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Summary 

In this report an experimental equipment for measuring the nuclear spin 
lattice relaxation time T1 is described. The nuclear spin lattice relaxa
tion time yields infonmatien about the dynamics of the electron spin 
system in a magnetic insulator. In view of the recent theoretical deve
lopment on non-linear excitations (solitons) in one-dimensional magnetic 
systems, it is very interesting to investigate the influence of non
linear excitations on the dynamics of quasi ld-magnetic systems experi
mentally. For this reasen we decided to build an experimental set-up 
for measuring T1• 
In the experimental methad the T1 is determined by measuring the recovery 
of the nuclear magnetization. The magnetization reeovers exponentially 
towards its equilibrium value with a characteristic time T1. The reco
very of the nuclear magnetization is measured with aid of the spin-
echo technique. A theoretical description of the spin-echo according 
to Hahn is given. Special attention is given to the impedance matching 
of the total electronic circuit in order to obtain an optimal performance 
of the experimental equipment. A cryogenic system is designed which al
lows us to measure the T 1 in the temperature range 1.2 K< T< 300 K. In 
order to test the experimental set-up we performed experiments on paraf
fin. The spin-echo signal in paraffin behaved in agreement with the theory 
of Hahn for spin-echo. From the T1 measurements of paraffin it followed 
that we could measure T1 with an accuracy of 10%. In conclusion we can 
say that the experimental equipment works satisfactory. 
A start is made with the investigation of the linear excitations in ' 
ld-magnetic systems. Measurements were performed on the nuclear spin 
lattice relaxation time T1 of 1H and 133cs in the quasi ld-Ising anti
ferromagnets RbFeC1 3.2H2o and CsFeC1 3.2H2o. A preliminary interpretation 
of the measured data on basis of a soliton theory is given. It appears 
that for high temperatures {T>20 ~ the results can be explained satis
factory with this soliton theory. 
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CHAPTER 1 INTROOUCTION 

In the group "Magnetische Ordeningsverschijnselen" (cooperative 
phenomena) we are interested in cooperative and collective phenomena 
in systems in the solid state which consist of many particles which 
have mutual interactions. Magnetic systems appear to be very suitable 
to investigate these kind of phenomena. The interacting particles in 
magnetic systems are microscopie magnetic moments (spins). In general 
the interactions between the moments are important in all three spatial 
directions. Because the phenomena become enormously complicated in 
three dimensional magnetic systems we have to restriet ourselves to 
more simple systems. The most simple magnetic systems in which the 
moments have mutual interactions is a magnetic chain. Although in 
nature there exist no magnetic chains, many magnetic systems exist in 
which the moments have in one direction a much larger interaction than 
in theothertwo directions, the so called quasi one-dimensional systems. 

Much theoretical and experimental research is done on the static pro
perties of these systems such as the susceptibility, resonance pheno
mena as nuclear magnetic resonance (N.M.R.), anti•ferromagnetic reso
nance (A.F.M.R.} and spin cluster resonance, specific heat ~~nd ohase 
diagrams. Although the static properties of quasi one-dimensional 
magnetic systems are understood quite well, the knowledge of the dyna
mical properties is small. In view of the·recent theoretical develop
ment on non-linear dynamics (solitons) in 10-magnetic systems, it is 
very interesting to investigate the dynamics of quasi 10-systems. 

The dynamics of a magnetic system is reflected in several physical 
quantities such as the heat conductivity, neutron diffraction, möss
bauer linewidth, nuclear spin lattice relaxation time T{, etc. As the 
nuclear spin lattice relaxation timeJTl is a very powerful tool for 
studying such non-linear excitations and a part of the necessary ap
paratus for measuring T1 was already present in the group we decided 
tobuildan experimental equipment for measuring T1. 

My work in my final year was to build and test such a experimental 
apparatus. At the end a start was made with measuring the r1 of the 
protons in quasi ld Ising antiferromagnets in order to study the pre
dicted contribution due to solitonsin T1 (ref. 13). 

In the first part of this report anintroduction of the nuclear 
spin lattice relaxation~ time is given (chapter 2). In chapter 3 the 
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experimental method and the theory of Hahn for spin-echo is treated. 

In the next chapter the experiment~l apparatus is described. In chap

ter 5 the results of testmeasurements on paraffin are given and com

pared with theoretical expectations from the theory of Hahn for spin-

echo. In the last chapter results of the measurements of the 1H and 133cs nuclear 
spin lattice relaxation time of the Ising antjferromagnets RbFeC1

3
.2H

2
o 

(RFC) and CsFec1 3.2H20 (CFC) are given. 
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Chapter 2 Introduetion of the nuclear spin lattice relaxation time 

2.1 Introduetion 

As mentioned already in the introduetion (chapter ~ we are interested 
in the nuclear spin lattice relaxation time T1 in magnetic insulators 
because it gives us information about the dynamics of the electron spins 
in these compounds. Befare paying attention to the complicated relaxa
tion processes which take place in magnetic insulators (section 2.~ 
we will first introduce the relaxation time by examening a simple proton 
system coupled with a reservoir (section 2.~. 
Because T1 can be measured by making use of the motion of the magneti
zation M of the nuclear spins, we treat the equations of motion for M. 
After we first treat the motion of M for free spins in a static magnetic 
field (section 2.~ and a small alternating field (section 2.~ , we give 
in section 2.6 the general equations of motion for the magnetization M 
of the nuclear spins. 

2.2 Relaxation in an ensemble of protons coupled with a reservoir 

In this section we introduce the relaxation time T1 by examininq a simple 
magnetic system, i.e. an ensemble of N protons which is coupled with a . ... ~ 

simple reservoir. The protons have a magnetic momentf'=-)'hi with I=~. 

For the present discussion the details of the coupling are not important. 
In general we can describe the protons and the reservoir with the fol
lowing Hamiltonian: 

:Z. 2 .I 

where ~ and 'ft~t descri be the proton system and the reservoir, respect i ve ly. 
~p~describes the interaction between the protons and the reservoir. 
In our simple example we assume that there is no interaction between 
the protons. In that case the Hamiltonian ~is given by: 

2.2.2 

.... 
where H is the magnetic field at the proton position. 

It is well known that we can distinguish two states,\+~> (ms=+~) and 
1-~> (m =-~ which are degenerated in a zero magnetic field. In a mag-s 
netic field these two states split and the energy difference between 
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the states is proportional to the field,~=JI~H0 (see fig. 2.2.1.). 

H-=o N--~----1-~> 

----I+~'>)J-~> 6E= y11 Ho 
Nt- =N-= N/2. N--------I+~> 

fig. 2.2.1 Energy levels of the proton system. 

For simplicity we assume that the reservoir has two energy states Ja> 
and I b) , of which the energy spacing is the same as that of the proton 
system (see fig. 2.2.2.). 

fig. 2.2.2 The proton system coupled with a simple two level reservoir. 

If the coupling between the protons and the reservoir is small (~p~ 
is small) the states of the total system (protons and reservoi~ can 

be characterised as follows )+!a) ,\+~b> ,(-!a> ,\-!b>. The coupling 
between the proton system and the reservair,~can induce transitions 
between the states of the total system. Because energy must be conser-
ved during a transition it is easily seen that the only possible transitions 

are 1-~b) ... l+~a) and \+!a) -.\-~b'>. The probabil ity per secend that a 
transition takes place is according Fermi•s golden rule as follows: 

We now want to derive a differential equation for the change of the oc
cupation number N+ of the state )+~> of the proton system. Therefore 
wedefine the transition probabilities per second W+ and Wt • W~ and 
W' are the transition probabiltties per sec. that the transitionsl-~>_,. 
)+~> and \+~>-I-!'> ,respectively take place. It is easily seen that 
Wt and W'- are given by: 

v.l t ~ Na V ( 1 ~a.>_. \-~6>) 

WJ.:. N& W'(t-~b>-+l~a.>) 
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where Na, Nb are the accupation numbers of the states \ a)and \b)of the 
reservoir, respectively. 

Using W~ and Wt we obtain the following differential equation for the 
change of the population N+: 

In thermal equilibrium dN+/dt is zero and eq. 2.2.5. tells us, that 
- + the ratio of N
0 

and N
0 

is equal to: 

ÎlofNof = w'iw• 2.2.6 

At thermal equilibrium it is well known that the ratio of N~ and r( 
::J 

is given by the Boltzmann factor ( ref 1): 

No-/ N,/-::: e~p -(ófl Hoj~7) 2.2. t 
where T is the temperature of the total system. 
Equation 2.2.5 describes how N+ reaches its equilibrium value N~. By 
defining the variables n, n

0
, N and T1: 

n-= N+ - N-
n~-= N:- No-
7; = 'l(w-t + w~) , 

we can rewrite eq. 2.2.5 as follows: 

The salution of eq. 2.2.9 is given by: 

a -==- n0 (,- e-tp -(fj;;)), 
where we used the initial condition n(t=O)~O. 

2. Q. fl 

~. :z.g 

2. 2. ID 

The recovery of n to its equilibrium value n
0 

is called the nuclear spin 
lattice relaxation process. T1 is the characteristic time associated 
with the approach tothermal equilibrium. T1 is the so called 11 nuclear 
spin lattice relaxation time 11

• From equation 2.2.8 we see that T1 is 
determined by Wf and w• . Because Wt and W+ contain information about 
the reservoir (see matrixelements, eq. 2.2.3), the T1 gives us information 
about the reservoir. 
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. Because the nuclear magnetization M is proportional to n, the equations 
2.2.9 and 2.2.10 also hold for thi magnetization M. 

We have assumed in this introduetion that the proton system was inter
acting with a reservoir. In the next section we will introduce the mag
netic insulator and we will give a scheme of the most important inter
actions in the magnetic insulator. 

2.3 Survey of the relaxation phenomena in a magnetic insulator. 

In the former section we introduced the relaxation time in an ensemble 
of protons coupled wit a reservoir. We showed that the relaxation pro
cess of the proton system was possible because it was coupled with the 
reservoir. 

We now introduce relaxation processes in a more complicated system, the 
magnetic insulator. However, before we can start with this, we have to 
know what systems we can distinguish in the magnetic insulator and how 
they are coupled with each otber. Because m~gnetic insulators consist 
of nuclei, ions and atoms which are located on well defined positions 
in the lattice we can distinguish in general three subsystems in a mag
netic insulator. 

1 the crystal: atoms, ions which form the lattice 

2 the electron spin system: the moments (spins) of atoms which . 
have an incomplete subshell resulting in a angular momenturn J 

3 the nuclear spin system: the moments of nuclei which have a 
resulting angular momenturn I (for protons I=~~ 

In section 2.2 we showed that the interaction of the proton systemwith 
the reservoir made a relaxation process of the proton system possible. 
In fig. 2.3.1 the most important interactions between the subsystems 
of the magnetic insulator are shown in a schematic survey. 
Because the lattice, the electron spin system, the nuclear spin system 
and the surroundings are coupled they are in thermal equilibrium. 
We first will consider the nuclear spin system. IN general the nuclear 
spin system in the insulator is directly coupled with the electron spin 

system and the lattice. If we apply a magnetic field H
0

, the occupation 

nhl~bers of the energy states of the nuclear spin system will change un
til a new equilibrium occupation is reached. Because the macroscopie 
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nuclear magnetization is determined by the accupation of the energy le
vels, it will also change until the equilibrium value of the magnetization 
M =vH is reached. This process is called thè nuclear soin lattice re-o A 0 . . 

laxation process and is described by (see sectien 2.6): 

~.$./ 

The characteristic time in which the equilibrium magnetization is reached 
is called the nuclear spin lattice relaxation time T

1
. 

