


stellingen

1. Het bestaan van het In het standaardmodel voorspelde Higgs-boson zal het

beste aangetoond kunnen worden in de Large Electron-Positron opslagring

(LEP) die bij CERN wordt gebouwd.

2. Het verdient aanbeveling te onderzoeken of het mogelijk is een HD-tripel-

puntcel te construeren op analoge wijze als recent is gerealiseerd voor

D2.

G.T. MoConville, D.A. Menke and F. Pavese, 10th Cryogenic Eng. Conf.,

Cambridge Mass. Aug. 1985.

3. Het is zinvol om te onderzoeken of van de metingen van px als funktie van

het rf-veld Hx = u^/y, in Ca(OH)2 bij T > O,de resultaten in het gebied

waar p /Ü)1= fCw^) beschreven kunnen worden met een dubbel roterend coördi-

natenstelsel.

Hoofdstuk 6 van dit proefschrift.

W.K. Rhim, A. Pines andJ.S. Waugh, Phys. Rev. BS (1971) 684.

4. Bij de verklaring van de veld- en frequentieafhankelijkheid van de gelei-

ding t.g.v. ladingsdichtheidsgolven in een eendimensionale geleider is het

quantummechanisch tunnelen nog steeds discutabel.

5. Recente 13C CP-MAS-NMR relaxat.Lemetingen aan rubberhoudende polymeren

hebben aangetoond dat de spectral»' dichtheid van de moleculaire bewegingen

in het kHz-gebied correleert met macroscopische materiaaleigenschappen.



6. Voor het onderzoek van magnetische protonspin-ordeningen in Ca(0H)2 biedt

dotering van het kristal door röntgenbestraling een potentieel aantrekke-

lijk alternatief voor de thans gebruikte dotering door bestraling met een

electronenbundel.

F. Roluj and J. Wiecsorek, J. of Magn. Ree. 25 (1977) 211.

7. De rol van het dipoolmoment in molecuul-wandinteracties van niet-sferische

moleculen kan worden onderzocht met behulp van effecten van magneetvelden

op de transporteigenschappen van Knudsengassen bij hoge temperaturen.

J. van der Tol, proefschrift (Leiden, 1985)

8. Ca(0H)2 is een geschikte kandidaat voor kristalgroei onder microzwaarte-

krachtcondlties in Eureka.

9. Bij de interpretatie van radar remote sensingbeelden van homogene land-

bouwgewassen vereist het hanteren van het criterium textuur een grotere

zorgvuldigheid dan o.a. door Brisco et al. in acht wordt genomen.

B. Brisao, F.T. Uiaby and R. Protz, Photogv. Eng. and BS, 50 11984)

739.

10. Dat de aanbevelingen van de Verkenningscommissie Natuurkundig Onderzoek

(VCNO) ten aanzien van prioriteiten bij investeringen in het fysisch

onderzoek onvoldoende tot hun recht komen in het onlangs door de Minister

van 0&W gepubliceerde Intentioneel Apparatuur Schema 1985-1990 (IAS), is

een voorbeeld van de ad—hoc wijze waarop te vaak beslissingen over grote

investeringen in het onderzoek worden genomen.

Rapport van de Verkenningscommissie Natuurkundig Onderzoek, publikatie

van het Ministerie van 0&W (december 1984).

Intentioneel Apparatuur Schema 1985-1990, publikatie van het

Ministerie van 0&W (april 1985).

11. De wijze waarop de regering de arbeidsvoorwaarden voor het overheidsperso-

neel toepast op deeltijdwerkers is niet in overeenstemming met een beleid

dat deeltijdarbeid stimuleert.

Marks Leiden, 29 mei 1985
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1
introduction to dipolar magnetism in Ca(OH)2

1.1 General introduct ind survey

In this thesis we describe a study of the dipolar magnetism of the proton

spins in O.'OH^. As : s well known, electronic spin systems exhibit a transi-

tion to an ordered state when cooled to a sufficiently low temperature. In

complete analogy, a nuclear spin system also shows such a transition. However,

the transition temperature Is much lower because the magnetic interaction of a

nuclear spin with Its neighbours Is much smaller than in the case of electron

spins: typically In the order of kHz. This results in transition temperatures

of the order of less than a microkelvin.

Cooling diamagnetic insulators containing nuclear spins to such tempera-

tures is impossible because the time constant T^n that Is involved in bringing

the spin system and the lattice into thermal equilibrium becomes practically

infinite. This latter property did allow the development of methods in which

only the nuclear spin system is cooled. These techniques, based on magnetic

resonance, brought nuclear dipolar ordering within reach [1,2]. In 1969

Chapellier, Goldman, Vu Koang Chau and Abragam [3] obtained an antiferromag-
1 Q

netically ordered state of the F spins in CaF9. Since then Abragam and

Goldman and their coworkers have made an extensive and detailed experimental

and theoretical study of the ordered states in the cubic substances CaF^, LiF

and LiH [4]. In the case of LiH they were able to detect the ordered state

with neutron diffraction because of the high pseudomagnstic moment of the

proton spins [5].

An important motive for these studies of nuclear magnetic ordering is the

fact that the dipolar interaction between nuclear spins can be calculated with

high accuracy and without adjustable parameters using the crystal structure

and the nuclear magnetic moments only. This opens the possibility of testing
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the various theories describing ordered states. Because of the character of

the dipolar interaction - it is a function of the relative position of the

spins - the crystal structure will determine the type of ordered state.

Because Ca(OH>2 has a hexagonal crystal structure with a strongly two-dimen-

sional character, we chose this material for the study of the dipolar magnet-

ism of its proton spins. The properties of Ca(0H)2 will be discussed in chap-

ter 3 [6]. We will see in chapter 2 and 6 that the magnetic orderings in

Ca(0H)2 show properties that are not observed in the other systems. As an

example can be mentioned the degeneracy of the ferromagnetic and antiferroraag-

netic states that are predicted by a molecular field approximation.

In the present chapter an introduction to the subject of magnetic dipolar

ordering will be given. First the nuclear spin system will be defined by

giving its Hamiltonian. Then the processes which are used to cool this spin

system will be discussed. Finally we will pay attention to the properties of

the spin system after it is cooled.

1.2 The Hamiltonian

The Hamiltonian of the proton spin system of Ca(0H)2 consists of two

terms: the Zeeman interaction of the proton spins with the external magnetic

field and the dipolar interaction between the nuclear spins. Our experiments

of magnetic ordering are performed in a magnetic field that is much stronger

than the dipolar fields. Therefore the splitting of the energy levels due to

the dipolar interaction term can be treated using first order perturbation

theory. Then only the secv.Iar or truncated part of the dipolar interaction has

to be taken into account.

Expressed in frequency units the Hamiltonian is thus given by

r

K = I Z1 + S ut? (1)
1 i<j

where in the first term

Zl = io0 l\ = YHolJ (2)

is the Zeeman interaction of the i -nuclear spin with the magnetic field Hg.

12



The z-axis of the laboratory frame of reference is chosen parallel to ftp.

Furthermore ug is the nuclear Larmor frequency in the field H o and y is the

gyromagnetic ratio of the proton spins. In the second term

(3)

with

(l-3cos2e

is the truncated dipolar interaction of spin I with spin I . In eq.(4), r .

is the vector connecting the spins I and fJ, ri . = |r | and 8 is the angle

between HQ and ;•. .; h is Planck's constant.

1.3 The cooling process

In this section we shall briefly describe the process of reaching the low

spin temperatures that are necessary to create an ordered state of the proton

spins in Ca(0H)2.

Our experiments were performed at liquid helium temperatures in a high magnet-

ic field in single crystals of Ca(0H)2, doped with a low (~ 10~3%) concentra-

tion of paramagnetic Impurities. The setup in which the experiments were per-

formed is described in detail in chapter 5.

The cooling process hinges on the fact that under the aforementioned

conditions the interacting proton spins can be treated as a thermodynamic

system that is insulated from the lattice. This is because the time constant

for the achievement of an Internal equilibrium is much smaller than the spin

lattice relaxation time [2].

As was recognized by Provotorov [7], a system of interacting spins in

high magnetic field has two constant"! of the motion: the Zeeman energy and the

interaction energy. These are independent because the two parts cannot ex-

change energy: the Zeeman quanta are of the order of 10 8 Hz while the dipolar

quanta are of the order of 10"1 Hz. Then the spin system can be described by a

density matrix [2]:

13



(5)

ch two independent temperatures: T? = h/ka, the Zeeman temperature and

= h/k p, the dipolar temperature, where kg is Boltzman's constant.

1.3.1 Dynamic nuclear polarization

After cooling the sample to about 0.5 K, and thus isolating the nuclear

spin system from the lattice, the following step is dynamic nuclear polariza-

tion (DNP). In this process the polarization of the proton spins

huo
p = 2<I > = tanh 7 r^ r- (6)

z zVz
is increased from about 0.005 to about 0.90. The details of this DNP process

in Ca(OH)2 are described in chapter 5. As can be seen from eq.(6) increasing

the polarization is equivalent to reducing the Zeeman temperature of the nu-

clear spins. A proton polarization of 0.90 in a magnetic field of 2.7 T means

a Zeeman temperature of 1.9 mK. Increasing the nuclear polarization also

corresponds to lowering the entropy S as it is related to p by [2]:

S = An 2 - ^{(l-p)An(l-p) + (l+p)An(l+p)} (7)
NIkB

where NT is the number of spins.

1.3.2 Adiabatic denagnetization in the rotating fraae

The last cooling step is an adiabatic demagnetization in the rotating

frame (ADRF) which transfers the entropy from the dipolar interaction part of

the spin system to the nuclear Zeeman part. An ADRF is performed by applying

an rf-field 2HjCos ut perpendicular to the magnetic field Ho. The frequency u

of this rf-field is then swept from a value above or below the nuclear Larmor

frequency tog = yHg, to top. The effect of this procedure on the nuclear spin

system is best described by making a transition to a frame of reference that

rotates with the frequency co of the rf-field using the unitary operator

U " exp(iuilzt). The Liouville equation then becomes:
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dt

where

a = ü o ü"1 (9)

and

where x,y and z are the axes of the rotating frame of reference and where ooj

is teken along the x-direction.

It is now assumed that under the influence of the rf-field ujj the spin

system reaches a state of quasi-equilibrium characterized by a single inverse

temperature fU [2]

exp(-pjc )
a - — (11)

Tr{exp(-pjCeff)}

As was explained above the ADRF consists of sweeping the frequency of the rf-

field from u » oio or u « too to UQ- Goldman [2] discussed the conditions

which have to be fulfilled in order to make such a sweep isentropic. It is

important that the sweep is sufficiently slow so that the system is in quasi

internal equilibrium at all times. At the end of the frequency sweep the

amplitude of the rf-field is adiabatically reduced to zero. We then have a

spin system that is described by a density matrix

(12)

Once the rf-field is turned off the distinction between the rotating frame and

the laboratory frame disappears. Then

o = o and p = p (13)

By comparing eqs.(5) and (12) it can be seen that the effect of the ADRF is to

reduce a to zero. At the same time the inverse temperature (3 is increased by a

large factor. This can be understood roughly from the following. Before the

ADRF the entropy of the spins is given by eq.(7). Inserting eq.(6) for p and

using the high temperature approximation one finds:
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Si 1 2 ,
jj-i- to 2 - i(o 0a

2

I B

Goldman [2] derived the following simple formula for the entropy after the

ADRF, using the high temperature approximation:

ÏHE- " *> 2 - £ D2p2 (15)
L D

where the local field D is defined by

D2 Tr{K,l2}/Tr{lz} = i E Aj. (16)
v z . l j

Because the ADRF is isentropic, the entropy of the nuclear spin system before

and after the ADRF must be the same. From eqs.(14) and (15) it can then be

concluded that

0)0

P = ^ a (17)

With an initial spin temperature after DNP of 1.9 mK this ineans a temperature

after the ADRF of about 0.1 u.K.

1.4 The demagnetized state

If the dipolar spin temperature Tp = h/k_p after the ADRF is sufficiently

low, a transition from the paramagnetic state to an ordered state will occur.

The properties of the nuclear spin system in the ordered state can be obtained

using the density matrix a given by eqs.(12) and (13). The energy of the

system is then given by

<X> = <Z> + <X^> (18)

where the expectation value of an operator A is defined as

<A> = TrfoA}/Tr(a} (19)
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The effect of the AERF is in most experimental situations equivalent to a

reduction of <2> to zero. The only exception is the case when the ordered

state is a monodomain ferromagnetic structure. This exceptional case was not

encountered in the experiments described in this thesis. For the determination

of the properties of the proton spin system in Ca(0H)2 after the ADRF we will

therefore restrict ourselvesto the calculation of the dipolar: energy <3<L!>. We

shall discuss these calculations in detail in chapter 2, making use of the

Weiss field approximation. Using an ADRF to create nuclear spin systems at

very low spin temperature makes it possible to impart both positive and

negative values of the temperature to the system. This is accomplished by

starting the ADRF at co > OJQ or at u> < u0 respectively. The different behaviour

of the spin system at positive and negative temperature will also be discussed

in chapter 2.

The dipolar energy following from eq.(3) depends through the factor AJJ on the

orientation of the external magnetic field with respect to the crystalline

axes. This means that the character of the ordered states will be different

for different orientations. These properties will also be discussed in

chapter 2.

After the spin system is cooled by the ADRF it will heat up due to spin-

lattice relaxation. As was explained above, Provotorov found that in a high

magnetic field the nuclear spin system can be described as consisting of a

Zeeman part and a dipolar part. The Zeeman part relaxes to the lattice with a

time constant Tj n which is of the order of a few hundred hours under our

experimental conditions. This means that after the ADRF <2> will remain zero

for a very long period. The dipolar part comes into equilibrium with the

lattic with the dipolar relaxation time Tj D which is of the order of a minute

under our experimental conditions. This latter time constant therefore

determines the time that is available for measurements in the demagnetized

state.

The results of measurements of the transverse susceptibility of the

proton spins in the demagnetized state will be presented in chapter 6. These

measurements have been performed with the magnetic field parallel to the

crystalline c-axis for both positive and negative spin temperature. The re-

sults in the paramagnetic state will be interpreted using third order series

expansions in f3 = h/k T . We shall furthermore show that both at positive and

at negative spin temperature an ordered state occurs [8,9] and we shall ex-

plain its susceptibility using the Weiss field approximation.
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2
the prediction of ordered states

2.1 Introduction

In this chapter we shall deal with the prediction of the structure and

the properties of the magnetically ordered states of the proton spin system in

single crystals of CaCOH)^' In the crystal the proton spins occupy a hexagonal

lattice. The interactions between the spins are dipolar only.

There are no exact theories describing the ordered states for this spe-

cial case, but one can use one of several approximative theories. In this

thesis we shall use the effective field or Weiss field approximation. This

approach was used by Goldman for the description of the ordered states of the

nuclear spin systems in the cubic substances CaF2, LIF and LIH. The method is

described in detail in ref. [1]. Here we shall give an outline of this effec-

tive field approximation and stress those points that are peculiar to the case

of Ca(OH)2.

In section 2.2 and 2.3 we shall derive expressions for the dipolar energy

of the ordered states, using the Weiss field approximation. We shall also

develop a criterion for predicting the ordered state. After giving the results

of the predictions for the external field along the principal axes of Ca(OH)2

in section 2.4, we shall calculate values for the critical temperature and the

critical polarization in section 2.5. Finally in section 2.6, a rotational

diagram is presented, giving the ordered states for the case of the external

field in an arbitrary direction.
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2.2 The Weiss field approximation

In chapter 1 it was shown that after an ADRF the nuclear spin system can

be described using a Hamiltcnian consisting of a truncated dipolar interaction

term only. For the prediction of the properties of the proton spin system in

Ca(0H>2 at low spin temperatures we will calculate the dipolar energy:

where

h Z A. .{2<lllh - <IiIj> - a 1 ^ } (1)
,. iy z z xx y y '

2 (l-3coS29 )

Aij 2 r3
 { '
ij

Again, ?3 in chapter 1, <K"> is expressed in frequency units, which means that

the energy is divided by h.

For this calculation we apply the Weiss field approximation [2]. That is,

we assume that the effect on a spin 1 of all other spins in the sample, is

equivalent to an average dipolar field. It is furthermore assumed that this

field is independent of the orientation of spin I . Then the expectation value

of the product of spin operators can be written as the product of the expecta-

tion values of individual spin operators

<ljlj> - <lJ><lJ> , = x,y,B (3)

The dipolar energy, eq.(l), can then be written as:

h t S^fS (4)

The factor ^ appears because the dipolar energy is a self energy. Furthermore,

u) has components:

u1 = - S A, . <IJ >
x,y , ij x,y

J (5)

u1 = 2 £ A., <Ij>
z ij z

The dipolar interaction is thus described as the Zeeman interaction io •<? > of

a spin t 1 with a field it1 = tf/y. This is the so-called Weiss field.
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Aff'jr a complete ADRF the effective external field in the rotating frame

is zero. Th snins then experience the dipolar field H only. This field will

only be nonzero if an ordered state exists. The magnetization of a spin I in

this field is given by a Brillouin function, which for I = \ becomes

(6)

For the calculation of the properties of the ordered states we have to solve

eq.(5) and (6). These equations have two types of solution. For |T| larger

than a critical temperature |TC|, the only solution is

for all spins I (u. = x,y,z). For |T| smaller than | Tc | there are one or more

solutions with

Eq.(5) and (6) form a set of 10 coupled equations. Since no general analyt-

ical methods for solving these equations exist, one has to us J approximation

techniques. Two methods can be applied. One has been developed by Luttinger

and Tisza [3] and yields the properties at TD = 0. The method uses the fact

that at TD = 0 the non trivial solution of eq.(6) obeys I <1*~>1 = +h, so that u

can be calculated directly from eq.(5). The other method has been developed by

Villain [4]. It is used to predict the properties at TD = Tc. The gist of this

method is that <? > is small at Tn = T_ so that the Brillouin function in
U. U C

eq.(6) can be expanded linearly.

In order to predict the arrangement of the spins in the ordered state, we

follow Luttinger and Tisza and solve eq.(5) and (6) at TD = 0. These equations

have a great number of solutions, each corresponding to a spin arrangement.

Then we apply a thermodynamic criterion to predict which of these arrangements

will occur. In deriving this criterion we must pay attention to the fact that

it is experimentally possible to Impart both positive and negative spin

temperatures to the system, as was described in chapter 1.

An ordered state Is created by performing an ADRF. After the ADRF the

system will develop until a stable state is reached. For times shorter than

the dipolar relaxation time, the system can be considered to be thermally lso-
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Iated and lts entropy is constanc. Furthermore the system does not perform

work. Combining the first and second law of thermodynamics then yields:

|5- < dS = 0 K7)

From eq.(7) we see that for T > 0 the stable equilibrium state of the spin

system will be that of minimum energy. For T < 0, because of the sign rever-

sal, it will be the state of maximum energy. In the next section we shall cal-

culate the dipolar energy of different possible spin arrangements at T < 0 and

T > 0. We shall then apply the thermodynamic criterion to predict the stable

ordered states at T < 0 and T > 0.

2.3 The «ethod for calculating dipolar energies

In the calculation of the dipolar energy we distinguish two types of pos-

sible spin arrangements [1]. In the first type

<Ii> = ± h and -a1 > = 0
z x,y

i.e. the magnetization of the spins I is parallel or antiparallel to the

direction of the external magnetic field. These are the so-called longitudi-

nally ordered spin arrangements. At Tp = 0, the dipolar energy per spin for

this type of arrangement according to eqs.(4) and (5), is given by:

where f̂ ^ is a structure factor which is +1 when spins f and 1 are parallel

and -1 when they are antiparallel. Nj is the number of spins.

In the second type of ordered state

<I*> = 0 and ( a S 2 + <I*>2^ = h
z ( x y

i.e. the magnetization of the spin Is perpendicular to the direction of the

external magnetic field. This is a so-called transverse type of ordered spin

arrangement. In a frame of reference rotating with the nuclear Larmor frequen-
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Fig. I The hexagonal crystal struc-

ture of Ca(OH)g. In the figure the

position of the ions and the values

of the ceil parameters ars 'ndicat-

ed. Also shown is the rectangular1

coordinate systen that was used in

the calculation of tne dipolar sums.

cy, the spins in such an arrangement have a fixed orientation with respect to

each other. When viewed in the laboratory frame, the spins thus precess coher-

ently about the- direction of the external magnetic field with the Larmor fre-

quency. For this type of arrangement the dipolar energy per spin is given by

ED = N7 (9)

where f̂  . is the structure factor that was defined above.

As before, in pq.(8) and (9)

2 l-3cos20. .
Aij • h T - ^ 2 (2)

This factor A^. -and hence the dipolar em -gy- depends on the orientation of

the external magnetic field with respect to the crystal axes. Consequently,

different stable spin arrangements might occur for different orientations of

the field. We shall therefore calculate the dipolar sums in eq.(8) and eq.(9)

for each orientation of the external magnetic field. For the calculation of

these sums in Ca(0H)2 we use the rectangular coordinate system shown in fig.

1. The z-axis of this coordinate system is parallel to the crystalline c-axis,

the x-axis is parallel to the a-axis and the y-axis is perpendicular to the



ac-plane. We define

as term i - j of the dipolar sum for a given spin arrangement. We can write D ^

as a tensor when we replace 9 . by the in-product of the unit vector h =

S0/ii?glin the direct ion of the external field and & = r /1 r | :

2fc l -3(h .R. . )2

D. . = 4 * L _ è i L f. . = D
xx

 h2 + D ^ h2 + D « h2
ij 2 „3 IJ l j x i ] y ij z

X y h h + DXZ h h + Dyz. h h 1 (11)- 6[Dxy h h + Dx. h h + D". h h ]L
 IJ x j IJ x z ij y zJ

where D . (a,f3 = x,y,z) are the tensor elements of the dipolar interaction

between spins I1 and I-1:

2fc 1-3 ( x . 2 . / r ? . )xx ^ ii i l l!

ijij

with similar expressions for D?X and D?^, and

2 5 j
ij

again with similar expressions for Dx? and D^. x^, ŷ  ̂ and z^- are the com-

ponents of r. ..

In section 2.4 we shall deal with the ordered states for the field ori-

ented along the x, y and z axes of the crystal. For those cases we need the

values Dxx, D ^ and D2^ of the dipolar tensor only. Predictions for the order-

ed states when the field is directed arbitrarily will be the subject of sec-

tion 2.6. In that section we shall need the non-diagonal elements Dx^, D ^ and

Dx^ as well.

The calculation of the tensor elements D"^ was done by direct summation

on a HP 2100 minicomputer containing a 48-bit floating point processor. As a

first step a spin I was chosen as the origin and the dipolar tensor elements

were summed over spins IJ interacting with spin I1. The dipolar sums

of. (14)

24



were calculated for 30 different spin arrangements, both longitudinal and

transverse.

