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STELLINGEN

I - In geval van isotherme stroming van helium II bij eindige snelheden van

het normale fluïdum Is het superfluldum om principiële redenen turbulent.

G. Maveee, P.J.M, van der Slot en S. van Beelen, te verschijnen

in Phyeiaa.

2. De dikte-afhankelijkheid van de soortelijke weerstand van dunne, polykris-

tallijne metaallagen dient verklaard te worden door uit te gaan van ver-

st -ooi Ing van electronen aan korrelgrenzen in plaats van aan het opper-

vlak.

3. Een nadere bevestiging van de theorie voor de spin-roosterrelaxatie van

electronspins van twee-atomige moleculen, veroorzaakt door résonante

modes, kan verkregen worden door metingen aan S^-centra in KC1.

G.D.F, van Velzen, proefschrift (Leiden, 1986).

4. Bij de analyse van Mössbauerspectra van FeCljpj^ en CoCl2py2 wordt ten

onrechte geen rekening gehouden met de hygroscopische eigenschappen van

deze verbindingen.

J.M. Fviedt, M.F. de Jesus Fitho and J.P. Sanchez, Phys. Stat.

Sol. (b) 102 (1980) 373.

H.J.M. de Groot, proefschrift (Leiden, 1986).

5. De toename van de spontane magnetisatie met toenemend magneetveld in de

langedrachtsgeordende toestand van de ééndimensionale Heisenberg antifer-

romagneet CuSO4.5H2O kan verklaard worden door het effect van het magneet-

veld op de quantum fluctuaties te beschouwen.

Dit proefschrift, hoofdstuk 17.



6. Het is wenselijk tunnelverschijnselen te onderzoeken bij zeer lage tempe-

raturen in een supergeleidende ring die onderbroken is door één zwakke

Josephson verbinding met zeer geringe capaciteit. Men dient dan na te

gaan, bij een aangeboden magnetische flux die zo goed mogelijk overeenkomt

met een half magnetisch fluxquant en bij verschillende waarden van de

dempingsparameter, of localisatie van de flux voorkomt.

D.W. Bol en R. de Bruyn Oubotev, te vereahijnen in Physioa.

7. Het is aanvechtbaar het electronspin resonantiesignaal bij g»2.003, waar-

genomen in kleine Be-deeltjes, toe te schrijven aan geleidingselectronen.

S. SakOj Int. Symp. on the physios and chemistry of small

clusters (Richmond, Virginia, U.S.A., 1986).

8. Naar aanleiding van een onderzoek naar de stralingsbeschadiging van NaCl

ëënkristallen doet Den Hartog voorspellingen over de gevolgen van het op-

slaan van kernsplijtingsafval in zoutkoepels. Men dient zich echter te re-

aliseren dat dit onderzoek is gebaseerd op een model waarbij geen rekening

wordt gehouden met processen die in polykrlstallijn materiaal kunnen

optreden.

G. v. Opbroek en R.W. den Havtog, J. Phys. C. 18 (1985) 2S7.

9. De wet gemeenschappelijke regelingen vormt een goede en ten onrechte

zelden toegepaste basis voor bestuursafspraken.

10. De omtrek van het midden van de linker bovenarm is een eenvoudige maat

voor de voedingstoestand van kinderen.

H.ff.A. Voorhoeve, Courrier dan. 1983) 4SI.

11. Het feit dat in Nederland relatief weinig vrouwen een exacte studierich-

ting volgen is cultureel bepaald.

J.C. Voorhoeve Leiden, 17 december 1986



ERRATA

p.117 eq.(18)

Y must be replaced by y**-

•129 eq.(23)

-aH./T . -oH./T
T = a H,e must be replaced by T = r aH, ed ti a

Here a * 2.5 K/T Instead of ot « 0.025 K/T.

Three lines below:

T » 30 kHz must be replaced by T = 30 kHz.

•134 Eight lines from top

Av - ( Y / 2 H ) 2 h must be replaced by Av = (Y/2H) 2h .
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CHAPTER I

INTRODUCTION AMD SURVEY

During the last two decades much attention has been paid to the study of

simple magnetic model systems• The vast amount of experimental as well as

theoretical work has given quite a good insight into the relation between

lattice and spin dimensionality of a system on the one hand and the magnetic

properties on the other hand.

Rather special emphasis has been placed on the investigation of 1-d systems

[1]. First, because their properties are so strongly different from those of

3-d systems. Secondly, because these systems are very suitable to calculate

the various magnetic properties with high accuracy numerically as well as

analytically.

Tba knowledge about the static properties of 1-d systems, including the In-

fluence of small deviations from the ideal model system, seems to be fairly

complete. However, the time dependent properties of these systems are not yet

very well understood. Nowadays quite some work on the influence of non-linear

excitations (solitons) on the dynamic behaviour of 1-d systems has been pub-

lished [2]. However an accurate description, beyond a spin-wave approach, of

the time dependent properties due to linear excitations in 1-d ystems does not

yet exist. Moreover the amount of experimental work on time dependent proper-

ties of 1-d systems is rather limited. This especially concerns the time de-

pendent properties of the 1-d S~\ isotropic Heisenberg antiferromagnet (HAFM).

Because of its low spin value this system shows extreme quantum fluctuations

and therefore deviates most strongly from the classical (3-d) systems.

The goal of this thesis is to clarify the dynamic properties of the above

mentioned model system. The physical realization chosen for this model system

is CuSO^.5H2O. The experimental information about the dynamic properties of

the electron spin system is obtained from longitudinal proton spin relaxation

tine measurements.

There sre a number of reasons for this particular choice. The intrachain ex-

change interaction J/k = -1.45 K enables the study of the properties both for



T > |j|/k as well as for T < |j|/k and for magnetic fields up to and above the

chain saturation field Hc - 4J/gu,, » 3.8 T. The antiferromagnetic linear chain

(ALC) system is quite well one-dimensional. Nevertheless, as in all real (qua-

si) 1-d systems, the small interactions between the chains (zJ'/k = 0.14 K,

with z the number of neighbouring chains) cause a transition to a long range

ordered state at Tc » 100 mK. The value of T c is such that experiments can be

performed for T < Tc, although with some experimental effort. So also the

properties of this quasi 1-d system in the 3-d ordered state can be studied.

Because of the presence of a second (paramagnetic) electron spin system in

CuSO^.5H2O this compound is very suitable to be studied by means of NMR tech-

niques. Since the nuclear spins of the protons of the waters of hydration have

a magnetic hyperfine interaction with both electron spin systems, they can be

used as local probes to study the properties of the electron spin system. The

NMR spectrum shows for T > Tc ten distinct resonance lines due to the ten

inequivalent proton positions in the unit cell.

A nearly complete set of experimental results concerning the static

properties of CuSO^.Sl^O exists.

Wittekoek et al. [3] have measured the susceptibility x of the ALC system

versus temperature and the magnetization M versus the magnetic field. They

have performed their measurements for temperatures I > 0.3 It and magnetic

fields H < 1 T. Their results agree very well with the numerical results on

finite chains, obtained by Bonner and Fisher [4], for the susceptibility and

the magnetization of en isolated ALC system at finite temperatures. An exact

result for these quantities at T=0 has been obtained by Griffiths [5].

Van Tol et al. [6] have studied experimentally the ALC magnetization versus

magnetic field up to the critical field Hc at temperatures down to I = 0.11 K.

Their results agree with the theoretically obtained results [4,5]. Moreover

Van Tol et al. were the first to observe the onset of the 3-d order from the

occurrence of a >.-peak in the specific heat in an external magnetic field.

They have measured the phase boundary curve TC(H), observing a slight increase

of T c with increasing field for 1 < H < 3.6 T. In this thesis we will give an

explanation for this effect. Van Tol et al. also observed the onset of the 3-d

ordering on a splitting of the proton resonance lines below Tc-

Henkens et al. [7,8] have studied this long range order (JRO) in the isomor-

phous compound CuSeO^.SI^O by means of continuous wave (CW) NMR experiments.

They have found that this 3-d order deviates strongly from that in a normal

3-d antiferromagnet. Although the system is 3-d ordered, it still shows sever-
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al 1-d properties. This is first reflected in the behaviour of the field in-

duced parallel magnetization which corresponds with the theoretical magnetiza-

tion of an isolated S=^ AF chain. Secondly, due to a large spin reduction

typically for a 1-d S=% Heisenberg system the spontaneous (sublattice) magnet-

ization shows a peculiar temperature and field dependence. Apart from these

investigations of the static properties also a considerable amount of experi-

mental work on the dynamics of the electron spin system has been performed.

Henkens et al. [9] have performed proton spin-lattice relaxation time (T^)

measurements on CuSeO^.Sl^O down to T = 1.2 K and up to H = 1.2 T. Also the

dynamic behaviour of the paramagnetic system was obtained from these measure-

ments.

Groen et al. [10,11] have performed longitudinal proton relaxation rate (T^ )

experiments on CUSO4.5H2O and CuSeO^.S^O down to T = 0.5 K and up to and

above the critical field Hc » 3.8 T. They can describe their experimental

results in terms of the spectral densities 4> (<o) and if (<»>) of the time

dependent spin autocorrelation function <S(t)s(0)>, parallel and perpendicular

to the quantization direction of the electron spins respectively.

The field dependence of fy (to) of the ALC system at T=0 has been calculated

analytically by Capel et al. [10] and by MUller et al. [11]- For finite tem-

peratures numerical results have been obtained by Mailer et al. for $ (w) and

<t> (io). The results obtained by Groen et al. agree with the theoretical re-
c +
suits, concerning <t> (u). However, the theoretically and experimentally obtain-
ed values for <t>z(u) do not coincide,

c

Finally, Bos et al. [12] have performed transverse relaxation rate experiments

and CW NMR linewidths in CuSO^.Sf^O. The results have been explained in terms

of an indirect coupling between copper- and proton nuclear spins.

In this thesis in the first place the dynamic behaviour of the ALC system

in the temperature range between 0.5 K and 0.1 K is emphasized. This last tem-

perature is the lowest temperature limit where the dynamic behaviour of this

ALC system in the short range ordered state can be studied. The motivation for

this investigation is to compare the experimental results with the theoretical

results for T-0.

Secondly, the dynamic behaviour of the ALC system in the long range ordered

state is emphasized. We are particulary interested to what extent the quasi

one-dimensionality of the system shows up in the dynamic behaviour for T < Tc.

For the analysis of the experimental results an accurate determination of the

static properties for T < Tc will be necessary too. That work yields some ad-

11



ditional interesting results concerning the static properties.

We will now give a short survey of the contents of this thesis-

In chapter II the experimental set-up is described. To reach the required

low temperatures we use a He- He dilution refrigerator. To cool down the

sample in the magnetic field, generated by a narrow bore superconducting mag-

net, we enlarged the mixing chamber by a glass tail extension. This tail is

constructed from an electrically non-conducting material to prevent joule

heating by eddy currents- These eddy currents would be induced in a conductor

by the large rf fields needed in transient NMR experiments. The rotatable

superconducting split-coil magnet used in this investigation is also described

in chapter II.

In chapter III the problems are treated which occur when nuclear relaxa-

tion experiments are performed in the LRO state of CuSO^.5H2O. First of all

the specific heat of the ALC system becomes very small below Tc. Secondly,

since the nuclear polarization increases with decreasing temperature, the

energy supplied to the nuclear spin system in a transient NMR experiment in-

creases. These two effects result in an heating of the sample when rf pulses

are applied. Finally, due to the large thermal boundary resistance between the

sample and the liquid helium mixture this heat cannot be removed on a short

time scale.

An experimental method is described to measure T^ supplying a minimum of ener-

gy to the nuclear spin system.

In chapter IV CW NMR experiments on CuSO^.Sl^O are described. Most of the

results are similar to those obtained earlier by Henkens et al. [7] on

CuSeO^.5H2O. Apart from these results we find a peculiar increase of the

spontaneous magnetization with increasing field. This result has the same ori-

gin as the increase of Tc with increasing field [6]. These two effects can be

understood by considering the effect of the magnetic field on the quantum

fluctuations. These quantum fluctuations determine the value of the spin

reduction.

In chapter V experimental results on the relaxation rate Tj above and in

the vicinity of the phase transition are described. Since we are able to reach

real low temperatures T < |j|/k we have been able to confirm experimentally

the theoretically exactly obtained field dependence of $+((i)) at T-0, including

its divergence at the critical field. Just as Groen et al. [11] we find a dis-

crepancy between the experimental

really understand this discrepancy.

12
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Furthermore the experimental results around Tc show a "critical slowing down"

of the ALC system around the phase transition.

In chapter VI experimental results in the LRO state are presented and

discussed. It is shown that the experimental results cannot be described
z +

straightforwardly in terms of $ (w) and <t> (u). It is shown that due to its low

specific heat the electron spin system cannot serve as the thermal reservoir

towards which the nuclear spins relax. For the same reason the electron spin

system cannot even serve as an intermediary via which the nuclear spins come

into thermal equilibrium with other nuclear spin systems. The experiments show

that the observed nuclear spin relaxation implies the attainment of thermal

equilibrium between the various nuclear spin systems. On the other hand the

presence of electron spin fluctuations in the ALC system is essential for this

relaxation mechanism.

So we are dealing with a transport of nuclear spin polarization between the

various nuclear spin systems. This transport of nuclear spin polarization is

induced by direct or indirect couplings between nuclear spins, but is only

possible when the resonance lines, belonging to the different nuclear spin

systems, have a finite overlap. The electron spin fluctuations cause

(Lorentizian) resonance lines with broad tails which have a mutual overlap.

Considering direct and indirect interactions between nuclear spins we conclude

that the dipolar interaction with the copper nuclear spin are the dominant

interactions which induces the transfer of nuclear spin polarization. As these

interactions are temperature independent, the temperature dependence of the

relaxation rate is determined by the overlap of the resonance lines and thus

by the electron spin fluctuations. Extrapolation of the experimental results

as a function of temperature down to T=0 seems to indicate that at T=0 the

nuclear spin relaxation rates are still finite. As a result the electron spin

system would still show fluctuations at T=0.

Theory predicts for an ideal 1-d S»i HAFM the presence of electron spin

fluctuations. So the results presented here might Indicate a one-dimensional

character in the dynamic behaviour of this quasi 1-d system in the long range

ordered state.
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CHAPTER II

EXPERIMENTAL EQUIPMENT

2.1 Introduction

To obtain a long range magnetic order in the 1-d Heisenberg antlferromag-

netic (HAFM) system CuSO^.SHjO one has to cool the sample to such a tempera-

ture T that kT is less than the interaction energy between the chains. Van Tol

[1] reported the transition temperature to the long range ordered state T to

be 100 mK in an external magnetic field. The critical field to the ferromag-

netic state at T=0 is given by Hc « 3.8 T. So to investigate the properties of

the 1-d HAFM CuSO^.SH^O in the long range ordered state, the sample has to be

cooled to temperatures well below 100 mK in magnetic fields up to and above

3.8 T.

In order to study specifically the electron spin dynamics using transient NMR

techniques, the used refrigerator has to be constructed from electrically non

conducting materials. Otherwise the strong rf fields, used In transient NMR,

would cause eddy currents and consequently joule heating of the system. To

perform NMR experiments up to and above the critical field of the 1-d HAFM

CUSO4.5H2O one needs a homogeneous superconducting magnet. Furthermore, to ob-

tain all the information one can get from experiments on a single crystal, the

direction of the magnetic field with respect to the crystal axes must be vari-

able. For this purpose we designed and constructed a homogeneous rotatable

split-coil magnet. We will describe this magnet in detail in section 2.7.

Some details about the used NMR equipment will be given in section 2.8.

Temperatures well below 100 mK can be obtained either by adiabatic demag-

netization techniques or by using a 3He-*He dilution refrigerator. Van Tol fl]

described an adi batic demagnetization set up in which two superconducting

magnets were operating. The first magnet was used to demagnetize a suitable

paramagnetic cooling salt. A long heat link was attached to it to cool the

sample situated in the magnetic field generated by the second coil. In this

way properties of magnetic systems were studied in an external field by means

15



of, among others, continuous wave (CW) NMR experiments. The heat link consist-

ed of a bundle of very thin (50 nm) copper wires to reduce eddy current heat-

Ing. The disadvantage of such a cooling method is that no cooling power is

available any more after the demagnetization. So any external heat input will

cause an irreversible increase of the sample temperature. Therefore the rf

oscillator had to operate at a very low level to prevent heating in the heat

link. In this set up temperatures down to 75 mK In fields up to 7.5 T could be

reached.

A great advantage of using a He- He dilution refrigerator above applying

adiabatic demagnetization techniques is that a continuous cooling power is

available. Diederix [2] performed CW NMR experiments, using a "S.H.E. mini-

fridge" to reach 50 mK. The sample was thermally connected to the mixing cham-

ber by the same type of heat link as described above. This small % e circulat-

ing He- He dilution refrigerator supplied a cooling power of 10 uW at 100 mK.

To perform transient NMR experiments strong rf fields are required. In

both experimental set ups mentioned above these strong rf fields would cause

dramatic joule heating in the copper heat links.

For our experiments we have used a powerful 3He circulating dilution re-

frigerator, modified to enable pulsed NMR experiments at temperatures down to

10 mK.

Fig. 1 The phase diagram of liquid He- He mixtures, vfaeve x is the molar

fraation of SHe in the mixture.
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Before we start to describe the actual system a short outline of the working

principle of the dilution refrigerator will be given.

The operation of a dilution refrigerator is based on the principle that

the dilution of 3He in *He yields cooling power. Below T = 0.87 K a liquid

mixture of He and He separates into two phases: a He concentrated phase and

a He diluted phase. The phase diagram is given in figure 1. The •'He rich

phase is lighter than the He rich phase and thus will float on top. As the

temperature tends to zero the 3He rich phase becomes almost pure, while 6.4%

He remains solvable in the He rich phase. This finite solvability of 3He in

He down to T=0 allows the use of dilution of He in He as a refrigerator

method.

It must be mentioned that it is also possible to construct a He circulating

dilution refrigerator. Actually the first reported dilution refrigerator was

of this type [3]. However, the He circulating dilution refrigerator is the

type commonly used and nowadays commercially available on a large scale.

li figure 2 schematically the 3He circulating 3He-^He dilution refrigerator is

given. He gas is liquefied in the condenser at 1 K and precooled by the re-

turning liquid in various heat exchangers before it enters the mixing chamber.

In the mixing chamber the process of He atoms crossing the phase separation

boundary supplies cooling power. This process can be compared with the evapo-

ration of atoms from the liquid to the gas phase. In this picture the dilute

PUMP

07K STILL
HEAT EXCHANGER

PHASE
SEPARATION

Fig. 2 Diagram of a He circulating dilution refrigerator (from reference
141).
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solution of He in He acts as a gas in an effective vacuum formed by the

superfluid He liquid, while the concentrated phase can be looked upon as the

liquid. At the still the evaporating gas is pumped away and next let into the

condenser line again, yielding a continuously operating cooling cycle.

Due to the great difference in vapour pressure between He and He at the

still temperature T = 0.6 K, mainly JHe is pumped away in spite of the fact

that only about 1% of the liquid in the still consists of ^He. In this way the

liquid is actually distilled. By applying some power to the still the He

evaporation is stimulated. The subsequent increase of the He circulation

results in a larger cooling power in the mixing chamber.

The minimum temperature in the mixing chamber is determined by the quality of

the heat exchangers. Frossati [4] developed very efficient heat exchangers by

sintering very fine silver powder, in this way obtaining a large exchange

area. Using these heat exchangers he reached 2.0 mK in continuous operation.

In our experiments we have to cool down a sample situated in the centre

of a narrow bore superconducting magnet. To do so three methods are available

[5]. See also figure 3.

pumping
line

condenser
line

mixingchomper

heat link

sample

enlarged
condenser
line

SO
enlarged
pumping
line

heat
link

supcrfluid He

filling
capillairy

3a 3b(1) 3 b (2) 3c

Fig. 3 Different methods to cool a sample in the centre of a navvow hove

superconducting magnet using a dilution refrigerator'. For further explanation,

see text.
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First of all it is possible, as done by Diederix [2], to cool the sample

by means of a copper heat link connected to the mixing chamber situated above

the magnet (see fig. 3a). This heat link, however, will be heated by eddy cur-

rents when a low or high frequency alternating magnetic field is applied.

The penetration depth 6 of an alternating E.M. field into a conductor is given

by

6 = (^-)h (1)

p is the specific resistance of the conductor and u is the angular frequency

of the alternating field. The penetration depth of a field alternating at

about 100 MHz into copper at low temperatures is of the order of 1 um. So the

eddy current heating, due to the rf field, cannot be reduced by reducing the

diameter of the copper wires that form the heat link. Reducing the diameter of

the wires does reduce the heat input due to the low frequency alternating mag-

netic field needed to modulate the external field for the detection of the CW

NMR signals.

This method of cooling the sample in a magnetic field can be used very well

when performing CW NMR experiments, because the rf oscillator can operate at a

very low level. A disadvantage, however, is the lowering of the quality of the

NMR circuit due to the presence of the conducting heat link near the rf coil.

An advantage of this method is that the Kapitza thermal boundary resistance at

a solid solid interface is low compared to that of a liquid solid interface. A

second advantage is that the temperature of the sample can be measured at

another spot using a second heat link. When performing transient NMR experi-

ments this cooling method cannot be applied. The strong rf pulses that have to

be applied will cause intolerable heating of the copper heat link.

A second method (see fig. 3b(l)) is to construct the mixing chamber of a

non conducting material and to adapt its shape to the bore of the magnet. In

our situation this means that at least the lower part of the mixing chamber

has to consist of a (non conducting) long narrow tube. The He condenser line

has to be let down to near by the sample. In this way the dilution takes place

at the bottom of the tube near the sample, supplying the cooling power there.

The lowest temperature will thus be at the bottom of the extended mixing

chamber.

Due to the bad thermal conductivity of a %e-^He mixture compared with that of

superfluid He or copper at the same temperature, a temperature gradient has
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to be expected along the tube. It is important to notice that due to this tem-

perature gradient it is impossible to measure the temperature of the sample

directly at another spot in the mixing chamber.

Alternatively (see fig. 3b(2)) ic is also possible to enlarge the pumping line

down to the sample area [5]. In that case the phase boundary area will be at

the top of the mixing chamber. The cooling power is conducted to the sample at

the bottom of the mixing chamber by the He-flow from the phase boundary to

the inlet of the pumping line. In this case the lowest temperature will be at

the top of the mixing chamber.

The third method (see fig. 3c) is to construct a cell of a non conducting

material, which at the top is thermally connected to the mixing chamber by a

heat link. The cell is filled with superfluid He which supplies the thermal

contact between the heat link and the sample at the bottom of the cell. An ad-

vantage of this method is that, due to the good thermal conductivity of super-

fluid He, no temperature inhomogeneities are to be expected in the cell.

However such a cell is difficult to construct and to operate.

So in our situation we could choose between the second and the third

method treated above. Because of its easy construction we choose for the

second method. We enlarged the mixing chamber by a glass tail extension. We

also enlarged the He condenser line to near by the sample.

It is impossible to put a thermometer near the sample at the bottom of the

glass tail. To our best knowledge all the available low temperature thermom-

eters cannot be used properly in a magnetic field and/or will be heated by the

large rf fields and thereby heat up their surroundings too. As already men-

tioned in the enlarged mixing chamber a temperature gradient will be present.

Therefore the temperature of the sample cannot be measured at any other place

in the mixing chamber directly. We therefore investigated the relation between

the temperature at the bottom of the glass tail, the He circulation and the

power applied to the mixing chamber. The experimental data show a one to one

relation between these parameters. So during the NMR experiments we determined

the sample temperature using this empirical relation. We will discuss this

indirect temperature determination in section 2.5.
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2.2 Description of the dilution unit

The dilution unit, used in this investigation, has been supplied by

Oxford Instruments (model 300). It is equipped with sintered silver heat ex-

changers, manufactured in corporation with G. Frossati. The dilution unit has

been designed to supply a cooling power of 300 |̂W at a temperature of 100 mK,

when 300 uraol He is circulated per second. The lowest temperature that should

be reached as given by the manufacturer is 7 mK. The rest of the cryostat in-

sert, including the 1 K plate, has been constructed at the Kamerlingh Onnes

Laboratory. Oxford Instruments designed this dilution unit originally to be

part of a top loading system- The mixing chamber (P) therefore had to be modi-

fied to make the dilution unit suitable for our transient NMR experiments. We

will first describe these modifications, see also figure 4.

- The mixing chamber has been enlarged by a glass tail of 17 cm length (Q).

The glass tail is attached to the mixing chamber by means of a housekeeper

seal to a copper bush which is soldered to a demountable brass mounting

flange. On the bottom of the glass tail, in the centre of the magnet, the

sample (S) is placed.

- The condenser line has been enlarged by a plastic straw (R) and let down

into the glass tail to just above the sample.

In this way a good thermal contact between the He- He mixture and the

sample is ensured while no conducting materials are used.

- The centre part of the mixing chamber consists of a sintered silver sponge

fixed to a copper contact plate (N). In the original model this copper

contact plate served as a thermal base for samples. By means of an indium

seal a copper rod (M) is screwed into the upper side of this copper contact

plate. Two Speer resistors are attached to the copper rod. These resistors

are situated at approximately 25 cm from the centre of the magnet. The mag-

netic field at this spot is 1.5% of the magnetic field in the centre of the

magnet. In this way the temperature of the metal parts of the mixing chamber

can be measured, avoiding magneto resistance effects of the Speer resistors.

- The addition of the glass tail results in an increase of the total volume of

the mixing chamber. To take up this excess free volume a nylon displacer (0)

is attached to the lower side of the copper contact plate in the mixing

chamber.