RVSTAL 

fig. 2.3.1 

- ELECTROMA<DNETIC RADlATION 

!URROUNOING C.OUPLINCi BY - TME.RMAL RADI~TION 

LATTICE 

IHURA.CTION 

- IOHOCi>E.NIC. SOND 

I"# 'h 

QUADtluPOLE 

INTERACTION 

OIPOLE.-

- Q)VA.Li.HT &OND 

DIP.- DIP. 

INTlRACTION 

DIPOLi. IHT. 
HYPE.l F'INE. 
tNTLI~TION 

- MA6NE'TIC FI!.LO 

1!.-,.CJTA. TIONS 

- fOHONS 

(UI"TTICf. 

VI&UTIOWS 

CitYSTAL FJi.1D 

MMNOM-

IHTI.IlACTION 

-INTUlAC.TION 

• DIP • DIP. nrr. 
- UC'MAN&E. 
f31CITA.TIONS 
- f.PtNtl.CACOTI.R DaTA· 
- ... A6NON5 
- SOLITONS 

Scheme of interactions within and between the seperate 
subsystems of a magnetic insulator (ref 3). 
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For a nuclear system consisting of protons which have a spin quanturn 
number I=~, the spins are only coupled with the electron spin system 
asthereis no quadrupoleinteraction. The interactions which play a sig
nificant role are the hyperfine interaction (ref 5) and/or the dipole
dipole interaction (ref 6). In the former section we showed that T

1 
depends on the energy states of the reservoir which is in this case the 
electron spin system. So we can use T1 for studying the dynamics of the 
electron spin system. 

In the same way as we did for the nuclear spin system we can consicter 
the electron spin system and introduce a relaxation process for the elec
tron spin system. The characteristic time for this relaxation process 
is called the electron spin lattice relaxation time. Because this 
time depends on the energy states of the electron spin system, it is 
possible to use it also for studying the dynamics of the electron spin 
system (ref 4). 

In the former part we introduced a relaxation process of the nuclear 
spin system andelectronspin system with an other system. Within the 
nuclear spin system and the electron spin sytem the moments are also 
coupled with each other. Because of this coupling the nuclear and elec
tron spin system will be in internal equilibrium. If the systems are 
not in internal equilibrium, thermal equilibrium will be reached thro~gh 
relaxation processes within the nuclear, electron spin system. The cha-. 
racteristic time in which internal equilibrium is reached is called the 
spin-spin relaxation time (ref 7). 
In section 2.6 . we will treat the equation of motion of the magne
tization of the nuclear spins because the T1 plays an important role 

in this equation. In chapter 3 we show that we can measure the nuclear 

soin lattice relaxation time with aid of this equation. 
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2.4 Motion of an isolated spin in a static magnetic field 

Before we treat the general equation of motion of the nuclear magne
tization as proposed by Bloch (section 2.6), we first give a description 
of the motion of a magnetic momentpin a static magnetic field H . 

0 
According to classical mechanics this equation of motion is given by (ref 2): 

where r is the gyromagnetic ratio: 

In order to solve this equation we transferm it to a rotating coordinate 
system S' that is rotating with respect to the laboratory system with 
the angular frequency~. According to the general law of relative motior 
the time derivative ~ of any time dependen~ vector A{l}in the laboratory 
frameS is related to the time derivativet>~in the rotating frameS' 
in the following way: 

This relation yields for the equation of motion in the rotating frameS': 

?Jf/at-= 1 P x ( ;z·+ jjly) 2.~.3 

This equation 2.4.3 is of the same form as 2.4.1 provided we replace 
the actual magnetic field H

0 
by an effective field He: 

2-~-4 

..... ..j 

If we choose a rotating frameS' which rotates with~=-~0 , it follows 
from equation 2.4.3 that ~~t=O. In the rotating framefis a fixed vec
tor and in the laboratory frame it is precessing around the magnetic 

~ ~ 

field H
0 

with the ang.ular frequency~.lo.f,is called the Larmor :;equency. 
In the above part we treated the motion of a magnetic~moment}V. For 
an ensemble of spins we can define the magnetization H as fellows: 



If the spins 
the equations 
2.4.1 becomes 

-ll:. 

z 

fig. 2.4.1 Precession of the 
magnetic moment 
with w0 in frame x,y,z. 

have no interaction with each other and the surroundings, 
-I> • 

forp arealso val1d for the magnetization M. Equation 
in this case: 

2.~.6 

In the following sectivn we will treat the motion of the magnetization 
of isolated spins if a small alternating magnetic field perpendicular to 
the static magnetic field is applied. 

2.5 Effect of an alternating magnetic field 

In the former sectien we treated the motion of the magnetization in a .... 
static field H

0
(H

0
//z}. In th1s sectien we will analyse the effect of 

a small alternating field 2H1coswt perpendicular to the static field. 
We can treat this alternating field as a superposition of two fields, 
which are rotating in opposite directions with angular frequency +~ 
and -w, respectively as is shown in fig. 3.2.2. 

y 

x 

fig. 2.5.1 Decomposition of a 

linear oscillating 
field into two rotating 
components. 
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.... 
It can be shown (ref 9) that a small alternating field H

1 
oerpendicular 

~ ' ~ 
to the field H

0 
only has effect on the motion of the magnetization M 

if its angular frequency is equal to Wo=(H
0

, the so called Larmor fre
quency. This is called the resonance condition. A quanturn mechanical 
description also gives this resonance condition (ref 10). Furthermore 
it can be shown that only the component of H(t) which rotates with the 

-' 
angular frequency -"4 has influence on the magnetization (ref ~. In a 

_. .A 

rotating frame s• which rotates at ang~lar frequency w,=-lH
0 

the motion 
of the magnetization is given by: 

-' _, 
!1 x r fle 

2..S./ 

where M ..... ( h'o - Wo/y) ez. + fit ex, 

Using the re lation Wo =yH
0 

it follows that He is given by: 
-..6 

He == ~ e)t/ 2.S:2 

From eq. 2.5.1. and 2.5.2. it follows that the magnetization M precesses 
.... ..A 

around H1 with angular frequency~,=-~H1 in the rotating frame s• as is 
shown in fig. 2.5.3. 

x• 

y• 

fig. 2.5.2 Precession of M around 
H1 in the rotating frame 
s•. At t=O Mis directed 
along the z-direction. 

In the laboratory coordinate system we obtain a combined motion of the 
precession around H1 \vith angular fre~uency~=-,rH1 and the precession 
around H

0 
with angular frequency~=-aHo as is shown in fig. 2.5.3. 

z 

y 

fig. 2.5.3 Motion of the magne
tization in the 
laboratorium frame S. 

If we apply the alternating field H 1 (~ fora short time (that is, apply 
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a wave train of duration tw), the magnetization M precesses through an 
angleB=)'H1tw (see fig. 2.5.3.). If tw is chosen such thatc9=7l', the 
pulse will simply invert the magnetization. Such a pulse is referred 
to in the literature as a 11 180 degree pulse 11 (Tl-pulse). Fora "30 

degree pulse 11 (77'/2-pulse), the magnetization turns from the z-direction 
to the y'-direction. 

The influence of an alternating field on the motion of the magnetization 
M is used in our experimental method. 

In the next sectien we will describe the equations of the magnetization 
of nuclear spins with interactions as proposed by Bloch. 

2.6 The equations of Bloch 

In 1947 Felix Bloch proposed for the description of the magnetization 
of an ensemble of nuclei in a magnetic field a set of very simple 
equations derived from phenomenological arguments (ref 8). In this sectien 
we will describe these equations. 

In a static field Hz=H
0 

the recovery of the z-component of the nuclear 
magnetization towards its equilibrium value Mz=M0=~H0 can aften be des
cribed by the equation: 

2.6.1 

where T1 is the nuclear spin lattice relaxation time. 

If the magnetization has transverse components, these components decay 
according the following equations: 

where T2 is the transverse relaxationtime .. 

Equations 2.6.1 and 2.6.2 describe the change of the magnetization Mof 
the nuclear spins due to interactions of the spins with each other and 
the surroundings. If we combine 2.6.1 and 2.6.2 with the equation which 

j ... 

descri bes the mot i on of M in a magneti c fi e 1 d H, whi eh con si sts of a 
..A 

static magnetic field H0 and a small alternating field H(~. 
we find: 
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d(ftlz-?fo} !rif = _ 0/z - 11o J;; 
. T, +(Hx f!Î)z 

á 11)(. I af = _ Mx /-. /< + { i1 + r iÎJ" ~.{3 

ei 111 ldf - t1r I~;_ 
--f .....1 

= r { 1'1 -1-r fl) 
7 

.,j -' 

In a static magnetic field H
0 

and for M=(M
0

,0,0) at t=O, we obtain the 
following salution of eq. 2.6.3.: 

/12 = !1o (1- erj:J -ft/7;]} 
11 )l. - 11o a? -f-1-!;;7 cos lÛo f 
1'1 !1 = !1o erp -rf;~] 6tn tuo f 

2.6.~ 

From this salution we see that Mz reaches the equilibrium value M
0 

in a characteristic time T1 as is shown in fig. 2.6.1. 

------

t=O 
t 

fig. 2.6.1 Exponential time dependenee of the z-component of the mag

netization. 

The components Mx ,My are decayi ng exponent i a 11 v as is shown in fig. 2. 6. 2. 

Mo 

M ,M x y 

t 

fig. 2.6.2 Exponential 

decay of Mx,My. 

In the next chaoter we will explain the experimental methad for measuring 
T1. The Bloch equations will play an important role in understanding this 

experimental method. 



-15-

Chapter 3 Experimental method 

3.1. Introduetion 

In the former chapter we have given an introduetion of the nuclear spin 
lattice relaxion time. We have also treated the equation of motion for 
the nuclear magnetization, because the time dependenee of the magnetiza
tion is controlled by the nuclear spin lattice relaxation time T1• 
In this chapter we will describe an experimental method for measuring T1• 
First we will describe the principles of the measurement. 
If we apply at t=O an external magnetic field H

0 
to the nuclear spin 

system, this field establishes at thermal equilibrium a nuclear magneti
zation M0 =xH0 parallel to the field. We showed in chapter 2 that the 
equilibrium value of the magnetization M

0 
is reached in a characteristic 

time T1• If we assume that the magnetization Mof the sample is zero at 
-' ... t=O, we obtain from the Bloch equations for H

0
# z: 

1'12 (1): Ho (1 ~ ap-L-t /7;]) 
!1){(1-)= 0 

11yf1)=o 

3.3./ 

The magnetization Mz shows an exponential time dependenee and the equilibrium 
value is M0 = x H

0 
as is shown in fig. 3.1.1. 