The value of D.^ obtained in this way depends in general on the position

of the spin I that is taken as the origin. In the calculation of the dipolar

energy we involved only those structures that have translation symmetry, so

that it is possible to define a magnetic unit cell. There will then be not

aore different values of D^ than the number of spins in the magnetic unit

cell. Due to other symmetries in this cell apart from translation symmetry,

the number of unequal values of D̂  is often even smaller. In the calculations

separate attention must be paid to the effects due to the boundary of the

crystal, as will be discussed below.

The dipolar energy per spin is then calculated by taking the average of

the values of D. for each of the spins in the magnetic unit cell:

^ = k X "f °ii
for a longitudinal ordering and

k< - " k f f Diü
for a transverse ordering, where n is the number of spins in the magnetic unit

cell and Nj- is the total number of spins.

The sums were calculated for all spins 1-̂  surrounding spin I1 within a

sphere with a radius r. This radius r was increased stepwise -thus increasing

the number of spins included in the summation- until the limit set by the

digital error of the computer was reached. This will be illustrated for the

calculation of structure YA" 2 shown in fig. 3. The results of the calculation

of Dxx, D?y and D|Z for this structure, as a function of the radius r of the

sphere, are shown in fig. 2.1. The fluctuations in the values of D"a are due

to the fact that the sums are taken over a discrete lattice. In fig. 2.2 a

plot is shown of the calculated sum Dxx + D^v + D^z as a function of r.

Theoretically this sum is exactly zero as can be seen by substituting eq.(12)

for D™. The figure shows that starting at a radius of about 40 times the

length of the a-axis, the value of I)xx + D ^ + D^Z becomes comparable to the

fluctuations in the values of D as a function of r. The reason for this is

that the digital error of the computer begins to dominate the precision of the

calculated sums. The calculation was therefore stopped after calculating the
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Fig. 2.1 Fin. 2.2

Fig. 2.1 For the structure ÏAF2

that ie shown in fig. 3, the dipolar

sums lF.x, l&y and lfiz for the

magnetic field parallel to the x, y

and z-axis respeatively have been

calculated as a function of the

radius r of the sphere around spin

I1. This sphere contains the spins

that are considered in the calcula-

tion. The radius is expressed in

terms of the length of the a-axis.

The shaded area is the inaccuracy in

the calculations as is derived from

fig. 2.2. The chosen limit is also

indicated. For easy comparison with

table 2 we have plotted 1/4 D?a

because according to eq.(lb)

Èr = 1/4 D».

Fig. 2.2 A plot of the calculated

sum Z Z??u as a function of r.
rr

The increase of this sum for v >

40 a is due to the digital error of

the computer. The limiting values

shown in fig. 2.1 have been deter-

mined for r = 40 a.

sum for the spins in a sphere with a radius of 40 times the length of the a-

axis. Such a sphere contains in the order of 3 x 10 spins. Using different

values of the steps in r scarcely influenced the results of the calculation.

Recently our results were confirmed by de Haas [5], who performed calculations

using the Fourier transform method of Cohen and Keffer [6]. The error in the

value of D ^ that we calculated is estimated to be less than 2 x 10"-^.

For the antiferromagnetic structures, the dipolar sum converges fairly

rapidly and the sum is independent of the shape of the volume in which the
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summation takes place. The contribution of the spins in the sample that are

outside the spherical volume that is used for the computer calculation of Df.
can then be neglected.

In the case of a ferromagnet, where fjj = +1 for all i and j, the sums

D?P converge more slowly. Then the resulting value of B^ is a function of the

shape of the volume which is taken as the domain for the summation.

In chapter 1 it was argued that ADRF reduces the expectation value of the

Zeeman term in the Hamiltonian to zero. Then one must assume that the

ferromagnetic orderings in our sample will have a domain structure such that

the total net magnetization of the sample is zero. Furthermore we assume that

the volume of a single domain is small compared to the volume of the sample.

Then the magnetization of the sample minus one domain will still be very near-

ly zero. For the calculation of the dipolar energy of a spin T we can then

restrict ourselves to the spins in the domain of which spin I is part.

The dipolar energy per spin for a ferromagnetic domain is calculated

using a Lorentz sphere model. First we calculate the energy for the spins

within a sphere of radius r surrounding spin I . The contribution of the spins

in the domain outside the sphere is obtained by approximating the summation by

an integral:

E = fE 1 + (E ] ri 7)
D *• D ^sphere v D'domain-sphere

The first term in eq.(17) is found by direct summation in the way that was

described previously. In this case, however, f|* = + 1 for all j. The second

term is found as follows. First the summation in eq.(14), where j runs over

the spins in the volume domain-sphere, is replaced by an integration:

(Dap) . = Z D?? = I ƒ dr üf(r) (18)
I i 'domain-sphere j 6 d o m a l n_ h e r e U *> i "'

r domain-sphere

where v is the volume per spin. Performing the integration in eq.(18) yields

fDaP) = &- - fN - ̂ M (19)
[Ui 'domain-sphere 2 v [N 3 ' K '

N is the dinensionless demagnetizing factor which takes values [7]

0 < N < 4* (20)
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Table 1

shape

sphere

thin platelet

thin platelet

long thin cylinder

long thin cylinder

any

normal

in-plane

parallel

perpendicular

N
(Ü II «o)

4*/3

4TI

0

0

2n

Demagnetizing factor for different field directions and domain ehapes.

depending on the domain shape. The dipolar field at the site of a spin I1 in a

ferromagnet is independent of i only for domains of ellipsoidal shape. In that

case the factor N can be determined analytically. The extreme values 0 and 4u

occur for such ellipsoidal shapes as one sees from table 1 where values of N

for several situations are given. N = 0 for an infinitely thin needle and

N = 4n for an infinitely flat disk.

The domain shape for ferromagnetically ordered spin arrangements is

determined by energy considerations. As we saw earlier, stable ordered spin

arrangements are arrangements of maximum energy for T < 0 and of minimum

energy for T > 0. Using these criteria and the data from table 1, if is

predicted that for the case of longitudinal ordering, domains will have the

shape of infinite needles parallel to the field at T > 0 and of flat platelets

perpendicular to the field at T < 0. For transverse orderings, just the

converse will be true.

2.4 Eesults for the magnetic field along the x, y and z-axes of the crystal

In this section we shall present the results of the calculations of the

dipolar energy ED, for the external magnetic field along the x, y and z axes

of the crystal respectively. These axes have been defined in the previous
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/c
-a

x
is

o

X

D

long.

+55850

+5585 7

+55860

+55860

+55864

- 8434

- 2038

+ 2500

+ 4915

+12243

-10868

- 2349

- 57

+ 4698

+12243

spin

trans.

-2 7925

-2 7929

-27930

-2 7930

-2 7932

+ 4217

+ 1019

- 1250

- 2458

- 6122

+ 5434

+ 1175

+ 28

- 2349

- 6122

n

1

2

3

4

1

1

1

3

2

1

1

1

3

2

1

struct.

ZAF1

ZAF2

ZAF3

ZAF4

ZF

XAF1

XAF2

XAF3

XAF4

XF

YAF1

YAF2

YAF3

YAF4

YF

lx
 I

s

1
_co

SC

t

long.

-2 7925

-2 7929

-2 7931

-2 7931

-2 7932

+17943

+23462

+20886

+19622

+15688

+ 5434

-34528

-14641

-31207

-27932

Table

spin

trans.

+13962

+13964

+13965

+13965

+13966

- 89 72

-11731

-10443

- 9811

- 7844

- 2 717

+17264

+ 7321

+15603

+13966

n

1

2

3

4

1

1

1

3

2

1

1

1

3

2

1

2

struct.

ZAF1

ZAF2

ZAF3

ZAF4

ZF

XAF1

XAF2

XAF3

XAF4

XF

YAF1

YAF2

YAF3

YAF4

YF

OJ

c

p
la

i
u
OJ
—1
o

5C

„oca
E D per

[

long.

-2 7925

-2 7929

-2 7931

-2 7931

-2 7932

- 9519

-21415

-2-J386

-24556

-2 7932

+ 5434

+36836

+15000

+2 6490

+15688

spin

s"1]

trans.

+13962

+13964

-.x3965

+13965

+13966

+ 4 759

+10707

+11693

+122 78

+13966

- 2 717

-18443

- 7500

-13245

- 7844

n

1

2

3

4

1

1

1

3

2

1

1

1

3

2

1

struct.

ZAF1

ZAF2

ZAF3

ZAF4

ZF

XAF1

XAF2

XAF3

XAF4

XF

YAF1

YAF2

YAF3

YAF4

YF

Dipolar energy per spin for all the spin arrangements that have been considered in Ca(0H)2- FCT* the longitudinal

arrangements eq.(15) was used for the calculation, for the transverse structures eq.(16) was used. The number of

inequivalent spins in the magnetic unit cell is designated by n.
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Fig. 3 Diagrams of the spin ar- axis) all structures were consider-

rangemente that were considered in ed, taken both as longitudinal and

the calculations of the dipolar as transverse structure. Open and

energies. No separate diagrams of closed dots indicate opposite spin

the ferromagnetic structures are orientations, parallel to the field

shown. The meaning of the code in longitudinal structures, perpen-

identifying the structures, is dicular to the field in transverse

explained in the text. For each ones,

field direction (Ho II r, y and z-

section. In these cases eq.(l4) for D " reduces to

D.aa = S D"? a = x.y.z (21)

j J

The sums D™a were calculated for 30 different spin arrangements, both longi-

tudinal and transverse. The dipolar energy for these spin arrangements is

given in table 2.

In fig. 3 drawings are shown of all the spin arrangements that were con-

sidered. The configurations have been given a code which is also used in table

2. The ferromagnetic spin arrangements are designated by "F". The antiferro-

magnetic spin arrangements are designated "AF1" through "AF4", according to

the number of consecutive spin layers that is involved in a sublattice. By the

prefix X, Y or Z we indicate the direction in which the magnetization of the

sublattices alternates. In table 2 we also indicate the number of inequivalent

spin positions, n, in the magnetic unit cell that is used in eq.(15) and (16).

The dipolar energies for the ferromagnetic spin arrangements are obtained

by combining the conclusions at the end of the previous section with the

result of the calculation of the dipolar energy of a Ca(0H)2 sphere. These

latter results are given in table 3.

One can now arrive at a prediction of the type of ordered structure for a

given field direction and sign of the temperature, by selecting the spin ar-

rangement with highest or lowest value of Ep. The predictions that result from

these calculations are summarized in table 4, while the corresponding spin

arrangements are shown in fig. 4.
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Table 3

So

So

Ho

80/(Sol

Is"1]

II c-axis

II a-axis

1 ac-plane

Ep" per

26783

-13392

-13392

spin

Dipolar energy per spin for a spherical ferromagnetic sample of Ca(OH)2, cal-

culated using eq.(15). The spins are taken to be oriented parallel to the ex-

ternal field.

A short description will now be given of the structures that are expected

to occur at both T < 0 and T > 0, for the magnetic field along the x, y and z

axes of the crystal.

1. Hn II c-axis, T < 0

From (.able 2 it is seen that the structure of highest energy is a ferro-

magnet ZF, with domains in the shape of flat disks perpendicular to the ex-

ternal field. The spins in this structure are aligned along the field, whence

we call it a longitudinal ferromagnet. Each domain consists of a large number

of layers of ferroraagnetically aligned proton spins. The layers are arranged

ferromagnetically with respect to each other. The protons within a layer form

hexagons with an edge of 2.186 A. Half of the protons lie 0.355 A above the

plane, the other half 0.355 A below. The layers are spaced at 4.880 A. The

structure is shown in fig. 4.1.

In table 5 we present results that show that the dipolar energy of a spin

I is almost completely determined by the contribution of spins 1^ in the same
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Table 4

Field

t'o '

H 0 II

Ho 1

direction

c-axis

a-axis

ac-plane

Temperature

T > 0

T < 0

T > 0

T < 0

T > 0

T < 0

Ordered

structure

ferro

ferro

antiferro

antiferro

ferro

antiferro

Spin I

alignment

transverse

longitudinal

longitudinal

longitudinal

longitudinal

longitudinal

Ëp per spin

Is"1]

-27932

+55864

-34528

+23462

-27932

+36886

Tc

[UK]

0.427

-0.853

0.528

-0.358

0.427

-0.564

PC

0.

0.

0.

0.

0.

0.

398

199

346

642

539

408

Sc

0.

0.

0.

0.

0

0

/NxkB

612

673

632

470

540

607

Summary of the properties of the ordered structures that are predicted in Ca(0H)% f°r positive and negative

spin temperature and for the external field along the principal axes of the crystal.

Values for the critical temperature and critical polarization have been calculated following the procedure

described in section 2.5.



Table 5

structure

ZF

ZAF1

single ferromagnetic layer

Lnree layers Vl^T~4^1

Epz per spin

Is"1]

55864

55850

55857

55850

Values of the dipolar energy for different ordered structures, showing the

dominance of the contribution of a single ferromagnetic layer.

layer as spin I . First we repeat the values that were obtained in table 2 for

the longitudinal ferromagnet and antiferromagnet. Then we give the dipolar

energy of a single ferromagnetic layer. Next we give the dipolar energy of a

single ferromagnetic layer. Finally we give the dipolar energy for a ferro-

magnetic layer with two adjacent ferromagnetic layers, the spins in successive

layers being oriented antiparallel. It is seen that the contribution to the

dipolar energy of these adjacent layers is only a fraction 6 x 10 of the

dipolar energy of a single layer.

The ferromagnet (ZF) and the antiferromagnet (ZAF1) are thus nearly de-

generate. Because we used an approximative method in calculating the dipolar

energy, experiment will have to decide which of the two will occur.
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Fig. 4 Diagrams of the structures

that ave predicted for the magnetic;

field parallel to the principal axes

of the crystal, for both negative

and positive temperature. In all

figures except 4.2 closed dots des- iT

ignate spins parallel to the magnet- Ho I j

ic field and open dots spins that

are antiparallel to the field.

4.1: Ho II a-axis, T < 0.

2. Hn II c-axls, T > 0

The structure of lowest energy is again a ferromagnet (ZF) with a domain

structure. The domains have the same shape as in the previous case. The nucle-

ar magnetization, however, is directed perpendicular to the direction of the

external field. The structure is the one shown in fig. 4.1, but with the spins

oriented as in fig. 4.2.2. Such a structure will be called a transverse

structure. In the laboratory frame of reference the spins in such a structure

will precess coherently around Hg with the nuclear Larmor frequency oog. Such

an ordering can also be viewed as a locking of the nuclear spins to the

rotating Weiss field of the spins themselves (so-called "self-locking"). In a

frame of reference rotating with the frequency <jg, the spins within a domain

are parallel in a fixed but otherwise arbitrary direction in the xy-plane as

is shown In fig. 4.2.1.

The transverse antiferromagnetic structure ZAF1 is nearly degenerate as

can be seen from table 3. It consists of proton layers in which the spins are

parallel in a fixed orientation in the xy-plane. Successive layers are arrang-

ed antlferromagnetically. It is similar to the longitudinal structure des-

cribed previously for T < 0. Between the extremes of parallel and antiparallel

orientation of successive layers, any ordering in which the spins in succes-

sive planes are rotated over an angle $, is possible (see fig. 4.2.3). The di-

polar energy of such an ordering Is given by

ED = ~ 8 ^ J Aij « « K j <22)
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Fig. 4.2.1 Fig. 4.2.2 Fig. 4.2.3 Fig. 4.2.4

4.2: Bo II c-axis, T > 0.

The structure is the same as the one

that is shovm in fig. 4.1. The

spins, however, pvecees in the aa-

plane as is shown in fig. 4.2.1. The

ferromagnetic structure is either of

the type shown in fig. 4.2.2 or of

the heliaoidal type shown in fig.

4.2.3. In fig. 4.2.4 the spin orien-

tation in three successive spin

layers is shown for the case of a

helix.

where k.z is the angle between spins I1 and IJ. We then have a helix struc-

ture having a pitch k and an energy between the extreme case of a ferromagnet,

where the spins in all successive planes are parallel (and hence k=0), and the

case of an antiferromagnet, where the spins in successive planes have alter-

nating orientations (and hence k = n/c, c being the length of the c-axis). As

in the previous case for T < 0, three successive layers almost completely de-

termine the dipolar energy of the ordered structures that are predicted. This

can be seen in table 5. Then, the energy of the helix as a function of <t> = k.c

can simply be written as

ED(layer I) + 2ED(layer II) cos*

The nomenclature of the layers refers to fig. 4.2.4.

(23)
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Y AF 2 —

Fig. 4.3

4.3: Ho II a-axis, T < 0.
4.4: HQ II a-axis, T > 0.
4.5: Ho i aa-plane, T < 0.
Not shoicrn. is the fevvomagnetia

needle structure that is predicted
for Ho 1 aa-plane, T > 0.

Fig. 4.4 + Fig. 4.5

3. Hn II a-axls, T < 0

The stable state Is the longitudinal antiferromagnet XAF2, shown in fig.

4.3. The sublattices each consist of two layers of ferromagnetically arranged

proton spins. These layers are perpendicular to the external field.

Hn II a-axls, T > 0

Again a longitudinal antiferromagnetlc structure YAF2 is expected, in

which the sublattices each consist of two layers of ferromagnetically arranged

proton spins. In this case however, the proton spin layers are parallel to the

ac-plane, as is shown in fig. 4.4.
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5. Hn 1 ac-plane, T < O

Under these conditions the calculations lead to the prediction of the

longitudinal antiferromagnetic structure YAF2, shown in fig. 4.5. The sublat-

tices each consist of two ferromagnetic layers. These layers are parallel to

the ac-plane.

6. Hn 1 ac-plane, T > 0

In this case a ferromagnetic spin arrangement with domains in the shape

of needles parallel to the external field Is predicted as the state of lowest

energy. As can be seen in table 2, this structure is nearly degenerate with

the antiferromagnetic structure ZAF1. The sublattices of this structure each

consist of a single layer of ferromagnetically arranger! proton spins. These

layers are oriented perpendicular to the c-axis.

2.5 Soae properties of the ordered structures

Up to now we have discussed the ordered states at Tp = 0. In this section

we shall investigate some of the properties of the ordered states at TD t 0.

In section 2.3 we defined a magnetic unit cell for the ordered struc-

tures. If at TD = 0 the dipolar energy for each spin in the magnetic unit cell

has the same absolute value, the strong constraint defined by Luttinger and

Tisza Is fulfilled. Solving eq.(5) and (6) for T » Tc then also yields that

the dipolar field at every spin site has the same absolute value. Hence the

magnitude of the polarization is the same for every spin I :[p.[ = p0, where

PQ is a function of the temperature only. Goldman calls these structures

permanent [1]. It can be seen from table 2 that the predicted ordered states

In Ca(0H>2 are all permanent. A value for the critical temperature Tc of a

given ordered structure can be derived when the Villain approach for the solu-

tion of eq.(5) and (6) Is followed. It has been shown [8] that this approach

yields the following relation between Tc and the dipolar energy per spin Ep at

TD = 0:



_ R
c " 2kB . „

Using eq.(15), T for a longitudinally ordered spin arrangement is then given

by

flU S E' D?§ (25)

Similarly for a transverse structure, using eq.(16), this critical temperature

is given by:

n NI
Tc = j ^ £ Ï D«!j (26)

Jj ± J

T is not a parameter that Is directly accessible for experimental determina-

tion. We can, however, measure the entropy of the system, since it is related

directly to the polarization of the spins. Before ADRF, in high effective

field, we can neglect the dipolar entropy and [9]

Sr
= SLn2 - h [(l+po)*n(l+po) + (l-po)An(l-po) ] (27)

NTk.I a

Since ADRF is isentropic, this yields the total entropy in the demagnetized

state as well.

In the Weiss approximation it is not possible to find a value for the

critical entropy because the entropy associated with the local order is ne-

glected in that approximation. Local fields are indeed taken into account in

the description of ADRF in the high temperature approximation. In that approx-

imation we can obtain an indication of the starting polarization pc that is

necessary in order to reach the critical temperature Tc after ADRF. To first

order ADRF leads to a change in the inverse temperature that is given by

Pfinal "0 (28)

"initial "

where S = li/k._T and D is the local frequency that is defined in eq.(16) of

chapter 1. Furthermore to first order

PO = -h "o Plnltlal (29)



Then, by combining eqs.(28) and (29) one finds for pc:

Pc = -% Pc
 D (30)

The critical entropy SQ is then found by replacing p0 in eq.(27) by p£. In

order to find a value for pc we must calculate fj and D. The first is found

from eq.(25) and (26). The second was shown already by Van Vleck [10] to be

related to the second moment M2 according to D
2 = 1/3 M2. For spins I = \, D

is then given by

(l-3cos2e )2 ,
D = W 3 Y2 h (S -±I_)* (31)

We have calculated D for the case of Ca(0H)2 by direct summation, using the

same method as was described in section 2.3.

The values for Pc, Sc and Tc that have been obtained in this way for the

predicted ordered spin arrangements for the external field along the x, y and

z axes, both for T > 0 and T < 0, are given in table 4.

2.6 Results for the «agnetlc field in an arbitrary direction

In section 2.4 we made predictions of the ordered structures in Ca(0H)2

for the magnetic field directed along the x, y and z axes of the crystal. To

that purpose we determined the diagonal tensor elements D*? of the dipolar

interaction tensor. Now we shall predict the ordered structures for the field

directed arbitrarily. In order to do this we have to calculate the non-diagon-

al elements D1?'? of the dipolar tensor as well. These elements have been cal-

culated by direct summation in the same way as the diagonal elements.

As a starting point for the predictions we took the ordered states that

are expected to occur for tht magnetic field along the x, y and z axes of the

Ca(0H)2 crystal. For a given field direction the energy of each of the three

states was calculated using eq.(li). By taking into account the symmetries in

the ordered states, this calculation is simplified because some or all of the

last three terms in eq.(ll) cancel out.

The c-axis is a trigonal axis In the case of ordered states consisting of

layers perpendicular to this axis or needles parallel to it. Then it can



readily be shown that the three cross terms in eq.(ll) cancel, so that eq.(ll)

becomes:

D. . = D " h2 + Dj3; h2 + D " h2 (32)
13 ij x ij y ij z

This situation occurs for the ferromagnetic ordering predicted for HQ II c-

axis at T < 0 and T > 0 (see fig. 4.1 and 4.2) and for the ferromagnetic

needle structure predicted for Hg II y-a:*is and T > 0. For ordered states

consisting of layers perpendicular to the y-axis, the yz-plane is a mirror

plane. It can then be shown that the xz and xy terms in eq.(ll) cancel so that

D . D h t T) h + D h 6Df! h h (33)
ij ij x ij y ij z ij y z

This is the situation for the AF2 state occurring for Ha 1 ac-plane at T < 0

(see fig. 4.5) and the AF2 state occurring for Ho II a-axis at T > 0 (see fig.

4.4).