We will now give a short technical description of the other parts of the

dilution unit.
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He gas is liquefied in the 1 K pot (D). The 1 K pot consists of a copper cup

(volume 40 cm^), attached against a copper flange by means of an indium seal.

The continuous supply of He, out of the 4.2 K bath, can be regulated by a

needle valve (A) which is handled from the top of the cryostat. The He con-

denser line is led spirally through the 1 K pot. Between the 1 K plate and the

still a flow impedance (F) is mounted which simply consists of a copper nickel

wire in the condenser capillary tube. The still (H) is of the film flow sup-

pressing type; a still heater is Incorporated. Moreover a filmburner heater

(E) is fitted to a copper flange above the still. A copper radiation shield

(I) is screwed to the brass 0.6 K plate (G) bolted to the still. This radia-

tion shield covers the whole dilution unit below the still, except the lower

part of the glass tail- The reason for this last provision will be discussed

in section 2.6. The coil heat exchanger (J) consists of two coaxial tubes. The

semi continuous heat exchangers (L) are made of graded sizes of sintered

silver powder to achieve good heat exchange at each temperature. Along the

heat exchangers flow channels are designed in such a way that viscous heating

is eliminated while conductive heat leaks are minimized. For more details

about these heat exchangers we refer to a paper by G- Frossati [4].

As also can be seen in fig. 4 at different places of the dilution unit

Speer resistors have been placed. Their resistance values are measured by

means of an AVS-45 automatic resistance bridge, supplied by RV-Elektroniikka

Oy. This bridge operates at a frequency of 25 Hz and dissipates nominal

10 W in the measured resistor. Shielded cables were used and both the

shielding and the bridge were grounded at the same point. Furthermore the

resistors near or in the mixing chamber were shunted by 100 pF capacitors in

the 4.2 K bath to re luce rf noise.

Pig. 4 The dilution unit J: coil heat exchanger1

A: needle valve for 4Be inlet K: eold plate

B: vapour1 trap L: sintered silver heat exchanger

C: vaauum aan M: copper rod

D: 1 K plate N: copper contact plate

E: filrriburmer 0: nylon displaaer

F: flow impedance P: mixing chamber

G: 0.6 K plate Q: glass tail

H: still R: condenser line

I: 0.6 K radiation shield S: sample
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2.3.1 The cryostat

The stainless steel cryostat (see figure 5) has been manufactured by

Leybold-Heraeus Ltd. The liquid helium vessel (H) is separated from the liquid

nitrogen reservoir (G) and the outer wall by a vacuum space filled with super

isolation (F). A radiation shield (M) is attached to the liquid nitrogen

reservoir to cover the lower part of the liquid helium vessel. The length of

the liquid helium vessel is 190 cm and the inner diameter is 22 cm.

The cryostat is placed in a wooden frame on four air mount vibration isola-

tors. The weight of the whole set up has been increased artificially to about

600 kg, in order to obtain the maximum efficiency for the vibration isolators.

The cyrostat insert consists of two separate parts. First the magnet sys-

tem with its current leads is suspended into the cryostat and next the dilu-

tion refrigerator system. In this way, without dismantling the whole insert,

full access to the dilution unit, including the sample space, is obtained. A

second reason for this design is that otherwise the total insert would be to

heavy to handle. In order to enable this construction the cryostat is enlarged

with a top (C) in which both inserts can be suspended after each other.

Two magnet systems are available. To perform experiments in very high

fields a 12 T solenoid, with a homogeneity of one part in 10 over 1 cm, can

be suspended into the cryostat. This solenoid, supplied by Intermagnetics

General Corporation, consists of 18 modules, each comprised of two counter-

wound discs of NbSn3 tape. The bore of this magnet is 38 mm. In principle it

is possible to increase the homogeneity by inserting correction coils.

Secondly a 6.5 T rotatable split coil magnet is available to perform experi-

ments when it is necessary to vary the direction of the magnetic field with

Fig. 5 Schematic drawing of the aryostat containing the 3He-4He dilution

refrigerator and the supevaonduating rotatable magnet.

A: bellow to 3He-pump I: radiation baffle annex oil trap

B: magnet suspension flange J: perforated copper heat exchanger

C: top of the cryostat K: polystyreen foam expeller

D: He condenser line L: final vapour trap for incoming He

E: thermal bridge M: radiation shield

F: super isolation N: vacuum can containing the dilution unit

G: liquid nitrogen reservoir 0: superconducting rotatable magnet

H: liquid helium vessel P: activated charcoal
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respect to the sample. This magnet, wound of NbTi wire, was constructed in our

laboratory and will be described in detail in section 2.7. In this investiga-

tion only the split coil magnet system was used.

2.3.2 The cooling procedure

To cool down the insert to 77 K the liquid helium vessel is simply filled

with liquid nitrogen. Some nitrogen exchange gas is let into the vacuum can

(N) to cool the dilution unit contained in it (see figure 5). Subsequently the

liquid nitrogen is removed from the helium vessel through a tube, extending

from the top flange to the bottom, by pressurizing the vessel by 0.2 bar of

nitrogen gas. Thereupon a final leak detection is possible, especially to

check the many indium seals mounted both in the dilution unit and in the

vacuum can. To cool down from 77 K and to fill the cryostat with liquid helium

60 litres are needed-

Some provisions have been made to reduce the heat input into the cryostat

and thereby to lower the liquid helium consumption. The neck of the helium

vessel has a thermal bridge (E) with the 77 K radiation shield. Each 10 cm

perforated copper shields (J) are mounted, thermally anchored to the pumping

lines as well as to the condenser line (D). These shields aim to cool the

pumping lines in this way reducing their pumping resistance. They also aim at

the incoming % e being precooled by the evaporating helium. At last three

polystyreen foam expellers (K) were mounted to cool the wall of the cryostat

by forcing the evaporating helium to ascend along it.

These provisions have been found to be successful. During normal opera-

tion the liquid helium consumption is measured to be 0.5 litres/hour. The

actual He evaporation depends slightly on the liquid He level, the He cir-

culation and the current throught the magnet. In general it is sufficient to

fill about 16 litres of liquid helium each 24 hours. The liquid nitrogen con-

sumption of the set up is about 20 litres a day.
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2.4 The punping equipment

The 1 K plate is pumped by an E25O Leybold-Heraeus rotary pump, placed

far away from the cryostat to reduce vibrations and nuisance. An Edwards

100/300 M diffstak diffusion pump, backed by an Edwards EDM 12 rotary pump,

provides the vacuum in the vacuum can. The He ciruclation is provided by an

Edwards 9B3 booster pump backed by an Edwards ED 660 rotary pump.

Between the cryostat and the pumps bellows are placed to reduce vibrations.

For the same purpose the backing rotary pumps are connected to the vapour

pumps by flexible pumping lines. The booster pump is fitted with a special

heater to prevent excessive vibrations and to steady its pumping speed.

The pumping line down to the dilution unit is designed to reach a still

pressure of approximately 10 torr at a He circulation of 300 |imol/s.

Special provisions have been made to prevent backstreaming of oil into

the dilution unit. Upon the booster a pneumatically operated right angled

baffle and isolation valve is installed. This baffle as well as a trap Inside

the baffle are water cooled to prevent backstreaming of oil. Furthermore the

radiation baffles (I) inside the He pumping line are constructed in a special

way as shown in figure 5. The oil vapour will condense against the baffle and

can be removed easily after the run. After the rotary pump an oil mist filter

is mounted while in the gas handling system an activated charcoal gas purifier

at liquid nitrogen temperature is incorporated. Finally in the He condenser

line a small vapour trap (L) filled with brass fillings was placed upon the

vacuum can. This vapour trap prevents air and oil vapour that accidentally has

passed the purifier of coming into the condenser of the dilution unit.

In the He circulation circuit a flow transducer, manufactured by

Datametrics-Dresser Ind. Ltd., has been Incorporated beween the purifier and

the condenser line. In this way the He circulation can be measured with an

accuracy of approximately 1%.

2.5 Temperature determination of the sanple

In this section we will deal with the method we used to determine the

temperature of the sample. We have already argued in the introductory section

of this chapter that there will be a temperature difference between the metal
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parts of the mixing chamber and the sample space down in the glass tail. So it

will be impossible to measure the temperature of the sample directly on

another spot in the mixing chamber. On the other hand, for reasons we also

mentioned in the introduction, it is also impossible to put a thermometer near

the sample- Therefore we used an indirect method to determine the temperature

of the sample which we shall treat in this section.

We will not deal with the thermodynamics of the dilution refrigerator, as

good review papers on that subject are available [6,7]. However to outline the

basic idea behind the indirect temperature determination we give the expres-

sion for the cooling power in the mixing chamber:

In this expression ti, is the number of moles He circulated. Q is the cooling

power in the mixing chamber, while Q, , is the heat load due to radiation, res-

idual exchange gas and the returning ^He. HH(T ) and H (T ) represent the

enthalpy of the dilute and the concentrated phase at the temperature of the

mixing chamber T and the returning He Tf respectively. Eq.(2) means that

for a specific dilution refrigerator an unambiguous relation between the

temperature in the mixing chamber, the He cirulation and the power dissipated

in the mixing chamber exists. Radebaugh [8] has given numerical values for the

enthalpies at low temperatures (T < 40 mK) where the concentration He in the

^He- He mixture remains constant. These values inserted in eq.(2), lead to a

simple expression:

Q = n3 (94 T ^ - 12 T2) - Q h l (3)

When a situation of perfect heat exchange is achieved, Tr becomes equal to Tmc

and eq.(3) reduces to:

* " 8 2 A3 Tmc " \l (4>

This situation will be the case for temperatures well above the minimum tem-

perature of the dilution refrigerator. At temperatures above 40 mK a deviation

of the T dependence of the cooling power has to be expected. At these tem-

peratures the diluted phase contains more than 6.42 of 3He and the numerical

values for the enthalpies are not correct anymore. Nevertheless the relation
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between the cooling power and the temperature in the mixing chamber (eq.(2))

is unambiguous for all temperatures.

We investigated experimentally the relation between the temperature at

the bottom of the glass tail, the He circulation and the power applied to the

metal part of the mixing chamber. Therefore we carried out the following ex-

periment. We put a sample of Cerium Magnesium Nitrate (CMN) powder at the

bottom of the glass tail. The susceptibility of CMN was first calibrated

against a Ge thermometer down to 0.6 K. For threa different powers applied to

the still we measured the temperature at the bottom of the glass tail, by

means of the CMN thermometer, as a function of the applied power to the mixing

chamber. The results are given in figure. 6.
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Fig. 6 Temperature at the bottom of the glass tail, measured by means of a

CMN thermometer, as a function of the power applied to the metal parts of the

mixing chamber. The results have been obtained for three different powers

applied to the still.
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After a change of temperature (power on the still or mixing chamber) it takes

about an hour before a stable temperature, as measured by the CMN thermometer,

is reached. At the lowest temperatures this time is about three hours. This

effect is most probably due to the Kapitza resistance between the liquid and

the CMN thermometer.

The results presented in figure 6 can be understood on the basis of the

relation between the cooling power and the temperture of the mixing chamber as

discussed above. At temperatures below 40 mK a deviation from the T m c

dependence is observed. Apparently no situation of perfect heat exchange

exists and thus eq.(3) will be applicable. At temperatures between 40 mK and

140 mK the relation between the cooling power and the temperature shows ap-

proxitnately a Tjjjc dependence. As these temperatures are well above the minimum

temperature of the refrigerator, a situation of perfect heat exchange certain-

ly will exist in the heat exchangers. Apparently eq.(4) gives a reasonable

description of the relation between the temperature and the cooling power. At

still higher temperatures the deviation from the T m c 'ependence becomes more

visible.

The results of two different runs, given in figure 6 by two different symbols,

reproduce well.

In summary we can say that theoretically an unambiguous relation exists

between the cooling power and the temperature in the mixing chamber. Experi-

mentally we have obtained a relation between the temperature at the bottom of

the glass tail, the power applied to the upper part of the mixing chamber and

the JHe circulation. During the NMR experiments we used the results of figure

6 to determine the temperature of the sample.

The Speer resistors above the mixing chamber were used as a check, on the

mixing chamber temperature. However, when a rf field is generated In the rf

coil, either by the marginal oscillator or by the transient NMR apparatus, no

reliable reading of these resistors is possible.

As will be treated in chapter VI between T = 25 mK and T = 100 mK the nuclear

spin-lattice relaxation time T^ varies strongly as a function of temperature.

Making use of these measurements we have established that, in this temperature

range, the temperature settings using the emperical relation reproduce within

±2%.

The lowest temperature measured at the bottom of the glass tail is 12 mK

when a power of 1.45 mW is applied to the still and 11 mK for the other two

cases. With a radiation shield at T - 0.6 K put around the glass tail it is
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possible to reach a temperature of 10 mK at the bottom. During the test runs

at Oxford a glass tail of only 3 cm length was mounted. In that set up a base

temperature of 6.3 mK was measured by means of a nuclear orientation thermom-

eter.

When 100 uW is dissipated anywhere in the mixing chamber the He flow in-

creases about 10 umol/s independent of the power applied to the still. We have

also measured the temperature at the bottom of the glass tail when heat is

dissipated there. With 5.5 mW applied to the still the cooling power at the

bottom of the glass tail is 100 uW at T = 100 mK. We believe that the differ-

ence between this cooling power and the value of 300 uW at T = 100 mK, meas-

ured by the manufacturer must be due to the fact that the phase boundary

(area) near the sample is not large enough. A great part of the incoming He

probably does not cross the phase boundary there, but rises in droplets to-

wards the upper part of the mixing chamber before "evaporating" in the dilute

mixture from the droplet surface. Therefore, a large part of the cooling power

will be higher in the glass tail and/or in the metal parts of the mixing

chamber.

Kumano et al. [5] report about a temperature inhoraogeneity over the

sample in their dilution refrigerator. Their mixing chamber consists of a

glass tube with the pumping line enlarged down to the sample space. They put a

spacer between the pumping line and the sample to oppose this temperature in-

homogeneity. In our case we will not be bothered by a temperature inhoraogene-

ity over the sample because the thermal conductivity in the Id HAFM CuSO^-5H2O

is experimentally found to be quite good down to low temperatures due to the

dynamic processes in the linear chain system (see chapter VI). Furthermore,

the presence of a spacer, between the condenser line and the sample, in our

case is found to cause dramatic loss of cooling power at the bottom of the

glass tail. We measured in that configuration a cooling power near the sample

of only 2 uW at T = 75 mK.

2.6 The cryogenic part of the 1WR circuit

Strong rf fields are needed at the position of the sample to perform

pulsed NMR experiments. So one has to prevent that the rf pulses, generated by

the high power amplifier, are attenuated by the coaxial line in the cryostat.
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To achieve this the coaxial line must have a low real impedance value. More-

over the complex impedance has to be constant along the line in order to

prevent the rf power to be reflected at discontinuities in the impedance. In

our case it is also important that the thermal conductivity of the coaxial

line down to the mixing chamber is small.

From the top of the cryostat through the 4.2 K bath down to the 1 K plate

a commonly used 50 Q coaxial line for cryogenic purposes is mounted. It

consists of a copper inner conductor and a stainless steel outer conductor

with a teflon medium. The coaxial line is thermally anchored at the 1 K plate

by an SMA coaxial plug- The coaxial line from the 1 K plate to the NMR coil,

wound around the glass tail of the mixing chamber, must have a low thermal

conductivity. Therefore it is made out of a superconducting wire, as the inner

conductor surrounded by a teflon capillary tube and a stainless steel capil-

lary tube serving as outer conductor. The superconducting wire is a single

core NbZr wire with a copper matrix. The copper matrix was etched, to reduce

the thermal conductivity, except on the ends of the wire so it could be

soldered easily. Although this coaxial line has not quite a 50 Q impedance the

signal to noise ratio of the spin echo signal is satisfactorily.

Instead of a single wall glass tail, we have used a tiny double walled

glass tail with very thin walls, normally in use as a He cryostat. The rf

coil can be wound directly on the outer wall without introducing a heat leak

via the coaxial cable to the sample space.

No radiation shield, not even one constructed from coil foil, could be

placed around the glass tail. In the first place It lowers the quality of the

NMR circuit. Secondly, since the penetration depth of the rf field into copper

is very small the rf field is shielded even by coil foil. Therefore the rf

field propagates from the NMR coil to the metal parts of the dilution refrig-

erator. This last effect has been found to cause intolarable eddy current

heating of the metal parts of the mixing chamber.

Also without a radiation shield around the tail the rf pulses cause some

eddy current heating In the metal parts of the dilution refrigerator. The NMR

coil is placed 11 cm from the metal parts of the dilution refrigerator. Never-

theless it appears to be impossible to use a short repetition time of the rf

pulses in order to monitor a spin echo signal continuously on an oscilloscope.

In that case the He flow increases dramatically.

So since we can only use a relatively long repetition time of the rf pulses we

have to store our pulsed NMR signals. For that purpose we use a fast transient
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recorder- We will return to this subject in the next chapter.

To match the high power amplifier to the NMR circuit, continuously monitoring

of a spin echo signal on an oscilloscope is required. So in this case a short

repetition time of the rf pulses is essential. As a consequence matching of

the high power amplifier to the NMR circuit in this way always strongly

disturbes the operation of the dilution refrigerator.

2.7 The split-coil magnet

We designed and constructed a rotatable split-coil magnet to perform NMR

experiments up to and above the critical field Hc » 3.8 T of the 1-d HAFM

CuSO4.5H2O.

The bore of the magnet has to be 26 mm to leave room for the tail of the

vacuum can of the dilution refrigerator. The outer diameter of the magnet is

limited by the inner diameter of the cryostat which is 22 cm.

Two split-coil magnets have been constructed in our group in the late seven-

ties [2,9]. The measured homogeneity of those magnets did not conform with the

calculated one and proved to be field dependent. Also the experimental quench

field is smaller than the one corresponding to the critical current character-

istic for the superconducting wire. These unfortunate properties are most

probably due to the fact that the windings of these magnets have been inbedded

in Apiezon N grease. Because of that, even at low temperatures, the windings

are not completely fixed, leading to a motion of the windings caused by the

large Lorentz forces acting on the conductor [10]. First of all this motion of

the windings leads to a field dependent field profile. Secondly, to achieve a

high current density the moulds of the magnet are completely filled with

either conductor or filler material. Therefore the liquid helium cannot cool

the windings directly and they can be regarded as an adiabatic system. Because

the heat capacity of the superconducting wire and the filler material is ex-

tremely low at T = 4.2 K (typically lxio"3 J cm"3 K" 1), a conductor motion

generates enough frictional heating to cause a local increase of the tempera-

ture followed by a quench. A magnet whose windings are fixed by grease can

reach a field that conforms to the critical current of the wire only when the

liquid helium bath is pumped down below the superfluid transition temperature,

because only then the windings are cooled well [11].
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We decided to impregnate the windings of the new magnet to build with epoxy

resin since we expected that then the magnet system would act up to its theor-

etical qualifications.

In figure 7 a schematic drawing of two types of split-coil magnets is

presented. As can be seen the magnetic fields generated by the main- and cor-

rection coils add up to give a homogeneous field in the centre of the magnet.

The x-axis is the axis of cylindrical symmetry while the y-axis is a twofold

symmetry axis. The magnetic field in the central region of the coil can be

expanded in a Taylor series around the centre of the coil [9,12].

H (r,6) = I iy H°(0,0) r" P (cos6) (5)
n=0

H (r,9) = -sine I 7 - i _ H°(0,0) r" P'(cos6) (6)
y n = 0 (.n-t-i;. x n

where

Hx<°'°> = — h I r=e=o <7>
ox

is the n1-" derivative of the axial field taken in the origin, r and 6 are

planar polar coordinates in the xy plane. Pn(cos6) and Pn(cos6) are the n
th

Legendre polynomial and its first derivative with respect to cos6 respective-

ly. The zero order term of these equations yields the magnetic field and the

higher order terms yield its homogeneity. Due to the fact that the y-axis is a

twofold symmetry axis H°(0,0) equals zero for odd n.

A homogeneous magnet design is obtained by maximizing the zeroth order of

eq.(5) and minimizing the higher order terms.

Figure 7a represents a schematic drawing and the calculated field profile

along the x-axis of the split-coil magnet constructed by Diederix [2]. This

magnet is a technically rather complex one, since the correction coils can be

moved along the x-axis. The four coils are connected by soldered joints. How-

ever, joints appear to be vulnerable. In the case that the windings are im-

pregnated with epoxy resin it is impossible to repair the magnet properly in

case one of the joints might break. Therefore we have decided for a technical-

ly simpler construction with fixed correction coils, instead of correction

coils that can be moved along the x-axis. A schematic drawing and the calcu-

lated field profile along the x-axis of this magnet are given in figure 7b. In

this design the coils can be wound using one piece of superconducting wire and
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thus vulnerable joints between the separate coils are avoided.

The results of the calculations prove that because of the specific position of

the fixed correction coils it is not possible to design a magnet that is

theoretically as homogeneous as the one reported by Diederix. This is illus-

trated in figure 7. However, for this latter design the actually measured

homogeneity is much less than the calculated one because of the fact that the

windings are not fixed well. Therefore we have decided to use the design of

figure 7b and to impregnate the windings with epoxy resin.

The advantages of a homogeneous design as well as the possibility of winding

the coil with one piece of wire and impregnating it with epoxy resin can be

combined in a so-called L type coll [9]. A schematic drawing of a homogeneous

design of a L type coil is given in figure 8. However, as argued by Henkens et

al. [9], the winding of such a coil will be very difficult.

L. . ...
10 cm -10

x-axis

1U x-axis

Fig. 7 Schematic drawing of two split-coil magnets with their calculated

field pattern on the cylinder axie, the x-axis. Fig. 7a represents the magnet

reported by Diederix [93, while fig. 7b represents the magnet reported here.

In both figures curve a represents the calculated field profile for the total

split-coil. Curves b and a show the field contribution of the main- and cor-

rection coils respectively.
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Fig. 8 Schematic drawing of a so-aalled L

type ooil. The representation is given in

the first quadrant only, since both the x-

axie and the y-axis are symmetry axes of the

coil.

Figure 9 represents a drawing of the split-coil magnet reported here. The

frame of the magnet is made of brass. The moulds of the four coils are covered

with 100 u Kapton foil to prevent electrical contact between the frame and the

superconducting wire. The four coils are wound with one piece of about 6000 m

of multifilament superconducting NbTi wire, starting at the left correction

coil and ending at the right one (see figure 9). The Niomax FMA61/50 wire has

been supplied by Imperial Metal Industries (IMI) and has a diameter of about

0.55 mm including the PVA insulation.

To obtain the best homogeneity within the limits of the design the fol-

lowing procedure was pursued. We measured carefully the size of every single

coil, counted the number of windings and so determined the current density. We

offered these data to our computer program and then decided on the number of

windings of the next coll. On the last correction coil we wound one sheet

overplus and measured - before impregnation - in low field (~ 1 T) the field

profile along the x-axis using the °F NMR signal of a teflon probe of 1 mm

volume. We then determined the necessary number of windings of this last coil.

The sizes of the coils as well as the number of windings are given in table 1.

The coils are wrapped up in glass bandage and impregnated under vacuum with

Stycast 1267, which is a version of Stycast 1266 with a longer pot life. The

glass bandage aims to withstand the large Lorentz forces perpendicular to the

windings. Subsequently also at high fields the field profile along the x-axis

has been measured. The results are shown in figure 10. The dots represent the

measured data, while the drawn curve represents the field profile calculated

with the data of table 1.

It is difficult to compare the homogeneity of this magnet with the ones

reported earlier, because in the latter case the homogeneity is field depen-
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A: brass toothed flange

B: oog-wheel

C: ball bearing

D: suspension flange

E: main aoil

F: correction aoil

G: modulation aoil

H: compensation aoil

I: bore

Fig. 9 The superconducting split-aoil magnet. The left part of the draining

represents a aross section of the magnet, the right half is an outer view.

dent. Diederix [2] gives a measured homogeneity of 1x10 over 1 cm. It is

however important to notice that for this magnet the measured homogeneity

conforms with the calculated one. Furthermore for the higher fields the field

profile is field independent. At the lowest field the experimental data do not

agree with the calculated field profile because of the small magnetization of

the NbTI superconducting wire. This is a well known effect [13].

The field profile along the x-axis is yielded by a simple analytical expres-

sion. To calculate the magnetic field In the whole plane covered by the x-axis

and the y-axis we have to compute the zeroth order of equations (5), (6) and

(7) using clever nunerical integration [14]. These calculations show that the

largest H/l ratio is obtained in the lowest sheets of the main coils. At that

position the H/I ratio is 17% higher than in the centre of the magnet. Conse-

quently that H/I ratio determines the maximum field. Using that result we have

established the maximum field conform to the critical current of the super-

conducting wire, guaranteed by the manufacturer.

We will now give some additional technical details about the split-coil

nagnet described above (see fig. 9). On each of two brass bodies, which can be
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Fig. 10 Resonance frequencies of the F-nualei in a teflon probe plotted

versus the probe position on the cylinder axis of the aoil (x-axis). The dots

represent the measured data, while the drawn curve represents the field pro-

file calculated using the experimental dimensions of the aoil, tabulated in

table 1. However, the H/I value calculated on basis of the experimental dimen-

sions was adjusted to the experimentally obtained H/I value.

screwed into the main body along the x-axis, two coils are wound. The inner

two (G) form a Helmholtz coil and are used to generate a modulation field

needed for the detection of CW NMR signals • The other two coils (H) can be

used to homogenize the magnetic field in the case of, for instance, NMR line-

width measurements. At the other hand, if it would be necessary for spin echo

experiments to increase the inhomogeneous width of the NMR line, those two

coils can be used to generate an inhomogeneous field.