0 
t 

fig. 3.1.1 Exponential time dependenee of the magnetization Mz, 
if at t=O an external field is applied. 
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If we are able to measure the magnetization Mz as function of the time 
we can simply determine the relaxa.tion time T1. At equilibrium the 
magnetization Mz is Ma in an applied magnetic field. If we want to 
measure the exponential rise of the magnetization we must have a 
method to demagnetize the nuclear spin system in a static magnetic 
fielrl. A methad for demagnetizing the nuclear spin system and measuring 
the time dependenee of Mz wi 11 be treated in thi s chapter. The method is 
based ~n the influence of an alternating field perpendicular to the static 
field on the motion of the magnetization (see &2.5). 
In &3.2. we describe the experimental methad for measuring the nuclear 
spin lattice relaxation time. In &3.3. we will give a theoretical des
cription of the experimental method. We conclude this section with some 
general remarks. 

3.2. Experiméntàl method 

In the introduetion we concluded that we needed two things for measuring 
the nuclear spin lattice relaxation time T1• First we have to demagnetize 
the nuclear spin system in a static magnetic field H

0 
and secondly we 

must be able to measure the recovery of Mz as function of t. In fig. 3.3.2. 
we show two techniques which can be used for measuring T1. 
Befare t=O we apply in both cases a pulse sequence of pulses filled with 
the r.f. carrier of frequency w

0 
toa coil in which the sample is located 

(see fig. 3.2.1.). Sa during the pulses an alternating field is applied 
to the nuclear spin system. In this way we can saturate the nuclear spin 
system as will be shown in &3.3.1. This means that after the pulse sequence 

~ 

Ho fig. 3.2.1 The coil in which 
a sample is located • 

I \ I. 
. . I 

\ \ ·,1 
\ I I 

the nuclear magnetization of the nuclear spins has become zero. This pulse 
sequence is called the comb. After the comb (t=O) the nuclear magnetization 
is reeavering to its equilibrium. 
For measuring the recovery of Mz we can use two methods. In the first methad -
we apply at t=T a 90 degree pulse (n/2 pulse) which turnes the magnetization 
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comb 

fig. 3.2.2 
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Tl t=T 
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I 

M /: z 

I 

0 t=T t=T+~?" 
t 

(a) Following the comb, M is reeavering to M . At t=T z 0 
we apply a single 7r/2-pulse. After the pulse we obtain 
a free induction signal which is proportional to M (T). z 

(b) At t=T we apply a double pulse. At t=T+27 we obtain 
an induction signal proportional to M

2
(T). 

Mz(T) in the xy-plane. After the pulse an electromotive force (emf) is 
induced in the coil, which can be observed. This induction signal is 
called free induction decay. The amplitude of the free induction decay 
is proportional to Mz(T). This will be explained in &3.3.2. and 

&3.3.3. 
In the second method we apply at t=T a pulse sequence of two TI/2-pulses 
with a distance 1 between the pulses. We observe after the first pulse 
a free induction decay and after the second pulse at t=T+2T an induction 
signal which is called spin-echo. The amplitude of the spin-echo signal 
is proportional to Mz(T). This will be explained in &3.3.2. and &3.3.3. 
By repeating the above methods for several t=T we can measure the recovery 

of Mz as function of T. 
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3.3. Theory of the experimental method 

In &3.2. we described two methods·to measure the nuclear spin lattice 
relaxation time. In this sectien we will describe the used techniques 
theoretically. In &3.3.1. we describe the saturation of the nuclear 
spin system. In &3.3.2. we treat a simple model for the free induction 
decay and spin-echo. Finallyin &3.3.3. the results of a general analysis 
of free induction decay and spin-echo will be given. 

3.3.1. ~~!~r~!iQ~_Qf_!b~-~~çl~~r-~ei~-~x~!~~ 

In this sectien we treat the function of the comb. Ouring the pulses of 
the comb an alternating field H1 with frequency w

0
=yH

0 
is applied to 

the nuclear spin system. For understanding the function of the comb we 
use a quanturn mechanical picture. We consider a nuclear spin system 
consisting of protons which have I=1/2 as introducted already in chapter 
2. In a static external field H

0 
the twofold degenerate energy levels 

are splittedas is shown in fig. 3.3.2. 

H= Ho -t= Ul 
------m$=-~ H·o 

/Y)5 = t ~ 
N+= N-=-N/1. 

6'ë. r* Ho-= 11 Wo 

--.......:11---- "'~ =.,. ~ 

fig. 3.3.1 The energy levels of the proton system. 

In thermal equilibrium the ratio of the accupation numbers N~ and N~ 
is given by the Boltzmanfactor N~/N~ = exp -6E/kT. The difference in 
accupation n0 = N~ - N~ gives rise to a macroscopie magnetization 
M = M

0 
= x H

0
• If we apply an alternating field with frequency w

0 
transitions are induced between the two states of the protons. According 
to Slichter (ref. 1) the change in n due to the alternating field 
is given by: 

3.3./ 

The solution of eq. (3.3.1.) is given by: 
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In the steady state, eq. (3.3.2.) tells us that 

/2= 
s.3.3 

where Wis the probability per second that a transition occurs due to 
the alternating field. W is proportional to the square of the field 

2 (W ...... H1). 

If Wis large enough (W » l/{2T1)) we see from eq. 3.3.3. that in the 
steady state n becomes zero and that means that the macroscopie magne
tization M becomes zero. Because Wis larger than l/T1 (W » 1/{2T1)) the 
steady state is reached in a characteristic time l/2W{eq. 3.3.2.). 
It can be shown that we can demagnetize a "general" nuclear magnetic 
system by applying a large enough alternating field. Instead of applying 
the alternating field continuously during t > l/2W. we apply it in the 
form of the comb. The reason for this is that in practice the spectrum 
is not monochromatic (frequency w

0
) but has a certain linewidth due to 

field inhomogeneities.Because the frequency spectrum of a small wave 
train {1-5 wsec) is broader than of a long wave train (~ 20-80 wsec) 
we use a comb of small wave trains (Appendix C). 
We have described a method for demagnetizing a nuclear spin system at 
t=O. In the next section we will describe the free induction decay and 
spin-echo using a simple vector model. 

. 
In fig. 3.2.1. two methods were shown to measure the magnetization Mz 
at t=T. In this section we will show that the free induction decay and 
the spin echo are proportional to Mz{T). For convenience we would like 
to change to a new time variable t such that the new variable t, starts 
at zero at the beginning of the first pulse. 
Not all the nuclear moments that contribute to the total magnetization 
M have the same precession frequency, because of the inhomogenetties in the 
magnetic field H

0
• 

For convenience we define macroscopie moment veetors M(~) (t.w = w- w
0

) 

where w
0 

is the centre frequency of the spectrum. M(~) is the contribution 
to the total magnetization of all the nuclear moments that experience the 
same field (H=yw} and therefore precess at the same Larmor frequency w. 
The distribution of M(t.w)· is determined by the inhomogeneities in field 
H

0
• We use the following notation for M(t.w): 

/1 (D.w) = 11 j (6 w) 
+~ 

with j 9 (6w) r;t (-ów) = -1 
3. 3. ~ 

-v:> 
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In eq. 3.3.4 g(óc.v) describes the form of the spectrum. In first approxi
mati on we wi 11 u se a rectangul ar spectrum g( .6w) over ÄW= w- wo as shown 
in fig 3.3.2. 

fig. 3.3.2 

gtöw) 

, 

Field inhomogeneities cause 
a distribution of the moment 
veetors M( t.MJ). The spectrum g (.Aw) 

is assumed rectangular. 

We will start with treating the free induction decay. For convenience we 
consider the magnetization in a rotating coordinate frame s•, which 
rotates with the centre frequency of the spectrum. The magnetic moment 
veetors in the rotating frame s• are defined as: 

3.3. s-

At t=O we apply a TI/2 pulse and the magnetization Mz is turned from the 
z-direction to the y'-direction (see fig. 3.3.3. A en B). After the pUlse 
the various momentvectorsM'((&w)), M'(-(liw}) will precess at frequency 
liw in the frameS', maintaining a symmetry around the y'-axis but ro
tating in opposite directions (fig. 3.3.3.C), 

z A -z B· z c 

y' Y' 

fig. 3.3.3 Formation of a free induction decay (in the rotating frameS'). 

So for the component Mx'(t) we obtain: 

"'3. s. ( 

By solving the Bloch equation for My' (t,liw) ar.d integrating over all t~w, 
we obtain for My'(t): 

.5;/2 p.ów)~ 1) 
(ów)~ t s. s.f-

In the calculations the duration of the pulse, tw, is neglected because 
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we assumed that tw « T2 ,1/(~w) 112 . For the above calculation the reader 
is referred to appendix B. In a coil along the y-direction in the labo
ratory frameS, the rotating magnetization M(t) given by, 

induces an induction voltage over the coil. 
The induction voltage V(t) is proportional to dM/dt, sa we obtain for 
V ( t): 

V(l) J' 

3.3.6' 

Because w0~1/T2 , (~w) 112 we can neglect the first termand the amplitude 

of V(t) is given by: 

v(l) ~ /1
2 

erp .:!f;;;] St~ fr ~>wJë J 33./tJ 

(6w)~ f 
This induction voltage is called the free induction decay. We see that it 
is proportional to Mz. 
The decay of the induction voltage is determined by two terms, one depending 
on the r2 and one on ithe width (~w) 112 of the frequency spectrum g(~w). 
In the next part of this sectien we will describe a simple model for the 
formation of the spin-echo. At t=O the magnetization is given by Mz. Be
cause the spin-echo is more complicated we neglect in first approximation 
the influence of the relaxationprocesses on the formation of the spin-
echo. So we assume that T1,T2 »L, where Lis the distance between the 

two pulses. 

A B 

free induction 
decay 

C D 

pin-echo 

E F E 

fig. 3.3.4 Free induction decay and spin-echo, if two 7l/2-pulses are 
applied. 
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At t=O we apply a n/2-pulse. After the pulse we can abserve a free induction 
decay which is given by eq. 3.3.9.with T2 =oo. At t > 2~/(6w) 112 this free 
induction decay is zero. At t=T (T > 2n/(6c.J) 112 ) we apply the second n/2-
pulse which rotates the moment veetors from ~ = 3/2n ± (6w)T, G = n/2 to 
~(0), ~(n), G = n-(6w)T, where G, ~are the spherical coordinates of the 
moment veetors (fig. 3.3.5. D). During the time x< t < 2T all moment veetors 
M'(6w) interfere destructively over an unit sphere (fig. 3.3.5. E) until 

the time t=2T when they interfere constructively. At time 2T all the moment 

z A 2. 8 z c 

y' Y' 

'Z 
D z E x. F 

y• 

fig. 3.3.5 Formation of the spin-echo (in the rotating frameS'). 

veetors will have again precessed angles 6wT respectively from their 
positions at t=T so that they terminate in a figure eight patterns 
whose equation is G=~ (fig. 3.3.5. F}. 
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We will nowdèscribe the formation of the spin-echo in more detail. Because 
the moment veetors maintain a symmètry around the y'-axis Mx'(t) equals 
zero. 

