hour for a long time scale.
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§ 5 Experimental Procedure for IHNMR

In this section we describe the adjustments of the
NMR apparatus and the methods of the measurements of the
relaxation times.

Before the measurements at every experiment we
ad justed the NMR apparatus., The adjustments mention below
were performed when the solid =ample wasa formed and the
temperature was at about 1.2 K where the magnetization
recovery was a single exgonential function of time and
the spin lattice relaxation time was short (order of 1 sec).
First we lccked the magnetic field whoszse magnitude was

determined from the relatien, H. = «,/¥ , for the frequency

0
at which we wanted to take data., We found the just
resonance condition by meane of canceling the beats
between a2 free induction signal and a leak wave from the
excitor. Next we tuned the excitor and the preamplifier
with the rescnant frequency by adjusting the wvariable
capactances. Then we searched the 900 condition for the
rf pulse. The height of the free induction signal is
maximum when the tipping angle is 90°. The dead time of
the receiver after the rf pulse was about 100 HAsgee and
there was a very small ringing after that.

After these adjusiments we ascertained whether the

magnetization recovery was a single exponential function
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of time in the exchange plateau region. Owing to the
degitalized apparatus, we could measure the magnetization
signals with the precision of the one part of 103.

Next we will describe the methods of ‘I'l and T,
measurements. For the measurement cf Tl we used the two
pulse method and the multipulse saturation method.ll)
The pulse sequences of these methods are shown in Fig. 12,
The two pulse methed we used was the conventional 90° - 900
pulse ona., After waiting for a time of more than five
times Tl’ in which the spin system comes to thermal
gquilibrium with the phonon system, the pulse sequence
90°% - 90% was applied. We measured the heights of free
induc%ion decay signaels just after the rulses as a functiion

of the pulse interval, 1. If there is only one relaxation

time, the relaxation time Tl is obtained from the equation,
M{t) = M{o) (1 - e't/Tl) , (3-2)

where M(t) is the height of free induction decay signal
after the second pulse and M(ee) is that after the first
pulse.

If there is an intermediate bath between the Zeeman
bath and the phonon bath, the magnetization recovery is
expreased by the sum of the exponential funetions mentioned

in chapter 1I, § 3. Also in this case, the relaxation
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times can be measured by the two pulse wethod. Dut when
the energy constant of the intermediate bath is very large
compared with that of the Zeeman bath, and the relaxation
time between the intermeodiate bath and the phonon bath
is wvery long, the multipulse szaturstion method is very
useful, By means of thiz method we can obtain both the
longest relaxation time and the energy constant of the
intermediate bath, After waiting for the spin system to
be in thermal equilibrium with the lattice, we apply the
90°% pulse train, whose pulse interval © is shorter than
the reiaxation time between the intermediate bath und the
lattice but is longer than the relaxation time between
the Zeeman bath and the interwediate kath., On this
condition the rf energy is stored in the Zeeman beth and
the intermediate bath, snd the baths appreach asymptotically
to the state thut the energy dumped from the rf pulse is
equal to the energy which flows away from the intermediate
bath to the lattice by the relaxation process.

The height of the free induction decay signal Mn Jjust
after the (n + 1) pulze (n = 0,1,2...) is calculated
as follows, Let's consider the system which conegists of
the Zesman bath Z, the phonon bath L and the intermediate
bath X. We asgssume the relaxaticn time sz between the

Zeeman bath and the intermediate bath is enough
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shorter tran tre relaxation itime TXL between the
interanediate bath and phonon bath. Ve note that the
energy B of a2 bath except for tie phonon bath is exprescsed
as L = k@ in the high temperature approxinetion, whers x
and f is the energy conetant and the inverse temverature
of the bzth respectiveiy- Wwe call hsre the seemzn bath
and tie intermedlate bath in the lump as a floating
srstem, whose energy constant is k. = k, + ky. ﬁn{t)
stunds for the inverse temserature of ths floating systienm
at a time t 2fter the n th »alse. Before the n th pulze
the fleoating system iz in eauilibriam with an inverse
tennerature pn—l(t) becauze we choose the pulse interval
T =uch as T.’ZZ{« T« Tgp,. ©Since the Zeeman bath at
tesperature ﬁn-l (T ) zete energy of -k, ﬁn_l(‘t} from
the n th 9C° wulse, considering the snergy cchcervation

lavw, we have

kg Brny (T -kzﬁn-l(t" = ks{?n(tl) ’ (Z-3)

where T, is the order of sz and we hzve nerlected the
relaxation characterized by TKL' Becuuse T « T ,
@R( T, } is taken as the initizl ccocndition for the
relaxation from thke fleoating svsten to the vhonon bath
and T, can be neglected. After thic n tn pulse the tine

evolution of Pn(t) is governed by
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'5{2__;;(_1;_)_ - _ &n(%) - @L (3~4)

SL

and so

Pa(sy - B = (Pnlo) - B ) exp(-1/24) (3-5)

Here GL is the invercse temperature of the phonon bath.

TSL is the relaxation %ine betwzen the floating system

+nd vhonon b-zath, =amd is 2~ual to the ¢bserved relaxiation

time correspondirg to TXL’

kg
Ty = e XL (3-6)

Combining (3-3) =2nd (3-3)., we get
kg = kg

Bogey ~ By = (=

- b er - B

T
X exp{- F—

SL {(5=7)

This recurrence eauation has 31 sclution as
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Bnh:) = (‘éz/‘és) ’EZ’:F‘("I/TSL)
b, l'—il"' (‘éi/&s}] exP{—-'[/TsLJ

X {1“{(1- 'f:z/'és)e"f’('t/TsL)}nJ

(3-8)

The height of the free induction decay signal Mh after
the (n+l)th pulse is procorticnal to ﬁn(Tﬂf

AS T &« TSL’ we have

,.......M....'I: ’

M, P+ (kg /) (T/ TsL)
£
x[r— exf{-—n( 'TE._ + ‘é:_)J |

(3-9)

if kE/kz 3 1. When the other bath Y is couvling with
the X bath with the relsxation time TKY’ Eq. (3-9) is
also valid and kg = ky + ky + ky in the case. if
sz, Tyy EKT X Tgp 18 satisfied.
Measuring Mn and MD, we obtained kS/kz and TSL by
the least square fit to Eq. (3-9) using a computer 52).
For the measurement of T2. we apnlied the 90° - gg°
pulse sequences and observed the echo height as a funetion
of the interval time t between the twe pulses. The echo
height is express by

M{t) = Mo exp(- gf ) (3-10)

Z
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CHAXITER IV

EXPERIMERTALL RESULTS AiD
PHENOMENCLOGICAL MOTEL

1 Intrcducticn

We observed the nuclear =2pin lattice relixaticn times
mainly in her solid 3He. The molar volume of these samples
were 19.65, 19.4 and 19 1 em’/mol. 19.65 cm’/mol is almost
the largest nolar volume in hep phase and 19.1 cmﬁfmol is
the smallest melar volume that we could form by our
pressure system. We took data for samples of 19.4 cmBImol
most systematically. The molar volume of the bec samples
wag 20.5 cm3fmol.

The MNMR frequency we systematically used for hep
rhase was 3 MHz, FPor many samples we took data glso at
1 MHz and for some samples at 4.2 MHz, The data in bee
phase were at 3 MHz., As the energy constant of the
Zeeman bath depends on the HMHR frequency, we can change
the ratic of the energy constants between the Zzeman bath
and the other bath by choosing the proper MR frequency.

We otkserved slsc the spin spin relaxation time T2

in both phases.
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2 ? Experimental Results in HCP Phase

In Fig. 13 we show the typical data of the
temperature variaiion of the spin lattice relaxation
times Tl in hep solid 3He with 4He impurities. The
concentration of *He impurities is 4.2 x 10'3, the molar
volume of the sample is 19.4 cm”/mol and the NMR
frequency 1s 3 HMz. PFollowing to Fig. 13, we describe
the characters of the relaxation behavior in detail. We
designate three temperature regions, I, II and III in the
figurs.