The magnet is suspended to a brass toothed flange (A) which forms a ball

bearing (C) together with a stainless steel suspension flange (D). Six german
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Table 1 Data on superconducting split coil magnet.

coordinates of the verteces of the
coils in mm (absolute values)

main coil
correction coil

left main coil
right main coil
left correction coil
right correct

*min

14.0
55.0

oil
coil

nmax min Ymax number of
windings

designed dimensions

45.0 45.0
94.5 34.0

94.0
45.0

5858
1659

experimental dimensions

93.5
94.3
45.3
45.0

5923
5982
1716
1679

average wire
diameter (mm)

0.55
0.55

0.541
0.543
0.548
0.546

H/I
Hmax < T = 4- 2 K>
homogeneity
over 1 cm
wire length
wire type
bore diameter

calculated on basis
of designed dimensions

calculated on basis
of experimental
dimensions

experimental
results

0.0880 T/A
6.86 T

3 x 10"5

5.97 x 1OJ

Niomax FMA
26 mm

m
61/50

00897 T/A
6.81 T

1 x 10"4

6.04 x 10J m

0
6

I

.0907 T/A

.3 T

x ID"4

6 x 1OJ m

* Concerning the indications left and right, see figure 9.
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sliver tubes are mounted to this stainless steel flange as well as to

stainless steel flange at the top of the cryostat. The magnet can be rotated

via a small cog wheel (B) that drives the brass toothed flange. The small cog

wheel can be handled from the top of the cryostat.

In conclusion we remark that in our case, where the correction coils lie

besides the main coils, theoretically not a perfect homogeneous magnet can be

designed. However the impregnation with Stycast results in a magnet system

that acts up rather well to its theoretical expectations. The fact that the

measured H/I is higher than H/I calculated on basis of the experimental dimen-

sions (see table 1) is possibly due to a higher current density in the inner

sheets of the coils than in the outer sheets, as a result of the higher pres-

sure on the Inner sheets. This would also partly explain that the experimental

quench field lies below the calculated one. Because the samples are typically

of the order of 1 cm the homogeneity of the present magnet is satisfactorily.

Actually the magnet reported by Diederix has only a theoretical better homoge-

neity. Besides that the maximum quench field of the present magnet is much

higher than that of the earlier constructed magnets.

2.8 The W R spectroaeters

For the detection of CW NMR lines we used a modified marginal oscillator

of the Robinson type [1], operating at the frequency range 40-200 MHz. The

first derivative of the NMR line is recorded, using field modulation, by a

Brookdeal SC 9503 lock-in amplifier.

In some cases it was important to record the CW NMR line using a very low rf

level. In those cases we used a high frequency CW NMR bridge described by Bos

[15]. We will return to this subject in the next chapter.

We performed the transient NMR experiments using a phase-coherent spec-

trometer described by Henkens [16]. It has nowadays been extended to cover the

frequency range 2-200 MHz. Some further technical details, especially about

the storage of the pulsed NMR signals will be given in the next chapter.
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CHAPTER III

NUCLEAR SPIN-LATTICE RELAXATION AT VERT LOW TEMPERATURES

3.1 Introduction

The electron spin dynamics of the 1-d HAFM C11SO4.5H2O has been studied

successfully by means of nuclear spin relaxation experiments. Groen [1] meas-

ured the longitudinal relaxation rates T^1 in CuSO^.S^O down to T = 0.5 K and

up to and above the critical field. The aim of this work is to extend these

measurements down to lower temperatures in order to get information about the

dynamic behaviour of the 1-d HAFM down to and below the temperature at which

the phase transition to the long range ordered state takes place.

The protons of the water molecules of this hydrated compound have a transfer-

red hyperfine interaction with the unpaired electron spins of the Cu -ions.

Because of this interaction between the proton spins and the electron spins,

fluctuations of the electron spins cause local fluctuating magnetic fields

h (t) at the site of the proton spins. These fluctuating magnetic fields cause

nuclear relaxation and thus nuclear relaxation rates yield information about

the dynamic behaviour of the electron spin system.

In a nuclear spin-lattice relaxation experiment the temporarily disturbed

nuclear spin system relaxes towards a thermal reservoir, usually called the

lattice. In magnetic compounds, under conventional experimental conditions,

the lattice is formed by the electron spin system. In order to use the nuclear

spin as a probe to observe the dynamic behaviour of the electron spin system

without disturbing the electron spin system itself, the lattice must fulfill

the following conditions [2]:

- The lattice has to be internally in thermal equilibrium.

- The specific heat of the lattice has to be large with respect to the energy

supplied to the nuclear spin system during a nuclear spin-lattice relaxation

time experiment.

In the experiments described by Groen et al. these conditions are fulfilled.

In that case the return of the nuclear spin magnetization towards thermal
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equilibrium after disturbance will be exponential in time with time constant

T-p Then the longitudinal relaxation rate Tj can be expressed in terms of

two-spin dynamic correlation functions of the electron spins [3]. For an

Isotropic Heisenberg system the relaxation rate reads

h1 =z. [aij *j-i (ta)o) + bij *j-i (a)o)] ( 1 )

Here §z. (UQ ) and <fr. .(<i>o) are fourier transforms at the nuclear Larmor fre-

quency (0(j of the two-spin correlation functions, parallel and perpendicular to

the quantization direction of the electron spin <S> respectively.

COS0)j)t
J —oo J

1 1 1

CO

*j-i<uo) = h I dt[<S+(t)S~(O)>e1<1>ot + <Sj(t)Sj(0)>e"1<0ot]

When the lattice does not fulfill these conditions a complicated, non-

exponential return of the nuclear magnetization towards equilibrium can be

expected. A characteristic decay time in that case will depend on a number of

time constants, determined by the heat capacities and the mutual coupling of

the thermal reservoirs present in the system. It is clearly of great Impor-

tance to establish whether the above mentioned conditions hold for our experi-

ments in CuSO^.SI^O at very low temperatures.

To do so, In section 3.2, we will first treat possible experimental methods to

determine the nuclear spin-lattice relaxation time T^. In section 3.5 we will

discuss the energy supplied to the nuclear spin system during a T^ measurement

for the different experimental methods. Secondly, in section 3.3, we will dis-

cuss the specific heat of CuSO^.SI^O in an external magnetic field as a

function of temperature. Therefore we have to consider which spin systems are

present in CuSO^.Sl^O and to what extent they contribute to the overall

specific heat. To describe the nuclear spin-lattice relaxation we also have to

consider how these systems are mutually coupled. All systems with their mutual

time constants are shown in figure 1. Due to the ten inequlvalent proton sites

in the unit cell the NMR spectrum of CUSO4.5H2O consists of ten distinct

resonance lines. Since we perform our nuclear spin-lattice relaxation time

measurement on one resonance line only, apart from the electron spin system
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NUCLEAR SPIN
SYSTEM

proton 1

proton 10

electron spin
system

phonon
system

Liquid

helium

Fig. 1 A sahematio drawing of all spin systems present in CuSO^.SH^O with

their mutual aoupling and the aoupling to the liquid He bath.

also the other nine nuclear spin systems may serve as thermal reservoirs

during the experiment. In the long range ordered state, due to the antiferro-

magnetlc order, each resonance line splits up into two often well separated

lines (see chapter 4). In that case even nineteen nuclear spin systems are

present as potential thermal reservoirs.

The nuclear spins (l-\) are not directly coupled to the phonons. So the energy

supplied to a nuclear spin system during a T^ experiment will flow via the

magnetic hyperfine Interaction to the electron spin system, and from the elec-

tron spin system to the phonon system via the electron phonon interaction.

From the phonon system the energy is eventually removed to a thermal base- The

heat capacity of this thermal base normally can be considered to be infinite.

However, the thermal time constant t, between the phonon system and a thermal
R

base, formed by a liquid He bath, can be quite large for temperatures below

0.1 K due to the Kapitza thermal boundary resistance. We will treat the

Kapitza resistance in section 3.4.

The magnitude of the three mentioned quantities, treated in section 3.3, 3.4

and 3.5, depends on the temperature. Several of these quantities are moreover

a function of the external field HQ too. Therefore, more specifically we will

discuss the temperature dependence of these quantities for H Q « 2.2 T, since

our proton relaxation measurements were performed mainly in that field.

The results of this discussion will clearly indicate why we decided to use a

specific method to measure the nuclear-spin lattice relaxation time. Finally

some technical and experimental details will be given.
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3.2 Determination of the nuclear spin-lattice relaxation ti>e

In this section we will treat a number of methods to measure the nuclear

spin-lattice relaxation time Tj. We first consider the equations of motion for

the macroscopic nuclear magnetization in an external field ft_. These equations

are the well known Bloch equations:

(3)

dt

T^ and T2 are the longitudinal and transverse relaxation time respectively.

These equations are given in a frame rotating at the nuclear Larmor frequency

\%l\ around the direction of the total field H = HQ + it = HQ. The

direction of H, is taken to be the z-axis both in the laboratory frame and in

the rotating frame (z = z )• Variables in the rotating frame are asterisked.

In thermal equilibrium the nuclear magnetization only has a non-zero component

<(i > along the z-axis. By applying a pulse of a rf field with frequency wo,

along the x -axis, the nuclear magnetization is rotated in the y z-plane. The

angle 9 over which the magnetization is rotated depends on the amplitude of

the rf field Hj and the duration of the pulse. We shall characterize a pulse

by the angle over which it rotates the nuclear magnetization, see figure 2.

1112.'

Fig. 2 Rotation of the nuclear magnetization induced by a pulse of a rf field

with frequency OJ in a frame rotating around the %-axis with frequency ta . The

angle 8 over whieh the nuclear magnetization is rotated is determined by the

amplitude of the rf field Hj and the duration of the pulse.



Solving the Bloch equations (3) yields a continuous wave (CW) NMR lir

with a Lorentzian shape around too:

z ^

We shall refer to this line shape as the homogeneous line shape. However, i

solids, NMR line shapes are often inhomogeneously broadened. This effect leac

to components of the nuclear spin magnetization |i (u ,t), precessing in th
*

rotating frame at frequency o> = u-too around the z-axis. These components c

the nuclear magnetization are distributed according to the inhomogeneous lir

shape function f(u )

|i (t) = / du> f(io ) n (to ,t) (5)
—a>

The actual line shape is yielded by the convolution integral of the homoge

neous- and the inhomogeneous line shape function. The Bloch equations are onl

valid for single frequency components \x (u> ,t) of the nuclear magnetization.

After a it/2-pulse, due to the transverse relaxation in the x y -plane,

so-called free induction decay (FID) can be observed. The free induction deca

after a n/2-pulse is the fourier transform of the CW NMR line shape. For

Lorentzian line shape, as given by equation (4), this leads to

FID(t) = <n > e"
t / T 2 (6)

z

When the NMR line shape is inhomogeneously broadened the free induction deca;

is given by:

FID(t) = <nz> e"
t / T 2 F(t) (7)

)F(t) is the fourier transform of the inhomogeneous line shape function f(u ).

We shall treat the influence of F(t) on the shape of the free induction deca}

in appendix A.

A 6-pulse induces a rotation of the nuclear magnetization in the y*z-

plane over an angle 9. The operator which describes this rotation is given by:
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1

0

0

0

cos 8

-sine

0

sinO

cos 9

(8)

After a 8-pulse of frequency top, u ((0 , t ) precesses around the z-axis at fre-

quency oo . The operator which describes th is precession i s given by:

( * *

cosio t s info t
* * ,

-sinco t cosco t 0 ] (9)
0 0

In a nuclear spin-lattice relaxation time experiment at t = 0 a saturating

ir/2-pulse is applied to the nuclear spin system. After this pulse the nuclear

magnetization relaxes to its equilibrium value <|i (oo )> as

jT*((o\t) = R1(t)<i!*((o*)> + R2(o>*,t) (10)

with

(1Oa)

and

R,(w*,t) = 0 ] (10b)

U V t / T V
We now treat the case that after a n/2-pulse at t = 0 a ©-pulse is applied at

t=T.

We assume that just before a pulse at t-T the nuclear magnetization has a com-

ponent only in the z-direction:

(11)

The magnetization at t-x , i.e. just after a 6-pulse reads as:
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(12)

* /
,T)COS9 I

The duration of the pulse can be neglected with respect to T.

We are Interested In the behaviour of the nuclear magnetization after the 9-

pulse. The Bloch equations indicate that besides precession also relaxation

occurs. Combining the effects of precession and relaxation and setting t'=t-x

as the time after the 6-pulse at t=x, the time evolution of u (10 ,t') is given

by

jT%*,t') = T(u>*,tI)£*(u)*,T+) + R2(u)*,t') (13)

with T(w*,t) = RL(t) 0(0)*,t).

So we get for the single frequency components of the nuclear magnetization

* -t'/To *
u (to ,T) sin9 e ' 2 sinu) t1
z

|i (u ,t') = I H (to ,T) sln0 e ' 2 cosu t' | (14)

<u (u*)> (l-cos9 e" t / T l -(l-cos9)e"tI/Tl)
z

To get the expression for the total magnetization we have to integrate over

the inhomogeneous line shape:

/ —t-' /T i T * * *
uz(T)sin9 e ' 2 / do) f(to )sinto t'

J*(f) = [ uz(x)sin9 e "
t V T 2 / d<o*f(to*)costo*t'

(l-cos6 e" t / T l -(l-cose)e"tl/Tl)y

The net magnetization in the x*y*-plane induces a signal in the rf coil. From

expression (15) follows that after a 6-pulse at t»T a free induction signal

can be observed:

FID(f) - (i (T) sine e~
t</T2 F(t') (16)

z
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A conventional method to measure T̂  is to use a (it/2—c-u/2)pulse sequence.

After the first n/2-pulse at t=0 the recovery of n (t) is given by:

H ft) = <n >(l-e t / T l ) (17)

with <u > the thermal equilibrium value.

When the second ii/2-pulse is applied at t=t the free induction decay is given

by:

FID(t') = <[i > (l-e T'/Tl)e"t'/'T2 F(t') (18)

By several times applying a (it/2-T-it/2)-pulse sequence, varying T, H (T) can

be obtained by measuring the amplitude of the free induction decay, as a

function of T, see figure 3.

Fig. 3 Determination of T1 using a (%/2 - x - %/2) pulse sequence.

As is clear from eq.(18) the amplitude of the free induction decay after each

sequence must be measured always at the same time t' after the second 7t/2-

pulse. It is also clear from eq.(18) that the line shape function F(t) should

not change during the experiment. We shall return to this subject in section

3.6.

To keep the calculations simple we have assumed that at t=x the nuclear mag-

netization \i (<•) ,x) only has a component in the z-direction. Compare eq.(ll).

This means that the transverse relaxation time T2 has to be short enough as to

assure that at time t after the first n/2-pulse no net component of p. (u> ,?)

is present anymore in the x y -plane. When this assumption does not; hold,

apart from a FID signal also a spin-echo-like signal will be observed after

the second pulse.



As will be treated in more detail in section 3.4 the energy

the nuclear spin system by a 0-pulse is proportional to (l-cos9).

important to supply a minimum of energy to the nuclear spin system

ing method to determine T^ can be applied. After a saturating

series of small angle 8-pulses is applied. When after a n/2-pulse

n 9-pulses are applied at mutual time distance T, the FID after

pulse is given by:

FID(t') (nt) sin6 e' F(t')

When 9 is chosen small enough (6 < 4*) \x (nt) can be written

supplied to

When it is

the follow-

Tt/2-pulse a

a number of

the n-th 9-

(19)

as (compare

(20)

From eq.(20) it is clear that T-̂  can be determined by measuring the amplitude

of the free induction decay after each 6-pulse, see figure 4.

e e 9 e

Fig. 4 Determination of

sequence.

X 2X 31 4X t—*~-

using a fn/2 - t - Q - t - 9 6) pulse

This method is commonly used when T^ of platinum nuclei is measured to deter-

mine very low temperatures (down to T « 0.1 mK) in low magnetic fields.

When this method of measuring T^ is applied the conditions mentioned above

must be fulfilled too: The amplitude of the FID must be measured always at the

same time after each 6-pulse and the line shape function should not change

during the experiment. When T2 is of the order of the time between the 9-

pulses an echo-like signal can be observed after the first 9-pulses.

T^ can also be determined using the spin echo technique. A spin echo

signal is observed when a time T after a ir/2-pulse at t»T a n-pulse is

generated. From eqs.(13) and (15) follows that at time t' after t-T+-t the
o

nuclear magnetization is given by:
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+*

u (f) = dio* f(u*)cos(0*(T0-t') (21)

Again we have integrated over the inhomogeneous line shape to get the expres-

sion for the total nuclear magnetization. Expression (21) shows that a spin

echo signal will be observed at t'=T . Since the amplitude of the spin echo

signal is proportional to u ( T ) , it can be used to determine T^. To do so

several times a (it/2—c—Tt/2—c —it)pulse sequence has to be applied with varying
o

T. The amplitude of the spin echo signal at tla=i as a function of T (EAF(t))

is given by:

EAF( <u (22)

See also figure 5.

Fig. 5 Determination of Tj using a (n/2 - % - n/2 - % - n) pulse sequence.

3.3 Specific heat

The specific heat of CUSO4.5H2O consists of contributions from all the

(spin) systems indicated in figure 1. First we shall treat the contributions

of the electron spin system and the lattice vibrations.

The lattice specific heat of CuSO4.5H2O at low temperatures obeys the Debye

T3-law and can be expressed as CAR - 3.5 x 10~4 T3 [4]. From the discussion

to follow it will be clear that with respect to other systems, below T - 1 K

the lattice vibrations hardly contribute to the specific heat of
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The unpaired electron spins in C11SO4.5H2O form two different magnetic systems,

a HAFM linear chain system and a paramagnetic system. We have to treat the

contributions of both systems separately. The specific heat of the paramagnet-

ic system in an external field is described by the well known Schottky expres-

sion for a two level system (£=%). The energy level separation is given by

A = g|i H_, neglecting small exchange interactions between the paramagnetic and

the linear chain Cu2+-ions. Then the specific heat C per mole CuSO4.5H2O is

given by:

^(^-2^) (23)

The factor \ arises from the fact that 1 mole of Cu -ions contains \ mole

paramagnetic Cu -ions. At low temperatures and in sufficiently high magnetic

fields the paramagnetic system saturates and no longer contributes to the

specific heat. Overall specific heat data, measured by Giauque et al. [5] in

magnatic fields of 2.0 T and 3.3 T down to T = 83 mK are presented in figure

6. For T < 150 mK in a magnetic field of 2.0 T the electronic specific heat is

thus governed by the contribution of the antiferromagnetic linear chain (ALC)

system. For H = 2.0 T the increase of the specific heat for T > 0.3 K is due

to the Schottky anomaly of the paramagnetic system. At the transition tempera-

ture to the long range ordered state of the ALC system the specific heat shows

a X-peak.

We are particularly interested in the specific heat of the ALC system

since it is this system towards which the nuclear spins normally relax. How-

ever, no measured data are available well below the transition temperature.

Calculations on the specific heat of an ideal ALC system in a magnetic field

are not available either. BISte [6] computes the specific heat of a S=%

Heisenberg ALC system in zero field, yielding a linear temperature dependence

of the specific heat at low temperatures. In CUSO4.5H2O the system looses

quite an amount of entropy at the transition temperature. We have not been

successful in trying to fit the specific heat data for T < Tc given by Giauque

et al. to a linear temperature dependence taking into account the total

entropy of the system. Following for instance Klaaijsen [7] we have been

successful in fitting the specific heat data (measured by Giauque et al.) to

the relation C = A/T2 exp(-B/T). This is illustrated by the dashed line below

Tc in figure 6. This relation implies a gap in the spin wave spectrum which

one would not expect for a Heisenberg system- However, in CUSO4.5H2O it is
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reasonable to assume the presence of a certain amount of magnetic anlsotropy

leading to such a gap in the spin wave spectrum. The anisotropy in the ex-

change interaction can be estimated to be |AJ/j| » (Ag/g]2 where Ag equals the

anisotropy of the electronic g-value. This leads to a relative anisotropy in J

of a few percent. Although it is not quite clear how the specific heat of the

electron spin system should be described, evidently the specific heat of the

electron spin system becomes very small below the transition temperature to

the long range ordered state.
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Fig. 6 The speoifia heat of CuS04.5Hs0 versus temperature. The circles and

triangles represent data measured by Giauque et.al. [5] in two magnetic

fields. The dashed curves connecting these data are only guides to the eye.

The dashed curves below the phase transition represent the calculated specific

heat of the electron spin system using the relation C = A/T exp(-B/T) for the

two different magnetic fields. The drawn curve represents the calculated

specific heat of the nuclear spin system in a magnetic field of 2.2 T.

At temperatures well below 100 mK the specific heat of the nuclear spin

system becomes important. The specific heat of the proton spin system is also

given by the Schottky expression for a two level system:

.-
COSh

(24)

V
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The summation must be carried out over 20 x h mole of protons present in 1

mole CuSO^.5H2O. In figure 6 the drawn curve represents the specific heat of

CuSO^.SI^O due to its proton spins in a magnetic field of 2.2 T according to

formula (24). The specific heat of the nuclear spin system increases down to

very low temperatures. For simplicity the contribution of the copper nuclear

spins has been ignored. Since the specific heat of the electron spin system

decreases the specific heat of the nuclear spin system will be far the leading

term at sufficiently low temperatures.

3.4 Energy supplied to the nuclear spin systea in a spin-lattice relaxation

tine experiment

The polarization P of a nuclear spin system in a magnetic field Hg at

temperature T is given by

tanh
hyH

(25)

In figure 7 the polarization is plotted in a magnetic field Hg = 2.2 T in the

temperature range between 10 and 100 mK. Towards lower temperatures the polar-

ization increases rapidly. As the polarization increases the energy supplied

to the nuclear spin system by a 8-pulse increases too. Applying a 9-pulse to a

o.:o

0. 10

HO.jT

20 M0 60 80
T (»K)

Fig. 7 The polarisation P of a proton nuclear spin system versus temperature

in a magnetio field of 2.2 T.



system of nuclear spins means the destruction of part of the z-component of

the magnetization of the nuclear spins. The z-component of the magnetization

is reduced from PN(i to PNu cos9, see figure 2. N is the number of spins and

H is the proton magnetic moment. The reduction of the nuclear magnetization

by a 9-pulse means that an amount of energy is supplied to the nuclear spin

system equal to the Zeeman energy associated with the reduction of the magnet-

ization:

E = (l-cos6) PNu HQ (26)

From equation (26) easily the amounts of energy supplied to the nuclear

spin system can be calculated for the different methods to measure T^. It is

clear that the method of generating a ic/2-pulse followed by a series of pulses

of small angle 6 supplies much less energy to the nuclear spin system than the

other two methods treated in section 3.2

5.0

y.o

3.0

< 2.0

l.O

100

Fig. 8 Energy A£ supplied to a system of 1 mole of nuclear spins

pulse versus temperature in a magnetia field of 2.2 T. (calculated)

a n/2-

In figure 8 the energy supplied by a n/2-pulse to a system of one mole of

nuclear spins is plotted as a function of temperature in a field of 2.2 T. It

is clear that the energy supplied to the nuclear spin system by a Ti/2-pulse

increases down to very low temperatures. We remember that the specific heat of

the electron spin system below the transition temperature to the long range

ordered state decreases. So two problems may arise:
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First of all, the heat capacity of the lattice may not be regarded any more as

infinitely large with respect to the energy supplied to the nuclear spin sys-

tem by a 7c/2-pulse. In this case not the spin-lattice relaxation time, as de-

fined in the introductory section, will be measured.

Secondly, due to the Kapitza thermal boundary resistance, the energy supplied

to the nuclear spin system cannot be removed to the liquid on a short time

scale. So applying rf pulses to the sample on a shorter time scale than the

thermal time constant due to the Kapitza resistance might cause a rise of the

temperature of the electron spin system. We have calculated the increase of

the temperature of the combined nuclear- and electron spin system as a result

of the application of a n/2-pulse to one of the twenty proton lines in the

long range ordered state- In doing so we have assumed that the %/2-pulse

destroys the total nuclear magnetization of the particular NMR liae- Moreover

we have neglected the specific heat of the electron spin system for T below

70 mK. The results, as a function of temperature between 10 and 70 mK, In a

magnetic field of 2.2 T, are presented in figure 9. It must be noted that, for

the actual sample size of approximately 10~2 mole, the heat input per it/2-

pulse at T = 50 mK is about 10 \iJ. The cooling power at that temperature In

the tail of the mixing chamber is about 25 \iW. These numbers show that cer-

tainly at low temperatures the repetition rate of the pulses should be low in

order to keep the heat input per second far below the cooling power.

M.O

3.0

2.0

1.0

100

Fig. 9 The calculated increase of the temperature AT of the combined nuclear-

and electron spin system, versus temperature, due to the application of a n/2-

pulse to one of the twenty proton lines present in the long range ordered

state. The results show clearly that a %/2-pulse applied to one particular

proton line destroys 5% of the total nuclear polarization.
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3.5 Thermal boundary resistance

Towards lower temperatures the thermal boundary resistance between a

solid and liquid helium increases rapidly. This thermal boundary resistance is

generally called the Kapitza resistance after its discoverer [8]. The nature

of the Kapitza resistance can be understood as the basis of an acoustic mis-

match theory first proposed by Khalatnikov [9]. It comes to the fact that, due

to the large difference between the sound velocity in liquid helium and a

solid below T = 1 K, the acoustic impedances of these two media differ large-

ly. Therefore, only a small fraction (~ 10" ) of the phonons can leave the

sample. For a detailed treatment of the Kaptiza resistance we refer to review

articles written on this subject [10-12].