If we assume that tw « 1/(6w) 112 , we can neglect the duration, tw of the 
pulses. The initial condition My' (0,6w) is given by My' (0,6w) = Mz g(6w) 
in this case (see fig. 3.3.5. B). Following one moment vector M'(6w) we 
can conclude that fort> T the component My'(t,6w) is given by: 

The component My'(t) is determined by integrating over all the frequencies 6w: 

Hz [sin. {(Lj_w)~ (f -.a·) J 
.(. (bw)~ (f-a~ J 

In the laboratory frame the component My'(t) is precessing with w
0

• With 
aid of a coil we obtain an induction voltage V(t) which is proportional to 3.3.12. 
According to the first term on the right side of 3.3.12. the echo maximum 
occurs at t=2T and is proportional to the magnetization Mz. 
Equation 3.3.12. indicates that periadie maxima should occur at times 2n/(6w)

112 
sec apart. These maxima are not observed in practice because the choice of 
g(6w) in this simple model does not correspond to the experimental distribution. 
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3.3.3. §êDêr~l-~D~!t~i~_Qf_frêê_iD~~S!iQD-~êS~t-~D~-~EiD:êSbQ_{rêf~_lgl 

In this section the results of a more general analysis of spin-echo will 

be given. In this analysis the Bloch equations are used and a spectrum 
g{6w) is chosen that approximates the actual distribution of the moment 
vectors. Also the relaxation times r1 and r2 are taken in account. 

At t=O the nuclear magnetization is Mz. At t=O a pulse sequence of two 

pulses, each with a pulse width tw and time T {short delay) between the 
pulses is applied (see fig. 3.3.6.). 

t=O t= ?"' t=2,.. 

fig. 3.3.6 The pulse sequence of a double pulse. 

For the determination of these solutions the following assumptions have 
been made: 

- the decay terms are neglected during the pulses and this is only allowed 
as long as tw « r1,r2; 

- the analysis does not take in account any sort of inhomogeneity of the H1 
field; 

- also the condition w1»(6w)~:nd T» tw are imposed. 

For the frequency distribution g(6w) a Gaussian distribution is choosen: 

where the integral of g{6w) over all 6w is equal to unity. 
The results of this analysis are given by (ref. 12): 

3. 3. 13 
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(o.) t :f fJv 

11z. $ ~12 w, t w op L -
t<- _LJ v(f} --- 2 t7?/ Tz 

(b) -t>?-' 

3. 3./? 

1. The induction signal immediately following the first pulse described by 
eq. 3.3.14. (a) is called free induction decay. It ]$ porportional to 
Mz. The decay is determined b~ r; which is proportional to 1/{~w) 112 and 
by the relaxation time r2• r2 follows frQ~ the frequency spectrum 

g(w) (see eq. 3.3.13.). The spectrum of nuclei in solids, g(~w), is 
determined by the inhomogeneities in the local field H1 , due to · oe. 
neighbouring nuclear and electronspins and the inhomogeneities in the 

* external field . The r2 was about 3-10 ~sec in our experiments. In 
general the transverse relaxation time y2 is determined by mutual 
nuclear spin-spin flipping (spin-spin relaxation), local magnetic 
field fluctuations at the position of the nucleus caused by neighbouring 
spins and paramagnetic ions ,and the nuclear spin lattice relaxation 
(ref. 12). 

* The r2 in solids is of the order 10-100 ~sec. For small r2 or r2 the 
free induction decay is small. Because the pulseis mostly followed by 
an electronic 11 distortion 11 (ringing) in practice as is shown in chapter 
4 &4.4., the free induction decay is difficult to observe. For this reason 
we do not use the method in which the recovery of Mz as function of the 
time is measured with the free induction decay as shown in fig. 3.2.1. (a). 

2. In 3.3.14 {b) we can distinguish two terms; the first term A prediets 
the spin-echo with the maximum at t=2-r, the second term B (B 1 and B11

) pre
dicts a free induction decay immediately followirg the second pulse. 

We first consider term A. In 3. we will consider term B. 
* The width of the spin-echo is proportional to r2 (about 3-10 ~sec). The 

amplitude of the maximum of the spin-echo is decreasing exponentially as 
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a function of 2T. The characteristic time is given by r2. The amplitude 
of the spin-echo as function of·2T is shown in fig. 3.3.7. 

' ' .... ..", 

-
t=O 

!.exp -t/T 2 1 -- --1 ,~ ..... 

t 

I \ -
/ '. 

fig. 3.3.7 Spin-echo amplitude as a function of 27"'. · 

The maximum time at which a spin-echo can be observed is determined by the 
T2. Because T2 is short for solids (10-100 ~sec), the pulse width of 
the pulses and the distance T betweenthemmust be short. For obtaining 
small TI/2-pulses the amplitude of the alternating field, H1, must be 
large (for protons we need a field H1 ~ 40 Oe in order to obtain a 
TI/2-pulse of 2 ~sec). The minimum distance 2T was about 20 ~sec in our 
experiment. So for small T2 (of the oraer of 20 ~sec) we can notabserve 
the spin-echo. 
According to eq. 3.3.14. (b} the spin-echo amplitude is proportional to 
the pulse width tw as follows: 

V{-1) ~ 3. 3. IS"" 

This relation is shown in fig. 3.3.8. 
From fig. 3.3.8. it appears that we observe a maximum spin-echo when we 
give two pulses with 8=w1tw=2/3TI . 

3. The free induction decay following the second pulse is determined by 
the terms B' and B' • of the eq. 3.3.14. (b). The term B' is proportional 
to a same decay term (exp [-t2/2( r;) 2 - t/T2]) asthefree induction 
decay following the first pulse. If we apply the second pulse at time T 
at which the free induction decay following the first pulse is zero, 
the term B' is zero. 
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fig. 3.3.8 Spin-echo amplitude as a function of the pulsewidth. 

The s•• term is proportional to Mz(T), the magnetization along the 
z-axis when the second pulseis applied. Mz(T) ismïlydifferent from 
zero in two cases. First if T is of th~ same order as the nuclear 
spin lattice relaxation time, there is a recovery of the magnetization 
to the z-axis. Secondly, if we do not apply n/2-pulses, there will be 
a component of the magnetization along the z-axis after the first 
pul se. 

In cases that we apply n/2-pulses and T « r1 the magnetization Mz(T) 
will be zero which means that the term s•• will also be zero. 
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Chapter 4 Experimental set-up 

4.1. Introduetion 

In chapter 3 we have described an.experimental methad to measure the 
r1. In this sectien the experimental apparatus will be considered. In 
&3.2 we introduced already the pulsed resonance technique in which a 
coil is used to apply an alternating field H1 to a sample and to piek 
up an induction signal generated by the sample. This technique is em
ployed in the experimental set-up which we constructed to measure the 
nuclear spin lattice relaxation time. The experimental equipment can be 
distinguished in four main parts (see figure 4.1.1): 

(a) pulse generator, for comb and double pulse modulation (&4.2) 
(b) r.f. generator, to apply an oscillating voltage to the coil (&4.3) 
(c) the insert including the sample holder (&4.4) 
(d) r.f. receiver, to detect an induction signal (&4.5) 

LONG DEL~'( 

L-------r-------------------------~------~COHB AWDOOw&UL 
P\&Lf.E. GEHE.RAlOR 

ME.MORV C:.COPE 

J 
fig. 4.1.1 Schematic view of the experimental set-up. 
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4.2. Pulse generator for comb and double pulse modulation 

In &3.2 we introduced an experimental method to measure T1 in which 

we applied a pulse sequence consisting of a comb and a double pulse, 
the various pulses being the envelope of a r.f. carrier of frequency 

w0 • The pulse-modulated r.f. field was supplied by a r.f. generator 
which will be treated infue next section. 

comb 

M 

t=O t=T t=T+2 1" 

fig. 4.2.1 Experimental method to measure the recovery of Mz 
as a function of t. 

For the pulse modulation of the r.f. carrier we use an external pulse 

modulation programmer. In fig. 4.2.2. a schematic view of this pregrammer 
is shown. 

With this unit three different pulse modulation sequences can be applied 

to the r.f. generator. The comb or double pulse sequence can be used 
separately or they can be used in combination, as is shown in fig. 4.2.2. 

The number of pulses in the comb can be set equal to 1, 2, 4, 8, 10 or 20. 
The distance between the pulses in the comb is determined by an audio 

frequency sine-wave. The highest frequency of this generator amounts 
to 250 kHz, which corresponds to a distance of 4 ~sec between the 
leading edges of adjacent pulses. The pulse width of the pulses in the 

comb can be varied cont)nuouslv from about 1 to 5 ~sec. The width of the 
pulses of the double pulse can also be varied from about 1 to 5 ~sec. 
The short delay T between these two pulses can be varied from 10 to 
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(a) 
F'UNtTION A.F 
&E.HE.RATOR. 'ENE. RATOR 

LOH& -- COMS AND OOU&l.E. PUL SE. 

DE.LA'I 
~ 

6E.NE.RATOR 

(b) 

flDOrL 
f COHB. t LOt'lGo O!.LAV 

T1Uc&&E.R. 
PULC:,E ~llOH 
FUNTION GI.MlltATOi 

TII&M.R. 
PULCiiE. 10 
LONG DI.LAV 

OUT El'TE.RNAL. PttOeiRAM 
INPUT OF 

R.f'. R.ECEIVECl 

TRIW&I.R. 
PULK 'ROM 
LOt&• O!.L~ Y 

fig 4.2.2 (a) Schematic view of the comb and double pulse generator 
(b) A typical generated sequence. For :he explanation 
of the various parts, see text. 

1000 ]..ISec. 
The long delay between the comb and double pulse is adjusted by the delay 

trigger of an oscilloscope {Tektronix type 547) and can be varied from 

0.1 ]..ISec to 50 sec. 
The generator can operate in a single shot mode with a manual triggering 

or a repeated mode, in which the repetition rate is determined by a 
function generator giving a square wave output. 
If very high repetition rates of the comb and double pulse sequence are 

used, the duty cycle of the r.f. generator must be considered. Up to a 
duty cycle of 0.1% the amplitude of the r.f. carrier is constant. lf, 
for instance, the pulses of the comb (maximum 20) and of the double 
pulse are about 5 ]..ISec wide, a repetition rate of about 10 Hz is possible 
without a significant decrease of the output power of the r.f. generator. 
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4.3. r.f. Generator 

In our actual experimentalset-up the r.f. generatorand r.f. receiver 
are combined in one commercial apparatus (Matec, model 6600). In this 
section we will describe the most important characteristics of the 
r.f. generator. The r.f. source, in fact, consists of a pulsed oscilla
tor. This oscillator delivers up to 1 kW peak power in a 50~ load. The 
oscillator is switched off and on by a modulation program. Several 
internal modulation programs are incorporated in the Matec such as a 
single and a double pulse sequence. As already mentioned, above, a 

more versatile external programmeris used (see &4.2). 
The r.f. generator can be used in a wide frequency range because several 
plug-in units are available which operate in a frequency range 10-90 MHz, 
90-300 MHz and 300-700 MHz, respectively, Both the r.f. generators and 
the r.f. receiver must be tuned to the desired frequency. This frequency 
follows form the resonance condition w

0 
= yH

0 
of the experiment (H

0 
is 

the magnetic field at the position of the nucleus and y is the gyro
magnetic ratio). The tuning procedure for the r.f. generator is described 
in appendix A. Tuning data supplied by the manufacturer are available. 
Although these are not so extensive, they can be used for a coarse tuning 
of the generator. 
As the r.f. pulses have a final width, the r.f. pulse is not monochromatic, 
but consists of a frequency spectrum as is described in appendix C. 
For further details, such as duty cycle 1imits and long pulse eperation 
thereaderis referred to the manual of the Matec (ref. 14). 

