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ABSTRACT

An echo of elastic origin in the MHz frequency range of
10-100 MHz was observed from powders of various materials. The
ecﬂo originates from the nonlinearvtesponse of the vibrating
particles to RF driving pulses.

This echo is observed in a wide and continuous frequency
fange and is formed by the excitation and refocusing of -
single particle resonance modes. The echo_amplitude'depends
'strongly on. the intensity of the biasing magnetic field H,
for normal metals it increases steadily with magnetic field
(0 ~ 50 KOe) and for ferromagnetic metals it passes through
a maximum. The excitation process is different for normal
and ferromagnetic metals, being "direct" (the electronic and
ijonic motion are directly coupled to the RF-field in the
presence of a static magnetic field) for the former'and
“"magnetostrictive" for the latter.

This kind of echo can also be excited in'piezoelectric
powders.EchoesfromfRochelle saitame reported, in both the
piezoelectric and the ferroelectric region.>‘ |

Apart from the differences. originating in the
- excitation process, the echo from all powders‘behaveS-similaxiy_

Theirelaxation of the echo is determined by the elastic
enerqgy losees of the particles. For normai metal powders

the losses are dominated,in most of the cases, by surface
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energy losses while for ferromagnetic metals the microeddy

current losses are usually dominant.

The echo formation depends strongly on temperature,

sample purity,ahd mechanical or magnetic (ferromagnets)
history. For most of the normal metal samples the variation
of the echo amplitude follows the varlatlon of the electrical

resistivity. For ferromagnetlc metals the echo amplitude

is related to domain structure and domain wall mobility.
The echo,following two RF pulses (at time t = o,‘C)

' 2

of intensities hl and hzlvaries approximately as hlh2

22H4 for normal metals). ' Typically, more echoes

(hlh
(at £t = 2T, 3T ...) with different relaxation times Ty Tye--
follow a two pulse excitation. The relations T, = 3/4 Ty
and T = %Tl, for a stimulated echo following‘a 3-pulse
excitation (@ third pulse at time T leads to a stimulated

echo at t = T +7T), which follow from a simple model are

approximately satisfied for all the samples.

Qualitatively the echo formation can be understood on the

basis of a model, where individualAparticles of the sample

' represent oscillators with their own resonance frequenc1es.

Parametric interaction between the RF fleld and the amplltudes

of the oscillators leads to components in the oscillator

amplitudes which can refocuse at times t = nTti mT, n,m
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integers, independent of the oscillators frequencies, and lead

Ato echoes. The echo properties and possible origins of
the nonlinearities leading to the parametric mixing are discussed
for different materials. The observed echo pattern for a

3-pulse excitation requires a 7-th order mixing process to be

present.

This echo, in many aspects,ispéimilar to elastic echoes
observed from bulk solids, and experimentally it ié verified
that the echo from bulk solids and powders behave'similérly;f

The mechanical quality factor of the powders depends

on the size and the shape of the particles, but it can be
of the order of lO4 which makes the relaxation time'of the
echo sensitive to the intrinsic anelaétic losses in powde?s.
This makes the echo technique a convenieht method,for.the

study of powdered materials.
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Chapter I

INTRODUCTION

The term "echo" refers to a partial reradiation of energy from a
sample some time after the épplication of a two (or more)'ZRF-puise
excitation. There are many different procésses in solids which can lead
to an echo and some of them become valuable tools for the study of
different material properties. The best known of these is the spin-éého
vwhich is used to-study spin dynamics in materialé.

It was a;sumed for a long time, after Hahn's discovery and descrip-
tion of spin echoes(l) that echo formation was a property>of a quantum

(2)

system. In the early 1960's the discovery of a photon echo-"’, arising
from a transition between energy levels in a 2 level system, was not
surprisihg due to the formal identity between a spin % and a 2 level

3)

energy system‘>’.
In 1965 a cyclotron echo from an ionized plasma was observed(4).
This system is classical (the energy of each "oscillator" written in the
form n 1 w, requires a very large n) and its discovery stimulated
interest in echo phenomena more gengial than the spin echo, which resulted
in a number of echo models (See,for example;Refs. (5—7)). Thé basic
principle invelved in all these models is that energy can be stored in a
system in different modes and pulse excitation, under favorable conditidns,
leads to a spontaneous reradiation, or an echo.

Echoes invelving many different modes in solids have been observed

(8)

or described. Some examples of these are: magnetostatic'modes s




fluxoid modes in type II sUperconductorscg), polarlzatlon modes( ) and

(11-13) (14-17) materlals.

various elastic modes in bulk or powder
In this work a mechanical (elastic) echo observed from powder
Vmaterials in a wide range-of temperature, frequency, and particle size is
discussed. This kind of echo ceitainly is hot new. It is observed
quite often in pulsed NMR experiments, when powder samples are used, and
effort is usually directed towards its elimination. This echo has been
reported for many substances at fixed frequencies. While 511 observers
agree that the modes, required to store energy, aie elastic in nature the
actual microscopic mechanism which leads to echo formation is not known.
In order to familiarize the readei with.the problem of the echo formetion
from pow&er substances a short summary of the reported observations and
‘conc1u51ons regardlng the echo origin is presented
An echo from p1ezoelectrlc powders was mentioned by L1v1ngstone(18)
in connectlon with NQR pulse experlments where thlS echo obstructed the
spin-echo. He po1nted out its mechanical origin, 'i.e. refocu551ng of the
elastic modes of particles, and suggested the submersion of powders in
liquids as a means,of‘the'echois eliminatioh. He did not attempt"to
explain its origin. |

In 1968 Stauss and Rﬁbinstein(ls) reported this ecﬁo from ferro-
magnetic'substances. Theonbserved .a"'relationship between-the pafticie
size and the echo appearance,as uell as - a - correlation between the
frequency ranges of the presence of the absorptlon lines in CW .(continuous
| wave) and the echo in pulse experlments. For the echo_process, they

proposed the refocussing of single particle modes excited by magnetostriction.




This suggestion was strongly:supported by the Qbseryed dependence

of the echo amplitude on the biasing magnetic field, which passes through
a maximum and continuously disappears'aboved '« magnetic saturation.

They discussed thelecho formation in térms of parametric mode
mixing by an amplitude dependent,driving.fonce. This echo process was

(19)

dlSCUSSGd prev1ously by Hermmann and Wh1tmer in connection with the
cyclotron echo. | | |
Echoes from the normal metals were'first reported By Allouii>and

Froidevaux(14) at a 1ow‘tenpefature and‘fixed'frequency. They observed

an ﬁ@ dependence.of the.echo amplitude on phe“biasinglmagnetie field, H,
different relaxation times of the first end second echoes after a two-
pulse excitation. They did not’discuSs ﬁhe echo onigin. In 1970
Snodgrass(zo) ‘reported a strong echo from AgNi; AgMn (< 0. 1 %) which
was ansent in pure Ag without attemptlng to explaln its or1g1n. Anv‘
echo from dlfferent metals ‘at 16MHz. was reported by Pacult et a1(1 ). They
also observed an 'Hz dependence of the echo amplitudes, and. a dependence
of the echo amplitude on the repetition rete. They observed the echo
,fron particles Smallen than the minimum size required for free vibrations
and later reported(21) that the decrease of the echo amplitude after mixing
the powder of normal metals winh inactive pender is size dependent. These
observatlons led them to the conclusion that collective vibrational modes
are respon51b1e for an echo. They suggested that the driving force-

was the torque, due to the interaction of the eddy éurrents, induced

by the RF magnetic‘field, with the static magnetic field. They did not

attempt to explain the echo mechanism.

and




Table 1.1 lists

reported.

Table 1.1

the normal metals for which an echo has been

Material

"Ref (16) 16 MHz

Ref (14) 5 MHz

. In

Cu

Zn

Sn

Al

Vv

Pb
§ | CuCo
Pb Hg

Ag

yes

yes

yes

yes

yes

yes, '

yes

yes

Apart from the fact that some kinds of elastic modes in powders are

different materials, identify the character. of the elastic vibrations and

their excitation mechanism, and determine the echo formation process. The aim of

The experimental evidence indicates that elastic vibratiens in the

study of material properties.

responsible for the echo, it is not clear how and which elastic modes

lead to an echo. The purpose of this study is to compare the echoes from

this study is also to investigate the usefulness of this effect for the

sample ultimateiy lead to the observed echo. The sample, fhérefore,




can be represented by a set of nondegenerate oscillators (resonance modes)

which somehow partially refocus after a two pulse excitation leading to
the observed echd. |

It should Be stressed that a linear system's (simple harmonic
oscillator's) reéponsé to a mulfi—pulse sequence does not lead.to.an echo.
This follows because a linear system's total response is the direct sum
of the linear responses from the individual pulsps and this provides no
~ possibility fer the eventual echo formation. A nonlinearity in the system,
:which is effective during or after the application of the second pulsé,
can provide the proper mixing of elastic modes, which then leads toc an
echo. ’

The energy feradiéﬁed during the echo is only a small fraction
(10_10) of the'energy ﬁuﬁped into the system by the RF-pulsg%. Therefore
the ncnlinearity which is required to form the echo can be small. This
suggests that these echo.phenomena Couid form a powerfulbnew tool in
solid state physics. H

Thié thesis is organized as follows:

In Chapter 1I ,&arious nbnlinear-processes‘which can lead to an
~echo ffom a ﬁultioscillator syster are discussed. The discussion leads
to the developémentiof a simple model which can deScribe>a11 the experi-
mental data, if simplifyingvrestrictions are relaxed. The model can
relate the relaxation time of individual echoes to the anelastic losées
of the particles, and it also*aids in»the_selection of physicailnon—‘
lingarities which can léad to’an‘echo. Neither‘the relaxation time nor

the origin of the required nonlinearities have been discussed prior to this




work. This chapter also includes a short discussion of the elastic

properties of the powders and possible coupling mechanismsbetween the RF
field and elastic modes of the sample.
Chapter III describes 'the apparatus used for the echo observatibn

and lists the samples.

Chapter IV lists the experimental results and their discﬁssion.
Both are dividedhinto the following gréupéf

A. Properties common to all powdérsv

B. Properties specific to normal metals

C. Properties specific to ferromagneticAmaterials

D. Properties of the:. cne piezo and ferroelectric substance

Rochelle salt.

E. Experiments related to the identification of the elastic modes
involved.
This d1v1<1on is more illustrative than tbe 115t of the properties
accoralng to the materials, because the majority of the echo propertles
a;e jdentical in all powders but some of the materlals are more suitable

than others to demecnstrate a given effect, The final conclusions are in

Chapter V.




Chapter II ~

ECHO FORMATION PROCESSES

2.1. Classicai Echo Processes

In the well known' vector model for‘a spin-echo the origin of the
echo can ea511y be visualized as a flipping and refocussing of spins in
a rotating frame of reference. A similar pictorial model of osc111ator
~ echoés was proposed by Géuld(so). The basic idea of his model is that a
classical system, in some ways, can be viewed as a set of nondegenerate
oscillators with closely spaced frequencies in the bandwidth of an
exciting pulse. In the presence of nonlinearities a two pulse excitation
leads to a periodic phase refoqussing, and hence an echo. This model
was originally proposed for cy;io;ron echoes where the oscillators are
electrons moviné in circular paths and the degeneracy is removed by in-
homogenitiés in the static magnetic fiéld. After the application éf a

7

pulse of electric field }ntensity € and duration ty the electrons
gain a velocity v = %fgkgﬂ and move in a circular path Vv + vi =iv2
where z. 1is the'difection 6f the'static.magnetic field in real space.

By the canonical transformatlon (v s V ) -> (q, pP) (q,, p are

canonical coordinates) the motion of any linear oscillator can be descrlbed
by a closed path in phase space.

For example,Aa harmonic oscillaior can bé described by the closed
path (p//m )2 +(q w/ﬁi)z = 2F where ¥ is the ;nergy and o = vk/m,

the natural frequency of the oscillator.

A necessary condition for echo formation is a memory in the




system, i.e., the §ystemvat the pimé of application of.additional pulses °
must remember the initial excitétion. This is guaranteed by tﬁe high'
resonance Qi quality faé%pr-of thé46ééi11ators. —
Since oscillator interaction can be important to an echo process, it
is necessary to distinguish between eéhoeé‘due to the nonlineéf fespdnse
éf-individual oscillators to pulse excitation and thosé due to mutual
oscillator interaction. In the first case the echo origin can be studied
as the response of one oscillator and'the echo amplitude is the sum of
responses for all oscillators. vIn the latter case a m;ny—body apprbachv

is necessary(zz). In the presen£ study no evidence'of multi-mode
~interaction was observed. | l

Thé term Uoscillator"lfefers_to one resonance mode which need nof‘
be spatially localized. | | ‘

Gould's model of echo formation can also be used to visualize the

formation of elastic echoes.

The model is based on the fact that all oscillators, having

* 1

particular éoordinateg' (q, p)T-A,at time 1 after a cohereﬁt excitation,
wili rephase -at the same position (q, ﬁ)ZT' at time 27 independent -
of their frequencies. This is a'necessaiy but not suffiéient condition
for the formation of oscillatof echoes.

Let us assume a linear two pulse excitation. After the first ﬁulse,
at t =0, all oscillators have the same energy.and the same phase.
After the second pulse (II) v(t'= 1) their enérgies will depend on whgt

their phase, 6, was prior to pulse II. Because the energy -increments

due to pulse II for all oscillators with the same phase 6 are equal, it




-

~is convénient to introduce the term "6 - class" ~ referring to the sub-
set of oscillators with phases in the interval 6 to 6 + A6.

4"One;can.intioduce the term "moment of 6 - class" to refer to the

,suﬁvof coordinates of all members of a 6 - class (NG)' as

Wy = Z. o M
6 1€N6 (2.1)

¥y

A; = w/mq .-!-é;i//ﬁ ip '

(where the symbol e means contained in). Because the different members

of a 6 - class have different resonance frequencies they‘defocus quickly.

(In a time %%- where Aw is the angular frequency distribution of the

oscillators).

At times t > 2n

An ? after the pulses, the members of a 6 - class.

. ’
are approXximately equally'distributed along a constant energy curve in

phase space and
Mg = 0

The members of a 6 - class rephase at times nt where n is an
integer and only at these times is Mg # 0. It must be emphasized that

this rephasing by itself, does not lead to an echo because the total

moment of the sample,

all 6 ieN '

(where N is the number of oscillators) is identically zero. However,
certain nonlinearities can destroy this balance between different

6 - classes and an echo can appear.’
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The process described aﬁove is shown schematically in Fig. 2.1.
 Prior to pulse I, the energy of all oscillators is zero and the system
is described by a point at the origin. (8 - pulse excitations are assumed
(infinite bandwidth)).

Figure 2.l1a shows the situation immediately after pulse I. defocussing

at t > 2 leads to an equal distribution of oscillators along a

_ Aw
constant energy curve Figure 2.1b. -Because of this homogeneous

distribution,
N, =28y . (2.3)

the effect of a second pulse at t = t is a shifting of the entire
" distribution in a particular direction, Figure 2.lc. (Points 1-20

represent partlcular ® - classes).

A11 members of a 6 - class travel through an angle 2mn + 6 in the
time 1T, where n -is an integer.

Immédiately after pulse II they have a new phase and amplitude

1 1 :
(A, 6 ). The new amplitude is given by the sum of the amplitudes due
to pulse I and II.

1
A = Ae + A : (2.4)

i.e. in the special case in Figure 2.lc.

//A + A cos 6) + (AI sin 6)2

- and - (2.5)




e

Figure 2.1l: Gould's Model of Echo Formation (See-text) ) ) -
(AII = % AI)' _



At time t > 1, t # nt each 6 - class is defocussed and its
members are equally distributed on a constant energy curve. Figure 2.1d
shows four © - classes at 2t > t » 1, which are completely defocussed.

A

Ay, e.t.c. represents the amplitude of the individual members

2> A8
of the particular 6 - class.

Figure 2.le shows the entire distribution at time t = 27, when

.
all 6 - classes are refocussed in position 6 + 6 and have moments

° ) (2.6)
Where Y, is a moment of one parficle.' |

The total moment is

27
. s
b= oz o= do A P
0 27 . 0
all 6
o
27 ‘
N ie 10, , ’
= o Jo (AIe + AII)e de =0 (2.7)

where a uniform phase distribution of ¢ - classes

' . (2.8)

=

n(e) =

was assumed. Different processes which can lead to an echo will now
be discussed.

As can be seen all & - classes mutually compensate their moments
in this two-pulse linear model. If the shift of the energy- curve due to
pulse II differs from 6 - élass to 6 - class, due to a nonlinear inter-
action, u(2t) can be different from zerd and an echo occurs. For

example figure 2.1f indicates the distribution of 6 - classes at t = 21
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i
assuming that the second pulse has the form A

= A(1 - cos 6). Im
this case
A' = A ie A 1 0 .' 2.9
o " 1e + II( - cos 8) (2.9)
and
2% ",
o N ie N
n(2t) = 5~ J AII(l - cos B)e ~ d8 = 5 Arg (2.10)
o) .

In the mechanism described above the echo originates from the
incomplete compensation of moments of different 6 - classes. The fact
Athat Mg is non zero only at t = nt, n = 2,3 ;.. " clearly puts a
restriction on possible echo times. The origin of this incomplete
compensation of different 6 - classes can be either the properties of the
oscillators themselves or the nature of the driving force. In bofh cases

the echo is a result of a nonlinearity in the system. Different processes

which can lead ‘to an echo will now be briefly discussed.

(a) If the relaxation rate depends on amplitude(6’23), then the
moment of a particular 6 - class is given by
| S |
T(6
B0 = 2w (21) = ug(ae’ . @a
ieN . '
6
and generally
‘ N [>T
u(?ﬂ =3 Hg(27)d8
‘0 -
2 _ T
N [T i6 i6 _ T@, e + A D
= 77 | de(Ae” + AII)e e | 1 II £ 6
0o




However, for a zero pulse'sepaiation the term causing the echo
disappears and therefore this echo increases with pulse separation.
- (b) The resonance frequency of individual oscillators may depend

(24,25)

“on their amplitude. Then different 6 - classes, because of their

different amplitude, exhibit a different additional frequency shift
‘ '

t .
Awe(Ae). Thus at-time t = 2t they will have phase 6 + 6 + AwgT

which leads to an incomplete compensation of their moments and

2w . . R ! :
p(21) = g—ﬂj de'(AIele s A)el® ibe(Ag)T L, g (5 13)
T

- II

' Again, this echo increases with increasing pulse separation.

In addition, because fhe different members of a particular 6 - class
have' different resonance frequencips,'fhe ffequency shift varies
from member to meﬁber and therefore leads to a partial defoqusSing of the -
"6 -~ class.

The moment of the 6 - class is given by

'].le(ZT) = I luil COS(A(DiT) = .
ieNg .

luol .Z cos Ami'r < N‘e'u(! ' » CZ'. 14)
ieN :
6 : . : .
Thus it should be stressed that these ampiitudE'dependeﬁt*processes,

(a) and (b), require time to develop and therefore the echo amplitude
will increase with pulse separation (neglecting-relaxation effects). The
specific form of the depéndence of the echo on the amplitudes Ay and

AII depends strongly on the chosen relationship T(A) or w(A).
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-Two specific cases were discussed in the literature:

(26)

a) the attenuation linearly proportional to the amplitude In

this case

wo A; AT | (2,12a)

b) the frequency shift proportional to the square of the amplitude(24)

leeding to

2 ’ . .
u o AI AII T : 2.13a)

c) another possible originbof incomplete compensation is nonlinear
(parametric) coupling_of the-amplitude of the oscillators due to pulse I
to the external periodic RF field during the.pulse II.. Iﬂ this case |
the effect of the RF pulse II at time (t = 7) -depends on the phase of
the oseillators and is different for different ® - classes. The physical
interaction leading to a possible echo in the sample occurs during the‘
second pulse. Uhlike the preyiouS‘processes, this:process does not
require time between pulsee_to‘develop and,tﬁe echo‘amblitude is
indepeh&ent'of: T ‘(neglecfing reiaxefioﬁ effects). According to experi-
mental‘evidence; this mechénism seems to flay a dominant role in the

formation - of elastic echoes from solids and will be discussed in greater

detail.

2.2 Echo due to parametric mixing -

Let us demonstrate this process with two examples:

a} an oscillator with the restoring constant dependent on the RF




field h.

The ‘equation of motion of the oscillator has the following form
(oo 2 ' ° ) ’
- x+ w (1 +ef(h))x =0 (2.15)

where e << 1 and f£f(h) represents some function expressing the
dependence of the restoring constant on .h.
The simplest form of £(h), for x and h having approximately

int

the same time dependence e, leading to an echo, has the form

£(h) = h°

b) An oscillator excited by an amplitude dependent force.

The equation of motion has the form
. g | ' | :
X+ wx=FQ + e£f(x)) . . (2.16)

where ‘again € << 1 and £(x) express the dependence of the force on
the amplitude Xx.
For the same time dependence of X and F the simplest form

‘of f(x) leading to an echo is

() = x2

Case a is a classical example(27) of a parametric oscillator and its
' (28)

(19)

function as a parametric-amplifier is discussed in the literature
Case b was analyzed'in great detail by Hermmann and Whitmer
In both cases the paramétric mixing occurs during the secénd pulse,

because the response of the oscillator to the second pulse is modulated




by the elastic vibrafions excited by the RF'pulee'I.

To_illustrate-the echo formation it is convenient to use the normal
mode formalism (appendix I). The adventages is that in the equation of
motion for mode a = adeiwt only terms varying as eiwt' are of interest.
Therefore, the derivation is more 111ustrat1ve and ‘can be easily extended
to higher order echoes.

In case a _ﬁhe firet RF pulse of inteosity h10 and duration t&l
produces a force flO = dhlo# on the i-th oscillator, generating the mode

iwit _ 3 iwif

ag =ae - sdhgty e (2.17)

which interacts with the RF field,, h2 due to 'an interaction of the type

* 2

1 '\' ) . * 2 .
Ho o = i'i € (ai + ai) (h, + h2) (2.18)
where AHint represents the nonlinear term in the interaction (xzhz) and
iwb(t - 1) . .
h, = h,.e for T.<t<T1T+t
2 20 W,

0 _ otherwise . : (2.19)

The hamiltonian of the system has the following form (Appendix I)
1

. : *‘-‘E: .
H= i a;a; + 5—-% Cal + a, ) (h + h ) + RF Energy

The equation of; the motion for mode a, has the form (Appendix 1)

_ .. oH' . ' ' * h h* A
a; = iw; = = 1mi(ai + € (ai + ai)( + h)7) =
fa .
~.,' . 1 * *2 .
= 1mi(ai + € (2ai hh + eih )) (2.20)
# Footnote: Factor d 1is used to relate the force acting on the oscillator

to the RF field intensity.
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where we neglected terms with time dependence other than elwt.

Seeking a solution of Eq. (2.20) of the form

a, = I a, ¢ , (2.21)

and comparing the terms of equal power of €, one obtains a family

of equations, from which we need only the first two to describe the echo.

a; - iw a =0 (2.22)

. * A - _ .

a. - iw, a. = a, h? elzw(t 'T)i for T <t<T+t
11 i 11 io 0 : w2

0 otherwise

*
where in the second equation we neglected the term aihh which does not
contribute to the echo.

The solution of Eq's. (2.22) have the form

iw.t
a. =a,.e
-1o0 il
and o h (2.23)
» . 2 mi(t - 271) ’
a.., v iw a.h e t for T <t<T+t
ii o' i 20 v wz
« 9 'iwi(t - 21)
® dwg aio h20 e tWifo; t>1T+ th

In the second equation we neglected the frequency difference w, - Wy

during the second pulse of the duration t, -
' 2
The sum of amplitudes of all modes I a; is
: i :
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1
u(t) =2a/(t)==2((a +ea D=
i i
' 2 iw, (t - 27)
= ie v h20 tw z aiI e

21i

i.e. it is zero at t # 2t and equal to

v o 2 _
u (21) = ie 0, ag h20 N th | | (2.24)

for t = 21, in Eq. (2.24) we assumed that a1 = a5 for all -i.

Using Eq. (2.17) Eq. (2.24) can be written as

1] 1 2
u (21) = 2¢ 0, twl th dh10 h20 N (2.25)

The second example is the amplitude depehdent driving force.

The equation of the motion for the ji-th mode has the form

G - ia, = £, (1 + e'fa,a)) (2.26)

with f2 = dh where h2 is given by Eq. (2.19).

2,

: * Sk
Let f(a,a ) = aa , then the term

iwt - ' *
dh20 e (1 +¢ aa)

on the right side of Eq. (2.26) can lead to an echo. Prior to the second

pulse, the a, has the form

iut lo;t
a. = a,, = aiI(O)e = f e

i il lOtw1

Solving Eq. (2.26) with the substitution (2.21) and comparing the terms
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' : N
of equal power of e one obtains the family of the equations, the first
two of which are - ; | ,

3 . lwy (€ -1 |
i 1wi) 2, fzo e (a) (2.27)

and . e (t - 1) N
G - 1ug) a;; = f4e 250 %0 - (b)

The solution of Eq. (2.27)a for t > T + t, ).

2
‘ o iwi(t - T)€:
®i0 * 21 * Ta0 tw, © =
B S ¢
' _ , imi(t,; 1)
where .we introduced the a. =f,  t e : and neglected the
R - iII - T200 w : S

R 2 : I -
frequency difference W - Wy during the second pulse.. The solution of

o

Eq. (2.27)b has the form for: t>T o+ tw ;

2
% o Lk o
331 = 20 th(ail,ail *Arr?ir T % A1t
4 * viwi(t - T)
37 A7) © | (2.28)
s w-g x W2

T %1 %1 Arr AT farr T % Parr Zar o finn finn
the term :
' * 2 i o

41 411 ;
has the time dependence - .

imi(t - 2t)° 7
e . .




and therefore

i

u'(t)

The third equation in

has the form

and contains a term

a*ZaZ
iIT1i11

iw,)a,, = f ., e [(aiI + a

21

? a; = ? (aio + € aiI) - (2.29)
i i
0 for t # 21
1 * | ] .
Ne a a2 = Ne t t2 h h2d3 for t = 2t
I 11 w1 w2 12

the expansion of Eq. (2.26) in equal powers of e'(s

iwo(t - 1) «
1110241

.
v ey v ey 2yl (2.30)

(2.31)

which leads to.a component of a., of the form

a*2 aS'
il Till

i2

1mi(t - 31)

varying as e

and leads to an echo at time t = 37,
'2

This echo is of the order ¢ ~.