For ordered states consisting of layers perpendicular to the x-axis, this

axis is a twofold axis. Then again the xz and xy terms in eq.(ll) cancel out

and again

D = D** h2 + Dy/. h2 + D « h2 - 6T)yZ. h h (34)
ij ij x ij y Ij z ij y z

The AF2 expected when Ho II a-axis at T < 0 Is an example of this situation

(fig. 4.3).

With these simplifications a rotational diagram of the expected ordered

states in Ca(0H)2 was constructed as follows. First we wrote the unit voctor

in the direction of the external field h in polar coordinates:

h = sin9 cosif)
x y

h = sine sinifi (35)

h = cos9
z

so that eq.(33) becomes

D± .(9,4») = (D
x* COS 2* + D ^ sin2(|))sin2e + D ^ COS 29 - 6D^sin9cosesinit>

(36)
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Fig. S Rotational diagram of the

predicted ordered states in Ca(0H)2

at T < 0 as a function of the direc-

tion of the magnetic field with

respect to the rectangular coor-

dinate system from fig. 1, expressed

in the polar angles $ and 9. The

numbers refer to the description of

the structures in section 2.4.

Fig. 6 Rotational diagram of the

predicted ordered states in CalOHlo

at T > 0. For a further explanation

see fig. S.

Then, for a given value of 6 and $, D .(6,<t>) was calculated for each of the

three principal axes states. In this calculation it was assumed that the spins

orient parallel to the magnetic field (or perpendicular to it in the case of

transverse states). For the antiferromagnetJc structures it was furthermore

assumed that the orientation and the structure of the magnetic unit cell for

an ordered state for a given principal ?xis direction of the external magnetic

field, do not change upon rotation of the field.

There are three different x and y directions in the Ca(OH)2 sample be-

cause of the trigonal crystal symmetry. Therefore the antiferromagnetic states

predicted for the magnetic field parallel to the x and y axis, were taken into

account three times for each value of 9 and <|>.



Domains In the case of ferromagnetic ordering take a shape so as to mini-

mize or maximize the energy. Therefore, the domains are assumed to rotate

along with the magnetic field.

Finally, transverse and longitudinal states were treated as distinct

states that do not mix.

In summary, the rotational diagram of the predicted ordered structures at

T < 0, was obtained in the following way.

For each 9 and 41 the energy was calculated of:

- the longitudinal ferromagnet predicted for H o II z-axis;

- the antiferromagnetic structure that is predicted for H o II x-axls, for each

oi the three inequivalent orientations of the x-axis in the sample;

- the antiferroraagnetic structure that is predicted for H o II y-axis, for each

of the three inequivalent orientations of the y-axis in the sample.

From these the state of maximum energy was selected. This state is ex-

pected to occur. The rotational diagram thus obtained is shown in fig. 5.

In the same way the rotational diagram of the states at T > 0 was obtain-

ed by calculating for each 9 and <j> the energy for:

- the transverse ferromagnet predicted for H o II z-axis;

- the longitudinal ferromagnet predicted for H Q II y-axis;

- the antiferromagnetic structure that is predicted for H o II x-axis, for each

of the three inequivalent orientations of the x axis in the sample.

From these the structure of minimum energy was selected. The result of

this calculation is shown in fig. 6.

2.7 Conclusions

In this chapter we have given a description of the ordered structures

that are expected to occur in Ca(0H)2 at low spin temperatures.

Predictions have been made in the Weiss field approximation. Results were

obtained for both positive and negative spin temperatures, and for all orien-

tations of the magnetic field with respect to the crystal axes. In a few

situations it was not possible to make an unequivocal prediction using this

approximative theory, because of the near equality of the dipolar energy of

two possible structures.

Using the Weiss approximation we have also derived critical temperatures



for the structures that are expected to occur for the field parallel to the

principal axes of the crystal. Combining the Weiss approximation with the high

temperature approximation of spin temperature theory, has led to predictions

of values for the critical polarization p thit must be reached in order to

arrive at Tc after ADRF.

In chapter 6 we shall make use of these results in the analysis of our

experiments on Ca(OH)2 in the demagnetized state.
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properties of electron-irradiation-produced
Ojj in Ca(OH)2

3.1 Introduction

By cooling a nuclear spin system to spin temperatures of the order of

I jiK it is possiible to create dipolar ordering of the nuclear spins [1]. We

have performed such experinents in Ca(0H)2 and have observed ordering of tile

proton spins [2], Cooling is achieved in several steps. For one of .hese

steps, dynamic nuclear polarisation, it is necessary that the crystal should

contain paramagnetic impurities at low concentration, typically 10 atomic

percent.

We have created pa? amagnetic centres in single crystals of Ca(0H>2 by

irradiation in an electron beam. In this chapter we shall identify the princi-

pal centre thus created and describe some of its properties.

3.2 Crystal structure and preparation

Ca(OH)2 has a Cd^-'ike crystal structure with a hexagonal unit cell of

space group symmetry DJJ. The Ca atoms are in positions (0, 0, 0) with D ^

point symmetry. The oxygen and hydrogen atoms are in the special positions

±•(1/3,2/3,z) with point symmetry C3y. The parameters z nave Leen determined

accurately by neutron diffraction at -140 "C [3]. For oxygen z = 0.2346

+ 0.0002 and for hydrogen z = 0.4280 ± 0.0004. The cell dimensions were also

determined by neutron diffraction. In figure 1 the crystal structure and the

values of the cell parameters are shown.

There are no hydrogen bonds in Ca(0H)2» Crystals of the Cd^-type struc-

ture are distinctly layer like, both in atomic arrangement and in physical
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Fig. 1 Hexagonal unit cell of Ca(OH)g showing the positions of the ions and

the aell parameters.

properties. In accordance with these properties, the [001] plane is a perfect

cleavage plane. Single crystals have the shape of hexagonal platelets with the

c axis perpendicular to the hexagonal surface and the a axes parallel to the

sides.

Single crystals are grown using a diffusion method. In this method, first

used by Ashton and Wilson [4], aqueous solutions of NaOH and CaCl2 are allowed

to inter-diffuse slowly through water. For the preparation of large crystals

rather complex modifications of the diffusion method have been developed

[5,6]. We hav-o obtained good, clear crystals with maximum dimensions of

7x7x7 mm3 using the simple apparatus shown in figure 2. The best configuration

proved to be one In which the diffusion path is long in the vertical direction

and as short as possible horizontally. This can be understood since a horizon-

tal concentration gradient will lead to a mass flow due to gravity. This mass

flow disturbs the slow diffusion process. Crystals are grown at room tempera-

ture In a period of about six months. As starting materials for crystal growth

we used CaCl2 Specpure quality and NaOH Titrisol, both from Merck, and Analar

water from BDH.
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Fig. 2 Apparatus used for the

growth of single crystals of Ca(OH)^

by the diffusion method. The long

tubes extending into the legs are

used in slowly siphoning the solu-

tions of CaCl2 and NaOH to the

bottom of the apparatus, thus push-

ing up the previously introduced

water. Connec '-ion to the outside is

by way of a soda lime tube which

serves to absorb 00%. The dimensions

are: diameter of the tube / 25 mm,

length of the legs ~ ZOO mm. The

best cryetalr are formed at the

sites shown. No OH solution

sodc Iir

Ca(OH)2

single crystals

3.3 Irradiation

Paramagnetic centres were created by irradiation with a 1.5 MeV electron

beam in a Van de Graaff generator. In order to avoid heating the crystal to

more than some tens of degrees above room temperature, the beam current was

kept around 10 uA.

The penetration depth of 1.5 MeV electrons in materials like Ca(0H>2 is

of the order of some millimetres. Homogeneous nuclear polarisation requires a

homogeneous distribution of electron spins. Therefore, the crystals used in

ordering experiments always had a thickness of less than 0.5 mm. To improve

homogeneity they were turned over halfway through the irradiation procedure.

Furthermore, the electron beam was scanned across the crystal surface. The

paramagnetic centres which appear to be stable at room temperature, have been

studied using optical, ESR and ENDOR techniques.



3.4 Experimental ESR results

The ESR spectra have been studied in an X-band spectrometer in which the

magnetic field and the crystal could be rotated in mutually perpendicular

planes [7]. In a general field direction the ESR spectrum consists of three

strong lines and three weaker lines. Also there is a number of very weak lines

which are observable only in heavily irradiated crystals. These were not

studied further. On the basis of the following evidence it was concluded that

two types of centres are created, one giving rise to the strong ESR lines and

identified as an O2 centre and the other centre, as yet unidentified, giving

rise to the weak lines. For the 0^ centre it was verified that over three

orders of magnitude a linear relation exists between the irradiation dose and

the number of centres created. An approximate production rate of 2 x 10^

centres/cm^ electron/cm^ was calculated. For the other centre no linear rela-

tionship was found. In the course of the study of the dynamic behaviour of the

O2 centre in Ca(0H)2> spin-lattice relaxation measurements have been performed

[8]. Results indicate a difference of about three orders of magnitude in

relaxation rates for the two centres.

This chapter will only describe the O2 centre and its properties. The

centre connected with the weaker lines will be the subject of a separate

study.

From the rotational diagram of the ESR spectrum it is found that each one

of the three lines of the main spectrum can be described by a g tensor with

rhombic symmetry. The principal axes of the g tensor are directed as follows.

The z axis with a value gzz = 2.3101 is parallel to a crystalline a axis. The

x axis with a value g„_, = 1.9664 is parallel to the c axis, and the y axis

with g = 1.9719 is directed perpendicular to the ac plane. The accuracy in

the measured g-values is 2 x 10 . The choice of the direction of the

coordinate system in relation to the principal values of g will be justified

in the next section. No hyperfine splitting is observed.

These results indicate that the centre is the molecular ion 0^, located

in a fixed position of trigonal symmetry in the unit cell. ' This centre has

been studied extensively by Kanzig and Cohen [9] and Zeiler and Ka'nzig [10].

In our description of the properties of O2 in Ca(0H)2 we shall adopt their

model.

*) We are indebted to Dr. H.W. den Hartog for first suggesting the
possibility.
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Ca(OH)2:O2('
7Oennched) [

Ca(OH)2:Oj

0.35 0 ?'..

Fig. 3 Powder spectra of irradiated

normal Ca(OH)g (A) and 0 enriched

Ca(0H>2 (B), recorded in an X-band

spectrometer at 1.3 K. The spectra

have been normalised to the same

area. Superposed on the spectrum due

to Og is the spectrum due to the

second centre, causing the structure

in the middle of the spectrum. In

the inset, part of the derivative of

the spectrum of the 170 enriched

sample is displayed, showing the

hyperfine peaks more clearly.

Vo = 9.458 GHz.

Direct proof that an oxygen centre is involved will be the observation of

hyperfine splitting due to 0. Because of the low natural abundance of 0,

I, it was not possible to observe such a splitting in unenriched3.7 x 10',-2

nrcrystals. Growth of 0 enriched single crystals was not feasible in view of

the price of 0 enriched water in relation to the quantity used in our crys-

tal growing method. We therefore performed the experiment with 0 enriched

Ca(0H)2 powder. To avoid introducing unwanted magnetic impurities this powder

was obtained by heating Ca(0H)2 single crystals above 580 *C in vacuum. In

this way the Ca(0H)2 was dehydrated. The remaining CaO was slaked with 0

enriched water. This water, obtained from Monsanto, contained 28.15% H^O.

Crystallinity of the powder was verified by x-ray diffraction.

Powder spectra of both enriched and normal Ca(0H)2 are shown in figure 3.

The spectra have the shape characteristic for an approximately cylinder-sym-

metric g tensor. In the enriched spectrum two small humps can be observed at



Fig. 4 X-band ESR spectrum of an
7 7

0 enriched single crystal of

Ca(0H)2j doped with Ö7,. The magnetic

field was directed parallel to the

a-axis. The dashed lines indicate

the positions of four of the six
7 7

0g hyperfine lines, the other two

disappear in the bulk O^-speatrum.

the high field side which are not present in powdered Ca( O H ^ . They are more

clearly visible in the derivative signal shown in the inset. These peaks

originate from a hyperfine interaction S.A.I of the electron spin with the 0

nuclear spin.

In the following analysis we assume that the principal axes of the hyper-

fine tensor are parallel to those of the g tensor. At the low field side of

the spectrum, the direction of 'g ', no structure is observed, indicating that

the component A z z is too small to yield a resolved splitting. Along the direc-

tion of 'g ' only two hyperfine peaks are observed because the others either

disappear in the bulk Ca( O H ^ spectrum or are obscured by the spectrum due

to the other centre. The width of the peaks together with the anisotropy in

the value g , rules out the possibility of an anisotropic A . This leaves the

possibility of the peaks being caused by an interaction A ^ while A is too

small to cause a resolved splitting or vice versa. From the positions of the

two hyperfine peaks, knowing g„ and g„, it is found that they are caused by

the hyperfine component in the x direction with a value A

and A^ being too small to be determined.

190.7 + 2 MHz
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Fig. 5 Model of the 0^ molecule.

Indicated in the figure is the

orientation of the unpaired % func-

tion of the 0g centre, relative to

the coordinate system used in the

calculations; re is the internuclear

distance as calculated from the

vibration frequency. The points

indicate the positions of the point

dipoles used in the determination of

the position of the 0^ centre from

the ENDOR measurements.

, x

:" r,=1.336A

1.377A

0.293 A

Later an attempt was made to enrich a Ca(0H>2 single crystal by heating

it in the presence of H£ 0. For ion exchange to take place the temperature

should be just below the temperature of dehydration. However, it is known that

this dehydration temperature is raised by putting Ca(0H)2 in pressurised water

vapour [11J. We tried heating a crystal to a temperature above 600 °C in an

atmosphere of' H2 0 vapour at a pressure of several thousands of atmospheres

for a period of 24 h. After irradiation we could detect weak hyperfine split

ESR lines due to( 1 60- 1 70)~ for the external field along the c axis. No extra

spectrum due to ( 0- 0 ) ~ was observed for the external field in the [001]

plane. From the intensity of the observed ( 0- 0 ) ~ spectrum it can be esti-

mated that the 0 concentration was enhanced by a factor 8. In the c axis

spectrum shown in figure 4, only four out of six lines can be observed, the

others disappear in the bulk O2 spectrum. The components of the hyperfine

tensor found in this way are: = 190.7 + 1.5 MHz and A^ y
> Azz < 7 0 M H z *

3.5 Model of the 0^ centre

We shall see next to what extent the parameters found by us can be under-

stood using the model proposed by Zeiler and Kanzig [10]. In this model the

centre is treated as a free 0^ molecule ion while the influence of the crys-

talline environment is taken into account as a perturbation.
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A schematic drawing of the model of the O2 centre is shown in figure 5.

The ground state of the C>2 ion is the twofold degenerate state 2Yl [12]. There

is very little experimental material on the energy level diagram of 0^- Shuey

and Zeiler [13] assume an energy level scheme on the basis of comparison of

molecular orbital calculations for O2 and F2. The lowest-lying excited states

are then found to be 2I and 2ïl . Later Krauss et al. [14] performed calcula-

tions ot the energies of the excited electronic states using self-consistent

field techniques. Their results indicate that a state "*£ lies between 2£ and
« g

2n .
u

Following Zeiler and Kanzig [10] we assume that the crystal field causes

a distortion of the cylinder-symmetric free 0~^ wave functions, giving rise to

a splitting of the twofold degenerate ground state 2n into 2ITX and 2f7y. The

energy difference of this splitting is AQ-

The g tensor can now be calculated if also the spin-orbit coupling term

in the Hamiltonian, K,g, is taken into account. Of the lowest-lying excited

states of 0j only the 2£ state can be admixed through this spin-orbit

coupling. The contribution of higher excited states is neglected. The ground

state is expressed in the non-zero matrix elements of the components of L and

K within the states 2n X, 2ITy and 2Z+

This ground state can be calculated using perturbation theory, exact in \/A0

and to first order in \/E where E is the splitting of the 2n X and 2t states,
D O

and \ is the spin-orbit coupling constant. By taking the expectation value of

the Zeeman Hamiltonian in this ground state, the g tensor can be found. The

final result is:

g = g cos 2a + (A \ /E)(cos 2a - 1 + sin 2a)

g = ggcos 2a + (A K /E)(cos 2a + 1 - sin 2a) (1)

g = g + 21 sin 2a
2 e z
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Ca(OH)2

Rbl

KCl

8x

1.9664

1.9674

1.9512

8y

1.9719

1.9695

1.9551

8z

2.3101

2.3774

2.4360

\/A0

0.1936

0.190

0.2313

AQCCIH"1)

1033

1053

865

WE

34 x 10"4

IJ x 10~4

25 x 10"4

E(eV)

4.66

12.2

6.35

0.810

1.006

0.962

Table 1 Values of X/AQ, JLXJ./S and iz calculated from eq.(l) and the experi-

mental g values. Results for Rbl and KCl ave taken from ref. [10]. The values

of Ao and E are calculated using estimated values of \, \y and %g as explained

in the text.

where tan 2a = \/An and the free-electron g value g 2.0023.

Furthermore, in order to reduce the number of parameters, it has been assumed

that I = S. and X = A .
x y x y

From equation (1) it can be seen that g < g . This, togpther with the

experimental values of the principal axis components of g, leads to the con-

clusion that the 0^ centres in the crystal are oriented with the molecular 0-0

axis parallel to the a axes and their p functions parallel to the c axis, jus-

tifylng our earlier choice of x, y and z in designating the components of g.

From equation (1) and the experimental g values we can now calculate

X /Ao, I X /E and I . The results are given in table 1 along with some of the

results from Zeiler and Kanzlg [10]. There are no calculations of X and \

for 0"^. An estimate can be made, however, using known values of \ for 0 and 0

and taking into account overlap and hybridisation effects. It is found that

\ *> 200 cm"1 and \ *> X ~ 160 cm"1 [10,151. On the basis of orthogonalised
z x y

molecular orbital calculations it can be estimated that I = 0.8 [15]. Using

these estimates we can obtain values for the splittings AQ and E. They are

also given in table 1.

The splitting Ao of the ground state 0^ in CaCOH^, caused by the crystal

field, is comparable with the value found for O2 in other hosts, as can be

seen from the table. The value of E agrees with the value calculated by Krauss
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Fig. 6 Value of the hyperfine com-

ponent Axx of (2eO-77O)~ in several

materials plotted against sin 2a.

The full line and the values for the

alkali halides are taken from vef.

[10]. The value for SrCl2 is from

vef. [16].

et al. [14] • It is consistent with the energy of the 2n level given in the

next section which, as Zeiler and Kanzig [10] remark, should be approximately

equal to that of the 2E level. Simple crystal-field theory gives for I a

value of exactly 1. Small deviations can be explained by admixture of higher

states. For the explanation of the reduction of a for Qj in Ca(0H)2 two

possibilities arise. The first is the effect of covalency. However, on the

basis of our ENDOR measurements which are discussed below, we conclude that

there is little covalency. Another possibility would be a dynamic reduction of

A through Jahn-Teller effects. A relaxation study to gather information about

the dynamic behaviour of the O2 centre is being undertaken at the moment [8].

Zeiler and Kanzig [10] have extended their model in order to accou-nt for

the observed hyperfine splitting in 0 enriched crystals.

The Hamiltonian used in analysing the hyperfine structure consisted of a

dipolar term, a Fermi contact term and a term describing the interaction of

the nuclear spin and the electronic orbital angular momentum. A detailed

analysis of the ground state expectation value of the hyperfine interaction

Hamiltonian showed that the dependence on the crystal field was for Axx and
A
y y

 b v way o f a linear dependence on cos2 a and sin 2a. For small a the fault

introduced by taking cos 2a = 1 is small compared with the accuracy of the

other parameters. Azz depends on the crystal field by way of sin 2a only.

In figure 6 experimental values of Axx for O2 in a number of different

hosts are plotted as a function of sin 2a, together with the fit obtained by

Zeiler and Kanzig. From this figure we can draw the conclusion that, consider-

ing the 4% uncertainty in the theoretical parameters, the model gives a good

description of the hyperfine interaction of (14O-17O)~ in Ca(0H)2. For AZ2 a

theoretical value of 43 MHz is determined, a value which does not contradict

our measurements.
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Fig. 7 Optical absorption spectrum \ • <

of a Ca(OH)3 crystal doped with 0~2, { \

recorded at room temperature. ~ j \

3.6 Optical experiments

Besides magnetic resonance spectra we have recorded optical spectra of

irradiated Ca(0H)2 crystals. The results give additional support to the iden-

tification of the O, centre.

Absorption spectra have been recorded in the range from far IR to near UV

(100 jim-180 nm). After irradiation the originally transparent, colourless

crystals are coloured slightly yellow-green. In the far IR and IR region no

difference is observed between spectra of irradiated and non-irradiated crys-

tals. In the IR, the characteristic OH" vibration spectrum is observed [17].

The room temperature spectrum In the visible region has been recorded with a

Cary 17 spectrometer and is shown in figure 7. It shows three bands: one just

below the short wavelength limit of the spectrometer, centred at approximately

192 nm or 6.46 eV; a second just adjacent, at 212 nm or 5.85 eV and one at

252 nm or 4.92 eV. The band at 6.46 eV is the only one showing up in the

unirradiated crystal as well. It is identified as the hydroxide absorption

band. The band at 4.92 eV is the characteristic O2 band which is also observed

in KC1 [18,19]. This band Is due to the electronic transition 2n - 2n in the

O2 molecule as was shown by Zeiler and KSnzig [10].

The equilibrium internuclear distance for 0^ has not been measured di-

rectly. Information can be obtained from the vibrational properties of the 0^

centre. Since O2 is a homonuclear molecule, the vibration transitions are

Raman active and hence not observable in the IR. Therefore we have recorded

Raman spectra using a laser Raman spectrometer. From the positions of the



°2

Ca(OH)2

KC1

KBr

KI

free 0~

oü (cm )

1192

1163

1152

1141

1089

u ex e(cm 1)

9.5

9

9

9

12.1

re(A)

1.336

1.340

1.348

1.352

1.377

ranion (A)

1.38

1.81

1.96

2.20

Table 2 Spectroscopie constants of 07, in different environments. Values for

r are calculated from measured value of u)e and ueXg using the Badger rule.

Data for 07, in alkali halides have been taken from ref. [23], data for free 0^

from ref, [24].

first and second Stokes lines the vibration frequency oo and the anharraonicity

u i of the 0^ anharmonic oscillator can be determined [ref. 20, p 95]. A value

of the equilibrium internuclear distance can be obtained using the Badger rule

[ref. 20, p 457]. For 00 this empirical relation is given by:

r£ = (3.948 x 1O~
5/UJ2) + 0.680 where rg is in A and 10 in cm"

1. The results

of the measurements together with the calculated value of re are shown in

table 2. In this table we have also given the results for free 0^ and O2 in

KC1, KBr and KI, obtained by Boness and Schultz [21], Rolfe [22], Holzer et

al. [23]. The ENDOR measurements which are discussed in the next section de-

monstrate t.iat the O2 centre in Ca(0H)2 is located at an anion site, as Is the

case In the alkali halides. In table 2 we have included the anion radii of the

host crystal. The vibration frequency increases with decreasing anion radius.

