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Muon Studies of Low-DimensionalSolid State SystemsThomas Jest�adtSt. John's College, Oxford UniversityTrinity Term 1999Abstract of Thesis Submitted for the Degree of Doctor of PhilosophyThis thesis concerns the use of the technique of �SR, an abbreviation which standsfor three separate types of experiments: muon spin rotation, muon spin relaxationand muon spin resonance. The experiments presented here were performed onbeamlines at the ISIS facility at the Rutherford Appleton Laboratory (U.K.) andat the Paul Scherrer Institut (Villigen, Switzerland). The systems studied arelinked by the common theme of reduced dimensionality.Results of �SR measurements on La2�xSrxNiO4+� (nickelates) are presented.In these systems the lattice constants are much smaller in two of the dimensions ascompared to the third, leading to two dimensional magnetism. Earlier experimentsusing techniques other than �SR concentrated mainly on materials with x = 0and � 6= 0. The work that I describe on La2�xSrxNiO4+� shows that there areinteresting magnetic features as a function of strontium doping, and the detailsof this dependence are examined. In each of the samples oscillations of the muonspin polarization were observed below a sample dependent temperature, showingthat low temperature magnetic order occurs.�SR is also used to study Sr2LnMn2O7 (the Ruddlesden-Popper phases), whereLn are various ions of the lanthanide series. These manganates have a layeredstructure, leading to a reduced dimensionality as compared to the related per-ovskite compounds of the MnO3 series. Like the doped MnO3 compounds, someof the Ruddlesden-Popper phases exhibit colossal magnetoresistance (CMR), ane�ect which initially stirred interest in the MnO3 systems. In contrast to theMnO3 systems, the relevant Mn2O7 materials show this CMR e�ect over an ex-tended temperature range. The �SR work is consistent with the existence ofmagnetic clusters in some of the Mn2O7 materials and these clusters appear to beassociated with the observation of CMR.The compound CaV4O9 is the �rst known two-dimensional compound to ex-hibit a spin-gap and the e�ects of this spin-gap on the magnetic properties areinvestigated here.I also describe results of measurements on a material with even more reduceddimensionality, polybutadiene (PB). This is a non-conducting polymer withoutside-chains. Muons in this system can either be in a paramagnetic or a diamag-netic state (with a polymer radical state produced by reaction of muonium witha polymer bond). The nature of these states has been examined with a vari-ety of �SR techniques, and the in
uence of the polymer dynamics and the glasstransition in PB is discussed.
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2 1. Introduction1.1 Introductory remarksThe discovery of the parity violation of the muon decay [Garw57] in 1957 gave riseto a wealth of experiments with muons. The decay products of muons which werebrought to rest in some target material were studied and the interaction of thistarget with the muon was seen as an annoying but unavoidable e�ect. However,in the course of these studies it became clear that muons in matter can be usedas a good spectroscopic probe to elucidate magnetic and dynamic interactions inthe target material.This thesis concerns the use of the technique of �SR, an abbreviation whichstands for three separate types of experiments: muon spin rotation, muon spinrelaxation and muon spin resonance. The technique has been applied to a varietyof problems [Sche85, Cox87, Blun99], including:� Muons in semiconductors: The behaviour of the muons in semiconduct-ors is of great interest. Muons can pick up electrons, thus forming muonium(�+e�), which can be considered as a light isotope of the hydrogen atom.These muonium states [Patt88] can be of interest since one can draw con-clusions about the behaviour of hydrogen in semiconductors.� Superconductivity: �SR has been used to study the behaviour of 
uxlines in type-II superconductors [Uemu88, Aege97]. In these experiments,the relaxation of a transverse �eld oscillatory muon spin signal is measuredas a function of temperature, and the results can be linked to the 
ux latticeand the penetration depth in these materials [Uemu85].� Muon chemistry: The chemistry of the muon (or muonium) has beenthe subject of very much interest. For example, muon addition to organicmaterials can lead to the existence of a radical electron, which itself caninteract with the muon(ium). The form of the �nal state is hard to predictfrom �rst principles, and experiments have been performed on a variety ofmaterials [Rodu93].� Magnetism: One of the main avenues in muon spin research is the use ofthe muon as a magnetic test particle. Muons can detect very small mag-netic �elds and magnetic moments (e.g. 103 times smaller than electronicmagnetic moments). As a local probe of magnetism it can be a hyper�ne



1.2 Plan of the thesis 3method related to Nuclear Magnetic Resonance (NMR), Perturbed Angu-lar Correlation (PAC) and M�ossbauer spectroscopy. The study of magneticphase transitions has become an important �eld in muon spin research inrecent years [Sche95]. Some of the results presented here are devoted to thisarea of �SR.Muon experiments have to be performed at muon beamlines, which are part oflarge-scale research facilities. Often muons are just a \by-product" of the produc-tion of neutrons. This also means that these experiments have to be well-planned,since beam time on these facilities is limited and expensive. The experimentspresented here were performed on beamlines at the ISIS facility at the RutherfordAppleton Laboratory (U.K.) and at the Paul Scherrer Institut (Villigen, Switzer-land).1.2 Plan of the thesisThe systems studied in this thesis are linked by the common theme of reduceddimensionality. In the oxides of Chapters 3, 4 and 5 the crystal structure anddimensions of the systems are such that two dimensional e�ects are important.Polymers like polybutadiene (Chapter 6) are one-dimensional. In addition tothat, the systems studied show or are related to interesting physical properties:the nickelates of Chapter 3 exhibit two-dimensional magnetism and stripe or-dering, and are isostructural to the superconducting cuprates. The manganatesshow colossal magnetoresistance, and CaV4O9 is a two-dimensional spin-gap sys-tem. Polybutadiene possesses a glass-transition and can be related to conductingpolymers. In the following I brie
y describe the contents of each chapter.In Chapter 2, I introduce some basic features of muons and �SR with specialemphasis on the tools used in later chapters. I do not elaborate on �SR methodsin �elds not covered in this thesis.In Chapter 3, I present results of �SR measurements on La2�xSrxNiO4+� (nick-elates). In these systems the lattice constants are much smaller in two of thedimensions as compared to the third, leading to two dimensional magnetism. Thenickelates have stirred interest recently because of the discovery of a \stripe"structure. However, earlier experiments using techniques other than �SR concen-trated mainly on materials with x = 0 and � 6= 0. The work that I describe on



4 1. IntroductionLa2�xSrxNiO4+� shows that there are interesting magnetic features as a functionof strontium doping, and the details of this dependence is the topic of Chapter 3.In each of the samples oscillations of the muon spin polarization were observedbelow a sample dependent temperature, showing that low temperature magneticorder occurs in these systems.Chapter 4 describes results of a study on Sr2LnMn2O7 (the Ruddlesden-Popperphases), where Ln are various ions of the lanthanide series. These manganateshave a layered structure, leading to a reduced dimensionality as compared to therelated compounds of the MnO3 series. Like the MnO3 compounds, some of theRuddlesden-Popper phases exhibit colossal magnetoresistance (CMR), an e�ectwhich initially stirred interest in the MnO3 systems. In contrast to the MnO3systems, the relevant Mn2O7 materials show this CMR e�ect over an extendedtemperature range. The �SR work (also neutron and magnetization measurementsby others) is consistent with the existence of magnetic clusters in some of theMn2O7 materials and these clusters appear to be associated with the observationof CMR.Chapter 5 is dedicated to the compound CaV4O9. This system has, again,a two-dimensional structure. It is the �rst known two-dimensional compound toexhibit a spin-gap and the e�ects of this spin-gap on the magnetic properties areinvestigated here.In the chapters presented so far we have looked at oxides, all of which have alow-dimensional character. In the following Chapter 6, I describe results of meas-urements on a material with even more reduced dimensionality, polybutadiene(PB). This is a one-dimensional non-conducting polymer without side-chains.When muons enter this system, they form muonium (�+e�), which is added tothe polymer chain. This can produce paramagnetic muons or diamagnetic muons(with a polymer radical state produced by reaction of muonium with a polymerbond). The nature of these states has been examined with a variety of �SR tech-niques, and the in
uence of the polymer dynamics and the glass transition in PBis discussed. These results are also interesting in the context of previous studieson conducting polymers, where the radical was free to move in the polymer chain.In order to correctly interpret the results, I also give a short introduction to thoseaspects of �SR in polymers and organic molecules which are relevant for the un-derstanding of the experiments. In particular I introduce the concept of avoidedlevel crossing (ALC) resonance experiments and transverse �eld experiments on



1.3 General comments 5radicals.1.3 General commentsVectors are usually printed in boldface (a), operators, tensors and scalars areprinted in normal fonts (a). I do not always discriminate between a function andits value at a certain point (e.g. f(x)).For the analysis of some of the muon data as well as for some non-muon dataI used commercially available computer programs and programs written in theOxford Muon Group. For the analysis of most of the muon data, I used theWiMDA program by Francis Pratt [Prat98]. Some of the muon data were �ttedwith several programs by or based on other programs by Steve Blundell.There is a list of symbols and abbreviations at the beginning, and an index atthe end of this thesis.
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8 2. The method: �SRThe aim of this chapter is to give an introduction to those aspects of �SR thatare needed for the work described in this thesis.The abbreviation �SR stands for muon spin rotation, relaxation, resonance,or more generally, for muon spin research. It is a method for the investigation of,for example, the structure and dynamics of magnetism in condensed matter.In �SR experiments spin polarized muons are implanted in a sample and thee�ect of the local environment is observed: the muon is used as a probe for theinvestigation of magnetic and hyper�ne �elds in the sample. Information on thelocal magnetic �eld is obtained by studying the precession frequency of the spin-polarization of the muons, whereas the observed relaxation of the muon ensemblepolarization gives information about the spatial and temporal variations of theinternal �elds (such as �eld distributions, 
uctuation of �elds etc.).Muons and their properties, especially in the context of muon production for�SR, are discussed in 2.1. In the following section 2.2 I give information on thetwo possible kinds of muon sources: continuous and pulsed sources. In section2.3 I describe how muons interact with matter. In particular I describe the muonimplantation process, possible muon sites, and the aspect most relevant to thiswork: the muon spin interaction with the host. In the last section 2.4, detailsof the spectroscopic method(s) are introduced. For further details see [Chap84,Cox87, Sche85, Sche95, Smil94, deRe97].
2.1 Muons2.1.1 PropertiesMuons are charged leptons of the second family of elementary particles (in thepicture of the currently widely used \standard model"). According to this clas-si�cation they could be called the bigger brother(s) of the electron and positron.Some physical properties of muons are given in Table 2.1. The essential featuresfor �SR are: a) the lifetime of 2.2 �s, which is relatively long, especially when com-pared with typical condensed matter processes, and b) the sizeable gyromagneticratio, which determines the interaction between the muon spin and the magnetic�elds at the muon site.