As can be seen,

"third order process.

the formation of the simplest echo at t = 2t 1is a

Different interaction terms lead to echoes at

different times with different dependence on h1 and h2. For example:

2*

term of the form a“a

* % -
in € ) or a term of the form a hzhg in Eq. (2.20) to an echo at t = 21 varying

2

12

a

)

hzvin Eq. (2.26) leads to an echo at t = 31 (1inear




as hlhg with the RF pulses intensities. As can be seen,thé echo is

produced by the products of the elastic modes generated by pulse I.

iwt
a; a dh1 twl e

with the elastic modes generated by pulse II

: io(t - 1)
arp @ dh, tw, © .
or the RF field h, = h,, ) a represents'aI which
. _ iwt , o L
. varies as a, = al(o) e and a, Vrepresents aj; or h21

dependent on the character of the echo process,and varies as

a, = a,(1) gtelt - T). Then a parametric mixing of a, and a, forms
terms of the form {for the i-th oscillator).
L *m _k *n .
331 %11 %32 342 (2.32)

where £, m, k, n are integers, which will refocus for all oscillators

when
L t-mt+k(t-1)-n(t-1=0 (2.33)

The lowest term leading to an echo at time t = nt, after the two pulse

excitation, has the form

*(n-1) n
3 a2

higher order terms contributing to the same echo are formed by multiplying
* * .
the basic term by (al al)S and (a2a2)r where s, T are integers.

The above formalism can be easily extended to the mixing of
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modes with various frequencies or traveling waves. For exampie, let
it
a; = al(9)e |
‘ e i20(t - 1)
and a, --az(t)e : :
then

a.a = aI(o) a,(1) etult - ZT)

will form an echo at- t = 21, or let a; = a;
. = >
iCw(t - 1) - bzfx)

a, = az(r) e
then the term

a, a

2
2

= %

will form an echo at .t = 2t with the b véctor

> V+' o>
b =28 -.b1

\

Secondary -echoes paﬁ-be formed by .the higher 6rder-a§prdkimations in

the: solution of rthe equation df7motion'(Eq; 2131L”qp‘highef ofdér terms in the

- hamiltonian' Eq. (2.31), or by allowing the echo to pigy the role of a -

pulse. The first and last possibiiifiesﬁare'of;hiéhér order in e (&2




3 Pulse Echo:

After the application of,3 pulses at time t = 0, T, j the so-called

"stimulated echo" 1s exc1ted (Flgure 2. 2) at .t == +.T (this cOr-.-

- _ responds to_ai.Sgln-lattlce relaxatlon_measune ent:in the spin. echo casc

1

II
4

III

N
P——
o - g
—_
E——
—

EE
i

Figure 2.2:

‘Echo Pattern Follow1ng the 3 Pulse Exc1tatlon

This echo,in’ the lowest order, is produced by a- Srd order process of

§ the form

| : *
I ' C a,a

with time variation a; = al(o) e " s a2 2(T)e
iw(t -

a; = aS(T) e

of oscillators.

this process involving a 3—d1men51ona1 distribution

echo is discussed in great detail by Heérrmann and Whitmer

a

"1%2%3 7

X €

- ez(o)eaé(r)ﬂaé(t) e

T)

2,(0) a,(7) aS(T)

-1wt ‘

fu(t - 1)+ de(t - T) .

io(t -1 -1

where jal, a,, a; have the same generaliéed.meaning. " as in Eq. (2.32)

iwt iw(t - 1) and

This echo isAhard to visualize in terms of rephasing

However, Gould presented a graphlcal representat1on of

(2 ). The 3—pulse

(19)

The information~leadiﬁg~to~aAzmpulse—echo.issxoredin;thefphasesnof




the oscillators, whiie in the 3 pulse case two mechaniems of infofmation
storage are possible: One is similar to that in the 2 pulse echo and
involves phases of osc111ators,rthe second involves their energles( )

- In the first case the elast;c modes a, and a, are mlxed together

1
during the ﬁulse 111, in. the second, the modes a

1 and a, are mlted
during the second pulse to form a DC mode, which after mixing with ag

leads to an echo.

2.3, The Relaxation Time

In the previous discussion we neglected the f1n1te Q of the
oscillators. The presence of losses will manlfest itself through re-‘
laxation. Formally this can be described through the introductlon of a

complex frequency

' i o IR i
w = wo(l + 56) . . . (2.36)
Theiequation of motion has the form (Appendix 1)
. 1 ok % . T
a = iw %31- B P & . (2.37)
a - _ :
‘ oa .
‘and the normal modes for a harmonic oscillator’are
. v '. ' ) . * 1
, . . _ in t
‘a = a(o)elw_t__ a =a (o)e
w ty | wty -
( o) iwgt . ( 0) -iw't
a= a(o)e 2Q o a ="a (o)e \ZQ _
 (2.38)

i.e. the normal modes relax with a characteristic..relaxation.time given




T =.g-_
(o] wo

To‘ is linearly related to the quality factor, Q, of the oscillator.
Experimentally the.logarithmic decrement, ,6; is measured as an indication
of the Q factor, where & is defined as

: “a . : . ’
oMW gD - .
Q 2¥ Ehan+1 : . | (2.39) L

here AA. is the energy loss per cycle, -W is the total energy :and én is the

amplitude of the n-th cycle.
Pictorially,'thé relaxation can be,representedAinvFigure 2.1 by
allowing the radii of the individual energy curves to decrease with

time.

2.4, Relaxation Time of the Echoes

’ N

Substituting (2.386) into‘(2.32)'immediétély'leadé to an expréssion for -

the echo relaxation time. Mode interaction'takes place bnly during the

A

short interval th at the time of application of the second pulse. At

AN

that time

LT -t/T, A o _

= 0, -
a, gf)e | o o (2.40)

v . k2 :
The term contributing to an echo; a;a,, has the form
a*(o)"e—T/To a(ig : o ) .(2 -
1 .2 . )
and after ﬁulse II it relaxes with the relaxation time of the Qécillator.
Y .

At the time of the echo the term alag has the form

. -2¢/T : —_—
ENOENCLIEE N S (2.42)




and the echo decay can be described by

: -t/T; .
E(t) = Eoe _ . : : (2.43)

3

Comparing Eq. (2.42) with (2.43) for an echo at t = 2t leads to

T, =T o ' . _ (2.44)
The first echo relaxes with a relaxation time, Tys identical ﬁithﬁthose
of the oécillators.- Similarly, the lowest term leading-to'an'echo'ét‘fime'
* . .

t =’31 Has'form a 2 a3

; @~ Mixing takes place at time T

'_T/To 2

2ada(a @e 9% G0 (2.45)

!
and at t = 3t this term has the'form i
azz(o) az(f)sié_4%/T°'. - o 1 ‘  '_' | (2.46)
AComparing Eq. (2.46) with Eq. (2.43) gives
';T2.= 3/4T = 3/4'f1 ; | - N | 7 (2.47)
The éécénd ¢cho reléxés with an increased rate. Similarly, the'Stimulaied'
echo, for é phaéé sensitiveAprOgess,'ielaxes_with the‘characteriétié time-

TS_5 To/g . : - o | © (2.48)

This is obtained from the mixing of modes ay and a, with as at

t =T (T is variable) then




. -T/T. -(T-0)/T. =T ~(T + T)/T
a (e ay(ne i ®agm)e °=Ee - S

(2.491'

‘g

which leads imﬁediately to T, = 72-='% T1 (t- is held constant)

2.5. Echo Patterns Produced by Parametric Coupling

As was seen, the amplitude of the i-th oscillator, neglecting the

Y

. -, o { .I
linear response, contains terms proportional to

® o m ',*m+n-i ~ g&+n -
"I z - a(o) a (o) - a(™d a (1)
m,. =0 n=2 ' i 10 "1 10 i 20 i 20
2= 0 o f

’ imi(t - nt) : ‘
._xf e . ) C ' (2.50)

+ C.C. + terms varying as nw, n > 2

which are produced by the appropriate term ‘in the . hamiltonian o
or by higher’order apprdximatiOns'in;tﬁé\solution of the equation of
motion. The sum of amplitudes of all oscillatbrs, z éi, is nonzero

only at t=n- when it is proportional to ' -

o]

N Lag (@2l g (P g (2@ na1)T)
=0 10 20 ) T
m=o0 ) - To B
| (2.51)

2=0

The subsequent echoes relax with different rates.
If one assumes weak couplipg, i.e., the-energy transfer between

modes per cycle is small, .one can neglect all the time-dependent terms

in the system's hamiltonian. Then for the phase dependent processes (3 pulse

echo formed by mixing a, and a, with 'as at t=T) one can identify
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Table 2.1 ‘Time of | Echo Echo |
' 1€cho - relaxation' amplitude |
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the origin of the individual echoes in the complex echo pattern. This.
is shown in Table 2.1 up to the 7-th order intefactiqn. T, is the

relaxation time of the oscillators, .

The echo amplitude as a function of time is formélly described as

-R . : .-
E(t) =E (o) e © o - (2.52)

2.6, Other Echoes Desériptions |

It has already been shown, Eq's. (2.12) and (2.13) that the echo
results from the incomplete compenéation of .the 6 - clasSes;-due to some
kind of phase or amplitude dependent hpﬁlinearity QAY which multiplies

g

the 1wy in Eq. (2.7), i.e.

N 27 : ‘ o
B = EE-JO Hg Q(A)_de | : | (2.53)

The amplitﬁde of the member of the 6 - class after pulse II is related

"to the phase
A=A (2.54)

2 .
-lj AII - ZAI AII cos 6

i.e. | 2 2
|Al” = A7

and therefore Q(A) can be replaced by Q(8). The echo formation due
to the amplitude dependent frequency eraaétenuatioh has been shown in

Eqs. (2.12) and (2.13). The nonlinear driving force can be described by




3/

Q) = (1 - ea?) (2.55)
leading to an echo given by

' 2
mec AJAT Noe (2.56)

This approach can easily be extended to a 3-pulse echo.

The amplitude of a particular oscillator at t = T is

i9
& A

At time T this oscillator will have a phase ¢ and therefore the

Af{t) = A

amplitude at t =T is

A(T) = A(1) ¥ + A (2.57)

11X

During the time interval <t it travels through an angle 2mn + 6 and

therefore
AT+ 1) = A(T) &P =
_ i6 e {5
- ((Alel + AH)el‘J’ + Appp) © (2.58)
the moment u has the following form
2% 27 ’
wT + 1) = J de J d¥ n(y) n(6) A(T + 1) (2.59)
o o ’
where n(e) = n(y) = N_
_ 27

Again

u(T + 1) =0 : (2.60)
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and a nonlinearity Q(A) or Q(6,¥). multiplying A in (2.59) will

produée the echo.

2.7. Phase Reiationship Between RF-Pulses and Echoes

Phase relations between coherent RF-pulses and echées were discussed-
by Goldberg et alcg). Phase shifts betwegn‘the RF-pulse éﬁ& the echo
_sigﬁal are: =/2 for oscillators with .an amplitqde dépendent fréqﬁency

- shift, = for oscillators with a noﬁlinear éttenuatidn,.and 0 or =
for oscillators parametrically'coupled to the driving'férce.

The experimental arrangement used here produces noncoherent pulses

and therefore phase relatiqnships‘could not be -experimentally determined. "

2.8. Consequences' of the Various Echo Mechanisms

Now we are in the positioh'to discuss the"exyécted: behavioy - of
the echo produced by the various echo mechanisms.

I. Dependence on the.pulse separation:

For an amplitude dependent attenuation or restoring constant the
amplitude of the echoes is expeCted to increase with pulse séparation.'
Parametric mixing pfedicts an exponential decay of the echoes amplitude. -

with characteristic amplitude'indepéndent relaxation times.

" II. Dependence 6n the strength of the RF—pulses..'
The echo amplitude for the amplitude depéndent processes-depends on
the particular choice of the‘relatiohship between the osciliator :
amplitude, A, and the relaxation time,brT(AJ; or restoring constant{--

9
w(A), respectively. For the simple choices in Eq's. (2.12a or 2.13a)




33

the first eche depends linearly on the first pulsevand linearly (T(A))
or que&ratically_ (w(A)) on the‘seCondf- In the caseﬂof parametric
mi¥ing the deﬁendeﬁce of the echo amplitude.on the intensity of the RF
pulses has a speciel_eignificahce, because according to Eq's. (iISO,Si)
ae I where m + n gives the

2 172

order of the process involved in the echo formation.

the echo can depend on hl and h

To be concrete, the simplest first echo can be formed by the term
* 2
a, 2,

(5-th order) processes leading to the first echo are

(2.27) therefore it is expected to vary as hfhg' The higher

PO

) '* * 2 * 2 %

(alal)(alaz)_ or aa, (azaz)
i.e., they ﬁary es hih;i or hlh;_-respectively. ‘It is important. to.
note that this relationship between the echo emplitude and the intensities
of the RF pulse is not dependent on the actual mixing process.

In a11 'echo processes discussed it was assumed that all osc111ators
1nteract W1th the second pulse. Artificial choiceS‘of interactions in'
which only certain 6 - classes interact with pulse II, can also- lead to
an echo. A rather trivial case can be visualized by assuming that only
one 6 - class interacts:with pulse II. Then this 6 - class'will refocus

in regular time intervals T y giving rise to the subsequent echoes.

2.9. Echovfrem a Real System

The real system (set of particles) differs in many ways from the
ideal oscillator system assumed until now.

a) Particles have a finite Q and therefore if driven at
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resonance their amplitudes saturates. The amplitude of an ideal oscillator,

. iwt .
driven by an external force f = fo (e + ¢ ¢), at resonance,increases

with time without limit while a damped oscillator has -a final amplitude

.£Q .
of A= —%— . Therefore an oscillator can be considered to be "ideal"

only if tﬁe'pulse duration t = is less than Q/u.

b) Particles are not identical, therefore they will have different’
amplitudes and relaxation times.

c) The RF-pulse is not a § pulse but has a finite duration i.e.
finite bandwidth.

Let us discuss the points (b) and (c) in greater detail.

b) Amplitude and the relaxation time of the non-identical
oscillators.

Let each oscillator be defined by @t; ‘amplitude, Ai, resonance
frequency, s and the relaxation time Ti;

iw.t —t/Ti

Ai = Ai(o) e e (2.61)

The moment of the particular 6 - class at t = 21 is

1eN6
. -t/T. .. -t/T.
= I (A_(0) e16 e e (T))elee 1
. N K 11
1€N6 ! !
. : . 2t/T. . . =1/T;
=% 5 a (o) e 1,oel® 5 aAlwe 1
ieN L ieN 1L
ieNg 5
(2.62)

This expression is complicated, because of the unknown distribution of

t tem.
Apss AIIi and T, through the sys
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A large simplification égp be achieved by assuming that all AI
and AII are the same an& by introducing a distributioﬂ-function of the
rélaxation times "P(T) such, that P(T)dT represents the probability
of finding the oscillator with relaxation time in‘the interval T to |
T + dT.

0bvidhs1y

Jw P(T) dT = 1
(o .

Then Eq. (2.62) has the form

’ue(zr) = AI Nee21e J P(T) e‘ZT/T dT +
(o]

e [ -t/T .
'AII Ne e "Jo P(T) e dat (2.63)

The integrals in the last expression;are usually written as

J P(T) T ar = 1-6e) - (2.64)
o .

where G(t) . is the so-célled relaxation function. _G(f)‘ varies between
0 and 1‘.kith9iﬁCreasing t. ‘ ' |
k The.form (2.63) fqr ue‘ shbuld be used fqr éélculating the fotal
' moment . u(27) (Eq. (2.53)). |
G(t) 1is ofteﬁ ﬁﬁéd to describe the relaxatidh.of multicomponent -
'systems. Extensive discﬁssion.of the usage and calculation of G(t)
for various distributions P(T) appears in the‘book of Nowick and Berry
‘Distribution of Ti 'léads,foAan-nonexponential decay'deséribed by~QC(t);

¢) The response of the oscillator system to one pulse'of finite

" length.
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Assuming the system is initially at rest let us apply a force pulse

F(t) at t = 0. The linear response of an individual oscillator is

. t 'iwi(f - 1)
ui(t)_; Ki j - F(1) e dt : : (2.65)
where Ki is a coupling coefficient. '
Let . . A o
: F(t) =" 0 <t < t (2.66)
=0 t >t
W
_For t > t, we can write
iw,t oo ~ -iw, T ‘
ui(t) =Ke j F(T)ve' s dt o : (2.67)
Defining _
o -iwit L '
Fi(w) = f CE(t) e dt (2.68)

At this point it is convenient to define the amplitude spectrum ui(m)

as

-ui(m)' ’I'('Fi(w) ) | . ‘(2;69)’_

-idit . ' o
() e ' (2.70).

u; (w)
The system's response is

) - > ui(t) - X N'j n(w) Flo) % du .

1

..

where N is the number of oscillators and n(w)  the normalized.
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distribution function, giving the probability that-the oscillator has the

resonance frequency between -w and o + dw,

S Y

J n(w) do =1 ' (2.72)

Writing _
. @ i t ) : ‘

n(t) = %;-J _ n(w) e ® d@ o ‘ (2.73)

" Eq. (2.71) can be written as the convolution of F(t) and .h(t).‘
Sy | o t
2m KN J F(t ) n(t - t ) dt =

-00

n(t)

2m KN F(t) *n(t) o o (2.78)

Theoretically it is possible, by stuinng the response after 1 pulse, to
determine n(w). (This is the basis of high resolution N M R.). Typical
echoes from powder samples are QbSer#éd in the freQuency>range of 10 ; Sb
MHz: i.e,?‘ ﬁ(&) is constaht'and n{t) = §(t). | |
Therefore W) = F()- | |
and ' , o ' :
- u(t) = O- for t > tw
énd one does not expect any free induction.
The experimentally observed’frée induction,-has a form of sbikes
decreasing in amplitude and. can-be visualizéd as.a_réduction in én
otherwise broad_diétribution n(m).’or as.a‘result of af'diS;rete (or

discontinuous) spectrum.

The Fourier transform of the pulse F(t) Eq. (2.65) is
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sin(wo,f w)tw/z

w - w
o)

E(w) = F, (2.75)

If one assumes that only the oscillators inside the bandwidth of

the pulse are excited.such, that ui(m) % const., for w satisfying .

o - ] <&
) w

then the response, Eq. (2.74), has the form

10t in (t/tw)
t .

R

u(t) =< ‘e (2.76)

which qualitatively resembles the observed induction.

Similarly if the spectrum consists of separate lines (or gaps)

1 N | '
n(w) = N I 8w - w,) _ (2.77)
. i .
i=1 :
Then ' . ,
T N iwt ‘
u(t) = K quf(w) e S(w - w,)dw
i=1 1t
N iwit :
K Z F(w.) e. ' (2.78)
. i
i=1
" -can differ from zero. Billmann et a1(12) showed that the dependence of

the echo width on the length of the RF pulses tw .and t, _can give
' : 1 2 .
information about the order of the mixing process causing the echo.
. .- The-echo -amplitude is--always -expressed as a-product of the responses,

to individual RF pulses.

For example, let ui(tj' have the form .

b (8) = B uy) FP(wedo;( - 70 @79
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Then from Eq. (2.73)

ME) = (0 = [ a@ R FPw o0 - T g,

-0 !

2m (t - 17) * F (t - 1) ‘ (2.80)

where

] o . v
F (t) =(F1(t) * Fl(t) *oL.. 0 * F].(tL*_ Fz(t) * % F2(t)
L~times _ m times .

s

Because the convolution of the two square pulses of the duration

) ‘ ' :

tw has a duration 2tw the duration of F (t) is approximately z.tw
. 1 . .- }

mt where t and t . are the durations of ‘the force pulses I

and II. Thus the dependence of the echo width on the pulseduration can

give,theoretically, additional information about the mixing process.

2.10. Nonresonant Excitation

In the previous discussions it was assumed that a spectrum of
resonance modes was excited and the echo resulted from destructive inter-
ference at all times except t = nt at which'time’there was a net moment,

An echo has also been observed from a continuous mediumcll-lza. In this

case, instead of simple oscillator modes, one can introduce propagation

modes. These have the form

A= a(x,t) = A(x) (¥t - PX) | ((2.81)

and the equations of motion are(zz)
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da .. 9
= - -ip By (2.82)
da ._ 23

§= iB 5% - (2.83)

where a and a represent forward and reverse travelling modes, D
is the linear momentum, and B8 parameter relating a to A.

1 .
Expanding p in terms of ,ais we have

P = a;ai + ézéi + Kaiar* 55 + siﬁilar terms (2.84)
From Eq%;'(2.82, 2.83) one.obtains a set of equations for a and a. Parametric
terms in the momentum will lead tobaﬁ echo. This is analogous to the
echo process for oscillator modes.
The quantum mechanical analogue of the discussion, also called
""phonon echo'", was described in great detail by A. gillmann and'coworkers(lz)
and is briefly outlined in Appendix II;ﬁ_ | |
(33)

A different echo origin was proposed by Lu and Fedders . Their

model is based on the following idea: Pulse I generates a short travelling

wave
. X
u(x t) = a cos w(t - ;ﬁ
X 1
for | (t v)I <kt

=0 1otherwise (2.85)

Interaction of the type u2h2‘ during the second RF-pulse leads to reversal
of the propagation vector and the echo is produced by the backward-travelling

wave. This process does not require the presence and superposition of
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many modes. Formation of an echo due to. travelling modes is unlikely:

in powders because of their small size. .

2.11. Elastic Properties of the Particle
Free vibrations of an isotropic elastic body must satisfy the

Navier equation

e V(W 2+ 9)

‘ N N .
V'Vu-i'—l—-:—z— - F (2.86)

where u is a displacement, o the Poisson ratio, Em the elastic

ﬁodulus,land' ¥ the volume force. For free vibrations F is given by

> Xt
F = pp —-—‘21 - (2.87)
at™ ' ,
where °p is the mass density. The resonance modes can be obtained by
T ) ' .
solving (2.86) and (2.81) for proper boundary conditiohs: §§-= 0, for
. , T .

a free, and u = 0, for é'fixed; surface'(gl is the Vector normal to
the surface). Thé caiéulétion‘of fhé actual eléstic moées using (2.83)
and satiéinng the boundary condition is a difficult 3-dimensional
‘problem and has no immediate value at this time.

An elastic body has a spectrum of elastic modes satisfying'(2.86)
The spectrum has a~low cut off frequency but -no upper limit (in the
continuum approximation). Many different modes involve bdth transverse
and 1oﬁgitudina1 displacements.’ Generally, they can not be decoupled and
resonance ﬁodes cqﬂtain a combination of both.

For example, an isotropic sphere:has two types of resonance mode

Class I modes having purely transverse displacements and Class II having

.(34),
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a combination of transverse and longitudinal components. Some simple

modes for a sphere of radius, a, ‘are given below

Class I: Rotational modes with frequencies

-
£ = lzza/p-g k k= 1.83;2.98; 3.92 ...

Class II: Radial modes where

f=ua/BWeD n  n-o0.82; 1.92; 2.95 ...

and a spheroidal mode for which

- f = .084 aV/EM/QD |

is ‘the shear modulus.
(31)

here Mg

It can be shown that at a frequéncy close to a particulark

resonance mode a multiresonant'sygfem is ‘equivalent to a harmonic i
oscillator, vibrating at the frequency of the resonance mode; therefore, |
f the system ofrparticles can be represéntéd-by the'éef 6f-closé1y tuned

oscillators discussed in Chaptef II.

The lowest resonance frequency, corresponding to the basic modes

of vibrations of the particles, occurs when its diameter ‘is approximately’

equal to half of the acoustic wavelength. Elastic constants of the small
particles can differ from these of bulk material. Even "ideal" whisker

crystals exhibit reduced elastic moduli (90% of the bulk(ss) Qalues)vand

1arger reductions.Can_be expected from the '"nonideal" parficles.
Therefore the low "cut off"'" frequency.of an echo from powders can be less

than that expected from the bulk elastic modulus.
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-

For highly irregular particles, there exist low frequency torsional
or bending modes, whose resonance frequency depends more on the actual .
geometry of particles than their size.#

Simple oscillator behaviour_of-the particles can be‘expected only
as long as individual resonances in the partlcle spectrum are well defined, i.e.
untiil ~ the individual resonance 11nes do not start to’ overlap (due to

f1n1te Q, wh1ch requlres the separatlon of the resonance modes to be larger

than the resonance line width.

For a spectrum of the form w, =N w, the former leads to the limit

n < Q. Because R = lOMHz, Q= 1(_)3 a%{ is above the experimental
limit. ‘ . _ ' _ | A -
Collective Properties of the Particles:'

Collective vibration of particles was recently proposed as a.
possible mechanism for the modes responsible for echo formation(16). Thus
it is worthwhile to con51der the elastlc propertles of a large conglomerate
of loose particles. The 1nteract1on between particles is verijeak and
< (36) . . . 37) 4. ‘
measurements as well as theoretical estimations indicate a sharp
Footnote# For example, the frequencies of the bending modes of a uniform .
circular bar are

1 ' 2
f=—= =
27 . 2 E/po @
. e - .
where R is the radius, e the length of the rod and a = n +3

n - integer. For- R/e << 1 this frequency can be low.
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decrease of the elastic constants (10_4 of the bulk modulus), a large loss,
and a very strong dependence on the particle environment (pressure,v
presence of the other substances, etc.) for a large conglomerate of loose
particles.

The acoustic velocity in this loose medium is typically comparable
with the velocity of sound in gases, which makes the existence of a

collective mode unlikely, since A for collective mode would be less than a
particle diameter.