Region I where the temperature is above 1.1 K
(1/T = 0.9 K1) is the exchange plateau region and 7, is
independent of temperature. We denote Tl in region I by
TI. The relaxation mechanism in this region has been
already summarized in chapter II, & 4. The magnetization
recovery in this region is a single exponential function

of %ime as shown in Pig. 14=(1) and is expressed by

M(N)Mzml;[(t} - EJ{P( _ %I_ ) (¢~1)

In Region II below about 1.1 K the magnetiszation
recovery obsgserved by means of the ftwo pulse method is the

sum of the two exponential functions,
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M(eo) = M(t)
W {o2)

= (1L -R ) exp( - /Ty _q)
+ R exp( = /Ty _,) (4-2)

as shown in Fig. 14-(2). Therefore we can obtain two
kinds of relaxaticn times, Typ_; and Ty o. Typ_q 18
temperature independent, while TII-Z is temperature
dependent., R in Eg. (4-2), which corresponds to the
intercept cbtained by extaporating the second magnetization
recovery line to t = 0 in Fig. 14-(2), is temperature
independent except for the transient region beitween region
I and region II.

When the temperature is lowered below about 0.6 K
(1/T = 1.6 ¥K~1), region III, the behavior of the
magnetization recovery ohbserved by the two pulse method
changes, That is, the first decay of the magnetization
is the expotential function of time but the second is
not, as shown in PFig. 14-(3). Hence we replot
(M(o ) - M{%))/M{) against t1/2 as shown in Fig. 14-(3'),
so that we can draw the straight line on the data points.
Accoxrdingly we settle TIII-l and TIII-2 by fitting the

magnetization recovery to the following equation,

M=) _ (1 - RY) exp( = #/7pqp )

+ R' exp [“(thIII—E)% ] (4-3)

*
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We call the meghetizstion recovery which corresponds to
Tr11-2
magnetization recovery changed gradually from region Il
to region III, but Tyyp_, does not necessarily continue

to T because these two relaxation times, TII—E and

II-2
Tryy_p» @re obtained by fitting the recoveries to the
different functions. T;y; . 1s temperature independent
at sufficiently low temperature and T;;;_, which
correaponds to the magnetization recovery in the first
stage is a2lso temperature independent and is the same
value as Ty 4

During the course of the two pulse measurements,
we found that the magnetization recovery was incemplete
even after waiting some ten times T;;;_,. We call this
long relaxation time to be TIII—3 and measured it by the
multipulse saturation method. 1In Pig. 1% we show ths
gradual change of the magnitude of the free induction

n
observed only in region 111 where the ronexponential

decay signal just after the pulse, M. TIII-3 was

behavior of magnetization appeared. When we applied the
muzltipulse saturaticn method in region II, the value we
got was ldentical with that of T;; , which was obtained
by the two pulse method. TIII—E is temperature dependent
as TIII—3 o T'7. This experiment is the first time that
TIII-3 is found to exist also in hcp phase, although in

Y]
LT
|

to be a ncnexponential recovery. The behavior of the



bee phase Bernier and DevillellJ became aware of its
existance but not measured it.

In order to study the effects of 4He impurity on the
relaxation behaviprs in solid 3He, we observed the 4He
concentration dependence of the relaxation times a2nd the
prefactor R or R' at a very wide 4He concentration range
for the same molar volume 19.4 cmBXmol at the same KMR
frequency 3 MHz. In Fig, 16 we show the temperature
derendence of relaxstion times for samples whose 4He
concentrations are 2.0 x 10_5, 7.0 x 10'5, 1.6 % 10'4,

2.8 x 1074, 5.8 x 1074 and 1.2 x 1073, Por these samples
the region III did not appear in our temperature range.

In region 1I of these samples we could not observe Ty |
at 3 MHz because R was almost unity. This suggeste that
the energy constant of the Zeeman bath is very large
compared with that of the bath which receives the energy
from the Zeeman bath. In order to measure the value R,

we made the energy constant of the Zeeman bath to be small
by reducing the NMR frequencey to L MHz. The data at 1 MHz
for the same camples are ghown in Fig. 17. At this
frequency the velue of T;; ; and R could be measured,
Since TI in the exchange plateau region at 1 MHz is shorter
by one order of magnitude then that at 3 MHz, we could
observe T;;_, over the four or five orders of magnitude.
The temperature dependence of T, , is found to be

o T‘T,

Tyr-2
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Ag for the 4He concentration dependence of TII-E’
it is found from Fig. 16 and Fig. 17 that T;;_ , decreases
as the 4He concentrations increase., The concentration

1

dependence of Ty;_ . 1s expressed as Tip_, ¢ x -~ for

x £ 1.2 x 1077, But it was found that T;1_p was insensitive

to A

He in the higher temperature part of region II
for the samples with “He concentrations of 2.0 x 1072 «nd
7.0 X 10_5. The relaxaticn time iIn the pure limit was
more strongly derendent on temperaiure than the aHe
dependent relaxation time.

T17_y1 was not affected by “He impurities.

We show the data of sclid 3He with *He impurities of
3.00 x 1072, 4.75 x 1077, 6.83 x 107 and 1.47 x 1072 in
rig. 18, 19, 20 and 21 respectively. The molar volume
of these data is 19.4 cmﬁfmol and the NMR frequency is
3 MHz., In contrast with the data of the samples whose
4He concentrations were less than 1.2 x 10-3, for thege
samples the wvalues of R were not almost unity and TII-l
or TIII-l could be observed even at 3 MHz. These results
suggest that the energy constant of the bath which
receives the energy from the Zeeman bath becomes large
with the 1ncrease of the 4He concentrations. The data of
samples containing 4He impurities of 4.75 x 10“3 and

6.3 x 1077 (Fig. 19 and Pig. 20) were very similar with



that of 4.20 x 1072 except for the remarkabie change of
4 . .
TIII~2' When the "He concentration was increased, P12
becomed short. Extremely for the sample of
-2

X = 1,47 x 10 7, Ty7;y_» we2 shorter than T;;;_ ;.
Consequently region II did not appear between regicon I and
region III.

43 geen in these data, R, R', T

T T

1* Tr1-10 Trpz-p @nd
TIII-Z were temperature independent except for the
transient regions. These values for 19.4 cm3/mol at

3 MHz 2nd/or 1 MHz are tabulated in table I.

- P9 -



Fig. 13

3 « | - J _ ! Jwo
x & 58 R R
— O =
e x = 0 = Jo
~— X 0 + J N
X o + )
_ T TTTmmoTmmmmmmmmmm I - 40~
) TH ..—l - nﬂ
fa— ..IO_.. . + N K
Proumf 2.
mmmz = ° o
B Dlmw a g 1~
v -
mm e O Ly memmem e e e m e e e ——— e
SO 1=
2 m - 3 —
[ -
— nm un °
> O -
L
rt111 3 Lcecr 1 a1 o TITE R | hysir 1 0 g _i:_._ 1 In”.w
~r ™ ™ Ny
O (] - - — o
. L il ——

(595) TWIL NOILYXV13M



1)

- T 1503K |
33 S
5| X ‘h,\'
“h
106} .
]d. F L 1
0 05 1.0 L5
{sec)
(23
K 'T T 07K |
353
T
N
10"-\-
..
.
.,
lic*li . \
° t ? {sac) 10
(3]
lr Ts0L10 K
=l
=i
=
3
W
=1 [ [l
‘0_ 1 1 + L L
o 10 . (sec)

Fig. 14

Typical Magnetization Recoveries

at Various Temperatures

HCP, V = 19.4 cm3/rrol
x & 4.20x107°

WO/EJL = 3.0 NHz

(31

Ta0410K




480
29S 007 = 2 60
M Ol7'0 =L
ZHW O°E = 9%
. wdd 007y = X .W_D_-
oW/ W ¥ gL = A Ui
| L | | 1 | O.—




( sec)

10°

10

10

Fig. 16

20, ,
Q
= HeP , o°0 U7
L V= 19.4 cmilmol ® ol arad
' - 3.00 MHz
i s
i 50?8 3 @
| L N
0.5




10

10

10

)
Y =18.4 ¢m /mol Lo
I f, =1.0 MHz so’
L ]
. > 20ppm s e
3 o 70 ppm ° % *
[ e 160 ppm ‘o
- « 280 ppm a o : +
i v 580 ppm .
+ 1200 ppm o v
a +
3 .
2 .
o o
5 A ,,
B & » <
o +
2 . .
- oo F
: a »
i +
v
- ﬂ'::! | 3 +
: . .
I v
&
&
.3 S oo + ¥ +
E " d.!? g . "! ¢ & ‘rg_ v v
3 v +
l 1 1 L |||1|||1|||{|!|||
0.5 1.0 1.5 20 25




Pig., 18

10 ¢
Vm =19.38¢m’
10° B fo =300MHz ]
e [ X =3000ppm .
B L
B »
: .
o s
L 1
Y10 F ° B
B 4
l__'-- b -
9
1 F B
- %
: o *p .00. &
s + -’..
+
- +** . +
~f +
‘lO | I L [ 1 [ 1 [ | 1 Lo "
0.5 1.0 1.5 20 25



Fig. 19
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Fig. 20
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Table I

Table Caption

Temperature Independent Values

HCP, V =19.4 cm>/mal

kx/kz vwere deduced from R or R' following to the eguation
of kx/kz = {(1-R)/R . The wvalues of kx/kZ in the column
rarxed ¥ were the values at 3 FHz estimated from the values
of ® at 1 ¥Hz, following t- kzct ufoz .

