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Abstract

High spin molecules(HSM) are moleculesconsistingof ionscoupledby ferromagnetic

or antiferromagnetic interaction; thesemoleculescrystallize in a lattice whereneigh-

boring moleculesare very well separated,yielding at low temperatures(temperatures

lower than the magnetic interaction betweenions) moleculesthat behave like nonin-

teracting giant spins. When thesemoleculeshave a magneto-crystallineanisotropy

alongthe z axis, the energyof spin up and spin down statesareequal. When the tem-

perature is high enoughthe spin of the moleculescan ip from spin up state to spin

down satethermally (over the anisotropy barrier), but whenthe temperature is much

lower than the anisotropy barrier, the only possiblerelaxation mechanism is through

tunneling. This behavior enablesus to examine quantum e�ects on macroscopic

properties, and is referredto as quantum tunneling of the magnetization (QTM).

Tunneling betweendi�eren t spin statescan only be inducedby terms in the spin

Hamiltonian which do not commute with the spin in the z direction Sz. This term may

be dipolar interaction between neiboring molecules,hyper�ne interaction between

nuclearspinsand the electronicspin of the molecules,high order spin terms, tranverse

magnetic �eld on the molecularspinsetc...

In this work we aim at pointing out the term dominating QTM in anisotropic

moleculesby studying the spin dynamics in a family of simple isotropic high spin

1



ABSTRA CT 2

molecules.Thesemoleculesare CrCu6 with spin S = 9=2, CrNi6 with spin S = 15=2,

and CrMn6 with spin S = 27=2.

We use DC-Susceptibility measurements to measurethe magnetic properties of

these molecules,and we perform muon spin lattice relaxation measurements using

� SR and proton spin lattice relaxation measurements using NMR. We �nd that the

spin dynamicsin thesemoleculesis independent of the spin value,strongly indicating

that the spin dynamicsat low temperaturesis dominated by hyper�ne interactions.
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Chapter 1

Preface

High spin molecules(HSM) are moleculesconsistingof ionscoupledby ferromagnetic

or antiferromagnetic interaction; thesemoleculescrystallize in a lattice whereneigh-

boring moleculesare very well separated.At temperatures lower than the magnetic

couplingJ betweenions insidethe high spin molecule,the spinsof the ionsare locked

to each other, and the high spin moleculesbehave like noninteracting spins. The en-

ergy di�erence betweenthe ground spin state and the next excitedspin state is of the

order of J , thereforeat low temperaturesonly the ground spin state S is populated.

This state is 2S + 1 times degeneratein �rst order approximation. However at even

lower temperaturesthe degeneracycanbe removedby additional magneto-crystalline

anisotropic interactions such as the uniaxial term DS2
z , or rhombic term E(S2

x � S2
y )

etc. When the temperature is high enoughtransitions betweendi�eren t spin states

of the moleculesare thermally activated, but when the temperature is much lower

than the energydi�erence betweenspin states,the transitions betweenthem are only

possiblethrough a quantum mechanical process.

5
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In the caseswherethesemoleculeshave a magneto-crystallineanisotropy, the en-

ergy of spin up and spin down statesareequal. When the temperature is high enough

the spin of the moleculescan ip from spin up state to spin down satethermally (over

the anisotropy barrier), but when the temperature is much lower than the anisotropy

barrier, the only possiblerelaxation mechanism is through tunneling. This behavior

enablesus to examinequantum e�ects on macroscopicproperties, and is referred to

as quantum tunneling of the magnetization (QTM).

The possibility of quantum tunneling of a largemagneticmoment hasbeenstudied

in small magnetic clusters[7, 8, 9, 10], which are comprisedof particles with various

magnetic sizesand properties. In contrast with most ensembles of small magnetic

clusters, a sample of high spin moleculesconsistsof a large number of chemically

identical entities that are characterizedby a unique set of parameters. This feature

allows precisecharacterization of the sample [7, 11] and rigorous comparisonwith

theory.
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Figure 1.1: The atomic weight of a typical memory element, as a function of time
[1, 2]

Thesenano-magnetscould be applicablefor the recording industry [2], as well as
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in information transmissionand computing [12]. Figure 1.1 shows the way in which

magnetic computer memory elements have decreasedexponentially in size over the

last 40 years [2]. At present computers, as well as magnetic tapes, use elements

which behave classically, and are stable over long periods of time. This stabilit y

exists over decadesbecausethey are big, and the energybarrier betweentwo states

of the element usually exceeds100kB T even at room temperature. The hypothesized

\quantum threshold", below which tunneling is signi�cant evenat T = 0, is supposed

to consist of grains containing roughly 102 � 105 spins, depending on the material

involved.

In this chapter two of the most studied high spin molecules(Mn 12 and Fe8) will

be introduced. Thesemoleculesshow clear evidencefor QTM (section 1.1). Then

we will introduce the high spin moleculesthat we are studying (section 1.2), their

chemical synthesisand magneticproperties.

1.1 Quan tum Tunneling of the Magnetization in

Mn 12 and Fe8

The Mn12 acetate compound, which is an exampleof HSM, whoseformula

Mn12O12(CH3COO)16(H2O)4, hasbeenthe subject of much interest sinceit wassyn-

thesizedin 1980 [13]. This moleculecontains four Mn4+ (S = 3
2) ions in a central

tetrahedron surroundedby eight Mn3+ (S = 2) ions, as shown in the inset of Fig-

ure 1.2. Oxygen bridges allow super-exchange coupling among the Mn ions, and

magnetization measurements at low temperature indicate a total spin value of the

Mn clusters of S = 10 [14, 15, 16], suggestinga simple picture of four inner ions
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with their spins pointing in one direction and outer ions' spins pointing in the op-

posite direction. These moleculescrystallize into a tetragonal lattice in which the

distancebetweenneighboring clustersis 7 �A, and the interaction betweenthe clusters

is negligible. Another compound in which QTM was observed is Fe8, whoseformula

[(tacn)6Fe8O2(OH)12]8+ [17]. Magnetic measurements show that Fe8 has a ground

spin state of S = 10 [4], which arisesfrom competing antiferromagnetic interactions

betweenthe eight S = 5
2 iron spinsas shown in Figure 1.3.

H (Tesla)

M
 (e

m
u)

H
 (T

es
la

)
Step Number

Figure 1.2: Magnetization of Mn12 as a function of magnetic �eld at six di�eren t
temperatures,as shown (�eld sweeprate of 67 mT/min). The inset shows the �eld

at which stepsoccur versusstep number (with step 0 at zero�eld). The structure of
the Mn12 moleculeis represented at the top. Only the Mn4+ (large shadedcircles),
Mn3+ (large open circles), and oxygen (small circles) ions are shown (Taken from

[3]).

Experiments on the two compoundsMn12 [3, 18, 19, 20] and Fe8 [4, 21] show that

the main part of the e�ectiv e spin Hamiltonian of thesecompoundsis [18, 19, 21],

H = � DS2
z � g� B HzSz (1.1)

whereD is the anisotropy constant, and the secondterm is the Zeemanenergy. The

valuesof D are found to be 0:547(3) K for Mn12 and 0:27 K for Fe8. The eigenstates
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of the Hamiltonian are the statesjm > , whereSzjm > = mjm > (seenin Figure 1.6).

A simple calculation shows that the �eld for which two states, jm > and jm + n > ,

are degenerateis

Hn = �
nD
g� B

(1.2)

Figure 1.3: View of the structure of Fe8: the large open circlesrepresent iron atoms,
while full, hatched and empty small onesstand for O, N, and C respectively. The

spin structure of the S = 10 ground state is schematically represented by the arrows
(Taken from [4]).

Figure 1.2 shows the magnetization of Mn12 as a function of the magnetic �eld

for six di�eren t temperatures,with the magnetic �eld applied in the direction of the

orientation of an oriented powder sampleof Mn12. Stepsin the hysteresisloop can

be seenasthe �eld is increased;asthe temperature is lowerednew steps(with higher

�elds) appear,while stepswith lower �elds disappear. A linear �t (inset of Figure 1.2)

indicates that there are stepsat equal intervals of approximately 0:46 T [3].

For Fe8 it was shown [4] that for temperatures lower than 400 mK the magne-

tization curve vs. the magnetic �eld exhibits a temperature independent hysteresis

(for a �xed ramping rate dH
dt ). Figure 1.4 shows two curvestaken at 80 mK with two

di�eren t ramping rates exhibiting hysteresisand steps at well de�ned �eld values,
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similar to those seenin Mn12. The stepsfor both ramping rates occur at the same

�eld values,but the sizeof the step is di�eren t for di�eren t ramping rates.

Figure 1.4: M vs. B : curve taken at 1:3 K shows no hysteresis.Below 400mK
curvesare temperature independent, but depend on �eld ramp rate dB

dt as shown.
dM
dB is shown for 0:04 T/h; peakscorrespond to faster relaxation, veri�ed by DC

measurements (Taken from [4]).

When sweepingthe magnetic �eld applied along the easyaxis of a Mn12 of Fe8

sample,from high negative to positive �elds, and at very low temperatures,one ob-

tains a considerabledecreasein the relaxation time of the magnetization for certain

magnetic �elds, corresponding to those in which the stepsare observed in the hys-

teresisloop [5] (e.g. for Mn12 seeFigure 1.5). This decreaseis due to the fact that

at these�elds equilibrium is reached faster. This behavior is attributed to quantum

tunneling of the magnetization (QTM) within a simple model [22] of a double well

with 10spin up statescorresponding to m = +10; +9; � � � ; +1 and 10spin down states

corresponding to m = � 10; � 9; � � � ; � 1 (seeFigure 1.6). The enhancement of the

relaxation rate, as well as the stepsin the hysteresisloop, can be understood within

this simple model (more details will be given in chapter 2).

At high enoughtemperaturesthe reversalof the spin direction is thermally acti-

vated (over the barrier), so thermal uctuations can bring the spin from one side of
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Figure 1.5: Field dependenceof the
relaxation time obtained from magnetic

relaxation measurements at di�eren t
temperaturesin Mn12 (Taken from [5]).
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m=-7
m=-8

H

Spin Up Spin Down

Figure 1.6: Potential well of Mn12 and
Fe8 crystals at H = 2D

g� B
(solid line) and

at zero �eld (dashedline).

the doublewell to the other; while at low temperaturesthe reversalof the spin is due

to tunneling betweenspin states, which can occur only betweentwo spin states (on

both sidesof the doublewell) with the sameenergylevel. If an external �eld is applied

in the positive ẑ direction, the stateson the left sideof the well (m > 0) are lowered,

and on the right side(m < 0) are raised,asshown in Figure 1.6,and the relaxation of

the magnetizationis enhancedfor �elds that correspond to an amount of level shifting

that brings two levels on both sidesof the double well to match. However the spin

Hamiltonian (1.1) commutes with Sz and hencecannot induce tunneling. Therefore

onewould expect tunneling betweenstatesto occur asa consequenceof an additional

part of interaction term, which is the issuedealt with in this work.

1.2 New Family of High Spin Molecules

In this work we study mainly a group of new HSM which allow for a variety of spin

values and couplings between ions inside the molecule, but with similar chemical
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structure.

1.2.1 Chemical Synthesis of the HSM

The chemicalformula of the newly discoveredfamily of nano-magnetswe will study is

[BI I I f (CN)-A I I -Lgn ](An) m whereA I I could be V I I , CrI I , MnI I , FeI I , CoI I , Ni I I , or

CuI I . And BI I I couldbeFeI I I , MnI I I , or CrI I I , L is a ligand, andAn is an anionwhich

balancesthe molecules'charge[23]. In what follows we label the di�eren t compounds

only asBI I I A I I
n . This family is suited for our study sincea largevariety of spin values,

atomic massesand nuclear spins could be produced. In addition one can introduce

interactions between the magnetic clusters, as a test case. Three compounds have

been successfullysynthesized,CrMn6 with total spin value S = 27
2 [24, 25], CrNi6

with total spin value S = 15
2 [26, 25], and CrCu6 with total spin value S = 9

2 [25].

1.2.2 Magnetic Prop erties of HSM

The coresof the compounds are presented in Figure 1.7. The chemical formulae of

these compounds are [Crf (CN)Cu(tren) g6](ClO4)21, [Crf (CN)Ni(tetren) g6 ](ClO4)9

and [Crf (CN)Mn(tetren) g6](ClO4)9, which we refer to as CrCu6, CrNi6 and CrMn6

respectively. In thesemoleculesa Cr(I I I) ion with S = 3=2 is coupledto six Cu (S =

1=2), Ni (S = 1) or Mn (S = 5=2) ions ferromagnetically(or anti-ferromagnetically in

the caseof CrMn6) with a cyanide bridge, producing at low temperaturesmolecules

with high spin ground state S. The coordination sphereof Cr and Cu/Ni/Mn can be

described as a slightly distorted octahedral.

The high valueS of thesemoleculesis demonstratedin Figure 1.8,which showsthe

agreement betweenthe �eld dependenceof the magnetizationof the three compounds
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(a) (b) (c)

Figure 1.7: The (a) CrCu6, (b) CrNi6 and (c) CrMn6 moleculescores.

CrCu6, CrNi6 andCrMn6, with the correspondingBrillouin functionsof spin9=2, 15=2

and 27=2. The measurements were taken at T = 2 K, and demonstratethat at this

temperature the moleculebehaveslike onegiant magneticmoment.
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Figure 1.8: The magnetizationvs. the magnetic �eld H , at temperature T = 2 K
for the three compunds.The �ts (solid lines) are the corresponding Brillouin

function described in the text.

Figure 1.9 shows the normalized static susceptibility at �eld 100 G multiplied

by the temperature as a function of temperature for the three compounds. The
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susceptibility was �tted to the expectedsusceptibility from the Hamiltonian

H =
X

i

JCr � i SCr Si � DS2
z � g� B HzSz (1.3)

where the sum is taken over the 6 Cu, Ni and Mn ions, and Sz = SCr +
P

i Si is the

z component of the total spin of the molecule,J is the coupling betweenspin inside

the molecule,D represents the anisotropy, and H z is the �eld in z direction. The �ts

give the valuesJCr � Cu � 77 K, JCr � Ni � 24K K and JCr � Mn � � 11 K [23, 26, 25].

The valuesof D were D � 0 for all three molecules.Details of the �ts will be given

in section5.2.
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Figure 1.9: The normalizedstatic susceptibility multiplied by the temperature for
the compoundsCrCu6, CrNi6 and CrMn6.