2.12, Various Echo Mechanism in Powders

A1l mechanisms discussed previously are possible in powders.
(2) Amplitude Dependent Frequency
The elastic potential energy of solids can be expanded in terms of

strain e as follows

where the o correspond to the (m + 1) order elastic constants. ‘az

leads to thermal expansion while ag "softens" the stresé-strain relation
and léads to the amplitude dependence of the frequency. The solution for
the>frequency of an anharmonic oscillatdr is readily available(38) and
can be written as

Ty /2 Cdp
i a2 20, + A% & A% si 2
o (11 03 v 0.3 sSin 9

where A is the amplitude of the oscillations, for

a3A2 << 1 the eguation above leads to -
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“3A2

2 al)

£ = fo (1 + . (2.87)

i.e. the resonance frequency varies with the square of the amplitude.

The fourth order elastic constants of the materials are not known. For

_ h s 10-5
A = 0y and A = 10

case the resultant frequency shift (f, x 10—10) is negligible, This

a simple estimation, let us assume o , for this

rules out one amplitude dependent process for echo formation outlined in

. .__EQ- (2-13)-

(b) Amplitude Dependent Attenuation

This process play$ a dominant role in the cyclotron echo in gases.
In powders it is difficult to imagine that external losses, due to collision
or friction, are étrongly ampiitude dependeﬁt. As far as iﬁtrinsic
losses are.concerned there are alﬁays hysferésis lossés.presenf, and
these arelstrongly amplitude dependent. Some examples are: irreversible
motion of domain walls in ferromagﬁetic powders and unpinnihg of dislocations
in other materials. Many defects move under the influence of elastic
deformations and the character'df this motion differs for small and large
amplitudes.' HowéYér, a qualitative = estimation of this effect indicates
that it is negligible and'rﬁles‘out thevotﬂef amplitudgidependent prdcess.
for echo fdrmétion outlined by‘Eq.‘(Z.ll). i(The echo enveiope in férroev
magnetic and no;mal‘metals is similar, thle thevampliiude dependent loéses
”differ Ey orders of magnitudgj, | o |

(cj' Nonlineér coupling of the elastic modes of the pérticleé to
R.F. field. | |

The existence of terms of the form ezh? or eh3 or higher in
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the hamiltonian immediately leads to an echo in the pulse exc1tatlon.

The interaction between the RF field and the elastic vibrations can

be expanded into the general series.
F(h,e) =‘g he + g he2 + h2e + o .(2'88)
’ 11 12 ¢ .7 81 e -

Physically,two illustrative cases can be obtained by grouping the terms

in equal power of e or h. i.e.

Fh,e) = (g8 + g,,6° + ..0h'+ (  )n2  (2.89)

or _ : _ »
, . ) 2 &
F(h,e) 5(g11h + g21h + .o0e + ‘ Je | (2.90)
then individual terms can be visualized as amplitude-dependent eoupling
constants or field dependent coupling and elastlc constants.

All prev1ously discussed echo processes are p0551b1e in the solids.

They can exist simultaneously but the-last one is expected to be domlnant.

 2.13. Origin of the Loss

The tlme, for which the partlcles are able to store the elastic
energy depends on thelr quallty factor ’ Q (Eq. (2 36))

The Q is determined by the type of particlepmaterdal, Qi’ and
also by the particles environmental Qe' |

=1
Q; -

o

1
Q
For pure crystalline solids the Qi~ is very high = 105 but

sharply decreases in ‘the presence of defects.
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Extrinsic losses, Qe’ are dependent on the particles' shape and
size, type of their contact and presence of the attenuation media.

Two extremes are of interest:
/. >> Q.
Q > Q

in this case the Q Qi and the intrinsic properties of the material

are reflected on the echo relaxation ,

Qe‘<< Qi

in this case the echo relaxation reflects only the properties of the
environment ' or particles" geometry.

A~The ape133£ié loéses in solidsvoftenfhave a relaxation»éharacter,
i.e., they depend on frequency -dnd are accompanied by a change of the elastic

" modulus. They can be described by the complex elastic modulus EM

(1 - k,0?) + ik.w
. K 2 |
M Mo 2 2 - . .
w w ]

Y

where w® 1is the characteristic frequency and kl.dndi k2 are constants.

The real paif of E

M represents the modulus and the imaginary part

the losses.

2.14 Driving Force

In all previous discussions the echo was expressed as the
product of the amplitudes of the oscillations, excited by the linear
driving force, multiplied by some factor.expressing the nonlinearity

leading to an echo.
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Therefore the variation of the'amplitude and the relaxation time of
the echo with the vériation of the externa1 parameters reflects both the
linear coupling mechanism betweenlthe RF field and the elastic vibrations
and also the echo frocess. |

The RF field prqduces a foicé f = dh which exciteS'tﬂé’oscillators.

The amplitude of the elastic mode has the form

a a’/ft = dhtw

where d depends oh the mass of the particle, I.e. the écho amplitude '

depends on a higher power of d.

) % . o B Lt T . . . -
For -example, a term aIaiI, where ay. and ajp are elastic modes,which

leads to an echo at t = 271 (Eq. (2.29)}.has the form
2 . 3.2 2.
a, = ed h1h2’tw tw

*
a = ea; : (2.91)
1 "2 j

The experimentally observed quantity, however, is not the sum of the

amplitudes I a, but the effective electric or magnetic moment, m,
i T .

inducing the voltage in the pick up system. e -

' m, is related to the oscillator amplitude by the inverse -

prqcess to the excitation, therefore ]
m, o duia dai
and at.the time of the echo
m=Lm = dyu ' | | ._(2f§2)

i.e. in the example above, Eq. (2.91) the observed echo El; depends,
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on the 4-th power of d. This makes it very difficult to extract somé

information about ¢ from the observations of m, since d is not known in detail.

In dlfferent materlals ,\different driving forces are dominant, i.e.
d Dbehaves dlfferently ‘and th15 is reflected in the echo characterlstlcs.

For allbthree types of powders (normal metals,'piezoelectrics or
ferromagnetics) the RF field produces both torque, rotating-the otherwise
rigid particles,.apd a volume force caﬁsiné'defcrmation of the farticles.‘

The experimental evidenceito be presented favours the. latter in éll,ca§es.

Normal metals:

The excitation of the elastic modesiand formation of the echo

" requires the presence of a.static magnetic f1e1d

The RF field induces eddy current, _%, in the partlcle Wthh
interactsvwith_the static magnetic field ﬁA to produce the torque:
B =8 - S
T =éj(§ X 3} x 7 dr : : . (2.93)

This excitation process was>Suggested by the Pacult et alclﬁ). The same
interaction prodﬁces the Lorent{'fcrce.

ixE R | (2:94)

—>—
F = Cc

acting,en’the_particle which causes its deformation.:

It is necessary to p01nt out that the latter is a macroscoplc
>approx1mat10n of so- called "dlrect excitation of the acoustic waves in
metals.where the RF-energy is directly converted into acoustic waves

139

inside the meta . The effect has been extensively studied in recent_
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(40-45) (46-51)

years from both microscopic and macroscopic

points of view.
This effect certainly is not new, since eddy current excitation was
used in 1940 for elastic measurements,(sz) and many different experimental
arrangements have been used. Direct excitation is.a consequence of the
coupling of electron and ionic motions in the presence of a static magnetic
field. |

In the limit q& << 1 (g is the acoustic wave vector and & is
the electron mean path) the excitation process is well described by a
simple macroscoPiC model, where the acoustic waves are excited by a
Lorentz force from the interaction between surface eddy currents and an
external magnetic field.

The force in equation-(2.865 can be written as

2

7 X ﬁ 9
e L = s pD.__‘zl : (2.95)
ot

Eq. (2.86j and“(2.9$j must be solved for proper boundary conditions. This

solution is greatly simplified if the skin depth

= c ‘ 1/.
A= oy (2.96)

where c¢ is the speed of light and O the electrical cbnductivity,is
far less than the diameter of the particle a. Than the eddy currents

and therefore Lorentz force are limited to the surface.

Eq's (2.86). and (2.95} are solved in the literature for the

simple one dimensional case(47’20’51),
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Gaerttner and Maxfield (48) pointed out that the solution for the
vibrational amplitude depends on.the boundary conditions(48),.:i.e. it
differs for the fixed and free surface

In partlcles the Lorentz force (Eq. 2.94) excites predomlnantly

10ng1tud1na1 waves for B llh and transversal waves for B.Lh. (See-

—

Flgure 2. 3}

Figgre'%.i: "Direct Excitation Process" by Eddy Currents
(Schematlcally) (a) Longltudlnal (b) Transversal
Ex01tatlon (n=8) ,

The vibrational'amplitude depends on the material.only thrqugh its
mass density (oD) electrical cdnductivify and elastic constants.

The static magnetic field also affects the elastic properties of

conductors by introducing increments to the elastic losses,' Ay, and

moduli, A C which can be written 35(5’ 53)

-< .
I

Yo + &y (B)

(]
]

C, +8C(EB | | (2.97)
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where _
| T ' BzzsinZ}’

Ay(B) = 2 4mec

o 1+ 8 : ]

and
0202

A C(B) = 1 B 451n 4

' 1+B .'"

(2.98)

Y is the angle between B and the propagatlon vector of the elastic

waves. A C, and AY also depend on frequency through B since -
g = L L (2.99)

making variations in w and o, as well ae those in B and op affect
C and v. The fractlonal change in the resonance frequency of the,

AC) 6 (53)

particle (H = IOKO&) 1077 - 107 whlch is less than the resonance

line'width and will therefpre be_neglected;r' .
Exact relationship between a surface force distribution and a
particular mode is not known, but it can be assumed that there is a

linear relationship between amplitude and force

- d 'in-Eq;>(2;86)‘has'the form 'd a H _and the mode emnlitude is
"aadht =HRE . . . (2.100)
W : W : S

For the same size particles, with the same electrical conductivity, the '

absclute amplitude of the vibraticns depends only on the mass density

and elastic constants of the particles,

Piezoelectric and ferroelectric materials:

NP : .
The RF-electric field, h1 produces a torque on the partlcle
# Footnote: h indicates both , the magnetic and electrlc RF-field.
There is no ampiguity in the notation, because the RF magnetic field is
used to excite_the echo from ferromagnetic or normal metals, while the
electric field is used to excite the echo from piezoelectric material.
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posessing a constant.electric moment ﬁ&.
> > > ‘ B : . o »
Fem xh o (2.101)

o]

Piezoelectrics do not have a spnﬁtanebUS'moment but the torque can result

from the polarlzatlon or the shape anlsotr0py

- The electrlc f1eld E static or. RF, causes the defdrmation'of the

p1ezoe1ectr1cs. There is a relatlonshlp( 4) between the mechanlcal

variables- (stress 0, Strain e) and the electrlcal variables (electric

field 1ntensity' “E” and electric displacement D) given by .

H

L~ o~

"'—>
¢ = cge ~ dE

-

~ o~ ~

d e+ Qe,ﬁ i o : '-~ L o : _ (2.102)

=14
i

where ¢, represents the elastic constant tensor at constant field, e
the electric permittivity tensor at' constant strain and d the piezo-

electric constant.
..' _'\ - . . - ~ e d _- .
The RF electric field h produces a stress T = dh - which
acts as a volume force on the particle. No. 51mp1e relatlonshlp exists

between the temperature or b1a51ng electrlc f1e1d ﬁ and the value off

a.

Ferromagnetic Materials:

The 1nteract10n of the RF-magnetlc f1eld h w1th the permanent

magnetic moment of the partlcle m(H), produces a tqrque

T=mx®h

' BY

The RF field also deforms the particle by the direct coupling of fi. to
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G (stress). Formally it can be described anélogously as in the piezo-
~electrics, replacing‘ 3 and E. by the B and ”ﬁ (magnetic iﬁduction'
and field intensity) aﬁd ;; by A;, (mégnetic pérmeability).

Physically;~however,.the linear relationéhip betﬁeen ; and h
is'not a true piezomagnetic effect but the Tesult of the biased magnetb;
striction, It is not a result of the deformation of the iatticé.by the.
applied,fiéld_but originates in thé rearranging of the ﬁagnetic*domains'
‘which are deformed due to magnetic ordering. Therefore a sfrongvdependence;
of d on'the biasing mégnetic field is expected. .

The external électric or magnetic fiéld;aiso affects the elastic
properties of the piezoelectric or ferromagnetic:materials, namelx*tﬂé'
elastic modulus, Em, .énd eiasticvlosées, 8. L

All ferromagnetic conductors.show a strong dependénce of the relax;A
ation times of the echoes on thé_biasing field; which reéults from the |
domain structure. Elastic lossés in ferromagnetic conductors are usually
divided intobmacroeddy, miéroeddf aﬁ& hysteresis losses. The loss mechanisms
-are treated in detail by,Bozorth(ss) and only'a brief outline, necessary-
-for‘understanding thé.prépgrtieé_ofvthe echo from ferfomagnetic powders,
will belgiven here (foi defails see‘Ref's‘(SS, 56, 57).

a) Macroeddy Currents |

The stress (o) :indUCed change in.the net intensity of magnetiiation‘;
(AM) 1is given by the followiﬁg equation analogous to (2.102), and can be. |

written as

s . - (2.103)
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This variable magnetization induces eddy currents in the sample, and
leads to losses which can be représented as a relaxation process. The
loss passes through a maximum and the elastic modulus changes its value

for somé characteristic frequency fc. fc is shape dependent.and,is'

~given by

.f _ g(s) 1072

Cc 2 2
a? % B 7T

- (2.104)

~ where o is the electric conductivity (vw/cm)

a - diameter of the particle (cm),

u. - relative permeability.

and g(s) is.a function of shape and'isjquthg order of unity. fc

increases inversely with the square Qf'the*radius'énd'for small particles
it can be in our experimental range.

For, o =V10q - 10852/cm, a * 50 ym, and n. ¥ 10

fc is 5 x_102. - 5x 106'Hz.

(fc increase; with decreasfhg'coﬁductivity).

These losses are zéro for the full demagnétized and the fuliy saturated
states. ‘ L | |

(b) Microeddy Currents

Microeddy currents result from energy dissipétion by eddy currents

induced by the variation of the magnetization due to the motion of

individual domain walls(ss)'or the rotation of the magnetization inside

(59)

of the individual domains . In contrast to the previous process, there
is no net change of the magnetization. This process also has a relaxation

charactef, with the characteristic frequency
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N (2.105)

1= T0h_ o, €

where & is the domain wall'séacing (cm). The relaxation frequency is
différént for ddméin Wall'displacment and domain rotation and since -
domain wall dispiacement is mugh_iarger than dQﬁain rofation,Afor a given
stress, the characteristic frequency\fdr‘wall displacement is well below
that for domain rotation (there is a'differenﬁ:effective ur' for the
two loss processes discuSsed-ébove); —

If one introduces a disfribufion of domain dimensions, then the
losses can be expressed as thé sum,of losses for different domain
dimensions and'differént process.’ The logari#hmic deérement is given by;

(f/fij) _;u s

§(£) = IK,.

@ . (2.106)
. 1] , 2 : .
ij 1+ (f/fij) . A
and ‘the change in the'elasticbmodulus A E by
. . v . . l - : -
AE = I K,. ) - (2.107)

ooa Y 1 gt |

where thé summation inqludes the two processés (i)- (Wéllvdiéplacement-
and'domain;rotafion) and the different domain sizés (3. Tﬁe coeffiéients
Kii_.are linearly‘relate& to the elasfic and magnetoelas#ic‘constants and
to the susceptibility of the material. (For details see(sg)) 8 ‘has.a
maximum for the demagnétized state (maximum density of domains) ahd
decreases to zero as fhe magnetization increases. In contrast td fhe
macroeddy curient losses, microeddy current losses are'notléhape dependent,‘

as long as the shape does not affect domain structure.

Experimental qualitative verification of the loss mechanisms outlined
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‘above has been presented by many authors (19,60,61)

. However, recent
measurements, comparing the’variation of susceptibility witﬁ elastic
losses or A'EM, indicate a lack of detailed quantitative'agreement
between theory aﬁh experiment(62’63)._

Microeddy‘and macroeddy losseS'aré amplitude indebendenf‘because of
the linear relationship between magnetization change and the amplitude
of vibrations, x, and therefore stress o. Since the induced eddy -
currents, i, are linearly rélated to the chaﬂée of mégnétization, the
ratio of the dissipated'energy (i 2) to the total elastic energy
(~ xz) is constant. ‘ |

In-reiaxation pfocesges the variation of th) .is reléted ﬁova,,
- corresponding change in A EMj _therefore, fér-multipafticle samplés,
different particles are tuned to resonaﬁce ét different stagés of magneti-
Zation. | | |

(c) Hystéresis Loéseéb

Hysteresis losses are present iﬂ éll.ferromagnetic:substances an&
result from the irreversible motion of domain wallg (ox dpmain rotation)..
This loss per cycle is proportional to the area enclosed by:thé stress-
strain cﬁrvé, which is analogous to magﬂetiq hysteresis loss due to the
fact that both are‘lineérly'related(ss). Hysteresis:lésses depend on the
amplitude of the stress and for low amplitudes the logarithmic decrement
is linearly proportional to the amplitude (Rayleigh loop). For frequencies
. below the characteristic frequencies of microeddy currents, hystéfesis

losses are frequency independent and decrease with increasing magnetization.
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a Chapter III
APPARATUS

3.1 vElectronics

All the data are taken on a noncoherent variable
frequency NMR pulse spectrometer. Figure 3.1 is a block
diagram of the apparatus. Its function is stnéightforward.

Pulses from a pulse generator modulate the Matec spectrometer #

the pulses from which are applied to the sample, placed

inside a coil. A single coil arrangement was used for most

of the experiments. The echo'signal, after detection

TRIGGER

pulte Generator] - ampl-&udia. : scope
(rartable pulte A MOd‘T‘Q °r l .
deQar) - -

S s | T

"

‘MaTEc”

SPECTROMFTER .
| feciever ’ 7 A ) {- box Ccar .
S . ] mlerara‘ov ——
Ly +€- genem"ar } ' /
sample
s - —
S % < recorde vy
—_— e e e

Figure 3.l1l: Block Diagram of the Pulse Spectrometer

#Footnote:Model 6600 with plug in units ‘model 760 and 765 Matec
Inc. Warwick R.I. 02886
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~and amplification, was dispiayed on an ocsilloscope‘and,
after éfocesSing by a box-car integrator, was plotted on
either an X-Y or a chart recorder. |

Fox some.measuréments, instead of a single céil, an
inductively.coupled resonant LC-circuit was used. Since the
built-in ﬁodulator of the spectrometer generated pulses whose

maximum widths were too short, an external modulator producing
1onger‘pﬁlses leading-to stronger echoes was used.#

.'The funing of the spectrometer was.somewhat ambiguous.
First, the receiver unit of the Matec spéctrométer was tuned
to an external freqﬁency generator and the RF-pulse .
generator was tuned for maximum echo amplitude. Because the
echo spectruﬁ is continuous and, thé Matec receiver has poor
"selectivity the method described above did not guarantée
prdper tuning. In the freqﬁency range (10-30 MHz) it was .
?ossible»to tune the RF-generator by observing a beat:

signal from the superpositibn of the outputs from-both the
,'pulSe génerator_and the-caiibrated RF-generator.

| The pulse repetition rate was variable, but any rate
above SOOvﬁz overloaded thé Matec  generator.

Besides‘the noncbheréncy of the RF-pulses, another
.shortcomiﬁg of the spectrometer is a strong crosscoﬁpling
befwéen.fheARF geherator and the receiver, which are both
part of.one unit.

‘& . .
The receovery time for the receiver was approximately

' # Footnote: To excite and observe the echo from Rochelle salt
a holder in.the form of a plate capacitor was used.




60

6 microseconds (Fig. 4.9) and the receiver output was
linear for all input voltages ranging from 5% to 90% of the
saturation value..

The sample ceil'was placed inside a custom made glass
helium dewar placed in a magnetic field (11KOe) produced by
an electrbmagnet.- Some of the measurements'were made using
e superconduetive magnet with a.<ma#iﬁum field ofISOKOe,.in

~which case a stainless steel insert dewar was used.

3.2 RF Magnetic Field Calibrations

For some measurements it was necessary to estimate and
vary the amplltude of the RF-field. In these cases a single’
coil arrangement was used and the RF—magnetic field was
measured by:

(a)-Measuring'the voltage induced in a second small
coil_, placed inside the sample eoil,

(b) Measuring the RF-current through the sample coil

and calculatlng the RF magnetlc field from the coil geometry.

The results of a and b agreed to better than 15%. In experlments"

where relative values of the RF field 1nten51ty were cohsidered
the uncertainty was less than 5%.

.3.3 Measuring”Ehe'Echo Spectrum

The .  power output of the RF~-generator and the input
sensitivity of the receiver vary drastically with frequency.

Some attempts to compensate for this were made by keeping the
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receiver input and generator output at the same level. This
was done by comparing each of the above With tﬁé output

from a calibrated frequency générator}v The above procedure
did not compensateifor thé frequency variation of the-Coiis
impedance; therefore,‘the echo spectrum; defined'aé a
dependence of the.initial echo aﬁplitude on frequency,.has
6nly a qualitative character. More reliable informgtion ié
obtained from relative measurements, wherelthe amplitudes

of echoes from Various samples are compared with the same
"standard" sample. .

3.4 Cryogenic System

Both the glass and stainless steel dewars were of a
standard design. Thevteﬁperatufe range from 77° to‘SOOOK
‘was achieved by putting exchange gas into the helium dewar
vacuﬁm space (between the liquid nitrogen and the sample). .
BloWing cold He gas over the sample produced temperaﬁures
in the range of 4.2°- 77°k. Tempetétufeslbelow 4.2°R wéré'
obtained by pumping on the He béth;

The femperature was measured‘by a Cu;constantan thérmoéouplé'
referenced at either 273°K or 77°K,depending on the
‘temperature range being used. Below 4.2°K the temperature

was determined from thé known P-T diagram for liquid He.

3.5 Miscellaneous

To study the effect of ordering (in alloys) on the
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echo properties, diffraction line widths and the electrical
_resistivify (4 probe téchnique) of the samples were |
Vmeasured. ‘The magnetization measurements wére‘performed
using a vibrating sample magnetometer.

3.6 Sample Preparation

All the samples were in-powder form with diameters of

lO—ZOefgm. Most of the powders were filed from bulk samples.

Theée were highly irregular in shape and therefore the

efféctive size was difficﬁlt to define. See Fig. 3.2a

To allow some kind och9mparison all the da£; were

taken from powdérs-sieved through a 100-200 range

mesh.. (NBS standard sieves).

—-—Somé qommercial powders, which weré more regular

,in'shapé were also used (Al, Ni). These were .used for

“a study of the size dependence of the echo spectrum. They

were seéarated using éie standard seiﬁes in the range

of 60-320 mesh. Fig. 3.2b. Shows the SQ/um Ni powder,

while 3.2c,d,e shows the different sizes of Al powder.
Dilute alloys were prépéred by melting in an argon

arc-furnace. A master sample was initially preparéd and

later diluted. This method was satisfactory for more con-

centrated alloys ( > 1%) but unsatisfactory for diiute alloys,

when the dilute componenf either had a much lower melting

point or oxidized readily. In the later cases the total melting

lossés were approximately 30-50 mg which was an order of

magnitude greater than the total amount of dilute component.
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Therefore, data for these cases should be taken with
reservation. The actual samples consisted of approximately
1 g of powder sealed in a evacuafed glass tube ( 4 cm in
length and 7 mm in diameter).
Taﬁle 3.1 contains a list.of the saﬁples;

The normal metal samples were chosen with the
expectation of finding a direct relationship between
the echo characteristics and the electronic structure.
No such direct relationship was found. .

The magnetic samples used represent 3 major groups
of magnetic solids: |

cubic with the "easy magnetic direction"along the
{111)crystallographic direction, Ni. |

Cubic with "easy direction"along<100>crystallographic
direction, Fe;

" Uniaxial with the"easy direction"along the hexagonal

c axis,Co and RCog (R is N4 orAY).
The RCog compounds are uniaxial with a very large anisotropy

(65,66) and the ferrites used were

energy (lO.7 erg/cc)
high frequency commercial ferrites of unknown composition.
The purpose was to compare the echo properties of
the magnetic'conducters with those of insulators. The
ferromagnetic metals exhibit large acoustic losses

depending strongly on the domain structure. These can

be reflected in the echo relaxation time.
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. Hiematite0<?51'03 #was used only for a Véomparison

of the echo relaxation time ffem the single'Crysteline
powders with the relaxaﬁien_of the free induction from
the bulk single cryetal. |

A -Te, 03 possess a net magnetic moment only above
260°K (Morin transition(67)) and therefore the observation
which was made was performed at room temperature only.

RCo5 materials exhibit a strong aftereffect
which can effect the echo properties. |

Ferrities also show an echo in Bulk'forﬁfend a )
comparisoﬁ was made between fhe‘echeee from foth bulk
~ and powder materials. |

Both ferrites and_RCo5 were sintered materials -
prepared by an unknown technique.

Rochelle selt represents the piezo and ferroelectric
maﬁerialfsa)(Ferroelectric between 2z -19.5°C and +24.5°C.)
The single crystals were prepared by growing from a |
‘water solution and afterwards crushed. The echo from.
piezoelectric materials has not been studied previously.
The purpose was to compare the echo properties with

those from other powders (normal metals and ferromagnetics)

as well as to compare the echo in the piezo and ferroelectric

region.