At very low temperatures the heat transport decreases as T3. For a solid

below T = 0.1 K, RkT
3/A is of the order of 0.005 K4/W [11]. A is the contact

area of the sample with the liquid helium and R^ is the thermal resistance

between the sample and the liquid helium. Of real interest for our purpose is

the thermal time constant x. =• R^C with C the heat capacity of the sample.

This thermal time constant determines the time in which thermal equilibrium is

attained between the sample and the liquid mixture. Since we know the specific

heat of our sample and its contact area with the liquid mixture we can calcu-

late the Kapitza resistance and the thermal time constant. To do so we again

assume that below T = 70 mK the specific heat of CuSO^.SI^O is governed by the

specific heat of the proton spins only. In figure 10 the so calculated tem-

100

Fig. 10 Calculated thermal relaxation time TV due to the Kapitza thermal

boundary resistance versus temperature.
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perature dependence of t. is shown in a field of 2.2 T. Since the heat capac-

ity of C11SO4.5H2O increases towards lower temperature according to formula

(25) and the Kapitza resistance also increases as T the thermal time con-

stant increases approximately as T~ .

We estimate that, due to the long thermal time constant at low tempera-

tures, during our experiments the sample temperature never reached values

below 20 mK.

3.6 Experimental

Above the transition temperature we have used the conventional

(it/2-it/2-7c) pulse sequence to measure Tj, observing the recovery of the spin

echo signal after saturation. Above the transition temperature this method is

applicable because the heat input due to a n/2-pulse is small compared to the

heat capacity of the lattice (see section 3-3 and 3.4).

Below the transition temperature the many n/2-pulses that have to be applied

to measure T-̂  in this way cause too much input to the sample. This heat cannot

be removed to the liquid helium mixture on a short time scale due to the long

thermal time constant between the sample and the liquid (see section 3.5).

This effect can be observed quite easily in a spin echo experiment. Due to the

increase of the sample temperature during the experiment the recovery of the

spin echo signal after saturation is non-exponential. Due to this long thermal

time constant it proves even to be possible, by applying a number of n/2-

pulses, to raise the temperature of the sample above the transition tempera-

ture while the bath temperature remains low. This effect is not due to the rf

heating of the metal parts of the mixing chamber and/or heating due to a large

electron spin susceptibility x"- This effect must be due to intrinsic heating

of the nuclear spin system since off resonance pulses do not have any effect

on the sample temperature-

We measured the heating of the sample due to a n/2-pulse in the following

way. As will be shown in chapter VI, below the transition temperature, Tj var-

ies strongly as a function of the temperature. So T-̂  can be used to determine

the sample temperature. Using this phenomenon we could establish that the tem-

perature rise of the sample due to one single n/Z-pulse is not as dramatic, as

calculated in section 3.4, i.e. 5%. In fact after one single n/2-pulse, within
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the accuracy of the measurement, we could not establish a rise of the sample

temperature at all. At T = 40 mK some 7 n/2-pulses are needed to raise the

sample temperature with 4 mK. So in a x/2-pulse only about 30% of the nuclear

magnetization of the studied nuclear spin system is destroyed. This effect

must have two origins. First of all the amplitude of the rf field is rather

inhomogeneous over the sample. In appendix B we present calculations on the

field profile of the used rf coil. The results of these calculations show

that, assuming all nuclear spins of the resonance line have resonance frequen-

cy wo, the heat input due to a it/2-pulse is about 40% of the heat input

expected from eq.(26).

Secondly a considerable amount of the nuclear spins will have their resonance

frequency in the tails of the Lorentzian line. In our experiments we have used

a spectral narrow it/2-pulse (wo + 2n 100 kHz) so the nuclear spins in the

tails of the Lorentzian line are not affected at all by the it/2-pulse. This

effect leads to a further reduction of the heat input due to a n/2-pulse.

The above mentioned calculations are only meant to estimate an order of magni-

tude. After all we have to remember that we have neglected the contribution to

the overall specific heat of the copper nuclear spins.

Since we can measure the temperatures of the sample and the 3He- He

mixture independently from each other we could determine experimentally that

at least the order of magnitude of the thermal time constant due to the

Kapitza resistance as calculated in section 3.5 is correct. To do so we car-

ried out the next experiment. First we heated the sample by applying a train

of resonant rf pulses. Afterwards we observed the sample coming into thermal

equilibrium with the liquid mixture using T^ experiments.

As mentioned before, below the transition temperature, the use of spin

echo experiments to determine Tĵ  causes too much intrinsic heating. So in this

case we have measured T^ by observing the free induction decays after a series

of 9-pulses which are preceded by one saturation pulse. Above the transition

temperature we compared this method with the method using the recovery of the

spin echo signal after saturation. The resulting T^'s did not differ within

the accuracy of the measurement, but the spin echo method was found to be the

most accurate one. However, in our case a great advantage of the method using

a (TC/2-9-6...9) pulse sequence, is that it supplies much less energy to the

nuclear spin system, since only one n/2-pulse has to be applied Instead of

several (7i/2-n/2-n) pulse sequences. A second advantage Is that T^ is measured

at the temperature that exists prior to the it/2-pulse. Finally, this method is
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Fig. 11 Block diagram of the pulsed 1QMB spectrometer and the data storage.

also applicable in cases where it is not possible to generate a spin echo

signal, for instance due to indirect interactions between nuclear spins [13].

In order to measure T^ with only one (it/2-9-9.. .6) pulse sequence we use

a Biomation model 805 transient recorder to record the whole series of free

induction decays after only one it/2 -pulse. A block diagram of our pulsed NMR

spectrometer and the data storage is given in figure 11. The transient recor-

der has a maximal sampling rate of 0.2 usec and a 2- K memory. A Philips PM

5716 pulse generator is triggered by each 6-pulse, generating a pulse of vari-

able length after an adjustable delay time. This pulse drives the time base of

the transient recorder. In general we record 13 or 14 free induction decays to

determine T^. In figure 12 examples of Tj measurements are given. We shall

treat the shape of the FID in appendix A. We generally use a 10 (isec (n/2-)

pulse followed by a series of 0.5 usec (9-) pulses.

As argued in section 3.2 eq.(19), in order to determine Tj, the amplitude of

the free induction decay has to be measured at exactly the same time after

each 8-pulse. The free induction decay cannot be detected immediately after

the 9-pulse, because of the pre-amplifier overload due to the high power rf

pulse. It is clear from eq.(19) that (the fourier transform of) the inhomoge-

neous line shape should not change during a Tj experiment. Problems may arise

since we saturate the line using a relatively spectral narrow saturation pulse

while we observe the recovery of the free induction decay using a spectral

wide 6-pulse. One might expect that in a broad NMR line hole burning effects

may occur. To inspect this possibility we have measured T^ also using a
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spectral wide saturation train of rf pulses• Within the accuracy of the

measurement, we measure no differences in T^ value. Furthermore we never

observed the shape of the FID changing during a T-̂  experiment.

In figure 12a an example of a T^ experiment above the transition tempera-

ture is presented. It is clear that the free induction decay just after the

n/2-pulse is saturated completely. Below the transition temperature we can

only saturate a free induction decay to half of Its amplitude. This is illus-

trated In figure 12b. We shall discuss this feature in chapter VI. Figure 12c

illustrates the case where we deal with a relatively long T2- After the first

9-pulses apart from a free Induction decay an echo-like signal is observed de-

caying in time with the transverse relaxation time T2« These echo-like signals

are observed specifically in our case because our pulse program unit was built

originally to apply a Carr-Purcell sequence: While the distance between the 9-

pulses is t seconds, the distance between the saturation pulse and the first

8-pulse is %t seconds, see figure 12c.

In general we have not observed echo-like signals after the 9-pulses since in

the long range ordered state T^ Is much longer than T2. We have performed some

selective T2 experiments and we have never found T2 exceeding 30 us. Since the

dipolar interaction between equivalent nuclear spins yields T2 = 80 us, this

short T2 is due to the indirect nuclear spin-spin interaction as described by

Bos et al. [13].

We conclude this section by noting that in all experimental situations we have

observed an exponential recovery of the nuclear magnetization after satura-

tion. We shall return to this feature in chapter VI.

APPENDIX A

As can be seen in figure 12 the free induction decay (FID) is not a func-

tion that simply decreases monotonically with time. Also oscillating contribu-

tions to the free induction decay are present. In this appendix we will treat

the shape of the FID showing that oscillatory contributions are not sur-

prizing.

Bos et al. [13] have described the influence of the indirect nuclear spin spin

interaction on the NMR line shape In CuSO^.SI^O. As the free induction decay

is the fourier transform of the CW NMR line shape the indirect nuclear spin
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spin Interaction influences the shape of the free induction decay too. We

shall calculate the shape of the FID using the same simple model as Bos et al.

have done to treat the Indirect nuclear spin spin Interaction.

As a result of the indirect interaction between a proton nuclear spin and a

copper nuclear spin via the copper electronic spin, the proton nuclear spin

experiences an additional internal field h.. This internal field takes on four

distinct values, due to the four eigenstates of the copper nuclear spin (Jz =

±1/2, ±3/2). Because the copper nuclear spin fluctuates between its four

eigenstates the internal field at the proton site is time dependent.

Bos et al. simplify this complicated time dependent field by introducing an

internal field parallel to the external field. This field randomly takes on

the values h^ = ± A/yT with a characteristic fluctuation rate R. In this very

simple picture A is the indirect interaction strength and R is the character-

istic fluctuation rate.

Using a memory function approach [14] it is possible to derive expressions for

the CW NMR line shape L(a>), free induction decay function FID(t) and the spin

echo decay function. The variables of these functions are the characteristic

fluctuation rate and the strength of the internal field. Bos et al. give ex-

pressions for L((i>) for several ratio's of R and A.

We consider a nuclear spin I. with magnetic moment H. (t) in a field

H (t), which is the sum of the static field H_ and a time dependent internal

field h (t). We Introduce a coordinate system rotating around the ensemble

average <H (t)> with angular frequency O)Q = YTl<".,(t)>| • The macroscopic equa-

tion of motion reads:

t + A +Jt

to

In this equation, M (t) is the memory function tensor and \i (t) * <ji. (t)>, the

ensemble averaged of n (t). Variables in the rotating frame are asterisked*

Under the assumption that the time dependencies of h. (t) and u (t) are not

correlated, the diagonal elements of M(t) represent the autocorrelation func-

tion of ft.(t):

I

t
M (t) - / <h (t')h (0)>df (A2)

0 a a

(a - x.y.z)
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We also assume that the internal field h.(t) is parallel to HQ and randomly

takes the value + A/Y-, with a characteristic fluctuation rate R. Then the

autocorrelation function of the field is given by:

M(t) = <hiz(t) hlz(0)> = {j-)
2 e ^ ' 1 (A3)

Bos et al. show that, for this internal field h^t) the line shape function is

given by:

L(OJ) = — (A4)
((u-oo0)

2-A2)2 + R2(o)-O)0)
2

This line shape function is derived under the assumption that the fluctuations

are on a time scale comparable to 1/Y|<h.(t)>|.

The FID is the signal induced in the rf coil after a rf-pulse is applied. The

ensemble averaged magnetization after a it/2-pulse is derived from eq.(Al) with

tQ=0. The FID(t) can be evaluated analytically by solving eq.(Al) using the

Laplace transform technique. The solution for FID(t) can be written as:

FID(t) = F(t) exp(-^Rt) (A5)

where F(t) is given by:

F(t) = cosct + ^R/c sinct A > ^R

F(t) - 1 + %Rt A = ^R (A5a)

F(t) = coshct + %R/c sinhct A < ijR

with c = (|A

For some ratio's of R and A, FID(t) is plotted in figure 13 together with the

appropriate line shape function L((o).

In the extreme motional narrowing limit A « fcR the CW NMR line shape is a

Lorentizian and FID(t) decays as an exponent with T2 » R/A2. When R decreases

the CW line broadens and looses its Lorentzian shape while the FID decays

faster. The "fastest" FID is obtained when A = SjR.

With a further decrease of R we come Into the motional broadening limit

(A > ^R). The CW line shape will develop a doublet structure and the FID shows
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Fig. 13 The calculated absorption line shape and fvee induction deeay fov

fixed k = 100 KHz and varying R (103S~1); a: R = 500, b: R = 333, a: R = 200,

d: R = 100, e: R = SO, f: R = 25.

an oscillatory behaviour. This picture is enhanced In the static limit

(A » %R) where the CW line consists of two separate narrow peaks. The oscil-

latory behaviour of FID(t) is enhanced too.

We have calculated the CW line shape L(OD) and FID(t) under the assumption

of only one internal field h".(t), fluctuating between two eigenstates. Since

the copper nuclear spin has four elgenstates this picture is to simple to cal-

culate a realistic L(o>) and an appropriate FID(t). However on the basis of

this simple picture the oscillatory behaviour of the observed FID can be

understood. When the line shape is determined by a sum of uncorrelated fluc-

tuating fields, the total line shape function is the convolution integral of

the individual line shape functions. As the FID is the fourier transform of

the CW line shape, the total FID is the product of the individual FID's.
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Table 1 Field profile of the rf field.

length sample X: 15 mm

radius sample a: 3.3 ram

radius rf coil: 4.45 mm

length rf coil: 5.0 mm

number of windings: 3.5

Z X

0.00

0.75

1.50

2.25

3.00

3.75

4.50

5.25

6.00

6.75

7.50

0.00

1.00

0.98

0.91

0.80

0.68

0.56

0.44

0.35

0.27

0.22

0.17

0.30

1.00

0.97

0.90

0.8)

0.67

0.55

0.44

0.35

0.27

0.21

0.17

0.

1.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

60

00

97

90

79

67

54

43

34

27

21

17

0.

1.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

90

00

97

90

79

66

53

43

34

26

21

17

1.20

1.01

0.98

0.90

0.78

0.65

0.53

0.42

0.33

0.26

0.20

0.16

1

1

0

0

0

0

0

0

0

0

0

0

.50

.02

.99

.91

.78

.64

.51

.41

.32

.25

.20

.16

1.80

1.04

1.01

0.92

0.78

0.63

0.50

0.39

0.31

0.24

0.19

0.16

2.10

1.07

1.03

0.93

0.78

0.62

0.49

0.38

0.30

0.23

0.19

0.15

2.40

1.10

1.06

0.95

0.79

0.61

0.47

0.36

0.28

0.22

0.18

0.14

2.70

1.14

1.10

0.98

0.79

0.59

0.44

0.34

0.27

0.21

0.17

0.14

3.00

1.19

1.14

1.02

0.79

0.57

0.42

0.32

0.25

0.20

0.16

0.13



APPENDIX B

In this appendix we present calculations on the field profile of the rf

coil used in this investigation. The results are obtained by numerical inte-

gration of Biot-Savart's law:

fi(r) = / (dl x h - J - (Bl)
coil 47tr3

where ds is an element of the coil. To calculate the magnetic field at point r

the integration over ds is carried out over the whole coil. The dimensions of

the coil and the sample are given in table 1. In figure 14 a schematic drawing

is presented. We have calculated the z-component of the magnetic field only,

since the rotation of the nuclear spins in the rotating frame is achieved by

this component of the magnetic field only.

As the system is symmetric with respect to both the x-axis and the z-axis it

is sufficient to calculate the field profile of Hz in a cross section of the

sample formed by the x-axis and the z-axis. The results, normalized to Hz in

the centre of the coil, are given in table 1. The contributions of the lead-in

wires to the magnetic field are neglected.

Using these results we have calculated the heat input on the nuclear spin

system in the sample when a n/2-pulse is generated in the centre of the coil.

Because of the inhomogeneity of the rf field only about 40% of the nuclear

magnetization is destroyed in a n/2-pulse. So the heat input is only 40% of

that due to a n/2-pulse with a homogeneous rf field.

Fig. 14 Schematic dvawing of the sample in the NMR coil. The z-axis is the

cylinder' axis of the sample. The x-axis ie ahosen pevpendieulav to the z-axis.

The length of the aoil is given by the diffevence of the z-aoovdinates of the

ends of the coil (1 and 2).
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CHAPTER IV

CONTINUOUS HAVE EXPERIMENTS ON CuSO4.5H2O IN THE ORDERED

AND DISORDERED STATE

4.1 Int roduct Ion

In the past two decades many CW NMR experiments have been performed on

the 1-d Heisenberg antiferromagnet (HAFM) CuSO^.5H2O [1-5]. This compound is

isoraorphous with CuSeO4.5H2O and CuBeF^.S^O which have been the subject of

extensive CW NMR studies too.

These three isomorphous compounds have a triclinic crystal structure. For

CuSO^.5H2O the unit cell dimensions are a = 6.141 A, b = 10.736 A and

c = 5.986 A, while a = 82.27*. p = 107.43* and y = 102.67*. The crystallo-

graphic unit cell contains two formula units, which are crystallographically

inequivalent. It is found that these compounds consist of two different mag-

netic systems. The Cu -Ions on the (0,0,0) position form a system of anti-

ferromagnetic Heisenberg chains along the a-axis. For CuSO^.S^O and

CuBeF4.5H2O the intrachaln exchange constant J/k = -1.45 K while J/k = -0.85 K

for CuSeO4.5H2O.

The Cu -Ions on the (%,%,0) position form a paramagnetic system with Curie-

Weiss temperature 9 = 0.05 K. According to Giauque et al. [6] this system

shows a transition to a long range ordered state at T = 27 mK in zero external

field.

Theory predicts that no long range order can exist in a 1-d magnetic sys-

tem at any non-zero temperature. However, in real magnetic systems, due to an

always existing weak interchain interaction J1, a long range order sets In at

finite temperatures. The onset of the long range order can be observed in

these compounds on the occurrence of a splitting of the NMR lines below the

transition temperature. It can also be observed, as has been shown by Van Tol

[2], on the presence of a X-peak In the specific heat in an external magnetic

field [6]. Henkens et al. [3] have tabulated the transition temperatures and
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the interchain interaction constants for each of the three isomorphous com-

pounds. The transition temperature to the long range ordered state is 100 mK

for CuS04.5H20, 125 mK for CuSeO4.5H2O and 91 mK for CuBeF4.5H2O. Because of

its relatively high transition temperature (Tc = 125 mK), most previous NMR

experiments in the long range ordered state have been performed on CuSeO4.5H2O

[3]. However, CuSO4.5H2O is a better 1-d system for this compound has a larger

ratio of the exchange constant and the transition temperature. The CuBeF4.5H2O

compound, which is even a better 1-d system,is less suitable for a NMR study.

Due to a minor structural phase transition at T « 50 K the number of proton

resonance lines is two times that in CuSO4.5H2O. NMR experiments are therefore

more difficult to perform.

Temperatures well below 100 mK can easily be reached in our powerful dilution

refrigerator described in chapter II. In this chapter we will describe CW NMR

experiments on CuS04.5H20 both above and below the transition temperature. The

results are analogous to the results by Henkens et al. [3] obtained in

CuSeO4.5H2O. Nevertheless we will give an accurate description of these

results in order to be able to describe the experimental results of the

nuclear relaxation rate.

The resonance frequency of proton spin f is proportional to the vector

sum of the external field 5. and the internal field h. at the site of proton

spin I.:

v = — |i5 + t | (1)

As in our case |H | » |h |, only the component of the internal field parallel

to the external field contributes to the frequency shift with respect to Vg

Av. = •=— =— • h. (2)
i 2% H_ i v

with Ho = |3Q|.

The internal field h, consists of contributions due to all magnetic moments

present in the sample [7]. The internal field can thus be written as

70



A . represents the magnetic interaction tensor in frequency units between

proton spin I and electron spin a.. Only electron spins within a sphere of

radius of about 40 A around the proton spin f contribute significantly to

£![.. ?L and H_ are the Lorentz field and the demagnetizing field respec-

tively due to all the other unpaired electron spins present in the sample. The

Lorentz field can be written as:

j*fi (4)

with M the magnetization per unit volume. The demagnetizing field can be

written as

Hp = -N • M (5)

with N the so-called demagnetizing factor, depending on the shape of the

sample. S is the internal field due to direct and indirect interactions
nn

between nuclear spins. +

For a spherical sample N = 4/3 it I and 8. + H_ = 0. For a non spherical sample

R, + ?L * 0. For a non-ellipsoidally shaped sample iL is not even homogeneous

over the sample. Because of its easy orientation in the magnetic field we per-

formed our NMR experiments on cylindrically shaped samples, with the magnetic

field perpendicular to the cylinder axis. This shape results in a inhomoge-

neous broadening of the resonance lines. However, such a broadening does not

influence the nuclear spin-lattice relaxation.

The interaction between nuclear spins (Hnn) influences, possibly field- and

temperature dependently, the NMR line shape but does not lead to a measurable

frequency shift [8]. So in practice, i + iL will only lead to a slight iso-

tropic frequency shift and S and 1 to a broadening of the NMR lines. There-

fore in the description of the frequency shifts, both above and below the

transition, temperature we will neglect these contributions to the local

field.
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4.2 Rotational diagrams in the disordered state

Groen et al. [5] have shown that in CuSO^.Sl^O the magnetic interaction

between a proton spin and a nearby magnetic ion deviates considerably from a

point dipolar interaction. This is due to the fact that the ground state of

the Cu2+-ion is not an S-state. In fact, in the CuSO4.5H2O case crystal field

theory predicts an approximate x2-y2 ground state for the Cu2+-ion, where the

xy-plane is the plane through the four oxygen ions belonging to the nearest

' iter molecules. The magnetic moment of the Cu -ion is spread out over this

non spherical wave function and can even be transferred to the ligands sur-

rounding the magnetic ion as a consequence of the partially covalent bonds.

Therefore the interaction between a proton spin and a nearby electron spin

consists of a transferred hyperfine interaction combined with a dipolar inter-

action. For this reason the interaction tensors A. . can not be calculated

theoretically. So Groen and Sluijk. [9] have determined experimentally the in-

teraction tensors with both magnetic systems, Ec A ^ and Ep "ii> ^or e a c n o f

the ten protons present in the unit cell. Ec and TP means that the sums must

be carried out over the electron spins of the ALC- and the paramagnetic system

respectively.

Because of the non-spherical ground state of the Cu -ion also the elec-

tronic g-tensor is anisotropic- The g-tensors for the two different Cu -ions,

gc and g , have been determined experimentally by Hoogerbeets and Van Halsema

in Zn0i9gCuQ>01Se04.5H2(^ from EPR-spectra [10].

This anisotropy of the g-tensors has several consequences for the description

of the rotational diagrams of the frequency shift of each of the ten proton

lines. First, the strength of the interaction between a proton spin and an

electron spin is dependent on the direction of the spin. Secondly, the direc-

tion of the electronic magnetic moment differs somewhat from that of the elec-

tron spin. As a consequence, in the disordered phase, the frequency shift of

proton I. is given by

<§ > and <! > are the time averaged values of the spins of the ALC system and
c p

the paramagnetic system respectively.

A final consequence of the anisotropy of the g-tensors is that the quantiza-

tion direction of the electronic spins will differ somewhat from the direction
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Fig. 1 a/b Angular dependence of the proton resonance spectrum in the dis-

ordered state. The open circles represent experimental results while the drawn

curves represent the description of the resonance spectrum using eq.(S).

of the magnetic field. So we can write:

28p
(7)

5p eff "0 v

Here we have used gc e f f - |gc*HQ/H0|, gp e f f - \g^Q/HQ\. mc and nip are the

magnetizations of the ALC- and the paramagnetic system respectively. Now we

can write the frequency shift of proton I. as a linear combination of the

magnetization of the ALC- and the paramagnetic system respectively.

Av,
H0

m +
P

28.
(8)

c eff H0

0 < m , m < 1.
P c
In figures la and lb the experimentally determined angular dependence of

the resonance frequencies are presented for T =• 140 mK and Hg - 2.3 T, when iL
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is rotated in the planes perpendicular to the c-axis and in the ac-plane

respectively- These diagrams can be described accurately inserting the experi-

mentally obtained interaction tensors in equation (8).

To describe rotational diagrams in the long range ordered state and to

describe the nuclear spin-lattice relaxation time experiments, it is necessary

to know the contributions of the individual electron spins to Zc Aj^ and

£p A,,. We have obtained these individual contributions to £c A1]r and S L in
c ij k ik j ij

the following way: The larger the distance between a proton spin and an elec-

tron spin the better the point dipolar approach for the interaction. So, for

all non nearest neighbour ions we describe the interaction by a point dipolar

interaction

-> -* -> +
t Ho 3r. . r, . - r. .'r .
t = ( ~) Y T h( 1J l j 1J i j) (9)
ij V4n; e'n 5

rij

An experimental tensor for the interaction of a proton spin with its nearest

neighbour electron spin is obtained by substracting from the total experimen-

tal interaction tensor the point dipolar interaction tensors of all non-near-

est neighbour electron spins. Because of the rapid convergence of the dipolar

sums It proves to be sufficient to take into account only the contributions of

the magnetic ions within a sphere of a radius 40 A around the proton spin.

4.3 Rotational diagrams In the ordered state

In figures 2a and 2b we present the experimentally determined angular

dependence of the resonance frequencies for T » 2.3 T, when H_ is rotated in a

plane perpendicular to the c-axis and in the ac-plane respectively. Due to the

long thermal relaxation time between the sample and the liquid mixture in the

mixing chamber of the dilution refrigerator (see section 3.5), we estimate

that during these experiments, the sample temperature never reached values

below 20 mK.

Similar experiments in the long range ordered state f CuSeO^.Sl^O have been

performed by Henkens et al. [3] previously. The rotational diagrams of

CuSeO^.SI^O and CuSO^.5H2O are quite similar. This pro-res that the character

of the long range order in the two systems is very much alike, as already men-

tioned by Henkens. The analysis of the experimental results shows that the

long range ordered state Is characterized by the existence of two sublattlces.
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For all fields at which experiments have been performed (HQ > 1 T) the system

is in the so-called spin flop phase.