For sumples of x = 1.20110"3, 2.48% 1077 and 3.00 %1073
the behaviors of the magnetization recovery were expressed

oy the sur of three exponential Ffunctions of time, and

the two kinds of intercents were obitained.



Table

I

X T Trr-10 Ti1i-1| Trir-z R
3 MHz| 1 MHz | 3 MHz| 1 MHz 3 MHz | 1 WMHsz 3 MHz 3 Wiz
10_6 (sec) {sec) (sec) {sec) {sec) .
20 | 0.42 | 0.0125 0.0055 0.91 |[0.57 0.083
70 | 0.43 10.011 1 0.57 0.083
160 | 0.39 | 0.0117 0.0064 1 0.627 0.066
280 ] 0.34 | 0.012 0.0054 0.85 [0.602 Q.17 | 6.073
580 | 0.40 | 0.0116 0.0060 0.88 (0.58 0.14 | 0.081
1200 | 0.42 | 0.0115 0.0079 0.82 |0.38 0.22 | 0.18
0.72 10.25 0.39 | 0.33
2480 | 0.42 |0.0113 | 0.15 | €.012 0.68 0,185 0.76 0.47 | 0.46
0.45 00,0815 1.22 1.25
3000 § 0.43 Q.35 0.53 ¢.50 0.89
0.31 2.23
4200 | 0.39 0.42 8.0 0.39 1.6 52
4750 | 0.41 0.42 5.0 ) 0.30 2.3 65.
5460 | 0.50 0.42 2.8 0.30 2.3
6830 § 0.44 0.43 1.1 0.24 3.2 120
14700 | 0.44 0.44 0,4 520




£ 3 Four Bath Model

Prom the faet that there are three kinds of
relaxation times, we propose the four bath model ag shown
in Pig. Z2. The four baihs are the Zeeman bath, the
X bath, the Y bath and the phonon bath, The X bath =nd
the Y bath are introduced phenomenologically and will be
discussed later. In our temperature region the phonon
bath has the enough large energy constant and thereby can
be regarded as the infinite heat reservoir.

The nonexponential recovery of the magnetization iz
suppcged to correspond to the relaxation between the X
bath and the Y bath. k., ky and ky denote the energy
constants of each bath,. TZX and TXL are the intrinsic
relaxation timea between each bath, The apecial feature
of this bath model is that the four baths do not comnect
in series but that the Y bath couples only with the X
bath.

Here we show that this four bath model can reasonadbly
explain the cowplicated temperature varjations of the
relaxation times in our experimental results. Though the

relaxation process between the X bath and the ¥ hath is
nonexponontial, in order tc write down the rate equations,
we assume temporarily the process is exponential. Then

we have the rate egquaticns for this model as
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ddiz - By - By

R By B e By By
) * 'Tiz' ( fp- Ex)

i = By Py
\ d;ib = 0 . (4-4)

we take the initisl conditions which correspond to the
two pulgse method to he

broy= ©

Pxoy = Pyeoy = £1 (4-5)

at t = 0. The solution of Pz, which is proportional to
the height of the magnetization signal, is obtained as

_ -At "'al;t —).;t
@z(t) = PL +C, e + C, e +Cge

(4-6)



where we defire

(ll-Pl'zl'l') CAz= Tax Y (As = Taxd (A2 Ay)

r C = —
1 b By Tax ) 00 = 22) (hg = A (= 2)

Mr&?n} L az- ’Z!x)()ﬂ' ’121}()‘3”}'!)

{ Cp=—
2 PL (P;“Zn-- 1;;)(’”‘.)\1) (Az- )\3} LA;"A.)
e O TR U,-—’f“)(lz"zu}(ln-)x,)
E b (e - Q) L Aa) (hg- da) (b= &)
(4-7}
X
2.
Py = <2
!
Xy
| P mxs (4-8)
i 1
72x= Tox
1
¢ Txy = Toy
i Tyr = T;'L— {(4-9)

Xyr Ap 2nd Aj are the inverse of the observed relaxation

times and are the sclutions of the next cubic equation.
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A= g+ gy + U * Prlax + Colyp AP
* gy Ty * Toxlen * Poloy Ton + Colpx Iy

+ P1Po Max Tspd A= 0o Tox iy T, = ©
(4-10)

Assuming that T,p, = 0.4 sec, Tyy = 10 sec, kx/kz = 1.6,
ky/kp, = 49 and Tyr, is temperature dependent as Byp = 0.16
T'T(secJ, we solved Eq. (4-10) using the computer and
obtained the obgerved relaxation times. The temperature
variation of the calculated relaxation times are shown in

Fig. 23 and the coincidence with the experimental results
supports the four bath model to he good.

Rext we derive the relations between the intrinsic
relaxation times and fthe observed relaxation times,
following the four bath model, 1In region I, where
((ky + kg)/ky) Ty, % Tgy @nd therefore the X bath and the
rhonon bath L are in thermal equilibrium, the bottleneck
¢f energy flow is the process between the Zeeman hath £
and the X bath, The observed relaxation time TI is
identical with Tpey
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In region II, where the relaticn among sz and TXL is
Tpy «.((kz + ka/kx} Typ, < Tyy,» the energy does not flow
to the Y bath and the X bath becomes to bhe in thermal
equilibrium with the Z bath more early than with the L

bath. The observed relaxation times are described by

“x (4-12)
T = e— T 4=12
I11-] kz + kx ZX
k., + k
& A

In region III, according to the temperature dependence

of Tyy, ((ky + ky}/ky) Tyy, becomes largsr than T,y and
TKY’ Therefore the energy in the X bath flows once to the
Y bath before to the phonon bath L. The observed

relaxation times in region IIIl are expressed ag

X

Tr1z-1 7 11t E v R Tax (4-14)
ko + ky + k

2 X T4 (4-15)

1173 = E,

The prefactor R and R' in Eq. (4-2) and (4-3) are the

game in region II and III,

R =R'" = —W (4-186)
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Eg. (4-11) ~ (4-16} are all valid except for the transient
regions.
On the multipulse saturation method, if the pulse

interval ¥ is chosen to be much shorter than T but

ITT-3
longer than the times in which the Z bath, the X bath and
the ¥ bath reach in therwal eguilibrium with each other,
the observed kS igs the sum of the energy constants of

the 2, X and Y baths,

g * kX + k? . (4=-17}
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Pig. 22

Phenomenological Four Bath Modsel

kz

Tzx o Ty
Z XF-----1Y
Zeeman TXL
L
Phonon
(Lattice)

Z is the Zeeman bath. T is the phonon bath. The X bath
and the Y bath sre introduced phenomenclogically.
kZ’ kX and kY are the energy constants of each bath.

I

between each bath. The relaxation process hetween

x? TXY and TXL are the intrinsic relasxation times

the X bath and the Y bath corresponds to the

nonexponential recovery of the magnetization.



Computer Simulation of the Relaxation Behavior

on the Bagis of the Four Baih NModel

Pigure Caption
From the eq. {(4-6), the behavior of the magnetization

recovery is expressed by

Wieo) = M(k) . _ %1 ~as_ C2 -at _‘F’z_&-ht
¥ {co) P1 L L

Following to eq.(4-6) ~(4-10} and using the values of
T,y = 0.4 sec, Ty = 10 sec, X /k, = 1.6, k/k, a 49
angd T.