#Footnote: Syﬁthetido@ﬁ,;was grown by J.A. eqen(64)'
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, TABLE 3.1
Normal Metals T max *
Material Purity Structural| -‘H = 10KOe Comment
Ag (Spec pure) Echc was observed
at 77°K only in a
high magnetic field
H > 30 KQe
fGC no echo
5N
(Alfa Inorg)
5N : Very strong echo
Al 180°K and independent on
2NS fec purity (impurities
(commercial) < 0.5%)
metal no echo
Au 5N fcc 30°K Strong echo at
‘ ' 4.2°K. Gradual
decrease with
temperature
cd 5N5 hex no echo
Cr unknown bcc 20°K Very weak echo
Cu Spec pure fce 100°K Very strong echo
Constant at low
temperature,
Gradual decrease
with temperature
Mg unknown hex 4,2° Very strong depend-
' ent on temperature
Mn 3N cubic ne echo
Zn m5N+ hex 100°K Strong echo .
: Gradual decrease
with temperature
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#

T
max

Normal Metals T max #
Material Purity Structure | H = 10K0e Comment
Ag_ Mn fce 200°K Echo observed for
X 1-x
: 0.99 < x <
99.99, very
strong
_Ag_Cu fce 150°K Echo observed only
X 1l-x .
: - after annealing
for x < 0,2
Au_Mn fcc no echo 0.9 <x <1
X 1-x
Al _Mn fcc 200°K x > 0.99 echo
X 1-x -
depends strongly
on thermal history
x < 0.9 no echo
Ferro and Piezoelectric Material
Rochelle unknown orthorombic |300°K |Echo strongest in
Salt the ferroelectric

[N T

region (between -20
and +24°C)single
crystal powder

is the upper temperature for the observation of the

echo at 10 MHz (at H=I0 KOe for normal metal powders and

. optimal bias for ferromagnétic powders) .
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Ferromagnetic T
Materials max
Optimal
Material Purity Structure bias (H) Comment
Crystalic| Magnetic
Fe 5N bece easy dir; 300°K Commercial powder
ection 99.5 and filings
<100> from high purity
NG Fe had the same
properties (after
annealing)
Co 5N hex uniaxial 250°K Filed from bulk
Ni Spec fcc easy dir{  300°K Filed from bulk.
' pure ection Commercial powder
<111> has identical
3N5 properties.
NdCo, unknown hex uniaxial 220°K Ground from
- : polycrystaline
Y Co5 : unknown hex block
Ferrite unknown cubic 300°K Sintered poly-
 (from crystaline bulk |
X-ray) or powder
o Fe, 0, unknown hex planar 300°K Echo only above
: Morin transition
single crystal
powder
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3.7 Echo Detection

The echo is observed through thé voltage induced in a
coil by the oscillating net moment, m, of the sample. From
Faraday's law the voltage induced in the éoillby the time
yaring momént m =,moeth‘ is given by

V=4Tom S | | (3.1)
where S is thé effective area of the coil |

s = Trn (3.2)
n - number of turns and r - radius of the coil.

If the coil is only. partially fiiled by the sample, the
induced voltage 7 is} |

v, = MV (3.3)
where M is a filling factor defined as ratio of the volume

of the sample to that 6f the coil.

\Z] is induced in the coil, which is part of a resonance

circuit of quality factor Q, which gives an output voltage of

| V.= Qvy - . (3.4)
The voltage induced by a typical echo at 10 MHz in a

coil where n = 20, r = 0.4 cm is approximately lO—lOO/uV.

6 7

corresponding to m_ = 10° - 10% emu/cc cc ~ 10° - 10
particles).

3.8 Effect of Repetition Rate

The conversion of RF energy into’elastic

vibrations is a very inefficient process, most of the RF

”
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energy is dissipated as heat. Since the particles are in a
vacuum and the heat conductivity of the system is very low,
the samples tend to warm up during the application of
RF-pulses. To reduce this effect the repetition rate must
be low, especially iu cases where the echo properties are
strongly temperature dependent. At low temperatures the
heat capacity of‘the sample is small and the effect is'much
more noticable (Figure 3.3). A drastic example -of this
internal heating of the sample was observed from powders
immersed in liquid He below its A point. There was a
critical repetition rate, depending on pulse intensity and
shape, beyondehich the echo suddenly disappeared. (The
echo is observable from powders immersed in superfluid He
but not from powders immersed in normal He.)

| The presence of gas in the sample tube chauged the echo
characteristics  (relaxation time and temperature dependence
of the echo amplitude). A compromise between losses due to B
the presence of gas and good thermal conduct1v1ty resulted
in the use of partially evacuated sample tubes (pressure 5-10 tore

at room temperature)




‘Figure 3.3:

ECHO AMPLITUDE (ARB. UNITS)
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1001

) 80
- THWESpsec)

Echo Amplitude as a Function of Pulse
Separation for Different Repetition Rate
(Repetition rate is a parameter) (Cu 2.1 K)

Indicating the warming effect of an
increased repetition rate.
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CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Introduction

Prior to discussing the experimental results it
is necessary to mention that all data related to the
eeho amplitude are relative. They depend on the -
sensitivity of the apparatus, the quality of the pick-
up coil., which is temperature dependent and the filling
factor. of the coil, Which differs for different sizes
of particles. |

It has a low reproducibility (there are differences
up to 20% after subsequent removal and reinsertion of
the sample in the spectrometer), The observations of
the echo amplitude as a function of the wvarious external'
parameters have a purely qualitati&e character and
therefore they will_be illustrated only on some examples.
A mejority of the echo properties.is common to a large
group of samples, but some Samples afe more suitable
to -demehstrate the effects fhan others.

| The different echo models discussed in Chapter II

relate the echo amplitude to the inteﬁsity of the
driving pulses. Therefore its dependence on the external
parameters is investigated, but the implications of the

experiments should not be overblown.
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In cases where the sample is not moved during

the investigation or otherwise disturbed, the
reprodictibility the echo amplitude is : 5%.

The relaxation time 6f the echo,'on the other hand;
is an absolute parameter. It is measured as a decrease.
of the echo amplitude wifh the pulse separation.
Therefore the error in its measuremént depends on its
magnitude (Long relaxation time allows moré measuring
points.),

>The fact fhat the echo decaysi;;éonentially with
increasing pulse separatioﬁ'points out that some kihd
of parametric coupling is responsible for the echo
(see section 2, Chapter II).

It is convenient to dividé ﬁhévpropertieéﬂof the
echo into two groups A:and B,C;D. |

A describes the variation ofrthe echo amplitude
and relaxation time with RF pulse strength; length
separation and frequency and the particle size. These
properties in a large degree depend only on the echo

formation process and are similar for the all powders.#

# Footnote: The amplitude of the echo depends on the

- presence and magnitude of the external biasing electric
or magnetic field as well as temperature, but these
affect the magnitude and not the character of the
effect. '
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B,C,D describes the echo parameters as a function
of the temperature and the biasing field.

These properties depend on the coupling mechanisms
between the RF field and elasticvvibrations and therefore
will be discussed separately for each group of materials.

4.2 Experimental Results

A Common properties of the echo from powders.

The following properties do not depend .on the
character of the driving force and are common to all
powders. |
Al Induction following one pulse.

A2 ExPonential~echb decay.

A3 Sensitivify to the enviroinmeh%.

A4 Echo pattern following : a '3 pulse excitation.

A5 Decrease of the echo relaxation times with ffequency.
A6 Complex dependence of the echo shape on pulse width.

A7 Dependence of the echo amplitude on the intensity of
the RF pulses. :

A8 Dependence pf the echo on the particle size.
_éi Respohse to one force pulse

All powders, even those which did not exhibit the
echo phenomena, have the same response to one RF%pulsey#
this is a series of spikes, following the pulse, with
roughly exponehtially decreasing amplitudes.

#Footnote: Normal metals require,in addition to RF,
the presence of a static magnetic field.
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The exact structure of this signal is well defined

for a particular experimental set-up, but it is not
reproducible. The spikes are more intense for large
particlés and almost completely disappear for small
ones. |
_A2 Echoes.kfollowing a two or more pulse excitation,
decay aoproximately exponentially with the pulse
separation. -

This can be seen in Fig. 3:3.

For short pulse delay the echo amplitude does not
decay exponentially, but rather has a gaussian envelope.
For a pulse sepération longer than Tl/é the echo decay
can be fitted to the exponential relation

E(t) = E e't/T

1
Figure 4.1 a Shogs the echo decay (Linear scale) for a
Ni sample in different biasing magnetic fields. The |
~deviation from exponential'is'clearly visible. Figure
4.1b shows the echo amplitude for Al ( 10 MHz, 10 KOe,
and size 170/psm) for wvarious RF pulse intensities.‘
As can be seen,. the shape of the echo envelopes does
not depend on the amplitude of the driving force. This
deviation from egponential decay was also observed for
other powders, (for example Cu at 4.2K or Ni) only at
low frequencies, where the relaxation time was large.
'The shortest pulse délay in our apparatus ié limited .
bf the dead time of the receiver and furtﬁer observations

close to zero delay are desirable.
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It is necessary to point out that at short pulse
delays the echo amplitude interferes with the induction
signal following the pulses, and therefore the true
echo.envelope is not known.

In this study it will be assumed, that the echo
decay is exponential'and echofamplitudes refer to the.
extrapolated amplitudes from the e#ponential decay
region ( T’{ <t < 57,) to zero delay.

A3 Variation of the particles environment affects the echo
The echo phenomena is extremely sensitive to ail
forms of attenuation.

The following illustrations are given:

A ) Compression of the powder in the sample tube reduces
both the echo amplitudé and its relaxation time.(Figure 4.2)
A normal sample consists of the sample tube incompletely
filled by powder.

Compression.of the powder with a plunge affects:- -
-the echo. Excessive compression (above & 0.5 — 1 kg)

completely eliminates the echo.

/A ) Immersion of thé powder in liquids also eliminates
the echo (with the exception of superfluid He). Pacult
and coworkers observed an echo from powder immersed in
liquid He(1®), N |

X‘) Freezing in ice also leads to a complete disappearance

. of the echo. \
é—) Varying the gas pressure in the sample tube affects

the relaxation time, Figure 4.3,
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Another example of the effect of the environment

on the echo properties is the dependence of the

relaxation time on particle size and shape, Figure 4. 4

a & b. Relaxation times, obtained from filings (Fig. 4.4Db),

are shorter than. those obtained from smooth commercial
powders (Fig. 4.4a). |
All these observations indicate that elastic
vibrations are storing‘the energy and eventually lead
to an echo.
_A4 The two-pulse excitation (pulse at £t = 0,7 ) leads
to more than one echo, each having: a different relaxation.
time. Lo o : -
The secondary echoes are very weak and quantitative
observations can be made only on samples with a strong
echo and long relaxation time. . The ratio of the
initialamplitudes of the first and second echoes depends
on the relative RF pulse intensity. For h; = h, it is

approximately 10:1 and varies only slightly between

samples. The third pulse at t = T leads to the stimulated

~ echo ES at t =T +7 . Fig. 4.5. shows the echo pattern
following the three pulse excitation from Ni (77OK).
A similar pattern from the Rochelle salﬁ at 290°K is shown
in Fig. 4.6.

E. and E

1 2

second echo following pulses I and II. EII——III and

Er_ 111 indicate the two-pulse echo produced by the

‘shown in Fig.‘4.5 indicate first and

pulses II and III and I and III respectively.#

#Footnote: 1In the higher orders of the echo formation
~the BEyy_ 1171 and E;_ pgyp can involve all three pulses.
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e

Fig. 4,6 Echo Pattern Following a Three Pulse Excitation.
- (The Echoes of t = 3¢ and 2T - 2« , Produced by
a 5-th Order Process are Clearly Visible.)




82

Formafion of Es'and E,involves all three pulses.

The relaxation times of the first, second and
-stimulated echo ( Ty Ty TS) for some selectea samples
are presented in Tab. 4.1. These relaxaeion times
are independent of the intensity of‘the RF pulses.

There is a feasﬂneble_agreement between the experimental
ratios T2/Tl and Ts/Tl andlﬁhe theoretical values

0.75 and 0.5, Eqg.'s (2.47) and (2.48).

- A5 The relaxatlon times of the echoes decay approx1mately
inversely with-the frequency.

This is 1llustrated in Flg. 4. 4, where the
elaxatlon tlme of the flrst echo is plotted as a
function of the frequency for Q/different sizes of
particles of the same‘material_(Al))Ey particles of
fhe same size and shape (filings) of the differeht
meteriels.

A similar Tl(f) dependence is observed from Rochelle
salt (Fig. 4.7) or ferromagnetic powders, the latter
has already been shown by Rubinstein and.Stauss.(lS)
A6 The echo shape depends on the pﬁise length.

The echo has a regular shape for narrow pulses
of the same width. Increasing the pulse width leads
to a complex echo shape. An example of such a complex
echo shape is shown in Fig. 4.8, where the first

long and second short RF pulse (displayed in the LH

low corner) produces the echo consisting of four peaks.
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The fact that these four peaks form the echo is apparent
from their constant arrangement for the 3 different pulse
separations (Fig. 4.8 'a,b.,c).

After the first pulse of "infinite width"
(continuous signal) a second short pulse excites a
very weak echo.

An echo can also be Seen after only Qhe pulse.

It is superimposed on the induction foliowing the pulses
and appears at a time equal to two pulse widths after
the beginning of the pulse (See Figure 4.9), For

- comparison, therpulse width as observed from the receiver -
output is also plotted.' Its length is longer @féjkseé),
corresponding to the recovery time of the receiver.

-For the particles with lohg relaxation time and
long RF pulses, continuous vériation of the delay between
pulses results in a periodic modulatién of the echo
signal. This is demonstrated in Fig. 4.10, where the
eého ampliﬁude from Ni powder (77°K, H = 10‘KOe .

f = 10 MHz) is monitored while the pulse delay is

slowly swept. |

A7 A£ low RF field intensities the echo'amplitude varies
approximately linearly with the intensity of the first
and quadratically with the intensity of the second pulse.

These dependencies are illustrated in Fig's. 4.li

for Cu and Ni and 4.12 for Rochelle salt. 1In Fig. 4.11
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e,=1.6
e,=3

e, =3kV/cm

- ECHO AMPLITUDE (ARB. UNITS)

! : ! {
I 2 3

- PULSE INTENSITY (kV/cm)

Fig.4.12: Dependence of the Echo Amplitude on Intensities
of the RF Electric Pulses. (One Pulse Variable,
Second anstant.(Parameter on curves.))
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the echo amplitude is plotted as a function of the

relative strength of the RF pulses hl and h,., keeping

one constant. As can be seen in Fig. 4.11 this

relationship is highly nonlinear. and for hl = h2

the simple relationship

: 2
El ol hlh2

does not hold. For h, = h

1 2

(4.1)

= h the echo amplitudé

varies approximately linearly with h (Fig. 4.13)

i.e.

El°<h

(4.2)

' The secondary echoes are too weak to warrant a

study of their amplitude dependence on the'driVing

pulses. Thédretically, it is expected that they will

vary as h12h23

E2/Eli to vary as h2, for'hl

between E, and E, is obsérved,“Fig. 4.14, However,

for small amplitudes the data can be fitted to E, = E
5

which is expected for Elaz h

and E.e<h

Although one expects the'ratio

= h2, a linear relationship

5/3
2 1
5

2

A8 The frequency range of the echo observatlon depends

“on the particle size.

For all samples, the highest frequency for which

. - ’ - -« . iz .
the echo can-be seen increases with decreasing pa;tlcles size

The only systematic study of this effect was

performed on commerical Al powders, because the filings

were highly ifregular.
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As was mentioned in Chapter III, absolute measurements
at different frequencies are unreliable. Therefore,

relative measurements were employed. Figure 4.15shows the

relative echo amplitude for different éize Al powders as a
function of frequency. In Figure 4.l15the echo amplitude

peaks at different frequencies for different particle sizes. #1
'Fpr the ar 1% 0/‘m sample the amplitude peaks below and-for ‘ 3&?

the 40/hm above the experimental range (not to be confused

with absolute amplitudes, which decreasé with frequency for
‘all samples).

Siﬁilafiy for Ni powders, there seemed to be a maximum
in the echo signal at l7MHz_for lOO—lSQ/;m $ize and:at
approximately 27 MHz fof 30;79A~ﬁ1 (absolute ampl;tude).#Zr

No echo was observed from particles larger than |

500 4+ m for either material. |

VThe samples consisting of big particles showed a
very strong free induction but no echo. |

The single crystal of Rochelle salt was crushed

into smaller and smaller particles and when the size
of the particles was smaller than‘approximately SOQ/uwn

an echo appeared. The aim‘of this'experiment was to

#Footnote 1: In ferromagnetic ‘powders Stauss and

Rubinstein observed a correlation between the frequency
- interval for the echoes’ appearance and % % presence of

the ebsorbtlon lines in cw experiments. ) .

#Footnote 2: Particle size refers to the mean of the -
particle sizes' distribtion . Particle size varies
approx1mately + 50% of the mean.
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produce an echo from particles big enough for a

comparison of the echo amplitude with the free induction

from one particle.

A9 No dependence of the echo amplltude on the repetltlon
“rate was observed except for alignment effects.
The echo shape is not constant. Using a low repetition

-3

rate (10 Hz) the individual echoes following a single

pulse train vary in both amplitude and shape. The experimental

data are average values for many excitations. In our.

_3_— 102 Hz) the echo is not a

experimental range (10
function of the repetition rate. No dependence.of the echo
appearance on the repetition rate as reported by Palcut |
et al. (16), was observed.

If pulses are applied to a fresh sample, the echo
graduallywdevelops With a rate depending on the pulse
repetition rate, Figure 4.16 This process takes more time

for ferromagnetic than for normal metal powders. Once the

echo is established its amplitude no 1onger depends on.the

repetition rate. - '. ' -

Additional effect of particles alignment, so called

permdnent echo, is described in appendix III.
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B Echoes from normal metals.

The echo formation requires RF pulses of
duration of 5 ”15‘/hsec. The optimal echo was

observed for pulses of a duration of tW:=_lO/M sec.

The absolute echo amplitude at 4.2°K varies from
samﬁle to_eample.u The strongest echo is'observea*ffom

Al followed by Cu, Au, Zn, Mg, Cr.

Regular paftlelee of Al showed a stronger echo than
ifregular powder. ‘ | |

Al or Cu pOwders are the only samples warranting
the study of the echo amplitude-for.yarious pulse
strength or<length since they have a signal to_noise ratio

éfloo. In other powders the slghal to neiSe ratio
'is % 10-20 . (At 10 MHz and 10 KOe)

All measurements, unless'stated otherwiée are
performed on filings of the "same size" (in the 100 to 200 range
of the standardimesh). |

The following properties were common to all samples
of normal metal’powdefs.,

Bl The presence of a static magnetic field,H is

. necessary for the excitation of both the free induction
and the echo. Both increase with increasing magnetic
field. .The explicite dependence varies and fhe eche
amplitude E, as a function of H depends on the intensities

of the RF pulses hl and,h2 the magnitude of H and on




5

the matérial.
B2 In all samples the eché émplitude decrease§ with
'increasing temperature. This dependence varies
drastically from sample to sample and depends also on
frequency and particle size.
B3 At low fiéid intensity, H, the relaxation time
of the echoes is not field dependent. |

The statements above are illustrafed in- details
below. |

Bl The'echo amplitude as. a function of H for various
ratios of hl/h2 and h,/h; for Al is plotted in Fig. 4.17.
As can be seen,the echo amplitude cahhot: be expressed

by a simple universél power dependence of the form.

Ey

=< ul : (4.3)
with/Q constant, but‘/glvaries bétweén 2 and 4. To
make a comparison between the vérious metals'the echo
amplitude at h2 = %hl is plotted as a function of H |
in Fig.v4.18. The curves in?Fig. 4.18 are vertically.

shifted for a clearer demonstration of the variation
of /g . | |
The opfimal echo ampiitudehis‘for hy = hz; In this
case all the samples show the E; =< H2 dependence

(H=10KOe) which is a consequence of the Ef<11

dependence shown in Fig. 4.13.
Fig. 4.19 shows the echo amplitude at h, #'hz
for some samples at large.magnetic field intensities,

The echo increases with H up to 50 KOe and in some

" cases there is an indication of saturation.
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B2 ~ Temperature dependence of the echo

‘The echo amplitude increases with H aﬁd'therefore the

a

"~ An echo was also observed at room temperature

from Ag Mn for large H. |

h Thé pbﬁuniforﬁ dependénce of El on H can be a
consequence of the variatian of the material properties
with the static magnetic field, H. Therefore, for Al"
and Cu thé direct excitation process was also stﬁdied,'
using the experimental arrangement shown in Figure 4.20.
The aﬁplitude of fhe excited‘ultrasonic pﬁlse, linear
excitation, shows an H2 dependence for bpth longitudinal
(a) and transversal (b) geometry. (The sémé_coil.was

used to generate and detect‘the signal.)A The field

- dependence of the amplitude of such a signal is shown

in Figure 4.21 (Al H).
The amplitude of the echo depends also on the
relative orientation of the RF and the static magnetic

field (Fig. 4.22) and is maximal for h 1 H.

-

‘Apart from the Mg Samplevthereuis no -cut off at a

critical temperature, above. which the echp,suddenly.ﬁisappears.

temperature interval for the echo observation depends

on Hand h h

1 72
The temperature dependence of the echo from the
150 #m Al particles, for various frequencies is shown
in Fig. 4.23a while in Fig. 4.23b this dependence

is shown for different sizes of Al powders at a fixed

frequency. The echo amplitude as a function of frequency,‘




Figure 4.20: Block Diagram of the Direct Excitation of Ultrasonic
Waves a, Longitudinal b, Transversal, Excitation.
(1 -flat coil, 2 -bulk metal sample, 3 -4 - RF
pulse generator and receiver. 5 -box car integrator,
6 -scope, 7 -recorder, 8 -trigger.)

10 MHz
77°K -

ECHO AMPLITUDE (arh units)

postt & 2 (1 A

10 2 30 40 50

MAGNETIC  FIELD ( KQOe)

Figure 4.21: Amplitude of the "Direct Excitation" Signal From
Al as Function of H (Transveral Wave).

Solid line is the expected H2 dependence.
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for filings of Al Au and Cn ( iOMHz, 10KOe) is shown
in Fig,.4.24.

The extreme sensitivity of the obserned:Ei
vs T dependence to the experimental conditions can be '
seen from Fig's. 4.23 and 4,24 whefe two different RF
coilsAare used.' The temperature interval of the eche.
observation from Al in-theée’two arrangements is

dlfferent for different frequen01es, size and shape

of the powders. (Fig. 4.23 is commercial Al, Flg. 4. 24 Flllngs‘

The temperature below which the echo was observed
for the particular experimental set up at a field of
= 10 KOe and a frequency'of~lOMHa from various samples
is in Tab 3.1 (flllngs) | |
The Mg sample shows a very strong dependence of
the echo amplitude on the temperature below 4.2 °k
as can be seen in-Fig. 4.25.
B3 The relaxation time of the echo as a function of H.
The relaxation time is similar for all the filings
and is fully determined by the shape of the-particles.'
Therefore it doee not have any inﬁrinsieléhysical
- significance. It also does not depend on the intensity
of the magnetic field (H<lOKOe) or temperature.
The relaxafion time of regular particles is much -
1onger.and decreases at high field intensity H. Fig. 4.26
shows the relaxation time of the echo from 43'80/&In -

size Al regular particles at different frequencies.
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size 70/‘”

®
T

RELAXATION TIME (1 sec)
:

MAGNETIC FIELD (KOe)

"Figure 4.26: Relaxation Time of Echo From Al Powder as a Function of
Biasing Magnetic Field. (Frequency is a Parameter.) -

B4 Effect of impurities or alloyiﬁg

As was mentioned in the introduction,Snodgrass
(20)

did not observe an echo from pure Ag, while a
Small amount of paramagnetic impurities enhanced the
echo. On the other hand,Pacult and coworkers reported
a’étrong echo from pure Ag. In this study no echo was
observed from pure Ag at H = 10 KOe for the entire
temperature range and only a weak one at HZ 30KOe.
Small amounts of paramagnetic impurities (Mn, Ni)
strongly enhanced the echo, making it comparable to

that from Al (strongest echo).

This anomalous effect is observed from dilute




10%

Ag Mn (0.01% - 0.1%) alloys.

When the impurities'concentrétion was higher than
0.1% (estimated from nominal concentrations) the echo
disappearéd.

The laék of an echo from Ag is in sharp contrast
to the'observation of a strong echo from Au or Cu,
therefore two different "pure" Ag sémples were used
(5N Alfa Inorganic and Spec Pure from.Johnson Matthey
and Mallory). To avoid the possibility of the presence
of oxygen in the Ag lattice some samples were annealed
in H, but no sample showed an echo.

Similarly,no echo was observed (H = 10KOe) from
Ag doped with less than 1% In, Au, Cu.

No enhancement of the echo amplitude was observed
in dilute AuMn (0,05%) or CuMn (0,0l; 0.05; 0,1; 0.5%)
~~alloys. Small amounts of impurities (over 0.1%)
eliminated the echo, while the presence of impurities
had no effect on the relaxation time.

Thevecho was notlobserved from filings of metals of
technical purity (Cu, Al).

In\éome alloys the echo amplitude increases
with increased ordering. The alloys were prepared by
melting in an arc furnace and the echo from filings
increased after annealing them. This was observed
from-gg_Ag (9%, 13%, 20%). An interesting case is
demonstrated in Fig. 4.27, where the echo amplitude

from A1 Mn (1%) is plotted as a function of the annealing
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time (3500C) in a vacuumvof (lO_4 torr).
The increase in the.echo amplitude correspondé-to

a decrease in the X—réy diffracton line breadth
( {112? line) and a decrease in the electric resistiﬁity.
These results are due to an increése in ordering via |
preqipitation of Mn. During the annealing process

new diffraction linesgradually appeared from the Mn
precipitates. 1

Apart from Ag,impuritiés always reduce - the -echo.

O —

B5 The effect of deformation or thermal treatment.
Quenchiﬂg or deformation of pure Al poWder_reducés
the echo. This is partially recovered after annealing.
Deformation changes the pafticles' shépe, whicﬁ
naturally léads to a change of the relaxation time.
However, in the case of thé regular Al powder the '
relaxafioﬁ"time increased with the3SubseQuent annealiﬁg.
for example, atv77°K, a partiCular,sample,of defdfmed
Al powder had a Tl of_SQ/asec and éfter aﬁnealing a
'Tl of 62/p.sec. — - | |

B6 The effect of temperature on the relaxation time
of the echo. '

The relaxation time is not dependent on température.
Small changes are within the experimental error.
B7 The effect of the particles'insulatiOn.

" Insulation of the surface of Ag Mn by the solution

2

with inactive powder (glass) gradually reduces the éecho.

of Na,S does not affect the echo. Mixing the Al'powder
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Cc The echo from ferromagnetic powders.