Chapter 2

Theory of QTM

The Hamiltonian 1.1 commutes with the spin in the z direction, Sz, and therefore

cannot induce tunneling. In this chapter I will present the di�eren t possibilities for

additional terms to the Hamiltonian, which do not commute with Sz and inducespin

tunneling in the anisotropic high spin moleculesMn12 and Fe8.

2.1 Higher Order Spin Terms and Crystal Field

E�ect

Oneof the possibilitiesfor the additional term which inducestunneling is the addition

of a higher order spin term, depending on the symmetry of the lattice. In the case

of Mn12, the lowest order term allowed by the tetragonal symmetry of the lattice is

[27, 28, 29, 30]

H t = BS4
z � C

�
S4

+ + S4
�

�
(2.1)

15
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whereB = � 1:1� 10� 3 K and C = 2:9� 10� 5 K. Similarly, for Fe8, the D2 symmetry

suggeststhat the small correction spin term is [4, 31]

H t = E
�
S2

x � S2
y

�
(2.2)

whereE = 0:046K.

In 1986a WKB formalism was presented by Van Hemmenet al. [32] to describe

the quantum dynamics,including tunneling, of a singlespin with largespin quantum

number, and zeroexternal magnetic �eld.

Considerthe Hamiltonian

H = � DSl
z �

g� B

2

NX

n=1

hn

�
Sn

+ + Sn
�

�
(2.3)

with l an even integer,D and hn positive constants. In the caseof a strong anisotropy

D� l � g� B

NX

n=1

hn � n (2.4)

where� = �hS is the length of the classicalspin, and for low energiesE � � D � l , the

WKB approximation givesa tunneling rate [33]

� � 1 = � � 1
0

 
g� B hN � N

2jE j

! 2S
N

(2.5)

where,

� � 1
0 =

lD� l � 1

2�
(2.6)

Eq. (2.5) shows that the tunneling rate is universal, i.e. � � 1 depends on the

anisotropy term H 0 = � DSl
z only through the attempt frequency� � 1

0 , and is governed

by the highest degreeN of the transverseterm [32].

For the Hamiltonian (2.3) with l = 2 at zero�eld, the tunneling rate betweenthe

two lowest spin states,within the WKB approximation, is

� � 1 =
DS�h

�

 
g� B hN (S�h)N � 2

2D

! 2S
N

(2.7)
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One should note that the spin Hamiltonian (1.1) with the term (2.1) (or (2.2))

cannot justify all the steps observed in the hysteresisloop in Mn12 (or Fe8), as it

couplesonly statesdi�ering by � m = � 4 � n (or � m = � 2 � n), with an integer n.

More importantly the tunneling rate due to the term (2.1) or (2.2) is proportional to

SS, which strongly dependson the value of the spin S.

2.2 Transv erse Field Term

The appearanceof the steps in Mn12 and Fe8 hysteresis loops, for � m = � 1 �

n, n being an integer number [34], indicates that the high order spin terms in the

Hamiltonian (2.1) for Mn12 and (2.2) for Fe8, do not fully explain the tunneling

behavior in these clusters; therefore an additional term is neededto explain the

observed possibletransitions. Several authors have proposeda transverse�eld term

[5, 31, 34]

H l = � g� B HxSx = �
g
2

� B (S+ + S� ) (2.8)

The tunneling rate as a results of (1.1) in addition to (2.8) has beencalculated

[35, 36] in longitudinal �eld H z = Hn (equation (1.2)) at T = 0. The tunneling

splitting of each level m is given by [37]

� E n
m =

2D
[(2m � n � 1)!]2

 
(S + m � n)!(S + m)!
(S � m)!(S � m + n)!

! 1
2 � g� B Hx

2D

� 2m� n

: (2.9)

The relation between� E n
m and the tunneling rate � is given by [33, 37]

� Em = � �h� � 1 (2.10)

and hencethe tunneling rate at zero �eld, betweenthe states � m, is

� � 1 =
� Em

� �h
=

2D
� [(2m � 1)!]2�h

(S + m)!
(S � m)!

� g� B Hx

2D

� 2m

(2.11)
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The Hamiltonian (1.1) in addition to (2.8) exhibits a crossover from the thermally

activated regimeto quantum tunneling regime[38, 39] that can be either �rst order

(for g� B Hx < SD
2 ) or secondorder (for SD

2 < g� B Hx < 2SD) [39];which meanssharp

or smooth, dependingon the strength of the transverse�eld H x and the shape of the

energybarrier (higher order correctionsto DS2).

Also here the spin dependenceof tunneling rate due to the term (2.8) depends

strongly on the spin value S.

2.3 Spin-Phonon In teraction

Tunneling inducedby Spin-Phononinteraction waspresented [27, 40] asan explana-

tion for magnetic relaxation in Mn12.

Consideran experiment in which the systemis preparedin the spin state j � S >

(where Szj � S > = � Sj � S > ) in an external negative magnetic �eld parallel to

ẑ. At time t = 0 the �eld is reversed,and the system undergoes a transition to a

di�eren t spin state jm > (where Szjm > = mjm > ). According to [27] this transition

is possibleif a phononof wave vector q is created,with an energyallowing for energy

conservation

Em + �h! q = E � S (2.12)

where

Em � � Dm2 � 2� B Hzm (2.13)

If weconsidersmallexternalmagnetic�elds satisfying2� B Hz < D, for which equation

(2.12) can be satis�ed only for m = S, we obtain [27] the tunneling rate

� � 1 =
12

� 2�h4c5�
j < SjV j � S > j2(HzS)3 (2.14)
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taking an isotropic dispersion law, ! q = cq; V is the spin-phononinteraction, and �

is the speci�c mass.

Experimental results for the tunneling time � as a function of the external �eld

Hz in Mn12 show that � increaseswith decreasingH z for Hz > 0:2 T in qualitativ e

agreement with (2.14), but at H z ' 0:2 T, � has a maximum and it decreasesfor

smaller �elds, as can be seenin Figure 1.5.

The argument above predicts a magnetization relaxation rate � � 1 / S3, ignoring

hyper�ne and dipolar �elds; however even if these�elds were taken into account it

would not changethe prediction of a minimum in � � 1 around Hz = 0, while exper-

imentally it was observed in Mn12 and Fe8 that the relaxation rate has a maximum

at Hz = 0 [41]. Hencespin-phonon interaction cannot fully explain the tunneling

behavior, though it may inuence it.

2.4 Dynamic Nuclear Spin and Dip olar In terac-

tion

Another attempt to explain the observed tunneling behavior is obtained by including

dynamic hyper�ne and dipolar �elds. In the low temperature limit the ion spins in

the high spin moleculeare locked together, and the moleculebehaves like one giant

spin; however, due to dipolar �elds the spin up and spin down statesof the molecules

are initially with di�eren t energies,and one needsthe rapidly uctuating hyper�ne

�eld to initially bring the spin up and spin down states to matching energies.The

gradual adjustment of the dipolar �elds acrossthe sample,causedby tunneling relax-

ation, brings a steadysupply of moleculesfurther into resonance,allowing continuous

relaxation.
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This processis particularly important in Fe8 wherehyper�ne couplingsare weak

comparedto Mn12. Thesearguments lead to a squareroot behavior of the magneti-

zation at short times [41]

M (t) /

s
t
�

(2.15)

where � depends on the nuclear T2, the tunneling matrix element � 0 between the

two lowest levels and the initial distribution of internal �elds in the sample(which

dependsstrongly on the shape of the sample),accordingto

� � 1 /
� 2

0T2jES � E � Sj
ED

(2.16)

where ED is total dipolar coupling from nearest neighbor molecules. The dipolar

coupling is proportional to S2 while jES � E � Sj / S, therefore the value of � is

expectedto be proportional to S.

Recent experiments show a clear evidencefor the e�ect of nuclear and dipolar

�elds on tunneling in Fe8 [42], and a non-exponential relaxation of the magnetization

was observed in both powder [4] and single crystal [42, 43] samples,as expected

theoretically [41].

2.5 Landau-Zenner Tunneling

In the previoussectionsI presented the environmental inuence of the molecularspin

and its e�ect on the spin tunneling in thesemolecules. The Landau-Zennermodel

[44] canbe applied to the experiments of swept external magnetic�eld, in which steps

are observed in the hysteresisloop. In this model the o� diagonal elements in the

Hamiltonian, such as the interactions presented in the previoussections,introducea

gap (tunnel splitting) � 0 at the level crossing. The tunneling probability P in this
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model is given by the Landau-Zennerformula [44, 45, 46]

P = 1 � exp

"

�
� � 0

4�hg� B S(dH=dT)

#

(2.17)

wheredH=dt is the �eld sweepingrate, g ' 2, � B the Bohr magneton.

This model revealsan extremesensitivity of the tunnel probability to the � 0 and

on the sweeprate, and can be usedto measurethe value of the tunnel splitting � 0

[47].

2.6 Summary

In this section I will summarizethe results of the tunneling rates from the previous

sections. In this work we are mostly interested in the dependenceof the tunneling

rate (or transition rate) betweendi�eren t spin stateson the spin S of the HSM.

Interaction Spin dependence of the tunneling rate � � 1
High order spin terms S2 or higher
Spin-phonon S3

Static transverse�eld higher than S2

Dynamic hyper�ne and dipolar 1=S

Table 2.1: The spin dependenceof the tunneling rate for the di�eren t possible
interactions presented in this chapter.

This work dealsmainly with a group of isotropic HSM, which were presented in

Section (1.2). Though no spin tunneling is observed in thesemoleculesdue to the

absenceof the anisotropic term DS2
z , other interactions allowed by the symmetry of

the moleculesdo exist, and can induce quantum transitions between di�eren t spin

statesof the moleculeat very low temperatures.
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This group includes three similar moleculeswith di�eren t spin values, therefore

the spin dependenceof the transition ratesbetweenthe spin states,summarizedin Ta-

ble 2.1,will be an important indicator of the interaction dominating thesetransitions,

and may shedsomelight on the dominant interaction which inducesthe tunneling in

anisotropic HSM.



Chapter 3

Exp erimen tal Metho ds

3.1 DC Susceptibilit y Measuremen t

The magnetic measurements were performed using a Quantum Design's magnetic

property measurement system (MPMS). This instrument usesa Superconducting

QU antum I nterfaceD evice(SQUID), which is the most sensitive deviceavailable for

measuringmagnetic �elds. In this sectionI present the principles of operation of the

MPMS following Ref. [48].

3.1.1 The SQUID

Due to the high sensitivity of the SQUID it should not be usedto detect the mag-

netic �eld directly from the sample. Instead, the samplemovesthrough a systemof

superconducting detection coils which are connectedto the SQUID with supercon-

ducting wires, allowing the current from the detection coils to inductively couple to

the SQUID sensor. When properly con�gured, the SQUID electronicsproducesan

output voltage which is strictly proportional to the current o wing in the SQUID

23
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input coil. Hence,the thin �lm SQUID deviceessentially functions as an extremely

sensitive current-to-voltage converter.

���

���

���

��� Sample

Magnetic
Field H

Superconducting
Wire

Figure 3.1: The second-ordergradiometersuperconductingdetection coils

A measurement is performed in the MPMS by moving the sample through the

superconductingdetectioncoils (seeFigure 3.1), which are locatedoutsidethe sample

chamber and at the center of the magnet (seeFigure 3.2). As the sample moves

through the coils, the magneticmoment of the sampleinducesan electric current in

the detectioncoils. Becausethe detectioncoils, the connectingwires,and the SQUID

input coil form a closedsuperconducting loop, any changeof magnetic ux in the

detection coils producesa changein the persistent current in the detection circuit,

which is proportional to the change in magnetic ux. Since the SQUID functions

as a highly linear current-to-voltage converter, the variations in the current in the

detection coils producecorresponding variations in the SQUID output voltage which

are proportional to the magneticmoment of the sample. In a fully calibrated system,

measurements of the voltagevariations from the SQUID detectorasa sampleis moved

through the detection coils provide a highly accurate measurement of the sample's

magnetic moment. The system can be accurately calibrated using a small pieceof

material having a known massand magneticsusceptibility.
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Figure 3.2: The con�guration of the MPMS and location of the detection coil. The
coil sits outside of the samplespacewithin the liquid helium bath (taken from [48]).

3.1.2 The Superconducting Shield

Becauseof the SQUID's extremesensitivity to uctuations in the magnetic�elds, the

sensoritself must be shieldedboth from uctuations in the ambient magnetic �eld of

the laboratory and from the large magnetic �elds producedby the superconducting

magnet. The required magnetic shielding is provided by the superconductingshield

which provides a volume of low magnetic �eld in which the SQUID and its coupling

transformersare located. Proper operation of the SQUID doesnot necessarilyrequire

that the magnetic �eld inside the shield be extremely small, but it doesrequire that

any �eld inside the shield be extremely stable. Consequently, the superconducting

shield servestwo purposesin the MPMS:
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1. To shield the SQUID detector from the magnetic �eld generatedby the super-

conducting magnet.

2. To trap and stabilize the ambient laboratory magnetic �eld present when the

SQUID and the superconducting shield are �rst cooled to liquid helium tem-

perature.

The requirement for the superconductingshield can be more readily appreciated

when one considersthe sensitivity of the SQUID detector. The magnetic ux pro-

duced in the SQUID by a typical small sample is of the order of 0:001 of a ux

quantum, where the ux quantum is 2:07� 10� 7 G-cm2. For comparison,the mag-

netic ux through a 1 cm2 area in the earth's magnetic �eld corresponds to about 2

million ux quanta.

3.1.3 The Superconducting Detection Coil

The detectioncoil is a singlepieceof superconductingwire wound in a setof threecoils

con�gured as a second-order(second-derivative) gradiometer. In this con�guration,

shown in Figure 3.1, the upper coil is a single turn wound clockwise, the center coil

comprisestwo turns wound counter-clockwise, and the bottom coil is a single turn

wound clockwise. When installed in the MPMS, the coilsare positionedat the center

of the superconductingmagnet outside the samplechamber such that the magnetic

�eld from the samplecouplesinductively to the coils as the sampleis moved through

them. The gradiometercon�guration is usedto reducenoisein the detection circuit

causedby uctuations in the large magnetic �eld of the superconductingmagnet.