The magnetizations of the two sublattices can be written as

mind ± msp k
(10)

In equation (10) mln(J is the absolute value of the field induced (parallel)

magnetization. This magnetization corresponds to the magnetization of an iso-

lated ALC system for the applied magnetic field and temperature: mln(j i»

m * 2<S > (see section 4.2). So the unit vector i is given by:

8c eff
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The "spontaneous" component of the magnetization, m , which characterizes the

long range ordered state, is always perpendicular to the field induced magnet-

ization. Moreover the direction of the spontaneous magnetization is restricted

to an "easy" plane. When we denote the vector n as the normal vector of this

easy plane, the unit vector k of eq.(10) is given by the vector product of n

and 1.

To describe the frequency shift of proton I. in the long range ordered

state we assume that the paramagnetic system is not affected by the long range

order of the ALC system. Then the frequency shifts of the two components of

proton I. can be written as

AvT = 1 m + - m
2e H2 p 2e H 2 c
Zgp eff 0 zgc eff 0

Zc A,vi and 2 C A1h.« are the interaction tensors with the electron spins
k' llc k" l k

belonging to the two sublattices respectively. It is useful to note again that

the average of the frequency shifts of the two components of proton 1 in the

ordered state yields the frequency shift of proton I. in the disordered state

%(Av* + Av~) = Av° <13)

It is also clear from eq.(12) that the difference of the two frequency shifts

of proton I is proportional to the magnitude of the spontaneous magnetiza-

tion.

Just as Henkens et al. have done in CuSeO^.Sl^O we have used a trial and

error method to determine both the distribution of the ALC Cu -ions over the

two sublattices and the direction of the normal of the easy plane in which the

spontaneous magnetization moves (n). This has been done by fitting eq.(12) to

the angular dependencies of the resonance frequencies+of the NMR lines in the

ordered state using the experimental tensors A., and g. For practical reasons

this fitting has been done using the experimental results obtained on the NMR

lines belonging to the protons 1, 2 and 3 only. The results are given in the

figures 2a and 2b.
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Fig. 3 a/b Calculated angular dependence of the proton resonance spectrum in

the ordered state.

To get the best agreement with the measurements, the configuration of the
2+

Cu -ions along the c-axis should be taken ferromagnetic. The configuration of

the spins along the b-axis has hardly any Influence on the total interaction

tensors £c Alki and £c Alk» and thus on the calculated resonance patterns.

This is a consequence of the long distance between the Cu -ions along the b-

axis. Therefore no conclusion about the configuration can be obtained from

this fitting procedure. It was found that the fitting of the resonance pattern

for the case H-ic Is not very sensitive to small changes in the direction of

the vector n. However, a slight change of n does influence strongly the reso-

nance pattern when 8- Is rotated in the ac-plane. So mainly from the fitting

of this latter rotational diagram n is determined to be (-0.37, -0.22, 0.90)

in the triclinlc coordinate system. Using the above obtained results we have

calculated the angular dependence of the resonance frequencies of all NMR

lines present in the long range ordered state. The results are presented in

the figures 3a and 3b.
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Henkens et al. [3] have found In CuSeO4.5H2O a slightly different direc-

tion for the normal vector of the plane in which the spontaneous magnetization

moves. He has determined this normal to be (0.16 -0.03 0.86) expressed in the

triclinic coordinate system of CuSe0^.5H20. This difference is not at all sur-

prising. The strengths of the interactions in both systems differ as well as

the dimensions and the angles of the unit cell.

In this section we have only treated the direction of the spontaneous

magnetization. The amplitude of the spontaneous magnetization as a function of

the temperature and the external field respectively will be treated In the

next two sections.

4.4 Temperature dependence of the spontaneous Magnetization

The frequency difference of the two components of eacb resonance line is

directly proportional to the spontaneous magnetization m (compare eq.(12)).

This feature allows us to measure the spontaneous magnetization as a function

of temperature and of the external field. In this section we will treat our

measurements of the spontaneous magnetization as a function of temperature.

I I I I I I I I I

O 1.0

Fig. 4 The spontaneous magnetisation of

for Ho = 2.2 T.

versus reduced temperature
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The results are presented in figure 4 on a reduced temperature scale T/Tc.

Henkens et al. [3] have obtained from similar measurements on CuSeO^.S^O a

value for the critical exponent |3 of the spontaneous magnetization near Tc. We

will not present a value for (3 because we could not establish a very stable

temperature in our dilution refrigerator. Of course a very stable temperature

is needed to perform reliable measurements in the critical region near a phase

transition. The experimental results on the overall temperature dependence of

the spontaneous magnetization are similar to those on CuSeO^.SI^O. It is

important to notice that below T «• 50 mK the resonance lines do not shift any-

more, i.e. the spontaneous magnetization is saturated.

During these experiments we have observed that some proton lines, which

have a strong interaction with the Cu -ions belonging to the ALC system, show

a large broadening near the phase transition both above and below Tc. This

broadening is strongly dependent on the direction of the magnetic field. With

the magnetic field in a plane perpendicular to the c-axis, we observe a much

larger broadening of proton line 3 near the phase transition for $ •» 75* (see

fig. 1) than for If *> 165*. The linewidth shows a maximum at Tc- For proton

line 3 we observe there a linewidth of about 100 kHz for $ = 165* and a line-

width of about 300 kHz for $ = 75°. Above Tc also a temperature dependence of

the transverse relaxation time T2 of proton line 3 is observed. It has been

found that for T > Tc the transverse relaxation time T2 of this resonance line

is considerably longer for $ « 165* than for (|> » 75". As a consequence it

proved to be more difficult to create a spin-echo signal for <(> = 75" than for

<t> = 165*. Near by Tc it proved to be not possible to create a spin-echo signal

for both directions of the magnetic field.

The angular and temperature dependence of these effects can be understood

within the framework of the indirect nuclear spin-spin interaction described

by Bos [8]. The proton spins have a coupling with a range of copper nuclear

spins via the staggered susceptibility of the ALC system. As this indirect

nuclear spin-spin Interaction is strongly anisotroplc, the resulting contribu-

tion to the CW NMR line width and to T ^ strongly depends on the direction of

the magnetic field. The increase of the linewidth and T2 above Tc with de-

creasing temperature is caused by the Increase of the staggered susceptibility

of the ALC system with decreasing temperature. At the phase transition the

staggered susceptibility reaches its maximum. So the indirect nuclear spin-

spin interaction explains both the maximum in the CW NMR line width and To1 at

Tc and the anisotropy in these quantities.
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4.5 Field dependence of Che spontaneous aagnetization

In this section we will discuss the behaviour of the spontaneous magnet-

ization as a function of the applied magnetic field for T « 20 mK. For this

temperature T « Tc and thus the spontaneous magnetization is not temperature

dependent anymore. The results are presented in figure 5.

Towards higher field the splitting of the two components of line 3 (v - v )

increases, until very near the critical field Hc the splitting drops to zero

very fast. It has been verified from experiments in two different field dlrec-

0.8 1.0 1.2

H o/H c

Fig. 5 At the upper part of this figure the field dependenae of the induced

magnetization ie presented. This field dependenae corresponds to the field de-

pendenae of the magnetization of an ideal S=l/2 Heisenberg ALC system at T=0.

At the lower part of this figure the field dependenae of the spontaneous mag-

netization is presented.
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tlons that this increase over a large field range is not due to a change of

the direction of the spontaneous magnetization with field strength. So the

increase of the splitting o2 the two components of proton line 3 is due to an

increase of the spontaneous magnetization with increasing field. The fast

decrease of the splitting towards zero for HQ •+ Hc is due to the strong field

dependent value of Tc for HQ near Hc (see fig. 7). At a fixed temperature the

value of T/Tc increases for HQ •*• Hc and consequently one expects the value of

m to drop to zero for HQ •* Hc.

Using the known interaction tensors the value of m has been calculated (see

the right hand scale in figure 5). From the average frequency shifts of the

two components of proton line 3 the field dependence of min(j has been obtained

(see fig- 5). Comparison of the calculated field dependence of the induced

magnetization of an ideal S=% Heisenberg chain at T=0 with the experimental

results shows that the parallel magnetization is not at all influenced by the

long range order.

In figure 6 the field dependence of the total sublattice magnetization |m|, as

calculated from the results in figure 5, is given. As can be seen only at H-Hc

the "sublattice" magnetization reaches its saturation value M=l. So for all

fields HQ < Hc in the long range ordered state an appreciable spin reduction

is present. This result is similar to the observations of Henkens et al. [4]

in CuSeO^.S^O. However, Henkens et al. have not observed an increase of the

1.0

0.8

0.6

0.4-

0.2-

O
O

Cu S O 4 . 5 H 2 O

T« 20 mK

0.2

Fig. 6 Field dependence of the total magnetization m = + m2 )
'ind • Sf

results have been obtained from the results presented in fig. S.

1/2 These
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spontaneous magnetization with increasing field. They extrapolate their re-

sults to zero field getting a spin reduction of 68% in the ground state. This

result is in agreement with Ishikawa's [11] calculations on the zero point

spin reduction of the S=% Heisenberg ALC.

When we roughly extrapolate our results for the spin reduction to zero field

we get a somewhat larger value for the spin reduction (~ 75%). This is not

unexpected since CuSO^.St^O Is a better Id-system than CuSeO^.S^O.

As we have already seen B ^ J C H Q ) is not influenced by the long range

order, so the spin reduction determines the value of m

We will argue that the peculiar field dependence of m and thus of the spin

reduction originates from the (quasi) one—dimensionality of this Heisenberg

system. According to Imry et al. [12] the application of a magnetic field to a

quasi 1-d Heisenberg antiferromagnet in the long range ordered state leads to

a strong suppression of the "quantum fluctuations". The presence of these

quantum fluctuations is the origin of the spin reduction. So a reduction of

these fluctuations towards high field will cause a decrease of the spin reduc-

tion and thus an increase of the spontaneous magnetization. The presence of

this effect can also be observed from the field dependence of the transition

temperature. According to De Jonge et al. [13] the suppression of the quantum

fluctuations should lead to an increase of the transition temperature to the

long range ordered state. Indeed the experimental results of Van Tol et al.

[2] show that such an increase is observed in CUSO4.5H2O, see figure 7. This

observed increase of Tc with HQ is rather small (about U%). This however is

most probably due to the fact that the decrease of Tc towards lower fields is

masked by an increase of Tc as a result of the interaction with the paramag-

netic system [4].

In CuSeO^.S^O such an increase of Tc with the external field has not been ob-

served. Most probably this is a result of the fact that for this compound

|J'/J| is larger than for CuSO^.5H2O.

In fig. 5 can be seen that when HQ -* Hc the spontaneous magnetization

reduces to zero. However, the experimental results seem to Indicate that the

long range order is destroyed before the critical field is reached.

There are two possible origins for this effect. First of all because Tc + 0

for HQ •»• Hc It is possible that very near Hc the transition temperature is

below the sample temperature of T » 20 mK. As the precise shape of the phase

boundary near Hc is not known this possibility cannot be excluded.

A second origin for this effect can be found In the theoretical prediction by



20 3C

Fig. 7 The transition temperature Ta as a function of the externally applied

magnetic field HQ for CuSO4.SH2O and CuSeO4.SH2O (from ref. [2]). The black

dots indicate the transition temperature of CuSeO^.SH^O and refer to the upper

and right scales.

Kurmann et al. [14] that in the anisotropic quantum spin chain quantum fluc-

tuations may destroy long range order even at T=0 for HQ < Hc>

CUSO4.5H2O seems to be a good candidate to investigate experimentally whether

at finite temperatures in a quantum spin chain quantum fluctuations can

destroy long range order below the critical field. However, it is extremely

difficult to establish whether this phenomenon is present. A number of prob-

lems arise just below the critical field.

1. As we use a cylindrically shaped sample the demagnetizing field HD is

inhomogeneous over the sample. As a consequence Hc will show a spreading over

the sample and thus, for HQ < Hc, Tc will show a spreading over the sample.

For HQ near Hc, nijnj strongly depends on H C-HQ. Moreover just below the phase

transition m strongly depends on T/Tc (H/Hc). So the spreading in Hp leads

to a spreading in nijn<j and mg . As a consequence the NMR lines show a large

broadening.

2. The indirect interaction between nuclear spins will also lead to a broaden-

ing of the NMR lines, because at the critical field / phase transition the

uniform / staggered susceptibility of the ALC-system diverges / reaches a
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maximuin>

3. A final complication is that the heat input on the nuclear spin system due

to the rf oscillator Increases with increasing field (see section 3.4). This

effect might cause problems since Tc •* 0 for H •* Hc.

So we conclude that the experiment to establish whether quantum fluctua-

tions can destroy long range order in CuSO^.Sl^O should be carried out in a

spherically shaped sample. As we have already mentioned in section 4.1 in such

a shaped sample the demagnetizing field is compensated by the Lorentz field

and thus will not lead to a broadening of the NMR lines. Secondly we conclude

that it is necessary to determine directly the temperature of the sample

(electron spin system) during the experiments.

In chapter VI we will show that for HQ < Hc the nuclear spin systems are very

well coupled to the ALC electron spin system down to the lowest temperatures.

Therefore the temperature of the electron spin system is equal to that of the

nuclear spin system and, consequently, can be obtained from a determination of

the nuclear spin polarization. In principle, the nuclear spin polarization can

be decuded from the relative intensities of the two components of a resonance

line splitted by proton-proton dipolar interaction [1]. However, since this

splitting in CuSO^.SI^O never exceeds 60 kHz, any inhomogeneous broadening of

the NMR lines will mask the doublet structure. So also for the temperature

determination this experiment should be performed on a spherically shaped

sample•
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CHAPTER V

PROTON RELAXATION ABOVE AND AROUND THE PHASE TRANSITION

5.1 Introduction

In chapter III we have already mentioned that proton relaxation measure-

ments have proved to be a successful tool in studying the spin dynamics of the

1-d Heisenberg antiferromagnet (HAFM) CuSO^.Sl^O. Groen et al. [1] have meas-

ured longitudinal relaxation rates Tj down to T = 0.5 K and up to and above

the critical field Hc » 3.8 T. They have been able to describe their results

in terms of dynamic correlation functions of the antiferromagnetic linear

chain (ALC) system. Moreover, these dynamic correlation functions have been

calculated numerically by Miiller et al. [1]- The experimental and theoretical

results obtained In this way are In good agreement with each other.

The above mentioned experiments have been extended down to lower tempera-

tures, in order to investigate the dynamic behaviour of the S=^ Heisenberg ALC

system at the lowest possible temperature. The experimental results will be

compared with exact T = 0 results.

In this chapter we will present proton relaxation rate measurements above and

around the phase transition.

Experiments above the phase transition are described in section 5.3. It

is found that the description of the relaxation rates given by Groen et al.

remains correct to jusf. above the phase transition. We will outline this de-

scription in section 5.2.

The results show that, as the temperature is decreased, only very near Tc the

onset of the 3d-ordering is observed in the relaxation rates.

In section 5.4 relaxation rates in the critical region around the phase tran-

sition are discussed qualitatively. The results indicate that a critical slow-

Ing down of the electron spin fluctuations occurs around the phase transition.
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5.2 Nuclear spin-lattice relaxation In the "high temperature" regiae

In this section we will describe nuclear spin-lattice relaxation in an

isotropic Heisenberg system under conventional experimental conditions. To do

so we will outline the description given by Groen et al. [2]. By conventional

experimental conditions we understand those conditions that the specific heat

of the electron spin system is large with respect to the energy supplied to

the nuclear spin system in a T^ experiment. Under these experimental condi-

tions the electron spin system serves as the "lattice" towards which nuclear

relaxation occurs. In the limit of fast electron spin motion the relaxation

rate Tĵ  can be written as:

Here <|>, , (o>o) and <|>. , (IDQ) are the spectral densities of the time dependent
j-fc J-K

two-spin correlation functions, parallel and perpendicular to the quantization

direction of the electron spins <s> respectively. 4>z. , (too) and <j>. .(<uo) are

defined In chapter III by eqs. (2) and (3).

Groen et al. [1,2] have shown that in CuS0^.5H2O only the contribution of

the autocorrelation function of the nearest electron spin has to be taken into

account to describe accurately the relaxation rate T. of proton spin I,. This

Is due to the fact that the geometrical factors a ^ and b ^ contain the

product of the interaction tensors of proton spin I. with the electron spins

S . and S, respectively. As the interaction between a proton spin and the elec-

tron spins is mainly dipolar of character, the Interaction between proton spin

1^ and a non nearest electron spin is at least an order of magnitude smaller

than the interaction with its nearest electron spin. So the geometrical fac-

tors a ^ and b k arising from two spin correlation functions with j#k and

those arising from autocorrelation functions of non nearest electron spins are

at least an order of magnitude smaller than the geometrical factors a^= and

bi. arising from autocorrelation functions of the nearest electron spin. So,
+ •+•

as long as <fr..(iDo) > $i±x,(
uo)> the relaxation rate can be described in terms

JJ " K

of the spectral densities of the autocorrelation functions of the nearest

electron spin belonging to the ALC system and that belonging to the paramag-

netic system. The experimental results obtained by Henkens et al. [3] show

that In the relevant field and temperature range the paramagnetic system con-

tributes to T| only through spin fluctuations parallel to the external field
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i.e. <|> = 0 . The relaxation rate T^ of proton spin I can now be written as:

Tli = ac*c(u>o) + bc*t ( u o ) + ap*p ( u o ) (2)

Here 4> (̂ o) and <t> (wo) are the spectral densities of the autocorrelation func-

tions of the nearest electron spin belonging to the chain system. The geomet-

rical factors a.- and bj are given by:

j 1 T T ^ ^ T T ^

In these formulae A. is the interaction tensor with the nearest electron spin

of the ALC system. To describe our experimental results (see section 5.3) we

have used the experimentally obtained interaction tensors with the nearest

electron spin (see section 4.2). The electronic g-tensor of the ALC system g

is treated in section 4.2. An expression, analogous to eq.(3), can be given

for the factor a*. In eqs.(3) and (4) we have introduced two sets of

orthogonal unit vectors (u ,u ,u ) and (v_,v |V_). u is parallel to the
x y z c, T̂  c, ^

quantization direction of the electron spin <s .> and v_ is parallel to the
quantization direction of the proton spin I :

(5)

(6)

Theoretical results for the field and temperature dependence of the auto-

correlation functions <|>z(0) and <|)+(0) °f the S-i 1-d HAFM have been calculated

by MUller et al. [1]. At finite temperatures theoretical values for these

autocorrelation functions can only be obtained from numerical calculations on

finite chains. An analytical result has been obtained for lio lim* (u):
ut*O T+0
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where the reduced magnetic field is given by H = g|î H-/2J and D =

u/2+(H/2)(l-7t/2). A » 1.35 is a constant. The function *+(0+) is represented

in fig. 3 by a drawn curve, which shows that 4> (0 ) diverges at the critical

field H = 2. The numerical results obtained for finite temperatures indicate

that at the critical field <)> (0) is finite. These results also show that at

the critical field <j> (0) increases with decreasing temperature until at T = 0

the analytical result shows a divergence for <|> (0). One should remember that

the nuclear Larmor frequency is small compared to the exchange constant

(o>o « J/h), so up " 0.

5.3 Longitudinal relaxation rates above the phase transition

5.3.1 Introduction

In this section we will present and discuss experimental results of the

relaxation rate TjT of proton 3 above Tc. For the analysis we use the descrip-

tion outlined in the preceding section.

The experimental T ^ results for T > 200 mK were obtained using a three pulse

sequence (II/2-T~jc/2-To-it) observing the recovery of the spin echo signal after

a saturating n/2-pulse. Using this method T^ can be determined with an

accuracy of about 10%. The recovery of the echo after saturation was found to

be exponential over at least 1.5 decades.

At temperatures below ~ 200 mK the relaxation rates T^ were obtained using a

(7t/2-T-9—c-6.. .9)-pulse sequence. The recovery of the nuclear magnetization

after a saturation pulse is obtained from the amplitude of the free induction

decays after a sequence of small 6-pulses. Using this method T^ can be deter-

mined with an accuracy of about 25%. The recovery of the amplitude of the free

induction decay proved to be exponential over about 1 decade. Both methods to

obtain T^ have already been described in section 3.2. The advantage of the

latter method above the former one is that it supplies much less energy to the

nuclear spin system. At the other hand, as mentioned above, it is the less ac-

curate method to determine Tj.
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Fig. 1. Angular dependence of the relaxation rate of proton 3 at T = 0.2 K.

The drawn ourve represents the fit of eq.(8) to the experimental data. The

dashed ourve and the dot-dashed curve represent the ^3(u>o)- and the +

oontribution to the relaxation rate respectively.

In figure 1 a rotational diagram of T^1 of proton 3 at T = 200 mK is

presented with the magnetic field rotating in the plane perpendicular to the

c-axis.

Henkens et al. [3] show, from experiments on CuSeO4.5H2O, that the temperature

and field dependence of ^ is given by *p(T,H) = [l-m2(T,H)](|>z(T=») where m is

the reduced magnetization of the paramagnetic system. Analysis of their re-

sults using our experimental interaction tensors yields <bz(T=<»)

20+2*10 s. Here we assume that ^(T.H) behaves similarly in CuSO4.5H2O as

in CuSeO4.5H2O.

So for T » 200 mK and HQ

the results of fig. 1 by

2 - 2 T» *p(
T>H) " ° and consequently we can describe

"S (8)
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As a3(<(>) and b3(4>) are known from eqs.(3) and (4) we can extract values for
c , c

ij) (a>o) and i)) (oio) by fitting eq.(8) Co the experimental results. The best fit
c c 7 -] 2 +

given by the full curve in fig. 1 yields 4> (u>o) = 0.3+0.2x10 s and <|> (u0) =
-12 c °

3.4±0.2xl0 s. These values are in reasonable agreement with the results

obtained by Groen on CUSO4.5H2O for T = 0.5 K and v = 76 MHz [2].

For * «• 155° the geometrical factors a3C<t>) and â (<j>) are almost zero. So

for this direction of the magnetic field the relaxation rate is merely govern-

ed by the <t> (wo) contribution. Consequently, in this direction of the magnetic
c +

field we can easily obtain experimental results for $ (uig) as a function of
temperature and magnetic field.

5.3.2 Experimental results and comparison with theory for <j>

In fig. 2 relaxation rates T^ are presented as a function of temperature

in the temperature region between 50 mK and 1 K for $ » 155*. In this section

CuSO4.5H2O proton 3

H1C ip=155° 95Mhz- |30

20 <?•
of

0.05
TOO

q
ro

CO

Fig. 2. Temperature dependence of the relaxation rate of proton 3 for
<t> = 255°. The drawn curve ie only a guide to the eye. The right hand scale for
<ba(uio) is valid only for T > Ta.
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Fig. 3 Experimental results for the field dependence of the relaxation rate

Tj and Q (O>Q). The open circles represent experimental results obtained by

Groen [1] at T = 0.5 K. The black circles represent our results at T = 0.16 K.

The solid line represents the analytical result $ (0 ) for T = 0 eq.(8) at the
+
 a

same scale as the experimentally obtained <|> (o>0).

we restrict ourselves to the discussion of the results for T > Tc- At the

right hand scale of fig- 2 the values for $ (fug) a r e given. We observe a

slight increase of $ (u>o) with decreasing temperature down to I = 0.15 K. This

increase of $ ((OQ) with decreasing temperature is a property of the S=% ALC

system as Is shown, at least qualitatively, by the numerical calculations on

finite chains by Miiller [1].

Experimental results of • (̂ o) as a function of the stret^th of the mag-

netic field have been obtained by Groen [1] at T = 0.5 K. These results are

indicated in fig. 3 by the open circles. For if " 155* we measured the field

dependence of $ (a>0) at T = 0.16 K. Our results are shown in fig. 3 by black
c +

circles. The T * 0 analytical result for 41 (OJQ) is given by the full curve. It
+ c

clearly shows a divergence for $ (wo) at Hg • Hc. For low magnetic fields our
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Fig. 4 Tempevatuve dependence of the maximum TJ value for HQ * Ha.

results and those obtained by Groen do not coincide because <j> (COQ) is somewhat

larger at T = 0.16 K than at T = 0.5 K (see fig. 2). The experimental points

represent the values of $ as obtaiaed straightforwardly from the relaxa-

tion rates using the geometrical factor a3 C<t> = 155°). As can be seen a good

quantitative agreement is obtained between theory and experiment. It is clear-

ly visible that at T = 0.16 K for <t>+(w0) at the critical field a sharper and

larger maximum is observed followed >y a steeper decrease for H > Hc than at

T = 0.5 K. Of course this is not a surprising result since the T = 0.16 K

results will be better approximated by the T = 0 curve than the I = 0.5 K

results.

Groen et al. ['«] have performed a temperature dependence of the maximum

T^1 value for HQ » Hc, trying to observe the theoretically predicted

divergence of T^1 at the critical field for T -> 0. They have not been

successful in observing such a divergence down to T = 0.3 K. We have extended

these measurements down to lower temperatures too. The results are presented

in fig. 4. As is clearly visible, a steep increase for this maximum T^1 is
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observed below I = 0.3 K. The shortest T^ we have measured is about 12 us for

T = 60 mK. The experiments indicate that T^1 further increases down to lower

temperatures. We are however not able to measure such short relaxation times.