The coupling between the RF field and the elastic
vibration in ferromagnetic materials is stronger than
in normai metals and therefere shorter pulees can be
used. Typicaliy>the RF puise'duration, tw, is er/M sec. .

The follow1ng properties of the echo were common
for all ferromagnetic powders used in this study.

Cl The echo amplltude as a function of the ‘biasing
magnetlc fleld H, passes through a max1mum

C2 The relaxation time of the echoes is affected

by the biasing field. The only exception is the echo

from the ferrite powder, where the relaxation time is very

short and is fully determined by the low Q of the
sintered material.

Qualitativelylthe statements abeve are demonstrated
in Fig. 4;28 for Ni powder and two different orientatiens
of H and h. The detailed experimental results afe
listed below.

Cl Dependence of the echo amplltude on the strength
of the biasing field

The relationship of El‘to H depends on many factors:
a: relative orientation of H and h (Fig. 4.28).

b: macroscopic shape of the powder sample (size of the
'tube holding the powder).

c: mixing of the powder w1th inactive substances (glass
powder).

d: temperature.

e: thermalband mechanical history of the sample.
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frequency 20MHz .
8l temperature 300°K annealed
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Figure 4.28 Echo Amplitude and Relaxation Timé as a Function of ‘
- Biasing Magnetic Field H (Ni, 20 MHz),
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All the observations above indicate that the actual
coupling between the RF magnetic field and the elastic
vibrations depends on»the7degree of saturation,which in
turn depends on the demagnetization tensaggi of the .
sample |

The field#, at which the echo amplitude is maximal for
hdH Vis approximately 7 KOe forrthe RCo, compounds,
3-4 KOe for Ni and Fe, 5 KOe for Co, 1 KOe for the
powdered ferrite, 300 Oe for the bulk ferrite, and 700
Oe for o k,0; .

It is interesting to mention that the same excitation
process, which causes -the echo in powders, is able‘to.

(69)

excite an echo in bulk: materlal Flgure 4.30 shows
the echo amplitude from bulk'and powdered ferrite as

a function of biasing field H. The difference in the

- shapes of the curves (curve a,b) can be explained_by
the different demagnetization factors of the bulk and

‘vpowder samples. The macroscoplc shapes of the bulk

ferrite core and the sample holder for powder samples

are similar. Therefore, the difference_driginates

from the fact that thé powder is not well characterized
by a uniform demagnetization factor. The echo from

bulk ferrites waskobserved‘frompdifferent samples (ferrite
cores used»for‘chokes, ferrite antennas) of arbitrary
shape. Practically all samples that showed a rihging
(induCtion) sighal after one pulse produced an echo’

#Footnote: For 1dent1cal samples w1th a ratlo of diameter
to length = 4 leads to 3) and $
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during a two pulse excitation.

The relaxation time of the echo from bulk and powder
samples is different, but in both cases it follows the
general hyperbolic decrease with the frequency that

was demonstrated in Section A. Figure 4.229) shows the

relaxation time from a bulk ferrite sample as a function
of frequency. As expected, the bulk ferrite has a
longer relaxation time than the corresponding powder

(negligible surface losses). Also, the relaxation time

is only weakly temperature depehdent, but it depends
on the experimenﬁal arrangement (for example, the
geometry of the sample's suppo;t or its orientation
relative to the biasing_magnétic_field).
| The pulse width required for echo formation is
lOl/usec for bulk in comparison to Z—Q/Lsec for powders.
This time is too long to produce travelling waves (thé‘
 pulse duration is much longer than the tiﬁe required 
for Sound to travei through thé sample), and resonance

mode refocussing is probably responsible  for the“echb

in both cases. In powder samples the individual modes
are localized in the particles, while in the bulk sample
different modes can exist simultaneouslv. The presence

 of many modes in the bulk can also be deduced from the

‘complex induction signal, ,following the RF pulses, which

is formed by multimode superposition.
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-

No excitation of the echo from ferrdmagnetic
metals via interaction of the eddy currents witn'static
magnetic field (as in normal metals) is observed at
high field intensities, H, And low temperatures.

(70)

Experimental observations of the excitation
of ultrasonic waves by RF fields in Ni indicates that
this direct process does not play a significant role

in Ni, but that it is present in other 3d metals

‘at high field intensities. An attempt was made to

observe an echo, produced by the direct process, from
Co powder in high field'intenSities_(up to 50 KOe)
at 4.2°K. The echo amplitude ‘passes through a maximum

at 5-6 KOe (magnetostrictive excitation) ( Ht h)

- and disappears at approximately 15 KOe. No further

Figure 4.21 Echo Amplitude as a Function‘of

‘echo is observed at high field intensities (Figure 4.31).

Co -

/ARB, UNITS)

-

AMPLITUDE

r~

EGHO

—
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R o
- MAGNETIC FIELD (KOe)

(4.2°K)

the Biasing Field
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The echo amplitude, as a function of H, is strongly
affected by the’sample!s mechanical or thermal history.
Samples filed from bulk material have a reasonably strong.echo
- amplitude,in zero applied magnetic field. After annealing
this initial echo amplitude drops to zero. Figure 4.3%2. shows
the echo amplitude for a deformed and an annealed Fe sample.
Proper annealing of Ni was not possible, since annealing at
400°C sintered the particles and force was required to
separate them. Ni annealed at 350°C for 10 hours still showed
a weak echo in zero bias1ng field. No thermal treatment of |
RCo5 materials was performed (except for hvdrocen diffusion)
These materials are notoriously good gas absorbers
and o#idize quickly.

Annealing also reduces the amplitude of the echc
for the optimum bias1ng field. This supports.the View
that the actual details of magnetizatlon change are
responsible for the echo.

A similar effect isbobserved in both Fe and Ni
powders.

Excessive deformation of the powder completely
eliminates the echo in all deformable powders.

The dependence of.E' (H) on the magnetic history
can also be seen in Fig. 4,32 where the echo amplitude
is traced for the increasing (up), decrea51ng B (down)

”and opp031te polarization of the H (up reverse)
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ECHO AMPLITUDE

MAGNETIC FIELD (KQe) 0

up reverse

ECHO AMPLITUDE

0 ) _ - -. 10

MAGNETIC FIELD (KQe) | '
Figu're +4.32 Echo Amplitude as a Function of the Biasing Field in Fe »
(77°K) (a) Annealed (b) Deformed (scale of a is magnified
10 x) S . o A
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The dependence of E, on the biasing field is more
pronounced for 'cubic materials (Fig's. 4.28, 4. , 4.32)

tlhn for the hexagonal (Fig's. 4.31, 4.33).

0 5 10
~ H (kOe')

ECHO AMPLITUDE (ARB UNIT )
o .

Figure 4.33: Echo Amplitude for YCo5 as a Function
of H (10MHz, 77°K).

c2 The dependence of the relaxation time, Tl on the
biasing field.

T, éepends on both the temperature and the biasing

B E
field;’ The‘dependence of Tl on H for annealed NiA
for various_temperatures and frequencies is shown in
Fig. 4.34. The‘Tl vs H dependence is sensitive to the
history of the sample. The Tl vs H for annealed and
Vdeforméd Ni is shown in Fig. 4.35. The anneaied and
deformed sample has a coercive field H, of 33 Oe and
95 Oe respecfively.

A similar dependence of T, on H is observed in
all metals} i.e. the relaxation time is constaﬁt at

low fields H, increases with increasing H and saturates

as a sample approaches its magnetic saturatibn;_ T,
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as a function of H for Fe (at 10 MHz) is shown in Fig.
4.36.
Hematite ( &-—Fizos ) also has strong magnetic losses

(71,72) The relaxation'

which disappear at saturation.
time of the echo from,d—ﬁat>é powder and also the
decay of the induction from the few big particles

(z 3 mm ) excited by one pulse is.shown in Fig.-4.37.

The echo is observed in a biasing'field internal of

400 Oe to 2000 Oe.

Ferritesf All the samples were commercial cores
of unknown composition.# They all'haGe a very short
relaxation time which-is_field.ihdependent Fig. 4.38."

The relaxetion time'of all-samples is-indepehdent

of the strength of the RF pulses.

C3 Temperature dependenee of the echo - -

As has already been seen, the echo amplltude depends

"strongly on the degree of the magnetlzatlon of the

sample. The same degree of the magnetlzatlon at

different temperetures requires the presencefof a different.H.

therefore monitoring the echo_ amplitude as a functioh_ =

#Footnote: A particular ferrite, data of which are shown.

in Fig's 4.30, 4.31 and 4.3® has a composition 46% .

Fe, 18% Ni, 0.12% Co, 0.03% Mn and oxygen as estimated
the electron microprobe analysis (weight %)
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of temperature for a constant H has only a qualitative
eharacter. However, the echo amplitude decreases
strongly with temperature in Co, y Cog or ferrite whose
magnetic properties are only weakly temperature

dependent in the teﬁperature range-below room temperature.
For example, no echo is observed from'co at room
temperature. This is illustrated.in Figure 4.39
whefe\the echo amplitudeifor.a constant deley is
monitoted as the sample is warmed up. At low temperatutes
no significant change ‘of the echo amplitude is

observed.. While for ferromaghetic_metals tﬁe echo
increases slightly (in optimal biasing) as the |
temperature decreases,'fot ferrites the echo maximum
occurs, at lSOOK. No change in the range 1.5 - 4.20 R

is observed. | |
c4- RCos Compounds.(§5’66)

Two samples'of Y ces'and NdCo5 were prepared by
crushing. Both samplee showed properties identical
with those from ferromagnetic metals, with a
relatively weak echo amplitude. In addition, both
these samples showed a very strong magnetic aftereffect
and some anomalous behavior which will be described -

in this section.
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(a) The ampiitude of the echo from both samples at 77°K_
was dependent on the sweep spéed of the biasing magnetic
fiéld H(Figure 4.40). Curve a is the echo amplitude for a
certain gg . When the sweep is stopped (Point A) the echo
amplitudgtincreasés witﬁ tiﬁe. Continuing the sweep causes
the ampiitude to drop to its original Value;

| (b)”Memory_Of the sample (Figureﬁ-%?curvé b). The echo
amplitude during subsequent sweeps is largef. Figure 4.40
curve b represents the following sequence of events: sweep
forward, stop (A) with an inc;ease of amplitude (A-B), reverse
sweep (B-C); stop (C) with an increase of amplitude (C-D),
sweep forward (D-E-F). | | |
| then_the field intenéity reaéhes the initial maximum field
t(HB) at E the echo amplitude'suddenly drops (E-F) to the
initial émplitude. |
'Thié effect is ciosely reléted to a similar decrease in

@aos)

"the AC susceptibility or NMR signal in the presence of a

Sweeping magnetic field, andcmn be observed directly on the

.field dependence of the shape of minor.hysteresis loqps(log)

This effeét disappeared after annealing the powder in Vacuum;
A partial-recovery of the effect is caused by diffusing

hydrogen into the sample. ( The effect of diffused D, on the

echo amplitude from Y Cos'is shown in Figure 4.41)
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The observedaftereffecf is only weakly temperature
dependent as can be seen in Fig. 4.42 where the echo

amplitude E, is plotted as a function of the rate of

change of the biasing field.

The presence of hydrogen also affects the echo

relaxation time. The changes in E or T.due to hydrogen

presence, are not reproducible. The RCo5 samples are

polycrystaline powders and their elastic properties - L

are determined by the preparation procedure, which is : S
notknown. As an illustration of the dependence of T, (H) on o
the thermal treatmerit the Ti(H) of NdCo; is in Fig. . ' -

4.43. Curve a shows the initial powder(probably contéining

Hz) while b shows the same powder after annealing in

_a vacuum (300°C_24 hours).

.

_ECHO AMPLITUDE (ARB. UNITS)

5 10
MAGNETIC FIELD (KQe)

Q

Figurea4.,41: Echo‘Amplitude for Y Cog (72°K,'l6 MHz)
(a) vacuum annealed (b) annealed in D2
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D  The echo from piezoelectric powder:

This "group" contains only one material, Rochelle
salt. The ecﬁo ampliﬁude as a function of temperature
passes through a maximum in the ferroelectric phase,Fig.
4.44. 1In this figure the relaxation time as a function
of temperature is also plottedf?”At low temperatures
it becomes very lohg the longest of all materials
used in this study. Thé echo does not require the
presence of any biasing field and depends only slightly
on the biasing field up to 6 kV/cm Fig. 4.45 (above
6 kvycm'during the RF pulses h &~ 2kV/cm a spark
occurred between the capacitor plates).

E Determination of the Elastic Modes:

In ofder to distinguiSb between collective and single
particle vibrations, the'following experiments were
performed, |

(a) Ferromagnetic particles (Ni) were allowed to fallv
freely through théfSpéctrometér coil. Ili—defined echoes
were obsérved cleafly demonstrating the single particle
character of the observed echo.

The observation of echoes from normal metal powders
requires low temperatures and longer RF-pulses, therefore
similar experiments using normal metal powders weré'not

attempted.
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(b) However, Al powder was mechaniéally vibrated
at 120 Hz in the spectrometer coil, using a low RF
pulse repetition rate of 30 Hz. It was expected that
the vibrations reducing ﬁhe coupling between partidles
would almost completely destroy the echo in the case
of collective Vibratiohal modes, but would not alter
the echo in the case of single particle modes. Only
a slight dhange of the eého amplitude was observed,
thereby strengthening the case for the single particle
modes also in normal metals.

(c) Piezoelectric.powder (Rochelle salt)

‘excited by an RF-electric field between two‘parallel;

plates produced an echo from a single layer of separate

‘particles, demonstrating its single particle origin.

ECHO AMPLITUDE

3 6
ELECTRIC FIELD (kY &m

Fig.4:45.: Dependéhce of the Echo Amplitude, E., on the -

Biasing Electric Field (293°K, Roch&lle Salt).
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,?'3 Discussion of the Experimental Results

It was stated previously, without any proof, that

all the echo properties are consistent with the echo
farmation due to parametric mixing.

The following facts support this model:

& ) The echo decays exponentially and the relaxation rate

is not amplitude dependent, also ‘in the few cases

where a deviation from exponential decay was observed

for a short pulse delay, the echoes decay exponentially

in the longer time interval.
The amplitude dependent processes were simuiated

for a simple model of 20 Gclasses, on a computer,

assuming different simple poWer dependences of the

freqﬁency;ér’aﬁteﬁuafion on the amplitude. The short
time requifedvfor tﬁe echo build-up (to fit the
experimental data the echo raise time muét be less
then lS/ﬁsec) leads to-a strong{dependenge of the
resonance frequency W or attenuation T, on the
~amplitude, which resulted in a fast dispersion of the-
écho for 4)(A) and to strong attenuation for Tl(A)°
Therefore, the assumption that the echo amplitude
increases during the short time interval which is not
experimentally accessible can not be correlated with:

the long relaxation time observed.
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The independence of the echo envelobe (Fig. 4.lb)
on the RF pulse strength directly contradicts the amplitude
dependent echo formation processes.
/3 ) The relaxation times of the different echoes closely
follow the relationshi$>'predictéd:for the parametric
process which was derived under the assumption that |
the lowest possible echo formation process is dominant.
i.e. The first and stimulated echoes are formed by

+ .
the 3¢d and the second echo kg{the 5-th order processes.

(Processess in wh:.ch only a few o ~classes are
exc1ted can also lead to complex echo pattern, but the
‘relaxation rate of the different echoes is expected
to be the same;)_ . ) : : ‘ .
 7~) .The‘dependence of the first echo amplitude on
+the strength of the RF pulses also indicates that
the first echo is formed by a third order mixing process.
i.e. "It increases -linearly with the first and quadratlcally
w1th the second pulse.

Two different 3rd order processes can lead to
the first echo. | _
‘a: Field dependent elastic constants (Eq. 2.24) ang (Eq..2.92)
leading to an echo of the form v

E-"( ANg x, l! {:wa“o(NSL)A ‘élv,fwz (4.4)

Where X, ¢‘¢ih ﬁw, is the amplltude of the elastic
| v1bratlon due to pulse 1, d coupllng between the RF
field and the force acting on the particle and € is

the strength of the nonlinear term leading to the echo.
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b ¢ Amplitude dependent driving force, leading to

an echo of the form (Eqg. 2.33) and (Eg. 2.92).

| . a2
E, <dNeg x x* o< A'Ne hh, £u, te, (4.5)

Both lead to an identical dependence of E,; on h1 and

h but they differ in their dependence on the pulse

2’
length and on the coupling coefficient d.

The expressions above were obtained (Chapter II) e

-

under the assumption, that both the elastic amplitude
x and h vary as %, A presence of harmonics in x

or h can lead to different dependencies of,El on hl

and h2. i |

The experimental results are compared With the
conclusions éf this model with the aim of selecting
between the above two possibilities and determining the i
physical origin of the mixing process. |

Before discussing the experimental results it is

worthwhile to point out the simplifications used in

the derivations of the expressions above. « ) the
frequency difference between the elastic modes and the i?f

RF field is neglected during the RF pulses. 4) The mixing

-~ term is assumed to be weak (€<« 1), y) The amplitude

of the elastic modes is assumed to be proportional to

the RF pulse duration (X o dh ¢, )-
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J.)' The second puise is assumed to be so shdrt
that the .decay of the amplitude due to pulse I is
negligible during the second pulse.

It is clear that a better agréement between the

model and the experimental results can be expected
for short RF pulses. The pulse length required for
the echo'formation varied for differenf materials,
being 2¥§/Lsec for the ferromagnetics and piezoelectriCs
and x,lO//Asec‘fbr most of the normal metals.

A Common properties of the powders :

The free induction followinglone RF pulse (Al)
is the lingar response which points out « ) presénce
of the resénance modes at the given frequency. )9 )
presence of a coupling mechanismvbetwéen the RF.'

- field and the elastic vibrations.

Free ‘induction is not expected if the elastic mode
distribﬁtion m( &) is constant. The sigﬁal following
the RF excitation is present, if n{(tb) is nonuniform. -
The disappearance of the free induction frdm tﬁe smaller
particles (which still show the echo)1iﬁdicates that -
discontinuities in the mode density distributionlwhich
is mpré pronounced'for‘thé large pérticleé, is

responsible for the free induction. The resonance

- frequencies of the particles depend on their boundary conditions.
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A redistribtuion of the particles changes the fine
strdcture_of this induction signal.#

It‘should be pointed out that not all powder
having a strong induction signal exhibited an echo

under the two_pulse'excitation. _ , R

The exponential decay (described in part 22)

of the echo is a direct consequence of its origin due to

a parametric mixing. The deviations from this exponential
decay at short pulse delay cannot'originéte from the

distribution of the particles' relaxation times

R —— — - - = d __£-- - - " PR
because experimentaly - erL ' <0 while
' a. R 2t
from the distribution ofvrelaxation-times one expects
a:“E.’;> © . Possible origins of this effect are

a) Presence of higherverder processes.cohﬁ?ibuéing
.to the echo.
b) Saturation of the amplifude.
- ¢) Superposition of the echo with the fiee induction.
The presence of morelthen one echo after a two-
puise excitation elearly indicates that at least 5-th

and 7-th order mixing processes must also be present,

‘and can affect the echo decay. For example, 5 th

*»°q 2 )
order processes; of the form Q.c; Ae. or @, a Ct :

contribute to the first echo and,

#Footnote: Irregularly shapéd solids have a very complex
mede structure as was,for example, observed by Lyall
and Cochran (49).
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'depénding on their phases, they will add or subtract.
to/f;om the basic <ﬁﬁ1; echo précess. The contribution
to the first echo by the process (Qx&?%ﬂ: ) relaxes
as Ti = 11/2 aﬁd therefore it ié significant only for
short pulse delays. ’

Another physical process which can leéd to a
reduced efficiency for echo formation is amplitude
saturatioﬁ.. If the first pulse is long.enoughAfof a-
particle to reach its saturation amplitude, the effect
of the second pulse Will depend on'the degree of ‘
relaxation of the amplitudes'of vibrations due to
pulse I. This caée can be preéent only if the echo
is formed by the amplitude dépendent'driving-forCe.‘

The change of the mechaniéal quality factor“ |

 automatically.affects the echo characteristics (A3),
clearly pfoving_that the elastic vibrations of the
particles are necessary for the echo formation.'

Fixing of the particles' surface (A3/&)ﬂ) :
eliminates the echq. 

| The quality factsf debends on both the shape of

the particles and also on the environment. For example.

the echo from all filings has a relaxation time which -

is much shorter then from regular particles of
identigal materials. The relaxation time also depends
on the particle sizé and generally decreases with
decreésing.sizé of the particles (Fig. 4.4).

- The '‘echo pattern and the ratio of the relaxation

times (Tab. 4.1) is in good agreement with the expected
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values

2.48).

' T, (Egqs. 2.47 and

However, the ratlo of the intensities of the first

and second echo is surprising. The second echo originates

from higher order approximations in the solutions of
the equation of motion (Egq's 2,45, 2.16) or from the
independent existence of the higher order mixing
terms in the system's hamiltonian. For example

g/» or x%h |

In the first case the higher order approximations
are'of higher perr iof €, therefore abstrong second
echo would indicate that £ is not small.

In the second case it is hard to understand the
same ratio between the amplitudes E%@; 4=0J.for_
all oftthe'differentvsamples,

The estiﬁation of the.orderlof magnitude of the
parameter € is crucial for the selecting of the echo
process; A dlrect estimation Ads difficult because
of .large unknown factors related to the number and
amplitude of elastic modes involved in the echo
formation. ’ |

It is thax:etlcally pos51ble to estimate E€ from

a direct comparison of the induction s1gnal follow1ng
one RF pulse, immediately after the end of the RF pulse
- with the echo amplltude. This could not,be-performed on

~ our apparatus, due to’the dead time of the receiver.,
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The lower limit on€ is £ > 107° vecause no
free induction from a few (lflO) particles is observed
and a sample consisting ofcelé‘—/o7 particles shows
.a streng echo. . | .:

The hyperbolical decay of T, with the frequeney
£f, is a consequence of the constant @ of the particles

From Eq. (2.38)

. Q
T = f

In some cases Tl decxt eases with f faster than
expected from_Eq.(2.38); This is due to=the fact that
at higher frequencies smaller particles resonate

- which have,smaller Q's‘(FigI 4.4)

Note on - 3 Pulse Exeitation :i
It was mentloned in Chapter I1 that for a 3 pulse
excitation, the stimulated echo»can be produced by two
different mechanisms relaxing with different rates.
(a) phase memory (Mode a, and a, are mixed with ajz .
‘at the time of the third pulse )
(b) energy memory (Node a, and a, are mixed at thev
time of the second pulse to form a DC mode which,
after mixing with the third pulse, will contribute

to an echo.)
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For the phase memory process Ts = Tl/2, while for the energy
memory proéess no such relation can be established and

because the energy scattering process can take place only

through multiphonon- scattering (energy disSipation).the
relaxation time in this case, can become very long at low

temperatures. This is observable from bulk samples\(lz)

In the powder samples T = Tl/2 is well satisfied in the entire
’ 0

temperature range 1.5°K - 300 K and therefore, the energy

process does not play any significant role in powders.

Dependence of- the Echo on'the‘Pulse Length:
The dependence of the echo shape (a6) on the
length of the RF pulses is complex._ -
| The‘e#ho,amplitude does'not.increase with,puise
dur.ation for pulses > loﬂséc for - ani}_‘ 4 samI.)le..

This is clearly a conseguence of the finite Q of the

particles and indicates - a limitation of the model.
For very short pulse lengthsthe variation of their

length also varies their amplitude (no square pulse)

and therefore it is impossible to select between the

two possibilities of the echo formation described by

\

Eq. 4.4, 4.5).
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The complex echo pattern (Fig. 4.8) is probably
"due to excitation by transients at the beginning and
the end of the RF pulse whlch acts as additional RF
pulses with a w1de band width. Fig. 4.46.

Variation of the echo amplitude with pulse separation
(Fig.4.10) is a consequence of the nonuniform. distribution
of the phases of the particles' vibrations at the time
- of the second pulse. The'noncoherent pulse generator
 starts each pulse withvthe same phase, therefore a slow
increase of the pulse delay varies the relative phase

between the RF pulses. Particles coherently_excited,-‘

by pulse I will be fully defocussed at the time £°3.q%z
¢
-3
‘é -~ '/2 x [0 Sec
. ~ /o; .
For ¢<t,  the oscillators phases are nonunlformly

dlstrlbuted and therefore echo formatlon ‘depends on

the relative phase of pulse I and II.

A weak echo is excited by a long first and a
short second pulse which suggests an amplitude dependent

force is responsible for the eche origin.




§
- 7
@ ‘N
# 'l
"cl . 'ct
. n
L
J \ /,\( \ /" AN i
[ =Ty
Zv2Ce ~C,
T
Trela

Figure4.46 . Modulation of the Echo Shape by the Transients.

Thé.first pﬁlse saturates the oscillators and~£herefore
the respohsé to the second pulse is limited.

In the case of the echo formation of the field
dependent elastic constants, saturation wbuld'not affect
the iﬁteragtion between the RF field and elastic
Vibrations,# | |

The,variation of the echo amplitude with the
sfrength of the RF magnetic or electric pulses (A6)
=¢orresponds tQ the expected dependencéAfor ﬁhe third
order mixing process. ( Alki ') ét low inténsities.

In the large iﬂtensity - »range theivariation
is much more complex and cannot be described by a
simple power dependence ‘ “1“,L ht‘:_ (o(,ﬂ, constanté)', The
linear dependence between the echo amplitﬁde'and the

_intensities of the RF bulses for h.=h; .~ (Fig. 4.13)

does not agree'with any known echo model ...

#Footnote: This however is not a convincing proof,

because the length of RF pulses affects the
number of oscillators excited.