2.1 Muons 9
Mass m� 105.6584389(34) MeV/c2= 206.7682 me� 1/9 mpCharge �eSpin jS�j ~/2Lifetime �� 2.19703(4) �sGyromagnetic ratio 
� 2��1.355�108 Hz/TTable 2.1: Muon Properties, taken from [Part96]. me and mp are the masses of theelectron and proton, respectively.2.1.2 Muon Production, Kinematics and Spin PolarizationMuon production occurs in several stages. For a schematic representation of theproduction and use of muons, see Figure 2.1. For an outline of a real muonfacility, see Figure 2.2. In muon facilities like ISIS (at the Rutherford AppletonLaboratory, U.K.) or PSI (Paul Scherrer Institut, Switzerland), pions are producedin proton collisions. Accelerated protons with energies around 590 MeV (PSI) or800 MeV (ISIS) hit a target such as graphite or beryllium to produce pions in theprocesses p+ n �! n + n+ �+; (2.1)p+ p �! p+ n + �+; and (2.2)p+ n �! p+ p+ ��: (2.3)Since positive muons are the dominant species used in �SR, I concentrate in thefollowing on positive pions, which produce them. Pions have a lifetime of �� =26:03 ns and a spin of zero. Spin-polarized positive muons are produced in thepion decay �+ ��=26ns�! �+ + ��: (2.4)(Other pion decay channels are negligible at the 10�4 level.) The two-body decayof the pion (mass m�+ = 139.5679 MeV/c2) into a muon (m� = 105.66 MeV/c2)and a neutrino (negligible mass) results in the muon having a unique momentumin the pion rest-frame. It is p� = 29:7877 MeV/c, and the corresponding energy
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Figure 2.1: Production and use of \surface" muons: protons are accelerated and theyhit a target to produce pions. Pions which come to rest close to the surfaceof the target decay into muons, which are being focused on the sample.When the muon(s) enter the sample the clock starts, and when the decaypositrons are detected in the scintillation detectors the clock stops.is 4.2 MeV/c2. There are two di�erent ways in use to obtain muon beams:� A fraction of the pions come to rest at the surface of the proton targetand muons emitted from these pions are used for the muon beam (\surfacemuons"). (It is not possible to produce surface beams of negative muons,since negative pions at rest will be captured by the target nuclei. This theninduces a nuclear reaction with the pion without muon formation.)� In some cases one uses beamlines that make use of pions which decay in
ight and therefore produce muons of higher energy.The muon neutrino �� (see Equation 2.4) has negative helicity, i.e. its spin isantiparallel to its momentum in the pion restframe. Hence, to conserve angularmomentum, the muon spin is also antiparallel to its momentum, see Figure 2.3.Thus, in the pion rest frame the produced muons are 100% spin polarized. Thepolarized muons are transported to the sample through a combination of dipolesteering magnets and quadrupole focusing magnets. Wien �lters, which consistof a combination of electric and magnetic �elds, are used for a momentum/massselection of the particles in order to eliminate contaminating positrons in the beam[Eato98].
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Figure 2.2: Schematic outline of the ISIS beamline(s): The \separator" removes con-taminating particles (see text) and the \kicker" feeds muons to the threeinstruments DEVA, MuSR and EMU. (The majority of the �gure is bycourtesy of ISIS.)By the direction of the muon spin we mean, in most cases, the ensemble averageof the muon spin direction. The meaning should usually be clear from the context.2.1.3 Muon DecayThe muons decay via the weak interaction at a time t after implantation in asample with probability 1=��� e�t=�� , where the lifetime �� = 2.197 �s (see Table2.1). The dominant process is the decay into one positron and two neutrinos (seeTable 2.2). Since the muon decay is a three body decay the positrons have anenergy distribution. The energy of the emitted positron can vary continuouslyfrom zero (when the two neutrinos carry away all the kinetic energy) to the max-imum positron energy of Emax = 52.8 MeV (when the two neutrinos are emittedantiparallel to the muon), the average energy is 36 MeV.The decay is anisotropic: the positron e+ is emitted preferentially in the dir-ection of the muon spin. The decay probability of the muon can be calculatedfrom the electroweak theory, which involves parity violating interactions. Theprobability per unit time for positron emission at an angle � to the muon spin is
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of massFigure 2.3: Decay of the pion: the muon neutrino �� (right hand side) has a neg-ative helicity in the pion rest frame. Because of conservation of angularmomentum, the muon will also have its spin S� antiparallel to its mo-mentum.

�+ decay mode Fractione+�e�� �99%e+�e��
 1.4(4)%e+�e��e+e� 0.0034(4)%Table 2.2: �+ decay modes, taken from [Part96]. �� modes are charge conjugatesof the modes given.
given by dW (�; �) = d� dcos � n(�)�� f1 + a(�) cos(�)g : (2.5)Here � is the normalised positron energy E=Emax, a(�) = (2�� 1)=(3� 2�) is theasymmetry factor and n(�) = �2(3� 2�). The expression in the brackets in Equa-tion 2.5 is visualised in Figure 2.4 a) for various values of the normalized positronenergy �. The asymmetry factor a(�) is particularly large for high positron energies(� close to 1), see Figure 2.4 b). For � = 1, positrons are emitted preferentially inthe direction of the muon spin and no positrons are emitted antiparallel, whereasfor low energies there is a preference for positrons being emitted antiparallel tothe muon spin. Averaging over all positron energies (i.e. integrating from � = 0



2.2 Muon Facilities 13to � = 1) gives dW (�) = dcos � 12�� f1 + a0 cos(�)g ; a0 = 13 : (2.6)This relation is depicted in Figure 2.4 a) as the thick line. It should be notedthat the fact that the positrons are emitted anisotropically, with preference in themuon spin direction, is the underlying physical reason why muon spin researchis possible. The positron emission probability distribution precesses with themuon spin. Hence recording of the positron intensity at a de�ned angle givesinformation about the precession of the spin. The time dependence of the positronemission direction is detected with scintillation detectors surrounding the sampleenvironment. Low energy positrons are usually excluded in a practical �SR setup,and this leads to an improved anisotropy. However, since muon beams are usuallynot completely spin polarized and since there are other in
uences (like limitedsolid angle of the detectors) a typical experimental value of a0 is about 0.25.2.2 Muon FacilitiesThere are two distinct methods used to produce muons, resulting in continuousand pulsed muon beams. The two types of muon sources allow for complement-ary measurements. While the pulsed sources are best suited for slow relaxationprocesses and for the observation of relevant features at longer times, the continu-ous sources are best for determination of fast muon spin rotation frequencies orrelaxations. This is explained in more detail in the following two subsections. Inthe work reported in this thesis use was made of both types of beamlines.2.2.1 Pulsed Sources: ISISIn pulsed sources, like ISIS, proton pulses from a synchrotron are �red at theproton target at regular intervals (typically 50 Hz), see Figure 2.5. Consequently,the resulting muons are also pulsed, at the same frequency. However, since a)the proton pulse has a �nite width and b) the pions have a �nite decay time(see above), the muon pulse has a �nite width as well. When the pulse of muonsis implanted in the sample, a detector starts a clock, and the time until decaypositrons are detected is stored in a histogram format. A typical order of mag-
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Figure 2.4: a) The muon decay is asymmetric. The lines about the muon positionat the centre of the co-ordinate cross indicate the probability density foremission of the positron in the relevant direction. For di�erent energiesthere are di�erent distributions, with a maximum forward/backward asym-metry for the maximum energy of E = 52.8 MeV, which corresponds toa(�) = 1. b) Energy dependence of the asymmetry factor a(�).
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Figure 2.5: Proton pulse structure at the pulsed muon facility ISIS (Rutherford Ap-pleton Laboratory, U.K.). The muon beams have essentially the same timestructure as the proton beam, i.e. pulsed at 50 Hz with a double pulseof muons. The two pulses are utilized for di�erent facilities at ISIS. After[Eato98].nitude of muons in one muon pulse is 100. This results in typical muon ratesof 20 to 40 million/hour. The rate is limited by the dead time of the detectors:errors occur if a second positron arrives before the detector has recovered from theprevious positron detection. This dead time error can be reduced by segmentingthe detector. Two of the ISIS beamline instruments have 32 detectors in total,the third one (RIKEN) has 192 detectors (see Table 2.3). The DIZITAL detectorat ISIS is depicted in Figure 2.6.The detectors have to be active only for a certain time after the muons pulsehas arrived. Since the muon pulse frequency at ISIS is 50 Hz, and the activetime of the detectors may be around 20 �s, the detectors are inactive most of thetime, and thus less susceptible to random, time independent background noise.Because of the relatively low random background positron counts, experiments atpulsed sources are able to measure data reliably to longer times (� 16 �s) thanat continuous sources, see below.The width (FWHM) of the muon pulse is �w � 70 ns for the ISIS facility.Because of this distribution of muon implantation times, the maximum observablemuon spin rotation frequency at pulsed sources is smaller than at continuoussources, where only one muon is in the sample at any time. This maximumfrequency can be estimated as �max = �=(4�w) � 10 MHz.



16 2. The method: �SRFacility PSI ISISInstrument GPS GPD MuSR EMU RIKENtype continuous pulsed (50 Hz)beam �+ (sf�, ssf�) �+; �� �+ (sf�) �+; ��� energy (MeV) 0.1{4.2 4.2{58 3.2 3.2 (�+)beam size (fwhm)vertical(mm) 5.8 17 8 10 �20horizontal(mm) 5.3 28 7{15 9{27 �10-20data rate (106/hr) 10 20 40muon polarization > 95% 75% 100%detectors 5 2 32 192ext. mag. �eld (mT)longitudinal 0{600 0{500 0{200 0{400 0{400transversal 0{10 0{10 0{200 0{10 0{10histogram width (ns) 1.25, 0.625 8, 16, 24, 32 16typical spectrumsize (bins) 8000 1000-1500 2000temperaturerange (K) 2.5{300 0.3{300 0.050{1000 0.350{1000 0.300{480other spin-rotatorTable 2.3: Characteristics of muon beamlines [User94, Eato98]. �sf stands for surfacebeam, ssf for subsurface beam.2.2.2 Continuous Sources: PSIAt PSI, the proton source is a cyclotron and the muons are produced continu-ously. When a muon is implanted in the sample, which happens at random times,a detector starts a clock. The clock is stopped when the decay positron is detected(this is called one \event"). If during this time a second muon enters the sample,the two events are discarded. This is necessary since two expected decay positronsin the sample cannot be attributed uniquely to the two muons which were im-planted at di�erent times. This rejection algorithm has one distinct disadvantage:since the rejected events stem mostly from long-lived muons, the long-time beha-viour (on the muon decay timescale) of continuous muons sources is not optimal.The other disadvantage of continuous sources as compared to pulsed sources is,that the detectors have to be active for a longer time and are thus subject to ahigher background and false correlations. This again a�ects especially the long-time histograms, so that data can be taken reliably only at smaller times (. 7 �s).There is also a limitation to the number of events one can have per time unit. Incontrast, fast precession frequency measurements are limited only by electronics
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Figure 2.6: The DIZITAL spectrometer at ISIS (MuSR).and detector response times, and frequencies up to several hundred MHz can bemeasured at PSI.2.3 Muons in Matter2.3.1 Implantation Process and Muon SitesThe muons come to rest in a sample in a time which is typically much shorterthan ��, and without signi�cant change of the initial polarization. The details ofthe implantation process are described in this section. Most of the informationgiven here can be found in [Chap84].Surface muons are implanted into the specimen of interest with an energy ofaround 4 MeV. The stopping range of surface muons is typically 110mg/cm2, andthe range width is about 20 % [Eato98]. The typical range in materials of interest