4.4. The insert includjng the sample holder 

The output power of the r.f. generator is coupled to an LC-circuit via 
two 6 db attenuators and a hybrid Tee, as is schematically shown in fig. 

4.4.1. 
The attenuators are used for two reasons. First they proteet the hybrid 
Tee against the high output voltage swing of the r.f. generator (630 volts 
peak to peak) and secondly, they prevent the frequency of the pulse 
oscillator to be pulled away from the calibrated data, which occurs when 

the output is not terminated with 50~. The input impedance of the attenuators 
is about 50~ even when they are not exactly terminated with 50~. 

A hybrid Tee is used to isolate the generator output and receiver input, 
from each other (40 db) over a wide range of frequencies, in this way 
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Tltl, •AHPLI. ~ LOCATID 

fig. 4.4.1 Schematic r.f. circuit used in the relaxation time measure
ments. 

goed impedance matching of the total circuit can be achieved while the over
lead of the receiver is reduced. 

The lower part of the insert is shown on picture 2. In this part the sample. 
the LC-circuit and the capacitor to match·the characteristic impedance of 
the coaxial line to the LC-circuit are located. The coil with the sample 
is not present on this picture, but it is normally fixed on the sample 
helder. This sample holder can be rotated around an horizontal axis. This 
rotatien can be controlled at the top of the insert. In fig. 4.4.2. the 
electronic circuit of the insert and an equivalent circuit are shown. 
c2 is a cylindric, variable capacitor (0-65 pF) of which the capacity 
can be changed at the top of the insert via a long stainless steel tube 
(picture 2). c1 is a fixed capacitor which is used for matching the 
impedance of the 50~ coaxline to the LC-circuit. The impedance of the 
LC-circuit is given by: 

t- 1 (w'-L{2 -;) 

w c2 
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picture 2 Detai l of 
the lower 
part of the 

i nsert. 

pump tube outer 
··~~~-------------------- room 

pump tube inner 
~~------------------- room 

_________________ fl ange outer 

pot 

~------------"""'----fl ange inner 
pot 

~--------Allen-Bradley (220A) 

------------------matching capacitor c1 

;;..._ ______________ ...,..... __ carbon gl a ss thermometer 

sample holder 
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?r -L- LC-~rcuit 
c' 

R~: 
-1 

o.n cl ÓR' I c2 I 
I I 
I 

L _j 
(a) - (b) '--

fig. 4.4.2 (a) The actual electronic circuit of the insert. 
(b) An equivalent circuit. 

_ _, 

The resistance Ris mainly determined by the losses within the coil. If 
the frequency of an oscillating voltage across this LC-circuit is equal 
li/CC2 the impedance is equal to R. To obtain maximum power transfer 
from the SOQ coaxline to the LC-circuit and vice versa the impedance 
of the line must be matched to the resistanceR (LC-circuit in resonance). 
For this purpose we use the capacitor c1. The impedance of the coaxline 
in parallel with this capacitor is given by: 

The coaxline is well matched to the LC-circuit if the real and imaginary 
parts of z1 and z2 are equal to each other: 

(a) 
50 f< 

(,~ DO.z 
-

;-r w~ I 

(b) 
w so ( ; - w.zL{.z 

~.<.. 3 = 
C < .l w {.z 1 +- w.t , .56 

If w and R are known (w is determined by the resonance condition w
0 

= yH
0

) 

we can calculate the value of the matching capacitor c1 from eq.4.4.3 (a). 
In order to satisfy eq. 4.4.3. (b) we have to change the capacity c2 from 
the original value, corresponding to series resonance of the isolated 
LC-circuit (eq. 4.4.1.). Obviously, the capacity of the LC-circuit is not 
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determined by c2 alone but also by ei, (see fig. 4.4.2 (b)): 

The resonance 

(/ -:::. 1 +- w.t C, <. (so) ~ 
tA.J ~ c, so 

frequency of the circuit 
I 

is now given by: 

The equivalent circuit at resonances is shown in fig. 4.4.3. 

R R 

fig. 4.4.3 The equivalent circuit of the r.f. section of the insert 
at resonance. 

As we actually use a fixed capacitor c1 we achieve only perfect impedance 
matching for one frequency wm. At other frequencies a part of the r.f. 
signal is reflected as is shown in fig. 4.4.4. (a). 

w", 
(a) 

fig. 4.4.4 (a) 

(b) 

100% , __ __ 
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In practice it appears that we are able to measure in a wide frequency 

range around wm. This range is mostly determined by the variable capacitor 
c2• In case of wm about 40 Mhz, we could measure from 30 to 50 Mhz. 
Because we do not know in advance the exact value of the reststance R 
at - for instanee - liquid 4He temperatures we cannot calculate the 
exact value of the capacitor c1• In general eq. 4.4.3. is used as a 
first estimate and c1 values which give satisfactory results are deter-

mined experimentally. The actual value of c, is found to be not critical,in fact, 
changes of about 25% do not significantly degrade the performance of thecircuit. 

In principle, perfect impedance matching has two advantages: first the 

r.f. power is fully transferred to the insertand secondly, the induction 
signals (spin-echo) are fully transferred to the receiver. However, in 
the actual experiments, a perfect matching has serious disadvantages, as 
will discussed below. 

Because the reststance R is very small (about 3n) the unloaded Q-factor 
of the LC-circuit (QLC = ~) is generally very high. At the frequency 
wm for which the impedance matching is perfect, the Q-factor of the 
insert (the loaded Q) is equal to l/2QLC as can easily be seen from 
fig. 4.4.3. This loaded Q-factor of the insert therefore is also 
high and the r.f. pulses appear to be followed by a remarkable "ringing" 
of the circuit as is shown in fig. 4.4.5. 

fig. 4.4.5 

t 

I 

I f we switch off the r. f power 
at t the voltage across the 

0 
LC circuit drops exponentially 
to zero ("ringing"). 

Because in general the spin-echo signal has a small amplitude, it is 
readily obscured by the "tail" of the second r.f. pulse. For large values 
of r2 the distance between the two r.f. pulses (short delay T) can be 
made long enough to obtain a spin-echo (at 2T) which is resolved from the 
tail of the second r.f. pulse. For small values of r2 this is not possible 
and in this case it is disadvantageous to have a large loaded Q-factor. 
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In that case it appears to be advantegeous to measure at a frequency w 
that differs from wm (see fig. 4.4.4. (b)). In this case the loaded 
Q is smallerand the tail of the r.f. pulse is also smaller (proportional 
to Q/w). 

4.5. r.f. Receiver 

The insert is connected with the r.f. receiver via the hybrid Tee. We 
use the Matec r.f. receiver. The receiver of each available plug-in 
unit covers the same frequency range as the corresponding r.f. generator 
i.e., 10-90 t1Hz, 90-300 MHz and 300-700 MHz, respectively. In the 
actual experimenta] set-up the plug-unit for 10-90 MHz is used. The 
minimum observable signal of this receiver is 4 ~V and the bandwidth 
is about 1,5 MHz according the specifications. Both these characteristics 
have been checked. 
The tuning of the r.f. receiver is described in appendix A. The output 
of the r.f. receiver (video out) corresponds to the envelope of the 
r.f. induction signal obtained from the insert. This output may be 
coupled to an oscilloscope and/or electronic devices such as a sample 
and hold circuit. A prototype of a. sample and hold circuit has recently 
been constructed and tested. 
In &4.1. to &4.5. we have described the main parts of the apparatus. In 
the last section (&4.6) of this chapter we will describe the temperature . 
regulation and thermometry of the insert. 

4.6. Temperature requlation and thermometry 

With the experimental set-up described in &4.4 we are able to measure 
T1 at roomtemperature. Because we are in general interested in the 
temperature dependenee of T1, it is· necessary to have a possibility 
to regulate the temperature of the sample. 
When the insert is located in a cryostat filled with liquid helium or 
nitrogen T1 can be measured at T = 4.22 K and T = 77 K, respectively. 
By pumping the helium or nitrogen bath the temperature can be regulated 
from 1.1 K< T< 4.22 K and 67 K< T< 77 K, respectively. When we want to 
measure T1 at temperatures above T = 77 K and temperatures in the 
intermediate temperature region 4.22 K< T< 67 Kit is necessary to solder 
two pots to the 1 ower part of the i nsert ( see pi ct ure 3). 
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picture 3 Two pots ( the left is the outer pot, the right is the inner 
pot) together with the lower part of the insert. 

These two pots are soldered with tin on the two flanges of the insert. In 
the edges of these flanges thermocoax is put (on picture 3, a small part 
of it is just visible at the upper flange) which we use to heat the flanges 
for soldering. For the inner pot a current of about 2.5 A through this 
thermocoax is sufficient to solder it, for the outer pot a current of 
about 2A is sufficient. This method of soldering appears to work very 
well. The tubes through which the supply wires of the thermometers and 
the heater are conducted to the sample room are connected with the flanges 
and for this reason will also become hot during the soldering. So one 
has to be very carefull with heating the flanges because it is possible 
that these wires are damaged when the flanges become too hot. Both rooms, 
that of the inner and the outer pot are connected via small tubes to the top 
of the insert. The tubes are connected to a pumping system which consists 
of a diffusion pump and a rotary pump. 
The inner pot is made of copper. On the outside of this pot we wound 
manganine wire (total resistance is about 18811). The copper pot with 
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the mangani ne wi re functi ons as a heater. 

We shall now describe the temperature regulation of the sample. The 
inner pot is filled with 4He cont~ct gas and the outer pot is pumped 
vacuüm (10-5). Because the inner pot is connected with the bath by 
tubes that lead through the two flanges the 4He contactgas and therefore 
the sample is cooled. The cold input is determined by the bath tempera
ture and the pressure in the outer pot. When we do not use the heater 
the sample will have approximately the same temperature as the bath. 
When we apply a voltage over the manganine wire the inner pot is heated. 
This leads to an heat input to the sample through the 4He contact gas. 
The final temperature of the sample is determined by the ratio of the 
cold- and heat input. By regulating the heat input we could vary the 
temperature from 4.3 K to 80 Kusinga liquid helium bath. In a nitrogen 
bath we reached a maximum temperature of about 160 K. 

1 iquid 4He 

óu:ter room 
(p'=I0-5 torr) 
·inner. rooru fi 11 ed wi th 
4He contactgas 

inner pot with 
manganine wire 

4He cryostat 

fig. 4.6.1 Insert with the two pots in 4He bath. 