39

- The echo spectrum shows a relatlonshlp between
the particle size and the frequencies range in which
it can be observed (Fig. 4.15)

As can be seen in Fig. 3.2 no definitive limits
can be put on the particles' size in any sample. Regular
Ni particles, Fig.3.2b show an echo at 14MHz and very4
weak one at 10MHz., The size of these partieles is
~ 50 +20 um,., this leads to the estimation for the
velocity of sound (1.4 * 0.6) x lO5 cm/sec, which is
far less than for bulk Ni which is 3.105 cm/sec fof
the shear and 5.105 cm/sec for longitudinal vibrations.
The observations above indicate that the elastic
constants of the particles are reduced or that more
than -one particle is involved in the elastic vibrations.

- The latter contradicts the eXperimentel evidence

described in section E.

No dependence of the echo amplitude on. the repetltlon
rate was observed in thls study. - The origin of the
inital increase of E, from a fresh sample is probably
.due to aligning of the particles in the sample in such
a way that a maximum number of particles can resonate.
Once the eeho is established its amplitude is'independent
of thehfepetition‘rate. | |

Pacult et al (16) reported the disappearance’of
the echo for a repetition rate less than'*'l‘Hi and

suggested that thls is a consequence of collectlve
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vibrations -and that a certain minimum repetition rate
is required to maintain them in the sample. However,
the repetition rate 1Hz still represents an "infinite"

internal between the pulse sequence, because the relaxation

times of the echoes are in the order of 10 - 102 Mmsec. S

B The echo from normal metals:

The'driving force in metals Eq.(2.94 ) is

proportional to both the intensity of the RF-magnetic

field, h, and the static magnetic field, 'H,. Therefore
it is not surprising that the presence of a static
magnetic field is necessary for the excitations of the
free induction and the echo.

‘The coupling coefficient, d , in this case is
proporticnal to H, therefore from the dependence of
El, on H one can distinguish between the two possible
echo mechanisms. | |

The modulation of the elasticAconstants by h

leads to an (Eqg. 4. 4)

E, < zclkk o<ngqL\

(4.6)

while the amplitude dependent force leads to (Eg. 4.5)

~ & e
E « S,Cl"knl‘z o4 2"’ Ll'L‘z
! (4.7)

where it is assumed that the coefficient, £ , describing

the echo process is independent of H.
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The second echo is expected to vary with H
.as ‘
E, < HTkE,Pﬁ&
(4.8)
for the amplitude dependent force and
E, < L
(4.9)
for the field dependent elastic constants.
The experimenﬁal evidence is inconclusive. As _ - ;gﬁ
can be seen on Figs. 4.17 and 4.19_thé dependenée of
the eého:amplitude on H depends'on the relative
intehsity H, and h, as well as on the magnitude of H.
and for a constant ratio hy%; it also depends on the .
material (Fig.4.18). At low field intensity the observed
dependence of E,(His E,« Hq . As'was mentioned' A
earlier for hy = k,_the Eﬁ*“.‘ Ffom this empirical

. - 1 . 3
‘relationship it follows that E,«x hH this is -

the dependence reported by the aforementioned aufhors“

(Refs. 14, 16,20)#

#Footnote: All previdusly reported experiments used

hy = h,.
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The free induction follows the H2 dependence as

expected ( Ah = Hh ).

A clear experlmental distinction between these two

p0581ble forms of the parametrlc interaction leading
to either Elcx H2 or H4 could be made with an
experimental arrangement where the second RF pulee is
applied without the presencejdf the DC field (H).
In sueh a case only a mixing due to the field
dependenf elastie constants can lead .to en echo.
The temperature dependence of the echoAamplitudeZ
The amplitude of the vibrations excited by the

volume force
- ) —9

- e

depends on the distribution of tne eddy currents
and therefore depends en the electrical resistivity

9 . of the powders. The actual relationship'
between the amplitude X and @ is very complex.
Generally the amplitude decreases with increasing

? . In the macroscopic approximation the excitation
process depends on the material only through its
re51st1v1ty and therefore is identical for all good
conductors and depends on a/a where a is the size

of particles and A the skin depth.

The variation of ¢ with temperature in all metals

is similar. It can be expressed by a universal curve

F (DHB) on a reduced temperature scale-nﬁa .+ Wwhere




143

Tb‘ is a characteristic constant for a given material

closely related to the Debye temperature (Bloch —
Gruneisen Law(74)),
i.e. _
() = F (") | (4.10)

No one material éxactly follows this relationship.
To fit the experimental data of Q(Ta-to- F (17%b)
it is necessary for T, to be tempgrgture dependent.

However, the 6Bserved deviétionsare sméli, Tab. 4.2
shows the Dekye temperature for the .samples used in
this study. |

Because thenLorentz.férce depends, for similarly
shaped particles,on their électrical‘resistivity
- only, the vibrational amplitude for all metals is
expected to behave identically on the reduced scale

179; . - Thus the measurement of E, as a function of

the tempergtﬁre can reveal information about €£.

Table 4.2: Debye Temperature of the Normal Metal Samples

Material TD(°K) Materialv | TD(°K)
Ag 225 Cu 343 |
Al 128 Mg 400
Au 165 Mn 410
.cd 209 Zn 327
Cr 630 |
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Namely, ifA € has a purely geometrical origin, i.e.

it originates in the particle vibration and is-

material independent, then the echo should be observed
- from powdérs of all good conductors'and'the temperature

dependence on the reduced scale TAb ‘ will be the same.

This is not the éxpérimental case.

The‘samplés used can be divided into two gréups:
one, containing Al, Cu, Zﬂ in which the echo amplitﬁde
decreases gradualiy with iﬂcreasing temperature. And
Mg, Cr in which the echo decreases very fast at low‘
temperatures. A special case is;Ag,which'does not
VSEOW'an echo at H= lOZKOe for any temperature;

In the first groﬁp, the echo amplitude is constant
at low temperatues, where‘the‘resistivity of the
,metél is constant (residuél resistivity) and then

' gradually decreases with increase in température{ The
actﬁal dependence.is size and frequency dependent, as -
e#pécted. (bcfh factors change thei%é ratio,‘whére"
é is:the pafticie siée) | | |

The faster decrease of El with temperature for
Au then for Cu or Al’in Fig. (4.24) can be undérstood
from their different T, (Tab. 4.2). *9(T) for Au
relative to Cu should be scaled by.a factor of 2

in temperature.
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Assuming that the thermal component of the resistivity
is dominant, one can calculate the skin depth 4 as a
function of temperature. This is done in Fig. 4.47 for
Au and Cu ( at 10 MHz) using the resistivity measurements

by White and Woodsg76) The thermal component of the

resistivity is dominant at higher temperatures,

The temperature dependence of the echo from alloys

is similar to that from pure metals. i.e. Al Mn

behaves like Al. The echo from Ag Mn varies with
tempefature in the same mannér as thét from Al or Cu.

Contrary to expectations, Mg showed an anomalous
strongly temperature depéndent echo amplitude at
temperatures below 4.2k (Figure 4.25).

The temperature dependence of the echo from various
samples leads to the conclusion, that & (Eq. (4.4, 4.5))
is material dependent. Ag is the only sample-iﬁ which
the echo is enhanced by the addition of .impurities.

In addition, the temperature dependence of the echo from

Ag Mn 0.05% is similar to ~other pure metals (Al, Cu).
Therefore, it was natural to assume that for some

T '
reason the"pure'Ag is not pure but has a large resistivity,

This does not seem to be the experimental case.
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The lack of an echo from Ag cannot be explaihéd‘

by accidental impuritieg (fér example,oxygen) since the Ag.
samples were highly pure and some were also anneaied
in H2 gas (4OOOC). This rules out la simple explanatibn that
.impurities (Mn) enhance the echo in Ag by purification of
the host through internal oxidation. 1In the entire
temperatute range no éché waéiobserved (H = 10 Kbe)_from Ag
doped with less than 1% In, Au, Cu; Howeveg,Ni and Mn
both enhanced the echo. All our results agree with th§Se
reported by Snodgrass(ZO) who observed an echo at a fixed
frequency mf 4MHz. In-addition’the relaxation time is independ-
ent of:impurity concentration since.it is-completely dominated by
surface losses and decreases_with frequehcy.‘ Increasing the |
amount of impurities gradually reduces the echo,which disappears
fér c> 0,15% Mn in Ag ( c is the percentége of Mn_aétually’
put in_thé alloy). No chemical analysis was performed on:thei
samples. This cut-off arises because of the increase in
resistivity with impurity concentration (< g/c o~ 7/"52“”/%) (77)
in the alloy. | - |
The echo enhancement cannot be correlated with any
other properties of AgMn ~alloys and is
cdntradictory to the impurity éffects in the other
materials.

' The following properties of dllute Ag Mn alloy are reported°‘

Mn in Ag has a magnetic moment corresponding to s = 5/2 (78) nd
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itlorders (anti férromagnetically) at low témperatures (79)1
(Due to the RKKY interactién). The spin dependent resistivity
shows a Kondo béhavior(SO) with TK==O.10K(78)'and ﬁhere is no
reason to expéct anomalous_properties for high temperatures,

(T > 20°K).

Many authors, however, have observed anomalies in thermal

(81) (82) L. (83)

conductivity ,magnetic properties ,or NMR line breadt

This has been claimed to be the result of internal oxidation

or impurity clustering.(82)

0 100 200 300
TEMPERATURE (°K)

| Figure 4.47: 'Skin Depth.- 4 as a Function of<Tempetature :

(1oMHZ).

(83)
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The reduction of the echo amplitude with alloying
or deformetion in other materials is eqﬁivaient to a
change of the temperatufe, i.e. it reduces- the echo
through an increase of the resistivity.
The gradual inerease of the echo amplitude with
“annealing time for é;rﬁ{ (Fig. 4.27) can be explained
the same way. Substituted Mn has a strong effect on
aluminum s ~electric‘al resistivity -(86)(‘“7/&,"‘ '3/‘52“"/'/, )
and therefore the strong variation of resistivitg ie |
related to the aging process.
The slight inerease of the_relaxation time Ty
after anneaiing in Al powder can be eﬁblained by an
increase of the Q factor by annealing due to the
removal of the dislocations iﬂtroduced by defo.rmation.
Tl‘in ether samples is fully determined by the‘
irregﬁlar.shape and dees not reflect eny”intrinsic
property.
The reductionAoffthe'relé#ation time at large H
~is a consequence of the losses by inducedveddy'cur;ents.
| The Vibration-of a particle inethe presence
.of ﬁ is equivelent to aAstationary.particle in a variable field
28‘.'(in neimal metals B ¥ H) |
' gkl= Q%Leth <. Hu(t) = Huoeth ' (5.9)
where u(t) is a surface displacement.
o The proporeionality factor in Eq. (5.95.depends on . the

shape and vibrational mode of the particle and the geometry

of the experiment..
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The induced eddy currents.f}x in the particle are

proportional to ?Co . The dissipated energy ED is
2 ~

proportional to ?(2 and hence 2¢, #.

- &

Tne'logafltzuulc decrement S is defined by
(Eg. 2.39) as the ratio of the e'nergy dissipated per

cycle (~ At x M ) to the total ener ( = * )
2 gy " /up

therefore the logaritmic decrement J~  is amplitude
- H .
independent. The relaxation time of the oscillators is

i A . ‘
TeT #0844 48w (4.12)

CJ,.‘, is expected to decrease with ‘increasing ‘a/A' ratio.

This can be seen in Fig. 4.48 where

L(_L - L ) - '
£V T -sokOe Ty=4 (4.13)

is plotted for different frequencies( Fig 56)
For illustration, the relative energy lpss for
a .spherical particle as a function .of o./A is shown in
Fig. 4.49 (Normalized to 1 for O‘/A = lb).
The angular dependence of the .echo amplitude

shows that the maximal amplitude of the echo occurs

#Footnote: For simple shapes the problem can be éolvéd
exactly (85).° :

-
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when H1 h. In this geometry the transversal vibrations
are preferably excited.
Origin of the echo:

For large amplitudes of vibration almost any

system can produce some nonlinearity whidh can lead

to an echo. The similar properties of the edho‘from
all metals suggest that the echo has the same origin
in all samples.

In the méCrochpic approximation the driving force

can be modulated only thrdughlthe modulatioﬁ of the
eddy currents ( or mass density;which is unlikely).
This can be due to particle deformation (affecting
the path of ﬁhe'eddy currents) or due to modulation of
the specific resistivity of the material by-vibrations.

’

oL

N
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F1gure 4,48 Magnet1c Contr1but1on to the Loss for Al Powder as a
Function of Frequency

(ds = - )
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F "Ty=50K0e
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Figure .4.49

Plot of Losses .L(a/A ) For Spherical Pérticl,g.
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Modulation of the elastic constants by'the'ﬁf
field can also leaa‘to an echo. The first and last
proceéseé are not sensitive to the material, apart
: froﬁ its.resistivity and therefore, if they are
responsible for an echo, it should be present in all
good conductors.

The second process,i.e. modulation of the specific
resistivity by the-defqrmation, can be sensitive td
the material. Tab. 4.3 ,lists the stress dependenf

coefficient of the resistivity for the noble metal

(86) 4 2%
S-20 °

can be written in form

groups, _Thé specific resistivity

ey L% .12 P I
y(a_) - ?’(’ 4 ";.5_;048,0257?.;0_: o 6~ 4+ ) =
= S’,(l\-l-i".&" 4.-’?’1_6:6':-} e ) ‘ i (4.14)

The'specific resistivity is a tensor, but for
cubic materials it is a scalar and ¢, has only two
inaependent components Sz" and 9ﬂL index indicates
relative direction of-the,cgrrent_and'elastid_étress.

Table 4.3
Piezoresistivity Coefficients For Noble Metals-86 )

Inverse }4; :

Elastic 4 (’ ) ' (.!.23’)_ 0
Material Modu]us( ) 9,90y, R06 7
Au 0.81 10710 1.25 2.4
Ag | 1.26 10710 2.86 -~ |  -0.04
bu 1.25 10710 3.8 | - -4.8
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Instead of the stress dependent resistivity
it is convenient to introduce the strain dependent

resistivity (e} . In the simple one dimensional case.

37,!2) = EMQ,W")
- (4.15)

From Tab. 4.3 one can see that S’.,(_Q) diffevrs strongly
for L. and |l directions and Gi.(e) is of the order

of unity for Au and Cu and two orders magnitude less

for Ag.

The equation of motion has the form

-

. L= "'(
£ e < F(e, L)< 3}—;;- ' (4.16)

where 9 = 4,(e) ({io{+ c.e )- |

The relationship between the resistivity $(e)and
force ';(e,t) is not clear, becausev 3 is aistribqted_
through the volume of the particles and therefore the
_relationshiia between E"&e,t) and the Lorentz force

-2 -2
173 . -
ol ga B is not known.

The modulation of g by the shape variation leads
to the same echo as a modulation of the specific
resistivity.

Note: "The echo can be formed only if the right

side of equation (4.16) contains a term in 9',(,0,) varying
as 'elzwt. For example, if J&)lcontains a component
proportional to g,z,v or 'S’,u;) = '?,(-'L) as in ‘the case of

transversal vibrations.
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The modulation of the elastic constants, C by the

RF field is described by : .
C=c,(1+ch)
(4.17)
therefore. the equation of motion has the form
Peot(1reh) = Fh) <k
‘ (4.18)
The force on the right side does not contribute
to the echo and therefore Egq. (4.18) is identical to
Eg. (2.15).
.None of the mechanisms described above can definitely
be selected as iesponsible for an echo. The resistivity
variation in the higher order appfoximétions is not known.
The modulation of the eady currents by the variation
of shape of the particles is»expected to ge similar for
particles of the similar shape and the same is true about
tég_variation‘?f the elastic constants. Thus the exverimental
evidence'suggests, that modulatibn of séﬁé internal“

variable cause the echo in most cases.

As far as the magnitud&-of the different effects

is concerned the &(e)'is of the order of unity (Thb‘*?)-

i.e.

Qle) = Q1+ 2) (4.19)
the same is true about the change of the surface
resistiVity due to change of the shape.

“'lea) of-higher terms are not known. The variation
of the elastic constant is épproximately C-Co = 16‘ (%)
at ﬂ,xIOQOQ . d.e. £ in Eq.-(4.;8) is of the
order of 10”14, All these effects are too weak to

lead to the strong echo experimentaly observed.

)
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Probably the origin of the echo must be sought
in a ﬁicroscopic model'for the excitation of acoustic
waves. However, the microscopic mbdel has not been
solved for a real material and therefore a further discussion

of possible nonlinearities is premature.

Properties of the members of the noble metal
group are similar, and it is doubtful that a simple.

model can dlstlngulsh between its various members..

Torque acting on the partlcles(Eq. 2.98) was

" recently proposed as the ex01tat10n mechanisms in

connection with the collective modes of the v1brat10ns.(l6)
The authors proposed collective modes to explain the

echo from particles smaller then the critical size

(ac< %f , where v is the velocity of sound and 2
is the acoustic wavelength and @ is the radius of
‘the particles). Interaction between particles is
necessary for the introduction of the restoring fOree

to maintain the vibrations.

For the collective vibrations one expects that

a) The 1ncrea31ng regularity of the particles' shape

will reduce the echo amplitude (less 1nteract10n).
The opposite is true. -

b) Rigidvmotion of the particles is insensitive to

their intrinsic properties, that is, in the case of
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the collective vibrations the relaxation time cannot
reveal any information about the volume energy loss
of the particles. This point is inconclusive. Filings
have short relaxation time and no really regular
particles were used in this study. The small differences
in the relaxation time for annealed and deformed Al are
just ocutside of the experimental error.

In ‘extremely pure materials, in the anomalous
skin effect'region,the.elastic vibrations can be excited:
in the'absence of an external.field H;_because phonons
can be generated by surface scattering of the electrOns.(87,88)
It is possible that in this region an echo can also
be observed without presence of H. Echoes'similar to
these reported here were observed.from superconducting
powders_in a magnetic field(g) (Hs:Hc‘). This echo was
“discussed in tetms of the vibrationalzmodes of  fluxoids.
This ‘echo can also be explained through processes
analogous to those in other normal metal . powders. In
materials with a large reSist1v1ty 1n the normal state,
direct echo excitation is weak but it suddenly increases
as the material becomes superconductive. Since the AC
conductivity of a superconductor is finite but latge(

the transition suddenly enhances the excitation process.
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C The echo from ferromagnetic materials :

As in normal metals both echo processess descrlbed
by Eq's (4.4) and (4.5) are possible. The RF field is
coupled to.the partieles by the piezomagnetic coefficient,
d, which is higﬁly nonlinear and depends on the |
m%croscopic distributions and pinning of ferromagnetic

domains and domain walls.'.> |

The dependence of the elastlc modulus, E},, on
the external-.magnetlc fleld (st effect) is also
'closely related to the domain dynamlcs.stH= E;UQ‘EJM :
typlcally is of the order of 10 2-lO lffgéherefore the
frequency shift is con51derable and probably dlfferent
particles are tuned into resonance at different stages
of magnetization. |

Fbrmally the fofee, preduced by fhe intefaetion ‘
‘Qf‘h_on‘tne-?article‘  is expressed through the stress,

(7 - which follows from‘the dependence of the free energy
of the partlcles V on the strain e and
magnetlzatlon M, V' can be expandended in a.Taylor.

series of the form

*9\/
2%

1

!?V
29 92

"where the coefficients of the expansion can be written

V=V

P

in the form,

2V l o e
. 30’ - ?ﬂ, BMQ-MM + BMH IMMM+, (4‘.21)
jee. T ° _
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The magnetlzatlon, M can be expandent in powers of

the external fleld h.

=

M = M +X n +7‘7¢2h + ...

where ¥, is the susceptibility tensor and X, ... X

N

are- hlgher order susceptlblllty tensors. Assuming

£ = Zoe and substituting Eqg. (4.231 into Eqg. (4.2%9
. leads to

| g B o7 e s o A’!&%
V= V, +(Br1€.+gzzt_2 4. )(Ho 42»¥ ol'\t
| . 2 1,0+ . |
+XXI)L”C +-.-' ) + (4.24‘)

The stress o is obtalned from Eq. (4 23)as

e -2V
22

This derivation 1llustrates, that even if one includes

only the lowest term i.e.

—av - L _l..( o : |
J— ',— (NN+2X/HL\QIQ-( .~ e YQZQ"“" ">+..._.

the stress and therefore~force-act1ng on particles

contains many harmonics.
Excitation of higher harmonics by the RF field in

- ferromagnetic substances is observed experimentally.(89?- -u~§

- The derivation above has only a formal value. .

- because none of thejx are known; they depend on the

shape, size and history of the particles.
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An illustration of the strong dependence of the
coupling between the RF field h, and the produced
stress,0,. on the intensity of h is shown in Flg. 4 50. (90)

The dependence of the echo amplitude on the blas1ng
field H is qualitatively similar to that of coupling
constant, d.# |

Ferromégnetic'materials consist of fully saturated
domains, each having a deformation ZS. In the fully
demagnetized state, since there is_a_randoﬁ distribution of
domains, the average deformation is ¢ =r;.,¢s (cubic éase).
A redistribution of the dOmains'leads to a change in the value
of g and in thé saturated state (g = ﬁg- Dlsplacement of
90° or 71° domain walls leads to‘a net change in the
defo:matlon,»whlle that of‘L§O' walls has no effect, in
polyérystalline materials different types of domains, . f
initially equally‘distributed,vdisappear at different degrees
of saturation M/Ms ( Ms is the saturation magnetization)‘gs -~

Acan be seen from Tahle 4.4.

#Footnote: d is an 3-order tensor, d relating 3 to
1 but because the whole discussion is only qualltatlve,A
it is assumed that d is scalar.
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Table 4.4(57)

M/MS Values' for Disappearance of Different Types of Domains
(For Polycrystalline Cubic Material< 111> Easy Axis)

Angle of Wall - M/M

S
180 o | 0.5
109 . - v 0.79
90. , - 0.85

71 - 10.91

d is related to the dlfferentlal magnetostrlctlon,
therefore, one expects the exc:.tatlon to be weakest
at low :Lnduct:Lon and strongest close to saturatlon
(0.7 - 0.9 of M ) where all 180 domains are removed
‘and the magnetlzatlon pProcess continues through

magnetization rotatJ.on and/or displacement of other

walls and g varies stromgly ‘Wlth Hs

For example, d(Eq.Q \03.) for domaln rotation is S

3__2__/\1: ‘
K, (4.26)

-

where A is the magnetostrictive constant and K is

o =

an anlsotropy constant
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The variation of strain with H is discussed by Chikazumi557)‘

The dependence of d on H varies with domain arrangement in
that d is small in the demagnetized.state,-peaks close to
‘saturation, and drops to zero if all domain walls-are'removed. If

the external RF-field, h, is perpendicular to H then excitation

is p0551ble beyond saturatlon by magnetlzatlon rotation.

and decreases as h .
H

The field dependence of.the echovamplitude is less
pronounced framthe uniaxial materials (Ce, YCop ) '
Figs. 4.31 and 4.33 than for.the cubic materiels
(Ni, Fe, Ferrite Fig's 4.28, 4.32 and 4.30.). Tn uniaxial
materials only magnetization rotation leads fo net o

v'megnetostriction;in cubic materials both the magnetiZaﬁioh‘

rotation_and domain wall motion lead'to the elastic
excitafions. Dlrect comparlson of the degree of magnetic

saturation with the echo amplitude, Fig. 4. 28 indicates

that magnetization rotation is dominant also in cubic’
materials.

In order of strength, the echo was strongest from

Ni followed by ferrltes, Fe, Co, RCo5 ( at optlmal bias

H and at 77 K)
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- Fe, 04 preduced an echo only in the ferromagnetic
region (above 260°K). |

A strong echo from Ni can.be expected because Ni
has a large A and small K'(Eq. 4.26).YCor on the other
hand has a large K, The echo amplitude as a function
of H fof Ni, Fig. 4.28, can be compared with the field
dependence of the electromechanlcal coupling coeff1c1ent
/& Fig. 4.51 whlch is defined as a ratio of the
magnetoelastic energy to the geometrical mean of the

magnetic and elastic energy

(( 53&& )3 EHAN (4.27)

where S  is the elastic constant and/i: the magneticlf

permeablllty.
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Figure 4.51 Eiectromechanical Coupling Coefficient k as a

Function of Induction for Ni Ring (After Huston
et al.(77))
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- The formation of an eého from a bulk sample
(Fig. 4;29) is ihferesting. When we reported this
effect_originally(69)we proposed that bulk elastic modes
( very high harmonics) are responsible for-the echo. |
This conclusion was based on the fact that the echo
depended on the boundary conditiens of the bulk sample.
‘A subsequent search for an echo in other bulk materials,
.single crystals of &- R 03 ' manganese ferrlte or Rochelle
salt did not show an echo from bulk while all these
materlals produced an echo in powder form.
This leads to the conclusion that the presence
.of an echo in sintered ferrite'is related to its grain
structure and that the echo originares from the
excitation and refocuséiﬂgof modes localized in the
individual grains of polycrystal material. This is
unexpected,'because the echo:relaxﬁiibn”time is
approximately'GO/uSec (at lSMHz) suggesting the Q :
factor is of the order 3 x 103mm1ch means that
individual.grains are effectively decoupled_at thisA
frequency ‘ |
A very large Q related to the higﬂ frequency

4resonanee modes in bulk materials was reported previously

from CW‘experimentern- piezoelectric materials.(gl)
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The variation of E(H) with orientation is due to

the large demagnetization factor of the sample;

The internal fie‘ld is ‘;I = -I:I'—ﬁ;, where 3') is the
demagnetization factor ahd is dependent on the shape of
the sample. This céntributes to the different behavior of the
samples for HU h and HL h. For bulk samples, since
the ratio of the sample's diameter to its length:is
approximaﬁel? 4;-the demagnetization factofs ére |

P, = 6 D =« 0.5

h
Loosély packed powder samples have a'demagnetization factor

"which depends only on particlé-shape(sez and therefore
D for inhomogeous samplesis not well defined.
Thé ﬁemperature dependence of the echo:
The variatibn of d with temperaturé is Very complex.
The anisotropy constant K} saturation'magnetosfriction.
A, and domaih walls mobility affects d. |
In Ni,where A, is constant for T< 300°K, K' _
linearly deéreases with temperature.and the coercive
field H_ is very small,one o uld expect the echo
amplitude to increase with increasing temperature. This
is not experimentally observed.
The strong variatién of the echo amplitude with
temperature in YCo_ or (o is not understood. The
magnétostriction constant is temperature independént,.