In fig. 5 experimental results of Tj 1 around the critical field for three

different temperatures T > Tc are given. It is shown that as the temperature

is lowered a sharper maximum of T{ at the critical field is observed. So

these experimental results confirm the theoretically predicted divergence of

+ for T •* 0 and H Q •* Hc-

10'
» T= 60mK
I T=160mK

• O T = 0.5 K

10*

10
1.9 1.95 2.1

Hg. 5 Field dependence of T]1 around the critical field H = 2 for three

different temperatures. The open aivales represent the experimental results by

Groen [1] at T = 0.5 K. As H = 2Hg/Hg the critical field is now taken at the

maximum TJJ value for T = 60 rrK, vkiah yields Hg » 3.75 T for this direction

of the magnetic field.
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5.3.3 Experimental results and comparison with theory for

In fig. 6 the temperature dependence of T^1 Is given for <t> => 100°. For

this direction of the magnetic field apart from 4> (o>o), also <(iz(u)o) and <j>z(a>o)

contribute to T^1. As already mentioned In section 5.3.1 the temperature

dependence of <(iZ(ii)o) Is described by <|>Z(i»)o) = (l-m2(H,T))20xl0~12 s. We have

indicated the calculated <t>Z(i»>o) contribution in fig. 6 by a dotted curve. By

means of the results presented in fig. 2 we have obtained experimentally the

temperature dependence of <|> (&>o) between 0.15 K and 1 K. Using these experi-

mental results we have calculated the $ (u>o) contribution to T^ , indicated in

fig. 6 by a dashed line. The ^(wo) contribution to T^1 has been obtained by

substractlng the above mentioned $ (a>o) and $ (uo) contribution from the ex-

perimental results. The <|> (<oo) contribution, obtained in this way, is indi-

cated in fig. 6 by a dot dashed line.

o „

o O.O5

] CuSO4.5H2O

H1C M

0.1 0.2
T(K)

proton 3

95Mhz

0.5

Fig. 6 Temperature dependence of the relaxation rate of proton 3 for

4> = 100°. The drawn curve serves ae a guide to the eye. The dashed line re-

presents the $ (u>§) contribution, vtitile the dot-dashed- and the dotted line

represent the

spectively.

- and the <|> (ut0) contribution to the relaxation rate re-
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We do not really understand the so-obtained temperature dependence of

$Z(OJQ). The fast decrease of *Z(u>o) between 1 K and 0.5 K from ~ 1.0x10 s
c -12 c

to 0.4x10 " s Is not predicted by the numerical results of Muller et al. [1].

Moreover the theoretical results predict that at low temperatures (T < 0.5 K)

4> (tog) and 4>Z(wo) should be of the same order of magnitude. A serious problem

arises here in the comparison of the experimental and theoretical values of

4>z(o)0) at low temperatures (T < 0.5 K). For H * 2.2 T and T = 0.5 K theory
C —12

predicts a value of ~ 3.0x10 s which is about an order of magnitude larger
—12

than our experimental result of 0.3x10 s. From the experiments of Groen [2]

at higher temperatures also a large difference between the experimental and

theoretical values of <l>Z(u>o) is found. At T = 1.4 K and HQ = 3.2 T experiment-

ally 4>z(iog) * 1x10" s is found, while the numerical results of Muller yield

4>z((o0) " 5x 10"
12 s.

5.3.4 Conclusion

The values of <t> (WQ) and <()Z(<>)o) extracted from our experimental results

are reliable within the given error limits. The field and temperature depen-

dence of w (big), the spectral density of the fluctuations perpendicular to the

direction of the external field, is perfectly described by the (finite

temperature) numerical and T»0 analytical result of Muller et al. [1]. We

conclude that the experimental and theoretical results for $ (w0) represent an

accurate description of the characteristic behaviour of the 1-d S»% Heisenberg

antiferromagnet.

The origin for the large difference between theory and experiment for the

spectral density of the longitudinal electron spin fluctuations <t>z(wo) is not

at all clear. One might speculate that exchange anlsotropy and/or interchain

interactions might have Influence on the experimental value of $z(ti)g). How-

ever, It is hard to understand how this Influence can be so large, even for

relatively high temperatures and large magnetic fields, apparently without

having the slightest influence on the behaviour of 4> (top).

Hence, probably the numerical calculations of 4>z(u)o) by Muller do not yield

correct results.
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5.4 Relaxation rates in the critical region

We have measured Tj values as a function of temperature near the phase

transition for two directions of the magnetic field. The results are presented

in fig- 2 and fig* 6. These results have been obtained by observing the re-

covery of the nuclear magnetization after saturation from the amplitude of the

free induction decay induced by a small 6-pulse. We have used this method of

measuring T^ since around the phase transition it proves to be impossible to

create a spin echo signal. The experiments indicate that T^ shows a maximum

at T c which can be understood within the framework of the indirect coupling

between nuclear spins described by Bos et al. [5]. Due to the anisotropy in

this indirect nuclear spin-spin interaction, for $ = 100* T2 is shorter than

for <f> = 155*. As a consequence for $ = 100* in a temperature region of about

15 mK around Tc not even a free induction decay after a 9-pulse can be

observed. Therefore, no measurements of T^ are presented near the phase

transition for <t> = 100*.

Nevertheless it is clear that for both directions of the magnetic field

T^ shows a maximum for T " Tc- The shortest T^ we have measured for $ - 155*

is about 20 |is.

The maximum in Tj at Tc demonstrates that around the phase transition a

"critical slowing down" of the electron spin fluctuations occurs. This is a

normal effect at a 3-d magnetic phase transition [6].

The analysis of the results presented in fig. 6 down to T - 110 mK seems to

indicate that the maximum of T^ at T • Tc is due to the 4> (0)0) contribution.

The 4>Z(<I)Q) contribution to the relaxation rate remains constant down to

T = 110 mK. At that temperature 4>+(<o0) already shows a steep increase. This

result would be comprehensible since It is the component of the staggered sus-

ceptibility perpendicular to the external field that drives the phase transi-

tion.

We have not studied extensively the effects of the slowing down of the elec-

tron spin .fluctuations near Tc because we are not able to establish the re-

quired temperature stability in our dilution refrigerator.
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CHAPTER VI

RELAXATION RATES IN THE LONG RANGE ORDERED STATE

6.1 Introduction

In this chapter we report on our investigation of the dynamic behaviour

of the 1-d S=% Heisenberg ALC system CuSO^.S^O in the long range ordered

state. Specific interest exists whether the dynamic behaviour of the system

still shows one-dimensional properties in the long range ordered state.

So in this chapter we present proton relaxation rate measurements below

Tc
 ra 100 mK. These measurements were performed in the experimental set-up de-

scribed in chapter II.

In the long range ordered state several problems arise when nuclear spin-

lattice relaxation experiments are performed. These problems have been treated

extensively in chapter III, so we will only briefly summarize them here. First

of all the specific heat of the electron spin system becomes very small below

Tc (section 3.3). Secondly, as the temperature decreases the nuclear spin

polarization increases. As a consequence, the energy supplied to the nuclear

spin system and thus to the sample by a it/2-pulse increases (section 3.4).

Finally, heat supplied to the nuclear spin system cannot be removed to the

liquid helium mixture on a short time scale as a result of the large thermal

boundary (Kapitza) resistance at low temperatures (section 3.5).

All experimental results have been obtained using a (n/2-6-6...8) pulse

sequence (treated in section 3.2), thus supplying a minimum of energy to the

nuclear spin system. Due to the fact that only about 30% of the nuclear mag-

netizatioa of a specific resonance line is destroyed by a n/2-pulse (section

3.6) no noticeable increase of the sample temperature is observed after one

n/2-pulse. However to keep the temperature of the sample constant during a day

of experiments, it proved to be necessary to keep the total numbers of pulse

sequences as low as possible. Using this pulse sequence T^ can be determined

with an accuracy of about 25%. After saturation we always observed the nuclear

spin magnetization to return exponentially to its value before saturation.
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6.2 Experimental results

All experiments have been performed with the direction of the magnetic

field in the plane perpendicular to the crystallographic c-axis. There are a

number of reasons for this choice.

First of all, resonance line 3, which reflects the properties of the ALC-sys-

tem very well, is split off far from other NMR lines for a large angular reg-

ion in this plane. This is necessary because the small 6-pulses, used to

create free induction signals, have a short duration, and consequently are

spectrally rather wide. So at least a distance of about 300 kHz to other reso-

nance lines is needed to perform a T^ measurement on a particular resonance

line.

Secondly, experiments can be performed on both components 3 and 3~ origin-

ating from the two sublattlces.

Thirdly, another advantage of choosing the direction of the external field in

this particular plane Is that the direction of the spontaneous component of

the magnetization "smoothly" follows the change of the field direction. This

1UJ
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makes the necessity of an exact reproducibility of the field direction less

stringent than would be the case for for instance iLjac-plane, where a sudden

jump of the direction of the sublattice magnetization occurs for H^ almost

parallel to the c-axis (see section 4.3).

In fig. 1 we present CW resonance diagrams for T < 50 mK and V 0=(Y/2H)H 0

= 95 MHz and 150 MHz respectively. In these figures it can be seen for which

directions of the magnetic field in this plane experiments can be performed on

component 3 + and/or 3~. The components (+) and (-) are defined by equation

(12) in chapter IV.

In fig. 2a the angular dependence of the relaxation rate T^ of the two

components of proton line 3 is given for Ho "2.2 T and for two different

temperatures, T = 40 mK and T = 62 mK. In fig. 2b similar results are pre-

sented for HQ » 3.5 T and T = 48 mK. In order to avoid regular retuning of the

complete pulsed NMR spectrometer, which causes heating of the dilution refrig-
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Fig. 2 a/b Angular dependence of the proton relaxation vote of the two aom-

ponents of proton line 3 for HQ » 2.2 T and HQ = 3.5 T at various temper-

atures .
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erator (section 2.6), these rotational diagrams were obtained at fixed fre-

quencies, v = 95 MHz and v = 150 MHz respectively.

The errors in the experimental results are due to two effects. First, they are

due to the Inaccuracy of the measurement technique. Secondly they are due to

temperature instabilities. At high magnetic fields, a long term stable tempe-

rature during the experiments is more difficult to achieve. In high field the

heat capacity C of the nuclear spin system and thus of the sample is larger

than in lower fields. So the thermal relaxation time due to the Kapitza resis-

tance Tj. = RRC (section 3.5), at which heat is removed to the liquid helium

mixture, is larger too. For this reason the error bars in figure 2b are some-

what larger than in figure 2a. This is also the reason why the rotational dia-

gram at v = 150 MHz could not be obtained at a temperature lower than about

48 mK.

One of the important results of these experiments is that, within the ex-

perimental accuracy, the two components of proton line 3, under equal experi-

mental conditions, always have the same relaxation rate. As already mentioned

in section 3.6 for T < Tc we have never been able to saturate the nuclear

magnetization of a resonance line with a n/2-pulse for more than 50%.

Both these unexpected features can be explained very well by assuming that an

electron spin does not belong to a specific sublattice for a very long time,

but "randomly" changes sublattice at a certain rate. The origin of this effect

is most probably the presence of non-linear excitations in the system. Direct-

ly after a short it/2-pulse for instance the a + nuclear spin system is satu-

rated. Before we monitor its nuclear magnetization with a 9-pulse a time \i

later, the electron spins have changed sublattice a number of times. That

means that the nuclear spins that participate in the FID signal after the

first 6-pulse originate randomly from the original systems a + and a~ just

before the n/2-pulse. Hence the loss of polarization of the a system has been

equally divided over a and a~ within a time \x. This explains the fact that

only 50% of the nuclear magnetization of system a is saturated at t = ^T. The

recovery of the nuclear magnetization, measured from the intensity of the

FID's after the sequence of G—pulses is thus an averaged recovery of the

nuclear spin magnetization of systems a and a". This is the reason why a T^

experiment on a resonance line a will yield the same value as for an experi-

ment on resonance line a~. This average relaxation rate is given by:

T"1 - %(T~r (a+) + T"1 (a~)) (1)
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The rate at which the electron spins flip from the one sublattice to the

other, for T = 40 mK and HQ = 2.2 T, can be obtained approximately from the

following considerations. In a CW experiment the (+) and (-) component of a

particular resonance line are still distinguishable when the frequency differ-

ence is of the order of 200 kHz. That means that the flipping rate must be

lower than about 200 kHz, because otherwise the two components would merge due

to motional narrowing.

The flipping rate must even be below 50 kHz because otherwise already during

the •Jt/2-pulse, that takes about 10 \is, the polarization transfer to the other

spin system would occur. In that case the nuclear magnetization of both spin

systems would be saturated. Even with longer saturation pulses (up to 20 us)

the saturation does not become more than 50%.

A lower limit to the flipping rate is set by the requirement that in the time

interval \x between the it/2-pulse and the first 9-pulse an electron spin must

have changed sublattice several times. Taking \i !> 100 us, which Is represen-

tative for the Tj experiments at T = 40 mK and HQ « 2.2 T, the flipping rate

must be of the order of 30 kHz. The value of this flipping rate may be temper-

ature and/or field dependent.

This flipping rate is low with respect to the nuclear Larmor frequency

u>o. That means that this additional time dependence of S will yield only

Fourier components at frequencies far below O>Q. Consequently this electron

spin flipping does not contribute to the longitudinal relaxation rate by a

modification of the spectral densities $z(a)o) and/or $

6.3 Framework for the description of the experimental results

6.3.1 Experimental considerations

To describe the experimental results presented in section 6.2 we encoun-

ter some problems. Since below Tc the specific heat of the nuclear spin system

becomes much larger than that of the electron spin system, the nuclear spins

cannot be used anymore as probes to study the dynamic behaviour of the elec-

tron spin system* In fact the temperature of the electron spin system is

strongly enhanced when a rf pulse is applied in resonance with a nuclear spin

system. Before we can analyse the experimental results we have to answer the
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question towards which "thermal reservoir" the nuclear spins of the studied

resonance line relax.

In fig. 3 we give a schematic drawing of the system we are dealing with.

Both electron spin systems are connected by the nuclear hyperfine coupling

with all proton spin systems. Furthermore both electron spin systems are coup-

J12

.
para magnetic

electron spin system

A.L.C.
electron spin system

LY

IIO* Iio-

Fig. 3 The spin systems and tkeiv mutual couplings yvesent in C11SO..5H2O in

the long -range ovdeved state.

led to their respective copper nuclear spins through a relatively strong ani-

sotropic hyperfine interaction. Finally both electron spin systems are coupled

to each other by a relatively weak exchange interaction Jj^-

At these low temperatures we are dealing with a quasi-adiabatic system:

On th£ time scale of a longitudinal relaxation time no thermal contact exists

between the sample and the liquid helium mixture due to the long thermal re-

laxation time T R ( T R «< 5000 sec. for T = 40 mK and HQ = 2.2 T). As a con-

sequence, after a it/2-pulse, the total entropy of the sample will be constant.

The entropy S of the proton spin systems is given by:

10

1=1
(2)

where p^ <• p is the polarization of the proton spin system i. At these low

temperatures the paramagnetic system is completely saturated and thus will not
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contribute to the total entropy. Just as the specific heat (section 3.3) the

entropy of the ALC system is very small for T « Tc. So the total entropy of

the system is determined by the proton spin entropy (neglecting the contribu-

tion of the copper nuclear spins).

Constant entropy consequently means constant total nuclear spin polarization.

The total proton spin system will be in internal equilibrium again, some time

after a Jt/2-pulse has been applied to one particular resonance line. That

means that the proton spins belonging to the studied resonance line must have

regained polarization at the expense of the other proton spin systems.

In order to investigate this very important point we have performed at

low temperatures some CW NMR experiments in fields above the critical field

Hc- The nuclear longitudinal relaxation times prove to be very long (several

hours) at low temperatures (T » 20 mK) and H > Hc. As a consequence of these

long T^'s, after saturation, a particular resonance line proves to remain sat-

urated for hours. This saturation is achieved by raising the level of the rf

oscillator. Actually a resonance line is saturated completely by sweeping the

rf oscillator at a high level over the line. When the frequency of the oscil-

lator is kept constant during saturation "hole burning" effects prove to

occur.

The observation of these very long T^'s justifies already one conclusion

concerning the longitudinal relaxation mechanism: Apparently, as soon as the

ALC system is saturated completely, and consequently no fluctuating hyperfine

fields at the sites of the nuclei are present anymore, the nuclear spin relax-

ation rates decrease drastically. That means that the nuclear spin relaxation

in one way or another is linked to the dynamics of the ALC system.

We have carried out the following experiment: A particular resonance line

was saturated for H > Hc. Thereupon we lowered the magnetic field to H < Hc-

As the longitudinal relaxation times for H < Hc are much shorter than for

H > Hc, below H nuclear spin relaxation occurs. Subsequently we raised the

field to its former value and observed from the change of amplitude of the NMR

lines, that the saturated NMR line has gained polarization again at the ex-

pense of all other lines. Moreover it is observed that all NMR lines after

this experiment have the same relative intensity as they had before the ex-

periment. That means that all nuclear spin systems are in thermal equilibrium

again, which proves that a reasonable contact between the nuclear spin systems

exists below Hc.

From this experiment we conclude that, performing a relaxation experiment on a
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particular proton spin system, all other nuclear spin systems serve as the

thermal reservoir towards which the saturated nuclear spin system can relax.

So, we are dealing with a transport of nuclear spin polarization between

nuclear spin systems rather than with true proton spin-lattice relaxation, as

discussed in chapter V.

From these kinds of experiments we have observed another interesting de-

tail. For H > Hc, $ « 160° we burned a hole in proton line 1. Immediately

afterwards we recorded the whole NMR spectrum. The shapes of the proton lines

1 and 2, directly after the hole burning, are shown at the upper part of fig.

4. After about five hours, without a change of field strength, the NMR spec-

trum is recorded again. The recorded proton lines 1 and 2 are shown at the

lower part of fig. 4. While the rest of the NMR spectrum has remained un-

changed during this time, the shapes of proton lines 1 and 2 show interesting

changes: The hole in proton line 1 has become less prominent while in proton

line 2 a hole has developed.

As protons 1 and 2 are situated in the same I^O-molecule and thus have a large

nuclear dipolar interaction we conclude that the dipolar interaction between

these nuclear spins plays an important role for this effect of spin polariza-

tion transfer.

We have performed a similar experiment on proton line 5 which for this

direction of H_ has an equal small difference in resonance frequency with both

proton line 6 and proton line 4. Protons 4 and 5 belong to the same l^O-mole-

cule. When proton line 5 is saturated, almost immediately the amplitude of

proton line 4 decreases, while the amplitude of proton line 6 remains con-

stant. |

Since the dipolar interaction between proton spins 4 and 5 is much larger than •

between 5 and 6 we again conclude that the dipolar interaction between the

nuclear spins is responsible for this effect.

We have an experimental indication that also for H < Hc the dipolar

interaction between nuclear spins plays a role in the nuclear relaxation

mechanism. Before we describe this experimental indication we first mention •':

that proton 3 and proton 10 belong to the same l^O-molecule. -;

For H o = 2.2 T, * =• 28* (see fig. 1) and T - 40 mK the nuclear magnetization ".

of 3~, observed from the FID induced by the first 9-pulse after the w/2-pulse,

shows a saturation of much less than 50%. For this specific direction of the

magnetic field proton line 3 + crosses proton line 10+. This effect is not

observed when proton line 3 crosses other resonance lines belonging to the
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LINE 1 LINE 2

Recorded line shapes of the proton lines 1 and 2 for T - 20 niC and

The upper part shows the line shapes immediately after a hole is

burned in proton line 1. The lower part shows the line shapes after about five

hours without a change of temperature or magnetia field etrength.

Fig. 4

same sublattice or resonance lines belonging to the other sublattlce including

line 10". We explain this effect in the following way: After saturation of

proton line 3~ a fast transport of nuclear spin polarization from proton line

3 to 3" takes place as a result of the flipping of the sublattice magnet-

ization. Moreover protons 3+ and 10+ belong to the same I^O-molecule.

Therefore a fast nuclear spin polarization transfer will take place between

these two nuclear spin systems as a result of their large dipolar coupling. So

the initial loss of spin polarization of line 3" due to the saturating pulse

leaks away fast through 3+ to 10+ and, because of the sublattice flipping, to

10". At the moment of the first 9-pulse after the ir/2-pulse the initial loss

of spin polarization of line 3~ is therefore nearly compensated already. This

effect does not occur when line 3+ crosses line 10". Because protons 3 + and

10" do not belong to the same I^O-molecule, their dipolar coupling Is much

smaller than that of 3 + and 10+, and the above described fast polarization

transfer does not take place.

107



6.3.2 Theoretical considerations

We will now describe a possible relaxation process in which the electron

spin system, by means of the time dependent hyperfine fields ar the site of

the nuclear spins, transports nuclear spin polarization between the various

nuclear spin systems. We will not aim at an accurate description of the re-

laxation rate of a particular nuclear spin system, as the model given in fig.

3 is far too complicated. Instead we will give an approximate description in

order to obtain information concerning the order of magnitude and the angular

dependence of the relaxtion rate. We will restrict ourselves to such low tem-

peratures that the specific heat of the electron spin syteai is much smaller

than that of a single proton spin system.

In fig. 5 a simplified version of the model of fig- 3 is given. System A

stands for the nuclear spin system on which the relaxation experiments are

performed. As we have seen in the discussion above, the contact between a and

a" is very fast. Consequently both systems a + and a" are contained in A.

System S is the ALC electron spin system, while system B contains all other

proton spin systems. The paramagnetic electron spin system will not play any

role in the process as the system Is completely saturated. In this model we

will neglect the presence of the copper nuclear spins. We will show later on

that incorporation of the copper nuclear spins does not alter the result of

our description to any serious extent.

To calculate the time dependence of the flow of (Zeeman) energy from A

via S to B after a saturation pulse has been applied to A we will use a de-

scription similar to the type given by Wenckebach et al. [1].

We will assign spin temperatures Ta, Tg, and Tfe to the three spin systems. For

the nuclear spin systems A and B the magnetic energy is given by the "high

temperature" approximation Ea(jj) »
 Ca(b)^Ta(b)' w i t h the c ° n s t a n t s c

a(b)
 =

^a(b) (h2u)§/2k). Here Na/^\ is the number of nuclear spins Na(b) in system

A(B) and o>o/2i: is the nuclear spin resonance frequency, which is taken equal

A WQ S wb B

Fig. 5 Simplified model for the description of the nuclear spin relaxation

rate presented in this section.
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for all nuclei in A and B. This high temperature approximation is still quite

correct for T = 40 mK and HQ < 4 T.

For the electron spin system we also write Eg = Cg/Tg. As the temperature

derivative of the magnetic energy equals the magnetic specific heat C^, the

quantity Cg is given by CH = Cg/T
2. In section 3.3 we have shown that the

specific heat of the ALC system for T < Tc can be approximated by CR =

AT"2 e~B/T. This yields Cg(T) = Ae~
B^T, so in contrast to the quantities Ca

and Cjj, Cg is not temperature independent. In the derivation of the differ-

ential equations that describe the flow of energy between the three systems we

will however assume (for the moment) that Cg is a constant during an actual T^

experiment. Later on we will show that, by choosing a good value for Cg, the

implications of this seemingly large simplification are not serious at all.

Within the mentioned approximations the time evolution of the inverse

spin temperatures y^ = T~ is given by

oT*b = - S ; w b ^ b - ^ <3b)

oTYs = Wa^a ~ O + V*b " Ys) (3C)

Wa is the microscopic probability for a spin-flip of a nuclear spin Ia. This

means that Wa is given by eqs.(2), (3) and (4) of section 5.2, with the quan-

tization direction of <S> taken appropriate for the long range ordered state,

(see later). As the proton spins belonging to both sublattices are contained

in A, we have to take analogous to eq.(l),

wa = h (w + + w _) (4)
a a

Similarly W^ is the microscopic probability for a spin-flip of a nuclear spin

contained in B. As system B contains 9 different proton spin systems, for Wj,

we will take the average transition probability

i 1 0

\ ~j[ I «».+».)] (5)
D * i=l i+ i

again with Wj given by eqs.(2), (3) and (4) of section 5.2.
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The set differential equations (3) are based upon in the fact that the

ability of system S to transport energy is limited by its small heat capacity.

In principle the probability for a nuclear spin in system A or B to flip under

the action of the electron spin system S is given by the microscopic transi-

tion probability Wa or W^. However, due to the limited number of possible

excitations in the electron spin system (small specific heat) the nuclear

spins have to "wait their turn" before they can flip. In that respect the

situation resembles that of a crystal with a large number of nuclear spins

from which Zeeman energy has to be transported to the phonon system by a small

number of electron spin impurities (see for instance Van Houten et al. [2]).

The third differential eq.(3c) accounts for the fact that at low temperatures

at the time scale of the nuclear relaxation experiments, there is no energy

transfer between the sample and the liquid helium mixture. This means that the

total magnetic energy contents of the three spin systems is constant.The set

of differential eq.(3) can be written in the form

I B Y , + y± = 0 (i = a»b.s) W
j=a,b,s J J

The general solution can be shown to be given by

st _ v , K /j\

Here yV" i s t h e s t a t i o n a r y v a l u e fo r Y - ( t ) g i v e n by

I B yB} = 0 (i=a,b,s) (8)
'j=a,b,s J

X and A,, are the eigenvalues and components of the eigenvectors, respective-

ly, obtained from

^ (Bi* ~ NA'-^k- = ° (9)

(k>l,2,^)

(i=*a,b,s)

Defining a » C /C and 8 = C./C (B = 9o), the eigenvalues calculated from
a s b s

eq.(9) for a.p » 1 are given by
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>̂ + V 1 + if) (1Oa)

\ 3 = 0 (10c)

(X_ being equal to zero is a direct consequence of the fact that the three

differential equations are not independent.)