18 2. The method: �SRis of the order of 1 mm. For decay beams, which might have much higher energies,sample containers with thicker walls may be used, or degraders to slow the muonsdown might be necessary. Muons lose energy through displacement and ionizationof atoms and scattering with electrons, until their energy is of the order of 2 MeV.Then the muon captures and loses electrons rapidly (i.e. it forms muonium). Atan energy of a few hundred eV inelastic collisions with the host atoms take place.All these deceleration processes happen on a time scale of � 10�10 s, much smallerthan ��. Since the muon is positively charged, its equilibrium position will oftenbe an interstitial site with minimum electrostatic potential in the specimen. Insome materials, paramagnetic states will be formed, i.e. states with a non-zeroelectron-spin density at the muon site. In others, diamagnetic states (where thereis no electron spin density at the muon site) are stable. In some materials, bothcharge states (and even �+e�e�) can coexist. Muonium has never been observedin metals, and muons in oxides usually bond to one of the oxygen atoms, with atypical bonding length of 1 �A, see also Chapter 3.4.4. In many materials one �ndsonly one unique crystallographic site for the muon, an issue that we will returnto later.The muon spin depolarization produced by Coulomb scattering is negligible.Therefore the positive muons are implanted into the sample without appreciabledepolarization of the spin.Only the initial part of the muon path is damaged through vacancy creation,since there is a threshold energy for this process. The muon comes to rest of theorder of 1 �m away from the last produced vacancy, and reports of muon inter-action with its track are very rare. Since there is only one muon (for continuousmuon sources) or a few hundred muons (for pulsed sources) in the sample at anytime, there will also be negligible muon-muon interaction.2.3.2 Muon Spin interactionWe are interested in the evolution of the muon spin in time and how it is in
uencedby the local environment of the muon in our sample. We can, as mentioned above,discriminate between two cases: The muon might be in a diamagnetic state, andthus interact with its surroundings through magnetic �elds (e.g. dipolar �elds,or externally applied �elds) only. This possibility is encountered in some of thelater chapters when muons are used to study oxides (Chapters 3, 4 and 5). Or
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eigenvector eigenvaluej	1i = j "�"ei E1 = A~2=4 (1 + 2mB=B0)j	2i = �j "�#ei+ �j #�"ei E2 = �A~2=4�1� 2p1 + (B=B0)2�j	3i = j #�#ei E3 = A~2=4 (1� 2mB=B0)j	4i = �j "�#ei � �j #�"ei E4 = �A~2=4�1 + 2p1 + (B=B0)2�B0 = A~= f
� + 
eg , m = (
e � 
�)=(
e + 
�) � 0:990,� = 1p2r1� B=B0p1+(B=B0)2 , � = 1p2r1 + B=B0p1+(B=B0)2Table 2.4: Eigenstates and eigenvalues of Muonium. For free muonium, B0 =0.1585 T.the muon might combine with an electron to form muonium, and therefore inaddition to the diamagnetic interactions there will be a non-zero spin density atthe muon site, which results in additional hyper�ne interactions (i.e. the muon isin a paramagnetic state). These two cases are now dealt with in more detail.Diamagnetic Muon StatesIf the muon is in a diamagnetic state and there is a local magnetic �eld B, theHamiltonian of interest isH = �
� S �B = �
� SzB; : (2.7)where S is the muon-spin operator, with Sz being the z-component (we are neg-lecting possible quadrupolar interaction). This is the Zeeman interaction, andthe eigenstates can be taken as spin parallel and antiparallel to B. The energysplitting between the two states is ~
�B, where B = jBj.
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Figure 2.7: Breit-Rabi diagram for muonium.Muonium StatesMuonium (Mu = �+e�) can be considered as an isotope of hydrogen, with a Bohrradius and Bohr energy close to the value of hydrogen. If we consider a free,isotropic muonium state, we can write the relevant Hamiltonian asH = �
� S �B+ 
e I �B+ AS � I = �
� SzB + 
e IzB + AS � I (2.8)where I is the electron spin-operator, 
e = 2�� 2:80247� 1010 Hz/T the electrongyromagnetic ratio and A the (isotropic) hyper�ne coupling constant. The eigen-values and eigenvectors of this Hamiltonian can be calculated, and the results areshown in Table 2.4. As a basis of the spin Hilbert-space we use the product of themuon and electron spin up and down vectors, j	i = j��i 
 j�ei = j���ei.As can be seen from Figure 2.7, the eigenstates at low �elds are one tripletstate and one singlet state. The eigenstates in this regime are given by the basis



2.4 Muon Spectroscopy 21vectors of the jF = S+I; mF i basis. At high �elds (the Paschen-Back regime), theeigenstates are given by the basis vectors of the jmS; mIi basis, where mi (i = F,S, I) is the eigenvalue of the z-component of F, S, I. In this regime (
eB � A~2)the electron and muon spins are decoupled.Suppose we implant muons in a sample and apply a magnetic �eld in thedirection of the spin polarization. It then can be shown (see Appendix A.1) thatthe muon spin polarizationPz(t) = 1 + 2(B=B0)22 f1 + (B=B0)2g + 12 f1 + (B=B0)2g cos(!24t) (2.9)where !24 = A~p1 + (B=B0)2. For free muonium, B0 = 0:1585 T. The incomingmuons are spin polarized, while the electrons which are picked up to form themuonium are not spin-polarized. Therefore the initial states will be a combinationof j"�"ei and j"�#ei, see Table 2.4. The oscillating term results from the fact thatsome of the spin-polarized muons will not form eigenstates of the muonium.Physical consequences will be considered below (Section 2.4.4) and later.2.4 Muon SpectroscopyIn a �SR experiment one measures the time evolution of the muon spin polariza-tion P(t) of the muon ensemble implanted into the sample. The muon is a diluteprobe, and since muons are \naturally" spin polarized, no external �elds need tobe applied. However, external �elds may be applied to elucidate the underlyingphysics, see below. Since the direction of the positron emission is correlated withthe muon spin at the time of the muon decay, recording emitted positrons asa function of time after the muon was implanted will give P(t). A typical �SRsetup consists of the sample and a number of detectors i (see e.g. Figure 2.6). Thenumber of detected positrons for each detector i is stored in histogramsNi(t), withNi(t) = Ni e�t=�� f1 + aiPi(t)g+ bi ; (2.10)where bi is a time independent random background counting rate, Pi(t) is the pro-jection of the polarization vector function P(t) on the axis connecting the centreof the sample with the centre of the detector and Ni is a calibration factor. Thetime t is measured from the time of the muon implantation. For ISIS, the typical



22 2. The method: �SRnumber of histograms channels is 1000{2000 for a channel width of 16 ns, see alsoTable 2.3. The number of total events taken per spectrum varies, depending onthe desired accuracy, and it is typically between 3 million and 20 million.I now explain how to obtain P(t) or a Cartesian component of it. We callthe detector in the direction (as seen from the sample) of the spin polarizationof the incoming muons \forward" (i = F ) detector and the opposing one \back-ward" (i = B) detector. We rename NF (t) ! F (t) and NB(t) ! B(t). Ifthere is more than one detector in the forward and backward direction, we ob-tain F (t) and B(t) by summing up the histograms of the relevant detectors, i.e.F (t) =Pi2F Ni(t) and B(t) =Pi2BNi(t), where F and B are the sets of forwardand backward detectors, respectively. By looking at these opposing detectors,i.e. PF (t) = �PB(t) = P (t), de�ning the calibration parameter � = NF=NB andassuming aF = aB = a0 we geta0P (t) = F (t)� �B(t)F (t) + �B(t) : (2.11)Here we treat bF and bB (see Equation 2.10) as negligible (in the case of a pulsedmuons source) or as corrected for (by �tting appropriately, in the case of a con-tinuous muon source). The parameter � accounts for di�erent detector e�cienciesof the F and B detectors, and is of the order of 1.The polarization function P(t) is determined by various physical parameters:� The external (=applied) magnetic �elds Bext,� the internal (microscopic) magnetic �elds and hyper�ne interactions in thesample, and their spatial distribution, and� the temporal variations of these �elds.� The possible occurrence of muon hopping within the sample, which wouldin
uence P(t) in a similar way as temporal variations of the internal �eldsdo.Suppose that there is a static magnetic �eld (Bx; By; Bz) = B� = !�=
� atan angle � to the muon (ensemble) spin polarization. Then the Larmor equationyields P (t) = cos2 � + sin2 � cos(!�t) ; (2.12)



2.4 Muon Spectroscopy 23where !� = j!�j. This is the basic equation of muon spectroscopy of magneticmaterials, and much of the following will be based on it.2.4.1 Detectors, Geometries, De�nitions and NotationsOne can classify experimental geometries according to the applied external �elds(see Figure 2.8): in a transverse �eld (TF) setup, the applied �eld is perpendicularto the initial muon spin direction. In a longitudinal �eld (LF) setup the applied�eld is parallel to the initial muon spin direction. A zero �eld (ZF) setup is thelimiting case of a LF setup with no applied �eld. In the following I will call therelevant Cartesian component of the polarization function for cases in transverse�eld Px, and for cases in zero �eld or longitudinal �eld Pz. In each case, the initialspin of the muon ensemble is taken to be along the z-axis.2.4.2 Transverse Fields (TF)If we apply a magnetic �eld perpendicular to both the spin polarization of theincoming muons and the axis connecting the centres of the two detectors we willget a polarization function Px(t) = cos(!�t+ ') ; (2.13)see Equation 2.12 (' is a phase factor). However, in most experiments there willbe a distribution of �elds at the muon site, caused by the surroundings (dipolarinteractions, hyper�ne interactions etc.). This will also lead to a distributionfunction p(!) of frequencies in Equation 2.13, resulting in a dephasing of themuon spins. As a result, one will observe a damping of the oscillations. Bymodifying the right hand side of Equation 2.13 we getPx(t) = Z d! p(!) cos(!t+ ') = Gx(t) cos(!�t+ '): (2.14)We call Gx the transverse relaxation or depolarization function. If we assume aGaussian distribution of static magnetic �elds,p(Bi) = 
�p2�� exp��(
�Bi)22�2 � (2.15)
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Figure 2.8: a) Transverse Field (TF) setup. The incoming muons experience a �eldperpendicular to their spin. Therefore the pattern of Figure 2.4 a) rotatesin time with the frequency �� = 
�Bext/(2�). b) Longitudinal Field (LF)setup. The spin polarization of the muon spin and the applied external�eld are parallel.