K de¢reases with temperature and therefore the
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magnetostrictive excitation is again expected to increase
with temperature. The echo decreases with temperature,
thus the experimental results indicate that the

coefficient &£ , describing the echo process must be

temperature dependent.
Again it is necessary to point out, that the

ekcitation in magnetic conductors is limited to the

skin depth which varies with temperature and the blas1ng

field ( r»l).

(r5)
Rubinstein and Stauss reported that the initial

echo amplltude from lithium ferrite is temperature
‘1ndependent (4.2 - 300°K).
All of the metal samples show a dependence of the
~ relaxation time onvthe biasing field. The variation
of T, with H in all-samples has the same behavior and
varies very little at low H and than increasesfwith
an increase in magnetization and saturates at large
| magnetlzatlon.

The fact that“the attenuation ispmaximal at H = 0

and decreases with increasing H indicates that the
variation of T, with H is due to microeddy currents. As

can be seen from Eq.(2.106) this process has a relaxation

character with the characteristic frequency fc given

by Eq.(2.1051.
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At room temperature bulk polycrystaline Ni has
(59)
a characteristic frequency (f of 105 Hz (due to domain

rotation) whlch corresponds to domains of a size Of,f=

50—2OQ/‘m. Since the 30-70/bm particles used here
are multidomains particles; a smaller ;’ and hence
a higher characteristio'frequency can be expected.
The reiaxation time in the saturated state increases

with decreasing tempereture ( Fig.'4 35) This‘oan be

caused either by a reductlon in eddy current losses
(1ncreased conductivity) or by a reduction of the
losses due to magnetization modulatlon.' This process
‘was studied by Simon 7(92) an acoustic wave travelllng
through. a magnetically saturated crystal causes a
small varlatlon of the magnetlzatlon, which relaxes
through eddy currents. ‘An experimental verification
of the presence of this process in Ni is given by

(93)

Sakuray. This process can also be viewed as a

relaxatlon process with the characterlstlc frequency.(ga )

_ . -3
£z u 0~ 2.1 o
! /ore (4.28)

where V" is a sound velocity (cm/sec). 1In the saturated

state- /“‘ r = 1 and for G‘Q = 10‘110‘5M this frequency

is 10° - 10% Hz.
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One can calculate the magnetic,contribution to

the logarithmic decreament from the relaxation time

i ' N
d; = f(—’ﬁ“o— T v saturation ) a plot of d:, Vs
frequency should approximate the brdad.relaxétion peak
described by Eq. (2.106). 1In Figuie 4,52 d; is shown
as a function of f for Ni at various temperatures.#1

At .room temperature the peak is at a frequency of-

approximately 10 MHz. From'Eq. (z.105) this leads to

a domain size §¢>€kmiwhi¢h is far less than that for
bulk materials. However this éstimation~agrees in order of
- magnitude, with the eStimation made from the equilibrium

(57)

spacing of planar domains in a sphere assumiﬁg
that the £otal'energy of a sphere consisﬁé of magnetoétatic;
Vs,-and domain wall energy{'Vw; AThe_eQﬁilibriumvSpacing'
of the domains is given by4#2

V“.Q—(Vs*vw) =0 :

o5 | (4.29)
lwith the result . ' - 35

ggl.’z-{%?)/z’» (4.30)

#lFootnote: The data at 10 MHz and 20 MHz are taken
from different measurements on large particles. At
20 MHz T, coincides with the measurement in Fig.(4.34)
#2Footnote: The model above assumes uniaxial material.
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where % is the domain wall enefgy (erg/bmz). For Ni
: (94) :
2 2~ 0.5 erg/c',2 and MS = 450 G. For particles

4cm(l/hm). The

of size a = 59;“... this leads to Sfx« 10~
increase in electrical conductivity with decreasing
temperature reduces fé and the maximum in J;(f) is

shifted toward lower frequencies (curves for 779Kv

and 4.2°K in Figure 4.5%). -

Deformation gréatly?reduces the relaxation time
and also its dépenaence on the biasing field. This
effect cannot be explained on_the basis of magnetic
étructufe (for example byvdomain wall pinning) because
it is independént of H (Fig. 4.35). A'similar reduction
of_'Tl by defqrmatidn can be seen in Figure 4.36. This
reduction in the reléxatiOn time is probably caused

by deformation induced losses as in other normal metals. .

T % . - - woe e s e _- >

12
B8,
x
|__
&
Z A
L ¥ .
?:;-4 \_\.\m . "70
wl =
Q . —“—*\-—--—.‘\_ L9
@ 1 ~-— 14,2
|
] 0 1 ) . 1 3 3 - 2
S 20 40 ) 80 - (00

- FREQUENCY (MHZ)

Figure 4.52: Magnetic Contribution to the Logarithmic Decrement of
Ni Sample at Various Temperatures. o
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The relaxation time in all samples was independent
of the echo amplitude. Since hysteresis losses increase

6 0—5(95)

sharply at deformations of the order 10 ° - 1

a vibrational amplitudg,m‘less that 10—5 is proposed.

The strong acoustic attenuatiﬁn in hematite
(oi"ﬁacﬁ) was reported previousiy. It originates
from relaxation processes related to the motion
of other than 180° domain wallsg7lf 72)

In the ferromagnetic region (above 26OOK) the
magnetic moment lies in the plane with a very small
anisotropy and any airection in the plane is possible,
therefore a random orientation of magﬁetic domains.
is possible.

In pure hematite the domains are removed by a
small field (H< 1900e) jin the plane. This field can
sharply incréase if some domain pinning process is
present. Two types of»domains can be observed(gs)

in hematite (free and pinned),this'together with the
random orientation of particleslcauses a‘relatively_
wide interval for an echo observation.‘ The magneﬁié
~moment is in the plane L to the c-axis. When the

c-axis is M to H the effective field in the plane is

ZEX0.
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The relaxation time of the echo from < -Fe, D s is
the same as the decay of the free 1nduction from a -
few big pieces (Fig. 4.37)”1nd1cating that Ty = Tge
This supports the previous_conclusion that the first
echo is due to the third order process. (Eq. 2;44)

The elimination of the echo by deformation is

- a consequence of the increase of the coercive field,Hc
which reduces the mohility'of the dOmainsiand domain
walls. Annealing, on the other hand, rédUces the
hystere81s of the echo amplitude (Fig. 4.32) as a
»consequence of the reduction of H .

| } The reduction of the echo amplitude hy annealiné
(Fig. 4.32)supports‘the amplitude dependent force asvu
an echo origin. TheiredUCtion'cf the pinning of
magnetization by anneaiing makes the linear fesponse
between the elastic stressO” and RF magnetic fieldvh
dominant reduc1ng the echo formatlon process.

Let us assume a. domain wall at equilibrlum. The
pressure due to the-external field, Ph, and the elastic

strain Pe, acting on the domain wall is balanced

by a pressure associated with the wall displacement

V
Pes iy @

Zw T ' (4.31).
55 = R(x) | |
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or ¥-= éd(’ae +Ps)

where R(x) is some function relating the pressure and
displacement i.e. Pe and Ph apé mixed by the noniinear
résponSe of the domain Wall, It car be mentioned, that

for aniinfinitessiMal displacement

: . |
. - V. ' 7
Ql_/‘_" = IV + 2 "; X 4 cof\«si—-
ax. 3 X - 9 X
XQ+ x x’ XD (4'32)
andy= %+ Po~ —the respbnse-(x.) is-linear-:and no

Pparametric mixing'occurs. Similar mixing appears
.when both the elasticsérain.and external RF field
vproduce torques acting on magnetic domains simultaneously
(domain rotation). |

The Echo Origin ¢

» As shoﬁn in Eq. (4.24},the magnetic energy contains
terms by the form eﬁlf6, A, integers which can lead
to an‘eého.(- | . -

' Unlike normal metals, ferroﬁagnetic éubstances

do not have a universal rélationéhip between the
variation of elastic COnstahts and the magnetic field.
‘EM (elastic modulus) as a function of h or H depends

on size énd‘shape of particles, as well as on_méchaﬂical'

thermal or magnetic history of the sample.
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‘The equation of motion has the form (one

dimensional case)

.2 “ w1kgl£)2 o< U-(e,/&)

(4. 33)

2
where both terms ¢ “(e,h) or g¢~(e,h) can lead to an

echo. 1In the lowest order sultable terms are

(Eq. 4.24).

I
'822@’\1_‘_"%?_""' ‘.l I)*@JJZ‘K'IK« .

or

P ~
Bga(z_ﬁo /)Z-@z‘ﬁ

The term (4.34) can be visualized as a field dependent

(4.34)

(4.35)

elastic constant, while the term (4.35) as a

deformation dependent driving force.

The echo formatlon is related to the character
of the magnetlzatlon change w1th the RF magnetlc fleld

For a given H the magnetlzatlon has same equilibrium

value M(H). The change of M with h and therefore d

depends on the shape of the energy well.
»than a parabollc well. the change in M is nonllnearly
related to h (Eq, 4.31) and therefore a simultaneous

variation of M by the RF field and deformation can lead

to their parametric mixing

. For other
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The presence of harmdnics in x or h automatically
- leads to an echo. This trivial echo process would

lead to an identical echo pattern in all materials,

as well as to the same E,/E; ratio. The presence of

harmonics in e is certain, and therefore it is
desirable to study the spectrum of the sample

response to one pulse.

From the experimental evidence it is not possible

to determine between the echo formation Processes in

Eg. 4.4 and 4.5 because d as a function of H is not
. . : 2
known and therefore one cannot determine if E,/~<d
or d4. | —

As was already seen for.the echo from normal metals,
the dependence .

€ 47

is elusiveﬂsince/G varies practically with”all-parameters.

Tofqpe on Particles ;

The direct torque on particles by the RF field-éhould

also be considered as a possible excitation process(l6)

since, unlike normal metals, ferromagnetic particles in a

— =k

. * ]
static magnetic field experience a torque-ﬁ XH (M is a

‘particle's total'magneticvmomeﬁt) which can be considered

as a restoring force. The equation of motion has the form

)

WHsinf = -gp (4.36)
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where J is the moment of inertia of the particle. The resonant

frequency of the system is

-——*~'
£= 1 yMH (4.37)
2 J

Small particles of radius 5qkn~'in a field of 5 KOe have a
resonant frequency of 2 x lO4 Hz. Since echo excitation does
not require the Presence of static magnetic'fields,\this

- effect can be neglected.

Rare Earth Materials:

The anomalous aftereffect'in RCo5 materials is
not directly related to the echo but is.refleeted on
the echo amplitude.

As can be seen in Flgs. 4. 40 and 4.42 the echo amplltude

increases’ w1th decreas1ng sweep speed of H oxr when the
sweep stops. Thls indicates that the coupllng‘
coefflclent‘ d, and therefore the domains or demaln
'walls moblllty increases w1th time once the sample 1sv

brought into a given stage of magnetization.

This behavior is opposite to the behavior of the
majority of other materlals, where the mobility of

domainsor domaln walls decreases w1th time.

Formally, ‘this effect can be described as an
"inverse pinning™ process, where the concentration
of obstacles,pinning the domain wall is a decreasing

function of time.
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The equilibrium position of the wall is given by

\

dV = 0 where V = V magnetie + V domain -wall. -
V magnetic = -MHx - v
V domain wall = Vb-(x) , (4.38)

The above condition leads to

am = 4V L o)
— 4,39
dx v
- If the application of a small field h leads to a wall deviation, ¥
. aVy . . ,
a Taylor expansion of is given by
ax '
2M(H + h) =9V | ' 92’v |
| D | + D (a.40)
0 X : 9 X2 % ' ’
. ,(.-,;(, A = x° ‘
Using (4,39 )., equation ( 4,49 reduces to
. : z ’ .
.2Mh = QVD "
X =x , (4.41)
S o
and the domain displacement is given by
?C _ 2Hh
ST 2
2 Vp B
3 x2 ' X = X o (4.42).

Let VD be time dependent; the VD can be divided into a time

independent VvV DO and a time dependent part VD

usirig DZVDO “:(A ' DZVDT '= ﬂ(t)
D x2 / o %2 o

x X
o o

Tl

!Eq- (4.42) can be written. ‘)C = 2Mh ’ (""_'5)

o +ﬂzt)
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-~

For most materials/A%(t) is an increasing function of time,
leading to a time decrease of %X and hence to a decrease in the
magnetic susceptibility. A common form for /3(t) is

Ae) = flo - eto) (4.44)

which usually originate'from thermally activated motion of

walls through defects. In these cases
ey
—_ ™ .
t e kT (4.45)

where Q*is dependent'On H. The simplest form for Q is
= - MEx | o (4.46)
Since in rare earth -cobalt compoqnds /3(t) must be time
decreasing, one can write, in ahalcgy to Eg. (4.44)
Ay = pete - (4,47
introducing YAt = o= ) =X then from Eq.(4.43)

X (E) = % A

| L g N (2.48)
. |
and ,&.\(_xo“:) -1) = _t/,\ + «ev\ A (4.49)

Experlmentally, however a relatlon slmllar to (4.45) does not
hold and the dependence of the echo amplltude m\%%“**misame at
77°K and 300°k (Jordan aftereffect) See Figure 4;42.
Mov1ng Wall 2

A simple model, -for this moving wall, can be introduced
by making /3 (t) velocity dependent This can be accompllshed
for example by assuming that the concentration of plnnlng
defects inside the domaln wall decreases at a constant- rate.;“-v

€

In the time interval at, the concentration of defects decreases

to C, e 4 /? and the domain wall travels a distance ~N A t.
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The average concentration of pinning sites is then given by .
d .

— : el : :
¢ = %f c(x)dx LonT (l - e w7 ) 4.50)
d

©

where d is the domain wall width. If ﬂ(t)‘ is’propori:ional. '
[
to c then  ( )= 01-("":‘)

() = ®o | | (4.51)
: X -'-l/y .
. -1) =% - ,y= T
ie. ,(50_9 ) y(l” - e ),y, s | (a.52)
Let Ejmc z and E = %. |
i
| mim
4 3
—
Wiur ‘ L + ' 12
— g
0
0 40 80
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Figure 4.53: Dependence of the Echo Amplitude on the Spéed .
of Sweep of the Biasing Field (Y Cog, 77°K 16 MHz )
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‘The experiﬁental points and plot of~%§’l , Ed. (4.52),

for the ¥ Cog sample are on Figure 4.5 3. Equation3(4.48)

can be compared to any quantity which is linearly

related to domain wall displacement. The echo.amplitude

(at least theoretically) is related to higher powers

of the domain or domain wall displaéement. However,

the experiments already aescribed show that for equal
’pulses intéﬁsi%ies the echo is linearly related to

the sﬁréngth of the driving force. The velocity Qf'

the domain walls is related to the raﬁe‘of change of

the mangetizatibn and hence to the sweeping field.

The rate of-dhange,of the maghetization’is givenvby

%::1 o~ Z./W‘AVMS 4 . | )(4__53) )

‘where m is the number of domain walls, A their area and v their
velocity. .For a rough estimation let'the domains walls have

a spac1ng ( § ) of %/Lm.and a width d of 10~ //tm and let the
particle size (a) be 50/&m, then for a sweep field (SE) of

60 Oe/sec, the correspondlng magnetlzatlon change (dM) is .

dt :
M saturation dH ﬂ,O 6 Gauss/cc sec and the wall veloc1ty
H saturatio dt

(v) & 3x10"~ cm/sec. From Figure 4.53 the correspondlng value

of y (Eq.4.52 ) is approximately 0.5 and T is of'the'oraér.of
.10 sec.
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The model presented above shows that_the assﬁﬁ?tion of
a time decreasing concentration of pinning defects can explain
the observed effect; Ohe pPhysical possibility is that
osc1llatory domaln wall v1bratlons push defects (hydrogen

intersticials) out of the region swept by the wall (diffusion

aftereffect); the other pOssibility is that the hydrogen
atoms are foréed into positions where their interactions with
domain walls.are weak (orlentatlon aftereffect)

It 1s necessary to remember that an echo exc1tatlon _requires
large RF-pulse 1ntens;t1esi( - h ~'lOO_Oe)tand therefore
0%in Eqg. (4;96) cannot - be considered to be constant but

0"= & - M(H(t) + h(t) ) =x(t)  (4.53)
and instead of thermal activation the work is performed by

the RF-field which leads to a measured relaxation time, which

- is temperature independent. S e

As can be seen the echo amplitude is sensitive to
intrinsic properties associated with the domain wall

mobility which is consistent with the magnetostrictive

excitations of the elastic vibrations.
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~D_Echo from piezoelectric powders !

As in the previous cases, both mechanisms of the
. echo formation Eq.'s (4.4) and (4.5) are possible, C

and d depend . on e and h. Both C(h) and d(e)

depend on the temperature,biasing or RF electric fieid,
as well as the history of the sample.(97798) Therefbre,
from the experimental evidence one camot . distinguish'
between the two ppssibilities.
Qualitatively’the temperature dependence of the
echo El (Eig. 4.44) f?llows the variation of'd(T){Qs).
(Fig.4.54). Quantitatively;vhowevei, the comparison
.Wifh theory is poor; a(T) shown,ih Fig. 4.542¢hanges
the same order of magnitude as the echo while according
to the theory"E,ec o’ or dt’depending on the echo process.
The d4(T) depends strongly on the iﬁtehsity-of the 1
RF field. The iﬁté&siﬁy used for thé>echo excitation:
is Ax f1ooo ch., which is more than the intensity
. required for the removal 6f the domainsland therefore
a‘direct‘comparianu of the echo amplitude El(T) with
published values of d4(T) is %gpossiblé. In addition,
the particles are oriented<f;ﬁdomly relative to the
directiog-éf_the RF field and therefore they afe

'

excited differently.v
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Both the-field.variation of the elastic constants
C{h) and the amplitude variation of the coupling d(e)
are expected to be much stronger in the férroélectric
phase, where the presence of ferroelectric'domains has
a large effect.(gg) (removal of the domains is analogous
to the AEF effect in the ferromagnetics).

The C(h) in the ferroelectric phése is strongly'
dependent'on‘thé biasing electric field (100, lOlz
while the echo varies only slightly (Fig. 4.45)

" The relaxétidn/timeiof Rochelle salt is .strongly :
témpefature depehdentvénd at low températures is the

largest from all samples used in this study.

T T T I T T

2400}~ ; . 5
v t i
2 i _ |
(3]
©
i
=4

~ 1600}~ -
= .
°
& o
b "
2 :
S sool- . ‘
]
o
o d
a ~ 25\ 7]
o ‘dSG\

o ek ] frm |

~-60 -40_ -20 0 20 40
Temperature, °C

Fig. 4.54: Temperature dependence of the various .
‘ S components of the d tersor for RochelleSalt
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. E Character of the elastic modes?
The presence of an echo in a situation when particles

do not mutually interact clearly points out its single

particle origin (Section E a & ¢) in ferromagnetic

or piezoelectric powders. In normal metals the long

relaxation time of the echo from regular particles also

v

indicates the single partiole origin of the écho.

The experiments described in section Eb .(echo

observed during the vibrations of the sample) also

reveal that interaction between particles is not
required for thevecho-formation.

f4.4 Conclusion ¢ s - . . .

Experimentally‘the properties of the echo from .
 different,types of poWders beheve similarlyyas can be
seen from the experimehts described in group A.

The echo patterns following the~RF pﬁlse excitatioo
in all powders (metals;'ferromagnetics,_piezoelectrios)
are similars the dependence of the_echo amplitudes[on

intensities of the driving pulses are identical"and

the ratios of the relaxation tlmes of dlfferent echoes

are the same.

This leads to the conclusion that the echo in

'lall cases has a similar origin and the differences
" between different materials are due to different

driving forces.

Comparlson of the experlmenal data with the various

echo models-in Chapter IT selects the parametrlc mode

mixing as the dominant echo process.
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The ratio of the relaxation times of different
echoes, as well as comparison of the echo relaxation
with the relaxation of the induction following the
pulse (Fig. 4.37), indicates that the lowest’order
mixing processes for given echoes are dominant (3rd
for the first, 5-th for the second etc). The shape
of the echo is determined by the width of the RF puilse’
‘and_thevecno is modulated'by transient responses at

onset and offset of the RF pulses.

The echo width is'notnsimply‘related”to the'Rf
pulses width{end does not'reveal any'conclusion‘about
the mixing processfdescribed by Eqs.'(2.25) end (2.29).

The best shaped echoes are obtained by RF pulses
1 of the same w1dth This is expected because in these
cases the Fourier transform ofd ' both pulses is the.
Same.

Two different 3rd.—order processes are possible.
One process, derived from a term in the hamiltonian
~of the form &, A . can be visualized as a modulation
- of elastic constants during the second pﬁlse.

Co(1+ 2‘11)
(4.54)

The second proCeSs;.derived-from a term in the
hamiltonian of the form'é2£ ,can be visualized as a
modulation of the coupling coeff1c1ent between the
force acting on the particle and the external
RF field of the form |

d=d(l+ee)
" (4.55)
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For echoes due to higher than 3-rd order process
the division into C(h) and d(e) is completely
artificial and in all real materials both d(e) and

C(h) exist simultaneohsiy.

_The echo from-normai metals'increases with H and
does not saturate at H = 50 KOe and h = 100 Oe. It
is extremely sensitive to the material's resistivity.
and impurity centent._ Most properties of the echo are

similar for all normal metals. The echo amplitude

for small values Of»hl and-h2 can be described in‘terms
of the driving pulses by a power dependence of the  type

E = AT

(4.56)

The first echo, m = 1, h = 2, is formed by a . i
third order proceSSuand at low intensities of hl and
h, its amplltude varies as Eu‘H with 3 =2.7 -4 'for'

“'all metals, Nonllnearltles descrlbed by Eq. (4 54 leads to
E, A o s whlle Eq.(4 55) leads to E, ot H‘, .

Thus dependence El -~ Hg with A - 2 supports the

d(e) as a dominant echo process.

For normal metals the echo in all samples, except4

Ag, was strongest for the bure samples. There is no

agreement between the experimental results of different

observers(l4’20)

In thlS study no echo was observed from pure Ag at

as far as the echo from Ag is concernéd.

lO KOe ‘which agress with Snodgras (20)

'Because C(h) is 1nsen51t1ve to the materlal the absence

of the echo from Ag again supports d(e) as an echo

Pprocess.
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Purely geometrical effects, which could explain
the close relationlbetween the sample's resistivity
and echo amplitude as well as its dependence on H and

h, cannot explain the anomalous low temperature

behavior for some samples (Mg)_of the impurity
enhancement in Ag. |

On thé other hand, the modulation of some interhal
variable can be sensitivé to the material and be

reflected on the echo properties.

In thelmacroscopic descripﬁion of the driving force
through eddy currents the oniy possible variable is
the resiétiyity. o

The description of the driving force through
eddy currents isvan-oVer—simplificatioﬁ'of-thé actual
microscopic process. »Speculafion about the modulation
of-micr05cbpic quantities, involved in microscopic

_theories of Qeneration of acousti¢ waves in metals.wouid

- be.pfematurehétvthis'timee’

Generally, the comparison of experimental results

with the consequences of the echo model is poor. For
_ ~ n v
equal RF pulses intensities the echo E,°<FL£ . This

relationship contrasts with the dependence of'El on hl

and hé. The'same is true about the constant ratio of

: | i a
EZ/E, which is constant instead of having an H.L oxr
T ) . i

HA dependence. | o
The echo formation from normal metals reQuires_

~

long RF pulses £M,~ f-10  _usec whose duration is
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comparable with the relaxation time T, of the first
echo . from filings. [T}z m>—39usec). T, of the filings
ig determined by the extrinsic losses and does.not
reflect any intrinsic losses, which in normal metals

are small. For the regular particles T, is limited

by the losses due to induced eddy currents, which are
proportional to H2. This principal limitation of T,
leaves little hope that the echo in normal metals can

be used to monltor their intrinsic losses.

The echo amplltude in ferromagnetlc metals as a
function of H qualltatlvely follows the expected
dependence ,while its temperature variation is unexpected'“
the echo decreases fast in the'region where the
.magnetic properties chahge‘is very small. "This requires

the factor & describing the echo formation torbe
temperature dependent.

One poSsibility is that the domains or the ddmainr'
walls are moving under the influence of the RF field

and the elastic deformation. Pinning at

-low temperatures causes this motion -
to be highly nonlinear and therefore leads to an

echo. Pinning is reduced by 1ncrea51ng the temperature |

(thermal actlvatlon) and the echo decreases. Anneallng

also reduces the plnnlng and therefore reduces the echo.
The process above can affect both; d, or EM. The
dependence of . 'd,don the biasing field,_H, is

- complex and not known in detail, therefore E: (H)
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cannot ‘be compared‘with egpected d2 or d4 dependencies
following from Eq's..(4.54) and (4.55) for the different
Processes of the echo formation.

As in the normal metals, the echo amplitude,

E, , as a function‘of.hl’and h, varies with the
magnitudes of hl' h2 or H. For hl = h2 the

and ratiola/t, is constant which disagrees with the
model presented. The dependencefiddﬂrmust therefore
be taken with caution, because /3 depends on hl' h2

or H for hl = h2 one expects in analogy with normal
metals that E, «<d° .

The relaxation time of ferromagnetic conductorS-
is determined by microeddy currerts, and the echo
relaxation can be used to monitor'these losses.

From polycrystaline ferrites an echo was also
observed from bulk samples, whlch behaved s1mllarhas
the echoes from powders.