The gradiometercoil setalsominimizesbackground drifts in the SQUID detection

systemcausedby relaxation in the magnetic �eld of the superconductingmagnet. If
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the magnetic �eld is relaxing uniformly, then ideally the ux changein the two-turn

center coil will be exactly canceledby the ux change in the single-turn top and

bottom coils. On the other hand, the magnetic moment of a sample can still be

measuredby moving the sample through the detection coils becausethe counter-

wound coil set measuresthe local changesin magnetic ux density producedby the

dipole �eld of the sample. In this application a second-ordergradiometer(with three

coils)will provide morenoiseimmunity than a �rst-order gradiometer(with two coils),

but lessthan a third-order gradiometer(which would employ four coils).

It is important to note that small di�erences in the area of the counter-wound

coils will produce an imbalance between the di�eren t coils, causing the detection

coil systemto be somewhatsensitive to the magnetic �eld from the superconducting

magnet. In practice, it is never possibleto get the coils exactly balancedagainst

the large �elds producedby the magnet,sochangesin the magnetic �eld will always

produce somecurrent in the detection coil circuit. Over long periods of time and

many measurements, large persistent currents could build up in the detection coil,

producing noise in the system when these large currents o w in the SQUID input

coil. The MPMS systemprevents this from occurring by heating a small section of

the detection coil circuit whenever the magnetic �eld is being changed.

3.1.4 The Measuremen t Pro cedure

The sampleis mounted in a sampleholder that is attachedto the endof a rigid sample

rod. The top of the sampletransport rod is attached to a stepper-motor-controlled

platform which is usedto drive the samplethrough the detection coil in a seriesof

discretesteps. It is possibleto usediscretestepsbecausethe detection coil, SQUID

input coil, and connectingwires form a completesuperconductingloop. A changein
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the sample'sposition causesa changein the ux within the detection coil, thereby

changingthe current in the superconductingcircuit. Sincethe loop is entirely super-

conducting, the current doesnot decay as it would in a normal conductor. During a

measurement the sampleis stopped at a number of positions over the speci�ed scan

length, and at each stop, several readingsof the SQUID voltage are collected and

averaged. The complete scanscan be repeated a number of times and the signals

averagedto improve the signal to noiseratio.

V
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ge

 [V
]

Scan [cm]

Figure 3.3: The output of the SQUID as a magneticdipole is moved through the
second-ordergradiometerpickup coil. The vertical scalecorrespondsto the output

voltage and the horizontal scaleis sample'sposition (taken from [48]).

The currents induced in the detection coil are ideally those associated with the

movement of a point-sourcemagneticdipole through a second-ordergradiometerde-

tection coil. The spatial (position) dependenceof the ideal signal is shown in Fig-

ure 3.3 [48]. To observe this signal the sample should be much smaller than the

detection coil and the samplemust be uniformly magnetized.

The accurate determination of the magnetic moment of the sample from the

SQUID output signal is made using computer �ts. The linear regressionmethod
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makesa �t of the theoretical signal of a dipole moving through a second-ordergra-

diometer to the actual SQUID output signalusinga linear regressionalgorithm. This

method requiresthe sampleto remain well centered. When the sampleis measured

over a wide temperature range,the samplewill changeposition due to changesin the

length of its transport rod. Using software commands,the samplecan be centered

automatically.

3.1.5 Magnetic Units of Measure

The MPMS reports valuesof magnetic moment in e.m.u. which is equal to G� cm3.

We get the magnetization ~M by dividing the value of magnetic moment ~m by the

volume V of the sample. The MPMS is calibrated with a sampleof known magnetic

moment in units of e.m.u.,and all other signalsarecomparedto the calibrated sample

to get their magnetic moment in the sameunits. Another quantit y frequently used

in magnetismis the magneticsusceptibility, which is given by � = M =H, whereH is

the external magnetic �eld.

As an exampleweconsiderthe Hamiltonian for paramagneticmoment in cgsunits

H = � ~m � ~B: (3.1)

Thereforethe magnetic moment ~m is in units of erg/Gauss. The averagespin value

follows the relation

~M V = N g� B

D
~S

E
(3.2)

where N is the number of magnetic moments in the sample, from which
D

~S
E

is

calculatedby dividing the magneticmoment in e.m.u. units by g� B N .
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3.2 The Muon Spin Relaxation ( � SR) Technique

The � SR techniqueallows oneto study the magneticpropertiesof materials, through

direct measurement of the time dependenceof a positivemuon (� + ) polarization P(t).

The evolution of the polarization dependson the magnetic �eld experiencedby the

positive muon, and providesinformation on the magneticenvironment in the vicinit y

of the muon. With this technique one can detect static magnetic �eld as small as a

fraction of a Gaussand as large asseveral Tesla,and it is sensitive to magnetic �elds

uctuating on a time scaleof 10� 3 � 10� 11 sec.

3.2.1 Exp erimen tal Setup

The polarizedmuonsare producedfrom pion decay (with pion lifetime � � = 26 nsec)

accordingto

� + ! � + + � �

Sinceonly left-handedneutrinos exist, and becausepions have zerospin, muonspro-

duced by pions at rest (p� = 0) have their spin ~s� anti-parallel to their momentum

~p� (SeeFigure 3.4). Thesemuonsare guided into the sampleby a set of dipole mag-

Figure 3.4: Schematic illustration for a positive pion decay into a muon and a
neutrino (Taken from [6]).

nets; and cometo rest in the samplewithin 10� 10 sec,then each muon decays into a

positron and two neutrinos:

� + ! e+ + � e + �� �
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mostly with a positron energeticenoughto travel a substantial distancebeforeanni-

hilating, to reach the positron detectors.

The distribution of the decayed positrons is not sphericallysymmetric, but rather

dependson the polarization of the muon, the positron is preferably emitted in the

direction of the muon polarization as shown in Figure 3.5. In this �gure the length

Figure 3.5: Angular distribution of positrons from muon decay (Taken from [6]).

of the arrow represents relative probability of positron emittance in the direction of

the arrow. From the changein the angular distribution, asa function of time, of the

emitted positrons, onecan reconstruct the polarization of the muon as a function of

time. When needed,we can also apply a variable external magnetic �eld, H L along

the initial polarization direction ẑ, or HT transverseto ẑ.

3.2.2 The Longitudinal Field Con�guration

The Longitudinal Field (LF) (also Zero Field (ZF)) experimental con�guration (Fig-

ure 3.6(a)) is used to measurethe rate in which the muon losesits polarization in

the sampleasa function of the magnetic�eld (H L ) applied along the direction of the

initial muon polarization. This setup is basedon the fact that at t = 0 positrons are
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emitted into the forward (F) counter (full polarization) while at t � ! 1 the polariza-

tion vanishes,and the positron counts in the forward (F) and backward (B) counters

are equal. The positron counters are placedas shown in Figure 3.6(a). The forward

counter hasa small hole in it to allow the incoming muonsto reach the sample.
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Figure 3.6: (a) Longitudinal (and Zero) �eld setup. (b) and (c) are Transverse�eld
setups.

3.2.3 The Transv erse Field Con�guration

The transverse�eld (TF) experimental con�guration (Figure 3.6(b) and (c)) is used

to measureboth the frequencyof the muon precessionand the rate in which it loses

its polarization asa function of the magnetic�eld (H T ), applied perpendicular to the

muons initial spin direction. There are two ways to achieve this con�guration:



CHAPTER 3. EXPERIMENT AL METHODS 33

1. The counters are set up in a similar way to the LF con�guration, but the �eld

is applied in a direction perpendicular to the beam,as shown in Figure 3.6(b).

2. The muon spin is rotated by separatorsand the �eld is applied parallel to the

beam. In this con�guration the counters are placedabove (U) and below (D)

(or left and right sides)of the sampleas shown in Figure 3.6(c).

3.2.4 Data Analysis

When the muons come to rest with their polarization along the beam direction ẑ,

each muon spin evolves in the local �eld until the � + decays at a time t after its

arrival. The decay is asymmetric and the positron is emitted preferably along the

muon spin direction. Two positron counters placed in the forward and backward

directions with respect to ẑ are usedto obtain positron decay time histograms,which

typically contain more than 106 events. The number of detected positrons in the

backward and forward counters are, correspondingly,

NB (t) = N B
0

�

BB + e� t
� � (1 + A0Pz(t))

�

NF (t) = N F
0

�

BF + e� t
� � (1 � A0Pz(t))

�

(3.3)

where BB (BF ) is the time independent background in the backward (forward)

counter, N B
0 (N F

0 ) is the counting rate in the backward (forward) counter, Pz(t) is the

muon polarization in the z direction as a function of time and A0 is the asymmetry.

To extract the polarization function we subtract the constant background (N B
0 BB

and N F
0 BF ), to obtain

B(t) = NB (t) � N B
0 BB

F (t) = NF (t) � N F
0 BF (3.4)
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We de�ne the experimental \ra w" asymmetry as:

A r (t) =
B(t) � F (t)
B (t) + F (t)

=
(1 � � ) + (1 + � )A0Pz(t)
(1 + � ) + (1 � � )A0Pz(t)

(3.5)

where � is the ratio of the raw count rates N F
0

N B
0

, and reects the ratio of e�ectiv e

solid anglesof the detectors. � can be calculatedby applying a magnetic �eld which

is transverse to the initial muon polarization, and �nding the � value that gives

oscillationscentered around zero.

Finally, from equation (3.5) one can extract the corrected asymmetry which is

proportional to the polarization in the z direction

A(t) = A0Pz(t) =
(� � 1) + (� + 1)A r (t)
(� + 1) + (� � 1)A r (t)

=
� B (t) � F (t)
� B (t) + F (t)

: (3.6)

The polarization in the perpendicular direction to ẑ can be calculated from two

positron counters placedup and down relative to the sample

A? (t) = A? 0P? (t) =
� ? D(t) � U(t)
� ? D(t) + U(t)

(3.7)

where U(t) and D(t) are the counts in the up and down counters after subtracting

the background. � ? is the ratio between the raw count rate in the up detector to

that in the down detector, N U
0

N D
0

.

The asymmetry is �tted to the expectedfunction from theoretical or phenomeno-

logical considerations,and the physical properties are extracted from the �tting pa-

rameters.

The arrangement of the positron counters and external �eld direction, longitudinal

or transverse,is chosendepending on the information that we want to extract from

the experiment.
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3.2.5 Muon Spin Rotation

The fully polarized muon, after entering the sample, comesto rest in a magnetic

environment. Sincethe mechanism which stopsthe muon is much stronger than any

magnetic interaction, the muon maintains its polarization while loosing its kinetic

energy. However, at the stopping site the muon spin starts to evolve in the local

�eld ~B. When all the muons experiencea unique magnetic �eld in their site, the

polarization along the ẑ direction Gz(t) is given by

Gz(t) = Re
n

cos2 � + sin2 � ei! (t � t0 )
o

(3.8)

where � is the anglebetweenthe initial muon spin and the local �eld direction (see

Figure 3.7), ! =  � B is the Larmor frequencyof the muon ( � = 85:162 MHz/kG),

and t0 is the arrival time of the muon. When taking the powder averageof Eq. (3.8)

we get

Gz(t) =
1
3

+
2
3

cos(! t) (3.9)

wherewe took t0 = 0.

P(0)
P(t)

B

y

x

z

j

q

Figure 3.7: The ẑ component of the muon polarization in the presenceof a constant
�eld ~B.

In real systems,however, the local �eld experiencedby di�eren t muons is rarely

unique. It can vary from site to site as a result of nuclear moments, impurities, or

non-homogeneousfreezingof the ionic moments. It could alsovary in time, at a given
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site, due to dynamic uctuations. In thesecasesthe oscillation amplitude (2=3) and

the averagepolarization (1=3) decay.

The decay or relaxation of the 2=3 component results from both dynamical uc-

tuations and spatial inhomogeneities.If we ignoremomentarily the dynamical uctu-

ations, and assumethat the frequencyof oscillations,insteadof being unique, follows

the distribution � (! � ! 0), where! 0 is the meanvalue of the Larmor frequency, then

Gz(t) =
1
3

+
2
3

Z
d! � (! � ! 0) cos(! t): (3.10)

It is easyto seethat if � is Gaussian/Lorentzian the 2=3 component relaxeswith a

Gaussian/exponential line shape. Dynamical uctuations could only add additional

sourcesof relaxation. However, without the help of echo techniques(as in NMR) it

is hard to distinguish betweenthe two sourcesof relaxation of the 2=3 component.

On the other hand the spatial inhomogeneity of the �eld cannot causerelaxation

of the 1=3 component sincein the powder therearealways 1=3 of the muonswith their

polarization pointing along the local �eld. Thesemuonshave a constant polarization

unlessthe �eld changeswith time. As a result, the relaxation of the 1=3 component

could occur only from dynamical uctuations of the local �eld.

3.2.6 Traditional Theory of Muon Spin Relaxation

The 100%polarization of the muonsin the sampleis not the equilibrium ratio of spin

up to spin down and the muon gradually depolarizesin order to reach the equilibrium

ratio. The time dependenceof this depolarization is derived in this section using

the strong collision model. In this model we assumethat the �eld experiencedby

the muon changesdiscontinuously at times t1 < � � � < tn < t(= tn+1 ) with some

averagefrequency� . Betweenthese�eld changesthe polarization evolvesasif the �eld
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were static. We demonstratethe application of this model to two �eld distributions

Gaussianand Lorentzian. The Gaussiandistribution is given by

� G( ~B) =

 
 �p
2� � 2

! 3

exp

0

@�
 2

� [ ~B � ~B0]2

2� 2

1

A (3.11)

where ~B0 is someaverage�eld which is either applied externally or causedby the

magnetic moments in the sample,and � = � is the root mean square(RMS) of the

�eld distribution. The Lorentzian distribution is given by

� L ( ~B) =
�  �

�

� 3 Y

i = x;y ;z

"
a

a2 +  2
� (B i � B 0

i )2

#

(3.12)

where B 0
i is the i -th component of someaverage�eld ~B0, and a= � represents the

width of the �eld distribution.

The static relaxation function g0(t) is obtainedby convoluting Gz(t) from Eq. (3.8)

with the �eld distribution � ( ~B). For example, if ~B0 = 0 we obtain in the caseof

Gaussiandistribution

gG
0 (t) =

Z
d3B� G( ~B)Gz(t) =

1
3

+
2
3

(1 � � 2t2) exp

 

�
� 2t2

2

!

: (3.13)

This relaxation is known asthe static GaussianKubo-Toyabe [49]. This function has

a 2=3 component showing a damped oscillation around B, with time scale1=�, and a

persisting1=3 polarization which is referredto as recovery. The RMS � of magnetic

�elds can be estimated from the rate of the damped oscillation.