This is due to the compression of the molecule by its environment
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3.7 ENDOR measuremeats

Finally some ENDOR measurements were performed. The ENDOR method offers

the possibility of determining very accurately the interactions between the

electron spin and the neighbouring magnetic nuclei. ' From these interactions

the position of thp Q~^ molecule in the unit cell can be deduced using a suit-

able model.

ENDOR was performed in an X-band ESR spectrometer using a cavity fitted

with a NMR resonance coil. A description of the experimental arrangement is

given elsewhere [25].

The mounting of the crystal was such that t>e magnetic field could be

rotated in tht [001] plane. In this way we have recorded a rotational diagram

of the proton ENDOR spectrum belonging to one of the 0^ resonance lines. It

was verified that for the other two ESR lines the diagrams, related to the

orientatio1 of the centre, were the same. This immediately leads to the con-

clusion that the surroundings of the three O2 positions are equivalent, a

conclusion which was already indicated by the fact that the three ESR lines

could be described by the same g tensor. A plot of the difference between the

measured proton resonance frequencies and the free-proton frequency at the

resonance field as a function of the direction of the external magnetic field

which was varied in the [001] plane, is shown in figure 8. The symmetry of the

measured points about the direction [110] suppor:s the conclusion, already

drawn from the ESR spectrum, that the centre is situated in the [T10] plane.

To determine the position of the O2 molecule in this plane, we have

calculated the interaction of an electron spin and a proton spin, using a

simple model. We assumed that the interaction can be described by a Hamil-

tonlan composed of an electron Zeeman term, a nuclear Zeeman term, an aniso-

tropic hyperfine interaction and an Isotropic hyperfine interaction:

x =

The anisotropic hyperfine interaction is assumed to be the purely dipolar

interaction between g»S and Ï. We choose the x, y and z components of the

electron spin and the nuclear spin parallel to the principal axes of the g

tensor and take the eigenstates of S I as a basis. The Hamiltonian can then

*) For a discussion of the ENDOR method see for example ref. 24.
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Fig. 8 Rotational diagram of the

proton ENDOH spectrum belonging to

one of the nT, positions in Ca(0H>2

for the external field rotating in

the [001] plane. The difference

between the measured ENDOR frequency

and the free-proton frequency at the

field considered, yielding the

interaction in frequency units, is

plotted. The theoretical curves

result from calculations using

eq.(Z) for the On molecule approx-

imated by four point dipoles at the

positions shown in figure 5, the

centre of the molecule being located

at -[0.343, 0.667, 0.295], The

numbers refer to the protons shown

in figure 9. Calculated curves for

the nearest-neighbour protons 4, 5

and 9 have been drawn in medium

lines, for protons 2,3, 11 and 12 in

heavy lines, and for protons 1, 6, 7

and 10 in light lines. For reasons

of clarity we have omitted from the

figure points in the central region

which a.re clearly not related to the

protons under consideration.

be written in matrix form as:

iHy)+

H + ig H 1 +
x y y

A5

- ig y H y)-

+ iH - %A? -ïg BH •
y' z z

/
where Hx are components of the external magnetic field along the principal

axes, y is the proton gyromagnetic ratio, 8 is the Bohr magneton, g„ „ are
x,y ,z

the principal axis components of the g tensor, HQ is the permeability of the



vacuum, r Is the length of the vector connecting S and ï, n are the
x, y, z

values of r _/ J r-1 and

no Pyi
Aj fl - 3n2)g

/ 3 z z

N PYh 3
A7 = T (n n - in n Jg
- . -i 2 K z x z y' z

4u rd '

^0 PYÏi 3
= r fa n g - in n g )

A„ = i- [[l - 3n2)g + 3in n g + (l - 3n2)g - 3n n g 1
4
 3 4 L i. x J x y x y v y y x y xJ

A5 = i [fl - 3n2)g + 3in n g - ( l - 3n2lg + 3in n g 1
5 3 4 Li x'6x y x y l y y x y xJ

Energy eigenvalues of this Hamilcouian have been calculated by diagonalising

the matrix with the aid of a computer. The ïNDOR transitions are those with

AS = 0, AI = 1.
z z

The hyperfine splitting can be obtained by subtracting the free-proton

energy at the field under consideration from the energy belonging to the ENDOR

transition. In this way rotational diagrams have been calculated for several

protons surrounding the 0^ centre. The position of the centre was varied in

the [TlO] plane until a good fit was obtained for as many surrounding proton

spins as possible. In the calculations we have approximated the O2 molecule by

a distribution of four magnetic point dipoles, each carrying one quarter of

the total magnetic moment, located in the p lobes. The simple model for the O2

centre shown in figure 4 indicates that this Is a more realistic approximation

than representing the 0^ molecule by a single magnetic point dipole. Indeed it

was found that the first approximation gave a much better fit, especially of

course for the nearest protons 4 and 5 (the numbers refer to the protons

considered In the calculations as shown in figure 9 ) . A best fit was obtained

for the centre of the 0^ molecule located In positions + or - [0.343 + 0.002,

0.657 + 0.003, 0.295 + 0.002] while the point dipoles were located at the

positions shown in figure 4.

The proton ENDOR diagrams calculated in this way are plotted in figure 8

for an 0j centre located at -[0.343, 0.567, 0.295]. Only for protons 4 and 5

60



Fig. 9 [001/2] cross section of a

layer of unit cells. The dark

circles are protons lying 0.355 A

above [001/2], the light circles are

protons lying 0.355 A below [001/2].

The numbers designate the protons

used in the oalaulations leading to

the curves in figure 8.
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it was necessary to assume an isotropic hyperfine interaction A^ = 4.2 MHz. We

have only plotted diagrams for protons having a maximum splitting of more than

600 kHz. Effects of covalency have not been taken into account in our calcula-

tions. However, in view of the fits obtained, these effects can be assumed to

be small. They may account for the remaining deviations, as might a more

refined model for the distribution of the magnetic moment in the 0^ centre.

From the ENDOR measurements it could be concluded that the proton site -[1/3,

2/3, 0.4280] is not occupied. Together with the position of the O2 centre in

the unit cell this leads to the picture of the 0~^ molecule occupying an 0H~

site.

3.8 Conclusions

We have demonstrated that 0j centres are created in Ca(OH)2 by irradia-

tion with 1.5 MeV electrons. Application of a model which was developed origi-

nally for O2 in alkali halides leads to a consistent description of the

properties of 0^ in Ca(0H)2, except for the value of SL . This last discrepan-

cy, which has also been encountered in some alkali halides, is in our case

possibly due to dynamic Jahn-Teller effects. The results of the ENDOR measure-
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ments show that the 0^ centre takes up an OH position. We can describe the

interaction of the O2 centre with the surrounding protons, excepting the two

nearest, in terms of the dipolar interaction of the proton spin with a reason-

ably chosen distribution of point dipoles approximating the 0^ molecule. The

two nearest protons have an isotropic hyperfine interaction as well. The fit

of the measured points and the calculated curves allows a determination of the

position of the centre in the unit cell to within 0.5%.
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4
experimental aspects of nuclear magnetic ordering

4.1 Introduction

The low dipolar spin temperature that is required in an experiment of

nuclear magnetic ordering is reached in a three-stage process. In the first

step the sample is cooled to approximately 0.55 K using cryogenic techniques.

Then the Zeeman temperature of the proton spins is lowered to the milliKelvin

region by means of dynamic nuclear polarization (DNP). Finally, the dipolar

spin temperature is reduced to the order of 1 microKelvin by applying an

adiabatic demagnetization in the rotating frame (ADRF).

In this chapter we shall describe the set-up that has been constructed

for the ordering experiments. An overall block diagram of the set-up is shown

in fig. 1. The central element is the assembly of the He-container (A in

fig. 1) with the sample (B), the NMR coil (C) and the mm-wave cavity (D). This

assembly will be described in detail in section 4.2.

It is placed in the pumping tube of a He recirculation refrigerator. In

this refrigerator the incoming He-gas is precooled in a set of four heat ex-

changers (E) so that It condenses. The liquid is collected in the previously

mentioned He-container. The temperature of the liquid is reduced using a pucip

stand with a nominal capacity of 1000 m3/hr at 10 torr (F). Before return-

ing to the cryostat, the He-gas is purified in a gas handling system. This

He-gas refrigerator has a cooling power of 30 mW at about 0.55 K. It Is des-

cribed in more detail in section 4.4.

The He-refrigerator is placed in a liquid He-cryostat (G). The tempe-

rature of the helium bath is reduced to 2.17 K by means of a \-refrigerator

(H) as will be described in section 4.5.

The tail of the He-refrigerator is inserted in a superconducting sole-

noid (J). At the He bath temperature of 2.17 K, the solenoid can deliver a
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Fig. 1 Overall blook diagram of the

experimental setup. The letters

refer to the text of section 4.1.

maximum field of 6.1 T. The solenoid is powered by a stabilized current

supply. The relative field stability is 1.5 x 10 over a period of 12 hours.

A detailed description of the solenoid and the current supply will be given in

section 4.3.

The mm-wave power necessary for DNP is delivered by a frequency stabi-

lized Extended Interaction Oscillator (EIO) (K). This EIO operates at 75 GHz

and can deliver a maximum power of 50 mW in the cavity. The complete mm-wave

system, including the cavity, will be described in section 4.5.

During DNP the nuclear spin system is studied by recording NMR absorption

signals using the Q-meter system (L) that is described in section 4.6.1. The

Q-meters were designed for 116.5 MHz - the proton spin resonance frequency

during DNP - and for 242.5 MHz - the proton spin resonance frequency at which

the ADRF was performed - . The spin system in the demagnetized state was

studied by recording the dispersion signal of the proton spins during an ADRF.

This signal Is obtained using the bridge circuit that is described in section

4.6.2.



neat exchanger

stainless steel
c^yostat

flow impedance

auid He

Kei-F horseshoe

plunger

brass minrons
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CZ Kel-F 'He container

^ 4 T I ^ waveguide

Fig. 2 The assembly of the polari-

zation cavity, the 3Ko-oontainer,

the small stainless steel aryostat,

the JIMP, aoil and the sample.

4.2 The sample and its surroundings

A drawing of the sample and its surroundings is shown in fig. 2. The

sample is a thin platelet with a thickness of 0.2 mm and a diameter of approx-

imately 4 mm. It rests on a small horseshoe-shaped support made of Kel-F. This

support is placed on the bottom of the tail of the He-container which is made

of Kel-F as well. The fail has a diameter of 5 mm and a length of 25 mm, while

67



the wall thickness is 0.2 mm. It extends through a hole in the bottom of a

small stainless steel cryostat and protrudes into the cavity.

This cavity is a Fabry-Perutresonator consisting of two concave brass

mirrors. It will be described in detail in section 4.5

Within the cavity we also accommodate a pair of saddle shaped Helmholtz

coils for the detection of the NMR signals.

The presence of all these elements in the cavity disturbs its ideal mode

pattern. As a result diffraction losses become large. In order to limit these

losses, the mirrors have been placed in a bronze holder.

The construction that is described in this section has the following

disadvantage: the assembly consisting of the tail of the He-container with

the sample and the cavity, is placed in the He-pumping tube. Hence the

single-walled tail of the He-container is surrounded by He-gas. Therefore

tnere is a heat load on this tail due to thermal conduction from the wall of

the He-pumping tube - which is in contact with the He bath at 2.17 K - and

from the cavity. As a result the He-refrigerator is less efficient than would

be the case if this extra heat load were absent.

In order to avoid this disadvantage we have tried a construction with a

double walled tail made of Kel-F, and also one made of quartz. These construc-

tions, however, caused such a perturbation of the mm-wave pattern in the

cavity, that only low values of the polarization rate could be obtained.

On the other hand, the configuration with the single-walled Kel-F tail

allowed us to reach a maximum proton polarization of 95% in 12 hours, using

25 mW of mm-wave powet in the cavity. The sample temperature during polariza-

tion was about 0.55 K, as was inferred from relaxation rate measurements

(chapter 5, section 4.2).

Further data on the operation of the cryo0^nic system are given in sec-

tion 4.4.5, while in section 4.5.4 data on the operation of the mm-wave system

are given.
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Fig. 3 The superconducting sole- system that was used in the aal-

noid. Also shown is the coordinate dilations.

4.3 The superconducting solenoid

In this section we shall describe the construction and the design of the

superconducting solenoid that is used in the experiments. This solenoid can

deliver a maximum field of 6.1 T when cooled to 2.17 K.

He shall pay also attention to the highly stable current supply, which ensures

a relative field stability of 1.5 x \<S over a period of 12 hours.

4.3.1 Construction and design of the solenoid

The solenoid consists of a straight coil delivering the main field, and

of two smaller compensation coils at both ends, as is shown in fig. 3. The

coil has an inside diameter of 50 mm and a length of 190 mm.

The solenoid was designed using a computer program developed by Henkens

et al. [1]. As a starting point the computer program uses a power series

expansion in r and 9 of the axial component Hx(r,9) and the radial component

H (r,9) of the field. The variables x, y, r and e are defined in fig. 3. The

terms in these expansions will contain the successive derivatives of the axial

field at the centre of the solenoid:
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H/I

«max a L 4-2 K

at 2.17 K

at 1.3 K

relative homogeneity

over 2 cm

diameter of the main coil

diameter of the compensation

coils

wire diameter

length of wire used

wire type

calculated or
manufacturers data

0.161 T/A

~ 6.8 T

4 x io~7

81.2 mm

87.9 mm

0.33 mm

5.94 x 103 v:

experimental
data

0.156 T/A

4.5 T

6.1 T

7.8 T

2 x 10~5

81.2-81.7 ram

87.4-87.8 mm

0.34-0.36 mm

~ 6 x 103
 m

Niomax FM-A 61/33:61 filaments of NbTi in a

copper matvix. Supplied by Imperial Metal

Industrie.*.

Table 1 Data on the superconducting solenoid.

H (r,9) = Z -iL-H"(0,0)rn P (cos 9)x n = Q n. x n

where

Vr

H x ( 0

,e) =

,0) -

- sin 6 2
n=0

e)

H^(0,0)rn P^(cos e)

(1)

(2)

(3)

r = 6 = 0

P„(cos e) is the n-th Legendre polynomial of cos 9 and P^ Is its first deri-

vative with respect to cos 6.

Because of the symmetry of the solenoid, H£(0,0) = 0 for all odd values

of n. The purpose of the two compensation coils is to make H^(0,0) zero as
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Fig. 4 The central frequency of an
19 F NMR line as a function of the

axial coordinate of the solenoid,

taken with respect to the centre of

the solenoid.

well.

Then the fields Hx (r,9) and H (r,8) change very little in the neighbourhood

of the centre (r = 0, 8= 0) of the solenoid and a greater homogeneity results.

The computer program maximizes H^(0,0) in the centre of the solenoid and

minimizes the remaining inhomogeneity due to H^(0,0) while keeping

H^C0)0) = Iï£(0,0) = 0- This is done for a given length and inside diameter of

the coil, by variation of its thickness and of the dimensions of the compensa-

tion coils.

The solenoid that was thus designed, was wound on a stainless steel yoke,

using multi filament NbTi-supercondu ting wire with a diameter of 0.33 mm. Tii<=

layers were covered with Apiezon vacuum grease to increase mechanical stabili-

ty. A summary of the relevant properties of the solenoid is given in table 1.

As can be seen from table 1, there is a difference between the design

dimensions and the actual construction dimensions. This is due to the fact

that the ultimate homogeneization of the solenoid must be done by trial and

error. This is because a homogeneous current distribution is used in the

computer program. In a real coil constructed with round wire, this situation

cannot even be achieved in a single layer. Moreover, wires cross each other in

successive layers, thus creating another source of inhomogoneity in the

current distribution.

The axial homogeneity of the solenoid was determined with NMR. A teflon

sample with a diameter of less than 2 mm was moved along the axis of the

magnet. The central frequency of the F NMR line was determined as a function

of the axial coordinate, for a constant value of the current through the
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solenoid.

A pi

uration of the coil, is shown in fig. 4. This plot shows that the relative

homog

2 cm.

19
A plct of the F frequency measured In this way for the ultimate config-

plot

homogeneity of our solenoid is better than 2 x 10 over an axial distance of

4.3.2 The current supply

Currents with a long-term relative stability of 1.5 x 10 over a period

of 12 hours were supplied by a modified version of the current supply used by

Van Tol [2]. In this version we replaced the reference resistor by a Zeranin

resistor with a temperature coefficient of 3 x 10 *C and put it In a

thermostrated oil bath. Furthermore we used low temperature drift components

in the reference voltage amplifier and we thermostrated these components as

well.

A heavy duty silicon diode is mounted across the terminals of the current

supply in the reverse direction [3]. In the case of a power supply failure,

the energy stored in the magnet is largely dissipated in the diode, thus

limiting the heat dissipplion in the He-bath. During the discharge the voltage

across the diode is 0.8 V. Then the discharge rate of the solenoid, which has

an inductance L = 10 H, is lijiited to

il= 1 = 80 mA/s (4)
dt L

This is slow enough to ensure that no quenching of the magnet occurs. During

normal operation the diode presents a high impedance parallel to the magnet

and thus hardly influences the stability of the magnetic field.
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4-T(K)

Fig. S The aryogenia eyetem. The

letters refer to the text of sec-

tions 4.4.1 and 4.4.2.

4.4 The cryogenic system

4.4.1 Overall description

A diagram of the He circulation refrigerator with the associated equip-

ment is shown in fig. 5. The design of Jur refrigerator has been based on that

of the systems described in refs. [4,5,6]. We shall describe the refrigerator

by following the route of the He through the system, beginning at the point

where the He gas enters the cryostat (A in fig. 5). The gas flows through a

German sil/er capillary with a diameter of 3 mm (B) and througn three coiled

copper capillary heat exchangers (C) which are soldered to perforated copper
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disks (D). In these heat exchangers the He is precooled by the He in the

cryostat and also by the evaporating He.

In the third heat exchanger the gas condenses. A fourth heat exchanger (E) is

situated in the small stainless steel cryostat, which also contains the Kel-F

He-container in which the sample is mounted (see fig. 2). This latter heat

exchanger consists of five turns of copper capillary, each soldered to a per-

forated copper disk. It uses only the cold He-gas. After passing through this

heat exchanger the He expands isenthalpically through a flow impedance,

before dripping into the Kel-F container.

The whole assembly of heat exchangers, small cryostat, mm-wave cavity

etc. Is contained in the He-pumping tube (F) which extends into the liquid

He-bath. This construction minimizes the risk of contamination of the He by

He. The He-pumping tube consists of a thin walled (0.25 mm) stainless steel

tube with a diameter of 89 mm, terminating in a tail with a diameter of 47 mm.

Perforated copper rings (G) have been soldered to the tube at- 5 cm intervals.

They serve the dual purpose of strengthening the thin walled tube and of

Increasing the effectiveness of the heat transfer from the pumping tube to the

He. The temperature of the liquid He In the Kel-F container Is reduced to

0.55 K with the pumping system. It consists of a 1000 m3/hr Rootes pump, a

150 m3/hr Rootes pump both from Leybold and a 40 m3/hr rotary forepump from

Edwards. The pumps are connected to the cryostat via a bellowed "Tee" (H)

which prevents vibrations from the pumps to reach the cryostat.

In the pumps the gas is contaminated with oil. Therefore, the He-gas

must be purified before recirculation. This takes place in the gashandling

system. First the gas passes through a sintered stainless steel oil filter (J)

directly on top of the forepump. Then it passes through a liquid nitrogen

cooled trap (K) with a copper sponge filter and a Zeolite filter in series.

The more volatile cracking products of the oil condense at the point where the

tube enters the nitrogen bath. A diameter of 20 mm was chosen for this tube in

order to prevent the passage becoming blocked through "arteriosclerosis". At

relevant points in the refrigerator the pressure is monitored. Furthermore,

the gas circulation can be monitored with a flow meter (L). A safety valve (M)

prevents dangerous pressure build up in case of a system blocking.

In the following subsections we shall discuss some of the elements of the

system in more detail. Successively we shall describe the He-cryostat in

section 4.4.2, the heat exchangers in section 4.4.3 and the isenthalpic expan-

sion device in section 4.4.4. Finally, In section 4.4.5, we shall present a

few data on the operation of the cryogenic system.
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4.4.2 The He-subsysten

A cross-sectional diagram of the cryostat that was constructed in our

laboratory is shown In fig. 5. The double walled stainless steel He-dewar has

super insulation foil in the vacuum space in order to increase thermal insu-

lation. The bulk of the liquid helium is contained in the wide belly of the

vessel. The heat load due to conduction and radiation from the top is reduced

by using a narrow neck. In addition, this neck is precooled by a thermal short

circuit (N) to the liquid nitrogen bath that surrounds the helium vessel.

The helium bath is cooled below 4.2 K by a so-called \-refrigerator [7].

It consists of a stainless steel annular box (0) around the bottom part of the

He-pumping tube. Liquid helium Is admitted to the \-box from the main bath

through a needle valve (P). The pressure in the box is reduced via a pumping

line connected to the He pump so as to boil the He at about 1.9 K. The cold

spot thus created cools the main He-bath. At the same time it serves as the

thermal reservoir for the third He heat exchanger (fig. 5, section 4.4.3).

Liquid He has its maximum density at the X-transition, which is at

2.17 K. In the stationary situation the bottom p ire of the helium bath will

hence have a temperature of 2.17 K. The surface of the bath Is in contact with

gas at 1 atro. Therefore the temperature of the surface layer will be 4.2 K.

The thickness of the transition layer in which the temperature varies from

4.2 K to 2.17 K, will be determined by the heat flow from the ^He-surface to

the rest of the He-bath. If only heat conduction is taken into account, d can

be determined from the difference of the cooling power Q of the X-refrigerator

and the heat load on the helium bath L :

£ ƒ ' K dT = Q - L <5>
2.17

where A is the surface area of the bath and K is the thermal conductivity of

the liquid He I.

An experimentally determined temperature profile In the cryostat in the

steady state, showing the transition layer, is given In fig. 5.1.

The use of the X-refrigerator proved to be more efficient in helium

consumption than pumping the whole bath. Also refill of the cryostat during

DNP, without disturbing the operation of the set-up, is much easier then when

the whole bath is pumped.

With the X-refrigerator and the He-refrigerator running, the cryostat
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consumes 1.5 A liquid helium per hour, unperturbed operation of the He-re-

frigerator required a refill of the He-bath every 10 hours.

4.4.3 The heat exchangers

In this section we shall analyse the three heat exchangers (C in fig. 5)

that are used to precool the He-gas to the point of condensation. These heat

exchangers are made of copper capillary with an internal diameter of 2 mm, a

wall thickness of 0.5 mm and a length of 13.2 m, 8.7 ra and 5.3 m respectively.