XL
and CSwerECalculate& by a computer- The curves

= 0.16 T’T sec, the wvalues of Al’ A2, AB' Cl, C,

represent the temperature variatioms of the relaxation
-1

. -1 -1
times Ay7y .Az R ‘h3 and the intercepts R, R, at t = 0,
where Meaw) ~ Mity
M)
02 + 03
& f1
-3
¢ 2
R2 T - . N
fr t

The dashed lines represent that the relaxation times on the
line can not be observed in the experiment, because the

prefacter C; in the term of A, is very small.
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% 4 Intrinsic Values

Using the equations (4-11)~(4=17), we can deduce
the energy constants, kg/k, and ky/k,, and the intrinsic
reiaxation tinmes, TZX and T, , from our experimental
results,

In Fig. 24 we show the 4He concentration dependence
of kX/kZ and ksﬁkz for the samples of 19.4 cm3/mol at
3 MHz, The values of kx/kz at 3 MHz for x<1.2 x 1077
are estimated from the data at 1 MBz by using the
relation, kz - ufOE. The validiiy of this relation was
confirmed experimentally. The values deduced from the

6),11)

data of other authors are alsc shown in Pig. 24

Ky is independent of 4He concentrations below about
X =5 X 10-4, but above x = 3 X 10_3, ky varies as x°.

The intrinsic relaxation times T,,deduced from the
observed Ty _;» Tyyy.y 8nd ky/k, are all about 0.4 sec
at 3 MHz and they are identical with the Zeeman-exchange
relaxation time TI in the exchange plateau region {region I).
Consequently we can conclude that the mechanism between
the Zeeman bath and fthe X bath is identical with the
mechanism in the exchange plateau regicn.

The relaxation times T;y , and T111-3 are

temperature dependént and are not ccontinuous to each cther.

However, if we deduce the inirinsic relaxation time Ty



from Try..p and TIII-E’ Ty7 in region II and Ty, in region
III connect smoothly with each other. This auggesats
that TII-2 and TIII-3 attribute to the same relaxation
mechanism between the X bath and the phonon bath, and
that the apparent discontinuity between Typ , 8nd Typ7_»
ig due to the difference of the contributing energy
constants, when the relaxation times are cbserved.

4
TII-E and TIII-3 are influenced by the "He impurities.
The temperature ané the 4He concentration depeadence of
the deduced TXL for V= 19.4 cm3/mol at 3 MHz i3 expresseed

as

1+ 1.3%10° x2 _-n
TXL = 7
3.5% 107 x

(4-18)

with n = 7.2 X 0.4 .

Ty1, has a minimum at concentration of x &~ 1.0 % 10"3.
Tyyy.o Which corresponds to the nonexponential
recovery of the magnetization is temperature independent

but is strongiy affected by YHe impurities,

n
TIII—Z o x {4-19)
with n = 3~ 4., This nonexponential recovery is thought

to be related to the characters of the X bath &and the ¥
bath, and will be discussed later.
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Next we will discuss the NMR frequency dependence
of the relaxation times. When we compare the experimental
results at 1 MHz (Fig. 17) with those at 3 MHz (Pig. 16)
both for x £ 1.2 x 1072, all the relaxation times at 1
MHz are shorter than those at 3 MHz. In Region I, exchange
plateau region, the frequency dependence can be understood
by Bq. (2-45). In region II, Ty1_p 8% 3 MHz are about
5.7 times larger than those at 1 MHz for the samples of
X% 5.8 x 10"4. Let'sa compare the topological factor,
(kg + ky)/ky in eq. (4-13}, The experimental results of
kX/kz at 3 MHz ig 0.065 . Ugaing kzctbubz and supposing
that kX is independent of the NMR frequency, the %topogical
factor at 1 MHz ie calculated to be 6.0 times smaller
than that at 3 MHz, Consequently using eq. (4-13), Tey,

deduced from the data at 1 MEBz is equal to T at 3 MH=z

XL
within the experimental error, and it is found that the
NMR frequency dependence is caused only by the energy
constant of the Zeeman bath.

In order to study the frequency dependence of the
relaxation times in region III, we took the data at 4.2
MHz for the samples with *He concentrations of 4,75 X 102
and 1.47 x 107°, In Pig. 25 we show the data of x = 1.47
x 107, 110 s at 4.2 MHz are almost the same values as
those at 3 MHz for both sampies, This result is

reasonably explained by our model as follows. PFor these

- gf <



samples ky and kY,are much larger than kz. Hence

ks = kz + kX + kY is almost insensitive to the NMR
frequeney. Since the relaxation mechanism between the
X bath and the phonon bath will not depend on the NMR
frequency, TkL is expected to be independent of the
frequency- Therefore the observed relaxation time
Tryr-3 = (ks/ka Ty, Should not be influenced by the
frequency for these samples.

We also examined the molar volume dependence of the
relaxation times and the energy constants. Fig. 26 shows
the dats of samples of 19.11, 19.38 and 19.63 cm3/mol
witn e impurities of 2.8 % 1074, The molar volume
dependence in region 1 can be easily understood by the
molar velume dependenceof'thefjﬂe - 3He exchange
constant J, following Egq. (2-45). The molar volume
dependence of T;; , oT TIII—3 would come from J and the
Debye temperature. The molar volume dependence of

T will be disecussed with the relaxation mechanism

II-2
in the nex% chapter.

For sample with 4He concentration of 2.48 % 10“3,
we observed peculiasr relaxation behaviors which could
not be understoecd within a framewcrk of the present
four bath model. The magnetization recovery obhserved

by the two pulse method was described by the sum of

three exponentizl functions of time and thus three
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kinde of relaxation times were obtained. The longest and
the shortest relaxation times could be identified with

Try-z and Trgp o.
independent and about 7 sec for V = 19.4 cm3/hol at 3 WMHz,

However the second one was temperature

which wes too short compared with TIII-2 expected for
X = 2.48 X 10_3, and hence the second relaxation time
gcould not be identified with any of other relaxation times
mentioned above. Fig. 27 shows the temperature variation
of the relaxaticon times for sample of x = 2.48 % 10_3.

It is noted that in Fig. 24 we plot two values of
kX/kZ which were estimated by extapolating bhoth the second

and the third magnetization recovery to t = 0. The similar

behavioer of the magnetization recovery was observed for
samples of x = 1.20 X 10—3 and 3.00 X 10_3, though the
interval of the second recovery was very narrow, so¢ that

the relaxation time could not be measured.
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Fig. 24 Figure Caption
4He concentration dependence of

the energy constants ky/k,, kg/k,

T™he value of k_, is taken at 3.0 MHz.

Z

o + : Our data, HCP, V = 19.4 om>/mol, /27 = 3.0 M
The values of + are estimated from the data
2

at 1.0 MHz, using kzmw'o .

For samples of x = 1,20 x10™> and 2,48 X 10™3
the behaviora of the magnetization recovery were
described by the sum of three exponential functions
of time. For these samples two kindas of values
of kx/kz which were estimated from two intercepts
are plotted.

A ¢ Richards, Hatton and Giffards).
HCP, V = 19,0 cm3/mol.
The value is estimated from their data at 2.0 MHz.

11)

¥ ¢ Bernier and Deville . BCC, V= 20.5 cm3/mol.

The value is estimated from their data at 1.5 MHz.
The dashed lines represent the values of
kp/ky = kp/ky = 18 32/ wp?
ky/ky = Ky, kg = 28.88 OV, Px/wey’
kgl & kg, y/ky = 28.88 OV 2x/wy®
where w5/21L= 3.0 WHz, J/2% 40,18 MHz,
Vo/20 = 930 WHz, Cy = 0.03 and Cy = 0.97.
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Fig. 25
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Fig, 26
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&5 Experimental Results in BCC Fhase

In Fig. 28 we show the temperature variation of the
relaxation times in bee solid He with e impurities
of 2.0 x 1072, 7.0 x 107, 1.6 x 1074, 2.8 x 1079,

5.8 x 104, 1.20 x 10™> and 3.00 X 1077, The molar volume
of them is 20.48 % 0.3 cm’/mcl and the NMR frequency is

3 MHz. Above about 1.4 K (1/7 = 0.71 K'l) the relaxation
times are temperature dependent. This reglon is the
vacaney region. The relaxatiocn times are temperature
independent betweenl.4 K(1/T = 0,71 K"l) and 0.6 K

(L/T = 1.7 K"l). Here is the exchange plateau region.

In these high temperature regions the relaxation times

are not influenced by 4He impurities and the magnetization
recovexy is a single exponential function of time,

The relaxation times in these high temperature reglions
have been well understood and have been summarized in
chapter I1, & 4.