In the caseof Lorentzian distribution we obtain

gL
0 (t) =

Z
d3B� L ( ~B)Gz(t) =

1
3

+
2
3

(1 � at) exp(� at): (3.14)

This relaxation is known asthe static Lorentzian Kubo-Toyabe [50,51]. This function

hasa shallow \dip" of the dampedoscillation comparedto the GaussianKubo-Toyabe
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(3.13), corresponding to a faster damping due to a wider range of �elds B, with a

time scale1=a, and then a recovery of 1=3 of the polarization follows.

Application of a longitudinal �eld HL parallel to ẑ helps aligning the local �eld

along the z axis. The LF relaxation function for a Gaussianlocal �eld becomes[52]

gG
z (t; HL ) = 1 �

 
2� 2

! 2
L

!
h
1 � e� � 2 t2=2 cos(! L t)

i
+

 
2� 4

! 3
L

! Z t

0
e� � 2 t2=2 sin(! L � )d�

(3.15)

where ! L =  � HL . When � =! L is small, i.e. when the external �eld HL is much

higher than the internal �eld, the polarization approaches 1. This e�ect is called

decoupling.

The LF relaxation function for a Lorentzian local �eld follows [53, 54]

gL
z (t; HL ) = 1 �

a
! L

j 1(! L t)e� at �
� a

! L

� 2 h
j 0(! L t)e� at � 1

i

�

"

1 +
� a

! L

� 2
#

a
Z t

0
j 0(! L � )e� a� d� (3.16)

wherej 0 and j 1 denotesphericalBesselfunctions. When a=! L is small, i.e. whenHL

is much higher than a, the polarization approaches 1, similar to the LF relaxation

function for a Gaussianlocal �eld.

If we now take the �eld changesinto account, then the polarization at a measured

time t contains contributions from muons that experienceno �eld changesat all,

those that experienceone change,two changesand so on. The probability that the

�eld stays unchangedduring the time t i +1 � t i is given by � (t i +1 � t i ). For Markovian

processeswe have

� (t) = e� � t : (3.17)

It shouldbe pointed out that this type of dynamical process(Markovian) leadsto an

exponential decay of the time-dependent �eld-�eld correlation function
D

~B(t) � ~B(0)
E
.
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The averagepolarization is obtained by taking the sum over all possiblenumber

of changes,weighted by their probability. Sincethe probability density for n changes

between[t1; t1 + dt1]; � � � ; [tn ; tn + dtn ] is

nY

i =1

exp[� � (t i � t i � 1)] � dti = � ne� � t
nY

i =1

dti

we get

Pz(t) = e� � t
�

g0(t) + �
Z t

0
dt1g1(t1; t) + � 2

Z t

0
dt2

Z t2

0
dt1g2(t1; t2; t) + � � �

�

(3.18)

where gn (t1; � � � ; tn ; t) is the polarization function given that the muon experiences

�eld changesat t1; � � � ; tn . If we now assumethat the �elds at di�eren t time inter-

vals are uncorrelated,and that during each time interval the polarization propagates

accordingto the static function g0(t) we have

gn (t1; � � � ; tn ; t) =
n+1Y

i =1

g0(t i � t i � 1): (3.19)

Eq. (3.18)canbefurther simpli�ed. However, in mostcasesweendup usingnumerical

techniques at somepoint in order to obtain Pz(t). Therefore we will not further

simplify this equation here.

We refer to the polarization function which is obtained by applying the strong

collision model to the static Kubo-Toyabe as the dynamical Kubo-Toyabe (DKT).

The advantage of the DKT is that it is very practical for data analysissinceit is not

limited to a speci�c rangeof parameters.In real systems,wherethe dominant source

of relaxation often varieswith temperature betweenthe dynamic and the static, the

abilit y to account for the muonspin relaxation with a theory which treats both sources

on the samefooting, is very useful.
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3.3 The Nuclear Magnetic Resonance (NMR) Tech-

nique

NMR and � SRarevery similar techniquesin their principle of operation. � SRhasthe

advantage of being universal (independent of the studied sample). Its disadvantage

is that the local probes (muons) are located in an unknown position. NMR has

the advantage that the local probes (nuclei) are well located in the structure of the

compound. However not all samplescontain the samenuclei.

3.3.1 Exp erimen tal Setup

In an NMR experiment the sampleis placed inside a coil (seeFigure 3.8), and im-

mersedin a static external magnetic �eld ~H = H0ẑ. This �eld polarizesthe nuclear

spinsalong the z axis. In addition to this �eld we apply a transversemagnetic �eld

H1 along the x axis, which is produced by running an alternating current in the

coil L (seeFigure 3.8), with frequencyequal to the Larmor frequency, ! L =  N H0,

where N is the gyromagneticratio of the studied nuclearspin. To do sowe tune the

resonancefrequencyof the circuit (Figure 3.8) by changing the capacitanceof both

capacitorsC and C0. We keepthe impedanceof the power supply (50 
) matched

to the impedanceof the rest of the circuit, in order to get maximum power from the

power supply into the circuit. To ensurethesetwo conditions, onemust have

C + C0 =
1

! 2
L L

(3.20)

50
R

=
�

1 +
C
C0

� 2

(3.21)

whereR is assumedto be small.
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To understand the e�ect of H1 on the nuclear spins, it is convenient to de�ne a

rotating frame of referencewhich rotates about the z axis at the Larmor frequency,

! L . We distinguish this rotating coordinate system from the laboratory system by

primes on the x and y axes,x0y0.

The advantage of looking at the problem from a rotating referenceframe is its

simplicity; e.g. a nuclear magnetization vector rotating at the Larmor frequencyin

the laboratory frame appearsstationary in a frame of referencerotating about the z

axis.

H

H1

0

~C'

C

Sample L R

Figure 3.8: Resonancecircuit for the NMR probe.

When the alternating current through the coil is turned on and o�, it creates

a pulsed H1 magnetic �eld along the x0 axis, this �eld can be seenas the sum of

two components, one rotating clockwise and the other counterclockwise. It can be

shown that only the component which is stationary in the rotating referenceframe is

important, and is taken into account. The spins respond to this pulse in such a way

in order to causethe net nuclear magnetization vector to rotate about the direction

of the applied H1 �eld. The rotation angledependson the length of time the �eld is

on, � , and its magnitude H1

� =  N � H1 (3.22)

where� is assumedto be much smaller than T1 and T2 (seebelow).

A �
2 pulseis onewhich rotates the nuclearmagnetizationvector clockwiseby � =2
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radians about the x0 axis, down to the y0 axis; while in the laboratory frame, the

equilibrium nuclear magnetization spirals down around the z axis to the xy plane.

One can seewhy the rotating frame of referenceis helpful in describingthe behavior

of the nuclear magnetization in response to a pulsed magnetic �eld. Similarly a

� pulse will rotate the nuclear magnetization vector by � radians. If the nuclear

magnetizationwas initially along the z (x or y) axis it is rotated down along the � z

(� x or � y) axis.

3.3.2 Pulse Sequences

The �
2 Free Induction Decay (FID) Pulse

In the �
2 -FID pulse sequence,the net nuclear magnetization is rotated down into

the x0y0 plane with a �
2 pulse. Then it begins to precessabout the + z axis, while

its magnitude decays with time. This inducesmagnetic ux changes,and therefore

induces a signal "(t) in the coil, which is then recorded. A timing diagram for a

�
2 -FID pulsesequenceis a plot of signalversustime (in the rotating referenceframe),

as shown in Figure 3.9.

The signal "(t) follows

"(t) = "0e� �t (3.23)

where� represents the distribution of local magnetic�elds experiencedby the studied

nuclei. The Fourier transform of the signal "(t) givesthe NMR line in the frequency

domain.
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Figure 3.9: A �
2 -FID signal from protons' nuclear spins in CrNi 6, at temperature

T = 300K and �eld H0 = 3:3239T.

The Spin-Ec ho Sequence and T2 Measuremen t

Another commonly used pulse sequenceis the spin-echo pulse sequence.Here a �
2

pulseis �rst appliedto the spin system. The �
2 pulserotatesthe nuclearmagnetization

down into the x0y0 plane. The transversenuclear magnetization begins to dephase.

At time techo after the �
2 pulse, a � pulse is applied. This pulse rotates the nuclear

magnetizationby � about the x0 axis. The � pulsecausesthe nuclear magnetization

to at least partially rephaseand to producea signal calledan echo, ascan be seenin

Figure 3.10.

The dephasingof the transversenuclear magnetization occurs becausethe spin

packets making it up experiencea time dependent magnetic �eld. The time scaleof

the dephasingis called the spin-spin relaxation time T2.

To measureT2 valuewe usethe spin-echo sequence;by varying the time techo, and

measuringthe maximal value of the signal for the sameparameters," max (techo). The

maximal value of the signal as a function of techo behavesaccordingto

"max (techo) = "0e�
t echo

T2 : (3.24)
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In practice onemeasures"max (techo). The valuesof "max asa function of techo are then

�tted to a function of the form (3.24), or to a function of the form f
�

techo
T2

�
, from

which the value of T2 is extracted.
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Figure 3.10: An echo signal from protons' nuclear spins in CrNi 6, at temperature
T = 160K and �eld H0 = 1:2 T.

The In version Recovery Sequence and T1 Measuremen t

In this sequence,a � pulseis �rst applied, this rotates the net nuclearmagnetization

down to the � z axis. The nuclear magnetization undergoes spin-lattice relaxation

and returns toward its equilibrium position along the + z axis. Before it reaches

equilibrium, a �
2 pulseis appliedwhich rotates the longitudinal nuclearmagnetization

into the x0y0 plane. In this sequence,the �
2 pulse is applied at a time TI after the �

pulse. Oncethe nuclear magnetization is in the x0y0 plane it rotates about the z axis

and relaxesgiving a signal similar to that obtained in an FID.

The amplitude of the signal measuredat a certain time t0 as a function of TI

follows

"(TI ) = "0

�

1 � 2e�
TI
T1

�

: (3.25)
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T1 is called the spin lattice relaxation time, and it givesthe time scaleneededfor the

nuclearmagnetizationto reach thermal equilibrium. It shouldbe noted that the zero

crossingof this function occurs for TI = T1 ln 2.

The signalsobtained from measuringan inversion recovery sequence,as a func-

tion of the time TI betweenthe � and the �
2 pulses,and �xed parameters,behaves

accordingto (3.25), �tting the signalsas a function of TI to the form (3.25), or to a

function of the form f
�

TI
T1

�
, yields an estimate for T1.

The Saturation Recovery Sequence and T1 Measuremen t

This sequencegivesanother way to measureT1, which is useful in the caseof broad

NMR linesandshort T1 values[55]. In this sequencemultiple � =2 pulses(1-15usually)

areapplied to obtain zeronuclearmagnetizationin the z direction, M z = 0, and after

a time TI another � =2 pulse is applied.

After bringing the systemto a state whereM z = 0, the systemtries to go back to

its thermal equilibrium state, whereM z is saturated, within a characteristic time T1,

and applying the last � =2 pulseat di�eren t valuesof waiting time TI yields a signal

amplitude which follows

"(TI ) = "0

�

1 � e�
TI
T1

�

(3.26)

here the zerocrossingof this function occurs for TI = 0.

The signalsobtainedfrom measuringa saturation recovery sequence,asa function

of the time TI betweenthe � =2 comb and the �nal � =2 pulse,with �xed parameters,

behaves according to (3.26), and �tting the signalsas a function of TI to the form

(3.26), or to a function of the form f
�

TI
T1

�
, yields an estimate for T1.
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3.3.3 Field Sweep and NMR Line Shapes

The NMR spectrum (or line shape) reects the spectrum of frequencyabsorption of

the studied nuclei, from which onecan study the magneticenvironment and interac-

tions in the vicinit y of the nuclei.

Fourier Transform

The NMR spectrum can be simply reconstructedby simply Fourier transforming the

signal (echo or FID) in the rotating referenceframe. This method is applicable in

caseswherethe spectrum is narrower than the bandwidth of the receivingsystem.

Field Sweep

When the spectrum is broader than the bandwidth of the receiver one has to sweep

the external magnetic �eld. By doing that one puts di�eren t groupsof the nuclei in

resonance,and scansthe di�eren t sectionsof the NMR spectrum. The full spectrum

is reconstructedby time integrating over di�eren t signalsobtained for the di�eren t

�elds. Each integral correspondsto the intensity of the spectrum at the corresponding

frequency.

Frequency Step and Sum (FSS) Metho d

This method is mostly useful for wide, in-homogeneouslybroadenedNMR spectra

[56]. It has the advantage of high resolution, high sensitivity and it extracts the

distortions in the spectra introducedby the �nite amplitude of the RF pulsesand the

�nite bandwidth of the receivingsystem.

In this method we record the signal at a seriesof magnetic �elds, changing the

external magnetic�eld in equalsteps. The �nal spectrum is reconstructedby Fourier
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transforming each signal separately, shifting the frequencyin correspondenceto the

�eld step, and then summing the spectra from all the �eld steps.



Chapter 4

Exp erimen tal Results

4.1 � SR Measuremen ts in Fe8

In this section we report clear evidenceof QTM in single crystal Fe8 using � SR

technique. The high spin moleculeFe8 hasbeenstudied extensively, sinceit exhibits

\pure" tunneling, wheretemperature independent behavior is observedbelow 360mK

[4, 21, 43, 57].

At low temperature only the S = 10 spin state is populated. The energylevelsof

the Fe8 spin states as a function of an external �eld H are shown in Figure 4.1. At

certain \matching" �eld valuesHmatch = 0; � 2:1; � 4:2; � � � T, stateswith di�eren t m

valuescan have equalenergies.

When applying a high positive �eld at low temperature,all moleculesarepolarized

and occupy the m = 10 spin state. As the �eld is decreasednearly to zero, the spins

remain in this state. However, when the applied �eld becomesnegative the ground

state changesto m = � 10. As a result someof the spins tunnel from the m = 10 to

the m = � 10 state with probability p(� 10; 10). This tunneling takesplacewhen the

48
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�eld is closeto the �rst matching �eld Hmatch = 0. Not all spinstunnel, and somestay

in the m = 10 state with probability 1 � p(� 10; 10). Transitions betweendi�eren t

spin statesare negligiblewhen the external �eld is di�eren t from the matching �elds

[4]. Consequently spinshave a chanceto escape the m = 10 state only when the �eld

is negative and equal to oneof the matching �elds Hmatch.
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Figure 4.1: Energy levelsof the di�eren t spin statesof Fe8 as a function of applied
�eld ~H k ẑ

� SRmeasurements wereperformedon a fewalignedFe8 singlecrystalswhich were

glued on a small silver plate. The samplewas then inserted into a brass cell with

a mylar window (seeFigure 4.3), and sealedinside with a He gas environment in

order to ensurefast and uniform thermalisation of the sampleand prevent it from

shattering.