The time dependence of the respective spin temperatures is found to be

at Wa " V p(Wa+Wb) ~ V

^ --infsg- v +w^tk2* (Ua)

W. - \ t <x(w +WJ - \ , t

V K " FtwVr Aie "|ir=ar-A2e ( U b )

3 - D 3D

- \ 1 t -x.t
Y (t)-YS = A.e + A9e (lie)

S S -L b

The coefficients A, and A2 are determined by the initial conditions and the

quantities Wg, Wb, o and p.

We start with the three systems in thermal equilibrium, y = y. = y =
3 D S

Yo> At t=0 a saturating pulse is applied to the subsystem a
+ which makes its

temperature infinite. Very soon after that pulse, at t=0 , the two subsystems

a + and a~ come into thermal equilibrium resulting in a temperature for system

A of y (0 ) = ^ n * ^ e t e m P e r a t u r e s °f S and B have not yet changed so y (0 )

= Yb(0 ) - Yo« With Ya(0
+) = Vro» and p = 9a » 1 it is easily shown that the

stationary temperatures of the three systems will be Y° = yf = YS =

0.95 Y0- Taking t=0
+ in eq.(ll) we obtain

- Y
s t = -
a c

_ v
s t - _
b f

Ys(0
+) - Yf

wa

Wb

; = A 1

, A 4

• A —

J 1

+ A2 =

oc(w +W. ) a(w +W. )( )
A2 - - w^t A2 " °-05 *o (12b)

D

0.05 Y(, (12c)
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For three extreme cases A^ and A2 can easily be calculated.

1) Wa » Wb: Ax = +0.50 y0 and A2 = -0.45 yQ

2) Wa = Wb: AL = +0.25 Y 0 and A2 = -0.20 Y 0

3) Wa « Wb: A! = 0 and A 2 = +0-05 YQ

-\,t
The coefficients belonging to the e terms in eq.(lla) and (lib) are much

-Xyt
smaller than those belonging to the e terms (a,p » 1). So from eq.(ll)

and the range of values that the coefficient A^ can take on, it is clear that

the actual transfer of Zeeman energy from A to B occurs with a time constant

As mentioned before, Wg and Wb are the microscopic transition probabilities

for a spin-flip given by eqs. (2), (3) and (4) of section 5.2, while a and p

are the ratios of the specific heat of systems A and B to system S respec-

tively.

From this result two conclusions emerge:

- In case the above described relaxation mechanism is responsible for the

experimentally observed nuclear spin relaxation, the angular dependence

of T^1 must be given by Tj 1 (4>) ~ X , ^ ) " a and P are virtually

independent of the direction of the magnetic field.

Towards low temperatures the relaxation rate will drop to zero because a

and p become very large. That means that for T + 0 this mechanism will

cease to cause nuclear spin relaxation.

Before we continue, first the effect of the two approximations made in

the description of this relaxation mechanism will be discussed.

Incorporation of the copper nuclear spins in system B will change the value of

Wj, and Increase p* somewhat. Moreover, because of the strong anisotropy of the

copper nuclear spin resonance frequencies and thus of the copper nuclear spin

polarization, the factor (3 will become somewhat dependent on the field direc-

tion. On the average, incorporation of the contribution of the copper nuclear

spins to the specific heat of system B increases (3 with 10%. The neglect of

the copper nuclear spins consequently does not alter the essential results of

this model.

Furthermore, we have assumed that the magnetic energy of the electron spin
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system could be written as E s = Cs/Tg and we have neglected the temperature

dependence of C_ = Ae~B'T. In an actual relaxation experiment the temperature
s

of the electron spin system will increase from TQ to about 1.25 TQ (Wg « W b ) .

So during the nuclear spin relaxation process the "constant" Cs, describing

the heat capacity of S, will increase. When we use for the description of the

process the value of Cs corresponding to TQ = 1.25 To, we always overestimate

Cg and thus the value of I/a. So the value of the relaxation rate T^1 = \^

obtained in this way must be considered to be an upper limit (eq.(lOb), hence

the actual value will be smaller. The temperature dependence of Cg might cause

the relaxation to be not exactly exponential. However, this effect is not ob-

served experimentally. The only effect of this approximation is thus a slight

overestimation of T^1.

We will now give the angular dependence of the relaxation rate T^1

(<|>) = kytQ) which is expected to be observed when the above described relaxa-

tion mechanism is responsible for the nuclear spin relaxation.

As the angular dependence of \2(^ *-s determined by the microscopic transition

probabilities Wg and W b (eq.(4) and (5)), we will first give the angular

dependence of Wg. We have performed our angular dependent measurements on

proton line 3, so we restrict ourselves to Wj = %(w + + W _ ) . The microscopic

transition probabilities are given by eq.(3), (4) and (8) of chapter V. For

the calculation of the geometrical factors af"*"' ' and bj!+'"' that determine

W +(_)» the quantization direction of the electron spins u has been taken

parallel to the direction of the +(-) sublattice magnetization given by

eq.(10) in chapter IV. To obtain the angular dependence of W +/_\ the factors

a^ and b*1"'"' have to be multiplied with the appropriate values for 41 (.USQ)

and I(IZ(IOO).

The results for the angular dependence of the a ^ ' and !>„ ' ' for the two

magnetic field strengths for which the angular dependence of the nuclear re-

laxation rate is measured are given in fig. 6 by dashed curves. The averaged

results a;? = h(.a%+ + a^~) and b;! = %(b^+ + b;?~), analogous to eq.(4) are given

by the full curves. To obtain these results we have used the experimentally

obtained interaction tensor with the nearest electron spin described in sec-

tion 4.2. To determine the direction of u v ' we have used the magnitudes of
z

the induced- and spontaneous magnetization of the ALC system and the direction

of the normal of the "easy plane" in which the spontaneous magnetization

moves. All these quantities were obtained from the CW NMR experiments de-

scribed in chapter IV.

113



1600 1600

30 60 90 120 150 180
0 (degrees)

30 60 90 120 150 180

# (degrees)

10

(1
0

o

1600

1200

800

100

n

....or

i \ \ \

u \ \\

>

in/ /

\
\ \
\ \

\ \\ \
' • • • . . . /

/

/

1600

1200

400

30 60 90 120 150 180
0 (degrees)

0 30 60 90 120 150 180

$ (degrees)

Fig. 6 Calculated angular dependence of the geometrical factor a and b for

HQ = 2.2 (upper side) and HQ = 3.5 T respectively. The relation between the

dashed- and the drawn curves is explained in the text.

We present these calculations rather extensively to show again that the

observed relaxation rate cannot be described simply In terms of $ (O)Q) and

• (uo) a s could be done In chapter V for the T > Tc results. Neither the shape

of the angular dependence nor the magnitude of the anisotropy In the observed

relaxation rate can be described by this model using any set of values for

a n d +
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Fig. 7 Calculated angular dependence of XgOJ for> HQ = 2.2 T and HQ = 3.5 T.

The indications (+) and (z) are explained in the text.

In the same way as we hav'e done for the microscopic transition probabili-

ty W3, we can calculate the geometrical factors for the other nine proton

systems. So we can obtain a result for the angular dependence of W^ (eq.(5))

and thus for the angular dependence T^1C4>) = ^2^*^ ~
 w

a
wb^tfa + wb^ (eq-(10b))

by inserting values for <|>z(wo) and $ (O)Q). (The quantities o and 0 are taken

to be independent of the direction of the magnetic field.) The results are

presented in fig. 7 for the respective situations that only electron spin

fluctuations parallel (z) or perpendicular (+) to the quantization direction

of the electron spins contribute to Wa and W^. It is clear, regarding the

large anisotropy in the observed relaxation rates, that the model described

above cannot possibly explain, by inserting whatever values for 4>z(<i>o) and

$ ( W Q ) , the observed angular dependence of the relaxation rate.
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6.4 Description of Che proton spin relaxation rates

6-4.1 Introduction

We have shown in the preceding section that the observed nuclear spin re-

laxation cannot be described by a relaxation mechanism that involves nuclear

spin transitions induced by the fluctuating hyperfine fields in the conven-

tional way. However, we have shown experimentally that the presence of elec-

tron spin fluctuations is nevertheless essential for the occurrence of nuclear

spin relaxation in this compound. We have given already some experimental in-

dications that the dipolar interaction between proton spins might play an im-

portant role in the nuclear spin relaxation process.

Therefore we will now focus our attention to relaxation processes that

can transfer spin polarization between nuclear spin systems, via direct or

indirect interactions between the nuclear spins. The hamiltonian describing

such an interaction between nuclear spins I and J has the general form

X = A[l+J_ + I_J+] (14)

As a result of this interaction spins I and J simultaneously change their z-

components without a change of the total Zeeman energy Am = ± 1 and

AmT = + 1. In this way nuclear spin polarization can be transferred between

the two systems without a change of the total polarization. Two different in-

teractions between nuclear spins can induce such flip-flop transitions. First,

the normal dipolar interaction between nuclear spins [3]. Secondly, the indi-

rect interaction between nuclear spins which results from the nuclear hyper-

fine couplings with the unpaired electron spin S [4].

The interaction given in eq.(14) leads to a flip-flop transition proba-

bility

W = — A2 FCcOj - (Oj) (15)

Here F(a>1 - to.) is the probability that nuclear spins I and J have the same

resonance frequency. Let the lineshape functions of the resonance lines orig-

inating from spins I and J be given by f(ti) - &> ) and g(o> - <u, ), with (o_ and u>j

the respective resonance frequencies. Then F(O) - ta ) is given by the overlap

function:
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/ f((i) - 10 ) g((i> - W ) dd)

^ (16)

/ f(o) - id )du / g((o - U) )
co * co J

do)

This overlap function will be zero for |<o - u> | > 2n»200 kHz when the line-

shape functions f and g are only determined by nuclear dipole-dipole interac-

tions. These interactions only lead to a Gaussian line shape with a width of

maximal 20 kHz. Only when the lines have a Lorentzian broadening, the tails of

the resonance lines can be that broad that even at differences |u - u | >

2n*2 MHz the overlap integral can be finite.

In these types of magnetic compounds the only origin for a Lorentzian

lineshape is the presence of fast electron spin fluctuations. The experimental

observations for H > Hc (section 6.3.1) concerning the nuclear relaxation in-

duced by dipolar interactions can now be well understood. For these fields and

temperatures nearby no electron spin fluctuations in the ALC-system are

present anymore. Therefore, no or only a very weak contact between well

distinct resonance lines (1 and 2) is present, because their overlap integral

is virtually zero. Only when the distance between two resonance lines (4 and

5) is so small, that the Gaussian tails of the lines overlap, cross relaxation

can occur on a short time scale.

6.4.2 Dipolar interaction between proton spins

For the dipolar interaction between proton spins (1=^, J=%) the interac-

tion strength A in hamiltonian (15) is given by

1 ij1

Here r. . is the vector connecting the positions of spins I and J, v is the
1J ^ P

gyromagnetic ratio, and 6 is the angle between r.. and the direction of the

external field (i.e. in this case the quantization directions of 7 and J). The

flip-flop transition probability is given by

OJJ (18)

in



We have calculated the probability of proton spin polarization transfer

from proton 3 to the other proton systems present in CUSO4.5H2O as a result of

their mutual dipolar interaction. Therefore we have used eq.(18) and summed
2+over the contributions of 18 protons around one ALC Cu -ion (i.e. two times

10 protons minus two times proton 3). It proves that the contribution of the

nearest proton spin 10 is dominant. For later reference we will write 'i:is

contribution as

o i/> 10 o

with A^'iU = 1.3x10 s .

As all 20 protons around one ALC Cu -ion belong to the same sublattice, in

that way we take into account the contribution from one sublattice only. By

performing the same calculation for both sublattices, and averaging the

results we obtain the overall contribution to the relaxation rate of proton 3

(or 3~).

For the calculation of the dipolar couplings between proton spin 3 and the

surrounding proton spins, the proton spin positions, as given by Bacon and

Curry [5] have been used.

The shape of the resonance lines has been assumed to be the convolution

of a Gaussian like line with width 20-30 kHz, due to dipolar interactions, and

a Lorentzian line due to the fluctuating electron spins of the ALC system. For

the Lorentzian line a width of 2 kHz has been assumed for proton line 3 (see

later). The width or the other proton lines has then been scaled by

6. = 6.

I
a=li 3 3

I «AD2)
oc=l

with A the principal values of the hyperfine interaction tensor A* of proton

spin i with the ALC electron spins. This scaling is necessary because only the

interaction with the ALC system will yield, through the fluctuating hyperfine

fields, a Lorentzian line shape. The paramagnetic electron spin system does

not contribute to the proton resonance line shape, because that system is com-

pletely saturated. So proton lines, originating from protons which have mainly

interaction with the paramagnetic system, will have a relatively small

Lorentzian line width and thus a relatively small overlap with proton line 3.
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Fig. 8 Calaulated angular dependenoe of the relaxation rate of proton line S,

for> both magnetic fields, as a result of its dipolar interaction with the

other protons.

The various overlap integrals have been calculated, using the known resonance

frequencies of all proton lines. Because the overlap between proton lines due

to the Gaussian line shape is negligible as soon as the resonance lines are

more than 200 kHz apart, in the calculations only the Lorentzian line shape

has been taken into account.

The in this way calculated contribution to T^, for the two magnetic

fields where the angular dependence of the relaxation rate has been measured,

is presented in fig. 8. The angular dependence of this calculated contribution

to Tj is strongly determined by the angular dependence of the overlap

function. The calculations yield a much larger anisotropy in the angular de-

pendence of the relaxation rates than the experimental results do. However,

prominent features in the experimentally obtained angular dependence are re-

produced by. these calculations. The broad minimum in T^1 around $ * 80* and

the maxima near $ • 20* do agree quite well.

The sharp peaks in the calculations are due to crossings of proton line 3 with

other proton lines. The peak values given here are not realistic. At a small

frequency distance between two proton lines, the line width that determines

the overlap is not anymore the Lorentzian width, but the much larger Gaussian

line width of about 30 kHz. Taking this into account the calculated peak
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values will be reduced by at least a factor 10.

The value of 2 kHz for the width of proton line 3, which directly also deter-

mines the width of the other resonance lines, has been chosen to obtain re-

laxation rates which are of the same order of magnitude as the experimental

values. In fact this line width is about equal to the width of the Lorentzian

shape of proton line 3 in the short range ordered state. Increasing this line

width does change the calculated relaxation rates- The sharp maxima decrease,

whereas the minima increase, about proportionally to the Lorentzian line

width.

6.4.3 Dipolar interactions between proton spins and the copper nuclear spins

Until now we have not considered the possibility of the copper nuclear

spin (J=3/2) to take part in the relaxation of the proton spins. As the dis-

tance from proton 3 to the nearest copper nucleus is only 2.5 A there is a

considerable dipolar interaction between these spins. In the same way as we

have done for the dipolar interaction with the other proton spins, we can, in

principle, calculate the contribution to Tj as a result of the dipolar inter-

action between proton spin 3 and its nearest copper nuclear spin.

However, a few problems arise. For the calculation of the overlap integral,

the angular dependence of the copper NMR lines has £o be known. Only approxi-

mate values for the hyperfine interaction tensor A of the copper nuclear

spin with the copper electron spin, and for the electric quadrupolar interac-

tion VQ are known from EPR measurements In CuoQ^ZnQ^ggSeO^.Sl^O [6]. Besides,

two copper isotopes exist ( Cu with 30% and Cu with 70% natural abundance)

with slightly different values for their gyromagnetic ratio and quadrupole

moment (v,-, /vfic «• 0.93) and vn e* hn Ac » 1.08). In table I the copper
bJCu b5Cu q bJCu " "Cu

hyperfine Interaction tensor, together with the direction of the principal

axes, as obtained from the EPR measurements, are given. We have calculated t_he

NMR spectrum for the two sublattice magnetizations using these values for A

and VQ = 40 mHz We have not made a distinction between DJCu and OJCu as the

EPR results only yield a weighted average of the two interaction tensors.

From the NMR spectrum the overlap functions have been calculated with a

Lorentzian line width according to the already mentioned scaling. In the over-

lap integrals, the contributions of all six possible copper NMR lines have

been treated equally. Thereby we have neglected differences in intrinsic tran-
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Fig. 9 Calculated angular dependence of the overlap function of proton line 3

with the copper NMR lines (weighted).

sition probabilities of the various lines and differences in occupation of the

eigenstates due to a non-negligible spin polarization. The overlap function

F(a>3> a>Cu) (i=l,..6) is given in fig. 9 for both magnetic fields. The values

given there are obtained by summing the six overlap integrals per sublattice,

averaging over the two sublattices and dividing the result by 6. So in fact

fig. 9 gives the angular dependence of the average overlap integral per copper

resonance line. In case the total overlap function is dominated by the contri-

bution of one copper NMR line that crosses proton line 3, the effective over-

lap function may be a factor of about 3 higher than given in this figure.

Another problem arises in the calculation of the dipolar interaction be-

tween proton spin 3 and the copper nuclear spin. The copper hyperfine interac-

tion tensor has one very large component. That means that the direction of the

total field at the copper nucleus, and therefore its quantization direction,

strongly depends on the direction of the external field 9_ and of the sublat-

tice magnetization. In general the quantization directions of the proton and

copper nuclear spins will differ appreciably. The calculation of the flip-flop

rate consequently becomes quite tedious.

Considering all the unavoidable inaccuracies in the overlap function we

therefore give only an order of magnitude estimation:
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Wji " 5 x l° (I~3cos29)2 Ffu>, - lA ) (1=1..6)da J Cu

As can be seen from fig. 9 for some directions of the magnetic field this may

lead to a maximum transition probability of the order of 5 s . A more refined

model in which for every copper NMR transition the contribution to W ' u is

calculated separately, taking into account the presence of two isotopes, and

dealing properly with the intrinsic transition probabilities and dipolar coup-

lings, will most probably lead to a lower overall value of W ' u.

Therefore we can conclude that this dipolar interaction probably contrib-

utes somewhat to the total transition probability of proton spins 3. The in-

fluence, compared to the much larger contribution from the other proton spins,

is merely to raise the relaxation rate level for <j> = 80°.

6.4.4 Indirect interaction between proton spins

a. Introduction

Apart from a direct (dipolar) interaction between nuclear spins, also a

indirect interaction, via the hyperfine interactions with the electron spin

systems, exists. Looyestijn et al. [4] have given an expression for the in-

direct coupling between nuclear spins. The part of the interaction hamiltonian

relevant to our problem is given by

3C^d = 8Ah2(AX AJ + A1 AJ )(l.J + I j j (19)
IJ l xx xx yy yy•"• + - - +-"

This expression has been derived for a situation in which the external field

and the quantization direction of the nuclear spin I and J and of the electron

spins are all^paralle^l to the z principal axis of both the hyperfine interac-

tion tensors A and A . In our, much less symmetric situation, the Jiyperfine

interaction components in eq.(19) are essentially the components of A and A

in the plane perpendicular to the quantization direction of the electron spin.

The factor hA in eq.(19) is given by: h& = h(g 16N10J"1 with N the number of

spin waves in the firsi; Brillouin zone and ho>+ the energy of a spin wave with

wave vector k. For a quasi 1-d S»% HAFM an accurate calculation of this sum is

extremely cumbersome, if not rather impossible. To obtain an order of magni-
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tude of hA we will therefore rely on the dispersion relation for a classical

system. In the spin-flop phase of a classical antiferromagnet the spin wave

energies are given by [7]:

IT = 2Z|J|S[(1 + yj(l ± y^ cos26)]^ (20)
k k k

with J the exchange constant, z the number of nearest neighbours, cos9 =

HQ/4Z|J|S and y+ = J e where the summation runs over the nearest neigh-

bour vectors o. Any anisotropy in the exchange interaction has been neglected.

The order of magnitude of the term hA is then given by hA * h(£ 16Na> ) *

hfiezljl)"1. With J/k = -1.45 K and z = 2 this yields hA - 10~12 sk. k

The indirect interaction between I and J gives rise to a flip-flop

transition probability

^'J = 2* (8 h2A)2 (AI / + A I AJ )2 F ( _ )
IND »2 ; v x x x x y y y y i J

- 1.5X10"20 (A1 AJ + A1 AJ ) 2 F(W T - uT) (21)
1 xx xx yy yy-1 v I J' v '

b. Indirect Interactions between proton spin 3 and other proton spins

The protons 3, 6, 9 and 10 are situated near the ALC Cu -ion. Conse-

quently their hyperfine interaction with the ALC electron spins is relatively

large, typically about 3 MHz. For the other proton spins the coupling with the

ALC electron spin is less than 1 MHz.

The transition probability for a flip-flop transition of proton spin 3 with a

nearby proton spin 6, 9 or 10 due to the indirect Interaction is thus about

WIND " 5 x l ° 6 F(")3 " U T ) w i t h X = 6 ) 9 o r 10*

The total contribution of all nearby proton spins can be estimated to have a

maximum value of about 5 s . As the angular dependence of this contribution

is mainly determined by the angular dependence of the overlap function, for

every direction of the magnetic field this contribution is negligible compared

to the contribution from the dipole-dipole interaction between the proton

spins.
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6.4.5 Indirect interaction between proton 3 and the copper nuclear spin

This interaction is also given by the hamiltonian of eq.(19). Apart from

the approximations we had to make in order to estimate the factor A, in this

case more problems arise. First, as has been mentioned before, the copper

hyperfine interaction tensor is not known very accurately. Secondly, the quan-

tization direction of the copper nuclear spin generally will not be parallel

to that of the proton spins.

Just as we did in estimating the contribution due to the dipolar interaction,

also here we will neglect these problems and consider the results of our cal-

culations as rough estimates.

In table I the copper hyperfine interaction tensor, together with the

direction of the principal axes, as measured in Cug O^ZHQ gcjSeO^.SH^O is given

For reasons which will become clear in the discussion to follow we will first

treat the angular region 70* < $ < 100* and afterwards the other angular

regions.

When the external field is directed in the $ = 8C-90* direction the

electron spins of the (-) sublattice are approximately parallel to the

-200 MHz component of the copper hyperfine interaction tensor. That means that

the copper NMR spectrum originating from the (-) sublattice is characterized

Table I

Values of the diagonal elements of the copper hyperfine interaction tensor A

(MHz) for the ALC system, together with the directions of the principal axes.

These directions are given in a conventional frame where the x-axis is chosen

parallel to the cvystallographie a-axis and the y-axis is ahosen in the aa-

plane perpendicular to the x-axis.

V
x -35

y o

z -200

0.

0.

0.

7744

0901

6264

-0.

0.

0.

4178

8161

3992

0.

0.

-0.

4752

5708

6696
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by a large hyperfine interaction, and thus has rather high resonance frequen-

cies. The relatively large value of the overlap function given in fig. 9 in

the region 70° < $ < 100", is due to crossings of copper NMR lines from this

(-) sublattice with proton lines 3 >~. In that region the component of the

copper hyperfine interaction perpendicular to the quantization direction of

the electron spins is only 35 MHz. Due to these line crossings a contribution

of about W 'pU « 1 s~ is expected in that region.

The copper NMR spectrum originating from the other (+) sublattice has such low

resonance frequencies in that angular region that, because of the resulting

very small overlap function, those copper nuclear spins do not contribute to

T^1 at all.

For all other directions of the magnetic field i.e. 70° > $ > 100° the

component of the copper hyperfine interaction tensor, perpendicular to the

electron spin quantization direction is about 100-140 MHz and up to 200 MHz

for <t> " 0. Using this value for A x x and 3 MHz for the proton hyperfine inter-

action component, this leads to the following probability for a flip-flop

transition: W '_ " 2-5*10 F(OO- - «„ ). Again the angular dependence of this

transition probability is mainly determined by the angular dependence of the

overlap function F(U>, - uL, ) (i=1...6), see fig- 9. A large value of

F(IO, - a) ) only yields a large value for W ' u when the copper NMR line(s)

that cause(s) the large overlap integral also has a large intrinsic transition

probability. Inspection of the angular dependence of the NMR spectrum, the

overlap function and the intrinsic transition probabilities of the copper NMR

lines shows that we can expect maxima in Wj' u for $ = 15°, $ = 40° and

* = 105* in the HQ = 2.2 T case and for $ = 30*, 4> = 45*, 4> = 60* and * = 120*

in the HQ = 3.5 T case. The magnitude of these maxima may range from

10-50 s"1.

Comparing these predictions with the experimental results in fig. 2 we note

that this relaxation mechanism might quite well explain the maxima in the

relaxation rate observed for $ = 10° and $ = 40° in the HQ = 2.2 T case. In

the HQ = 3.5 T case the maxima for $ = 45* and $ = 65* can be explained in

this way.

In conclusion we can say that the contribution of this interaction in-

creases the overall level of the relaxation rate. Secondly, maxima in the ob-

served angular dependence of the relaxation rate might be due to this indirect

interaction with the copper nuclear spins. He must however stress again that

these estimates have been based on some crude approximations.
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6.4.6 Conclusion

From the above given estimates for the probability of flip-flop transi-

tions due to the mentioned direct and indirect interactions between nuclear

spins we draw the following conclusions.

Qualitatively, the shape of the measured angular dependence of the relaxation

rate of proton line 3 '" can be reproduced. One contribution originates from

dipole-dipole interaction with the other proton spin systems. Also important

contributions from the indirect interaction with the copper nuclear spin are

present. Due to the (smaller) contributions from the proton-copper dipolar and

the proton-proton indirect interactions, the sum of all contributions will

show a much smaller anisotropy than the contribution from the proton-proton

dipolar interaction alone.

For easy comparison of the experimental and theoretical results, fig. 2, 8 and

9 are presented again in fig. 10.

It must be noted that the relative importance of the four contributions to T^1

~ 10 -

60 90 120
0 (degrees)

150 180

Fig. 11 Angular dependence of the

proton relaxation rate of proton

lines 1 and 2.