Phe relaxation times below about 0.6 K {1/T = 1.7 K™%}
are again temperature de.endent and are inf.uenced by 4ﬁe
impurities. This region corresponds to region II which
we designate in the data of the hep phasge.

The magnetization recoveries are the sum of two exponential
functions of time and we can obtain two kinds of relaxation

times and the prefactor R, as well ag the case of the hep
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solid. We plot only TII-E but not TII-l in Fig. 28 for
simplicity. TI’ TII-l and R which are temperature
independent are tabulated in table II.

In Fig. 28 there can be seen the pure limit
relaxation time in the higher temperature part of region
IT. 4s for the pure limit, it will be analyzed in chapter
V, &1 with the data in hep phase. As temperature is
lowered, the relaxation time deviates from the pure limit
and bvecomes to be influenced by 4He impurities. The 4He
impurity dependent relaxation time becomes shorter when
the 4He concentration is increased, following Tlci- x-l.

It is @ifficult to judge the temperature dependence of

this relaxation time frem our data, because the temperature
couuld not be reduced encugh, but it seems that T;;_, o i
with 7 £ n < 9.

Since in the bece sclid 3He there is not the region
III in our temperature range, the relaxation behaviors
can be interpreted by the bath model whieh consists of the
Zeeman bath, the X bath and the phonon bathg

FPollowing tc the bath model, the ratio of the energy
constant between the X bath and the Zeeman bhath is deduced
not cnly from R (eq. 4-16) but also frem the reiation
between T,y and Ty (eq. 4-12) independently.

Here sz iz equal to TI in the exchange plateau region.

In Fig. 29 we show the *He concentration dependence of
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the ratic, kx/kZ' As seen in this figure, the ratio
caleulated from R and that from T; and T;y_, are in good
agreement with each other. The emperical formula for the

ratio of energy constant is described by

—£ - 0.85 + 1.3 x 10°x% (4-20)
The data obtained by BernierBJ for samples of

V= 21.00 cm3/m01 and 20.06 cmjfmol in bcc phase are also
shown in Fig. 29.
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Table 1I
Temperature Independent Values

Boe, V = 20.5 cmB/mol, H-"O/Qm = 3.0 NHz

x | Tp Prz-1| F ky/kg T,

(msec )| (msec) (msec)

* xx

20 40.5 15.5 0.544 c.838 0.620 15.6

70 40.9 0.614 0.62¢ 14.8

160 | 42.0 1.0 0.55 0.695 0.826 13.7

z80 39.8 14,8 0.56 0.786 0.592 [ 14.3

=80 | 41.0 | 16.1 { 0.56 | 0.786 | 0.646 | 13.9

1220 40.0 18.5 0.52 ¢.923 0.860 13.5

2480 41.0 21.7 Q.51 0.961 1.12 14.0

3000 | 40.0 | 30.0C g.32 2.13 3.00 16.0

The values of kx/kz were obtained by the following

equations.

* kx/kz = (1-r )/ &
®% kx/kz = 1/¢( TII/T-II—l -1



Pig. 29 Figure Caption

4He concentration dependence of the energy

constants for bee solid 3Hh

The values of @ and O are our data for bee solid 3H"e of
V = 20.5 emd/mol at 3 NHz. The values of @ are estimated
from kx/kz = (1-R)/R. The values of O are estimated from

The solid line represents the values of

2 2 2.2
kK i, kT + k§4 + k44 ; 124° + 32J34 + 24.4?’0X X
kZ kZ WOE

where wofzm = 3.0 MHz, J/2n = J34/2m = 0.7 MHz and
vox/zx. = 220 ¥Hz.
The values of A and + were obtained by Berniers) for
bee samples of V= 21,00 and 20.06 cm3/m01 respectively.
These values are at 3VHz estimated from his datz at
2.19 WHz.
The dashed lines represent the values of

kx k

k, Tk

T 1232

Z 0

where &/2ﬂa=.l.19 and 0.45 MHz for V = 21.00 and 20.06
cm3/m01 respectively, and tUb/213= 3,0 MHz,
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$ 6 Spin Spin Relaxation Time

Finally we note that both in hep and bec phases the
spin spin relaxation times T2 in region II and region Iil
were the same values 8s those in the exchange plateau
region and were not influenced by YHe impurities.
The results suggest that the spin spin relaxaticn process
is governed by the >He - He exchange interaction even
in region II and IIXI. Thus T2 can be explained by the
game way as discussed in chapter II, & 4. It is noticed
that the spin spin relaxation mechanism does not
accompany the energy transfer between the spin system
and the thermal reservoir, thereby it is unneeessary to
consider the energy baths which should be done in the
cage of the gpin lattice relaxation process.

Fig. 30 shows +the spin spin relaxation times
for various molar volumes at :Lb/ZFL = 1.0, 2.0, 3.0 and
4.0 MHz. The molar volume dependence of the exchange
intersction J deduced from T,, using eq. (2-55), is shown
in Fig. 34
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CHAPTER V
ANALY3IS AND DISCUSSION

We have shown the experimental results in hecp and
bee solids with various amount of 4He Impurities and
they have been well analyzed phenomenologlcally by the
four bath model. In this chapter we will dilscuss these
baths and the relaxation mechanisms between them., In &1
the relaxation time from the X bath to the L bath which
is independent of ‘e impurities are analyzed. In % 2
the relaxation time from the X bath to the L bath which is
influenced hy 4He impurities are discussed for hep ssmples.
The energy constants of the baths are also analyzed.
For bece samples they are discussed in §3. In & 4 we will
diseuss the relaxation mechanism between the X bath and

the Y bath,
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g1l Relaxation Time in the Pure Limit

In region II for purer samples both in hep and bee
phases, the relaxation mechanism which did not depend on
the %He concentration were observed.

In the exchange plateau region, the route of energy
relaxation is Zeeman --» exchange -— vacancy - phonon,
and the bottleneck in the route is the Zeeman-exchange
coupling, which iz temperature independent, But when
temperature is lowered, the exchange-vacancy coupling
becomes 8 new bottleneck in the energy flow. This
relaxation process is caused by the vacancy wotion and
thus is not influenced by *He impurities. This relaxation
time is the pure limit relaxation time which has been
obgerved in our experiments.

According to the relaxation topology mentioned above,
the relaxation processes which are observed are Zeeman —»
Exchange and Exchange — Vacancy. The 1ntrinsic
relaxation time correspending to the Zeeman-exchange
process 1s3 clearly identical with the relaxation time in

the exchange plateau region,

Tpp = 21 (5-1)
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The observed relaxation times T;; _, and T;y_, in the

pure limit are expected to be

k
T —
k, + k
g * Xp _
i e L (5-3)

where Tp, is given by Eq. (2-61). While the experimental
regults of the pure limit relaxation {times could be

expressed as

Tor_o = 3.2 x 1077 exp( 24/T ) (5-4)
for V = 19.4 cm3/mol (hep solid} and

21, = 6.3 x 107M exp( 12/7 ) (5-5)

for V = 20.5 em?/mol (bec solid). Thus we get the

vacancy formation energy as & = 24(% 1)K for 19.4 cmjjmol
and & = 12(%X 1)K for 20.5 cm’/mol., These valuea are in
good agreement with the values deduced from the reiaxation
time in the vacancy region at high temperature. For the
purer samples, the ratios of energy constant at 3 MHz

are kT/kz = 0,065 for ¥ = 19.4 cm3/mol (hep) and

kT/kZ = 0.65 for Vv = 20.5 cm3/m01 {(bee)., Using these
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experimental values, we obtain the results that the
values of 2(z-1) @y are 5.2 x 107 sec™ and 4.0 x 1010
sec™! for hep and bee solid respectively. These values
ars also of reasonable order, compared with the values
in the wvacancy regionzz).

It should be noted that the relaxation mechaniem due
to the exchange moduration was not observed. The relaxation
time of this mechanism is insensitive to the 4Hé impurity
and is proportional to 'II!"“7 a8 mentioned in chapter II, 5-2.

Till now, this relaxation mechanism has not been observed

in solid °He.
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& 2 Relaxation in HCP Phase

From the fact that in hep phase the impurity sensitive
relaxation time from the X bath to the phonon bath is

proportional to o7

, we gnalyze the data by the enhanced
exchange modulation model mentiomed in 5-3 of chapter II.
While the experimental result shows that the energy constants
of the X bath and the Y bath for samples with higher
concentrations are both proportional to x°. This result
suggests that the 4Hb - dHE strain field interaction bath
contributes to the X bath and the ¥ bath. Thus the energy

constants are expected as follows.