In thesemeasurements we usethe TF con�guration (seesection3.2.3), in which

we apply a magnetic �eld whosedirection is 50o relative to the initial polarization of

the muon, but parallel to the easyaxis ẑ of the Fe8 single crystals (seeFigure 4.2).

All measurements wereperformedat a temperature of 40 mK, to ensurethat the Fe8

moleculesare in their S = 10 ground state and no thermal activation is possible.
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Figure 4.2: The arrangement of the Fe8 singlecrystal in the experimental apparatus.

Each measurement was performed in three steps: (I) a �eld of H = +2 Tesla

was applied for 15 minutes to polarize the Fe8 molecules,(I I) the �eld was swept

to an intermediate negative magnetic �eld H i with a sweeprate v, (I I I) eventually

the �eld was swept back to H = � 50 G, at which all measurements wereperformed.

By performing step (I I) the magnetic �eld passesthrough di�eren t matching �eld

values,while step (I I I) guaranteesthat the changesin the local �eld experiencedby

the muonsare a result of changesin the spin statesof the surroundingFe8 molecules.

holder
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Cell
Part 2
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Mask

Cell
Part 1

Sample
model
for 
orientation

Figure 4.3: A brasscell with mylar window in which the Fe8 samplewas inserted
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In Figure 4.4 we present the asymmetry as a function of time for di�eren t inter-

mediate �elds H i . The �eld sweeprates is v = 0:24 T/min. In this �gure one can
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Figure 4.4: The asymmetry as a function of time for di�eren t valuesof
H i = � 0:05; � 1:5; � 2; � 3; � 5 kG for (a), (b), (c), (d) and (e) respectively.

clearly seethat depending on H i the asymmetry is di�eren t (especially in the time

rangebetween0.5 and 2 � sec),and that all asymmetriesdi�er exceptfor (b) and (c).

The reasonfor that the number of matching �elds crossedin both cases(b) and (c)

is equal, and thereforethere is no di�erence in the magnetizationbetweenthesetwo

cases.However, the runs (b) and (c) di�er from the other runs, for which di�eren t

matching �elds werecrossed.

We analyzethe data by �tting the asymmetryof all runs to a function of the form

A(t) = A0 sin(! 0t)e� � 0 t + A1 sin(! 1t)e� � 1 t + Bg (4.1)
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whereA0, ! 0 and � 0 represents the fraction of muons experiencinga magnetic �eld

mainly from moleculeswith m = 10 spin state. Similarly A1, ! 1 and � 1 represent the

fraction of muonswhich interact alsowith negative spin states. B g is usedto account

for the baselineof the asymmetry. The precessionfrequencies! 0 and ! 1 represent

the di�eren t local �elds experiencedby the muons inside the Fe8 singlecrystal. The

changesin the frequenciesindicate a change in the internal �eld, or in the spin

direction of thoseFe8 moleculescloseto the muon and a�ecting its polarization.

The �tting curvesare the solid lines in Figure 4.4, where the parameter B g ' 0

was sharedfor all curves, the value of ! 0 was found to be 13:4(3) MHz, commonto

all curves,asexpectedfor muonswhich do not experiencea changein the local �eld.

The valuesof A0 and A1 are presented in Figure 4.5. At low intermediate �elds the
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Figure 4.5: The amplitudes associated with the di�eren t fractions of muons. The
amplitudes changeonly when di�eren t matching �elds are crossed

amplitude A0 is high while A1 is low, indicating that most of the muonsareinteracting

with Fe8 moleculesin the m = 10 spin state. A decreasein A0 accompaniedby an

increasein A1 is observed when more matching �elds are crossedduring the �eld

cycle. More pronouncedare the steps in the value of ! 1 presented in Figure 4.6,
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whereeach step correspondsto a di�eren t matching �eld H match.
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Figure 4.6: The value of ! 1 as a function of H i for sweepingrate v = 0:24 T/min
(squares)and v = 0:1 T/min (circles).

In order to rule out e�ects of superconducting magnet irreproducibilit y, we re-

peated the samemeasurements twice. We found that similar cyclesreproduce the

identical asymmetry, asseenin Figure 4.7(a),proving that the changein the frequency

is not due to inaccuracyin the magnetic �elds applied on the sample. Similarly, the

e�ect of time dependenceof the magnetizationwas ruled out by polarizing the spins

of the Fe8 molecules,after applying a �eld on +2 Tesla for 20 minutes, and then

measurements at the sameexternal �eld were taken, with intervals of 2 hours be-

tweenthem. As seenin Figure 4.7(b), no changein the asymmetry is observed even

after 4 hours (while a singlemeasurement takes45 minutes), indicating that the time

dependenceof the magnetization is too small to account for the changesobserved in

the frequencyin Figure 4.6.
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Figure 4.7: (a) Two similar measurements wherewe ramp the �eld up to +2 Tesla,
then to � 50 Gauss.Both measurements give the sameasymmetry. (b)

Measurements taken at di�eren t times after applying a �eld of +2 Tesla,and then
ramping the �eld down to +50 Gauss.Even after 4 hours no changein the

asymmetry is observed.

4.2 � SR Measuremen ts in Isotropic Molecules

The � SR measurements reported here were performed in the LF con�guration (see

section 3.2.2), in which the magnetic �eld is applied in the direction of the initial

muon polarization. In theseexperiments wemeasurethe polarization (i.e. normalized

asymmetry) P(t; H ) of a muon spin implanted in the sample,as a function of time t

and magnetic �eld H (seesection(3.2) ), whereP(0; H ) = 1. The measurements in

all moleculesare performedat temperaturesranging from 25 mK up to 300 K, and

in �elds ranging betweenzero and 2 T. Theseexperiments were performed at both

ISIS and PSI, exploiting the long time window in the �rst facilit y for slow relaxation

(high T), and the high time resolution in the secondfacility for fast relaxation (low

T).

In Figure 4.8 we present the muon spin polarization asa function of time and for
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di�eren t temperaturesin CrNi6 (S = 15
2 ) at zero�eld (a), and at H = 2 T (b). In zero

�eld, the relaxation rate increases,as the temperature is decreased,and saturatesat

� 5 K. In contrast, at H = 2 T, and temperatureslower than � 17 K, the relaxation

rate decreasesas the temperature is decreased,and doesnot saturate.
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Figure 4.8: The spin polarization as a function of time. (a) At zero �eld and
di�eren t temperatures. (b) At �eld H = 2 T and di�eren t temperatures. The solid

lines are �ts of the data to squareroot exponential functions.

The Hamiltonian of the isotropic HSM at zero �eld can be well approximated by

H = � J
6X

i =1

~S0 � ~Si ; (4.2)

at high temperaturesthe J bond betweenspinsis broken, while at low temperatures,

kB T � J , the spins lie parallel or anti-parallel to each other, forming a ground spin

state, with spin ~S =
P 6

i =0
~Si and quantum spin number S, which is 2S + 1 times

degenerate.

The increaseof the relaxation rate at high temperatures is causedby thermally

activated transitions betweenexcited spin states(e.g. S = 15
2 � ! 13

2 etc.). However,

at low temperatures, only the ground spin state is populated, and only transitions

within the degenerateground state are possible.
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In Figure 4.9wepresent the longitudinal �eld dependenceof the muonpolarization

in CrNi6 at T = 50mK. The relaxation rate at this temperature decreasesasthe �eld

is increased. Two aspects of the data indicate that the muon polarization relaxes

due to dynamical �eld uctuations; the �rst is that no recovery is observed, i.e.

lim t !1 P(t) � P1 = 0. A recovery of the polarization P1 = P0=3 is expected

in a casewhere the muon experiencesa static local �eld and zero external �eld

[58] (see section 3.2). The secondis that the time scaleof relaxation 1=� in ZF

is of the order 1 � sec; if this �eld were static it would have been of the order of

B � 10G (usingB = �= � where � is the muongyromagneticratio, asseenin section

3.2.6). Such a �eld should have beencompletely decoupled(lim t !1 P(t) = P0) with

� 100 G LF or more [58]. However, even �elds as high as 5000G do not decouple

the relaxation. Therefore, we conclude that even at 50 mK the CrNi 6 spins are

dynamically uctuating. Similar experiments and line of arguments indicate that

CrCu6 and CrMn6 spinsare alsodynamically uctuating at very low temperature.
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Figure 4.9: The variation of the polarization in CrNi 6 at T = 50 mK as the �eld is
changed

We thereforeanalyzeour data using spin lattice relaxation theory. In this theory,
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one assumesa uctuating local �eld ~B(t) experiencedby a local probe (muon or

nucleus)of spin ~I . The spin lattice relaxation time T1 in this casefollows

1
T1

=
 2

2

Z 1

�1
dt hB? (0)B? (t)i exp(i H t): (4.3)

where is the gyromagneticratio of the local probe and H is the external �eld. The

polarization of a local probe, in the fast uctuation limit, is given by

P(H; t) = (P0 � P1 ) exp[� t=T1] + P1 (4.4)

whereP0 is the initial polarization, P1 is the equilibrium polarization [54, 59],

T1(H ) = A + BH 2; (4.5)

A =
1

� 2�
; (4.6)

B =
 2�
� 2

: (4.7)

The correlation time � and mean squareof the transverse�eld distribution at the

probe site in frequencyunits � 2 are de�ned by

 2 hB? (t)B? (0)i = � 2 exp(� t=� ) : (4.8)

The fast uctuation limit is obeyed when � � � 1.

In � SR P1 = 0, and the muon could occupy many di�eren t sites in the sample,

since the moleculesare fairly large (� 15 �A diameter) and present an organic sur-

rounding around the metal ions and perchlorate anionsseparatingthe molecules.As

a result onemust averageover �. Using the distribution [54]

� (�) =

s
1

2�
� �

� 2
exp

 

�
1
8

� � �

�

� 2!

; (4.9)

the resulting polarization is then

P(t) =
Z 1

0
P0 exp(� t=T �

1 ) � (�) d� (4.10)
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and allowing for a constant background (Bg) due to muons stopping outside the

sampleoneobtains

P(t) = P0 exp
�

�
q

t=T �
1

�

+ Bg; (4.11)

where 1=T�
1 is the muon spin relaxation rate. This form is in agreement with the

experimental results (seebelow). In addition, Eq. (4.5) still holds, while in Eq. (4.6)

and (4.7), � is replacedby � � .

The solid lines in Figure 4.8 are �ts of the data to Eq. (4.11) whereP0 is a global

parameter. The parameterBg is freewithin 10%of its meanvaluesincethe high �elds

a�ect the positron tra jectory in a mannerthat is reected in Bg. The �t is satisfactory

in all casesexcept for the highest H and lowest T in CrNi 6. The relaxation rate

1=T�
1 in the di�eren t compounds, obtained from the �ts is presented in Figure 4.10

as a function of temperature for di�eren t valuesof H . As pointed out above, 1=T�
1
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Figure 4.10: 1=T1 asa function of temperature for di�eren t external �elds, measured
by � SR in (a) CrCu6 (b) CrNi6 and (b) CrMn6.

increaseswith decreasingtemperatures,and saturatesat low temperatures. The value

of 1=T�
1 at the same�eld, for the di�eren t compounds, increasesas the spin of the
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compound is higher, as is expecteddue to the increaseof the magneticmoment and

hencethe local �eld experiencedby the muons. The saturation temperature increases

as the coupling constant J increases.This is in strong contrast with Mn12 [60, 61]

and Fe8 [62] where in zero �eld 1=T�
1 increasescontinuously upon cooling until the

correlation time � becomesso long that the molecule appears static in the muon

dynamical window.

In Figure 4.11we plot the averagerelaxation time T �
1 (H ) at T ! 0 asa function

of H 2 for all compounds, for �elds up to 2 kG (note the axis break). We �nd that

T �
1 obeysEqs. (4.5)-(4.7). This implies that the muon spin relaxation is indeeddue

to dynamical �eld uctuations, and that at low T the �eld autocorrelation can be

describedby a singlecorrelation time aslong asthe applied �eld is not too strong. At
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Figure 4.11: The saturation value of the spin lattice relaxation time as a function of
H 2 for CrCu6, CrNi6 and CrMn6. The solid lines are linear �ts of the data.

high �elds (> 2 kG) we �nd deviations (not shown) from the linear relation between

T �
1 and H 2. The deviation might be due to the impact of the �eld on the spin

dynamics, i.e. the correlation function given by Eq. (4.8). From the linear �ts in

Figure 4.11, and taking (� � )2 =  � (AB ) � 1=2 from Eq. (4.6)-(4.7), where for a muon
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 � = 85:162 MHz/kG, we �nd the valuesof � �
0 shown in Table 4.1. The subscript 0

Compound � �
0 [MHz] � �

0 [G] � 0 [nsec]
CrCu6 4:9 � 0:9 57� 10 7 � 1
CrNi6 26� 2 305� 25 10� 1
CrMn6 38� 2 446� 24 11� 1

Table 4.1: The valuesof the averagelocal �eld experiencedby the muons� �
0 and

the spin-spincorrelation time � 0 measuredby � SR.

standsfor T ! 0. Using � = (B=A 2
� )1=2 from the sameequationswe �nd the values

of � 0 presented also in Table 4.1. Thesevaluesof � �
0 and � 0 are self consistent with

the fast uctuation limit. Most striking is the fact that all � 0 valuesare very close.
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Figure 4.12: The valuesof � �
0 vs.

q
S(S + 1) (upper and left axes),and the values

of � 0 vs. S (lower and right axes).

The valuesof � �
0 and � 0 are presented in Figure 4.12. One can seethat the values

of � �
0 increaseswith

q
S(S + 1), indicating that the muons, which experiencethe

dipolar �eld of the molecular spin, stop in sites with a similar distance from the

magneticmoments of the moleculesin the three di�eren t compounds. The valuesof
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� 0 are very closebut show a slight increasewith the spin value S, indicating that the

spin dependenceof � 0 is very weak.
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Figure 4.13: The value of hS2i (T) as obtained from Eq. (4.13) for the di�eren t
compounds.