The echo from the ferromagnetlc powders 1s-typ1cally
stronger, less temperature dependent and requires shorter
RF pulses than the echo from normal metals. The coupling .
coeff1c1ent d is l 2 orders of magnitudes stronger in
ferromagnetlcs and also the field dependence.of the
- elastic constarts is more pronouncedts;ahe coupllng
coefficient d(&) and elastic constants C(h) are sensitive
to the domain structure and therefore to the hlstory

of the sample.
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In view of the present observations, one can identify
the strong variation of relaxation time with

temperature in lithium ferrite reported by Rubinstein

(15 )

‘and Stauss as having an intrinsic orlgln. The

" ferrites have Strongly temperature dependent losses,
which are probably caused by transition of the transition metal.
ions between the two. states with different valency(loz)
The echo from piezoelastic powder does not differ

from the previous two. The echo Properties are identical

in both. the ferro and piezoelectric phases, indicating
that the echo formation is -independent of the domain -

1)

structure. Popov and Krainik (1 repdrted an echo
from bulk SbSi (ferroelectric) and proposed the
exc1tatlon and refocuss1ng of the osc1llatlons of

‘ferroelectrlc domains as the mecnanlsm respon81ble for
the echo. This process 1s~not important in the powder
of Rochellk salt.’ |

The presence of a strong second echo in all materlals,.

with the amplitude 54{420/ is 1nterest1ng. The large

ratlo.3/5, indicates either that the nonlinearity

causing the echo is not samll, or that the higher order

' terms in the hamiltonian are present. The dependence of

E, on hl' h, and H is complex. For_£ --,K E'c< H
for normal metals. While for ,£,=,£1 szﬁﬁ& and:
'\‘theE%Q ratio is independent of H or h for all powders.
The Presence of harmonics 1n.2 for the amplltude

dependent coupling coeff1c1ent Eq (4 55) can lead to

an observed echo pattern.
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As can be seen, the experimental evidence is
inconclusive as to the selection between the echo
fornatioﬁ‘ by the amplitude dependent force or the
-field dependent'elastic constants. However, 6 the first

is preferred

Crucial 1nformatlon required. for a better under-
.sEanding of the echo is an estimation of the echo in-
tensitg with respect to the'amplitude of the vibration
i.e. l/Eo. A comparlson of the 1n1t1al amplitude of the free

1nductlon durlng'or 1mmed1ately after the RF pulse

. -5 .
would be very valuable. The lowest limit P 5/50710 P
based on the fact that no inductien was observed
from a few particles and an echo was observed from a

6 _ 107 particles.

sample containing é; 10

| The goal of the experimente related to fhe eeho
‘excitation from large Rochelle salt crystals was to
eompare the echo amplitude with the free induction from
one particie. As was pointed out in section A, no-

echo was observed from large particleS‘ef Rochelle

salt. This suggests that only the‘basic, or low

harmonics, vibrational modes of the particles are

responsible for an echo.
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CHAPTER V

CONCLUSION AND SUGGESTIONS FOR FURTHER STUDY

The problem associated with echo generation has 3 parts.

(a) Establishing the coupling mechanisms between the RF field
and the elastic vibration of the particles.

(b) Determining the vibrational modes.

(c) Seiecting the physical nonlinearity responsible for an echo.

From the foregoing discussion, the answers for a - ¢ are:

(a) the coupling mechanism is due to direct excitation of sound
in normal metals, via the Lorentz force in the skin depth, magnetostrictive
excitation of sound in ferromagnetic metals (Chapter IV. B, C, D) and
piezoelectric excitation in piezo or ferroelectrics;

tb)«uin-all_powdersmsingleuparticleAyibrational_modes_are_m_
responsible for an echo (Chapter IV) and probably the transversal
component of tﬂ; modes is ddminant; |

(é) the nonlinearity of the coupling originates from the simul-
taneous effects of elastic deformations and RF‘fields on some internal
_Variaﬁle of the mate;ial (domain diétribution in ferromagnetics and
electron structureAin normal metals).

The model introducea in Chapter II is general and can be used to
describe the echo from various multioscillator systems.

Due to the multimode oOrigin 6f the echo the echo process is not sen-
sitive to the detailed description of the coupling. For example, in

ferromagnetic powders the echo from cubic and uniaxial materials behaves
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similarly...Ih the former, both waii displacement and domain rotation
cause excitation of elastic vibrations, while.in the latter only domain
rotation can contribute to the excitation process. Echoes from different
normal metals also behave similarly, while their crystallographic and
electronic structure is very different,

To generate an echo, large vibrational amplitudes are necessary.
This requires a large driving force; therefore good electrical conduct1v1ty
in normal metals and low coerc1v1ty in ferromagnets are necessary.

' The relaxation tlme of the echo reflects both the extrinsic and
intrinsic losses in the System. In normal metals the extrinsic losses
dominate in most cases, In ferromagnetic metals the relaxation time is
determined by microeddy losses,

Apart from'the study of particle kinetics the observation of the
'relaxation time can reveal some information about the loss mechanisms in
materials which cannot be studied in bulkeor have iosses too iarge to be

" studied by theisténaérd'ultrasonio technique.

The sensitivity of the echo method is limited by the Q of the
powder sample. The Q's for the different samples estimated from the

present experiments are in Table V.I.

| #Footnote: The relaxatlon time of the first echo, T3, is related to the
attenuation coefficient, A, obtalned in travelling wave
experiments by

R 1

f -
/ =

i v Ty
i
wvhere v is the velocity of sound in the material (cm/sec).

[Np/ cm]

Ky
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TABLE V.I
Quality Factor for Different Samples
_ Ty gec)
- Material. ... .. ... .. . .. .. at . £f = 10 MHz. . . .. Q =Ty xm.x.f

Sintered Powders

(Ferrite) 20 600
Sintered Bulk

Ferrite 60 1800
Polycrystaline Metals

Regular Shape 160 5000

Filings 50 ' 1800
Single Crystal Powders

Rochelle Salt 800 : 25000

Lithium Ferrite* 1500 40000

* Referenée 15

No dependence of the echo relaxation time on pulse amplitude was
observed, therefore the relaxation time of the first echo can be used to
measure‘the acoustic losses in powder samples even if the specific mixing
process responsible for the echo is not known.

The method is especially useful for powders with a large internal

loss since these losses will dominate and no great care has to be taken

in powder preparation.

One sample can be used to measure the attenuation in a wide
frequency range. In this work the application of the method was demon-

strated for Ni powder.

There is potentially a large group of materials in which an echo
can be excited, therefore this method can have a wide application.

A quantitative estimation of the magnitude of the nonlinearity,
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e', responsible’for echo, is difficult. The lerge.uhcertainity arises
in the estimation of: a)  the number of particles.involved.in ihe echo =
formation (those which have a resonance“frequency in the bandwidth of-
‘the RF-pulse), and b) the magnitude of the effective-coupling between
the elastic vibration and the RF-field.

A direct estimation could be made from aicomparison of the echo
amplitude to the vibrational amplitudes of the particlee (Initial amplitude
of the "free induction")..‘This could not be done on the apparatus used
in this study (See Chapter III)f

-The uncertainty in the coupling could be reduced by edmparing
the‘echo amplitudes with the amplitude of vibrations from bulk samples,
where a simple geometry allows one to estlmate the coupllng coeff1c1ent.

Lu and Fedderégéétlmated that nonllnear term in. the hamiltonian
for bulk ferroelectrics to be of the order of 10 times the total
energy, but this estimation is very crude, It would be desirable to
obtaln some knowledge about the mixing term from some direct experlments.
="A comparlson of the free 1nduct10n and echo from the same volume of bulk
and powdered Roehelle salt excited by one or two RF pulses of'the'same'
inteﬁsityﬁEnd duration indicates El/Eo': 0.1. This direct compafison
yields to an upper bound, which is probably seyeral orders of magnitude off,
because the vibrations in these two cases are different. |

For the majority of the samples, the variation of the echo
amplitude with the'experimental conditions can be qualitatively explained
as being due to a ehange of the amplitudes of elastic vibrations, which

arevlinearly related to the RF-field, i.e. they do not reflect the
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specific pr0pe¥ties of the mixing process. However, there are exceptlons,
which rule out an extrinsic origin of the echo. In all the experiments
described here the amplitude of the RF-field cannot be considered to be small,

- and therefore, higher order terms in the coupling between RF field and elastic
vibrations are always present.

The quantum mechanical treatment of the problem (Appendix IIj<is
included more for its formal elegance than practical value. The dependence
of the echo on a large number of external parameters makes this formalism
of little value at -this time.
| .It was experimentally demonstrated that similar ecbbes can be
excited in bulk materiais by=fhe same coupling mechanismclOl). There is
at present a large interest in the study of mater1a1 pr0pert1es through
the echo method(12 97, 103- 107). This is e5pecia11y true for the
stimulated echo in bulk materials, because the eneréy depeﬁdent process.
of echo formation can relax only -through multlphonon scatterlng. Echo
observatlon from powders 1nd1cates the p0551b111ty of producing a 51m11ar
echo in bulk normal metals. It was not- p0551b1e to observe an echo from
B bulk Al at 4.2°K and 10 KOe. ,A,stronger b1a51ng field is probably
necessary. | | o |

Mode excitation in bulk solids does not need to be spatlally
Vlocallzed Interesting effects may be observed from the study of inter-
actions between elastic waves travelllng in different d1rect10ns, or
haV1ng dlfferent polarlzatlon.

v“The'echoes described here are a subgroup of elastic eehoes from
so}ids.. Generally,‘an echo_can be formed only under coherent .

eicitation. "In-the case of RF excitation this is -‘well
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satisfied because'the sample is usually much smeller than the RF wave—.
length and it would be interesting te try to form‘am echo by differemf
means.

All of the discussions of the echo properties are only qualitative
and are based on a one—dimensional-analogy.b In reality the particles are
3-dimensional, the vibrational amplitude is the straimf,i}e. a ten-
sor quantity and terms.like eh or ezh2 are described by a 7-th or
6-th rank tensor. -

The echo formation process points out the pmesence of nenlipear
responses in the materials which are otherwise hidden behind a.lafge
linear response; Beeéuse the echo is insensitive to the physical processes
causing the nonlinearities,.they must be studied:by different'methods,

Quantitative understanding of the.echo formation procéSs.requires
simultaneous informatien about the lineer as well as the nonlinear |
_response._ Therefore a further*study of the echolphenemenon shouldvgo.'
toward ’aAJmicroscepic,ﬁnderstanding‘of the process. This requires-a
sen51t1ve measurement of .the material propertles for example, the effect |
-.of the. unlax1a1 deformation in bulk normal metals on the dlrect generatlon
of ultrasound. -

- The specification of the elastic modes could also lead to a better
understanding of the echo process. |

It woqld be wOrthwhile_to study an echo spectfum'of a sample of -
‘regular, almost identical, simply-shabed parficles (spheres) for which
almode spectrum is known. | ' |

It is desirable to extend the measurements to lower frequencies.
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The relaxation time,.'Tl,_ is inversely proportional to the frequency and
longer relaxation times lead to smaller experimental error, therefore,

small changes in T as a result of the different treatment of powders,

1°
could be measuréd.

Most important of all is the estimation of thé magnitudes of the
nonlinearity causing’ the echo. The simplest way of arriving at this
would be to make a coﬁparison of the amplitude of the free‘iﬁduction
" with that of the'echo, |

In the observations presented it is impossible to distinguish
‘between the two proéesses of echo formation (C(h) or d(e)). Feasible
experiments which could be conducte& to discriminate between the two
possibilitigs could bevperforﬁed on normal metals by using a pﬁlsed
electromagnet as opposed to the steady current electromagnet. Then a
DC ﬁagnetic field could be applied only during the first RF pulég. If
the second RF pulse applied without the DC field, excited an ecﬁb, then
the.field dependent elastic'coﬁ;tants wouid'be responsible fof.the echo;
if not,’then the ﬁonlinéar driving force would be:respgnsible.

A problem of some interest is the strong temperature dependence
- of the relaxation time. Rubinstein and Stausscls) feported a sfrong
decréase of the relaxation time of lithium ferrite with-temferature. A
similar decrease is observed in this study fromiRochelle salt or saturated
Ni powder. |

~ The Rochelle-salt and Ni  powders are the only samples which d§

not have a relaxation time limited by the irregular shape and which

- produce -an echo in a wide temperature range. Therefore it would be
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interesting to know whether this reduction of the relaxation time with
temperature is a universal relationship or whether.it is the specific

property of selected samples.
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APPENDIX I
NORMAL MODES FORMULATIONC M© .11 )

Let us consider a lossless system with hamiltonian ‘H(p,q). The

equations of motion for the canonical coordinates have the form

© O . _3H

Define a = Ap + iBq )
* .

a = Ap - iBq - (1.2)
then H can be written as H(a, é+) and (I.1) has the form .

a =iz p

oa
o % . oH
a. = - i2AB o (1.3)

i *®
For a harmonic oscillator H = aa and 2 AB = ¢ (I.3) has the form

. ok * ' :
a = iwa ' a = -iwa (1.4)
with solutions
s * * s -
a = a(o)eIMt a = a (o)e Twt
For a many modes system
*
H=ZXH, =% a,a. S (1.5)
. i . oii .
i i

where a;, 8; represent normal modes rotating in opposite directions.
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Let us assume that the system supports two different kinds of modes a;

and b,.
i
Then the parametric coupling between a and b can be. introduced

by the interaction hamiltonian Hint containing the products of 'ai, a

d b | - ’
bk an bl . | :
r *s . m, *n ' :
H. = X a.a. b b - (1.6)
Tint 13ke iy } L
Trsmn '

where r, s, m, n are integers.
The echo fdrmation can be formulated as follows:
‘Let bi have the form

. iwi(t - 1) _ .
b f b e ' - (1.7)

a.
1

[}

[
o

o

then H. . of the form
- int v R

Sy at?y 2 | |
int = i a; bi or X a;a, b, N o (1.8)

can lead to an echo.

The hamiltonian of the system has the form

) * * »

Solving'(I.Sj with (I.9) for"ai and summing through all i-s  lead to
an echo.

In powders modes a represent the elastic vibrations following the 

* .

R4
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pulse I and b the RF field dﬁring the .second ?ulse. ‘Although this
formulation does not.introduce.any new physics, .its advantage is_the easy .
recognition of the terms leading to an echo.

A similar approach can be used for travelling waveé.

The generation of the modes is introduced by 1nc1ud1ng the 1nter-
action with the external force in the hamiltonian,

Unfortunately, the ham11ton1an of the real system is not known there-
fore this direct approach has little value. However, the terms of H.

int
in II.8 are the lowest order processes leadlng to an echo and are independent

of the actual hamiltonian.
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APPENDIX II

QUANTUM MECHANICAL FORMULATION

* .
Replace a, a in Appendix I by -the annihilation and creation of

boson operators ‘(a, a+) where
+. : : .
[a, 2] =1 : : (I1.1)
The hamiltonian has the form

LTSIN _ T _ s +m _ 41 . ' .
= H;, . 3 aj 3 2+ complex conjugate (II,?)

int
For the harmonic oscillator.

Hy s (aTavd) . any
The éxpéctatiop value a(t) is

<a() > = Tr (o(t) a(é)) - | | (i1,4)'
'wherevjé(t);_is tﬂé density matrix

1

p(vt) = L 0(0) L~ i.(I'I.S)

. ;'/e_"i/ﬁ. Ht (are)
Rearranging.(il.4).and using (I1.5)

< a (t)> = Tr(ﬁ(d)AL‘lai(o)L)" - ' (i1.7)

The echo process is formulated as follows:
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<alt) >=I<a()> | (I1.8)
- 1 .- - . : . . o
a . _ =i/t H 1
and. L = KK, K; with Ly =e o _ o
LZ =-e"1/h Hint th . (Ii.9)
‘L3‘_.,= e-i/h Ho(t-T-tw )

2

L1 describes the déveloping of an after pulse I, L2» the interaction

during the short pulse II of duration t, and Ly the time development -

, 2
after Pulse II.

Using (iI.S)(II?).

L al, =a()e "

iwt

L7  a’ L, =a (o)e" (11.10)

Therefore, any interaction descfibed by H, . which transforms a into
o ';iwi T - t) '

+ . . :
a and vice versa will form terms ai(o) , : and hence give an echo
at t = 2t.

A suitable form of H. is
: i int

o 2 42 . -
int ~ Ky(@a”+a") | (@

it = Ko(a +'a+')2‘~.'  W | (1I.11)

For example, (II.11b) transformcllz) a as
S ; N2 i carat? A
e1K2/ﬁ(a*a‘} e—lKZ/ﬁ(a+a )° (1-2iK2/h)-a-21K2/L o

Eq. (II;lla) was discussed by U.K. Kopvillem in detail in (114) assuming
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that the observable is P = (ata’) P_. The echo amplitude is

-t
¢

NP A sinh '(_hi K) _ : O 1.12)
where AO is an initial amplitude, which was excited by pulse i ané ‘N
is the number of oscillatérs. The same author appliéd this kind:of analysis
of the response of many different multioscillator systems to a pulse . |
exc1tat10n(10 113 115)
A similar case for travelling waves is discuSsed‘iﬁclz);'.The'

observable (deformation) is
t) = t) = e (t))
e( ) (Eq( ) :e_q( ))

where

eé(t) =.aq(;; -aq+(tj

and a suitable hamiltonian, giving one echo after two pulse excitation is..

of the form

Hint‘(aqa_q + aq a -q) | | : (II.IS?
which can be derived from the coupling between thé ekternal fieid} h. and
deformation of the form 'ezh,' and leads to an:iﬁlhzz dependence of the
echo amplitude.

‘The above 6hoi§es of Hinf (I1.11), (I1.13) 1lead to only one echo
after two pulses. The excitation of more echoes requires higher‘order

: + . S .
terms of a, a  in the hamiltonian.

In complefevanalogy with the classical case, the mode ~a? after'
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pulse I rotates with frequency Z % At the time of the second:pulse,
suitable interaction containing _a*3 terms will transform-:é.2 into a’
and at - t = 3t (2t after pulse II) this process will give rise to an
echo.

This boson echo, in contrast to the spin echo, does not have an
upper limit in ampiitude. ‘The spin echo amplitude varies periodically
with the turning angle of spins, and the maximum contribution of one spin
is limited. |

. This variation is a coﬁsequence'of the finite number of spin enefgy
levels. In the boson case there is no restriction on the maximﬁm energy.
This can.be seen in Eq. II.12, which is similar to the spin echo case
except for the fact‘that the trigonometric fﬁnbtion is replaéed by a
hyperbélic function.not known; therefbre this direct approach has little

value.” However, the terms of Hin in I1.8 are the_lowest order

t

processes leading to an echo and are independent of the actual

hamiltonian.
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APPENDIX 111

Permanently Stored Echoes in Powdered Materials
S. Kupca, I. Maartense, H.P. Kunkel and C.W. Searle

Department of Physics
University of Manitoba

_ Winnipeg, Canada

Abstract

The permanent echp recently reported by G.A. Sawa£zky  -
‘and S. Huizinga'from piezoelectric powders was observed frbm.
fiother types of powders. It is shown that a simple dee;iin1 
;which the echo originates from the mechanical alignﬁent df

particles is consistent with all known echo properties.




207

Echoes, following an RF multi-pulse sequence have been

observed fromvmany types of powdered materials(l’z). The echoes

are produced by a non-linear parametric interaction between the
- pulsed-RF field and the elastic vibrations of the particles. RF

pulses applied at times t = 0, T and T lead to echoes el,ez,...sn

and 511,312,...8 which appear at t = 2T 31...,nT and T + T,

nim

T 4+ 2t,...mT %= nt respectively. These echoes in general decrease _ ‘

C with dlfferent relaxatlon times T ,T 00T and T ,T. _,...,T
v 2 n 117 12 mEn

f which depend on the mechanical quality factor, Q, of the particlee
and decrease inversely with the frequency. At 10 MHz Q is
typically 10% - 105 which leads to relaxation times of the order

of 10 - 1000 psec. S
Recently Kuindersma et al(B),'and Sawatzky and Huizenga(4)e'

{'have reported that, in addition to these normal echoes, a two

. pulse excitation can lead to a permanently stored echo, € in

. . P
% pilezoelectric materials, which can be reealled nondestructively.

;f-Read out requires the application of a third pulse'at t = ti

(ti >> T1) which leads to the appearance of EP at. t t + T. In -

w_contrast to €., whlch requires that T N ti can be on the.

1’
ordexr of days or weeks. Erovided that the spacing between read

out pulses satisfies the condition t, -t >> T each read out

it:
pulse forms an echo, ep, at t = ti + t. The above authors(3")
suggested that some process with an extremely long relaxatioﬂ time -

is responsible for e_. We have observed this stored echo from a

io




ferroelectric ﬁbwder (Rochelle Salt) at 300°K as well as from a
bnormal metal (Al) at 77°K in a biasing magnetic field of 10 XOe.
The observed echo, ep, has the following properties:

.~ a) It remains stored in the sample as long as the sample‘ié not
disturbed by mechanical vibrations or the applicatién of RF
fields of excessive intensity during the read out'puiseg.
 b) After storage by the initial two pulse sequence (pulse
.separation T) ep decreases rapidly (qn the order of mihutgs)
to approximately one half of the initial value. After this

€, is only weakly dependent on time as shown in Fig. 1.

" ¢) If the initial two pulse write in seguence is made inAthe
presence Of.a DC}electrié field, Ew (Roéhelle.Salt), Ep
depends on the intensity of the electric field, E, aépliedi :
during the read out pulse. _ep goes through a maximum when

| E = E, as shown in Fig. 2. The actual shape of ep vs. E
depends on the pulse éeparation T and is narrower fori ~
larger T. | | |

A relatively long relaxation time T foriéli'can be

:'expeéted if energy, aftgr the initial two pulse excitation, is

(5)

-stored in some static form _.  This mechanism, however, can not
explain the non destructive recall of ap by the épplication of a
recall pulse at t =_ti.'

All the observed properties of ep can be understood on

the basis of Gould's model for echo formation from a multi— .

(6)

oscillator sYstem if one includes the possibility'oan varia-
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tion of the effective coupling constant between the RF field and
the vibrating particles during the second pulse. Gould's model
considers sets of particles with vibrational modes which are iﬁ
phase, with a phase angle 06(T) a£ a time t =A{ after the first
pulse. This particular set of particles, which cen'be called a'
:eclass' have a (1) related to the individual angular.vibrational

frequencies, W, » Oof the particles in the set by

_ _ " e(t) + k27 o
0(t) = Wy T k27 or ‘wk = = ; : (1)

where k = 0,1,3,...V; The individual phases of this parclcular »

Aclass, e(r), are given by (for t > T)

0 + k2T o » g
p = o = 2O L k2T | @

Equation 2 shows that the members of this © class 2re generally

out of: phase except at times t = nt, where n is an lnteger, when,
all members of S(T) refocus. This is a. necessarv but not
suff1c1ent condition for the formatlon of an: echo, since the.
"llnear response to a two pulse sequence can not lead to an echo.'
A con51deratlon of nonlinear terms leads to the normal echo.

phenomenon mentioned earlier, but it can not describe £

A

Consider ‘a 6 9o (1), which happens to be in phase

~“class’

with the RF field at the time of the second pulse T (shorter than

T,). Although 6,(t) is in phase with the RF field, the directions




/l

2/0

of vibrations of the individual modes are randomly distributed in
the multiparticle sample. The duration of the second pulse, tmz'
is assumed to be short enough so that éO(T) remains in phase |
during tmz. The second RF pulse exerts torques on the vibrating
particles of all 8 classes but_obviqusly the maximum torgques are
exerted on GO(T) whbse particles are ?referentially lined up by
the RF field. The information about the pulse separation, T,‘
is now stored in the'sample because of the pteferential orien—
tation of BO(T). Because the amplitude of tﬁe pafticle vibratioh_
is related to their phése during the second pulse,,diffefent ]
classes will experience different effects on their envifonment
‘which also can lead to permanentiy stored information about the
pulse separation.

The application of a single pulse at a time much longer
than the particle's relaxation times wil; again excite all
6 classes. The’amplitude of GO(T) will be the largest, however,
‘:because of its preferential aiignment duringzthe oriéinal fwd
pulse sequence. Equation 2 shows that GO(T)_will refodus at
time t = nt after the application of this singlé pulse.‘ The
oscillating dipole moment due to 60(1) at t = nT will not be
cancelled out by the random distribution of the other § classes
because of the preferential excitation'of 60(1). fhis leads to
a linear echo, ep, at t = ti + nT aﬁter any siﬁgle pulse,.which
‘has beén read out non—destructively; The effective relaxation

time is infinite. Any reduction in €5 arises because of external
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vibrations, which tend to destroy the preferential alignmenﬁ of
8, (1) |
The.model presented above is consistent with all our
ﬁ'available data. The fast initial decrease of €57 shown in Fig. 1,
is due to the relaxihg of the initial alignment to some quasi-
equilibrium alignment which is then only weakly dependent on
time. The dependence of ep on the biasing field can be expiained
as follows. The elastic constants of this ferroeleetric material -
are strongly'field~dependent and the-fesoneht frequehcies ak'for ’

the individual particles, to first order in E, can be written as

dwk ‘ o ' '
wk(E)b= wk[O + dﬁ_'loE : . (3)
dw
where 5 is different from particle to particle. Consider a
eclass 8o (T, E ) ‘whose particles are in phase- at - the time of the.

"second pulse and are also in phase with the RF field of the
second pulse.'-A combinetion of equatioﬁs 1, 2 and 3 leads to the.
followiﬁg expression for the individual pheses.Of the particles
in 8,(x,E,) as a function of E at any time,'t} after the applicae"
tion of a read out pulse. | | |

eo(T,EW) + k27 dwk

0y = . — t+3?"o (E-E )t S (4)

Ideally the Sk s are in phase at a time T after the read out
pulse only when E (the biasing field during the read out pulse)

is equal to EW. This occurs because of the continuous distribu~
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dw
tion of EE£ ] among the particles in GO(T,EW) and accounts for
the peak in 5 at E = E_. The finite width of EP(E) is due to

the fact that the pulse widths are finite which results in a

finite band width associated with the wk‘s-
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figure 1:

‘Figure 2:
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Figure Captions

- Amplitude of the echo, e_, as a function of the time,

D

ti,‘when the reading pulse is a?plied. The first

~point {(t=0) results from both ¢ and €

1 7 p *

Amplitude of the echo, ep, when a DC electrlc fleld,
E, is applied during the read out pulse. The 1n1t1alv
two ‘pulse write in sequence is made in the presence

of a DC electric field, Ew’ of 0, 6, 9, 12 KV/cm.e

The pulse separation, T, used was 20 usec;
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