£ - ko + kgt Raux

"Bi B ﬁ!

8T+ TR+ 2R EgEx Vptat

- w2 (5-6)
is - '&E‘rk‘;"’ﬁg'fknqx'f‘éw-r
%z fs

W eig 4 92T A I8P N 42888 Cp Vo

%2
(5-7)

where qu’x = ka44 and k44,Y = CYk44 with CX + CY'= l.
Cy represents the ratio of energy constant which

contributes to ky to k,;,. The relaxation times T;;_, and

TiII—} are expressed by T, of eq. (2~87) as
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'kw""kg !

/P e 5 =
II-2 ‘&i + ih.r + fﬂg + ‘fe“,; _rz
_ 2.49 » 107%
wi e 183y + 92 3)x418.88 CoVxt
7
T B.
(=)~ (5-8)
I

l/T éy + 'ég

III""'3 - \k! + k‘o\’ + ‘EE -+ *ﬂ‘ﬁﬁ + éﬂ,? T'|

2.49 x jo73°
Wit 1930 + 92302 +28.98 ¢V s 888 cyvia?

1
x(T) —%— (5~9)

whers B is defined by eq. (2-86).

Pirst we attempt to obtain the interaction constants,
comparing the experimental results with the above formulas.
In Pig. 24 we have shown ths 4He concentration dependence
of the energy constant for the samples of V = 19.4 cm3/mnl
8t W/2m= 3 MHz. PFor lower concentrations, kxsz is
about 0.065, and for higher concentrations we have kxsz
= 8.6 % }04 x? and kY/kz ﬁ-kssz = 2.T X 105 xz.

Comparing these experimental values with eq. (5-6) and

eq. (5-7), we get JH/ZJL= 0.18 MHz, Vg/2K = 930 MHz,

CX = 0,03 and CY'= 0.97 . It is found that the value of JN
3

is in good agreement with the “He - 3Hé exchange constant
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obtained from the exchange plateau region. The value of
VO geems also to be of the reasonable order of magnitude,
compared with the values of V, estimated from “He NIR in
dilute fe - YHe mixtures (Vy/2% = 2500 WHz)?4), the

—

analysis of the phase separatiom temperature (VO/2ID =
2000 WHz)!®) and the theoretical value (Vy/2mL = 1500 MHz)6).
From the fact that both the X bath and the Y bath are
thought t0 be the strain field interaction bath, it might
be the case that the strain field interaction bath can not
reach thermal equilibrium quickly within itself. This seems
to be clogely related to the experimental fact that the
relaxation behavior between the X bath and the Y bath is
nonexponential. These things will be discussed again in
chapter V, §4.

As ghown in Fig. 24, comparing our result for
Vv = 19,4 cm3/m01 with that for Vv = 19.0 cm3/mol obtwined
by Richards et al.®’ and that for V = 20.5 cmS/mol by

Bernier et al.ll]

y it is found that the magnitude of the
gtrain field interaction seems to be insensitive to the
molar volume and the solid phase.

Next we discuss the relaxation times. The formulas
of Tyq_, and TIII—S invelve the unknown parameters of

) JE"'and JN“. When we describe the exchange c¢onstant

E!
as a functicn of the interatomic distance A as Jaciﬁm,
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the second derivatives are expressed by JH" = (mH/a.)QJH
and Jp" = (mEfa.)ZJE. When we substitute these relations
into eq. (5-8), assuming that mp = my for siumplicity and
that the Debye temperature is described as &e< A"l,
Ty1_p 18 expected %o be proportional to AT(4m + 6).

Using the data of the molar volume dependence of Tyy o
for samples of X = 2.8 X 10™% shown in Pig. 26, we obtain
m=42 L4, If we estimate Jg from the value of Trq_ 5,
using &= 38 k54) and the parsmeters obtained above, the

value of JE/ZI.iE 4.7 MHz. Such a large J, should give

some contribution to kX proportional to x, which should be
barely appreciable around x x lX.lO_3. But it is difficult
to judge the existance of the contribvtion because of the
peculiar relaxation behaviors around this concentration
rentioned in chapter IV, §4.

4

In order tc show the "He concentration dependence of

T and T in PFig. 31 we plot the erxperimental

I1-2 II11-3 °
values of them at T = 0.5 K agsinst the 4H'e concentrations.
The s0lid lines in the figure represent the calculated
values on the basis of the feour bath model, which are

in good agreement with the exrerimental results.
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Fig. 31
Figure Caption

4, : .
He Concentratiom Dervendence of Ty , and TIII-3

2t T = 0.500 K in ECP Phase

L1

= 19.4 cn’/mol, wh/2 = 3.0 Wiz,
= 19.41 en/mol, wr/2R
= 19.25 emi/mol, w21
19.32 cn’/mol, wr/27%

2.19 FHz, from ref 10).

2.19 ¥Hz, from ref 10}.

o a4 b e
< o = <
n v

L]

2.1 WHz, from ref 12).

The solid lines represent the calculzted values of TFL’

Tyr.p 8nd Tppp 5 for V =19,4 cm’/mol at 3.0 VHe,

estimated from the following ejuations;

T _ }cz + k]{ T
IT-2 © kK XL
. kZ + k}( + kY T
ITi-3 kK XL ’

whare kx, kY and TRL are the emperical formulas obtained
Trow our experimentel results, described by

t s 1.3%10° %2

T
3-5&104 X

XL =

0.065 + 8.6 % 10% %%

<
=
[
i

2.7x 10° %2 .

g
-
1 ]
Tt
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$ 3 Relaxation in BCC Phase

For dee solid 3He the relaxation mechenism due to the
enhanced exchange madulation is considered to be leas dominant
because of the difference of the crystal structure between
the bece phase and the hep phase, as mentioned in chapter
IT, 5-3. It is now usually accepted for bee solid 3He
that the impurity sensitive TXL is due to the phonon

4

secattering by "He impurities and the relaxation time T

XL
has a temperature dependence of T“g, as mentioned in chapter

II, 5-4. '%We will analyze our experimental results with this

theory-
kyfky = (kp + kg, + ¥,,) /g

2 2 2.2
129° + 32J X + 24,4V X
= 24 OX (5-10)
1152

Tiy_p is expressed by Ty of eq. {2-108) as

1 K34 1
I ky + K + Kg5 + Ky Ty
— 4.32 x 108 , —
Wt + 12 3% 4 32x35,° + 24.4x Vg
2, (=1)8 =11
X 354X ( 5 y¥© (5-11)

We now compare these theoretical formulas with the X

dependence of cur bec data of V = 20.5 cmafmol at
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uro/sz= 3 MHz. PFirst we mnalyze the energy constant.
Using the value of the 3He - 3He exchange interaction
J/2x.= 0.7 MHz, and if we choose the magnitude of the
strain field interaction aa Yox/2ﬂh= 220 MHz, we can fit
the eq. {5-10) well to our data shown in Fig. 29,
The theoretical curve is shown in the figure. It is
found that in the concentration range where x £ 10'3
the X hath is considered to consist only of the 3He - 3He
exchange bath and its energy constant is determined from
the 3He - 3He exchange interaction J. With the increase
of the *He impurities the *He - %He strain field
interaction bath becoues to be effective.

Next we discuss the relaxation time Ty ,. In Fig.
32 we show the experimental results of the 4He
concentration dependence of TII—E at T = 0.435 K. Omn the
other hand, if we use J5,/2% = J/2%= 0.7 MHz, = 28K°4)
and ?beZ?L = 220 MHz which is determined above, the

theoretical formula 1s expressed from eg. (5-11) as

2.5% x 102 x
1+ 1.05x + 7.94 x 10%x?