2.4 Muon Spectroscopy 25with i = x, then we get a Gaussian depolarization functionGx(t) = e� 12�2t2 : (2.16)Here � is the width of the �eld distribution. If we extend the model to include
uctuations of the local random �elds with a correlation time 1=�, i.e.hB(t)B(0)ihB2(0)i = e��t ; (2.17)then we get [Chap84]Gx(t) = exp ���2=�2 �e��t � 1 + �t�	 : (2.18)In the fast 
uctuation limit the observable relaxation function becomes exponen-tial, Gx(t) = exp f��2t=�g.In the context of this thesis, TF experiments are mainly used in \T20" meas-urements in order to obtain the parameter � (see Equation 2.11). In such meas-urements a transversal magnetic �eld (of the order of 2 mT = 20 Gauss) is applied.From the data count in the forward and backward detectors one can arrive at thepolarization function by �tting the data from Equation 2.11 by Equation 2.14,where Gx is taken as a decaying function. An example for such a procedure isshown in Figure 2.9. In Chapter 6 TF experiments are also used to elucidate theproperties of a muon state in a polymer. The relevant background information isgiven in Chapter 6.1.
2.4.3 Zero Field (ZF) and Longitudinal Field (LF)We now look at the depolarization functions for situations in zero applied �eldwith static internal �elds present, then extend the results to situations with appliedLFs, and �nally introduce 
uctuations of the internal �elds.In �SR, measurements can be performed in zero applied �eld, since in contrastto NMR the probe spins are intrinsically polarized. If the direction of the internalmagnetic �elds is random but their magnitudes take on only one single value (suchas in a polycrystalline magnet), one has to average over the possible angles � in
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Figure 2.9: Example of a \T20" calibration run. a) The dashed and dotted lines arethe measured data and refer to the forward and backward detectors, re-spectively. b) the data points and the full line are the corresponding asym-metry data and the �tted function. For this data set (La2�xSrxNiO4+�, x= 0.33 at T = 293 K) we �nd � = 1.29.



2.4 Muon Spectroscopy 27Equation 2.12, and the muon spin polarization function will be given byPz(t) = 13 + 23 cos(!�t): (2.19)The �rst term describes the polarization parallel to the local �elds (zero-frequencycomponent), the second term describes the precession of the transverse compon-ents and re
ects the magnetic order in the sample. In the absence of an external�eld, the frequency !� is proportional to the internal magnetic �eld at the muonsite and hence to the local magnetic order parameter, e.g. the staggered magnet-ization in an antiferromagnet. If there is more than one muon site in the crystal(where we have to consider the magnetic unit cell) then the above formula is easilyextended.When the distribution of �elds at the muon site is too large, e.g. in the caseof a small correlation length of the magnetic order, then the oscillation might bestrongly damped, see below. For some samples the oscillation is fast compared tothe time resolution of the muon spectrometer, and then one can see only a timeaverage of the cos term in Equation 2.19, i.e. Pz(t) = 1=3. In these cases a dropof the inital asymmetry from 1 to 1/3 will be a signature of a magnetic phasetransition as we go through it. In zero �eld and longitudinal �eld the polarizationfunction Pz and the depolarization function Gz are identical, and are sometimesused interchangeably.If we have a zero external �eld and static internal �elds with a Gaussiandistribution, as in Equation 2.15 with i = x; y; z, then we get the zero �eld staticKubo-Toyabe (ZF-sKT) formulaGz(t;�) = 13 + 23(1��2t2)e� 12�2t2 (2.20)where �2 is the second moment of the x and y components of the random dipolar�elds. Figure 2.10 shows this function for several values of �. For short timesthe ZF-sKT function can be approximated by a Gaussian function. It decays to avalue of 1=3 at a time t = ��1, it then has a minimum and recovers to the valueof 1/3. Below we will see that this 1/3 tail decays for a situation where we havedynamic local �elds.If we consider a situation with an applied LF, we have to make the replacementBz ! (Bz � Bext) in Equation 2.15. We call !� = 
�Bext. We then get [Haya79]
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Figure 2.10: Static Kubo-Toyabe function for zero �eld, see Equation 2.20. Note thatthere is a scaling law: if the function is plotted vs. �t then we get onlyone universal curve for any value of �.
the longitudinal �eld static Kubo-Toyabe function (LF-sKT)Gz(t;�; Bext) = 1� 2�2!2� �1� e��2t2=2 cos!�t� + 2�3!3� Z t�0 dt0e�t02=2 sin�!�t0� � :(2.21)In this situation, see Figure 2.11, the applied longitudinal �eld can decouple themuon spin from internal magnetic �elds, i.e. the recovery value of 1/3 seen atlong times for the ZF-sKT function becomes larger, and for large external �elds(compared to the internal �eld distribution) this value approaches 1.We now introduce temporal 
uctuations of frequency � of the internal magnetic�elds, as in Equation 2.17. We therefore model either 
uctuations of the local spins(in the case of dipolar �elds) or muon di�usion. This can be done in the \strongcollision model" [Haya79]. In this model the time evolution of Gz(t) consists ofcontributions of muons which did not jump until the time t, which jumped once,
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Figure 2.11: Static Kubo-Toyabe function for various external magnetic �elds BL =!0=
�, see Equation 2.21. The magnetic �eld is given in units of �=
�.twice, etc. This leads to the expressionGz(t;�; Bext; �) = 1Xn=0 g(n)z (t) ; (2.22)where the n in the sum stands for the number of hops of the muon (or changes inthe magnetic �eld) andg(n)z (t) = �ne��t Z ttndtn : : :Z t10 dt1 gz(t� tn)gz(tn � tn�1) : : : gz(t1) (2.23)where gz is the LF-sKT function from Equation 2.21. This is the dynamic Kubo-Toyabe (dKT) function. The form of this function can be obtained numerically.Note that a scaling law is applicable for all KT functions: Gz(t; k�; kBext; k�) =Gz(kt;�; Bext; �).In Figure 2.12 the dKT function is displayed for ZF. For slow hopping [Haya79]the 1/3 recovery of the ZF-sKT function is suppressed and the asymptotic formis Gz(t; �) = 1=3� exp(�2�t=3) for t� 3=�.In Figure 2.13 the dKT function is plotted for a �xed correlation frequency �and various external magnetic �elds. For increasing �elds Gz becomes less steep,
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Figure 2.12: Dynamic Kubo-Toyabe function for zero applied �eld, with various cor-relation times 1/�, given in units of 1/�.for large �elds it is 
at and close to 1. This �gure can be compared to Figure 2.11,where � = 0. In both regimes the initial decay has Gaussian character, though inthe dynamic regime the curve is more featureless at longer times.Figure 2.14 displays the dKT function for a �xed external �eld and for arange of correlation frequencies �. As � is increased the long-time behaviourbecomes more like an exponential curve. Indeed, in the fast 
uctuation limit thepolarization function can be written as Gz(t) = e��t with� = 2�2��2 + !2� ; (2.24)see [Uemu85]. Depending on the model, one can arrive at other depolarizationfunctions. In later chapters we will introduce other functions, in order to correctlydescribe the observed data. For example, in a limit of dilute spins one will obtaina \root-exponential" function. In order to �t Gz e�ciently, sometimes a semi-phenomenological \stretched exponential" function,Gz(t) = exp ��(�t)�	 ; (2.25)
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Figure 2.13: Dynamic Kubo-Toyabe function for a �xed correlation time 1=� andvarious external magnetic �elds BL, given in units of �=
� .is used. The root-exponential is the case with � = 1=2, while � = 1 or 2 describean exponential or Gaussian decay. Values of � < 1 are observed in the presenceof an inhomogeneous distribution of relaxation rates.2.4.4 RepolarizationSometimes longitudinal magnetic �elds are applied in order to investigate thenature of the underlying physics more closely. Two scenarios, �rst the presence ofmuonium in the sample and second a diamagnetic muon in a magnetic material,are treated brie
y in the following.Muonium repolarizationIf a muonium state is formed and we apply a LF magnetic �eld we will obtainthe polarization function in Equation 2.9. Half of the muons are in the eigenstatej"�"ei, the other half in the non-eigenstate j"�#ei, which gives rise to the cosinus-term in Equation 2.9, see Table 2.4. Usually the cos-term is not observed, owing tothe large value of !24. For zero applied �eld the initial polarization Pz(t = 0; B =0) = 12 , and there is a \missing fraction" of muon polarization. On increasing the
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Figure 2.14: Dynamic Kubo-Toyabe function for a �xed external magnetic �eld BL,and various correlation times 1/�, given in units of 1/�.magnetic �eld B, the Zeeman energy dominates, and the electron and muon spinsbecome decoupled, i.e. j	4i �! j"�"ei, see also Table 2.4. This \repolarization"is illustrated in Figure 2.15 and given byPz(B) = 1 + 2(B=B0)22 f1 + (B=B0)2g ; (2.26)see Equation 2.9. For anisotropic muonium, the repolarization is slightly morecomplicated, see for example [Prat93, Prat97a].Repolarization for diamagnetic muonsFigures 2.11 and 2.13 illustrate the e�ect of external magnetic �elds for muonsin magnetic materials. For su�ciently strong magnetic �elds, Pz(t) = 1, i.e. wehave \quenched" the internal �eld. If the sources of the depolarization are strongly
uctuating �elds, the external �elds available at �SR beamlines are sometimes tooweak to achieve quenching. For static internal �elds caused by nuclear moments,usually applied �elds of the order of a few Gauss are su�cient to cause quenching.
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Figure 2.15: Muonium repolarization curve. a) The �eld dependent repolarizationcurve, see Equation 2.26. b) - d) the \full" muon polarization functionfor various values of B/B0, including the cos-term in Equation 2.9, whichis averaged out in a realistic �SR experiment.
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36 3. Magnetic order in La2�xSrxNiO4In this chapter I report �SR measurements on a series of compounds withcomposition La2�xSrxNiO4+� (nickelates) with strontium doping level x between0 and 1. A magnetic transition is found in all the samples studied, which occursat a composition-dependent temperature TM .This study has led to conclusions about the character of the magnetic phasediagram and the appropriate parameter for the characterization of the magneticto non-magnetic transition which di�er from to those based on a previous muchmore limited data set. The �SR technique is a sensitive method for investigatinglocal magnetic order and of the nickel spin 
uctuation rates, see Chapter 2. Theseexperiments complement other investigations of the nickelates by (1) providinginformation on the temperature and composition dependence of the magneticshort-range order parameter, (2) enabling estimates of the magnetic transitiontemperatures TM and the corresponding phase diagram to be made and (3) makingestimates of the spin 
uctuation rates.In particular, below the transition temperature muon precession signals inzero-applied �eld are observed. This shows that there is at least short rangemagnetic order on a timescale longer than 10�8 s at low temperatures, indicatingthat speculations [Land91, Stra91] that the strontium doped compounds mighthave a spin glass ground state for certain doping levels need reexamination (seesection 3.4.1). Above TM the correlation time of the internal magnetic �eld atthe muon decreases by several orders of magnitude. An interesting observation isthat both TM and the zero temperature staggered magnetization,M y(x; T = 0 K),show a peak at x = 0:33, a fact that might be due to enhanced hole localizationat this strontium doping level.This chapter is arranged as follows: In section 3.1 I describe properties ofthe nickelates obtained from neutron and electron di�raction as well as otherexperimental methods. In section 3.2 details of the sample preparation and char-acterization procedure are given. In section 3.3 I give a short description of theexperimental setup used in this study and in section 3.4 the results are presen-ted and discussed, stressing in particular the magnetic order in the samples, thestatic and dynamic nature of the nickel spins and the phase diagram of the dopedsamples. In this section I also discuss the likely muon site(s) in the nickelates.The last section (3.5) contains concluding remarks.The work described in this chapter follows preliminary investigations of thenickelates [Chow96a, Chow96b] and parts of it have been published [Jest99].