Finally, we would like to obtain the correlation time at all temperatures. This

could be calculatedfrom T �
1 combined with magnetizationmeasurements, at zero(or

very low) �elds. In zeroorder approximation we assumethat hB 2
? i is proportional to

hS2i which is di�eren t from S(S + 1) sinceat temperatures kB T � J , states other

than the ground state S can be populated. Thereforein zero �eld

T � 1
1 (T) =

� � 2
0 hS2i (T)� (T)

S(S + 1)
: (4.12)

Taking
D
S2

E
(T) =

3kB T� (T)
N (g� B )2

; (4.13)

whereN is the number of moleculesin the sample,� B is Bohr magneton,kB is the

Boltzmann factor, and g = 2, we �nd

� (T) =
(g� B )2

3kB

S(S + 1)
T1(T)T� (T)� � 2

0
: (4.14)
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In Figure 4.13we present hS2i (T) asa function of temperature for CrCu6, CrNi6

and CrMn6, obtainedfrom H ! 0 DC-susceptibility measurements and Eq. (4.13). In

Figure 4.14wepresent � (T) ascalculatedusingEq. (4.14) for the di�eren t compounds.

The T dependenceof the correlation time � (T), unlikethe muonspin lattice relaxation

rate, reects the dynamicsof the molecularspin without the T dependenceof the �eld

at the muon site. At T � 100K there is more than an order of magnitude di�erence

in � betweenthe di�eren t molecules.As the temperature is lowered the correlation

time in all three compounds increasesas the temperature is decreased,but reaches

a common saturation value of � 10 nsec(within experimental error) at T � 10 K.

At this temperature only the ground state S is populated. In other words, when the

HSM are formed at low T they have very closecorrelation times.
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Figure 4.14: The correlation time � as given by Eq. (4.14) as a function of
temperature for CrCu6, CrNi6 and CrMn6.
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4.3 � SR Measuremen ts in Gd

In this section we report on � SR experiments in Gd(CF3SO3)3, a compound which

is known to behave like a paramagnet. We refer to this compound as Gd. The

paramagnetic behavior can be seenfrom measurements of the magnetization and

susceptibility in Figure 4.15. From the saturation valueof the magnetizationcurve at
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Figure 4.15: The magnetizationvs. H and the susceptibility multiplied by the
temperature as a function of the temperature in Gd. The solid line is the Brillouin

function for spin S = 7=2.

T = 2 K as a function of the external �eld H onecan seethat the spin ground state

of this compound is S = 7=2. The susceptibility multiplied by the temperature at

�eld H = 100Gaussshows no temperature dependenceindicating the paramagnetic

nature of the compound.

We studied this compound using the � SR technique as an exampleof a perfect

paramagnet, and compare the muon spin lattice relaxation rate in a perfect para-

magnet to that observed in the isotropic high spin molecules,especially at very low

temperatures. The asymmetriesobtained in thesemeasurements werefound to follow
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an exponential behavior, and were �t to a function of the form

A(t) = A0e� �t + Bg (4.15)

A0 was taken as a common parameter for all curves, while Bg was allowed to vary

slightly (lessthan 10%) to account for the e�ect of the external �eld on the value of

� (seesection3.2) reected in the value of Bg.

The spin lattice relaxation rate � = 1=T1 asa function of temperature for di�eren t

external �eld valuesis presented in Figure 4.16. As expectedthe spin lattice relaxation

rate is temperature independent and further no �eld dependenceis observed.
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Figure 4.16: The spin lattice relaxation rate for muon spin in Gd.

The spin lattice relaxation rate in the isotropic high spin moleculesshows similar

temperature independent behavior at low temperatures. However, the e�ect of the

external �eld in the caseof the high spin moleculeswas more pronounced,this can

be attributed to fast molecularspin uctuations in the Gd compound, which are not

a�ected by the external �eld.
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4.4 NMR Measuremen ts

In a � SR measurement it is hard to determinethe stopping site of the muons,or the

nature of its interaction with its surroundings,therefore the spin relaxation may be

causedby muon di�usion or even muonium (e� � � + ) formations, and not necessarily

due to spin lattice relaxation. However, using NMR onecan measurethe spin lattice

relaxation time of a local probe (nucleus)whosesite is known, and compareit with

� SR results. The disadvantage of NMR comparedto � SR is that in the former one

has to apply an external high �eld which couplesto the spin of the moleculesand

inuences the dynamics.

In this sectionI will present the resultsof proton-NMR measurements in all three

compounds. The protonsaremost suitable in our casedueto their chemicalsimilarit y

to � + , with a di�eren t gyromagneticratio ( H = 4:257MHz/kG) and di�eren t dipolar

interaction with the magneticsurrounding.

4.4.1 CrCu 6

CrCu6 has the lowest spin value among the isotropic HSM studied, therefore the

dipolar interaction betweenthe local probe ~I and the molecularspin ~S, which decrease

with decreasingspin ~S, are smallestin this case.This givesus a possibility to better

resolve the NMR lines in this case,the lines are lessbroadenedand their features

are sharper. This can be demonstratedby writing the dipolar interaction between

the magnetic moment ~m of the moleculeand the proton spin as a dipolar �eld ~Hdip

acting on the proton, where

~Hdip =
m
r 3

�
3cos2 � � 1

�
ẑ (4.16)
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where r is the distancebetweenthe magnetic moment and the proton, and � is the

angleof the magneticmoment ~m relative to the proton spin (which is polarizedin the

direction of the external �eld). Sincewe are measuringa powder we expect a powder

distribution probability of the angles� of the magneticmoments

P(� )d� =
sin�

2
d�

which is equal to the distribution probability of the local �eld experiencedby the

protons, P(� )d� = P(Hdip )dHdip . One can write

dHdip =
dHdip

d�
d� =

6m
r 3

sin� cos� d�

and therefore

P(Hdip ) =
r 3

12m cos�
(4.17)

but from Eq. (4.16) oneobtains

cos� =

vu
u
t 1

3

 
Hdip r 3

m
+ 1

!

: (4.18)

This givesthe local �eld distribution (centered around the external �eld H )

P(Hdip ) =
r 3

12m

 
Hdip r 3

3m
+

1
3

! � 1=2

(4.19)

However since � 2 [0; � ], then Hdip 2 [� 2m=r3; m=r3]. The observed NMR lines

as a function of the �eld are a result of convoluting the receiver function (�ltering

etc.) with P(Hdip ), e.g. P(Hdip ) convoluted with a Gaussianof width 0:05m=r3, is

presented in Figure 4.17.

The distance of the protons from the magnetic moment ~m, governs the dipolar

interaction and consequently the width of an NMR line. Thus one can di�eren tiate

between di�eren t groups of hydrogen in the studied compound, according to their

distancefrom ~m.



CHAPTER 4. EXPERIMENT AL RESUL TS 67

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
0

2

4

6

8

10

12

14

16

18

20

H [m/r3]

A
m

pl
itu

de
 [a

.u
.]

Figure 4.17: The NMR line-shape due to a dipolar interaction of the studied nuclei
with a magneticmoment m.

In Figure 4.18I present the NMR line at T = 1:2K in CrCu6, hereonecanidentify

three di�eren t hydrogengroups. Two of thesegroupsshow a dipolar line-shape (G1
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Figure 4.18: The proton NMR line at T = 1:2 K and �eld H = 2:1542T
(� = 91:715MHz) in CrCu6. The solid lines indicate the di�eren t groupsG1, G2

and G3. F nuclei are from Teon

and G2), as indicated in the �gure, and the third exhibits a shift associated with

hyper�ne coupling of the protons to an electronicmoment (G3).

In Figure 4.19onecanseethe dependenceof the line on temperature at �eld H =
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2:1545T (frequency� = 91:715 MHz). The lines broadendue to the increaseof the

molecularmagneticmoment asexpectedfrom the static susceptibility measurements,

but the shape of the lines is preserved, showing the three di�eren t hydrogen nuclei

groups. Onecanseethe saturation of the magnetizationat low temperaturesreected

in the saturation of the width of the lines.
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Figure 4.19: The proton NMR lines at di�eren t temperaturesand �eld H = 2:1542
T (� = 91:715MHz), in CrCu6.

The group G1 is associated with a group of hydrogen bonded to carbon atoms

(seeFigure 4.20),which areon averager (G1) = 3:8 �A far from the Cu ions, the group

G2 associated with hydrogenbondedto nitrogen atoms(seeFigure 4.20),which is on

averager (G2) = 2:5 �A far from the ions. The group G3 is associated with hydrogen

nuclei of water, of which a small quantit y is adsorbed into the compound, and is
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located near magneticmoments.

C

N
Cu

Cr
C

H

Figure 4.20: The CrCu6 molecule.Yellow is Ni, dark blue is Cu, black is C, light
blue is N and pink is H.

In Eq. (4.3) we present the spin lattice relaxation rate in relation to the time

correlation function of the local �eld, if we assumethat this �eld is that of the

magnetic moment ~m = A < ~S > , and ~B(t) = A ~S(t)=r3, then Eq. (4.3) can be

written as [63]
1
T1

=
 2

H A2

2r 6

Z 1

�1
hS� (t)S+ (0)i ei! tdt (4.20)

whereS� are the raising and lowering spin operators and ! =  H H0. This indicates

that the spin lattice relaxation rate is proportional to the dipolar interaction squared

1
T1

/
� m

r 3

� 2

and we expect that the ratio of T1 values of two di�eren t protons groups is equal

to the ratio of the averagedistance of the two di�eren t groups from the magnetic

moment to the power 6, e.g. for the groupsG1 and G2

T1(G1)
T1(G2)

=

 
r (G1)
r (G2)

! 6

� n: (4.21)

Saturation relaxation T1 measurements in CrCu6 wereperformedat H = 2:1542T,

and following the previous arguments we expect a double exponential relaxation,



CHAPTER 4. EXPERIMENT AL RESUL TS 70

wherethe ratio of the relaxation times is kept constant

S(t) = 1 � A1e� t
T1 � A2e

� t
nT 1 (4.22)

whereA1 and A2 arethe amplitudesof the di�eren t groups'contributions to the signal

and n is the ratio of the relaxation times of the two groups, de�ned by Eq. (4.21).

Indeedthe saturation relaxation wasfound to follow Eq. (4.22) with a commonvalue

of n = 4:7, for all temperaturesand �elds (e.g. seeFigure 4.21). In Figure 4.22 the
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Figure 4.21: The saturation relaxation measurement results in CrCu6 for di�eren t
temperaturesat H = 2:1545T (� = 91:715MHz). The solid lines are �ts to a

function following Eq. (4.22) with n = 4:7 (seetext).

valuesof T1 as a function of temperature and for di�eren t �elds are presented. The

valueof 6p
n = 1:3 wasfound to be in a very good agreement with the expectedvalue

from the averagedistances3:49=2:55 = 1:36.

Plotting the value of ln(1=T1) versus the inverse temperature 1=T reveals that

the low temperature part of this plot is linear for all measured�elds, as seenin

Figure 4.23. This indicatesthat the spin lattice relaxation at thesetemperaturesand
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Figure 4.22: T1 as a function of temperature for di�eren t external magnetic �elds in
CrCu6.
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Figure 4.23: The value of ln(1=T1) as a function of the inversetemperature for three
di�eren t �elds in CrCu6.
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�elds is driven by thermal activation betweenthe di�eren t spin states

1
T1

/ e
�
T : (4.23)

Plotting the valuesof � obtainedfrom the linear �ts asa function of the external �eld

H in Figure 4.24, indicates that � the activation energyis proportional to the �eld

H , i.e. to the Zeemansplitting. The CrCu6 moleculeat thesetemperaturesis found

in its ground spin state S = 9
2, and the spin lattice relaxation is due to transitions

within this ground state and di�eren t Sz quantum numbers, as expected from the

Hamiltonian 4.2, and J much higher than the temperature.
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Figure 4.24: The value of the activation energy� of the spin lattice relaxation rate
as a function of the external �eld

4.4.2 CrNi 6

Contrary to the caseof CrCu6, the proton NMR linesin CrNi6 have lessfeatures. The

linespresented in Figure 4.25show an inhomogeneousbroadening,asthe temperature

is decreased,but no distinct nuclei groupscan be seen. The large number of nuclei

groups and large magnetic moment of this molecule, yields NMR lines which are
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comprisedof a large number of broad lines. However, at temperatures lower than

20 K two di�eren t proton groupscan be observed, a narrow line which we attribute

to impurities in the studied sample,and the other is attributed to hydrogen nuclei

around the Ni ions in the molecules.

The saturation relaxation curvesmeasurement on the broad line part in this com-

pound were found to follow a stretched exponential, which can be explainedby the

many in-distinguishable proton sites, while the relaxation of the narrow part was

found to be much longer, indicating a very weak magnetic coupling of this group of

nuclei with its surroundings,supporting its attribution to impurities.
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Figure 4.25: The proton NMR lines in CrNi 6, at di�eren t temperaturesand external
�eld H = 2:1545T (� = 91:715MHz).

We evaluated the spin lattice relaxation times T1 of the protons belongingto the
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broad part of the line, by �tting the relaxation curvesto

S(t) = 1 � Ae
�

�
t

T1

� �

(4.24)

where � = 0:6 � 0:75. The T1 valuesas a function of temperature and for di�eren t
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Figure 4.26: The valuesof T1 as a function of temperature for di�eren t external
�elds in CrNi6.
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Figure 4.27: The value of ln(1=T1) as a function of the inversetemperature for two
di�eren t �elds in CrNi6
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�elds are presented in Figure 4.26. The valuesof T1 with external �eld H = 0:5 T

were found to be very short, and they should be taken qualitativ ely only.

Also in this caseplotting ln(1=T1) versusthe inversetemperature 1=T revealsthat

for the �elds H = 1 and 2 Teslathe low temperature part of this plot is linear, asseen

in Figure 4.27. One can seethat the spin lattice relaxation rate in this compound

follows Eq. (4.23). The linear �ts in Figure 4.27 show that the activation energy�

is � 7:2 K and � 4 K at H = 2 and 1 T, respectively. Thereforealso in this case� is

proportional to the Zeemansplitting of the ground state.

4.4.3 CrMn 6

This compound has the highest spin ground state value, leading to a very short spin

lattice relaxation times, which is considerablyharder to measureby NMR, therefore

the results presented hereare of much lower quality comparedto thosepresented for

CrCu6 and CrNi6. However, the generaltemperatureand �eld dependenceof the spin

lattice relaxation rate is similar to the results in the other two compounds.