This capillary is wound as a single layer cylindrical coil, which fits the

He-pumping tube. The capillary is cooled by the He-gas or liquid in the
3 1

cryostat via the wall of the He-pumping tube and via the He-gas in the gap

between this pumping tube and the capillary itself. For the upper two heat ex-

changers tl'is gap is 3 mm. For the third and lowest heat exchanger the gap is

filled with a copper lining with a thickness of 2.5 nun. The cooling potential

of the evaporated He is also used by the perforated copper disks that are

soldered to the coils.

In order to design these heat exchangers, we have made an approximate

analysis of their heat transfer characteristics.

As an input to the calculation we used the temperature profile in the

cryostat that was presented in the previous subsection. Furthermore we require

the He to condense in the third heat exchanger and we assume a flow of He of

3 x 10 g/s, corresponding to a cooling power of the He-refrigerator of

30 mW (at 0.55 K). We neglected the cooling effect of the evaporated He in

our analysis. From a calculation of the Reynolds numbers [8] it can be

concluded that both the He-gas flow in the capillary and the He-gas flow in

the cryostat are lamJnar.

We calculate the heat transfer Q with
AT,

Q=_i- (6)
Rtot

where AT is the logarithmic mean temperature

- t'c - V
H ~ XB
T - TLC B

76



heat exchanger (see fig. 5)

Tbath

3He NRe at T b a t h

NGr a t Tbath
NNu

R3He
RCu
3He gas layer

Rss

Tinlet
Toutlet

Cl

100 K

225

0.02

3.7

0.07 K/W

1.5xl0~7 K/W

1 K/W

1.3xlO~5 K/W

300 K

101 K*>

C2

4.2 K

1470

0.17

3.7

0.7 K/W

2.3xlO~5 K/W

8 K/W

5.3xlO~3 K/W

101 K

4.4 K

C3

1.9 K

1740

0.35

3.7

1.5 K/W

5xlO~4 K/W

5.8 K/W

0.08 K/W

4.4 K

2.0 K

' This temperature was calculated using Ri)^e
 = 10 K/W for the heat transfer

to the He gas in the cryostat.

Table 2 Data on the heat transfer characteristics of the heat exchangers

in OUT He reairculation refrigerator.

where TH is the temperature of the incoming
 3He, Tc is the temperature of the

outgoing He and Tg is the temperature of the He-bath.

Furthermore, Rtot is the thermal resistance between the ^He-bath and the
3
He. It consists of five terms:

R = R,
tot d

KCu gas
R + R (8)

The first term describes the transfer of heat from the 3He inside the copper

capillary to th< wall. The next three terms are the thermal resistances of the

wall of the copper tube, the JHe-gas layer and the stainless steel wall of the
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He-pumping tube respectively. The last term describes the transfer of heat

between the He-bath and the He-pumping tube.

Values for the middle three terms of eq.(8) can be found in ref.[9]. They

are given in table 2. The term Rgg-UHe is z e r o f o r t n e lower two heat ex-

changers that are in the part of the He-pumping tube that is immersed in the

liquid 4He.

For the determination of R3jje_cu
 an<^ °f "ss-'tHe' w e aPP^v t ne results of

the Graetz theory of heat conduction in a fluid with a laminar flow [10].

According to this theory the thermal conductivity R is proportional to the

so-called Nusselt number NJJU

where k is the thermal conductivity of the fluid and D the effective diameter

of the tube. If the mass flow w is small, the effects of this flow can be ne-

glected and NNu is a constant equal to 3.7. If the flow is such that the so-

called Graetz number:

N G r = ^ W > l (10)

the thermal conductivity is reduced by this flow. In eq.(10) L is the length

of the heat exchanger, C is the specific heat of the fluid.

In our system Ngr < 1 as is shown in table 2 and hence NNu = 3.7.

With the assumptions and data that are given above we have calculated the

Inlet and the outlet temperatures for each of the three heat exchangers. The

results of these calculations are summarized in table 2. They show that our

heat exchangers can precool a flow of He of 3 x 10 g/s to 2 K.

4.4.4 Isenthalpic expansion

Using the heat exchangers we precool the He to about 2 K, where the He

has to condense. In order for condensation to take place under this condition,

the pressure p in the input line must be higher than 200 torr. Since the pres-

sure in the He-pumping tube is below 1 torr, a flow impedance Is included

just above the He-container as is shown in fig. 2.

The construction of this impedance Is shown in fig- 6. It consists of a
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g/asswooJ

corborundum

glasswool

Fig. 6 Construction of the flow

impedance.

Fig. 7 Measured values of the impe-

dance Z for impedances with differ-

ent length X and cross section A,

made with 1000 mesh carborundum. The

solid line is a fit to eq.(ll).

short length of capillary filled with off-the-shelf carborundum powder of

1000 mesh.

We constructed a number of impedances and calibrated them by measuring

the leakage rate from atmospheric pressure through the impedance to an evacu-

ated vessel with a known volume. For an impedance Z of length A and a cross-

section A, filled with material with a specific conductivity C, one expects

that [11]

1 AC

Where the flow impedance Z is defined as

[cm
-3,

(U)

(12)
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Fig. 8 Enthalpy-pressure diagram of

He. Isenthalpio expansion from 2 K

to 0.55 K follows the line AB. In

that expansion a fraction LB/LG

evaporates.

10"' 10"'
D(torr)

Fig. 9 Pump diagram of the system

of pumps that ie used in our experi-

ments. The solid line is the pumping

speed of the system as was measured

at the factory. The experimental

points indicate the pumping speed as

was determined at the site of the

He-container. The diagonal lines

connect points of approximately

equal power dissipation in the He-

liquid.

where Ap is the pressure difference across the impedance in dyne/cm2, v is the

volume flow through it in cmVs and i) is the viscosity of the passing fluid in

poise.

We verified relation (11) for our impedances. The results are shown in

fig. 7. One sees that for our case C = 73 x 10 cm2.

In the configuration of the He-refrigerator which is used in our experi-
12 —3ments, an impedance with a value Z = .7 x 10 cm is used. This impedance

yields a pressure difference Ap =» 480 torr at the flow rate of 3 x 10"^ g/s

which is used to obtain a cooling power of 30 mW (at 0.55 K). Hence our re-

quirement that the pressure in the inlet tube should be higher than 200 torr -

so that the 3He liquefies in this tube at 2 K - is fulfilled.
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Upon passing through the impedance the liquid He undergoes an isen-

thalpic expansion. In this throttling process a certain amount of so-called

flash evaporation takes place, i.e. a certain amount of liquid evaporates im-

mediately during this expansion. This can be seen from the enthalpy-pressure

diagram that has been reproduced in fig. 8 [12]. An isenthalpic expansion from

for example, 2 x 10"1 atm (2 K) to 4 x 10~* atm (0.55 K) follows the line AB.

According to fig. 10, then a fraction LB/LG evaporates. In the example this is

about 28%. Lowering the initial temperature to 1 K reduces this flash evapora-

tion to less than 10%. For that reason we have included the fourth heat ex-

changer that was described in section 4.4.1.

4.4.5 Some test data

We will now present some test data on the He-system described above.

First, in fig. 9, we show a pump diagram. On the horizontal axis the pressure

and the corresponding He-boiling temperature have been plotted. On the

vertical scale we have plotted the He-circulation in m3/hr at the pressure

given on the horizontal axis. The diagonal lines connect points of equal power

dissipation in the He-liquid, assuming a constant heat of evaporation for He

of 10 J/g. In this figure we have plotted the pumping capacity of our pump

stand directly at the top of the 1000 m^ Rootes pump as was measured at the

factory. Also shown are a few experimental values of the pumping speed at the

site of the He-container. Thesr; were obtained as follows. With the He-re-

frigerator running and no mm-wave power, a temperature of 0.45 K is reached.

The He-circulation in that case is 1.7 x 10 g/s as is measured with the

flow meter (L in fig. 5). Taking into account the flash evaporation this

corresponds to a power dissipation in the He of about 15 mW. This power

dissipation is due to the conduction heat load on the single-walled tail of

the He-container. The other points in fig. 9 were obtained in a similar

fashion.

So, with 25 mW of mm-wave power in the cavity, a temperature of 0.5-0.6 K can

be maintained in the He-bath.

The lowest temperature that was reached during a so-called single-shot-run was

0.4 K.

fi]



E 10

' ) B

PLS

t
MOSt

t

FREO
COUNT.

o SEE FIG
2 AND 12

Fig. 10 Schematic diagram of the

mm-wave setup. The letters A through

K refer to the text of section

4.5.1, the letters L through 0 to

the text of section 4.S.2.

4.5 The 'ave system

4.5.1 General description of the system

A schematic diagram of the mm-wave setup that was used In our experiments

is shown in fig. 10. Mm-wave power from a frequency-stabilized Extended

Interaction Oscillator (EIO) operating at 75 GHz passes through an Isolator, a

variable attenuator (B) and a 3 dB coupler (C) and is then led into the cryos-

tat. The EIO and its stabilization are described in more detail in section

4.5.2. These components have been mounted as compactly as possible, close to

the top of the cryostat, in order to minimize transmission line losses. In the

cryostat the waveguide is situated in the He-pumping tube. Therefore a vacuum

feed-through (D) Is used. It consists of a 25 um sheet of Mylar (E), pressed

between a rubber "0"-ring (i') and a polished waveguide flange, as is shown in

the inset in fig. 10.
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Fig. 11 Sche:atio diagram of the

Extended Interaction Oscillator'.

ladder structure

anode

cathode (8.focur. electrode)

In order to reduce the heat conduction of the waveguide on the one hand,

while keeping the attenuation of this length of waveguide at an acceptable

level on the other hand, a combination of stainless steel and copper oversized

Ka-band waveguide (G) with a total length of 1.1 m Is used inside the cryos-

tat. Two tapered transitions (H) connect this waveguide to the V-band wave-

guide of the mra-source on the one side and the cavity on the other.

The cavity is a Fabry-Perot resonator (J) consisting of two concave brass

mirrors. As was explained in section 4.2. these mirrors fit in a bronze holder

which serves as a structural support and which limits the losses due to re-
o

flections from the NMR resonance coil and the Kel-F He-container with the

sample. A detailed description of the Fabry-Perot resonator will be given in

section 4.5.3.

The power that Is reflected from the cavity is detected with a wafer de-

tector, Hughes type 4480, with a sensitivity of 200 mV/mW (K). This detector

is mounted at the third port of the 3 dB-coupler (C). Using this detector the

setup can also be used as a simple ESR-spectrometer [13].

In section 4,5.4 results of measurements on the mm-wave system perfor-

mance will be given. These results will be compared with those of other pos-

sible configurations.
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4.5.2 The stabilized nnr-wave source

The mm-wave source Is a Varian Extended Interaction Oscillator (EIO) type

2408A with a nominal power output of 800 mW at 75 GHz. The operation of the

EIO can be understood from the schematic diagram in fig. 11. The electron beam

emitted from the cathode is electrostatically focussed. In the resonant cavity

its diameter is kept approximately constant by a magnetic field. The beam

passes through a series of holes pierced in a ladder structure. When the

source oscillates, the ladder structure supports a standing wave pattern. This

creates a bunching in the electron beam. From this bunched beam, power Is

transferred back to the standing wave through repeated interactions at every

stage of the ladder. A consequence of this extended interaction structure Is a

Icier power density in the tube, resulting in a longer lifetime and a higher

output power of the EIO as compared with for example a klystron.

The EIO operates at a beam voltage of 3 kV, which is supplied by a power

supply from MIcrotest. It is frequency stabilized by phase-locking it to that

of a crystal oscillator. The lay-out of this stabilization system is shown in

fig. 10.

First the frequency of a Varian VA P01B klystron operating at 9.3 GHz is

phase-locked to e. harmonic frequency of a quartz oscillator in a Microwave /

Systems MOS-1 stabilizer (L). In a TRG harmonic mixer (M) the 8 t h harmonic of

the thus stabilized X-band source is mixed with a sample of the V-band power.

The sources are tuned in such a way that the IF-signal has a frequency of

60 MHz. After amplification this signal is used to phase-lock the frequency of

the EIO to that of the klystron. This is done with a M/S PLS-60 (N), generit-

ing a correction voltage which is subsequently amplified in a current booster

amplifier constructed b/ Microtest. This latter amplifier is placed in series

with the beam voltage output of the EIO power supply.

The resulting stability of the ElO-frequency is determined by that of the

MOS-stabilizer, which is 10"6 hr"1.

Drift free operation over long periods of time is thus ensured. Furthermore

the V-band frequency can be determined accurately by measuring the X-band fre-

quency with a 12 GHz microwave counter (0). Such knowledge of the frequency

was necessary for reproducing the optimum conditions for dynamic nuclear

polarization.



Fig. 12 The Fabvy-Pevot polariza-

tion cavity.

4.5.3 The nn-wave cavity

4.5.3.1 The construction

In our experiments we have used a Fabry-Perot resonator with spherical

mirrors. The construction of the cavity is shown in fig. 2 and also in

fig. 12. The mirrocs have a diameter of 22 mm and a radius of curvature of

R = 20 mm In the actual experiment the distance d between the mirrors is kept

slightly less than R. One mirror is fixed to the waveguide with high conducti-

vity silver cement. Mm-wave power is coupled into the cavity through a hole in
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the centre of that mirror. This hole has a diameter of 1.8 mm while the thick-

ness of the mirror and the wall of the waveguide together, is only 0.4 mm at

the position of this hole. The other mirror is free to slide in a cylindrical

bronze holder that fits around both mirrors. The position of the mirror can be

adjusted from the top of the cryostat via a cogwheel that drives an Archimedes

spiral. This spiral drives a dovetail to which the mirror is connected. This

construction is shown in fig. 12. The resulting linear displacement of the

mirror is 0.25 mm per full turn of the knob on the top of the cryostat. Also

from the top of the cryostat, a plunger in the waveguide can be adjusted Cur

impedance matching of the cavity.

The mirrors were made from brass disks as foi±ows. First a groove was

milled in one of the mirrors to accomodate Ihe waveguide. Then the disks were

heat treated in order to eliminate stress. Next the spherical surfaces were

milled. The mirrors were then polished with diamond powder using a brass shell

covered with Woods metal as a support. Furthermore, a 5 micron gold layer was

deposited electrochemically on the mirrors in order to increase surface con-

ductivity and for protection against corrosion. Finally the coupling hole in

one of the mirrors was made by spark erosion.

4.5.3.2 The Fabry-Perot resonator

In this subsection we shall review the principal properties of the Fabry-

Perot (F-P) resonator.

The resonant modes in a F-P resonator are TEM. When the dimensions of the

resonantor are large compared to the wavelength, these modes can be described

by Laguerre-Gaussian functions (see fig. 13) [14-17]. Then the resonance

condition is:

M . q + I ( 2 P + A + 1) cos~X(l - f ) (13)

where q is the longitudinal mode number and p and I are the radial and angular

mode numbers respectively. R is the radius of curvature of the mirrors and d

is the distance between the two mirrors. The Gaussian half-width of the fun-

damental mode is given by

w = h (d(2R~d))
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Fig. 13 Field strength distribution

in a confoeal (d = R) resonator for

the TEMooq mode [15].

Fig. 14 Stability diagram for the

resonance in a Fabry-Perot resona-

tor. Stable resonators lie in the

unshaded region [14].

The losses in a F-P resonator are due to the finite aperture of the mirror,

resulting in radiation out of the cavity, and to their finite conductivity,

leading to power absorption. The first type of loss is called the diffraction

loss oc_, the second the reflection loss a_.
U K

For small losses, the quality of the resonator can be expressed as

d
Q = 2n (15)

The reflection loss a for an ideal mirror can be determined from its surface
K

impedance. For a brass mirror at room temperature one finds

\" 10
-3

(16)

We also determined the diffraction loss for an ideal mirror with the dimen-
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sions given in section 4.5.2 using the results obtained in ref.[13J, and found

that a « 10~3. So at room temperature the cavity described in section 4.5.2

would have a Q of 32000 at 75 GHz with a mirror distance of 20 mm.

An important aspect of the F-P resonator is the stability of the resonan-

ce modes. When the mm-wave energy is increasingly defocussed in being reflect-

ed back and forth between the mirrors, the resonator is called unstable.

Applying the optical theory of ray transfer in periodic sequences, Kogelnik

and Li [17] derived the following condition for a F-P resonator to be stable:

0 < gtg2 < 1 (17)

where §i o r 2 = 1 - d/Rl or 2 a n d Rl a n d R2 a r e t h e r a d i i o f curvature of the

two mirrors. A plot of this relation, showing the domains in which stable

resonators are found, is shown in fig. 14. The diagonal line in that figure

indicates resonators with mirrors of equal radius of curvature R.

In order to obtain a homogeneous nuclear polarization in the sample, the

magnetic component of the microwave field should be more or less homogeneous

across the volume of the sample. This can be achieved by exciting simulta-

neously several degenerate modes in the cavity. As can be seen from eq.(13),

the highest mode degeneracy of the F-P resonator occurs for a confocal con-

figuration where Rj - R2 = d. In the stability diagram of fig. 14 this confi-

guration lies in the origin. There, however, slight differences between the

mirrors can cause the resonator to be unstable. Therefore we used a configu-

ration where Ri = R2 but where d has a slightly different value.

In the actual cavity the He-tail, the sample and the NMR-coil are

inserted in the F-P cavity. This perturbs the ideal wave pattern which makes

it necessary to place the mirrors in the metal holder that is described in

section 4.5.3.1. This holder then becomes part of the cavity, and apart from

the TEM-modes, other modes are excited. This increase in mode degeneracy

improves the homogeneity of the mm-wave field. At the same time, however, it

reduces the concentrating action of the mirrors and the quality oC the cavity.

In the next subsection we shall discuss the actual performance of our

cavity.
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4.5.4 The performance of the nm-wave setup

Due to the presence of the He tail, the sample and the NMR-coil, the Q

of the actual cavity was much smaller than the theoretical value of 32000. Yet

the cavity performed very well. With the mm-wave system that was described

above we reached a proton polarization of about 95% in Ca(0H>2 doped with 0^

centres.

In order to check whether the complicated construction with the F-P

resonator was necessary we also tried to use a conventional multi-mode box

suspended in a He-bath [18]. However, in that case a maximum proton polariza-

tion of only 10% could be reached.

These results were obtained with about 25 mW of mm-wave power in the

cavity. This is about 50% of the maximum available power. The power was deter-

mined experimentally by measuring the boil-off rate of the He in the case of

the multimode box immersed in the liquid.

The maximum microwave power of 50 mW in the cavity was obtained using a

combination of copper and stainless steel Ka-band waveguide in the cryostat as

was described in section 4.5.1. The total power loss in this length together

with the loss in the two tapered transitions from V to Ka band was measured to

be about 3.5 dB. An equal length of 4 mm stainless steel wavefei'lt'e causes a

power loss of about 11 dB, so the use of oversized waveguide [19] is clearly

necessary.

4.6 The NMR s/stea

In fig. 15 a block diagram is shown of the NMR system that is used in re-

cording the components of the complex susceptibility x = x'~Jx"> an<^ ^n per-

forming the ADRF. The central element of the system is the voltage Q-meter

that is shown in more detail in the inset in fig. 15.

This NMR-system can be used for two types of experiments. Whan the rf-

swttches (A in fig. 15) are in position 1 the NMR absorption signal, which is

proportional to x"> can be measured using a non-saturating rf-field. When the

rf-switches are in position 2, ADRF's can be performed with a strongly satu-

rating rf-field, while the dispersion signal which is proportional to x'> c a n

be measured at the same time.
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Fig. .25 Bloak diagram of the NMR system. The lettere A through G refer to the

text of section 4.6.1, while the letters H through L are explained in section

4.6.2.

4.6.1 Measurement of the absorption signal

We shall first describe the case that the switches are in position 1.

Then power from a SMDU rf-signal generator of Rohde and Schwartz (B) is led to

the Q-meter via an attenuator (C). The 50 Q resistor matches the impedance of

the Q-meter circuit to that of the rf-source. The rf-gent>r-tor together with

the capacitor of 2.2 pf form the current source, feeding the Q-meter circuit

proper, which consists of an LC-circuit tuned at the frequency of the rf-

generator. This circuit contains the capacitor bridge Cj and Cj, in parallel

with the NMR coil which is described in section 4.2. The shape [20] and the

dimensions of the NMR coil are chosen so as to create a homogeneous rf-field

across the sample.

The Q-meter circuit is mounted in an aluminium box on top of the cryostat
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and is connected to the NMR-coil via a semi-rigid coaxial cable with a length

that is an integral number n times \/2. Type "N" connectors are used for

coupling.

The output signal of the Q-meter is first amplified to approximately

500 mV rms in a series of lo\. noise broad band amplifiers of Watkins and

Johnson (D) (noise figuie 3 dB, 5-500 MHz, gain 56 dB). Then the signal is de-

tected in a HP 84 71A detector (E). In a differential amplifier (F) a dc-

voltage is subtracted and the NMR-signal is further amplified. Then it is fed

into a Nicolet 535 signal averager (G) where it is processed. The resulting

signal is finally plotted on a chart recorder.

We have constructed two Q-meter circuits for operation at 116.5 MHz and

at 242.5 MHz respectively. In the inset in fig. 15 the values of C^ and C2 for

both Q-meters are given. In order to understand how this Q-meter circuit ope-

rates one has to take into account that the coaxial cable connecting the NMR-

coil and the rest of the Q-meter has a length of n x ^\. Then, as is derived

in transmission line theory, the cable has no influence on the resonance

conditions of the circuit, apart from cable losses. Furthermore the capacitor

bridge C^ and C2 is used only to match the Q-meter which has a typical impe-

dance of about 1000 a between the points 1 and 2 in fig. 15, to the 50 0 Input

impedance of the amplifiers. Hence the Q-meter is actually a simple parallel

LC-circuit tuned to the frequency of the rf-generator.

The voltage at the output of the Q-meter is then equal to C2/(C1+C2)

times the voltage between the points 1 and 2 in fig. 15. With a sample at re-

sonance it is given to first order by [21]

V = VQ + 6EQ - j6EL (18)

where Vg is the voltage at electrical resonance, without a sample,

6EQ " V0 f 47tT1 V0 *" * (19>

and

6EL = Vo Q ^ = Ann VQ x' Q (20)

Q Is the quality factor of the LC-circuit, L is the inducfance of the coil,

and T) is the filling factor of the coil. Because we detect |V| with the Q-
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Fig. 16 Q-meter electrical reso-

nance curve with a highly polarized

NMR-signal superimposed on it; 1 is

an emission signal, 2 is an absorp-

tion signal. The pure - inverted -

electrical resonance curve of the Q-

meter is shown in 3. Addition yields

the NMR line proper (4).

meter, the term -J6EL can be neglected to first order.

Furthermore as a consequence of the large size of the NMR coil compared to the

volume of the sample, the filling factor r\ is very small. As a result

6!£_/V. is always smaller than 0.01 in our experiments so that non-linear terms

in the Q-meter signal can be neglected [22].