3.1 Introduction 373.1 IntroductionLa2NiO4 and La2CuO4 are antiferromagnetic insulators with the layered per-ovskite (K2NiF4) structure, see Figure 3.1; they have a high degree of oxygen2p character in the valence band and transition metal 3d character in the conduc-tion band. Hole doping can be achieved by (1) substitution of Sr2+ for La3+ or (2)intercalation of excess oxygen. Although La2�xSrxCuO4+� and La2�xSrxNiO4+�are isostructural (though with di�erent tilting distortions), there are dramatic dif-ferences in the e�ects of hole doping on their electrical and magnetic properties. InLa2�xSrxCuO4+� antiferromagnetic long-range order is replaced by short-range 2Dcorrelations for x � 0:02 [Thur89, Cheo91] and the material becomes metallic andsuperconducting with the maximum TC at x � 0:15 [Bedn86]. La2�xSrxNiO4+�shows signi�cant enhancement in conductivity (seen beyond x = 0:6), with trulymetallic behaviour down to T = 5 K beyond x � 1, but no superconductivity isobserved at any composition [Cava91, Tavi91].The di�erences between La2�xSrxCuO4+� and La2�xSrxNiO4+� provide anincentive to understand the nature of the ground state in the doped nick-elates and consequently their magnetic properties have been investigated us-ing a variety of methods. Electron di�raction [Chen93] and neutron scattering[Hayd92, Tran94a, Tran94b, Yama94, Sach95, Tran95a] measurements have beeninstrumental in providing detailed microscopic information on the arrangementof the spins and holes in lightly doped nickelates. Electron di�raction studies[Chen93] �nd evidence for a 2D ordered array of localized doped holes at lowtemperatures for x < 0:5. The spin as well as the charge structures have alsobeen probed extensively by neutron di�raction measurements [Hayd92, Tran94a,Tran94b, Yama94, Sach95, Tran95a, Tran96, Tran97a, Tran97b, Naka97]. Thesestudies in general agree that as the doping level of the holes in the nickelates isincreased, 3D antiferromagnetic order is suppressed and is replaced by 2D incom-mensurate correlations within the Ni-O planes. In particular, many interestingmeasurements have been reported for samples with no strontium, i.e. x = 0; � 6= 0.For example, [Tran94a] and [Tran95a] report an ordering of interstitial oxygensfor � = 0:125 near room temperature and provide convincing evidence that below110 K the magnetic state consists of antiferromagnetic stripes of nickel spins separ-ated by periodically spaced anti-phase domain walls to which the holes segregate,see Figure 3.2.
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Figure 3.1: Structure [Frel91] of La2�xSrxNiO4. The nickel moments, symbolized byarrows, point along the h110i directions. The lattice parameters [Frel91]are a = b = 3.87 �A, c = 12.63 �A.
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Figure 3.2: a) Idealized diagram of the antiferromagnetic ordering in the NiO2 plane ofthe x = 0.00 compound. b) Idealized diagram of the spin stripe structurein the x = 13 compound. In a) and b) only the Ni atoms are represented.Arrows indicate the orientation of the Ni spins, a circle without arrowrepresents a Ni atom with a hole. After [Tran95b].In La2NiO4+� magnetic order remains commensurate for 0 < � < 0:11, al-though there is a pronounced variation of the magnetic transition temperature(TM) with �. For � > 0:11 both the oxygen interstitials and charge stripes orderthree dimensionally. Whereas a large number of articles have been published onthe properties of La2NiO4+� and La2�xSrxNiO4+� with x = 0:33, less is knownabout the properties of the strontium doped materials for x 6= 0:33, especiallyfor large x. Anomalies in the magnetic susceptibility and resistivity have beenreported [Tavi91, Chen93, Cheo94] for x = 13 and 12 . Hole ordering in the Ni-Oplanes, perhaps enhanced by commensurability e�ects at these magic numbers[Chen93, Cheo94, Tran96], are believed to be responsible for this behaviour. Fur-thermore, a recent neutron scattering study [Lee97] of La1:67Sr0:33NiO4 suggeststhat charge ordering is the driving force for magnetic ordering in this material.3.2 Sample Preparation and CharacterizationTable 3.1 lists the nineteen polycrystalline La2�xSrxNiO4+� samples that wereinvestigated, including six samples on which earlier �SR measurements were per-formed [Chow96a]. The samples studied were prepared by M. Green and J. Mill-burn at the Oxford University Inorganic Chemistry Laboratory as follows: stoi-



40 3. Magnetic order in La2�xSrxNiO4x � TM(K)0.00 0.009(4)� 335 � 50.15 0.01(1) 28 � 90.20 0.08(1) 133 � 140.20 0.052(3)� 125 � 90.25y 0.090 119 � 60.33y 0.09(1) 180 � 70.33 0.010(4)� 207 � 20.33 0.08(1) 204 � 90.40y 0.08(1) 118 � 130.40 0.06(1) 131 � 70.40 0.008(3)� 107 � 50.50y 0.065(3)� 73 � 100.50 0.006(4) 53 � 100.60y 0.095(4)� 67 � 50.60 0.01(1) 75 � 20.80 0.05(1)� 80 � 81.00y 0.063(4)� 44 � 141.00 0.02(1) 49 � 51.00 0.007(3)� 42 � 5Table 3.1: Polycrystalline La2�xSrxNiO4+� samples studied and magnetic transitiontemperatures TM obtained from �SR measurements. The superscript yindicates data from [Chow96a]. The superscript � indicates determinationof the oxygen content by thermogravimetric analysis (TGA) and iodometry(the oxygen content in the remaining samples was obtained using TGAonly).
chiometric quantities of SrCO3, La2O3 (dried at 800 �C) and nickel powder weredissolved in 150 ml of dilute nitric acid. Citric acid and ethylene glycol were ad-ded and the mixture was heated, while stirring, to evaporate the solution. Theresulting gel was decomposed at 350 �C overnight and the powder produced wasre�red at 800 �C in air, made into pellets and re�red at temperatures between1250 �C and 1450 �C in O2 for an average of 10 days with several intermittentregrindings. Samples with a low oxygen doping were prepared by annealing in anN2 atmosphere with 10% H2 at � 300 �C for 6 hours. The phase purity of allsamples was con�rmed using X-ray powder di�raction. The oxygen content of thesamples was determined by thermogravimetric analysis under 8% H2 in N2. Someof the samples were also characterized by iodometry (see Table 3.1).



3.3 Experimental Aspects 413.3 Experimental AspectsAll the samples were measured at the EMU and MuSR beamlines at ISIS (U.K.)to determine the temperature dependence of the initial decay asymmetry and thehigh temperature relaxation rates. In addition, selected samples were investigatedat the �M3 and �E1 beamlines at PSI (Switzerland). As discussed in Chapter2.2, PSI is a continuous-source muon facility while ISIS provides a pulsed beamof muons with a half width at half maximum of 70 ns. In the magneticallyordered state there is a strong internal magnetic �eld at the muon site (� 220 mT� 40 MHz). The occurrence of coherent oscillations in the asymmetry functioncould be directly observed in the PSI data. The ISIS data provide only indirectevidence for the magnetic transition through the loss of initial asymmetry, seeChapter 2.4.3.In the majority of the experiments Pz(t) was monitored with no external �eldapplied, so it re
ects the interaction of the implanted muon with the internalmagnetic �eld (ZF �SR). The earth's magnetic �eld was compensated to betterthan 10 �T. Longitudinal-�eld (LF) measurements were also performed on someof the samples. In the experiments polycrystalline samples of a typical mass of2 g were packed in a silver foil (thickness 25 �m) pocket with typical dimensionsof 20 mm � 17 mm � 2 mm. The contribution of the silver to the muon signalis accounted for by adding a constant term to Pz(t) in the �tting procedure,see Chapter 2.4.3. For the experiments a variety of cryostats were used (ClosedCycle Refrigerator, He fridge). The samples were mounted on a silver backingplate in the cryostat and �xed with low temperature (kapton) tape. For betterthermal conductivity vacuum grease was used. In each case the temperature wasmonitored with a thermometer on the back of the backing plate.3.4 Experimental Results and DiscussionIn this section I begin by describing the general features of the data. Then,in various subsections particular aspects are elaborated on and their physicalsigni�cance is discussed in more detail.There are two distinct temperature regimes in all the samples we have ex-amined. In the ISIS experiments the following results were obtained: At temper-atures above the magnetic transition temperature TM , Pz(t) is well-described by