~or the temperature regulation of the sample we have located an Allen
Bradley resistance (220~ at roomtemperature) in the inner pot. At lew 
temneratures the Allen-Bradley has a large temperature dependence. The 
resistance decreases with the temperature. The Allen-Bradley is connected 
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wtth a three wire resistance bridge (ref. 15). The output of the lock-

in amplifier of this bridge is connected via a booster amplifier to the 

heater. This booster amplifier only gives an output signal when the output 
signal of the lock-in is negative. This means that if the Allen-Bradley 
resistance is larger than the resistance of the bridge the inner pot isheated. 
In this case there is via the 4He contactgas a .heat input to the Allen
Bradley. The difference of the resistance of the Allen-Bradley and the 
resistance of the bridge stabilizes if the heat input via the 4He con-
tactgas to the Allen-Bradley equals the cold input to it. For more 
details about the three wire resistance bridge and the heating system the 
reader is referred to the literature (ref. 15). 
The temperature of the sample is determined with a carbonglass thermo
meter (type C CGR 1-2000 No. 734). This thermometer is located close to 
th~ place where the sample is located. The 4He contactgas heats the 
sample and the thermometer. We assume that the temperature of the thermo
meter is the same as the temperature of the sample. 
The carbon-glass thermo_meter is cal ibrated in the range 1.5 K < T < 293 K. At 
low temperatures the inaccuracy is about 0.1%. Above 77K an interpolation 
to roomtemperature is used and therefore this calibration is less accurate. 
The inaccuracy is about 5% in temperatures above 77 K. The carbon-glass 
thermometer has a small field dependenee for which we can correct (ref 16). 

The carbon-glass thermometer has four output wires as is shown in fig. 4.6.2. 
The centacts put on the intrinsic material have a transition resistance 
which is time dependent. 

I 

i 
1 l 

v v+ 

fig. 4.6.2 Schematic view of a 
carbon glass 
thermometer 

The resitance of the supply wires is large, as they are made of manganine 
wire to obtain a very small heat conduction. For determining the resistance 
of the carbon-glass thermometer with great accuracy in spite of the upper 
facts, we use a four wire resistance bridge. With this bridge the v+ 
and v- are measured current free and so the influence of the supply wires 
and the time dependent contact resistances is eliminated. This four wire 
resistance bridge is described in the literature (ref. 15). 
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Chapter 5 Test measurements on paraffi n 

5.1. Introduetion 

In the former chapters (3 and 4) we described the experimental method and 
the apparatus. In this chapter we will present the results of experiments 
on paraffin. Because paraffin is a diamagnet, the resonance frequency 
of the protons is only determined by the external field. The resonance 
condition is given by the relation w

0
=yH

0
, where y/2n is 42.577 Mhz/T. 

We did these experiments because we wanted to test the experimental set-up 
we built for measuring T1. 
For two reasans we thought paraffin to be a suitable sample. First the 
proton resonance can be observed at roomtemperature. Secondly the spin
echo signals and the T1 of protons in paraffin were reported by Hahn. 
This gave us the possiblility to campare our results with the results of 
Hahn. 
After a short report on the preparation of the sample in section 5.2, we 
will discuss some specific experiments including the influence of the 
pulse width tw' the time T between the n/2-pulses and the inhomogeneity 
of the external field on the shape and the height of the observed spin
echo in section 5.3. In section 5.4. the actual measurement of T1 will 
be treated. Section 5.5. will be devoted to a discussion of some sourees 
of inaccuracies which were encountered during the measurements. The 
conclusions are formulated in section 5.6. 

5.2. Preparation 

In this section we will give a short report on the preparation of the 
sample of paraffin. 
By melting paraffin and putting it in a cylindric form we made a cylindric 
sample of paraff,in.. Around this sample we wound isolated copperwire of 
0.3 mm thick in order to obtain a coil for the LC-circuit. 

20 mm 

• 

25 turns 
of copperwire 

fig. 5.2.1. Cylindric sample 
of paraffin. 
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For our measurements we used a co i 1 of 25 turns of copperwi re and an 
impedance matching capacitorc1 of_500 pF(mica). 

It appeared that in this ~onfiguration we could measure soin-echo siqnals 
in a frequency range of 15 < Y (in MHz} < 25. 
In the next sectien we will give the results of several experiments on 
paraffin. All experimentsare performed at a resonance frequency Y = 19 Mhz 
(H = 4.46 kOe). 

5.3. Spin-echo experiments on paraffin 

In this sectien we will study the influence of the pulse width, tw, the 
time between the TI/2-pulses, T, and the inhomogeneity of the external 
field on the shape and the height of the observed spin-echo. 
For convenience we reeall the general equation for the induction signals 
following the first and the second pulse of the spin-echo experiment (see 
chapter 3, sectien 3.3.3.): 

t~ 'r 

V(-1) ~ t12 :Strt tiJ,-!w t:J. t] erp [- 2r:r;:'l- 1z 

t ~ ?-' 
. 

V(+}..,. Mz sVz w,fw frsbz' ~) et~f{-<'~~:- ~J. 

-(w~~ w, iw) ef/J [ ~1~·1- ~]} 
• 2. B' I 

- 142(7·) sin w, fw 

8" 

S. 3./ 

A. Influence of the pulse width, tw, on the height of the spin-echo 

We see from eq. 5.3.1. (term A) that the height of spin-echo depends on the 
pulse width, tw, according to the following relation: 

V(f) ~ s: 3.2 
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The frequency w1 is determined by the amplitude of the alternating field 
according w1=yH1. (Y/2n=42.577 Mh4/T). 

We measured the height of the spin-echo as function of the pulse width 
tw, of which the result is shown in fig. 5.3.1. 

5 

4 

0 3 
> 

> 2 

1 

fig. 5.3.1. The height of the spin-echo of paraffin as a function 

of the pulse width tw. 

V/i}:. J.2 ·.stn n:fw ,j;n:;. n fw 
2.8 s:6 

We fitted the experimental result with the relation given in eq. 5.3.2. The 
result is represented by the solid line in fig. 5.3.1. From this figure 
we can draw the conclusion that the observed influence of the pulse width 
to the height of the spin-echo is in accordance with the predietien of 
the theory of Hahn. 

B. Influence of inhomogeneity of the magnetic field on the width of the 
spin-echo 

In the general analysis of spin-echo (section 3.3.3.) a gaussian frequency 
distribution g(~w) of the magnetic moment veetors was used. In paraffin 
this distribution is caused by the inhomogeneity of the external magnetic 
fi e 1 d. Th is i nhomogenei ty determi nes the halfwi dth (~w) 112 of the frequency 
spectrum. Because r2 is proportional to 1/(~w) 112 , the width of the echo 
is determined by the inhomogeneity of the magnetic field. If we make the 
field more inhomogenious the width of the spin-echo ( exp•~(~) 2 ) 

.12 



-44-

becomes smaller. 

We have checked this by removing t~e sample from the homogenious centre 
of the magnet to a position where the field is inhomogenious. The 
result is shown on picture 4, which is taken from the screen of a memory 
scope. The scope is triggered at the start of the double pulse and therefore 
the double pulse is also visible on the screen. The spin-echo in a 
homogenious and inhomogenious field were photographed on the same 
picture. Although we have not made a qualitative calculation, we can 
conclude from picture 4 that the width of the spin-echo is smaller in a 
more inhomogenious field which is in accordance w1th the theory of Hahn. 
On picture 4 we see the double pulse only for the homogenious field 
because we covered the double pulse when we photographed the echo in the 
inhomogenious field. The free induction decay which is following the first 
pulse is also clearly visible on this picture. Because the free induction 
decay is proportional to exp -t2;2r;2 it becomes smaller in a inhomogenious 
field (not visible on the picture). 

picture 4 Spin-echo in a homogenious field (broad echo) and in a 
inhomogenious field (small echo). Total horizontal scale 
100 ~sec; total vertical scale 8 volt. 
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C. Free induction decay following the second pulse 

The free induction decay following .the second pulse is determined by terms 
B1 and B" of eq. 5.3.1. Because we apply the second pulse at t=T at 

* 2 which the free induction decay after the first pulse is zero (exp[-T/2(T2) -
T/T2] ~ 0), the term B1 will be zero. 
The magnetization Mz(T) in term B" will be different from zero in two cases. 
First if T is of the sameorder as T1, the recovery of the magnetization 
along the z-axis will contribute to Mz(T). Secondly if we do not apply 
n/2-pulses, we obtain a magnetization along the z-axis after the first pulse. 
Because T(15-40 ~sec) is much shorter than T1(57 msec) for paraffin, Mz(T) 
is determined by the width of the pulses. If we do not apply n/2-pulses, Mz(T) 
differs from zero and we obtain afree induction decay following the second 
pul se. 
In the case of picture 4 the pulse width, tw, of the two pulses was adjusted 
until the free induction decay after the second pulse was zero (we applied 
n/2-pulses). 
Picture 5 is taken in the case that the pulsewidth, tw' was smaller than 
that in the case of picture 4 (we applied 8-pulses with 8< n/2). On picture 
5 the free induction signal after the second pulse is observed clearly. 

picture 5 Spin-echo and free induction decay in a homogenious exter
nal fieldfora double pulse with condition 8=t.U 1tw<'n/2. 
Total horizontal scale 100 psec; total vertical scale 8 volt. 
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From the above result we can conclude that the behaviour of the free 
induction decay is in accordance with the theory of Hahn. 

D. The height of thè echo as funttion of T, the distance between the pulses. 

According eq. 5.3~1. the maximum of the spin-echo is proportional to , 
exp -2T/T2. On picture 6 the echo is photographed as function of T. If we 
plot the logarithm of the height of the spin-echo as a function of 27we obtain 

a straightline. So the exponential decreaseis obvious. The T2, which is 
obtained from the slope is about 42 ~sec in this case. Only the double 
pulse of the first echo is observed on the picture, because we covered 
the double pulse when we photographed the other echo's on the screen of the 
scope. The measurements were performed in aninhomogenious external field. 
So we can conclude that the dependenee of the height of the echo as function 
of T is in agreement with the theory of Hahn. 

pictur~ 6 Spin-echo as a function of the short delay. Total horizontal 

scale 100 psec; total vertical scale 8 volt. 

5.4. Measurement of T1 
In this section we will describe the measurement of T1 for paraffin. 
It appeared that a comb of 20 pulses x 1.5 ~sec with a distance between 



-47-

the pulses of about 60 ~sec could demagnetize the proton system of 

paraffin. The pulse width of the dquble pulse was 1.5 ~sec. 

In table 1 the height of the spin-echo as function of the long delay 

is given. If we plot the measured magnetization as a function of the long 
delay (T), we obtain an exponential recovery as is shown in fig. 5.4.1. 

long 

delay T ., 0.1 0.075 0.05 0.04 0.03 0.02 0.01 00 
(sec) 

V(TkM
2

(T) 3.7 3.4 2.6 2.15 1.85 1.3 0.5 4.5 
(volts) 

tab le 1 
. / Spin-echo amplitude as a function of the long delay T . 

r-
0 
> 

~'o 
4 

3 

2 

t 

0-.02 0.04 o·.m; 0.08 0.1 

T (sec) 

fig. 5.4.1. Exponential recovery of the magnetization in paraffin. 

For determining, howeve~the relaxation time T1, it is much easier to graph 

the experimental data in a different way. Therefore, we rewrite the equation 
t/T M (t)=M (OQXl-e- 1) as follows: z z 
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So if we plot ln(M
2

(oo)-M
2

(t)) against the long delay T we obtain a linear 

relation. The slope of the line is.equal to the relaxation rate (T1)-1. 
(see fig. 5.4.2.). 

long 0.1 0.075 0.05 0.04 0.03 0.02 0.01 0 
delay(sec) 

t~ 2 (oa)-Mz(T) 0.8 1.1 1.9 2.35 2.65 3.2 4.0 4.5 

(volts) 

table 2 Mz(oo)-Mz(t) as a function of the long delay T. 