Using this Q-meter resonance signals are recorded as follows- With the Q-

meter tuned electrically at the Larmor frequency vg of the nuclear spins, the

rf-generator is swept several times from VQ—100 kHz to VQ+100 kHz. The detect-

ed signals are averaged in a signal averager. The signal thus obtained is a

superposition of the Q-meter electrical resonance curve and the NMR ij.ne, as

is shown in fig. 16. The resonance signal proper is obtained as follows. After

completing the preset number of sweeps of the frequency of Che rf-generator

the NMR-line is shifted by changing the magnetic field, without changing the

measuring frequency. Then the same number of sweeps of the generator frequency

is performed. This time only the electrical resonance curve of the Q-meter is

recorded. This signaJ is then subtracted from the previously obtained signal.

Examples of the absorption signals thub obtained can be seen in fig. 2 of

chapter 5.
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4.6.2 Measurement of Che dispersion signal and ADRF

For the ADRF and the recording of the dispersion signal %' the switches

are set to position 2. Again the central element is the Q-meter described

above. Now power from the rf-signal source is amplified in an ENI broad band

power amplifier (H) (45 dB, 9 W, 4-400 MHz). In a 20 dB directional coupler

(J) the amplified signal is split into two parts. The high power part is fed

into the Q-meter circuit. The output of the Q-meter is connected to the rf-

port of an Anzac type MMN-6750 double balanced mixer (L) via an attenuator

(K). The low power output of the directional coupler passes through a line

stretcher (M) and an attenuator (N) and is then fed into the reference input

of the double balanced mixer. With the line stretcher the phase of this signal

can be adjusted.

The dc-slgnal at the output of the mixer is finally fed into the ave-

rager. The output level of the power amplifier is sufficient to create rf-

fiolds at the position of the sample up to about 400 mOe. The calibration of

this rf-field will be discussed in chapter 6.

The dc-component of the mixer output is given by A cos(Aty), where £<J> is the

difference in phase between the rf-input and the reference input. In order to

ensure that the amplitude A of the dc-output is independent of the magnitude

of the voltages at the mixer input It is necessary to apply 5 mW of rf-power

at the input ports. Then the bridge is driven into saturation and the output

is proportional to cos(A<)>) only. The attenuators are used to adjust the signal

levels to the required values. In fig. 15 we indicate the voltages and attenu-

ator settings for the case of an rf-field of 352 mOe at the position of the

sample.

With this bridge circuit only the phase angle of the Q-meter voltage

given in eq.(18) Is detected, and the output voltage of the bridge is given by

6 E L

V = A cos(A<(>) = A c o s ( a r c t a n T J — ) = A c o s ( a r c t a n ( 4 n T) X ' Q ) ) ( 2 1 )
v0

which reduces to

V
I F " *it H X' Q (22)

for small values of Ad>- In our experiments this latter approximation was

always valid.
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Since the bridge circuit itself contains no active parts, no extra phase

noise and drift are Introduced in the measurement of x' [18].

For the ADRF and the recording of %' we used the following procedure.

After DNP the magnetic field was shifted to HQ + 100 Oe or HQ - 100 Oe, de-

pending on the desired sign of the spin temperature after ADRF. The Q-meter

remained tuned to the Larmor frequency OJQ = YH
0
# T n e n t n e switches in the NMR-

circuit were set in position 2 so a large rf-field at a frequency ojg was ap-

plied to the sample. Then the magnetic field was swept over a range of 200 Oe.

During this sweep, the output of the mixer was stored in the averager.

Examples of the signals thus obtained are shown in fig. 1 and 3 of chapter 6.
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5
dynamic nuclear polarization in Ca(OH)2

5.1 Introduction

In this chapter we shall treat the mechanism of dynamic nuclear polariza-

tion (DNP) of the proton spins in Ca(0H>2 doped with 0^ ion centers. As was

described in chapter 3, these 0^ centers, with an electron spin S = \, are

created by electron beam irradiation. There are three different sites for the

Oj ions in Ca(0H>2 fl], so the ESR-spectrum consists in general of three

lines.

In our experiment, the sample is cooled to 0.65 K and placed in a magnet-

ic field of 2.7 T parallel to the crystalline c-axis. Then the three ESR-lines

coincide and the g-value is

g = gxx = !.9664 (+ 0.0004)

Hence, for the description of DNP, our sample can be considered to contain one

type of electron spin with S = h and one tyj-e of nuclear spin with I = %.

In section 5.2 we shall first discuss the method we used for measuring

the nuclear polarization. Then in section 5.3, experiments ars described that

lead to the conclusion that the mechanism of DNP of proton spins in Ca(0H)2

doped with O2 centers is a pure solid effect. Next we will introduce In sec-

tion 5.4 the simple rate equations for the solid effect and we shall give an

experimental verification of these equations.

Finally measurements of the temperature dependence of the nuclear spin

lattice relaxation time will be presented. We will show that the results of

these measurements are consistent with the DNP results.
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Fig. 1 Plots of the proton reso-

nance line at several values of the

proton polarisation p. The resonance

lines were recorded, at a magnetic

field Ho = 2.7 T. Each signal is the

result of averaging.

In fig. 1.1 both the change in the

magnitude and in the shape of the

signal are shown. In fig. 1.2 the

change in the shape shows up more

clearly because the change in the

magnitude was been eliminated by

normalising all signals to the same

area.

5.2 The aeastire«ent of the polarization

The polarization per spin of a system of spins is defined as

p~<V

where I = t I , Nj- i s the number of spins and

<A> = Tr {CTA} (2)
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is the expectation value of an operator A in a state described by the density

matrix a.

The polarization is determined experimentally from the observed nuclear

magnetic resonance (NMR) signal. How this can be done follows qualitatively

from fig. 1 where the resonance signal is shown for different values of the

polarization. Fig. 1.1 shows that the magnitude of the signal increases as the

polarization grows. Furthermore, the NMR line shifts in frequency. Also the

line becomes narrower and more asymmetric. In fig. 1.2 the resonance signals

have been normalized to the same area. Then these latter effects show up more

clearly.

The area, frequency shift and width of an NMR line can be measured

quantitatively by determining the moments of this line. With respect to the

Larmor frequency OJQ, these moments are defined as [2]:

+co

Mn = ƒ A" X" (A)dA (3)
— CO

where A = COQ-OJ. The imaginary part of the nuclear susceptibility x"(u) ^s

proportional to the intensity of the NMR absorption signal v(u) that is

measured experimentally, using the Q-meter described in chapter 4:

v(u) = cujx'Xw) (4)

In r\.(4), uj = Y HI> where Hj is the strength of the rf-field that is used in

recording the resonance signal and y is the nuclear gyromagnetic ratio. The

constant c is determined by the apparatus. Then the moments of the observed

absorption line are given by:

+oo

M = ƒ An v(A)dA = C(o,W (5)
n ' x n

— CO

From eq.(5) it follows that h^ is the area of the observed resonance line, Mj

corresponds to the shift of this line, while M2 is a measure of its width.

It will be shown in section 5.2.2 that Mo is proportional to the polar-

ization p. When the spin system is in thermal equilibrium with the lattice, p

is known. Measuring MQ in this situation then yields the proportionality

constant [3].

The first moment of the NMR line can be used to measure the nuclear

polarization as well. As we saw in fig. 1.2, the NMR line shifts when the
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nuclear spins are polarized. The origin of this shift is that the polarized

spins create an internal magnetic field in the sample, which adds to the

external field. The magnitude of this field depends not only on the polar-

ization, but also on the sample shape and on the crystal structure. For a

spherical sample of cubic symmetry for instance, the field thus created is

zero. In our case the sample is a thin platelet of hexagonal Ca(0H)2> Then the

polarized nuclei create a rather large internal field. This internal field

causes the shift of the central frequency of the resonance line that is seen

in fig. 1.2. The shift of the NMR line becomes larger as the nuclear

polarization increases. The reduced first moment m^, which is defined as

is a rigorous representation of this shift and is proportional to the nuclear

polarization p [4]. m± is independent of the factor cu\ and thus independent

of the NMR apparatus. Furthermore, the proportionality constant between mj and

p can be calculated theoretically using only the crystal structure and the

sample shape. Hence mj can be used for an absolute calibration of the polar-

ization. The first moment will be discussed in more detail in section 5.2.3.

A third method for the calibration of p is the measurement of the reduced

second moment m2 = M2/Mo [̂ l- Roughly speaking this second moment is propor-

tional to the square of the NMR line width. It depends furthermore on the

shape of the sample. As we have seen above in fig. 1.2, the line width de-

creases with Increasing nuclear polarization. It can be shown [4] that

m2 (p) = m2(0)(l-p
2) (7)

Since the wings of the resonance line contribute strongly to m2, this quantity

is very susceptible to dispersion and to the signal-to-noise ratio of the sig-

nal In the wings. Also one has to take into account that m2 is Influenced by

the paramagnetic impurities In the sample. Because of these complications, we

have not used m2 to determine p in our experiments.
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5.2.1 Calibration using Mo

In this subsection we will derive how the area of the NMR absorption

signal, as measured with the Q-meter, can be used to determine the nuclear

polarization p. According to eqs.(4) and (5) this area is:

+00 +<»

Mo = ƒ v(A)dA = cm ƒ x"(A)dA (8)

In our case the nuclear spin system can be described by a Hamiltonian consist-

ing of a Zeeman term unl and the truncated dipolar Hamiltonian 3C! that was

given in chapter 1, eq.(3). Such a Hamiltonian is invariant under rotation

around the direction of the external magnetic field. Using linear response

theory it has been shown [3] that x"(A) is then given by:

X"(A) = \ ƒ <[l_,I+(t)]> e
iAt dt (9)

—CO

where

T(t) = e:

and

I = £ l \ I1 = I1 ± i I1

± ± ±' ± x y

After substitution of eq.(9) in eq.(8) and after performing the integration

over A one obtains:

Mo = coo! j <[l_,I+]> (10)

Finally, after writing out the commutator in eq.(10) and using eq.(l), Mo is

found to be:

NI , x
MQ — —Ccĵ Tt ~n— p (11)

The determination of p from a measurement of MQ requires knowledge of the fac-

tor CCUJTCN /2. This factor can be obtained by measuring MQ for a case when the

spin system is in thermal equilibrium with the lattice. For our spin system
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with I = \, the polarization is then given by the Brillouin function:

hu>0
PO = tanh ̂  (12)

where T is the lattice temperature.

This calibration method is conceptually simple. It is, however, not well

suited in our case for the following reasons:

In the samples that are used in our experiments, nuclear spin lattice re-

laxation times are long. As will be seen in 5.4.2 at 4.2 K Tj n is about 25

minutes and at 0.5 K Ti is about 460 hours. Hence equilibrium signals can in

practice only be measured at temperatures near 4.2 K. At these temperatures

the equilibrium polarization is very small. For instance at 4.2 K and 2.7 T it

is

p° = 0.00067 (13)

Due to this small value of p° the signal-to-noise ratio of the NMR-signal Is

poor.

With these small signals the contribution from the protons outside the

sample also becomes important. In a few experiments at 4.2 K with and without

a sample, this contribution was measured as varying between approximately 15

and 25% of the total NMR signal. It was concluded that part of this signal is

due to stray protons in the materials that are used in the set-up. In

principle one could correct for this signal. Part of the background signal

however, is different each time the set-up is taken apart, and can only be

eliminated by working extremely carefully.

All of these factors restrict the accuracy of the 'determination of the

constant cwi-rcN/2 In eq.(ll) using the value of Mo of an NMR-signal of proton

spins in thermal equilibrium with the lattice. Even though we used averaging

techniques to measure the equilibrium signal, the estimated error in the value

of the constant is still about 10-15%.
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5.2.2 Calibration using Hx

The second method to determine the nuclear polarization is by using the

reduced first moment mj of the NMR line. According to eqs.(3), (5) and (6), m^

is given by:

ƒ Ax"(A)dA ƒ Av(A)dA

ƒ X"(A)dA ƒ v(A)dA

For a system of spins placed in a high magnetic field that -apart from the

Zeeman interaction- experience only dipolar interactions, Abragam et al.[4]

derived the following expression for m^ :

where Di. is defined in eq.(10) of chapter 2. The factor f^• in that equation

is 1 for all i and j in this case.

In the derivation of eq.(15) it is taken into account that during DNP a

strong magnetic field is applied and that the dipolar spin temperature is

high. So the dipolar interactions are neglected in the density matrix des-

cribing the system. Furthermore it is assumed that the sample is homogeneously

polarized by DNP. The term 1/Nj £. D.^ in eq.(15) is the average Weiss field

in the sample, expressed in proton frequency units. This term can be calcu-

lated using the Lorentz sphere model that was used in chapter 2 for the calcu-

lation of the Weiss field in a domain. Using eq.(17) and (19) of chapter 2 we

obtain:

„sample . n ij „sphere . ij
N_ * ijEsample J N^ ijesample J

Both terms in eq.(16) can be calculated theoretically. We will first discuss

the second term. In this term, v is the volume per spin and N is the dimen-

sionless demagnetizing factor. This factor takes values

0 < N < 4 7 t (17)
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Fig. 2 Drawing of the Ca(0H)2

sample that was used in our experi-

ments. The thickness of the platelet

is 0.2 mm. The reetangle II is used

in the calculation of the demagnet-

izing factor using eq.(18). The

meaning of rectangles I and III is

explained in the text.

depending on the shape of the sample. The sample that was used in our experi-

ments on Ca(OH)2 is the hexagonal platelet shown in fig. 2. The experiments

were performed with the external magnetic field perpendicular to this plate-

let. No analytical expression is known for the factor N for such a hexagonal

platelet. However, when we approximate this sample by a rectangular parallel-

opepid, we can use an analytical formula for the average value of N that was

originally derived by Kuiper [5] and later adapted by Roinel and Bouffard [6].

For such a parallelopepid of dimensions SL , X and I , placed in an external

magnetic field parallel to X they found:

N = 3Ï (f(a,b) + f(b,a); (18)

where

f(a,b) = ~ | [a+3(l+a2

35b
b+(l+a2

a(b + (l+a2

Au

+ 2C0S"1 [1 -
2a2b2

(18a)

and



x a
x , y

a = T ' h i -
z z

It is clear from fig. 2 that the demagnetizing factor of the real sample will

have a value between that of the parallelopepids I and III. N for parallel

opepid II, which has the same volume as the real sample, will very nearly be

the correct average. For this parallelopepld with dimensions 3.5 x 4.1 x

0.2 mm, eq.(18) yields:

N = 11.0 (19)

The error in this value can be estimated from the values of N for paralitl-

opepids I and III which are found to be N = 10.82 and N = 11.10 respectively.

From these results, it is estimated that the error in N due the approximation

of the hexagon by a rectangle will not be more than 2%.

The value for the first term of eq.(16) can be obtained from table 3 of

chapter 2, for HQ II c-axis:

*z Z Z = 107132 s"1 (20)
„sphere . .,- . ijNT ijSspnerei

Substitution of the values of eq.(19) and (20) in eq.(16) yields the average

local Weiss field in our sample. With this result, eq.(15) for the reduced

first moment in our sample becomes:

m1 = -48-18 p [kHz] (21)

We have used measurements of m^, together with eq.(21), to calibrate the pro-

portionality constant between the area Mo of the NMR-signal and <:he nuclear

polarization p. Experimentally, this calibration is performed as follows. The

absorption signal is recorded for many values of the polarization. In this

recording the magnetic field is kept constant and the frequency Is swept,

starting from a fixed value of the frequency. The recorded signals are inte-

grated twice using a digitizer and a computer. These Integrations yield the

first jaoment with respect to the fixed starting point of the frequency sweeps.

The calibration sequence is started at the highest value of the polarization.

Lower values of the polarization are obtained by sweeping the resonance signal

wi;h a number of slightly saturating passages [7,4], Results of such a sequen-
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Fig. 3 Plot of the experimentally

obtained value- of the first moment

of the proton resonance line m± as a

function of the area of the lin^

The straight line is obtained using

linear regression.

500 TOOÖ 150Ö
area of absorption signal (a u )

ce are shown in 2 3, where experimental values of the first moment have

been plotted as a .'.notion of the area of the NMR line. A straight line was

fitted through these points using a linear regression method. By comparison of

the slope of this line with the slope in eq.(21), we can relate the area of

the resonance line to the value of the polarization.

Several factors determine the accuracy of the calibration method that

uses the first moment. In the first place we use a Q-meter in recording the

absorption signal with fixed tuning. This means that the Q-meter is detuned at

the beginning and at the end of the frequency sweep. Hence a dispersion signal

will appear in the wings of the NMR-line. Later, measurements were performed

with a Q-meter in which the tuning automatically followed the frequency sweep.

These measurements indicate that the error due to dispersion is smaller than

3%.

Secondly there is the error introduced in the determination of m^ from

noise and drift in the recorded absorption signal. This error is estimated to

be about 2%.

Thirdly, the theoretical error of 2% in the value of N introduces an

error of about 1% in mj.

Finally, the instability of the external field introduces an error. In

chapter h a value of 1.2 x 10" /hr is found for this stability. The calibra-

tion is performed in a magnetic field of 2.7 T and is completed in about an

hour. Then this instability introduces an uncertainty in the proton resonance

frequency jf about 0.15 kHz, corresponding to an error of about 0.3% in m±.

Altogether in our case the accuracy of the calibration method using the

first moment is estimated to be better than 4^.

Finally we have compared the results of a calibration using the thermal

equilibrium signal and one using the first moment. This comparison has shown
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that the results of both methods are consistent within the accuracy with which

MQ and raj can be measured.

5.3 The aechanisa of DNP In Ca(OH)2

In this section we shall investigate the mechanism of DNP in Ca(0H)2,

doped with 0^ molecule ions. There are two known mechanisms by which DNP can

take place. One usually dominates when there is a high concentration of elec-

tron spins. Then an electron non Zeeman system can be defined with a Hamil-

tonian consisting of the dipolar interactions between the electron spins and

interactions like the hyperfine coupling of the electron spins with neighbour-

ing nuclear spins. The mechanism involving the electron non Zeeman system is

called thermal mixing [8-13]. The other mechanism is important in systems with

small concentrations of electron spins. Then the electron non Zeeman system

can be neglected and the dipolar interaction between the electron spin and the

nuclear spins determines the polarization mechanism. This is the so-called

solid effect [14,13].

We shall first demonstrate that the electron non Zeeman system plays no

role in Ca(0H)2 doped with 0^. Then we shall show that the polarization raecha-

nism in our case is Indeed the solid effect.

5.3.1 Thenal mixing

The possible role of Lhp electronic non Zeeman system was tested in a

deuterated sample of CaCOH^. The sample was irradiated rather heavily in

order to create as large a non Zeeman system as possible. When we assume the

presence of such a system, we can describe the interactions In the sample with

the following density matrix:

Tr{exp[ ]}
(22)

where |3 is an inverse temperature and K a Hamiltonlan. The subscripts e, nz, p

and d designate the electron Zeeman system, the electron non Zeeman system,

the proton Zeeman system and the deuterium Zeeman system respectively. It has
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Fig. 4 Representation of the elec-

tronic non-Zeeman system, the proton

Zeeman system and. the deuterium Zee-

man system with their respective in-

vevse temperatures and

Fig. 5 Energy level diagram of a

system consisting of one electron

spin S = 1/2 and one nuclear spin

I = 1/2 coupled by dipolar interac-

tion. In this figure also the tran-

sitions are shown that aan be in-

duced by the microwave field: the

allowed transitions with transition

probability Wa and the "forbidden"

transitions with transition proba-

bility w+.

been well verified [8-13], that the nuclear spin systems rapidly reach a

'p
thermal equilibrium via the electron non Zeeman system so that (3 = g = g,.

The three systems and their contacts have been pictured in fig. 4.

In order to determine whether such a thermal equilibrium is achieved In

our case; we performed an experiment similar to that of Cox et al. [16] in LiF

and of Atsarkin [17] in AI2O3. Our experiment, which will be described below,

was performed in a single crystal of calcium hydroxide in which 75% of the

proton spins was substituted by deuterium spins. The sample contained a con-

centration of 1.6 x 1O~3 O^. The temperature was 2.2 K and the magnetic field

was 0.3 T, directed parallel to the c-axis. Since Y,,/Y.. » 7, the NMR line of
H D

the proton spins and that of the deuterium spins are well separated. Kence, no

direct cross relaxation between the two types of spins takes place. We can

then attribute different values to p and p . Under these experimental

conditions the electronic non Zeeman reservoir is in contact with both the

proton and deuterium Zeeman reservoir. This is the situation that is pictured

in fig. 4.
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In the experiment we saturated the proton resonance signal, while simul-

taneously observing the deuterium resonance signal and vice versa. No contact

between the deuterium Zeeman system and the proton Zeeman system was observed.

Therefore, it can be concludp'' that the electronic non Zeeman reservoir plays

no role.

We can then also exclude a role of the electronic non Zeeman system in

our DNP experiments, because then conditions for thermal mixing are even less

favourable. This is because they are performed in high field so that the nu-

clear resonance frequency is much larger than the electronic line width. Also

polarization is performed in a sample with a hundredfold lower concentration

of Oj.

5.3.2 The solid effect

The solid effect was proposed by Abragam [14]. We start its description

with a Hamiltonian containing only the Zeeman interactions of the nuclear

spins and electron spins:

JC = u Z I 1 + u £ S^ (23)
n . z e . z

where a> and ui are the nuclear and electronic Larmor frequencies. The spin

system described by this Hamiltonian has discrete energy levels. In order to

describe DNP by the solid effect, the dipolar interactions between the elec-

tronic and the nuclear spins are added to the Hamiltonian in eq.(23) as a per-

turbation

JfT_ = £ f
1.8. .'P (24)

IS t. ij

•*•

where D . is the full dipolar tensor. Spin-spin Interactions between like

spins are neglected.

The simplest example of such a system consists of one electron spin S = \

and one nuclear spin I = \. The energy level diagram of this system due to the

unperturbed Hamiltonian given in eq.(22), is shown in fig. 5. In this figure

also the transitions are shown that can be induced by a microwave field. Due

to the dipolar interactions between S and I, not only are transitions A(S +1 )

± 1 allowed, but also transitions for which A(S +1 ) = 0, + 2. The transition
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Fig. 6 The polarization as a func-

tion of the magnetic field for a

fixed value of the mm-wave frequen-

cy. The lines ocour at the positions

of the forbidden transitions. For a

single spin pair the sharp lines

would occur. In the case of a real

sample there is broadening due to

spin-spin interactions.

probabilities W + of this latter type of transitions can be calculated using

second order perturbation theory [18]. Irradiation of the sample with a micro-

wave field with a frequency «o, induces transitions W_ when the magnetic field

has the value Hp - 10 /y and W, when the field is Hn + u /v • In the first• n 'e + u n 'e

case the polarization will be negative, in the second it will be positive.

This is shown in fig. 6.

For a system of Ng electron spins and N^ nuclear spins, the energy levels

are broadened by the dipolar interaction between the electronic and nuclear

spins. Thus the ESR transition WQ and W+, and hence the peaks in fig. 6, are

broadened as well. When the nuclear Larmor frequency is much larger than the

broadening of the E3R-transitions, the solid effec:: is called well-resolved.