42 3. Magnetic order in La2�xSrxNiO4

Figure 3.3: Time dependence of the muon decay asymmetry for the La2�xSrxNiO4+�,x = 0.60, � = 0.01 sample, shown for T = 300 K and T = 30 K. Note thedistinct Gaussian character at the higher temperature and the exponentialcharacter at the lower temperature.a Gaussian function Ae��2t2 . However, when T < TM there is a marked decreasein the apparent initial amplitude as well as a change in the lineshape to a moreexponential character, see Figure 3.3. The decrease in the observed asymmetryis due to a fast-relaxing and/or a high-frequency component which cannot, asdiscussed in Chapter 3.3, be resolved at ISIS. This results in an apparent missingfraction in the data below TM since fast oscillations and/or fast relaxations willbe averaged to zero. By contrast, for each of our samples the fast oscillations wereresolvable at PSI. This is illustrated in Figure 3.4 for two of the samples.I �tted the data to a modi�ed version of Equation 2.19:Pz(t) = Gk(t) +G?(t) cos(!�t) : (3.1)The following phenomenological functions are assumed in order to model the
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Figure 3.4: Time dependence of the muon decay asymmetry for La2�xSrxNiO4+� (seeTable 3.1). a0 is a calibration factor, see Chapter 2.1.3. a) The shorttime behaviour for x = 0.00, showing fast, relatively long-lived coherentprecession and b) the short time behaviour for x = 0.80, showing dampedcoherent precession. The smaller error bars in b) result from higher count-ing statistics.zero-frequency component and the rapid decay of the oscillations:Gk(t) = a exp(��kt) (3.2)G?(t) = b exp(��?t): (3.3)A constant non-relaxing term is also added to model the polarization of muonswhich miss the sample and stop in the silver backing plate. In all the samplesmeasured at PSI clear single frequency oscillations in zero applied �eld were ob-served (see Figure 3.4), except in the almost stoichiometric sample (x = 0:00,� = 0:009, see Table 3.1) where we �nd two oscillatory signals. This is in agree-
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Figure 3.5: Initial muon decay asymmetry for the x = 0.20, � = 0.052(3) sample (seeTable 3.1), as measured at ISIS. The magnetic transition temperature TMis indicated (see text). a0 is a calibration factor, see Chapter 2.1.3.ment with [Mart92]. The second low frequency signal can also be seen in the ISISdata for temperatures above � 100 K. In Chapter 3.4.4 below we discuss how wecan associate the frequencies with particular muon sites within the crystal.The magnetic transition temperature TM for each of the samples is listed inTable 3.1 on page 40. This quantity is estimated by studying the temperaturedependence of the zero-�eld initial amplitudes using a coarse binning of the data.We de�ne TM as the temperature corresponding to 0.5� and the lower and upperbounds for TM as the temperatures corresponding to 0.2� and 0.8�, where �is the change in the initial amplitude between the high and low temperatures.Figure 3.5 shows a typical result.3.4.1 Magnetic Order in SamplesAs mentioned above, in all samples coherent precession in zero applied �eld isobserved below TM . This implies that at a particular temperature below TM themuon senses an internal magnetic �eld of essentially constant magnitude which
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Figure 3.6: Temperature dependence of muon precession frequencies and internalmagnetic �elds in La2�xSrxNiO4+� for various x-values. The lines are the�tting functions ��(x,T) = ��(x, 0 K) f1� T=TM(x)g�(x).is either static or quasistatic on a timescale of the order of microseconds. TheLarmor frequency ��(x; T ) of the oscillations is proportional to the magnetic �eldB�(x; T ) at the muon site,��(x; T ) = !�2� = 
�2�B�(x; T ) ; (3.4)and hence to the staggered magnetization M y(x; T ). We attribute the source ofthe internal �eld to the ordered nickel moments in the vicinity of the muon.Some authors have suggested on the basis of magnetic susceptibility measure-ments that La2�xSrxNiO4+� might have a spin glass ground state [Land91, Stra91].In a spin glass the muons would see a very broad distribution of local magnetic�elds, leading to a noncoherent precession [Uemu85]. Such a behaviour is notfound in our experiments. We can therefore conclude that the samples do notshow spin-glass behaviour but cannot rule out the possibility that there is a smallfraction of each sample (< 5%) that might exhibit spin glass behaviour whichdominates the magnetic susceptibility, but because of its low volume fraction isunobservable in �SR.Figure 3.6 shows the temperature dependence of ��(x; T ) for several di�erent
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x � �0.33 0.009 0.22(2)0.33 0.08 0.22(1)0.60 0.01 0.43(4)0.80 0.05 0.22(2)1.00 0.007 0.24(4)Table 3.2: Fitted � values for various doping levels to the function ��(x,T) = ��(x,0 K) f1� T=TM(x)g�(x) using the values of TM listed in Table 3.1.doping levels. A �t of the data to the function��(x; T ) = ��(x; 0 K)� �1� TTM(x)��(x) (3.5)using the values of TM listed in Table 3.1 yields a value of �(x) of 0:22� 0:02 and0:22�0:01 for the x = 0.33 samples (� = 0.009 and 0.08, respectively), 0:22�0:02for x = 0.80, 0:24�0:04 for x = 1.0 and 0:43�0:04 for x = 0.60, see also Table 3.2.Our functional form of ��(x; T ) (Equation 3.5) gives a good description of thedata over the complete temperature range. Theoretical values of the exponent� for 3D Heisenberg, XY and Ising systems are 0.38, 0.33 and 0.31, respectively[Ma76], while the value for a 2D XY model [Bram93] is 0.23, consistent withvalues found in other 2D magnetic systems [deJo74, Bors95]. The values of � formost of the samples are close to the theoretical value for 2D XY systems, andare consistent with the two-dimensional character of these materials even thoughthe functional form used is normally only expected to be applicable to a smallrange below the temperature of the phase transition. The x = 0.60 sample showsa qualitative di�erence of the temperature dependence from the other samples.The reason for this di�erence in behaviour for this composition is not clear atpresent.It is notable that magnetic order persists in these samples to much higherhole concentrations than in La2�xSrxCuO4+� [Dago94]. This is consistent withthe suggestion [Bors95] that mobile holes are more e�ective in destroying the ex-change interaction giving rise to magnetic order than less mobile holes [Cava91].The holes in La2�xSrxNiO4+� have a greater 3d-character compared to those in



3.4 Experimental Results and Discussion 47La2�xSrxCuO4+� and are therefore expected to be less mobile. The existence ofless mobile holes is also consistent with the much higher Sr doping concentra-tion needed to induce metallic conductivity in La2�xSrxNiO4+� (see [Cava91] andbelow).Figure 3.7 shows the doping dependence of the Larmor frequency ��(x; T =0 K) extrapolated to T = 0 K. The data set (excluding the x = 0:33 points) is�tted to the phenomenological function [Bors95]��(x; T = 0 K) = ��(x = 0; T = 0 K)� �1� xxc�n ; (3.6)and as best �t we get xc = 1.02 and n = 0.113. Reasonable �ts can also be obtainedfor values 1:02 � xc . 1:08, see Figure 3.7. The parameter xc can be interpretedas the doping level where the magnetic order is lost and a phase transition toa metallic state occurs. The estimate of xc is consistent with the value xc � 1determined by an NMR study [Furu96]. Note also that the values of �� in the lessheavily-doped samples are close to the high frequency precession in the undopedmaterial (Figure 3.4 a)). This implies that the average local �eld detected by themuon is similar in the doped and the parent material, a result which was alsofound [Hars88] in lightly-doped La2�xSrxCuO4. However, there is a peak in thefrequency in x = 0:33. Such behaviour is qualitatively consistent with a higherlocalization of the holes at this concentration alluded to in the introduction.Reference [Bors95] proposed a model for weakly doped La2�xSrxCuO4 belowTN in which carrier-rich domain walls are formed, separating undoped spin-richdomains, and that these walls e�ectively reduce the dimensionality of the spin-richregions in the Cu-O planes. The holes are in motion along the direction of thedomain walls, and in this they isolate the spin-rich domains from one another.This model, presented to explain the anomalous low temperature rise in the localmagnetic �eld seen by the muon in La2�xSrxCuO4, suggests that the e�ective sizeof the magnetic domains determines both the local staggered magnetization andthe transition temperature TM . In particular, both these quantities decrease withdecreasing domain size. Within the context of this model, we can visualize that inLa2�xSrxNiO4 samples where x 6= 0:33, the holes act like \
owing rivers" of chargewhich form walls in the Ni-O planes separating undoped AFM domains. However,at x = 0:33, the holes are more localized and this leads to larger e�ective domainsizes and hence a corresponding increase in the local staggered magnetization.
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Figure 3.7: Low temperature (5 { 10 K) Larmor frequency vs. doping level x (seetext). Note the peak at x = 0.33. We also display a range of reasonable�ts to the phenomenological function ��(x, T = 0 K) = ��(x = 0, T =0 K) � (1 - x/xc)n, with (xc, n) = (1.02, 0.113), (1.05, 0.138) and (1.075,0.152).Note that this model also predicts the existence of a peak in TM , an issue that Iwill return to in section 3.4.3.3.4.2 Static and Dynamic Nature of the Nickel SpinsI now discuss the damping rates �? of the oscillating signals as well as �k (seeEquations 3.3 and 3.2, respectively). The implications of these results will bediscussed in the context of a previous �SR study [Chow96a] of polycrystallineLa2�xSrxNiO4 as well as neutron measurements in nickelates with lower hole dop-ing levels [Sach95, Tran94a, Tran95a]. These show evidence for stripe spin andhole order, a phase which is quite di�erent from the N�eel state of the parent ma-terial [Aepp88]. The observation that �? � �k for all x, as shown in Figure 3.8,indicates that the relaxation of the oscillations is dominated by the static distri-bution of the neighboring Ni spins. Nevertheless, some dynamic broadening, i.e.
uctuations of the Ni spins, is undoubtedly present since �k is nonzero.The large values of �? indicate that there is a signi�cant inhomogeneity in thelocal spin structure around the muon. This broadening ranges from �?(x; T !0 K)=(2���(x; T ! 0 K)) = 1:8 % in the x = 0:00, � = 0:009 sample to � 28:2
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Figure 3.8: a) Low temperature damping rate �? as a function of x. b) Low temper-ature damping rate �k as a function of x.% in the x = 1:00, � = 0:00 sample. Such inhomogeneities might arise from theformation of stripe phases; however, the muon is not sensitive to the details ofthis local spin structure, as evidenced by the nearly constant �? for x 6= 0. Noclear correlation is seen between stripe formation at the \special" doping value ofx=0.33 and �?. The spin 
uctuation rates are signi�cantly less than 
�B� sincecoherent precession is observed, implying that the correlation time of the nickelspins is longer than 10�8 s at low temperatures (� 5 K). In this context it isinteresting to note that in a sample with x = 0.2 (� not measured) the magneticcorrelation time for correlated regions (stripes) was found by neutron scattering[Hayd92] to be longer than � 10�11 s at 2 K and of the order of � 10�12 s at 80 K.The source of the muon relaxation for T � TM can be attributed to nucleardipolar �elds, as suggested in [Chow96a]. In the present study this could becon�rmed for a number of samples by the observation that a weak longitudinal�eld of� 10 mT is su�cient to quench the relaxation, i.e. Pz(t) is almost constant.This was checked in the x = 0:25, x = 0:33, x = 0:40, x = 0:50 and x = 1:00samples. The nuclei responsible for the relaxation are likely to be 139La, the most