The proton NMR lines show inhomogeneousbroadening as the temperature is

decreased,due to the high magneticmoment experiencedby the protons. Similar to

the caseof CrNi6 at temperature lower than 20 K two di�eren t proton groupscan be

distinguished as seenin Figure 4.28. The narrow line is attributed to impurities or

water moleculesadsorbedin the studiedsample,while the broaderline is attributed to

protons in the moleculewhich experiencethe magnetic �eld from the local moments

of the Mn ions.

The T1 measurements in this compound werevery di�cult to carry out due to the

extremely fast spin lattice relaxation. The relaxation curveswere found to follow a
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Figure 4.28: The proton NMR lines in CrMn6, at di�eren t temperaturesand
external �eld H = 2:1545T (� = 91:715MHz).
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Figure 4.29: The valuesof T1 as a function of temperature at H = 2:1542T in
CrMn6.
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stretched exponential behavior, similar to the caseof CrNi 6. The spin lattice relax-

ation times wereevaluated by �tting them to Eq. (4.24) with � = 0:6� 0:75, and are

presented in Figure 4.29.

4.5 Comparing � SR and NMR

Although our data support a picture wherethe muon spin relaxesdue to dynamically

uctuating magnetic �elds, they leave open the interpretation of theseuctuations.

In order to addressthis questionwe comparethe proton NMR 1=TH
1 measurements

to 1=T�
1 measuredusing � SR.

Sincethe proton gyromagneticratio is very di�eren t from that of the muon, we

scalethe NMR results and plot them together with the � SR results in Figure 4.30,

for CrCu6 (a), CrNi6 (b) and CrMn6 (c). The scalingfactor C usedin Figure 4.30 is

0:02 for CrCu6, 0:01 for CrNi6 and 0:225for CrMn6. It waschosensothat the scaled

NMR relaxation rates agreewith the � SR rates at high T whereno �eld dependence

is observed. After this scaling,we �nd a good agreement betweenthe � SR and NMR

data at all temperaturesat the sameexternal �eld , and not equal Larmor frequency

of the probe as onewould expect, this result will be clari�ed in section5.3.

The scalingfactor provides information on the ratio of the �eld experiencedby a

muon and by a proton. At high temperatures where T1 shows no �eld dependence

one can assumethat A � BH 2 in Eq. (4.5), and therefore 1=T1 = � 2� . Using the

de�nition of � 2 given in Eq. (4.8) we can write

C �

 
 H

 �

! 2  
TH

1

T �
1

!

=
hB 2

? i �

hB 2
? i H (4.25)

wherehB 2
? i H is the squaredRMS of the transverse�eld at the proton site, and hB 2

? i �

is the squaredRMS of the �eld at the muon site in its generalsensegivenby Eq. (4.9).



CHAPTER 4. EXPERIMENT AL RESUL TS 78

0.1 1 10 100
1E-3

0.01

0.1

1

10

NMR -  H[kG]=
 10           20

(a)

 

 

1/
T

1m mmm  a
nd

 1
/T

1H
   

[ m mmm
se

c-1
]

Temperature[K]
0.1 1 10 100

mmmmSR -   H [kG] =
 0-0.1       5
 1             10
 2             20

(b)

 

 

0.1 1 10 100

S=27/2S=15/2S=9/2

(c)

  

 

 

Figure 4.30: 1=T1 as a function of temperaturesfor di�eren t external �elds,
measuredby � SR and by NMR (after scaling) in (a) CrCu6 (b) CrNi6 and (b)

CrMn6.

The valuesof C indicate that the local �eld experiencedby the muonsis of the order

of 0:1 of that experiencedby protons in the samesystem, and therefore the muon

sitesare far from the magnetic ions comparedto protons.

Muons are attracted to negatively charged sites, in the HSM two negatively

chargedsitesare possible

� The cyanide bridge connectingthe central Cr ion to the Cu, Ni or Mn ions.

� The perchlorate group separatingthe molecules.
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The distance of each of these sites is much larger than the distance between the

hydrogen atoms and magnetic ions. This fact is consistent with the ratio of the

magnetic �eld experiencedby muonsto that experiencedby protons.

This comparisonindicatesstrongly that in both techniqueswe are measuringthe

probe's spin lattice relaxation time due to the molecularspin uctuations.

4.6 Summary

The � SR measurements in anisotropic Fe8 (S = 10) moleculesshow that the local

magnetic �eld experiencedby muons in this compound is static over the lifetime

of muons. QTM is seenthrough steps in the local magnetic �eld experiencedby

muonsasa function of the �eld cycleapplied on the compound beforeperforming the

measurement.

In the isotropic HSM no QTM is found, due to the lack of an anisotropy barrier

betweenthe di�eren t spin states. The local �eld experiencedby the muons in these

compoundsis dynamically uctuating down to very low temperatures(T = 50 mK),

and the muon's spin relaxesvia spin-lattice relaxation, enabling us to measurethe

uctuations rate of the molecularspin.

Spin-lattice relaxation values measuredby proton-NMR in isotropic HSM scale

with thosemeasuredusing� SR at the sameexternal �eld, supporting the assumption

that the muon's spin relaxesdue to �eld uctuations and not muon di�usion, and

furthermore it exhibit the isotropic nature of thesemolecules.

The spin-lattice relaxation in the isotropic HSM was comparedto that measured

in the paramagnetGd (S = 7=2). The muon spin-lattice relaxation rate in Gd was

found to be temperature independent at all measuredtemperatures (50 mK up to
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300K), and no �eld dependencewas observed.

A temperature independent spin lattice relaxation rate was found in all isotropic

HSM at low temperaturesand low �elds similar to that observedin the Gd compound,

indicating again the isotropic nature of the HSM. However, external �eld dependence

of the muon spin lattice relaxation wasabsent in Gd (up to 2 kG), while strong �eld

dependencewas found in the isotropic HSM.

The molecular spin uctuations rate in the isotropic HSM was calculated from

the �eld dependenceof the muon spin lattice relaxation rate at low temperaturesand

low �elds. It was found to depend weakly on the molecular spin S and the coupling

betweenions' spinsinside the moleculeJ , ruling out uctuations that are inducedby

interactions which depend strongly on theseparameters.



Chapter 5

Theoretical Calculations

The Hamiltonian of the isotropic high spin moleculesat zero �eld can be written as

H 0 = � J
6X

i =1

~S0 � ~Si (5.1)

where ~S0 is the spin of the central Cr ion (with S = 3=2), i runs over the peripheral

Cu, Ni or Mn ions(with S = 1=2, S = 1 or S = 5=2), which arecoupledto the central

Cr ion, with couplingconstant J . At temperatureslower than J only the ground spin

state S = 9=2, S = 15=2 or S = 27=2 is populated.

The Hamiltonian H 0 is isotropic therefore the total spin S and the spin in the z

direction m are good quantum numbers,and the eigenfunctionsof H 0 can be written

as jS; m > . However, at very low temperaturesT � J , the degeneracyof the ground

state is removed by additional anisotropic perturbation on H 0 or high order terms in

the spin Hamiltonian. Such terms that do not commute with H 0 cancausetransitions

betweenthe di�eren t spin states jS; m > [27, 28, 29, 30, 31, 40, 41, 64, 65, 66, 67],

and induce the observed spin dynamics.

The anisotropicterm in the Hamiltonian canbe written asthe sumH` = H c+ H n ,

where H c commutes with the Hamiltonian H 0, and H n does not commute with it.
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These terms may be a result of to dipolar interaction between neighboring spins

[27, 66], spin phonon interaction [40, 67], nuclear uctuations [41], high order crystal

�eld terms [4, 27, 28, 29, 30, 31] or small anisotropy in the coupling J betweenspins

[68].

In this chapter we will calculatethe value of the spin lattice relaxation time T1 in

the isotropic HSM. In order to do that we diagonalizethe Hamiltonian H 0 + H c. We

show that we can calculate the magnetization and susceptibility of the compounds

usingthe eigenvaluesand eigenfunctionsthat we obtain. Then we usethe eigenvalues

and eigenfunctionsof the Hamiltonian to calculate T1, taking H n as a perturbation.

The perturbation introducesa �nite lifetime for the di�eren t spin statesjS; m > and

inducesspin dynamics.

5.1 Exact diagonalization of the Hamiltonian

To calculate the eigenvaluesof the Hamiltonian (5.1) we write it in the form

H 0 = � J ~S0 �
6X

i =1

~Si (5.2)

using ~S = ~S0 +
P 6

i =1
~Si and ~St =

P 6
i =1

~Si onecan write

H 0 = � J ~S0 � ~St = �
J
2

�
~S2 � ~S2

t � ~S2
0

�
: (5.3)

The energyeigenvaluesof the satesjS; m > � jS0; St ; S; m > are

ES � E(S; St ; S0) = �
J
2

(S(S + 1) � St (St + 1) � S0(S0 + 1)) (5.4)

where we use the notation S for the set of numbers (S; St ; S0). The degeneracyof

the state jS; m > is the degeneracyof the value of St . In Figure 5.1 we present the
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Figure 5.1: The energylevelsof the Hamiltonian H 0 for CrNi6 as a function of (a)
the total spin S and (b) the spin in the z direction m.

energylevels of CrNi6 as a function of the total spin S (a) and as a function of the

spin in z direction m (b).

Adding the Zeemanterm when an external magnetic �eld H is applied and the

uniaxial term with anisotropy D to the Hamiltonian H 0 givesthe full Hamiltonian

H = H 0 � g� B H Sz � DS2
z (5.5)

for which the eigenfunctionsjS; m > are not changedand the eigenvaluesare

ES;m = �
J
2

(S(S + 1) � St (St + 1) � S0(S0 + 1)) � g� B H m � Dm2 (5.6)

5.2 Static susceptibilit y

The static susceptibility can be calculatedasa function of temperature and external

�eld, �rst we calculate the magnetization

M (T) = < Sz > =
X

jS;m>

me�
E S;m

T

Z
(5.7)
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whereZ =
P

jS;m> exp
�
� ES;m

T

�
is the partition function. The static susceptibility is

de�ned as � = @M =@H . However at low �elds where M is proportional to H the

susceptibility is equal to its \experimental de�nition"

� (T) =
M (T)

H
: (5.8)

In Figure 5.2we �t the experimental measurement of �T asa function of temperature

in (a) CrCu6, (b) CrNi6 and (c) CrMn6, at �elds H = 100 G and 2:15 T, to the

calculated value of �T from the Hamiltonian (5.5) and Eq. (5.8). From the �t one

obtains the coupling constants JCr � Cu = 77 K, JCr � Ni = 24 K and JCr � Mn = � 11 K

and anisotropy D ' 0 for all three molecules,within the �tting accuracy. This
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Figure 5.2: The susceptibility multiplied by temperature as a function of
temperature at two di�eren t external �elds, measuredin (a) CrCu6 (b) CrNi6 and

(c) CrMn6. The solid lines are �ts to the theoretical expectation (seetext).

indicatesthat indeedthe high spinmoleculescanbewell describedby the Hamiltonian

(5.5), and that the moleculesare indeedisotropic.
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5.3 T1 Calculation

Assuming for simplicity an isotropic interaction between the probe ~I and the local

electronicspins ~S

H I S = A~I � ~S (5.9)

the spin lattice relaxation is given by [63]

1
T1

=
A2

2

Z 1

�1
hS� (t)S+ (0)i ei! tdt (5.10)

where ! =  H is the probe's Larmor frequencyin an external �eld H . To calculate

the value of

hS� (t)S+ (0)i =
D
e� i H t=�hS� ei H t=�hS+

E
(5.11)

for the eigenstatesjS; m > of (5.5), we start by evaluating

e� i H 0 t=�hS� ei H 0 t=�hS+ jS; m > = e� i H 0 t=�hS� ei H 0 t=�h
q

S(S + 1) � m(m + 1)jS; m + 1 >

= (S(S + 1) � m(m + 1)) e
i
�

E S;m +1 � E S;m
�h

�
t
jS; m >

therefore

hS� (t)S+ (0)i =
X

jS;m>

(S(S + 1) � m(m + 1)) e
i
�

E S;m +1 � E S;m
�h

�
t e�

E S;m
T

Z
(5.12)

whereZ is the partition function, this yields

1
T1

=
A2

2
�

�

! +
ES;m+1 � ES;m

�h

� X

jS;m>

e�
E S;m

T

Z
(S(S + 1) � m(m + 1)) : (5.13)

This result is true for a system with levels of in�nitely long lifetime. However, as-

suming a Lorentzian broadeningof the levels, due to the non-commuting additional

terms in the Hamiltonian H n , we arrive at

hS� (t)S+ (0)i =
X

jS;m>

e�
E S;m

T

Z
(S(S + 1) � m(m + 1)) e

� t
� S;m e

i
�

E S;m +1 � E S;m
�h

�
t

(5.14)
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where� S;m is the lifetime (or the inverseof the broadening)of the level ES;m . Hence

1
T1

=
A2

2

X

jS;m>

e�
E S;m

T

Z
(S(S + 1) � m(m + 1))

Z 1

�1
e

� t
� S;m ei! 0tdt (5.15)

where! 0 = ! + (ES;m+1 � ES;m )=�h. The energyeigenvaluesof the Hamiltonian (5.5)

are total spin independent, in our caseof isotropic moleculesD = 0, and the energy

di�erence is ES;m+1 � ES;m ' � g� B H , therefore! 0 = ! � g� B
�h H and

1
T1

=
A2

2Z

X

jS;m>

(S(S + 1) � m(m + 1))

0

@� S;m e�
E S;m

T

1 + ! 02� 2
S;m

1

A : (5.16)

This result givesan important understandingof the comparisonbetweenthe spin

lattice relaxation rate measuredby � SR and NMR. The �eld dependenceof 1=T1

comesfrom ! 0 = ( � g� B =�h)H . Sincethe gyromagneticratio  of the probe (muon or

nucleus)is much smaller than g� B =�h (electronicgyromagneticratio), ! 0 ' � g� B H=�h

doesnot depend on the value of  . Thereforethe �eld dependenceof the spin lattice

relaxation rate 1=T1 is independent of the value of  . This explainsthe fact that the

spin lattice relaxation rate measuredby proton-NMR can be scaledto match that

measuredby � SR at the sameexternal �eld , and not at the sameLarmor frequencyof

the probe. However, Eq. (5.16) is valid assumingthat H n is smaller than the Zeeman

splitting, ES;m+1 � ES;m , i.e. at high �elds g� B H � H n . When the Zeemansplitting

is smaller than H n , ! 0 should be replacedby ! =  H , in Eq. (5.16).