We obtained a T1 of 57 msec. Hahn reported a T1 of 0.01 sec. So our result 
is of the same order of magnitude as that of Hahn. 

T1 = 57 msec. 
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fig. 5.4.2 Logarithmic plot of M
2

(oo)-Mz(t) against the long delay, T. 

We always determine the T1 in the way as described above. 
Sametimes we can improve the echo signal by making the field more inhomo-
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genious as will be shown below. In a homogenious field we can apply the 

secend pulse, if the free inductie~ decay is zero (see picture 4). If 
we apply it befere the free induction decay is zer~, we obtain a free in
duction decay after the secend pulse, which can obscure the maximum of 
the spin-echo. Inan inhomogenious field the free induction decay becomes 
smaller, and therefore we can apply the secend pulse at a shorter t=T. 
Because the height of the spin-echo is proportional to exp -2T/T2 
(section 5.2 0), the height of the spin-echo becomes larger (see picture 
6). If we cernpare the height of the spin-echo in the homogenious field 
(picture 4) with the height of the first echo of picture 6 we cbserve 
the effect. In this way we can imprave the signal to noise ratio of the 
spin-echo. 

The nuclear spin lattice relaxation time T
1 

is not expected to depend 
on the inhomogeneity of the magnetic field. We have checked this for 
paraffin by measuring T1 as a function of the distance of the sample to 
the centre of the magnet (inhomogeneity of the field). In fig. 5.4.3 
the results are shown. 
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fig. 5.4.3. T1 as a function of the distance of the sample to the 
centre of the magnet. 

-

In fig. 5.4.4. the halfwidth of the spin-echo as a function of the distance 
of the sample to the centre of the magnet is plotted. Because the width of 
the echo is inversely proportional to the inhomogeneity of the magnetic field, 
we cbserve in fig. 5.4.4. that the inhomogeneity becomes larger as a 
function of the distance from the centre of the magnet. 

From the above results we can conclude that the T1 in paraffin does not 
depend on the inhomogeneity of the field. 
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fig. 5.4.4. The halfwidth of the spin-echo as a function of the dis
tanee to the centre of the magnet. 

5.5. Discussion of some sourees of inaccuracies in T1 

In section 5.4 we describe how we determine the spin-lattice relaxation 
time. In this section we will discuss the experimental error in determining 
T1. We will divide this section in two parts. First we will discuss the 
inaccuracy in determini_ng the height of the.spin-echo. Secondly the inaccuracy 
in T1 is treated. 

The experimental error in the measurement of the height of the spin-echo 
is determined by the signal to noise ratio of the spin-echo signal. By 
repeating the experiment and averaging the height of the spin-echo we can 
decrease the experimental error. In the case of paraffin the signal to 
noise ratio was about 20. 

We will now consider the experimental error in T1• The T
1 

is determined 
from the slope of the logarithmic plot of M(~) - M(T) agáinst the long 
delay T as described in section 5.4. By estimating the uncertainty of the 
slope of the line due to the spread of the points, we findan experimental 
error in T1 of about 5%. The spread in the points is larger than we would 
expect from the signal to noise ratio of the individual spin-echo signals 
(sum of the absolute error in M(~) and M(T) due to the signal to noise 
ratio of the spin-echo). 
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Therefore we must conclude that there are other sourees which cause an 
additional inaccuracy in (M(=) - M~T)). There are three sourees that 
contribute to the additional inaccruacy in (M(oo) - M(T)). First because of 
the non-linearity of the receiver the amplification factor of small 
signals is smaller. This gives an inaccuracy in the determination of 
(M(oo) -M(T)) forshort long delay times. Secondly it takes a relatively 
long time to measure T1. If during the measurement the temperature, 
the external field or the pulse amplitude (amplitude of the alternating 
field) fluctuates, it affects the measured value of (M(oo) - M(T)). Third 
the inaccuracy in the long delay T will contribute to the inaccuracy of 

(M(oo) - M(T)). It is, however, difficult to give an estimation of the 
inaccuracy caused by these effects. In order to get an idea of the 
inaccuracy with which we can determine T1 we measured several times 
the T1 of paraffin under the 11 Same 11 experimental conditions (external 
field, temperature). 

The spread in the measured nuclear spin lattice relaxation times of 
paraffin was about 10%. This is reasonable for T1 measurements (ref. 11). 

5.6 Conclusions 

From the results in section 5.2 we can conclude that the free induction 
decay and spin-echo in paraffin are in accordance with the analysis of 
Hahn (ref. 12). 

From the measurement of T1 in paraffin i~ follows that we can measure the 
T1 with an accuracy of about 10%. 
In conclusion we can say that the experimentalset-upworks satisfactory. 
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Chapter 6 Nuclear spin lattice relaxation time T1 of 133cs and lH in 
RbFeC1 3.2H20 and CsFeC1 3.2H20. 

6.1 Introduetion 

During the last decade a considerable amount of theoretical and 
experimental research has been performed on the non-linear dynamics 
of one-dimensional magnetic systems. Many authors showed that the 
dynamics of a number of one-dimensional magnetic model systems is con
trolled by non-linear excitations (solitons) in a certain temperature 
and field region. Only recently Mikeska showed that the non-linear 

excitations can also be expected in a one-dimensional Ising-like anti
ferromagnet. (ref 13). 

Because the experimental evidence of the existence of solitons is scarce, 
we thought it worthwhile to measure the relaxation time of 1H and 133cs 
in the quasi ld-Ising-like antiferromagnets RbFeC1 3.2H20 (RFC) and 
CsFeC1 3.2H2o (CFC) in order to verify the predicted influence of soli
tons. 
After we treated the crystallographic and magnetic properties of RFC 
and CFC in section 6.2, we give in section 6.3 the results of T1 
measurements of 1H and 133cs as a function of the temperature. In section 
6.4 a preliminary interpretation on basis.of the soliton theory is given. 

6.2 Crystallographic and magnetic properties 

The samples of RbFeC1 3.2H2o and CsFec1 3.2H20 were grown at about 37° C 
of a solution of FeC1 3.4H2o and RbCl or CsCl in a molar ratio of 3.2:1 

and 3:1, respectively in a 0.03 N solution of HCl. In this way it was 
possible to grow large single crystals. The crystal axe are determined 
by X-ray diffraction (ref 18). 
The crystallographic and magneticstructures have been determined from 
elastic neutron scattering experiments and nuclear magnetic resonance. 
The crystallographic space group is Pcca(orthorombic) (ref. 17). Along 
the a-axis the magnetic Fe2+-ions are strongly coupled via a shared Cl--ion. 
This causes a strong magnetic interaction between two neighbouring mo-
ments along the a-axis. The magnetic coupling between the chains is weak 
because in the b-direction they are seperated by layers of Rb and Cs-ions 
and in the c-direction by hydrogen bonds (see fig 6.2.1). 
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c 

~ .. 
fig. 6.2.1 Schematic representation of the crystallographic structure 

-of AMC1 3.2H20 (A=Rb,Cs; M=Fe; B=Cl). 

Because of the streng magnetic coupling between the moments along the 
a-axis and the weak coupling along the b-axis and c-axis, we obtain 
a quasi one-dimensional magnetic structure (magnetic chains along 
the a-axis which are·weakly coupled). Because of the weak interchain 
interactions in RFC and CFC a three dimensional ordering occurs at TN= 
11.96 K and TN=12.6 K, respectively. Magnetization measurements along 
the c-axis exhibit in bath compounds two successive metamagnetic tran
sitions to a "pseudo" ferromagnetic state. In fig. 6.2.2. the phase 
diagram of RFC for the external magnetic rield H//c-axis is shown.(ref 19) 
For CFC these transitions occur for the magnetic field Hc1=6.2 kOe and 
Hc2=9.3 kOe, respectively at T=4.2 K. 
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fig. 6.2.2 Schematic phase diagram 

of RbFeC1 3.2H20 (Hc1=8.1 
kOe; Hc2=12.4 kO~ . 
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In the ordered phase the magnetic moments are located in the ac-plane 
at an angle of about 22° for RFC ahd 13° for CFC from the a-axis (ref 18). 
The intrachain magnetic interaction is antiferromagnetic and Ising-like 
for both compounds. Ising-like means that there exists a much stronger 
interaction between one component of the magnetic moment (z-component) 
than between the other two components. 

In the paramagnetic phase (T>TN) the properties of CFC and RFC are main
ly determined by the properties of the individual chains. Therefore RFC 
and CFC are known as pseudo one-dimensional Ising-like antiferromaqnets. 

6.3 T1 of 133cs and 1H as a function of the temperature 

In the first part of this section we will give a short description of 
the preparatien of the crystals of RFC and CFC. In the second part we 
will present the results of the T1 measurements. 

The experiments to measure the nuclear spin lattice relaxation time 
were performed on single crystals of the two isomorphic compounds RFC 
and CFC. Around these crystals copperwire of 0.3 mm thick was wound 
in order to obtain a coil for the LC-circuit (shown in fig. 6.3.1.). 

- ' 
I : . 
I I 

I 

• L I -. 

--: ;, 
1 I c . . 
~ 

I -·-- I:? 

10- 5 tur 

of coppe 

ystal 

ns 
rwi re 

. fig. 6.3.1 Coil in which the 
b-ax1.s 

sample RFC or CFC 
is located. The 
crystals had a typi

cal dimension of about 
15x5x2 mm3• 

For the measurements of the T1 of RFC and CFC we used a coil of about 
10 -15 turns of copperwire and a fixed matching capacitor c1 of 300 pF. 
With this configuration we could tune the r.f. section with the variable 
capacitor c2 in the frequency range from about 30 to 50 MHz. 

B Results of the T measurements ----------------1-------------

In this part of section 6.3 we will present the results of T1 measurements 
of 133 Cs and 1H in RFC and CFC as a function of the temperature. These 
measurements were performed in the paramagnetic phase (T>TN). 
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In fig. 6.3.2 we plotted the measured 1H nuclear spin lattice relaxa-
-l ti on ra te T 1 versus 1/T for CFC ànd RFC. From these fi gures i t foll ows 

that there is a linear relationship between log (T1)-l and 1/T in the 
temperature range 40 K<T<300 K. 

TIK I TIK I 
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o H ... lb·axisl 
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• 
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0. 005 0. OIO 0. 015 0. OZO 0. 025 
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fig. 6.3.2 Nuclear spin lattice relaxation rate T1-l of 1H of 

RFC and CFC with the external field H//ê and H//b 

At low temperatures (T<40 K) we could not measure the T1 of protons in 
the paramagnetic phase because the spin-écho signal could not be observed. 

In CFC we have also performed T1 measurements on 133cs of which the re
sults are shown in fig. 6.3.3 From this figure it fellows that for tem
peratures T>20 Kthere is a linear relationship between log(T1)-l and 

1/T. 

In the next sectien a preliminary interpretation is given in which the 

linear relationship of 1og (T1)-l with 1/T is explained by contributions 
to T1 due to solitons. 
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fig. 6.3.3 Nuclear spin lattice relaxation rate r1-1 of 133cs of 

CFC with the external field H//c and H//b. 