50 3. Magnetic order in La2�xSrxNiO4
Isotope Natural Abundance (%) Nuclear Spin Nuclear Magnetic Moment138La 0.089 5 3.707 �N139La 99.911 7/2 2.783 �N84Sr 0.056(1) 086Sr 9.86(1) 087Sr 7.00(1) 9/2 -1.094 �N88Sr 82.58(1) 058Ni 68.007(9) 060Ni 26.223(8) 061Ni 1.140(1) 3/2 -0.750 �N62Ni 3.634(2) 064Ni 0.926(1) 016O 99.762(15) 017O 0.038(3) 5/2 -1.894 �N18O 0.200(12) 0Table 3.3: Isotopes in La2�xSrxNiO4+� and their properties, taken from [CRC95].abundant species with non-zero nuclear spin (the natural abundances are 138La0.089% and 139La 99.911%, the nuclear spin of 139La is 7/2, see Table 3.3). In thishigh temperature range the 
uctuation rate of the nickel moments is much higherthan the Larmor frequency of the muon; hence, the Ni moments do not contributesigni�cantly to the muon depolarization (motionally narrowed limit).In the fast 
uctuation limit in zero applied �eld the exponential relaxation rateabove the magnetic transition is given by [Uemu85, Kere94]� = 2
2�B2rms� ; (3.7)see Equation 2.24. Here � is the correlation time of the internal �eld and Brmsis the rms internal magnetic �eld at the muon site, assumed to be of the orderof the average magnetic �eld sensed by the muons at the lowest temperatures.The exponential relaxation rate � can be estimated from a short-time exponential�t to Pz(t). This �t is valid since the Gaussian nuclear relaxation (see above)will be dominant only on a longer timescale. In addition, this was experimentallycon�rmed in some of the samples by applying a longitudinal �eld of between5 mT and 10 mT. The Gaussian contribution disappears but the exponential part
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Figure 3.9: Exponential relaxation rate � and spin 
uctuation rate � (inset) for theLa1:67Sr0:33NiO4:010 sample in zero magnetic �eld. The 
uctuation rate iscalculated in the fast 
uctuation limit (see section 3.4.2).remains the same within the error bars. A representative plot of the temperaturedependence obtained from the relaxation rates is displayed in Figure 3.9. At300 K the exponential relaxation rate � is too close to zero to be measurable,see Figure 3.9. From this we can safely deduce that � � 0:01 �s�1, and fromEquation 3.7 one can estimate that the correlation time of the Ni spins is smallerthan 10�13 s (shorter than reported in [Chow96a]). Note that the muon is notdi�using very rapidly on a microsecond timescale since a coherent precession isobserved by �SR in stoichiometric La2NiO4 up to 335 K.3.4.3 Phase Diagram of the magnetic transitionWe now discuss the dependence of TM on the strontium doping concentration. Themeasurements are summarized in Figure 3.10. The di�erent TM -values for a givenx are associated with di�erent values of �, e.g. the three values of TM representedfor x = 0.40 correspond to � = 0.08, � = 0.06 and � = 0.008. The transitiontemperatures for a particular x are, however, very close to each other even though
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Figure 3.10: Phase diagram for La2�xSrxNiO4+�. Multiple entries for the same x-value are associated with di�erent � values (see Table 3.1). The solidline is a guide to the eye. The inset shows the same data set, plotted asa function of p=x+2�. Clearly p is not the appropriate parameter for thecharacterization of the magnetic transition temperature.� is di�erent in each case (see Table 3.1). Contrast this behaviour with the x =0 material (see Figure 3.11, data taken from [Yama94, Naka97, Frel91, Tran93,Gopa92]), where a drastic initial drop in the magnetic transition temperature isseen with increasing �. We �nd that TM �rst drops with increasing x, reaches aminimum at x � 0.15, and then rises again to a maximum of � 205 K for x =0.33. For larger x the transition temperature again drops, falling to a value ofabout 45 K at the highest doping levels (Figure 3.10).In [Chow96a] it was speculated that p = x+2� might be the relevant parameterfor controlling the magnetic transition temperature, following a suggestion basedon neutron measurements [Sach95]. The current study, making use of many moresamples, demonstrates that this appears to be incorrect for La2�xSrxNiO4+� wherex 6= 0 (see Table 3.1). This is particularly obvious from the inset in Figure 3.10where there are a number of very di�erent TM values for a particular value ofp. The interstitial accommodation of oxygen requires a local lattice distortion[Gopa92] while quite di�erent structural consequences result from Sr substitution[Hean98]. Both these structural e�ects are likely to have signi�cant, but dissimilar,
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Figure 3.11: Dependence of the magnetic transition temperature on the oxygen dopingin La2NiO4+� (taken from references cited in the text). A similar sensitiv-ity of the transition temperature to oxygen doping is not apparent in thestrontium doped compounds that we have studied (see section 3.4.3).
e�ects on the magnetic properties even when the nominal hole concentration isidentical.Based on neutron scattering experiments, it has been suggested [Tran96] thatspin stripe ordering is driven by charge ordering. The x = 0:33 doping has at-tracted much attention because it demonstrates pronounced charge ordering (at239 K) [Tran96, Cheo94]. It is plausible that the loss of hole mobility is responsiblefor the pronounced increase in TM (Figure 3.10) at this doping level. In view ofthe earlier discussion (Chapter 3.4.1) regarding the e�ects of the magnetic domainsize on ��(x; T = 0 K), a peak in TM is also expected and indeed observed at thisspecial concentration. For x = 0:5, anomalies in bulk properties, e.g. resistivity[Cheo94], have previously been observed at higher temperatures (� 340 K), butthe features were much broader and weaker than those for x = 0:33. We �nd noevidence of another peak in TM at this hole doping level.



54 3. Magnetic order in La2�xSrxNiO43.4.4 Muon SiteIn agreement with [Mart92] we �nd two distinct values of �� in our x = 0.00sample, which can be attributed to two muon sites. There is no indication of asecond muon site for any of the Sr doped samples. In order to arrive at possiblemuon sites in La2�xSrxNiO4+�, I have performed dipole �eld calculations, ana-logous to those described in [Le90, Chow96b]. The local magnetic �eld B�(r�)sensed by the muon is given by the sum of the dipolar �eld, Bdip(r�), which isdue to Ni moments and the hyper�ne �eld, Bhf(r�), which is due to any non-zeroelectron spin density at the muon site. Although we lack knowledge of the hyper-�ne coupling constant it is assumed to be small, as in the case of La2CuO4 (see[Le90]) and other magnetic oxides. With this assumption the magnetic �eld atthe muon site can be calculated as a sum of dipolar contributions,B�(r�) =Xi 3(�i � ni)ni � �ijr� � rij3 ; (3.8)where r� is the position of the muon, �i is the e�ective magnetic moment ofthe i-th nickel ion and ni is the unit vector from the muon to the nickel ion atsite ri. The magnetic moment �i of La2NiO4 has been measured by neutrondi�raction [Frel91, Tran93]. The values obtained in the two studies were 0.75�B and 0.85 �B, respectively. In our calculations we assumed the mean of thosevalues, i.e. j�ij = 0:80 �B. From Reference [Frel91] we have taken the latticeparameters (neglecting the small di�erences in the two lattice constants a and b)of a = b = 3:87 �A, c = 12:63 �A and the spin structure as shown in Figure 3.1.The sum in Equation 3.8 was evaluated numerically by taking into account nickelspins within a radius of 15a about r�.In the Ni-O plane the �eld distribution is rather 
at in the center of the planebut changes rapidly near the nickel sites (where the �eld diverges) and the oxygensites (where the �eld is zero); see Figure 3.12. As one would expect, outside thisplane the �eld is much smaller, and becomes smallest in the z=c = 1=4 plane(where the maximum value is jBj = 41 mT).Sites which are within 15 % of 260 mT were selected; this �eld value corres-ponds to the average high precession frequency observed in the nearly stoichiomet-ric sample, x = 0:0, � = 0:009. The 15 % tolerance re
ects the uncertainty in themagnetic moment from the neutron measurements. We �nd that the muon dis-
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Figure 3.12: Contour plot of the dipole �eld in the z/c = 0 plane. The nickel mo-ments are symbolized by arrows at the corners of the square. The shadedregion corresponds to the muon positions compatible with the data. Themagnetic �eld is given in mT.tance to the Ni-O plane should be smaller than 1.3 �A. Restrictions can be imposedbecause crystallographically equivalent sites in the unit cell do not experience thesame magnetic �eld (the �eld symmetry is reduced due to the spin structure), i.e.in general jB(x; y; z)j 6= jB(x; b � y; z)j. Assuming that the �eld distribution isless than 5 % of the mean value (given in section 3.4.2), the two possible sites inthe Ni-O plane are(1) x=a = 0:4, y=b = 0 (and equivalent sites) and(2) those regions in Figure 3.12 which are shaded.In a variety of �SR Experiments in oxides [Boek86, Daws90, Holz81, Nish90,Webe90] it has been shown that the �+ forms a covalent bond with an oxygenatom; the typical distance between the oxygen atom and the muon is 1.0 � 0.1 �A.For case (1) the distance to the oxygen (at x=a = 0:5, y=b = 0) would be rathersmall compared to this typical O{� bonding length of 1 �A. We conclude thatwithin the magnetic dipole approximation, position (2) is the most likely muonsite in the Ni-O plane. An analogous treatment for the second lower precessionfrequency in La2NiO4 leads to a range of possible second muon sites, some ofwhich are consistent with the ones proposed for La2CuO4 [Le90].



56 3. Magnetic order in La2�xSrxNiO43.5 ConclusionIn conclusion, magnetic order in La2�xSrxNiO4+� was studied for a large numberof samples where 0 � x � 1 and demonstrated that local magnetic order existsin all samples below an x-dependent transition temperature TM . This enabledus to probe the temperature dependence of the short-range order parameter inthe samples and make estimates of the correlation times below and above thetransition temperature. We have extended the information on magnetic trans-ition temperatures to doping values other than those previously reported andparticularly to higher values, and conclude that, in contrast to previous specula-tions [Sach95, Chow96a], the appropriate parameter for controlling the magnetictransition temperature for non-zero x is not p = x + 2�, but x itself. In lightof the coherent precessions obtained in the experiments, the previous speculation[Land91, Stra91] that the ground state for these materials at higher strontiumdoping levels is a spin glass needs further exploration. We �nd evidence for anenhancement in TM and the zero temperature staggered magnetization associatedwith doping at x = 13 which may be connected with enhanced hole ordering.