The lifetime � S;m of the level jS; m > can be expressedin terms of transition

probability from the state jS; m > to another state jS0; m0 >

1
� S;m

=
X

(S0;m 0)6=( S;m)

p(S; m ! S0; m0) (5.17)

which dependson the additional parts of the Hamiltonian that induce thesetransi-

tions. I will try to account for this lifetime assumingdi�eren t possibleinteractions.
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5.3.1 Spin-Phonon In teraction

To account for the temperature dependenceof T1 we should take into considera-

tion the transitions induced by spin-phononinteractions. The spin-phononcoupling

Hamiltonian [67, 69] of the ion n is

H n
sp =

X

�
gij kl ! � 1=2

� e�i q�j (a� + ay
� )(Sn

k Sn
l + Sn

l Sn
k ) (5.18)

where� labels the phononmodeswith annihilation creation operatorsa� and ay
� , q� ,

e� and ! � are the wave vector, polarization and frequency, respectively. i; j , etc. are

Cartesian indices. For the sake of simplicity we assumethat the tensor gij kl is only

weakly q dependent.

The Hamiltonian (5.18) holds for an individual spin of an ion inside the molecule,

i.e. a phonon can interact with an individual spin of an ion causing a change in

the ion's spin and a transition of the spin state of the whole molecule. The total

spin-phononHamiltonian of the whole moleculeis the sum of all the individual ions'

Hamiltonians

H sp =
X

n
H n

sp (5.19)

Assuming that the coupling constant in the Hamiltonian (5.18) is constant, and in-

dependent of the ion n, one can write the transition rate from a state jS; m > to a

state jS0; m0 > , using the goldenrule in perturbation theory [70]

p(S; m ! S0; m0) =
3

2�
j hS; mjH spjS0; m0i j2

�h4�c 5
(ES;m � ES0;m 0)3 1

exp[(ES;m � ES0;m 0)=T] � 1
(5.20)

This result involves the matrix element hS; mjH spjS0; m0i of the spin phonon inter-

action, the phonon velocity c, the speci�c mass� and the energydi�erence (ES;m �

ES0;m 0), where it was assumedthat ES;m > ES0;m 0. To get the right order of mag-

nitude, and simplify the calculations,we assumea constant spin phonon interaction



CHAPTER 5. THEORETICAL CALCULA TIONS 88

matrix element, arriving at

p(S; m ! S0; m0) =
C(ES;m � ES0;m 0)3

exp[(ES;m � ES0;m 0)=T] � 1
(5.21)

where

C =
3

2�
j hS; mjH spjS0; m0i j2

�h4�c 5
:

The transition probability due to spin-phonon interaction strongly depends on

temperature. At very low temperaturephononsdie out exponentially with decreasing

temperature, yielding a very low transition probability, and extremely low spin lattice

relaxation rate values1=T1 as seenin Figure 5.3. Therefore this interaction cannot

give a full explanation to the nonzerospin lattice relaxation rate at low temperatures,

which is observed in experiments [64, 65], and additional terms in the Hamiltonian

should be considered.
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Figure 5.3: Spin lattice relaxation rate as a function of temperature for di�eren t
�elds in CrNi6, when assumingspin-phononinteractions only, whereC = 4001/sec

K3 and A = 5:2 MHz.
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5.3.2 Other In teractions

In order to obtain a �nite spin lattice relaxation rate at very low temperatures, the

lifetime of the levels should be �nite. This cannot be accounted for by spin-phonon

interaction as seenin the previous section. A �nite lifetime can be achieved if one

simply assumesa �nite broadeningof the levelsdue to an additional interaction H int ,

giving a short lifetime � int for the levels. The assumptionimplied by the experimental

results [65] is that � int is temperature and �eld independent at low �elds.

In this casethe total lifetime of the levels is

1
� S;m

=

 
1

� sp
+

1
� int

!

: (5.22)

At high temperatures the value of the spin-phononcontribution to the lifetime, � sp,

is much smaller than � int and the value of T1 is dominated by spin-phononinduced

transitions, while at very low temperatures � sp is much longer than � int , and the

value of T1 is dominated by the broadeningof the levels (or � int ). At intermediate

temperaturesboth mechanismscontribute to the spin lattice relaxation.

In Figure 5.4 we present the experimental valuesof 1=T1, measuredby � SR [65],

as a function of temperature at di�eren t �elds, for the molecules(a) CrCu6, (b)

CrNi6, and (c) CrMn6. The solid lines are �ts to the theoretical value expected

assumingtransitions which are induced by spin-phononinteraction in addition to a

�nite broadeningof the levels,asdescribedabove. The �ts givethe valuessummarized

in Table 5.1.

The valuesof � int obtained from the �ts are much smaller than those calculated

form the experimental results � 0 in section4.2. The values� int werecalculatedusing

Eq. (5.16) with ! 0 ' g� B H , while the calculation in section4.2 assumesthat

1
T1

=
� � 2

0 � 0

1 + ! 2� 2
0

: (5.23)
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Figure 5.4: The value of 1=T1 as a function of T at di�eren t �elds, measuredusing
� SR in (a) CrCu6, (b) CrNi6 and (c) CrMn6. The solid lines are �ts to the

calculatedvalue (seetext).
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Compound � int [nsec] C [1/sec K3] A [MHz]
CrCu6 0:034(4) 0:13(9) 1:7(1)
CrNi6 0:053(4) 400(60) 5:2(2)
CrMn6 0:044(4) 0:004(1) 4:7(2)

Table 5.1: The �t parametersof the theoretical calculation of the spin lattice
relaxation to the experimental valuesfrom � SR measurements

where! =  � H . Thereforewe expect that the relation between� 0 and � int follows

� 0

� int
=

! 0

!
'

g� B

 �
: (5.24)

For a muon we expect � 0=� int = 206:5 which is indeed the ratio of the values from

Tables5.1and 4.1. Similarly the valuesof � � from Table4.1are related to the values

of A from Table 5.1 by

� � =
AS
p

2
(5.25)

which hold within the error for all three molecules.

The valuesof � int is Table 5.1 indicate that H n is of order of 0:7 � 1:1 K, which

is larger than the Zeemansplitting in �elds up to 2 kG. Therefore to get the right

values of � int one should use Eq. (5.16) with ! =  � H instead of ! 0. This yeilds

valuesof � int as follows: � int = 7:0(8) nsecfor CrCu6, � int = 10:9(8) nsecfor CrNi6,

and � int = 9:1(8) nsecfor CrMn6.

The �ts in Figure 5.4aresatisfactory, consideringthe simpli�cations that we have

used,and it givesthe correct generalbehavior of the experimental data. However, at

very low temperatures and high �elds the theoretical calculation deviates from the

experimental data. Similarly at high temperaturesT � J , where1=T1 is very small,

the theoretical calculation deviatesfrom the experimental data (especially in the case

of CrNi6). We believe that the origins of the deviation at high temperatures is that
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the Hamiltonian (5.5) doesnot describe the systemwell enough,and that the value

of 1=T1 is very small and is harder to estimateexperimentally. This can alsobe seen

in Figure 5.2, where at high temperatures the calculated value of �T deviatesfrom

the experimental values.

5.4 Summary

The calculatedspin lattice relaxation rate of a local probe, with gyromagneticratio

 , in the isotropic HSM follows Eq. (5.16). This result remains valid assumingan

isotropic interaction betweenthe probe's spin and the molecularspin, and assuming

a �nite lifetime � S;m for the spin state jS; m > .

Eq. (5.16) indicates that the spin lattice relaxation rate in these moleculesis

almost independent of the probe's gyromagnetic ratio, and therefore the measured

valuesof spin lattice relaxation by � SR and proton-NMR scaleat the sameexternal

�eld, and not at equalLarmor frequencies.

The parametersdeducedfrom the �t of the experimental results to Eq. (5.16)

agreewith the calculatedlocal �eld � � experiencedby muons,and with the calculated

uctuations rate � 0 calculatedby � SR.

The lifetime � S;m of the spin state jS; m > is dominated by two mechanisms,

the �rst is spin phonon interaction (thermal activation) which dominates the high

temperature regimeT � J , and the secondis a temperature and �eld independent

interaction which dominates the low temperature regime T � J . The interaction

which dominatesthe spin lattice relaxation at low temperaturesand low �elds, was

found to depend weakly on the value of S and J .



Chapter 6

Conclusions

Usingthe � SRtechniqueweobservedquantum tunneling of the magnetization(QTM)

in Fe8 (S = 10) compound. We sweepthe external magnetic �eld applied on the Fe8

sample from +2 T, to someintermediate �eld H i , and then to � 50 G at T = 40

mK where no thermal activation occurs. The precessionfrequencyof muons in the

samplechangesdependingon the value of H i . QTM is observed through stepsin the

frequencyas a function of H i , which reects tunneling betweendi�eren t spin states

of the neighboring Fe8 molecules.Thesestepscoincidewith the matching �elds, at

which di�eren t molecular spin states of di�eren t directions, up or down, have the

sameenergylevel, and thereforethe molecularspin can tunnel betweenthem.

In the high spin molecules(HSM) CrCu6 (S = 9=2), CrNi6 (S = 15=2) and CrMn6

(S = 27=2) no evidenceof QTM is found, this is due to the fact that thesemolecules

are highly isotropic. The results from magneticmeasurements indicate that the main

part of spin Hamiltonian for thesemoleculesis of the form

H = � J
6X

i =1

~S0 � ~Si � g� B
~H �

6X

i =0

~Si (6.1)

where ~S0 is the spin on the central Cr ion and ~Si are the spins of the Cu, Ni or Mn

93
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ions. ~H is the external magnetic �eld and J is the coupling betweenthe spinsof the

Cr ion with each oneof the Cu, Ni or Mn ions. The valuesof the coupling are found

to be JCr � Cu � 77 K, JCr � Ni � 24K K and JCr � Mn � � 11 K. In such isotropic HSM

any small perturbation addedto the Hamiltonian (6.1) can drive transitions between

the di�eren t spin states,even at very low temperatures.

We studied the dynamicsof the molecularspinsof the isotropic moleculesthrough

spin lattice relaxation measurements using� SRand NMR. The spin lattice relaxation

rate is closely related to the local �eld time correlation function in the site of the

measurement probe (muon or nucleus). It is found that in the isotropic HSM the spin

lattice relaxation rate increaseswhen decreasingthe temperature, and saturates at

low temperaturesT � J , and low �elds.

When comparing the spin lattice relaxation rate in the isotropic HSM with that

measuredin the high spin paramagneticcompound Gd (S = 7=2), the fact that the

moleculesCrCu6, CrNi6, and CrMn6 are indeedisotropic, is again proven. The spin

lattice relaxation in Gd is found to be temperature independent at all temperatures

due to the fact that it is a paramagnetthat has no signi�cant energyscaleat zero

�eld, similar to what is seenin the isotropic HSM at low temperatures.

Assuming an isotropic interaction between the local probe (with gyromagnetic

ratio  ) and the molecular spin, and that the lifetime of the spin states jS; m > is

� S;m , onecan write the spin lattice relaxation rate in the isotropic HSM in the form

1
T1

=
A2

2Z

X

jS;m>

(S(S + 1) � m(m + 1))

0

@� S;m e�
E S;m

T

1 + ! 02� 2
S;m

1

A (6.2)

where A is the coupling constant between the molecular and probe spins, ES;m is

energyof the state jS; m > , ! 0 = ! � g� B
�h H with ! the Larmor frequencyof the probe

in �eld H , and Z is the partition function.
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In order to �t the calculatedvalue of 1=T1 to the experimental results from � SR,

onehas to take into considerationtwo contributions to the life time of the levels

1
� S;m

=

 
1

� sp
+

1
� int

!

(6.3)

where� sp is the contribution from spin-phononinteraction

1
� sp

=
X

jS0;m 0>

C(ES;m � ES0;m 0)3

exp[(ES;m � ES0;m 0)=T] � 1
(6.4)

and � int is a constant, which is contributed by an additional interaction. At high

temperaturesT � J , we have � sp � � int and the lifetime of the levels is dominated

by spin-phononinteraction, yielding � S;m ' � sp, while at low temperaturesT � J , we

have � sp � � int and the lifetime is dominated by the additional interaction, yielding

� S;m ' � int .

Thus the spin dynamics in the high temperature regime is governed by thermal

activation, i.e. the probe'sspin lattice relaxation is dominatedby transitions between

the di�eren t electronicspin statesjS; m > with di�eren t S value,which are thermally

activated. Oncethe temperature is low and only the 2S+ 1 degenerateelectronicspin

ground state is populated, transitions due to thermal activation betweendi�eren t S

states becomescarceand spin dynamics is solely due to transitions betweenstates

with di�eren t m value.

The calculated lifetime of the levels � int is found to vary between 7 � 11 nsec,

which can be translated to a broadening of 3 � 5 mK. Therefore we expect that

the interaction which introducesthe spin dynamicsin thesemoleculesproduceslevel

broadeningof the sameorder of magnitude.

The temperature and �eld independent levels broadening1=� int calculatedabove

can be attributed to an interaction that does not commute with Sz and induces
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transitions betweenthe di�eren t m states. This interaction can be dipolar between

neighboring molecules,hyper�ne betweenmolecular and nuclear spins, crystal �eld

higher order terms, etc. However, the striking fact is that the lifetime is similar in

all three molecules,indicating that it does not depend strongly on the spin of the

moleculeor the coupling J between ions inside the molecule, which varies greatly

betweenthe three molecules.

This indicates that the weak dependenceof the broadening on the spin value

cannot be explained by interactions which are quadratic in S or have higher S de-

pendence.This rules out dipolar interactions betweenneighboring moleculessincein

the three compoundsthe nearestneighbor distanceis � 15 �A. Similarly, crystal �eld

terms which are allowed by the octahedral symmetry (S2 or higher [71]) are unlikely.

The only mechanism suggestedto date for level broadeningof HSM, which de-

pendsweakly on S is the hyper�ne interaction betweennuclear and electronicspins.

This mechanism can account for the �nite spin lattice relaxation rate at very low

temperatures[72]. However, the valuesof broadeningcalculatedabove might be in-

accuratedue to the simpli�cations madein the calculations,but give the right order

of magnitude expectedfrom hyper�ne interactions [73].

Hyper�ne interactions in anisotropic high spin moleculeswere studied recently

[31, 47], and their e�ect on QTM is becomingclearer [74, 75]. We believe that this

interaction also governs the spin dynamics of the isotropic moleculesat very low

temperatures(T < 3 K), while at high temperature (T > 10 K) the molecular spin

dynamicsare governedby spin-phononinteractions.
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