1/TII-2 )theo -

(5-12)

at T = 0.435 K. Comparing it with our experimental
results, the x dependence 1lg agreeable but the absolute

value of Tr1_5)yhee 18 @bout 7.2 times larger then our
data,
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One of the reasons of this discrepaney is considered
ag follows. The thermal conductivity measurement in
solid 3He with 4He impurities gives the coupling constant
S between the phonon and %He impurity?2)258), 1f tne
phonon scattering is due to only the mass difference,

2

the sguare of the coupling constant 5 is expressed by

2 ia about

{a m/m3)2. But the measurement suggests that S
24 times larger than the value (txm/m3}2 estimated from

the mass difference. This effect has been thought to be
caused by the distortion around the impurity. Thus when
this effect is considered in the relaxation theory

mentioned above, the theoretical value of the relaxation

time becomes smaller.
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Pig. 32
4He concentration depsndence of the relaxation

time T'II_z'.a'b T = (.435 K.
Figure Caption

BCC, V = 20.5 cm3/mol, ufo/zxas 3 WEz,

The so0lid line represents the values obtained from

1 4.82%x10%°
112 “-'62 + 1'2.]'é + 32xv342 + 24.4?01{2::2_
2 T 8
® J34 x { T Y X 7.2

where .1-34/21. = J/2K = 0.7 ¥Hz and vox,/zrt. = 220 WHz .
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§ 4 Nonexponential Recovery

We diliscuss the nonexpcnential recovery of the
magnetization corresponding to the process of TIII-E'
The nonexponential recovery suggeats that the mechanism
of this proc¢ess is not governed by the simple rate
equation. For bec solid -He with YHe impurities of
1.4 % 10774 x % 5.4 X 10"3, this relaxation behavior has
been ohserved below about 0.4 Kll). The nonexpcenential
relazxation behavior appears not only for the sumples with
a lot of 4He impurities but also for the purser 3He

9)’57)'58}. These relaxation times whose feature

samples
is nonexponential are shown in Pig. 33. TFor x?:-lt:'l"3 the
concentration dependence of the relaxation time is expressed as
Tlﬂfx'n with n = 3~ 4, but for purer samples (x < 5 X 10~4)
the relaxation time is not so influenced by 4He impurities.
For the latter czse the relaxation time is affected
by the sample veolume and the history of the sample such
as annealing. Giffard et 31.9)’58} proposed that the
mechanism might be the diffusion in the 3pin system %o
crystalline faults within the sample., They tried to
explain the mechanism by one-dimensional diffusicn
equation. Thisg diffusion hypothesis wes successfully
confirmed for the samples formed in the sintered glass

with a few microns pores, but could not for the bulk
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samplesse}.

On the other hand for the samples with a let of ‘He
impurities, x> 10~7, it seems to be difficult to explainm
the experimental results by the one-dimentionsil
diffusion to the surface. We attempited to extend the
model to the three-dimensional diffusion. But we find
that this triai fails to account for the observation:

We first show the three-dimensional diffusion model and
thelr difficulties for the application, and then propose

another idez,

- 117 ~



4-1 Diffusion Model

We suppose the local magnetization in the solid obeys

the diffusion egquation;

am(r,t) _ D Vzm(r,t)

= (5-13)

where D is the energy diffusion coefficient in solid
3He 19). Solving this equation under the proper boundary
conditions and initial condition, the time evolution of

the magnetization which is observed in the NMR experiment

is described by

M({t) = ‘fm(r,ti av _ (5-14)

W

If the apace is epherical symmetry, the solution of
eg. {5-13) can be separated to the special part and the

time part;
m(r,t} = R(r} P(t) , (5-15)

where
P{t) = ¢ exp(-a°Dt) (5-16)
R(r) = ~HEL (5-17)



U(r) follows the differential equation;

a2 2
— U(r} + a U{r) = 0 (5-18)
dr .

a and ¢ are the parameter which are determined by the
boundary conditicons and ilnitial condition.

Let us consider the following case, Suppose that
the space 1s divided by the spherical surface whose radius
is R and the energy in the asphere relaxes to the surface.
The temperature of the surface is fixed at all times.
In this case the boundary condition is m{R, t) = o, and
the initial condition is m(r,0) = 0. We have a solution;

n(r,t) = o, + 2 m Z{( )8 4}_8111 Lnr/R)
LT Y]

2 02
x exp( - BEE— 1) (5-19)
R
Integrating eq. (5-19) over the sphere, we have & time

evolution of the magnetization observed in the expesriments,

that ia

M(‘?’q%;}ﬂ(t) ~ exp( _

} (5-20}
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where

0 = 38D (5-21)

The behavior of fthe magnetization recovery is in agreement
with the observation. We estimate the radius R from

_— _3 1 - .
our data for x = 4.2 x 10 7. Since I, = Tyr7_, = 10 sec

and D * 10”2 cm?/gec?)

, we have R = 34, The surfaces
could be stacking faults or small-angle grain boundary.
While from the results of direct studies of the crystal
structure using Xﬁray59), the crystal size of solid 3He
hag been found to be of the order of lmm, which is in
agreement with the results of thermal conductivity
measurEmen1556). Moreover it is diffiecult to relate the
surface in the model to the surface boundary which remains
unchanged by annealing, and to explain the strong ‘He
concentration dependence of Pyiy , &nd ky.

Next we consider the model that there is a core in
the sphere whose radius is R. The core whose radius is
T, is at the constant temperature znd the energy in the

gphere relaxes to the core by diffusion. 7The houndary

conditions are described as
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3

m(r_, t) = m,

am{r,t) l -0
) =R ~
\ L]

and the initial condiftion is

m(r, 0} = 0

for ro<r5R.
Under these condltions we solwve the diffusion equation

(5-13) and have a soclution for r > r_as

a
. 21'D
S T N PRI S T
§ sin Enr(r - x,) exp{ - Banth

('5—22)

Then integrating over the sphere, the time evolution of

the magnetization is expressed as

2 W
M{e0) - M(+) _ _ %o _ 1

M{ co ) R3_ :r_'m3 ave anz{R 51112311 (R_ro) - 1'0]

x exp( - Dangt) , (5-23)

On this model it seems that the magnetization recovery is

not a simple exponential function of time.
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in eq. (5-23) is determined from the following equations;

-~

tan an(R ~r,) =aR

a >0 (5-24}
\ '

When we regard the core to be a 4He atom, and the radius
R of the sphere to be the mean distance of 4He atons,

we have ro;’R‘-’é 1 and obtain

- 3r
I o %
o, 5 (—g— )
1
h aﬂ. o~ (21‘1 ; 1) % RE—I‘G (n z 1) ] (5'25)

The term of n = O is dominant in the summation of eq.

(5-23), when r /R & 1. Thus Bg. (5-23) gives

M(v;dw-)n(t) = exp( -Da_2%) (5-26)

and the magnetization recovery is expressed by a single
exponential funetion of time, which is iunconsistent with

our observation. The relaxaticn time is expressed as

P (5-27)
1D Da 2 3Dr0

0
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For reference, when we attempt to estimate R, assuming

that T)p & T 10 Bec, D 10~ cmzfsec and

— *ITI-2
r ~ 4 ﬂ, we get B =~ 500 2. 1In order to explain the

0
4He concentration dependence of T;;y_,, if the core is
assumed to be a cluster of three impurity atoms, the mean
distance between these clusters are R & 200 8. But there
is no reason to consider the cluster specially containing
three atoms 83 8 heat reservoir. If we assume the core
radius to be sufficiently large, the magnetization
recovery would be nonexponential, since a, terms where
n 2 1 becomes effective. DBut such cores would not be
expected to exist in solid 3He. Moreover it is prebably
difficult that these elusters have such a large energy
congtant as Ky observed in our experiment.

Under these considerations we find that the diffusion
models fail to account for the nonexpeonential recovery
of the magnetization in solid 3He containing a lot of ‘e

impurities.



4.2 Problem of Internal Thermel Equilibrium

We have regarded the Y bath and the some part of the
X bath as the ‘He - *He strain field interaction bath,
Irom the facts that their energy constants are
propertional to x2 and have reasonable magnitude. The
mechanism which couples the 3He - 3He exchange bath and
the %He - “He strain field intersction system is ~He - %He
exchange motions., When 3He and 4He atoms exchange their
positions in solid, the process gives rise to the change
of the energy in the 3He - ’He exchange bath due to the
change of the 3He spin configuration. The magnitude of
the energy change is of ordexr of JE'J33. Simulianeously
the jump of the 4He atom accompanles the change of the
4He configuration, and thus varies the energy in the
strain field interaction system. 1Its magnitude is of
order of A-VV(r), where A is the neerest neighbor distance
and V(r) 1s the strain field interaction. Accordingly
the energy is tranaferred between these two systems and
they gradually come to thermal equilibrium with each other.