We shall return to the solid effect in more detail in section 5.4.

5.3.3 Experimental verification of Che nechanlsn

The mechanism of DNP in Ca(0H)2 doped with 0^ molecule ions was tested in

the following way. For a range of values of the external magnetic field around

the resonance field Ho = wo/y >
 t n e value of the polarization was measured

after polarizing for one hour. The experiment was performed in the set-up that

was described in chapter 4, at a temperature of about 2 K. The microwave

frequency was 75 GHz. The sample was doped with a concentration of

1.5 x 10~5 0^. The results have been plotted in fig. 7. The figure shows two

narrow peaks, of width approximately equal to the electronic line width and of

equal but opposite height. The two peaks are spaced AH = 2u /y . The positions

of the peaks, one at Ho + u /y and one at Hg - wo/y , correspond to the
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Fig. 7 Plot of the Value of the

•proton polarization in Ca(0H)2 after

polarising for one hour, as a func-

tion of the external magnetic field.

The mm-uave frequency was 75 GHz.

positions of the forbidden transitions. These results strongly suggest that

the mechanism of DNP in the sample is the well-resolved solid effect. The

slight effect arounJ Ho in fig. 7 was investigated by Van der Zon [19]. It was

shown to be due to a solid effect mechanism related to a small satellite of

the ESR line. The origin of this satellite is not yet understood.
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5.4 Some dynamic properties of the proton spin system

5.4.1 Rate equations

Having established qualitatively that the process of DNP in Ca(0H)2 doped

with O2 is the well resolved solid effect, we will now describe the DNP

process in Ca(0H)9 more quantitatively. To this purpose we will make use of

rate equations [15].

In deriving rate equations which describe the evolution in time of the

nuclear spin polarization, two assumptions are made. In the first place it is

assumed that spin-spin interactions are sufficiently fast to ensure a uniform

nuclear spin polarization pn in the system at all times. Secondly it is

assumed that leakage of the polarization due to relaxation, e.g. via other

impurities, is negligible. Then, for the case of microwave induced transitions

W+, these rate equations are:

dP , N

and

where p° is the polarization of the nuclear spins when in thermal equilibrium

with the lattice. p° can be calculated from eq.(12). P° is the thermal equili-

brium polarization of the electron spins and can also be calculated from

eq.(12). T^n and Tj e are the nuclear and electronic relaxation times respec-

tively. Under our experimental conditions Nn/Ne W +T l e « 1. Then the steady

state solution of eq.(25) is Pg <= P°. The time evolution of the nuclear

polarization in this situation, is found by solving eq.(26):

p (t) = p (0) + fp (») - p (0)1 e"
t|/T (27)

n n n n

where

W, T,
p (oo) = P0 _ ± _ 1 "
n e 1+W T

+ In
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Fig. 8 Growth of the pv

zation during DVP.

The solid line is the

p(")-p(t) = 0.95 exp(-t/S.S),

polart-

t(hour)

is the steady state nuclear polarization due to the microwave irradiation. The

time constant ^ is the nuclear polarization time and is given by:

W, T
x = T

In
lnL W" T

+ Xln
(29)

Combining eq.(28) and (29) yields a relation between the measurable quantities

x and ?_(<=):

P («0
T = T. [1- ]

lnL po
 J

(30)

This relation was checked in a sample of Ca(0H)2 doped with a concentration of

6 x 10~5 02. The DNP experiment was performed in a magnetic field of 2.7 T

directed parallel to the crystalline c-axis. The sample temperature during DNP

was 0.55 ± 0.05 K.

The growth of the polarization was measured as a function of time. It

could be described by an exponential function of time with a time constant

T = 5.5 hours, as is shown in fig. 8. The nuclear spin lattice relaxation time

in the sample under the same experimental conditions was measured to be T^n =

115 + 5 hr. At 0.55 K and 2.7 T, P° = 0.999. .Substitution of these results in

eq.(30) yields:

p (oo) = 0.95 + 0.2 (31)
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Fig. 9 The temperature dependence
of the proton spin-lattiae relaxa-
tion time in Ca(0H)<, doped with
1.5 x 10~° OZ-ions. The solid line
ie a best fit of eq.(33) to the

experimental pointe, taking the
2

coefficient of [l-Pg } as on

adjustable parameter. The point at

0.5 K was obtained as explained in

the text.

10 I " r "• "1

10*

io3L
I/T[K-'J

- i -

Experimentally a maximum value

p (») = 0.93 ± 0.05 (32)

was obtained. From these results it can be concluded that for Ca(0H)2 doped

with 0^, the simple rate equation model yields a consistent picture of the

measurable quantities. This result supports the conclusions of the previous

section that the mechanism of DNP in Ca(0H)2 doped with 0~^ is the solid

effect.

5.4.2 Nuclear spin lattice relaxation

In this final subsection we shall present measurements of the nuclear

spin lattice relaxation time T l n in Ca(0H) 2 doped with 0^. These results will

be compared with the relation that has been derived by Jeffries et al. [18,15]

for the nuclear spin lattice relaxation time of a system of spins in high mag-

netic field and at low temperature.

Measurements of the nuclear spin lattice relaxation time were performed

in a sample doped with 1.5 x 10 O^-ions in a magnetic field of about 2.7 T

which was parallel to the c-axis of the crystal. The results of measurements

at different temperatures are shown in fig. 9.

In the derivation of a relation for Tln [15], the nuclear spin system is

divided into two parts. The spins within a distance b -the diffusion barrier-



of an electronic spin have their resonance frequency shifted by more than the

nuclear linewidth and form the system of anomalous spins. The rest of the

spins constitute the bulk system. The nuclear spin lattice relaxation rate of

this bulk system, due to the interaction with electron spins S = h, is then

found to be:

ln ' b3 H2 Tle
0

( 3 3 )

N is the number of electron spins per unit of volume and y is the electronic

gyromagnetic ratio.

For high magnetic fields and low temperatures the electronic relaxation

is determined by the direct process which is temperature and concentration in-

dependent [20].

In fig. 9 a best fit of eq.(33) to the experimental points, taking the
2

coefficient of (l-P° ) as the adjustable parameter, is shown. The point at

0.5 K was derived from the value that was measured in a simple with a four-

fold concentration of 0^, assuming the linear coneentration dependence of

eq.(33). Fig. 9 shows that the 1-P° temperature dependence of T^n holds for a

wide range of temperatures.

As the theoretical model on which eq.(33) is based is consistent with the

model which leads to a solid effect polarization mechanism, these results

provide additional support for the conclusions that were reached in the pre-

vious subsection.

5.5 Conclusions

Summarizing the results that were obtained in this chapter, the following

picture arises:

Measurement of the polarization as a function of the magnetic field

yields two peaks, a positive one at Ho + to /y and a negative one at

HQ - co /y , which is characteristic for the solid effect. From the experiment

of thermal mixing we conclude that the electronic non Zeeman system plays no

role in the DNP process.

The conclusion that the process of DNP in Ca(0H)2 doped with 0, is a pure

solid effect, is further substantiated by a verification of the rate equations

that can be derived for this case Finally, the temperature dependence of the
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nuclear spin lattice relaxation time can be correctly described within the

simple model on which the rate equations are based.
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6
susceptibility measurements in the demagnetized state

6.1 Introduction

The proton spin system of Ca(OH)2 in the demagnetized state was studied

by recording the NMR dispersion signals of the proton spins during an adiabat-

ic passage (AP). Such an AP is performed by sweeping the frequency a of an rf-

field 2HiCosut, applied perpendicular to the magnetic field Ho, from above the

Larmor frequency UJQ to below, or vice versa [1]. In a frame of reference ro-

tating with the rf-frequency io this AP can be described as an adiabatic de-

magnetization followed by an adiabatic remagnetization. In such a frame the

direction of H^ is fixed. We choose it parallel to the x-axis. According to

eq.(22) of chapter 4 the magnitude of the dispersion signal at the centre of

the AP is proportional to the susceptibility px/ui of the spin system in this

x-direction

"IF - c £ (DIF

where c is a constant that is determined by the setup, px is the transverse

polarization resulting from the application of the rf-field and w, = yHj.

In this chapter we will present measurements of Px/u>i for the case in which

the rf-frequency is equal to the Larmor frequency ÜJ0» SO the effective field

in the z-direction is equal to zero.

For sufficiently small values of toj, the transverse susceptibility is in-

dependent of uj. For larger values saturation effects occur and the suscepti-

bility becomes a function of uj. In order to distinguish these two situations

we shall use the symbol %, only f° r
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and write Px/ui in all other cases. The results of our measurements of px/(i)i

in the case of Hollc-axis will be presented in section 6.2.1. Data were obtain-

ed for both positive and negative spin temperature and for six values of U|.

They will be plotted as a function of

Pi + Pf
PO = 2 (3)

where p^ is the proton polarization that is meas •ed before the AP, and p^ the

polarization that is measured after the AP.

In looking at these plots it should be noted that according to chapter 1

higher values of PQ correspond to lower values of the temperture of the demag-

netized spin system.

The observed susceptibility is a function of the demagnetizing factor Do

in the sample. In section 6.2.2 we shall derive a general relation between x,

in the case that the demagnetizing factor Do t 0 and x *n t n e case that

Do = 0.

The calibration of the measured dispersion signals requires that we de-

termine the constant c in eq.(l). This is done by making an expansion of x,

and PQ to first order in the inverse spin temperature and by fitting the re-

sulting relation between \ and pj to the experimental results for low OJJ and

low p0.

The value of px can be determined after caJibration of the rf-field uj.

This calibration is obtained from an analysis of the effect of slightly satu-

rating passages through the NMR line.

The calibration of py/ui and of uy will be the subject of section 6.2.3.

In section 6.2.4 ne shall use these to plot px as a function of to. for T > 0.

In section 6.2.5 we shall present the experimental values of p /IOJ for

small uj after eliminating the effect of Do.

For the explanation of the results we distinguish between the ordered re-

gion where PQ is larger than the critical polarization pc defined in chapter

2, and the paramagnetic region where p0 < Pc- In the ordered region the spin

system is described with the ordered structures that were predicted in chapter

2 using the Weiss field approximation. In section 6.3 a relation will be de-

rived between x, an^ Po f°r these structures, using the same approximation.

Results will be presented for both positive and negative spin temperature and

they will be compared with the experimental data.

In the paramagnetic region we make use of a power expansion of the densi-
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n'agnet'C l ied (10 'T/CJIV) magnetic f ipld (IO"3 r/div)

Fig. I Typical recording of the

dispersion signal during an AP at

positive temperature and for high

polarisation p0.

Fig. 3 Typical recording of the

dispersion signal during an AP at

negative temperature and for high

polarization p0.

ty matrix in the inverse spin temporature g [2]. For the description of the

behaviour of a spin system at p « |3 a first order expansion is generally

sufficient. For (3 approaching g , at least a third order expansion becomes

necessary. In section 6.4 we shall compare our experimental results with rela-

tions between and pg that were derived using such series expansions to

first and third order.

6.2 The experimental data and their calibration

6.2.1 The ezperlaental data

The experimental values of px/u)i were obtained by measuring the height of

the dispersion signal at the centre of an adiabatic passage (AP). An example

of such a dispersion signal at T > 0 and a high value of p0 is shown in

fig. 1. In fig. 2.1 through 2.6 we present the results of Px/toj plotted as a

function of p0, for six different values of coj at T > 0 and with Hgll c-axis.

The vertical scale is the same in all figures, but is as yet uncalibrated. The
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Fig. 2.3 Fig. 2.4
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-15 -1-15

Fig. 2.6

Fig. 2 Pj/ui measured as a function

of the polarisation p 0 that io de-

fined in eq.(3). Results were ob-

tained at T > 0 and with HQ\ia-axis,

using the values of the vf-field ooj

that are indicated. The heavy aurve

is a smooth line passing through thi

experimental points. The thin line

is the plot of eq.(17> based upon a

best fit to the experimental points

in 2.1 and 2.2 for pB < 0.15. From

this fit the calibration of the

vertical scale that is shown on the

right hand side of the figure is ob-

tained.

polarization p0 was determined in the way that is described in detail in

chapter 5. From fig. 2.1-2.6 one can see qualitatively that at T > 0 nonlinear

effects show up, i.e. Px/<*>i becomes a function of wi- No clear "plateau"

- characteristic for an ordered state - is visible.

A typical recording of the dispersion signal at T < 0 is shown in fig. 3.

The values of Px/ui that were determined from these recordings are plotted-

again as a function of PQ ~ In fig. 4 (circles). The vertical axis in fig. 4
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I5r I I I

Fig. 4 The same as fig. 2. The cir-

cles ave values of Pj/ui for T < 0,

the triangles are values for T > 0.

These latter values are used for the

calibration of the p^Jui^-axis. It

should be noted that the values of

p^/ui at T < 0 are positive whereas

at T > 0 they ave negative.

05-

i J
10

Is multiplied by a factor 10 compared to that of figs. 2.1 - 2.6. In fig. 4

the plateau in the susceptibility that is characteristic for an ordered state

can clearly be seen for p0 > 0.25. Also shown in fig. 4 are values at T > 0

(triangles) that will be used for the calibration of the axis.

The striking difference in magnitude between the signals at T < 0 and

T > 0 is caused by demagnetizing effects. In the next subsection we shall

discuss these effects in more detail.

6.2.2 The Influence of the demagnetizlog field on the susceptibility

The rf-field (i)j Induces a transverse polarization p in the sample, which

in its turn creates a demagnetizing field parallel to the rf-field. As this

demagnetizing field Influences px> the observed susceptibility depends on the

demagnetizing effect of the sample. In the Weiss field approximation the ap-

plication of an external field uj results in an effective field in the sample

that Is given by [3]

122



Px

where Do is the demagnetizing factor

I ij J

with

l-3cos26. .

U 2 3
ij

According to the Weiss field approximation the nuclear spins are polarized by

just this effective field. Hence px is a function of the inverse spin tempera-

ture p and u) ff'

Px = f(P.weff) = f(P.«>i " %
 D0 Px) (?)

The transverse susceptibility per spin x, is then

ux - % D 0 P X) a(ui - ̂  D Q px)
(8)- i D0 px) 5 ^ ( 8 )

In the Weiss approximation the spins do not "know" the origin of the field

they experience and hence

,o)1 - h Do p )

So:

X,(Do = 0)

At positive temperature the energy of the spin system seeks a minimum, so px

and uj will have an opposite sign. At negative temperature the energy will

seek a maximum so that then px and toj will have the same sign. Therefore x, is

negative at T > 0 and positive at T < 0.

Then, according to eq.(ll), at T < 0 the susceptibility is reduced compared to

what one would measure in the case of Do = 0, while at T > 0 the value is much

higher. These effects were already noted in the previous subsection. Especial-

ly at T > 0 the effect of '00 is large, and evtn leads to a singularity for

xjDo = 0) = - 2/D0.
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6.2.3 The calibration of the data

In this subsection we shall first describe the calibration of the px/(oi

-axis in figs. 2.1-2.6 and in fig. 4. Then the calibration of the rf-field

Hj = (J^/Y will be dealt with.

For the calibration of the px/ U1-axis we shall use the results for the

transverse susceptibility Xianc* the polarization pg to first order in the in-

verse spin temperature p = h/k T that were obtained in chapter 1. For the

transverse susceptibility it was found that

xL = -* P

in the case DQ = 0.

The polarization pg is related to the entropy before the ADRF. The con-

tribution of the dipolar interaction part to this entropy can be neglected

with respect to the contribution of the Zeeman part as it is several orders of

magnitude smaller. Then it is effectively the entropy of a system of non-

interacting spins given by eq.(7) of chapter 1:

s0
= Hn 2 - k [(l+Po)Xn(l+po] + (l-Po)to(l-po)] (12)

NIkB

which can be approximated for small pg by

so 2
An 2 - h Po (13)

VB

The entropy of the system after the ADRF is given by eq.(15) of chapter 1:

2 - | p2D2 (14)

The ADRF is isentropic so

*P0=jj(3 2» 2 (15)

Combining this result with eq.(ll) yields a relation between the transverse

susceptibility x, a n d t h e polarization p0 which is valid in the first order

high temperature approximation:
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Pa = xi(Do = ° ) D

In a zero effective field the entropy is independent of the sample shape. How-

ever, the susceptibility does depend on this sample shape via Dg as was deriv-

ed in section 6.2.2. Substitution of eq.(10) in eq.(16) then yields an expres-

sion for x, a s a function of p0 in the case Do * 0:

PO

*l<°0) D + k D0P0

We have used this relation to calibrate the vertical axes in fig. 2.1 through

2.6 and 4 by fitting the vertical axis of this curve to the experimental data.

However, the first order approximation is valid for low p0 only. Furthermore

eq.(17) can only be used to fit data that were obtained with a small value of

IOJ for which

£ - (S? «1-0 = xi(Do] (18)

holds. Therefore we fitted the positive temperature data for only the two

smallest values of uy, given in fig. 2.1, 2.2 and 4 and for p0 < 0.15. The

best fit of eq.(17) to these data is shown in these figures. The resulting

calibration of the vertical scale is given on the right hand side of figs. 2.1

through 2.6 and of fig. 4.

The value of the field Hj that is used in the ADRF is obtained by apply-

ing the method of slightly saturating linear passages [4,5]. In this method

the resonance line is swept many times from far above resonance to far below

and vice versa. During this procedure the line is irradiated with a slightly

saturating rf-field 2Hicostot. The decrease of the proton polarization is then

observed with a Q-meter. From this decrease Hj is determined using

yi
p(t) = p(0) exp(- -yrrrj- t) (19)

where n is the number of sweeps per second and dH/dt is the sweep rate.

In a sequence of measurements with different values of the rf-voltage VQ

that is used in creating Ho, and for different values of dH/dt and n it was

found that in our setup:

VQ = 1 mV = Hx = 59 s"
1 ± 15% (20)
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Fig. 5 Plot of px versus a^ for

several values of p0. The region A

is the ordered region; in the region

B we are dealing with a saturated

paramagnet; in the region C Vy/^i * e

independent of u)j; in the region D

does depend on, uj.

H, [mOeJ
200 300

After verifying the linearity of the relation between the signal source vol-

tage and the voltage across the Q-meter coil, we obtained the values of the

fields that were used in the ADRF by extrapolation.

6.2.4 The field dependence of the transverse polarization

In section 6.2.1 we presented the results of measurements of px/i->i at

T > 0. These results were plotted as a function of p0 in figs. 2.1 through 2.6

for six different values of the rf-field H^ = UJ/Y- Having calibrated px/ui

and u>i we can now present these results in a different way by plotting the

transverse polarization px versus on for a number of values of pg using the

smooth curves through the data points. This plot is shown In fig. 5.

The region A in fig. 5 is the ordered region. It will be discussed in

section 6.4. In the region B the field uj is so high that after the ADRF the

polarization px is equal to the polarization pg before the ADRF. Then we are

dealing with a saturated paramagnet.
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In the region C where o^ < 1632 s , the rf-field is low enough for px to de-

pend linearly on m and p /cô  = X."

Finally in the region D the relation between px and a>i is no longer linear be-

cause ui is too large. Under those circumstances the approximation that the

Zeeman interaction of the spins commutes with the total effective field is no

longer valid and the conditions under which the series expansion of the dipo-

lar Hamiltonian is derived, are no longer obeyed [2]. Also, the linear res-

ponse approach used in deriving % can no longer be used.

Hence no theoretical curves are drawn through the points in this region.

6.2.5 The transverse susceptibility x. after correction for demagnetizing

effects

The values of px/ui at T > 0 obtained with Ü>J = 994 s"
1 and u\ = 1632 s

obey the condition of eq.(18). The same holds for the values of Px/ui at

T < 0. We can then use eq.(10) to obtain the transverse susceptibility

v (Do = 0). A plot of these values for T > 0 is shown in fig. 6. The corre-

sponding plot for the values at T < 0 is shown in fig. 7.

We also plotted the linear relation

PO = Xx(t>0 = °)
 D

that was derived in section 6.2.3 using the first order high temperature ap-

proximation.

For T > 0 the experimental values of x, start to deviate from this first order

relation for p0 > 0.30, while for p0 > 0.60 an approximately constant value is

reached.

For T < 0 the experimental values of x. already start to deviate for p0 > 0.1,

while a constant value is reached for pp > 0.25.

The plateau in %, a t positive and negative temperature is characteristic for

an ordered state. In section 6.4 we shall derive a theoretical relation

explaining these plateaus. The deviation from the first order relation in the

paramagnetic region will be discussed in the next section.
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o

Fig. 6 Plot of the pointe from fig.

2.1 and 2.2 for T > 0, after cor-

recting for the effect of the demag-

netising factor Do using eq.(10).

Also shown are the results of a

first and third order high tempera-

ture expansion in the paramagnetic

region and the Weiss field value for

the susceptibility in the ordered

state. Finally x„ fov the antiferro-

magnet is shown.
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1.0

Ho//c-axis
T<0

1.0

Fig. 7 Vlot of the points from fig.

4 for T < 0, after correcting for

Do. Again we show the results of a

first and third order expansion.

Also shown is the Weiss value of Y,

in the ordered state.
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6.3 The susceptibility In the paramagnetic state

6.3.1 The third order series expansion

In order to describe the behaviour of the experimental values of

X (D 0 = 0) as a function of pg in the paramagnetic region, the series expan-

sions of the susceptibility x. anc' t n e entropy S(p0) were carried to third

order in the inverse spin temperature p = h/k T . The susceptibility is ob-

tained by applying linear response theory. After a standard calculation

Goldman [2] found that

X̂ Dfl = 0) = -h p[l- j P2D2] (21)

The polarization p0 is again related to the entropy through eq.(12):

So
NIkB

= In 2 - Jj[(l+po)jln(l+po) + (l-po)An(l-p0)] (12)

The entropy in the demagnetized state is derived from the density matrix given

in eq.(12) of chapter 1, using

S = -kB Tr {a An a} (22)

The derivation yields a relation between the entropy and the dipolar energy:

f r
p- = Nj. An 2 + p<K£> - | OC^Xn) dr, (23)

Next we use a series expansion of the dipolar energy to third order in (3,

which was derived by Goldman [2] and which is based on a linked-cluster expan-

sion as developed by Stinchcombe et al. [7]. They found that in zero effective

field the dipolar energy per spin can be written in the following power series

in p:

}}-<*£> = E P" Gn<0> (24)
I n

where the first three terms in eq.(24) are given by:
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Fig. 8 Diagrams of the sums that

play a role in the third order

series expansion of the dipolar

energy. Each line aonneating two

spins represents a dipolar coeffi-

cient A^j. The diagrams are identi-

fied by the symbols from eqs.(26a-

28f).