Fig. 12 Calaulated angular depen-

dence of the relaxation rates of

proton lines 1 {full curve) and 2

(dashed curve) as a result of their

dipolar interaction with other

proton spins.
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Figr. 10 Results presented eavliev in fig. 2, 8 and 9 are presented again for

easy aomparison of the experimental and theoretical results.
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is nearly not dependent on the value of the Lorentzian line width chosen for

proton 3. An increase of this width and consequently of the width of all other

WfR lines results in a decrease of the anisotropy of the calculated Ti[ and an

increase of the overall level of the relaxation rate.

In fig. 11 we present measurements of the angular dependence of T^ of

the proton lines 1 and 2. Since the two components of both these lines have a

small splitting with respect to each other, relaxation rates could not be ob-

tained on a particular component. In fig. 12 the calculated transition proba-

bility for a flip-flop with the other protons as a consequence of their mutual

dipolar interaction is presented. Comparing the observed and the calculated

relaxation rates we can make the following remarks:

Qualitatively the shape of the angular dependence is roughly reproduced by the

calculations presented in fig. 12 .

Moreover the ratio of the measured T^ of proton line 3 at $ = 100° and that

of proton 1/2 at $ = 130° is reproduced by the this calculated ratio, con-

sidering the dipole-dipole interaction with other proton spins. In the same

way it has been calculated that the relaxation rate of proton 10 for

HQ = 2.2 T scales to that of proton 3. The measurements for HQ = 3.5 T on

proton line 10 afterwards proved to be not reliable since these measurements

were performed very near the critical field.

Both the direct and indirect interactions that cause the nuclear spin re-

laxation are temperature independent. The temperature dependence in the re-

laxation rate is thus due completely to the temperature dependence in the

overlap of the nuclear resonance lines, which is directly related to the

electron spin fluctuations.

The observation of the longitudinal nuclear spin relaxation process

actually being the attainment of thermal equilibrium between several nuclear

spin systems has been observed before in the 3-d antiferromagnet RbMnF-j at

temperatures down to T » 100 mK by Twerdochlib et al. [8]. They find a linear

dependence of T^1 with temperature. They propose a relaxation mechanism that

enables the F spins to relax to the Mn nuclear spin system. The process is es-

sentially as follows: The F nuclear spin experiences a dipolar field from the

Mn nuclear spin. This field is time dependent because the Mn nuclear spin

orientation is time dependent as a result of transverse relaxation effects.

The longitudinal relaxation rate of the F nuclear spins is then given by:
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T(Mn)

Because in the case of RbMnF^ the F Larmor frequency is low, this process

actually works.

In our situation, because of the high Larmor frequencies, u>o/2it > 100 MHz,

time dependent nuclear dipolar fields will not give any contribution to T^

because wo » T^ • These fields can however contribute to the transverse

relaxation rates [9].

To explain part of our experimental results we propose that the electron

spins flip between the two sublattices as a result of non-linear excitations

in the system.

Non-linear excitations (solitons) have been investigated for instance in the

short range ordered state of the 1-d S=5/2 HAFM TMMC [10]. The authors give an

expression for the electron spin flipping rate as a result of the presence of

solitons, which for high fields is given by

-aH /T
r = a H, e a (23)

a

Here a » 0.025 K/T is a constant. Hd is a magnetic field which has about the

value of the spin-flop field in a 3d antiferromagnet. Inserting a reasonable

value Hj = 0.3 T at T = 40 mK we obtain T = 0.15 kHz.

This soliton model has been developed for a classical 1-d antiferromagnet in

the short range ordered state. So it is questionable whether its use here can

be justified. Nevertheless the calculated flipping rate is of the right order

of magnitude to be compared with our experimental estimate T = 30 kHz. This

result suggests that also from a theoretical point of view this type of non-

linear excitations can very well be present at these low temperatures.

6.5 Field dependence of Tj 1

In fig. 13 we present experimentally obtained relaxation rates as a func-

tion of the strength of the magnetic field for two directions of the magnetic

field for two directions of the magnetic field (• =» 100*, <|> = 160'). Within

the outline of the proton spin polarization transfer presented above, we can
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Fig. 13 a/b Field dependenae of the proton relaxation rate of proton line S

for two directions of the magnetic field.

understand the field dependence of T^ for $ » 100°. In fig. 13a is shown that

the transition probability for a flip-flop due to the dipolar interaction with

the other proton spins decreases with incrasing field, as a result of the de-

creasing overlap with other proton spin resonance lines. This smaller overlap

at high field can be understood easily as the NMR spectrum is more split up at

high field than at low field.

However, on this basis we can not understand the increase of the relaxation

rate with increasing field for if ™ 160*. In this angular region resonance line

3~ is situated partly in between other proton resonance lines. The relaxation

rate there can strongly be determined by the presence of line crossings. Due

to the different field dependencies of the resonance frequencies of different

NMR lines, the direction for which line crossings occur may be field dependent

too. It is quite well possible that our description of the field dependence of

the resonance frequencies is not accurate enough to spot the occurrence of a

line-crossing towards high field that may be responsible for the increase in

relaxation for $ = 160*.
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6.6 Temperature dependence of Tj

In fig. 14 we present the experimentally obtained temperature depencence

of the relaxation rate for the same two directions of the magnetic field. The

lowest temperature data down to T = 8.5 mK has been obtained in the following

way. The sample is cooled in a high magnetic field (just below the critical

field) by the dilution refrigerator operating at its lowest attainable temper-

ature (T » 11 mK). Due to the large Kaptiza resistance the sample does not

cool down to the temperature of the dilution refrigerator on a time scale of a

day. However, it proved to be possible, on a time scale of half a day, to cool

down the sample to such a temperature, that after (adiabatic) demagnetization

to HQ = 2.2 T a temperature of 8.5 mK was obtained. Cooling the sample by

demagnetizing from fields above the critical field is not successful since,

» 10

40 60
T (mK)

80 100

Fig. 14 Temperature dependence of the proton relaxation rate of proton line 3

for two directions of the magnetic field. The open circles represent the

if = 160° direction, vhile the triangles represent the 4> = 100°. The magnetic

field strength is HQ= 2.2 T.
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due to the absence of nuclear spin relaxation at such high fields, the nuclear

spin system will not cool down.

To determine the temperature of the sample, i.e. of the spin systems, at these

low temperatures, we measured the amplitude of a FID after a 9-puIue. At

higher, known, temperatures the amplitude of the FID was calibrated against

temperature. As the amplitude of the FID is directly proportional to the

nuclear spin polarization, which is unambiguously coupled to the temperature,

from the amplitude of the FID the temperature of the total spin system can be

obtained.

As we have mentioned before, the temperature dependence of T^ at low

temperatures (T < 60 mK) is determined by the temperature dependence of the

overlap between the nuclear spin resonance lines. The NMR line shape is deter-

mined by contributions from a number of interactions.

a. Dipolar interaction between nuclear spins

This interaction leads to a Gaussian-like line shape. The width of the

Gaussian distribution can be obtained from a calculation of the second moment

of the resonance line. Such a calculation yields a value of about 20 kHz for

the width of proton resonance lines In CUSO4.5H2O. As mentioned earlier, this

line shape only leads to a finite overlap between two proton lines when the

difference in Larmor frequencies is less than about 200 kHz. The line shape

due to dipole-dipole interaction will show a temperature dependence, but only

at very low temperatures and high fields, where the nuclear spin system be-

comes strongly polarized. Although then the line shape will change, the total

width will remain about constant.

b. Hyperfine interactions with the electron spins

The electron spin fluctuations contribute to the line shape because of

the time depenence of the nuclear hyperfine fields. In the limit of very fast

electron spin fluctuations (motional narrowing) this yields a Lorentzian line

shape with a width
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6 = (it / 3 ) 1 T"1 = {% / 3 ] l O<|>z(aio) + *b<t>+(<u0) (24)

+ c*Z(u)=O) + di))+(w=O)]

where a, b, c and d are geometrical factors containing the hyperfine inter-

action tensor and the direction of the magnetic field iL. The Lorentzian line

width generally is small compared to the Gaussian line width and therefore in

a CW experiment only the Gaussian line shape is observed. However, because of

the very long tails of a Lorentzian line, it is this line shape that provides

the finite overlap between far apart resonance lines, needed for the longitu-

dinal relaxation process described above.

The temperature dependence of 6 is directly related to that of the spectral

densities of the electron spin fluctuations.

c. Indirect interactions between nuclear spins

As investigated extensively by Bos [9], the indirect interaction between

proton spins and the copper nuclear spins leads to a temperature and field

dependent proton line shape. Although the line shape may be Lorentzian like,

the wings do not extend over a large frequency range around the centre of the

resonance line. The CW experiments near the transition temperature (section

4.4) show that the line broadening effect is maximal at Tc because there the

staggered susceptibility reaches its maximum. Towards lower temperatures this

effect will diminish.

We estimate that the total frequency range over which the tails of this dis-

tribution will extend decreases from a maximum of about 400 kHz at Tc to less

than 50 kHz at T = 40 mK. In the temperature range where the nuclear spin re-

laxation is dependent on the overlap of resonance lines (T < 70 mK), the line

width originating from indirect interactions between nuclear spins will there-

fore hardly influence the overlap functions.

d. Non-linear excitations of the electron spin system

The flipping motion of the electron spins causes a low frequency modula-

tion of the nuclear hyperfine fields. As the flipping rate Is much smaller
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than Che proton Larmor frequency, this effect does not contribute to the

Fourier component of the hyperfine fields at the Larmor frequency. That means,

the non-linear excitations do not contribute to the normal transition probabi-

lity Tj . These excitations can however contribute to the line width of the

resonance lines. In the very simple picture that a nuclear spin experiences a

magnetic field that flips at rate R between the values HQ + h^ and HQ - h^,

the NMR spectrum consists of two resonance lines with a frequency splitting

Av = ( Y / 2 H ) 2 h. if R « Av. However, as long as R is not too small with re-

spect to Av, the wings of the two resonance lines will extend over the total

frequency range between the two NMR lines. In the actual situation met here,

the line shape of the tails of the (+) and (-) components of a resonance line

depends strongly on the precise details of the flipping motion. Expressed in

soliton language: the shape and velocity of the soliton will determine the

shape of the two components of a NMR line. It is quite conceivable that, be-

cause of the large anisotropy of the proton hyperfine fields, the tails of the

resonance lines will also extend over frequency regions outside the interval

[y/2i[ (H_-h ), y/2it (uo+h.)]. In that case the electron spin flipping can

contribute conceivably to the overlap functions and thus to the relaxation

rate at low temperatures.

The flipping rate will probably be temperature dependent and thus influence

the temperature dependence of T^ •

From this survey of line broadening effects we can conclude that the

temperature dependence of the spectral densities of the electron spin fluctua-

tions i)>Z(o>) and <(> (u>) for 10 » 0 and OPIOQ will strongly influence the tempera-

ture dependence of Tj . Possibly, also a temperature dependence of the

flipping ra;a contributes to Tj 1 (T).

The value of the overlap function is about proportional to the value of

the line width 6^ on which all other line widths have been scaled. This value

of 63 is directly proportional to the spectral densities by eq.(24). In case

at low temperatures the wings .̂f the NMR lines are only determined by the

normal electron spin fluctuations the low temperature part of fig. 14 shows

the temperature dependence of

3 c c c c

Extrapolation of the experimental results, which can be described by T7 =
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Ae B T, for both directions of the magnetic field, strongly suggests that at T=0

the relaxation rate has a finite value. That result would mean that at T=0

still electron spin fluctuations exist in the ALC system. According to the

analytical results by Groen et al. [11] the isolated S=^ HAFM has finite

spectral densities of electron spin fluctuations. The observation that, also

in this system, in the 3-d ordered state, electron spin fluctuations seem to

persist down to T=0, shows that the quasi 1-d character remains visible also

in the dynamic behaviour.

The overall temperature dependence of T̂ " is rather difficult to discuss.

At high temperatures (85 < T < 100 mK) the nuclear spin relaxation probably

takes place in the normal way, as under these conditions the specific heat of

the electron spin system is larger than that of a proton spin system (a « 1).

On lowering the temperature, the value of a increases and the observed relaxa-

tion rate is not only determined anymore by the transition probability W, but

also by the value of a (see eq.(13)). That means that even in the case that

<)> ' (u) remain constant, Tj would decrease towards lower temperatures. Below

T « 65 mK the relaxation induced by direct and indirect nuclear spin-spin

interactions starts to dominate. The T^ value of proton 3 at T = 40 mK,

HQ = 2.2 T can well be described by the presented model if we choose

6 = 2 kHz. If we assume ()>+'z(a>o) = <t>+'Z(0) this line width would implicate

spectral densities of the same order of magnitude as found at T = 1 K in this

system. If a longitudinal relaxation process as described in chapter V would

be present, this would lead to values of Tj[ » 3xl03 s • The change-over of

relaxation mechanisms thus provides, with equal spectral densities, already a

lowering of T^1 by at least a factor 102.

So the large total decrease of T^ towards low T is certainly not due to the

temperature dependence of the spectral densities of the electron spin fluctua-

tions only.

Finally we will make some remarks to compare our experimental results

with similar results obtained in relevant 1-d or 3-d antiferromagnets.

As early as 1958 Poulis et al. [12] have measured longitudinal relaxation

rates in the 3-d S-fc antiferromagnet CuCl2-2H2O. This system shows a phase

transition to a antiferromagnetically ordered state at Tc « 4.2 K. The tem-

perature dependence of the proton spin relaxation rates was obtained between 1

and 4 K, yielding a T7 dependence. At T ~ 1 K proton spin relaxation tines

were measured of the order of 100 s. Moreover a strong field dependence of the

relaxation rates was found between HQ = 0 and the spin-flop field.

135



2+As the magnetic hyperflne couplings between the protons and the Cu -Ion in

CUCI2.2H2O and in CuSO^.S^O will be of the same order of magnitude, we can

compare the respective values of the relaxation rates. So, in anyway from

these values we can conclude that in CuSO^.S^O at T » 0.1 Tc a much higher

spectral density of electron spin fluctuations is present than in CuCl2'2H2°

at T M 0.2 Tc« Hereby we also have to consider that the nuclear spin relaxa-

tion mechanisms are quite different, which lead to a much larger difference in

spectral densities than the ratio of the respective relaxation rates suggests.

We accredit this large difference in spectral densities to the one-dimensional

character of CuS04.5H20, even in the long-range ordered state.

In the "high-temperature" regime, the nuclear spin relaxation rate is

directly proportional to spectral densities of electron spin fluctuations. In

CuSO^.5H2O in the 3-d ordered state at low temperatures (T < 60 mK) T^1 may

also be proportional to spectral densities, although in a different way. So it

may be justified to compare the here observed temperature dependence of Tj

with other results.

We then notice that also the temperature dependence of T^ in CuSO^.S^O does

not show any resemblance to that in ^

Experimental results obtained in 3-d antiferromagnets with higher spin

values usually also yield T7 ~ T a with 4 < a < 7. Due to a gap in the spin-
—fl/T

wave spectrum also a temperature dependence of T 2 e can be found. The ex-

planation of the observed relaxation rates is usually given successfully in

terms of two- ($ (u)) and three-magnon (<|> (a))) processes.

We again note that our experimental results, concerning the temperature depen-

dence of T^ , do not show any similarities with experimental results obtained

in 3-d antlferromagnets.

However, our experimental results do show a similar temperature depen-

dence of T^1 as that obtained in the 3-d ordered state (Tc = 4.9 K) of the 1-d

S=5/2 HAFM CsMnCl3.5H2O by Nishihara et al. [13]. As these results have been

obtained for temperatures T > 1 K the relaxation rates are directly propor-

tional to spectral densities. These experimental results, just like ours can

be described by Tj 1 » Ae B t and simple extrapolation would also yield a finite

value for T^1 at T » 0. Nishihara et al. can explain their results, taking

into account the quasi 1-d character of the magnon density of states. They

find at high temperatures near Tc a dominant three-magnon process ($ (a))),

while at low temperatures a two-magnon (<|iz(io)) process is found. However,

their theoretical description in terms of magnon processes yields T^1 = 0 at
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T=0. Most probably this is a direct consequence of the classical magnon model,

used in their calculations.

We again conclude, that our experimental results show that the dynamic behav-

iour of this 3-d ordered system is strongly determined by its one-dimensional

character.
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SAMENVATTING

In dit proefschrift wordt een experimenteel onderzoek beschreven naar de

dynamica van de quasi één-dimensionale (1-d) S=h Heisenberg antiferromagneet

(HAFM) CuSO^.5H2O in de magnetisch geordende toestand. In CuSO^.5H2O zijn de

helft van de magnetische koperionen in één kristallografische richting (de

ketenrichting) onderling veel sterker gekoppeld dan in het vlak loodrecht op

de ketenrichting. De theorie geeft aan dat in een 1-d magnetisch systeem

t.g.v. quantumfluctuaties tot T=0 geen langedrachtsordening optreedt. Echter,

in een reëel (quasi) 1-d systeem heeft, ten gevolge van een altijd aanwezige

zwakke wisselwerking tussen de ketens, een overgang naar een geordende toe-

stand plaats bij eindige temperatuur. Voor CuSO^HjO treedt die overgang op

bij een temperatuur T = 100 mK in een uitwendig magneetveld.

CuSO^.SI^O is bij uitstek geschikt om m.b.v. kernspinresonantie technie-

ken bestudeerd te worden. De protonen van de watermoleculen hebben een magne-

tische hyperfijn-wisselwerking met de ongepaarde electronspins van de koper-

ionen. Door deze wisselwerking "voelen" de protonen behalve het uitwendige

veld een extra tijdafhankelijk veld t.g.v. de ongepaarde electronspins. Daar-

door kunnen de protonspins als microscopische "probes" gebruikt worden om de

eigenschappen van het electronspin systeem te bestuderen, zonder dit systeem

te verstoren. Daar er tien inequivalente proton posities in de eenheidscel

zijn vertoont het NMR spectrum tien resonantielijnen.

Door NMR spectra te meten wordt gedetailleerde informatie verkregen over het

tijdgemiddelde (statische) gedrag van het electronspin systeem. Door (longitu-

dinale) relaxatietijden van de protonspins te meten wordt informatie verkregen

over de spectrale dichtheden, <(> (wo) e n $ (<">o)> v a n <*e electronspinfluctua-

ties, respectievelijk loodrecht op en parallel aan het uitwendig veld.

Eerdere NMR experimenten aan CuSO^.SI^O en het isomorfe CuSeO4.5H2O

hebben aangetoond dat voor temperaturen boven de ordeningstemperatuur T de

veldgetnduceerde (tijdgemiddelde) magnetisatie van het ketensysteem goed over-

eenkomt met wat theoretisch hiervoor berekend wordt. NMR spectra in de geor-

dende toestand tonen, door een verdubbeling van het aantal resonantielijnen,

het optreden van twee onderroosters aan. De NMR spectra kunnen verklaard

worden door de onderrooster magnetisatie opgebouwd te denken uit een veldgetn-

duceerde component parallel aan, en een spontane component loodrecht op het

uitwendige veld. Het blijkt nu dat in de geordende toestand de veldgetndu-
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ceerde magnetisatie overeenstemt met die verwacht voor een ideaal ketensysteem

voor dezelfde temperatuur. De spontane component van de magnetisatie blijkt

veel kleiner te zijn dan die in een 3-d antiferromagneet. Dit wijst op de aan-

wezigheid van een grote spinreductie. Deze twee gegevens tonen aan dat de 3-d

geordende toestand toch sterke 1-d eigenschappen vertoont.

Onderzoek naar de dynamica van het ketensysteem, voor T > 0.5 K, blijkt vooral

wat betreft $ (u) uitstekend beschreven te kunnen worden door theoretische be-
c

rekeningen voor het 1-d systeem. Voor eindige temperaturen kunnen alleen nume-

rieke resultaten voor <|> (u) verkregen worden; voor T=0 bestaat ook een exact

resultaat. De resultaten van deze berekeningen geven aan dat in esn 1-d S=h

HAFM ook op T=0 nog sterke electronspinfluctuaties aanwezig zijn.

De motivatie voor dit onderzoek is nu tweeledig. Enerzijds wordt het

dynamisch gedrag van het ketensysteem onderzocht tot op de laagst mogelijke

temperatuur waarbij het systeem niet geordend is. Dit gedrag wordt vergeleken

met de exacte T-0 resultaten. Anderzijds wordt het dynamisch gedrag van

CuSO^.SH^O in de geordende toestand onderzocht teneinde na te gaan of ook in

de dynamica van het systeem het één-dimensionale karakter bewaard blijft.

In hoofdstuk II wordt de experimentele opstelling beschreven. Om de ver-
3 4

eiste lage temperaturen te halen Is een He- He mengkoelmachine gebruikt. Om

het preparaat te koelen in het magnetisch veld, opgewekt door een supergelei-

dende magneet, is de mengkamer verlengd. Deze verlenging bestaat uit een dun-

wandig glazen cryostaatje teneinde opwarming door kringstromen te voorkomen.

Deze kringstromen zouden in een geleider geïnduceerd worden door de sterke

radiofrekwente velden die in gepulsde NMR experimenten gebruikt worden. De in

dit onderzoek gebruikte draaibare supergeleidende magneet wordt ook in dit

hoofdstuk beschreven.

In hoofdstuk III worden de problemen behandeld die optreden wanneer kern-

spinrelaxatie experimenten worden verricht in de geordende toestand van

CuSO^.SHoO. In de eerste plaats wordt de soortelijke warmte van het electron-

spin systeem heel klein beneden Tc. Ten tweede, aangezien de polarisatie van

het kernspin systeem toeneemt naar lagere temperatuur, neemt ook de energie,

toegevoerd aan het kernspin systeem in een puls NMR experiment, toe. Deze twee

effecten resulteren in een opwarming van het preparaat wanneer résonante rf

pulsen worden gegenereerd. Tenslotte kan deze warmte niet op een korte tijd-

schaal worden afgevoerd door de grote thermische weerstand tussen het prepa-

raat en het vloeibare heliummengsel.
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Een experimentele methode wordt beschreven om de longitudinale relaxatietijd

T^ te meten, waarbij een minimum aan energie aan het kernspin systeem wordt

toegevoerd.

In hoofdstuk IV worden continue NMR metingen aan CuSO^.Sl^O gepresen-

teerd. Analyse van deze metingen is nodig om de relaxatie experimenten goed te

kunnen beschrijven. De experimentele resultaten kunnen op een soortgelijke

manier beschreven worden als eerder verkregen resultaten in CuSeO^.Sl^O.

Bovendien vinden we een, nog niet eerder waargenomen, toename van de spontane

magnetisatie met toenemend veld. Dit gedrag van de spontane magnetisatie kan

begrepen worden door het effect van het magneetveld op de quantumfluetuaties

te beschouwen.

In hoofdstuk V worden longitudinale relaxatiemetingen boven en rond de

fase-overgang gepresenteerd. De resultaten boven de fase-overgang blijken wat

betreft de electronspinfluctuaties loodrecht op het veld uitstekend kwantita-

tief verklaard te kunnen worden m.b.v. het analytische resultaat voor <f> (w)

bij T=0. De resultaten wat betreft <|>Z(Ü>) wijken, net zoals reeds eerder
c

gevonden is bij hoge temperatuur, af van de theoretische verwachtingen. De

experimenten rond T duiden op een "critical slowing down" van de electron-

spinfluctuaties van het ketensysteem rond de fase-overgang.

In hoofdstuk VI worden de kernspinrelaxatie metingen in de geordende toe-

stand gepresenteerd en bediscussieerd. De resultaten blijken niet rechtstreeks

in termen van $ (w) en <pz<to> beschreven te kunnen worden. Aangetoond wordt dat

het "normale" relaxatiepad naar of via het electronspin systeem geblokkeerd is

t.g.v. de kleine warmtecapaciteit van dit systeem. De experimenten laten zien

dat de waargenomen kernspinrelaxatie in feite het in onderling thermisch even-

wicht komen van alle kernspin systemen inhoudt. Voor dit relaxatiemechanisae

is overigens wel de aanwezigheid van electronspinfluctuaties in het ketensys-

teem essentieel. Het transport van polarisatie tussen de kernspin systemen

wordt geïnduceerd door ds dipolaire interactie tussen de protonspins. Ook de

indirecte interactie tussen de protonspin waaraan gemeten wordt en de koper-

kernspin induceert transport van kernspinpolarisatie. Dit transport kan alleen

optreden indien de kernresonantielijnen behorende bij de verschillende kern-

spin systemen een eindige overlap hebben. Deze overlap wordt veroorzaakt door-

dat de kernresonantielijnen brede (Lorentziaanse) flanken hebben t.g.v. de

electronspinfluctuaties. Aangezien de kernspin dipool-dipool wisselwerking

temperatuur onafhankelijk is, wordt de waargenomen temperatuurafhankelijkheid

veroorzaakt door de temperatuurafhankelijkheid van de overlap van de resonan-
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tielijnen, en dus van de grootte van de Lorentziaanse IIjnverbreding.

Indirekt leveren de experimentele gegevens dus informatie m.b.t. de tempera-

tuurafhankelijkheid van de electronspinfluctuaties. Extrapolatie van deze

metingen als funktle van de temperatuur naar T>0 lijken aan te geven dat op

T=0 de kernspins nog steeds een eindige relaxatietijd hebben. Dit zou dan be-

tekenen dat het electronspin systeem op T=0 nog steeds fluctuaties vertoont-

Voor een puur 1-d S=i HAFM voorspelt de theorie inderdaad de aanwezigheid van

spinfluctuaties op T=0. De hier gepresenteerde resultaten zouden er op kunnen

wijzen dat dit quasi 1-d systeem in de geordende toestand sterke 1-d eigen-

schappen ook in het dynamisch gedrag vertoont.
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