6.4 Preliminary interpretation on basis of the soliton theory. 

In this section a preliminary interpretation of the measured data based 
on the theory of Mikeska (ref 13) is given. 

We describe the magnetic chain in CFC and RFC with the following 
Hamiltonian: 

6.~.1 

The first term of the hamiltonian describes the exchange interaction 
between two neighbouring spins. The second term is a single-ion term 
which makes it energetically favourable for the spins to point along 
the z-axis. For RFC the intrachain interaction is J/k8=-5.4 K and the 
single-ion anisotropy is D/k8=-21 K. These values are determined from 
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the high temperature susceptibility data (ref 1~ . For CFC no exact va
lues for J/k8 and D/k8 are known. It is, however, assumed that J/kB and 
D/k8 have aooroximate]vthe same values as for RFC (ref 2~. 
Mikeska treated the spins as classical vectors. The two sublattices are 
assumed anti-parallel. The angle e of the direction of the sublattices 
with the preferential z-axis is defined as is shown in fig. 6.4.1. 

I 'Z· 4~1\ 
I 

fig. 6.4.1 Representation of the 

two anti-parallel sublattices 
with the polar angle e. 

I 

Mikeska showed that when you apply the continuurn limit to the Hamiltonian 
(6.4.1), the following equation for the polar angle e can be obtained: 

< 
à'(~e~ :ë~ - { Jc•fil ('-0~t• = 2(0!;11) sin 2e 6.<,.1 

This is the Sine-Gordon equation for 28, with themass-parameter m={2D/IJI)~ 
and the magnonvelocity c. This equation exhibits well known non-linear 
soliton excitations. The form for these solitons is given by {ref 21): 

e = 2 are lan I .erp :!: m !-(z - 2o- V t) j 
6.~.3 

where r-0 -l I c2
• r:nd V. the ve 1 ocity of the 501 iton. ~ c. 

We see that the soliton salution is physically a ("moving) domain wall 
which seperates the two degenerate ordered configurations of the anti
ferromagnetic Ising chain, corresponding to 8=0 and TC (see fig. 6.4.2.). 

fig. 6.4.2 Moving domain wall 

llilfll~,mlfllli!Il• 
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The rest energy of the soliton is given by: 

6.ty.<-t 

For RFC and CFC we have antiferromagnetic chains with S=2. With the intra

chain interaction J/kB and the anisotropy term 0/kB we obtain for E
0
/kB=l20 K. 

It can be shown that the contribution of solitons to the nuclear spin 
lattice relaxation rate is given by (ref 2~ : 

From eq. 6.4.5. we see that there is a linear relation between log(T~ -l 
and 1/T, of which the slopeis given by E

0
/kB. 

From the T1 results of the protons for RFC and CFC we obtain E
0
/kB= 160±10 K 

and 152±10 K. respectively. From the T1 of 133cs in CFC we obtain E
0
/ks= 

138±10 K. If we compare these results with the theoretical predietien 
(E/~8=120 K), we see that experiment and theory are in reasonable agree
ment.Therefore we conclude that at high temperatures ~T>20 ~ the Ti-l 
can be explained by assuming a soliton theory. The T1 

1 results of 33cs 
in CFC at temperatures T<20 K can not be explained at the moment. 
It should be emphasized that the interpr~tation of the experimental data 
as given above is still in a preliminary stage. We must also study the 
influence of other processes which may contribute to the nuclear spin 
lattice relaxation time, before we can be sure about the above interpre
tation. Furthermore we must check whether the Hamiltonian (eq. 6.4.1.) 
gives a good description of the magnetic chain in the described tempe
rature range. 
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In this appendix the tuning procedure of the r.f. receiver, 

LC - circuit of the insart and r.f. generator will be des

cribed. For tuning the r.f. receiver of the Matec and the 

LC-circuit we make use of a r.f. signa! generator (S.G.), 

of which the output signal is amplitude modulated. As 

mentioned already in chapter 4 the r.f. receiver gives the 

envelope of the received r.f. signal at his output, which 

is in the above case the amplitude modulation (a.m.). In fig. 

Al a schematic view of the conneetion of the equipment is 

shown. 

I 

fig. Al 

-
I=R.EQUENCV R.F. SIGWAAL 

COUNTER 
G~NE.~AïOR 

8 'C.OPE 
'liDE.O Rf RE.C'E\VE~ 

OU.ï - Ot: MATEC: 

Conneetion of signa! generator to r.f. receiver of 

the Matec. 

The frequency of the signa! generator is measured with a 

frequency counter. Next a 50~ r.f. signa! of the S.G. is 

transmitted to the r.f. receiver of the Matec. The output 

of this receiver is connected to a scope. We adjust the pre

amplifier and the r.f. receiver tuning of the Matec until we 

observe a maximum signa! on the scope. It is recommended to 

use the calibration data of the Matec which were determined 

by the factory as a quide for this tuning. We can check the 

tuning procedure by looking if a signa! of some ~V (4à5) of 

the S.G. is still visible above the noise level. 

If the receiver of the Matec is tuned at the right frequency 

we can start tuning the variable capacito~. of the LC-

circuit. For this we use a confi~ration as is shown in fig. 

A2. 
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8 
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INSE.RT Wrt'H L.C. CIRGUT 

fig. A2 Schematic view of the configuration of the equipment 

for tuning the LC-circuit. 

The 50% a.m. signa! of the S.G. is transmitted to the insert. 

If the LC-circuit is completely mistuned most of the r.f. 

signa! is reflected and via the hybrid Tee and the r.f. re

ceiver we obtain a maximum signa! on the scope. By changing 

the capacity of the LC-circuit we can find a minimum in the 

reflected signal. In most cases the reflected signa! in this 

minimum is not equal to zero. This is only the case for the 

frequency for which the impedance is matebed rightly (see 

chapter 4). 

IOO~o 

REFLECTION ---------------

• Olo 

fig. A3 Reflection of r.f. signa! (%) as function of the 

variabie capacity c
2 
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When the receiver and the insert are tuned we ~inally can 

tune the r.~. generator o~ the Matec. For this we use the 

normal experimental conriguration ( as is shown in rig. 4.1.1 

or chapter 4). We now use however the internal modulation 

program or the Matec, namely the single pulse mode with a 

repetition rate or about 50 Hz. The r.r. monitor or the 

Matec which gives attenuated r.r. pulses is connected to a 

diode mixer. Also a signal generator is connected to this 

diode mixer. The output or the diode mixer is connected to 

the scope (rig A4). 

DIODE. MI')CE.~ 

c -- - S.CD. R.F. MONITOR 

OF MATEC 
0'-lTPLlT 

8 
SCOPE 

rig A4 Conneetion or the diode mixer to the Matec ror tuning 

the r.r. generator. 

Ir the r.r. generator is not tuned to the same rrequency 

as the S.G. we abserve a pulse rilled with a beat pattern 

on the scope (as is shown in fig. AS(a)).I~ the generator 

is tuned to the same frequency the beat pattarn wi thin the 

pulse disappears ( ~ig. A5(b) ). 

R.~ CDE.Mf.RATO~ MISTUNEO 

(a) 

,,-------------, 

--~ ~~-

R:J: <óENE.Q)I.TO~ TUNE.D R.t6HTL.Y 

(b) 

fig. A5 Output of the diode mixer. {a) mistuned r.r. generator 

{b) tuned r.r. generator. 



-62~ 

A~ter· we ~inished the tuning procedure we can start the ex

periments. The modulation o~, the Matec must be switched to 

the external program to obtain the modulation program of the 

comb&double pulse generator. 

I~ the external magnetic ~ield and eventually the tempera

ture are properly adjusted to obtain a nuclear resonance 

o~ the sample at the tuned ~requency (tV ='iH ) , we can start 
0 0 

with determining the condition ~or the double pulse and the 

comb ~or measuring the T
1

• 

First we apply only double pu1ses with a repetition rate 

larger than the relaxation time. I~ the pul se amplitude 

o~ r. ~. genera tor is put to maximum and the receiver gain 

is made large, we may observe a spin-echo signa! (see ~ig. 

A6) 

1- .. 
Fig. A6. Double pulse repeated at .a slower rate than 1/T

1
• 

In this case the magnetisation is recovered to its 

equilibrium i~ the other double pulse is app1ied. 

For the right conditions o~ the double pulse we 

observe the maximum echo signal. 

In this case it is very easy to adjust the pulse width tw 

o~ the pulses, the pulse amplitude (mostly at maximum), the 

short delay T and the receiver gain to obtain an optimum 

spin echo signal. 
' In the same way we can repeate the comb & double pulse 

sequence as is shown in ~ig A7 
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COM& L)OUQU PULSE. oouaL~ PULSE 

Fig. A7 Comb & double pulse sequence 

In this c~ the duty cycle of the Matec must be observed 

for high repetition rates (see 9 4.2.). At low temperatures 

the comb & double sequence can influence the temperature 

stabilisation. 

If we make the long delay T" as short as possible (about 10 

}-'Sec which mostly is much shorter than T 1 ) we can adjust the 

c·omb- ( the number of pulsas, the pulse width of te puls es 

and the distance between the pulses) to obtain a minimum 

( if possible a zero), spin-echo signa!. In this way we can 

find the optimum conditions for the comb to demagnetize 

(saturate) the nuclear spin system. If the comb andfue 

double pulse have the optimum condition we can ·start with 

the T 1 measurements. 
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In this appèndix we calculate the magnetization component 

M 1 (t) af'ter t.he f'irst pulse f'or the simple vect.or model y 
(see sectien 3.3.2). 

In the rotating coordinate f'rame the magnetic moment vect:or 

M' (J:lw) is def'ined as: 

We reeall the Bloch equations and rewrite them f'or a rotating 

f'rame S' , >vhich rota tes wi th wD, the centre f'requency of' the 

rectangular spectrum g(Aw ),; (rei' 12.): 

w1='/H1 is only dif'férent f'rom zero dur:lng a r.f'. pulse 

Af'ter ~he ~/2~pulse, the My 1 (t,~w) is obtained f'r9m the above 

Bloch equations. Because tw (duration of' the pulse)is much 

shorter than 1(6w~,T2 ,T 1 , we can neglect it and the initial 

condition f'or MY,(o,ów) is given by 1'4y1 (o,t::,IN}= -/1
2 
9f~w) 

The salution f'o,r M 1 (t) is: 
y 

. 11( ff;i1w) ~- ~ 9/Jt.V) ~s L1w t el'p -?~ 
The resulting M 1 (t) is f'ound by integration over all f'rey 
quencies .Ów: 
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Because the r.f. pulses of the double pulse (and of the comb) 

have a very smal! pulse width (psec) the frequency spectrum 

can become large (of the order of 100 kHz), although the pul

sas are filled with a r.f. carrier of one frequency. If we 

approximate the r.f. pulse by an ideal rectangular pulse 

the Fourier transfarm is given by the sinc-function (see 

fig. Cl),(ref 23): 

fig. Cl 

A. {i) 

WITM ANiULAR. 
FREQUENC:.'I 

a(~w)'-" SiYl(~:twl"'\ 
..ê-'...J t"w/~ 

A pulse modu1ated r.f. sfgnal and the corresponding 

frequency spectrum. 
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