D2

^ (K3 " I3)

G3 ( 0 ) " 236 (-?K4 " 10I4 + I V 2 + i

The various terms in eqs. (25a-25c) denote the sums:

I = £ (A

1J

(25a)

(25b)

(25c)

(26a)

(26b)

(26c)

(26d)

(26e)

(26f)
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r(xa-ax is)

5 10
r(x a-axis) 5 10

r(x a-axis)

3 - i ~ A i - i ^ _
1 5 10
r(xa-axis)

figf. 9 PZote o/ the terms D2, Kg,

K.^2 ana K4 as a function of the

radius r of the sphere around a spin

I1. The drawn line shows the expect-

ed asymptotic behaviour of the

terms. The limiting value L was vav-

ied until the difference of L and

the terms showed the correct asymp-

totic behaviour.

Each terra in these sums can be represented schematicaly by a diagram as is

shown in fig. 8. In this figure each line connecting two spins I and 1^

denotes a coefficient A ^ in a term in the sums of eq.(26a-26f). By substi-

tuting eq.(24) in eq.(23) and using these sums, a third order series expansion

for Sj/Njkg is obtained:

N I k B
in 2 (3n+1

n=l
Gn(0)

TÜ2T ~ 1 O I 4 + T K 2 I 2 + (2 7)
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Using as before that the ADRF is isentropic:

v-r- = ÏTT- <28>
N k lik
I D I D

together with eq.(12) for the relation between So and p0, we obtain a series

expansion of p0 to third order in (3.

This result together with eq.(21) for x, > enables us to plot Xi a s a function

of p0.

6.3.2 Calculation of the dipolar SUBS

In order to use the results of the previous section for the description

of the experiments we must calculate the dipolar sums in eqs. (25a-25f) in the

case of Ca(0H)2» To do this we applied the method of direct summation that was

used in chapter 2. The sums were calculated by summing over the spins IJ, I ,

Im and In within a sphere around a spin I . The convergence of these sums was

studied by increasing the radius of this sphere in steps and carrying out the

summation for each step. A step size of a//3 was used, where a is the size of

the unit cell In the a-direction. Because of limitations in computing time

only six steps were taken, so the maximum radius was 2/3 a. Then the sphere

contains 307 spins. Values of the sums for the different diagrams are given in

table 1 for each step. It can be seen that the sums for I3 and 1^ converge

rapidly and do not change after the third step. The other terms converge less

rapidly. The limiting values for these terms were obtained using the asympto-

tic behaviour of these sums. In table 1 we have indicated this asymptotic be-

haviour of the various terms. The limiting values of the sums were then ob-

tained graphically as is shown in fig. 9.

The results that were obtained In this way for the sums for each of the

three principal axis field directions are given in table 1. The values for the

first three terms Gj^O), G2(0), G3(0) in the series expansion of the dipolar

energy that can be calculated with these results are also given in table 1.
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Table I Values for the diagrams that figure in the first three terms of the

series expansion of the dipolar energy. For H^We-axis values are given for

each step in the radius r of the sphere around the spin J*. The limiting value

is found as described in the text. For the other field directions only these

limiting values are given.

Also given is the expected asymptotic behaviour of the values of the various

sums. The values of G-^iO), G2(0) and G^(0) that can be calculated in this way

for H0\\a-axis, are also shown.
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Fig. 10 The transverse susceptibi-

lity x *° first and third order in

the inverse dipolar- spin temperature

according to eqs.(ll) and (29) res-

pectively. Furthermore a plot of p0

as a function of 1/TD to first and

third order is shown. These were ob-

tained from eqs. (15) and (30).

-15-

10

-05 05 Q°

6.3.3 Discussion of the experimental results for

region

t n e paramagnetic

Using the results of the previous section we can now obtain a quantita-

tive relation between %, and Po t 0 third order in p = h/k T • Substituting the

value of D2 from table 1 in eq.(21) yields:

XjL = -0.382 x 10 5 i - { l - ( i - ) 2 x 0.019} [s] (29)
D D

where TD is expressed in microKelvin. Using the results from table 1 the en-

tropy (eq.23) becomes:

g

IB

g
Ï5—i— = An 2 + 1.445 x 10~2 ( i - ) 2 - 2.68 x io" 3 ( i - ) 3 + 3.09 x io" 3 ' i - )

I B LD lD \ 1

(30)

Again Tp is expressed in microKelvin. Using eq.(28) and eq.(12) pQ is obtained

as a function of n-/Tn from eq.(30). A plot of this relation for T > 0 is shown

in fig. 10. A plot of eq.(29) for T > 0 is also shown in fig. 10. The effect
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Table 2 Review of the properties of the ordered structures that were predict-

ed in chapter 2 for H^Wa-axis at positive and negative spin temperature. The

relation between ED and D^ was defined in chapter 2. The expressions for xx

are taken from the appendix, with DQ = 0. The expression of xB for nr. 5 is

taken from ref. 6. Between the extremes in the cases 1 and 5 any intermediate

spin orientation is possible. All of these structures have the same value of

of the third order terms can be seen by comparison with the first order rela-

tions that were plotted as well. Below 0.5 uK the third order term in the ex-

pansion of the entropy begins to dominate the other terms. Therefore for

Po > 0.4 the third order expansion can no longer be used.

A plot of x,(Do = 0) as a function of pg, to third order in 1/Tp is shown

in fig. 6. When this plot is compared with the experimental results it is seen

that the deviation from the straight line of the first order expansion is cor-

rectly predicted by the third order expansion. The magnitude of the observed

deviation is, however, smaller than predicted.

We now turn to the results for T < 0 that are shown in fig. 7. Again we

use eqs.(29) and (30) to derive a relation between \ and p0 to third order in

TD. This time however, Tp is a negative quantity. The plot of this relation is

shown in fig. 7. It can be seen that this relation fits the experimental

values very well up to about pp = 0.25. For higher values of p0 we find an

ordered state as we shall see in the next section.

6.4 The susceptibility in the ordered state

6.4.1 The transverse susceptibility x

The plocs of the reduced transverse susceptibility at T > 0 and T < 0 in

fig. 6 and 7 respectively, both show a plateau that is characteristic for an

ordered state as we saw in section 6.2.5. In the description of these results

in this section we shall make use of the relations that were derived by

Goldman [6] for the transverse susceptibility of ordered states using the

Weiss field approximation. A summary of this derivation is given in the ap-
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pendix.

In chapter 2 we made predictions of the ordered states in Ca(0H)2 for

Hgll c-axis. At negative temperature a longitudinal ferromagnet with a domain

structure is predicted. This structure is shown in fig. 4.1 of chapter 2. The

longitudinal antiferromagnet ZAF1 has nearly the same energy, however. At

T > 0 the transverse structure shown in fig. 4.2 of chapter 2 is predicted. On

the basis of energy considerations it can either be a transverse ferromagnet

(fig. 4.2.1) or a transverse helix (fig. 4.2.3). The transverse antiferromag-

net ZAF1 again has nearly the same energy. In table 2 we have summarized the

data on these structures that were obtained in chapter 2.

In the case of the transverse state that is predicted for positive tempe-

rature, the transverse susceptibility x can be x,> X« o r a mixture, depending

on the orientation of the spins with respect to the applied rf-field in the

xy-plane of the rotating frame. This is because there is no a priori preferred

orientation for the spins in this plane. In table 2 we give x f°r the various

ordered structures that were predicted and for the possible orientations of

the spins with respect to the rf-field. The expressions for x for these cases

were taken from the appendix.

Substitution of the numerical values of D^ yields x • The expression for x,, in

the case of the antiferromagnet is taken from ref. 3. It is seen that both for

positive and negative temperature the values of x f°r the ferromagnet differ

so little from that of the corresponding antiferromagnet that they canrot be

distinguished experimentally.

The values of x given in table 2 are shown in fig. 6 and 7. At T > 0

(tig. 6) the value of 0.90 x 10"5 s for ferro.tiellx
 a n d «f

 f i t s o u r experi-
af

mental results very well. We also plotted %,, l n f i8- &. Comparison with the

experimental results shows that we can exclude transverse antiferromagnetic

structures with spin orientations that deviate substantially from the y-axis

because then x would have a value which is a mixture of x? and xf • F r o m

these results it can be concluded that an ordered state characterized by a

constant transverse susceptibility x = 0.90 x 10 s for PQ > 0.5 occurs at

T > 0.

At T < 0 (fig. 7) it is seen that the v;.lue of 0.45 x 10~5 s for xfeTT°'af,

fits our experimental results very well. We can hence conclude that an ordered

state with this value of x, occurs for p0 > 0.25.

It should be noted that the experimental values of the susceptibility are

obtained from absolute measurements, using the calibrations in section 6.2.3.
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The experimental values coincide at positive as well as at negative tempera-

ture within the experimental accuracy with the values that are predicted by

the Weiss field theory for the types of ordered state that were discussed in

this section. This result proves that the ordered states occurring at T > 0

and T < 0 will be the ones predicted by the Weiss field approximation: a

transversely ordered state at T > 0 and a longitudinally ordered state at

T < 0. More recently experiments were performed which proved which of the

types of ordered state that were discussed in this section occur in practice.

These results will be given in section 6.5.

6.4.2 The transverse polarization px at T > 0

In fig. 5 we presented values of px as a function of ui for several

values of pg. These were obtained from the measurements of px/wi in combina-

tion with the calibration of ul. In this subsection we shall consider the

points for p0 > 0.75, where it is expected that one is well in the ordered

region.

The field dependence of px in the ordered region is given in the appendix

by eq.(A.ll) and (A.12):

Px =x h D 0 - k D f

This relation yields a linear dependence of px on toj in the ferromagnetic

state , independent of po« Furthermore the relative domain volume (eq.(A.lO)):

<32>

must satisfy the condition

x < 1 (33)

This condition defines a critical field

<olc = (* »o ~ %
 D

f)Po (3*)
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Substitution of the value of Df from table 2 and using Do = 201806 s"
1 as was

calculated in chapter 5, yields in our case

ü)lc = 1.08 x 10" P o [s"1] (35)

In fig. 5 we have drawn a solid line through the points for p0 > 0.75, yield-

ing a value for the critical field of

w l c = 0.82 x lu
4 p0 [s"

1] (36)

When comparing the values in eq.(35) and (36) one must keep in mind two

sources of large error. The first is the error in the absolute value of uj. In

section 6.2.3 this error was estimated to be 15%. The second is the error in

the coefficient in eq.(34). The dipolar sums Do and Df are seen to be almost

equal. The difference is due to the departure of the shape of the sampla from

that of an infinitely flat disk. This point was dealt with in decail in

chapter 5. The error in the "shape factor" was estimated in chaptpr 5 to be

2%. In the difference % Do - % Df this error amplifies to about 12%. The total
4 —l

error in to. is then about 0.16 x 10 p0 [s ]. As a result the agreement be-

tween the experimental results of eq.(36) and the calculated value in eq.(35)

is fair.

The proton spin systam in Ca(0H)2 Is strongly two-dimensional in its

properties as we have already seen In chapter 2. The ordered states for HoIIc—

axis consist of layers of ferromagnetically coupled spins which in turn are

coupled ferro- or antiferromagnetically. The coupling between the layers is

weak: only 2 x 10 % of the spin energy is determined by spins in adjacent

layers. Furthermore for a transverse state the energy is Independent of the

orientation of the spins in the xy-plane. Then it can be shown from the calcu-

lation of the spin energy that eqs.(31) and (34) also hold for the transverse

helix and for the transverse antiferromagnet. Hence, the measurements of px as

a function of uj do not allow us to identify which of the three transverse

states occurs. They do however provide additional evidence for the occurrence

of an ordered state because in the paramagnetic state the relation between px

and 0)̂  would be non lineair as is observed for the points with p0 < 0.75

(fig. 5).
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6.5 Suanary and conclusions

In this chapter we have presented the results of measurements of the

transverse susceptibility px/coj for H^llc-axis of Ca(OH)2 at negative and posi-

tive temperature.

At negative temperature the results for p0 < 0.25 are well described

using an expansion of x^ = ("ô ) ioi=O a n d Po t o t n i r d order in the inverse

:eriperature l/TD as can be seen in fig. 7. For larger values of p0 an ordered

state occurs, characterized by a plateau in the susceptibility. Using the

Weiss field approximation we have calculated the transverse susceptibility %

of this ordered state from the predictions that are made in chapter 2. This

calculated x, fits our experimental results very well. More recent measure-

ments of the parallel susceptibility and of the relaxation behaviour of the

dipolar energy in the ordered state [8,9] have demonstrated that the ordered

state at T < 0 is a longitudinal ferromagnet.

At positive spin temperature the results in the paramagntic region were

also described using the high temperature series expansion of x, and PQ. The

experimental results lie betveen the first and third order expansion as can be

seen in fig. 6. In the expansion of the entropy (or pp) the higher order terms

begin to dominate for p0 > 0.4 so that breaking off the expansion after the

third order term is no longer justified. De Haas has approximated the entropy

in Ca(OH>2 at low temperature using a random phase approximation [10]. Apply-

ing these results together with the third order expansion of x, led to a worse

fit of the experimental results, however. The results in the ordered state are

well described with the Weiss value of x, f° r t n e predicted ordered states.

More recently [11,12], a positive identification of the helicoidal ordering as

the one occurring at T > 0 was made on the basis of measurements of the line

shape of the resonance signal after the ADRF.
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APPENDIX

The Weiss field susceptibility In the ordered state

In the description of the experimental susceptibilities in the ordered states

in section 6.4, theoretical values were used that were obtained using the

Weiss field approximation. In this appendix we shall give the assumptions and

the results of this derivation for the case of ferromagnetism, which is given

in more detail in ref. 6.

It is assumed that the ferromagnetic structures consist of domains of

type A with relative volume x in which all spins have the same polarization p

and of domains of type B with relative volume (1-x) and a polarization per

spin p . The total magnetization of the sample in the absence of an rf-field

u>i is zero. Furthermore it is assumed that the volume of a single domain can

be neglected with respect to the volume of the sample.

The spins in a domain experience a field that is the sum of the external

field, the field due to the spins in the same domain, and the average field

due to the spins outside the domain.

In the Weiss field approximation the components of this total field

- taking into account the demagnetizing effects - are given by:

<"z " °f P t + ( D 0 - D f ) P r (A-la)

A A av
oj = ü)i — *jD_ p ~~ ï(Df) *• D _ ) p (A • lb)
x r x r x

</ = ~h Df P
A
y - i(D0 - Df) PJ

V (A.lc)

p a V = x pA + (1-x) pB (A.2)

where Df is the dipolar sum for the ferromagnetic structure and DQ is the di-

polar sum describing the demagnetizing field. Replacing A by B yields the cor-

responding expressions for the spins in domains B.

The total energy per spin is then given by:
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E , ->• /• * A , , , , + B - , . 1 / 1 ->-A -+A , i + B , . + B - ,

j j - = % Ui • (x p + ( 1 - x ) p ) + h[h U) -xp + % o) - ( 1 - x ) p ) (A.3)

and the en t ropy pe r sp in by:

§ - = x S(pA) + (1-x) S(pB) (A.4)
I

where S(pA>B) is given by eq.(12).

The susceptibility can then be calculated from the expression of the free

energy:

F = E - I S (A.5)
P

We shall now investigate the three cases that were treated in section 6.4.1.

The components of the Weiss field for these three cases are given in table

A.I.

In the first two cases the application of an rf-field IOJ will cause a

rotation of the spin polarization towards the direction of the applied field,

without a change in the domain volume.

The susceptibility in the x-direction of the rotating frame is then obtained

from

g--0 (A.6)

Using the data from table A.I then yields

for the transverse susceptibility of the longitudinal ferromagnet and

for the transverse ferromagnet with the spins oriented perpendicular to m -

Tn the third case the application of IOJ will cause a growth of the do-

mains with the spins parallel to the field at the expense of the domains with

the spins antiparallel to the field. The susceptibility is then obtained from

the condition
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Table A.I Components of the polarization of the spins in domains A and B and

the eomponents of the Weiss field, for three orientations of pA and pB with

respect to u>2.

(A.9)

Using the data from table A.I for this case yields for the relative domain

volume:

Tip'
(A.10)



The susceptibility x t n e n follows from

P3V

Y = - Ï - (A.11)

With eq.(A.2) for p^v it is then found that
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samenvatting

In dit proefschrift wordt een onderzoek beschreven van het dipolaire magne-

tisme van de proton spins in Ca(0H)2« Op dezelfde wijze als bij systemen van

elektron spins, kan een geordende toestand van de proton spins optreden wan-

neer deze worden afgekoeld beneden een kritieke temperatuur Tc. Deze kritieke

temperatuur wordt bepaald door de sterkte van de wisselwerking tussen de

spins, en ligt in het geval van dipolair kernmagnetisme in de buurt van 1 [iK.

De belangstelling voor kernspinordeningen heeft te maken met het feit dat de

dipolaire wisselwerking tussen de kernspins kan worden berekend zonder onbe-

kende parameters, dit in tegenstelling tot de situatie bij elektron-spin

systemen. Hierdoor wordt in principe de mogelijkheid geopend om theorieën voor

ordeningen te toetsen. Afkoeling van het spinsysteem door koeling van het

kristal tot temperaturen rond 1 |±K is alleen al onmogelijk omdat bij die

temperaturen de tijdconstante T^n waarmee het kernspinsysteem in thermisch

evenwicht komt met het rooster, vrijwel oneindig is. Het onderzoek naar dipo-

laire ordeningen is mogelijk geworden door de ontwikkeling van koelmethoden

waarbij met spinresonantie technieken alleen de Lemperatuur van de kernspins

wordt verlaagd. Bovendien kunnen de spins met deze technieken zowel tot

positieve als tot negatieve "temperatuur" worden afgekoeld.

Abragam en Goldman en hun medewerkers hebben sinds 1969 een intensieve studie

gemaakt van dipolaire ordeningen in kubische systemen. Voor ons onderzoek werd

gekozen voor Ca(0H>2 dat een hexagonale, sterk twee dimensionale kristalstruc-

tuur heeft. Omdat de dipolaire wisselwerking, en dus de ordening, afhankelijk

is van de kristalstructuur worden in Ca(0H)2 andere effecten verwacht dan in

kubische systemen.
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In hoofdstuk 1 wordt het koelproces in hoofdlijnen beschreven. Onder aanname

dat de invloed van de spins in het kristal op een bepaalde spin I* kan worden

beschreven met een effektief magneetveld -de Weissveld benadering- wordt in

hoofdstuk 2 de energie van verschillende mogelijke spinconfiguraties berekend.

Op grond daarvan wordt een voorspelling gedaan van het type ordening dat zal

optreden voor een bepaalde richting van het uitwendige magneetveld voor posi-

tieve en negatieve temperatuur. Daarbij wordt er rekening mee gehouden dat op

thermodynamische gronden bij positieve temperatuur een ordening met een zo

laag mogelijke energie zal optreden, terwijl bij negatieve temperatuur de

ordening juist een zo hoog mogelijke energie zal hebben.

De kristallografische kenmerken van Ca(OH)2 en de methode om éénkristallen te

verkrijgen worden beschreven in hoofdstuk 3. Ook wordt daarin de dotering

beschreven van Ca(0H)2 door middel van bestraling met een bundel elektronen

met een energie van 1.5 MeV. Op deze wijze worden de paramagetische "veront-

reinigingen" gecreëerd, die nodig zijn voor het koelproces. Vervolgens worden

de experimenten beschreven waarmee werd vastgesteld dat üe gecreëerde veront-

reiniging een zgn. O^-centrum is. Met ENDOR metingen werd tenslotte de positie

van het O^-centrum in de eenheidscel bepaald. Daarbij werd vastgesteld dat het

centrum globaal op een 0H~ plaats in het rooster zit.

In hoofdstuk 4 wordt de experimentele opstelling beschreven die voor dit

onderzoek werd opgebouwd. Het kristal wordt afgekoeld tot ca. 0.5 K in een He

circulatiekoelmachine. In een magneetveld van 2.7 T -gecreëerd door een super-

geleidende solenoide- wordt vervolgens met dynamische kernspinpolarisatie de

temperatuur van de protonspins verlaagd tot enkele milliKelvins. Daarbij wordt

het kristal in een Fabry-Perot spiegeltrilholte bestraald met mm-golven met

een frequentie van 75 GHz. Vervolgens wordt via een adiabatische demagne-

tisatie de spintemperatuur verder verlaagd tot beneden 1 ^K. Door de gebruikte

demagnetisatietechniek -"adiabatische demagnetisatie in het roterende coördi-

natenstelsel"- is ook na demagnetisatie het hoge magneetveld nog aanwezig. Eén

van de voordelen daarvan is dat kernspinresonantietechnieken kunnen worden

gebruikt om het gedrag van het kernspinsysteem te bestuderen.

In hoofdstuk 5 wordt aangetoond dat het polarisatiemechanisme van de proton-

spins in Ca(0H)2 gedoteerd met O2 centra het zgn. "Solid Effect" is. Metingen

van de polarisatietijd en van de kernspin-roosterrelaxatietijd kunnen worden
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beschreven met de eenvoudige snelheidsvergelijkingen die horen bij het Solid

Effect.

Metingen van de respons van het proton spinsysteem op een rf-veld loodrecht op

het uitwendige magneetveld als functie van de polarisatie pg bij het begin van

de demagnetisatie, worden gepresenteerd in hoofdstuk 6. Deze susceptibili-

teit sme tingen zijn uitgevoerd met het uitwendige magneetveld evenwijdig aan de

c-as van het Ca(0H)2 kristal en bij zowel positieve als negatieve spintempera-

tuur. De resultaten tonen aan dat zowel bij positieve als bij negatieve tempe-

ratuur een geordende toestand optreedt, gekenmerkt door een plateau in de

susceptibiliteit x- D e susceptibiliteit werd gecalibreerd door vergelijking

van de metingen bij pp < 0.15 met de uitkomsten van een reeksontwikkeling van

X en de entropie S(p0) tot op de eerste orde in de inverse dipooltemperatuur

Tp. De daaruit voortvloeiende calibratie van de waarde van x in de geordende

toestand komt goed overeen met de waarde die in de Weissveld benadering gevon-

den wordt voor de theoretisch voorspelde ordeningen uit hoofdstuk 2. De me-

tingen in het paramagnetische gebied worden beschreven met een reeksontwik-

keling van x e n S(PQ) tot op derde orde in 1/Tp.
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nawoord

In dit proefschrift worden de resultaten beschreven van een onderzoek van

dipolaire magnetische ordeningen van de protonspins in Ca(0H)2« Door de inzet

en de bijdragen van velen kon dit onderzoek worden opgezet en uitgevoerd.

In da F Simulerende omgeving van de FOM werkgroep magnetische resonantie en

relaxatie is de basis voor dit proefschrift gelegd. De kennis en het inzicht

van E.E. Lijphart en de gedegen experimentele opleiding die A.C. de Vroomen en

hij mij hebben gegeven, hebben daarin een belangrijke rol gespeeld.
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spectra heeft opgenomen. Voor zijn doctoraalscriptie maakte A.M.M. Lelkens de
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lijne Ca(0H>2 poeders.
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