Then it is supposed that the He - 4He exchange csn
take place where the condition, A&-VYV(r)~Jz I35, 18
gatisfied according to the energy conservatiocn law.
The 4He atom which does net satiefy the above conditicn

can not exchange its position with the neighboring 3He atom,
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but owing to the change afsurrounding4He configurations,
the *He atom may be able to have a chance to satisfy the
condition and to jump., That 1s to =ay, the position of
the 4He atoma which can satisfy the condition is different
in space and the surroundings change in time. The motions
of the *He atoms will probably take place co-operatively.

While the mechanism which leads the *He - *He strain
field interaction system to the thermal equilibrium is
algo the 3He - 4He exchange motion. The strain [ield
interaction system come to thermal equilibrium by changing
the 4Ha configuration due to the 3He - 4He exchange.
Therefore the characteristic time in which the strain
field interaction system attains its internal thermal
equilibrium is thought to be the same order as the
relaxation time of the energy flow between the exchange
system and the strain field interaction system.

In general if each of two systems comes to thermal
equilibrium within itself in & time sufficlently shorter
than the coupling time hetween them, and thus the concept
of their own temperature is established, the usual bath
model is appliable. In the case, the relaexation hetween
them should be described by the rate equation and the
relaxatlon process is expected to be described by a single
exponential function of time. But if not, the process

must not be described by a single exponential function.
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Consequently in our case the magnetization recovery is
thought to behave as a nonexponential one and may appear
to have the form of exp( - (t/Tl)é).

On this jdea the temperature in the 4He - 4He strain
field interaction system can not be defined during the
relaxation proc¢ess. Sco we heslitate to consider the Y
system to be a bath, but we have introduced the Y bath
phenomenologically for convenience.

The mean energy change in the exchange gystem is

of the order of {2z J.. and that in the strain field

33
interacticn system 1s estimated as

? ¥
A-AY(r) ~ ﬂ'—'a"],.- VO ('—i.'—

MHz and ?b/2n4~'1000 MHz, we find that the energy changes

¥4~ ?bx4/5. Using J33/2K}~'0.2

are the seme order when x ~ 4 x 1072, That ie, the
distribution funetions of the energy changes in the two
aystems will heve the same widthe at this concentration.
Since the relasxation rate which is cbserved in the
experiment may be related to the co-operative motions of
“He atoms and the temperature of the system can not be
defined, the conventional methods for the caleculation of

the relaxation time ¢an not be used.
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Fig. 33
4Be Concentration Dependence of

the relaxation time TiII—E

Figure Captiom

The relaxation times which characterize the nonexponential

recovery of the magnetization observed by Bernier and
11) 9)

Deville and Giffard, Truscott and Hatton are also
shown.
® : ECP, V=19.4 cw/mol, Wp/2 = 3.0 Kiz.
a BOC, V =20 em3/mol, wp/27% = 1.5 ¥Hz 1),
® BCC, V = 20.5 en’/mol, wry/2/L = 1.5 WEz ‘1),
+ ¢ BCC, V=21 cm3/mol, “Up/21 = 1.5 ¥Hz 11),
Bt BCC, V= 20 emd/mol, /2 = 3.2 WHz 9.
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VI CONCLUSION

We have studied extensively the spln relaxation times
in solid He with various concentrations of 4He
impurities., Below about 1.2 K, various kinds of relaxation
times were observed and some of them dejpended on the
temperature and 4He concentrations. To explain the
experimental results, we have introduced the four bath
model phenomenologically. The beths are the Zeeman bath,
the X bath, the Y bath and the phoncen bath. The X bath
consists of the exchange bath and some part of the
4He - 4He atrain field interaction bath. The main part
of the *He - *He strain field interaction bath was
observed as the ¥ bath. The energy constants of the
4He - 4He strain field interaction bath is proportional
to xe. The magnitude of the ‘He - %He strain field
interaction deduced from our experimentwas found to be
about 1000 MH=z,

The relaxation mechanism hetween the Zeeman bath and
the X bath is due to the modulation of the dipole
interaction hetween the nuclear magnetic moments caused
by the 3He - 3He exchange motions. The relaxation time
of this process is independent of the temperature and 4He
concentration, but is strongly dependent of the NMR

frequency and the molar volume.
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The magnetization recovery which corresponds to the
process between the X bath and the Y bath is
nonexponential function of time. The relaxation time was
ohtained by fitting the magnetization recovery to the
egquation of exp -(t/Tl)% ). This relaxation time was
strongly affected by 4He impurities. This relaxation
mechanism seems to be related to the proceas of the
internal thermal equilibrium process in the 4He - 4He
gtrain field interaction bath. The elementary process
may take place by the 3He - 4He exchange motion but the
relaxation rate observed in the experiments is
considered to be related to the time of the co~operative
rmotions of the “He atous.

The relaxation from the exchange bath to phonon bath
i= ecaused by the wvacancy motiong in the sclid for the very
pure solid 3He. This relaxation time is proportional to
exp( ¥ /kyT) and is independent of “He impurities. Fox the
impure samples the relaxation time in hcep solid 3He was
proportional to T'T. The relaxation mechanism is tried
to explain by the enhanced exchange modulation nesr the
‘He atons. While for the bce solid 5He the relaxation time
was proportional to ™™ with 7 » 9. The inelastic phonon
scattering by 4He impurities accompanying the SHe - 4He
exchange process is thought to be dominant in the bee solid.

The difference detween the relaxation mechanisms in two
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phases is considered to be caused by the difference of
the crystal structures.

In the course of this study we have revealed the
excitation systems and their interactions in solid JHe
with %He impurities, and it is founé that the small amount
of 4He impurities play important roles in the spin lattice

relaxation mechanism,
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From the NMR measurement, the correlation lime of the matien of a 3He spin via vacancies was Tound to be a
constant along the soild-liquid coexisrence curve, This implies that the ratlo of the formation ensrgy of a vacancy to
the melting temperaiure is a constant within 1%, whose absolute value was [0.8 £ 1.0.

During the past decade, 3He NMR studies on solid
helium have been the subject of intense experimental
and theoretical investigations [1]. Spin relaxation
mechanisms in various température ranges sesm to
have become almost cléar, except at very low temper-
atures. At the highest {emperature range, just below
the melting temperature, the dominant relaxation
mechanism is known to be due to the modulation of
the dipole-dipole interaction hetween 3He spins via
the vacancy wave excitation. Now we have under-
taken a study on the properties of thermal vacancies
and the melting phenomena by using sclid helium. It
is suitable for such studies, because it is possible to
make very pure samples and the molar volume or the
melting temperature can be easily changed by apply-
ing maoderate pressure. This note is a repott of pre-
Nminary results of this study.

The 3He spin relaxation times Ty, Ty and T, (a
spin relaxation time in a rotating reference frame)
were measured in the hep phase of & solid mixture of
3He and #He with 4.8% He. The temperaiure range
was between 4.2 K and 1.4 K and the operating fre-
quencies were 10 MHz and 3 MHz. The experimental
procedures were essentially the same as those of
Miyoshi et #l. [2]. Since the measurements were car-
ried out near the melting temperature, great care was
taken in annealing the sample. It was annealed just
above the melting temperature for about one hour,
until the data were reproducible during cooling down
and warming up the sample. The measurements were
alsa carried out glong the solid-liquid coexistence
curve. There, we have carefully separated the NMR
signal in the solid phase from that in the liquid.

In the present case, according to the BPP model

[3], relaxation times are given by the following ex-
pressions, with conventional notations [1, 4].

Te . 47, }
1+ (ﬁdu":]z 1 +1-'L(|:..Jﬂ-1'c):z

1T, =-§Mz[

1.’T2 = §M2 [:g-'r= +-i-

7. . Te ]
1 +(wofc]2 1 +~1-(::...1u*.-'¢)2

Mis

2| P
(1]

-]
os |

i
02 0.3 014 GI.E 0.6
VTKY

Fig. L. Temperature depeandence of the correlation time (1)
of the motion of a ¥He spinin 2 4.8% *He—*He mixture,
obtained from the analysls of He NMR relaxation data.
The solid lnes are the resnlts of the least sguare fitting
for the data in the solid phase. The dotted line is tha: for the
data along the liquid-solid coexistence curve, ln which the
molar volume of the solld is continuously changing. The
values of the molar volumes for the solid phase are included
in the figure.
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