Chapter 4Magnetic Order and Spin Dynamicsof the n=2 Ruddlesden-PopperPhases Sr2LnMn2O7Contents4.1 Introduction: The Ruddlesden-Popper Manganates . . . . . 584.2 CMR Materials and muon spin spectroscopy . . . . . . . . . 614.3 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . 634.4 Experimental Details . . . . . . . . . . . . . . . . . . . . . . 644.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 644.5.1 Sr2PrMn2O7 and Sr2NdMn2O7 . . . . . . . . . . . . . . . 654.5.2 Sr2SmMn2O7 . . . . . . . . . . . . . . . . . . . . . . . . 724.5.3 Sr2EuMn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . 744.5.4 Sr2TbMn2O7, Sr2DyMn2O7 and Sr2HoMn2O7 . . . . . . . 754.5.5 Sr2GdMn2O7 . . . . . . . . . . . . . . . . . . . . . . . . 794.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



58 4. Magnetic Order and Spin Dynamics in Sr2LnMn2O7Colossal magnetoresistance (CMR) materials, which show very large changesin resistivity on application of a magnetic �eld, may have possible applicationsas sensors in magnetic memory devices. Because of this, and because the basicphysical understanding of the mechanism of CMR is not clear, much research onthese materials continues.In this chapter I describe muon spin relaxation measurements on a familyof bilayer perovskites which contain lanthanide ions, some of whose membersshow very large CMR. The results will be interpreted in terms of the presenceof 
uctuating magnetic clusters that are found in the compounds which showCMR. Information is also extracted concerning the 
uctuation of the lanthanidemoments which often show an activated temperature dependence as sensed by themuon.This chapter is arranged as follows. In section 4.1 I give a short overview ofcolossal magnetoresistance e�ects and other physical properties of various CMRmaterials which have been studied by muons. In section 4.2 I review the �SR workperformed on CMR materials so far. Section 4.3 describes the sample preparation.In section 4.4 I describe details of the experimental procedures, and in section4.5 I present the data obtained on the range of samples studied. The muondepolarization data are presented for the series going from the largest to thesmallest lanthanide (with the exception of the Gd sample, for which the resultsare presented last). In the concluding section, 4.6, I give a short summary.Parts of the material in this chapter have been submitted for publication[Bewl99].4.1 Introduction: The Ruddlesden-Popper Man-ganatesColossal magnetoresistance (CMR) in pseudocubic perovskites Ln1�xAxMnO3 (A= Ca, Ba, Sr, Pb, Bi and Ln = Pr, Nd, Sm, Eu, Gd, Tb, and Dy) has at-tracted considerable attention in recent years [Rami97, Kust89, Helm93]. Themagnetoresistivity ��=� is de�ned as��� (T;B) = �(T; 0)� �(T;B)�(T;B) ; (4.1)
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Figure 4.1: Crystal �eld splitting of the Mn 3d orbitals. Here I show an Mn3+ ion. Inthe double exchange mechanism, the eg electron hops from an Mn3+ ionto an Mn4+ ion via the an oxygen orbital.where B is the external applied �eld and � the speci�c resistivity. For examplein Pr0:7Sr0:04Ca0:26MnO3�� [Maig95] a value of ��=� of up to 1011% has beenobserved for B = 5 T at 30 K. The orthorhombic parent compound LaMnO3 isan insulating antiferromagnet with 100% Mn3+ ions. It is possible to change theoxidation state of a fraction of the manganese ions to Mn4+ by replacing a fractionof the La3+ ions with doubly charged ions A2+ (see above). By doing so it is oftenfound that the electrons become delocalized and a high temperature insulatingparamagnetic phase gives way to a low temperature ferromagnetic metallic phase.The Curie temperature is then determined by the doping level x. The CMR e�ectoccurs in a small temperature region near the Curie temperature. This shows thatthe spin alignment and the electrical transport are closely related. The coexistenceof metallic conductivity and ferromagnetic coupling in these materials has been ex-plained in terms of a double exchange (DE) mechanism [Zene51, Ande55, deGe60].Octahedral crystal �elds split the Mn 3d orbitals into two eg orbitals, which arestrongly hybridized with the oxygen p orbitals, and three lower energy t2g orbitals,which are more localized, see Figure 4.1. The DE mechanism requires a mixedvalence state of Mn3+ and Mn4+ cations in which the eg electrons hop from aMn3+ to a Mn4+ via the oxygen orbitals. In this process the eg electrons retaintheir spin direction and therefore tend to align the spins of neighbouring Mn ions
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Figure 4.2: Structure of the Ruddlesden-Popper compounds (Sr,Ln)n+1MnnO3n+1.For n = 2 we get the structure of the Sr2LnMn2O7, whereas n = 1corresponds to the perovskites, and n = 1 produces the K2NiF4 structure(see also Chapter 3 and Figure 3.1).due to a strong Hund's rule coupling [Tere97]. Recent work shows that the DEmechanism on its own greatly overestimates both the conductivity and TC and isnot enough to explain CMR in these materials, and that it is necessary to includethe dynamical Jahn-Teller e�ect [Mill95, R�ode96, Mill96, Shen97].More recently, CMR has also been observed [Mori96, Batt96a, Sesh96]in the n = 2 Ruddlesden-Popper (RP) phases [Rudd58]. The RP phases(Sr,Ln)n+1MnnO3n+1 can be thought of as stacks of perovskite blocks n layersthick with each block separated by a rock-salt (Sr,Ln)2O2 layer which decouplesthe blocks electrically and magnetically, see Figure 4.2. The perovskite compoundsare realized for n =1, whereas the case n = 1 is equivalent to the K2NiF4 struc-ture (see also Chapter 3). The structural consequences of moving from perovskiten = 1 to the n = 2 RP phases is the introduction of a two-dimensional charac-ter and a reduction from 6 to 5 in the number of nearest neighbour Mn cations



4.2 CMR Materials and muon spin spectroscopy 61around a particular transition metal site. The reduction in the number of nearest-neighbours is expected to produce an anisotropic reduction in the width of theenergy bands derived (largely) from the Mn 3d orbitals, and hence is expectedto modify the electrical conductivity and magnetic behaviour of these materials.All the samples of the Sr2LnMn2O7 series have the same mean value of Mn ox-idation state of +3.5, i.e. an equal number of Mn3+ to Mn4+ ions. However, theexchange coupling between Mn ions is very sensitive to the Mn-O bond angles.In crossing the lanthanide series from left to right, the size of the rare-earth iondecreases (the lanthanide contraction), thus creating a distortion in the MnO6 oc-tahedra. This can weaken the (ferromagnetic) double exchange coupling betweenMn ions and can introduce magnetic frustration because of the competing fer-romagnetic and antiferomagnetic superexchange interactions. As magnetization[Batt96a, Batt96b, Batt97a] and resistivity [Batt96a, Batt97a] measurements haveshown, the physical properties of these samples depend on the lanthanide ion, ane�ect which has also been observed in the perovskites [Rami97].However, the electrical and magnetic behaviour of some of the n = 2 RP phasesis very di�erent from their n =1 counterparts. Although Sr2�xNd1+xMn2O7, forexample, shows [Batt96a] an enhanced CMR over a very wide temperature range4 K < T < 150 K for x = 0:0 and x = 0:1, it is non-metallic and there is noevidence of ferromagnetic ordering [Batt96b]. The lack of long range magneticordering and the reduced temperature of the CMR e�ects in these samples com-pared to the perovskites can be attributed to the reduced dimensionality of thesesystems and the resulting increase in the magnetic 
uctuations. However, withno ferromagnetic ordering and non-metallic behaviour it is di�cult to understandhow the DE mechanism applies in these compounds, thus placing new constraintson the development of microscopic models. It is clearly important to understandthe nature of the CMR in this material and other similar n = 2 RP compoundsand this requires a knowledge of the magnetic state and magnetic 
uctuationswithin these materials.4.2 CMR Materials and muon spin spectroscopy�SR has been used by other authors to investigate the magnetic properties ofCMR compounds. De Teresa [Tere97] et al. have investigated the behaviour of(La1�xTbx)2=3Ca1=3MnO3 for x = 0:33 with small angle neutron scattering and



62 4. Magnetic Order and Spin Dynamics in Sr2LnMn2O7�SR. This compound is insulating and shows a decrease of eleven orders of mag-nitude in the resistance under an applied magnetic �eld of 12 T around 80 K.The neutron experiments found that small ferromagnetic clusters exist for thex = 0:33 compound, with a typical cluster size of around 18 �A at low temperat-ures. Muon spin relaxation experiments con�rmed the absence of magnetic orderand gave evidence for the existence of a spin-glass transition at Tsg � 45 K. Themuon data were �tted with a stretched exponential function (see Equation 2.25),and a divergence in the relaxation rate was found, which describes the criticalslowing down of the spin dynamics as the freezing of the local magnetic �eld isapproached. For this compound, the magnetic coherence length increases mono-tonically with decreasing temperature, but there is no long-range ferromagneticorder. The muon data showed a strong variation of the parameter � (see Equation2.25) below 125 K, well above Tsg, which approaches the value of � 0:5 at Tsg.At high temperatures the relaxation was slow, and the values of � were close tounity.The low temperature muon spin relaxation mechanism in this material which isdominated by randomly orientated frozen local �elds, coexisting with residual spin
uctuations, di�ers strongly from the low-temperature depolarization observedin the metallic and 3D ferromagnetic La0:67Ca0:33MnO3 [He�96, He�97]. In theparamagnetic high temperature region there are, however, similarities.In La0:67Ca0:33MnO3, He�ner et al. [He�96, He�97] observed a phase transitionfrom a paramagnetic state to a ferromagnetic ground state. They �tted the datawith the relaxation functionPz(t) = A1e��1t cos(2���t+ �) + A2e�(�2t)� : (4.2)Here �� is the muon spin precession frequency, proportional to the sublatticemagnetization below the ferromagnetic transition temperature TC . A1 + A2 = 1,�1 is the inhomogeneous linewidth and �2 is the dynamic spin-lattice relaxationrate. Below TC the sublattice magnetization was proportional to (1�T=TC)
 withTC = 274 K and 
 = 0:345(15), which is characteristic of a phase transition fora 3D spin system (see also Chapter 3.4.1). There was no evidence for multiplemuon stopping sites. They found that �1=2��� � 1=3 at 10 K. The dynamicalrelaxation changed from an exponential form (i.e. � = 1 in Equation 4.2) to a root-exponential (i.e. � = 1=2) at T � TC , signifying a broad distribution of relaxation



4.3 Sample Preparation 63times. The slow and inhomogeneous spin dynamics below TC was interpretedas the signature of small magnetoelastic polarons, i.e. variable-size spin-clustersbelow TC . Above the phase transition temperature A1 = 0, while below TC A1increased to the maximum value of � 2=3 at T � 0:84TC . This growing of thelocal static spin correlations indicates that the microscopic spin freezing percolatesover an extended temperature range, which was connected to \some kind of glassystate".For the n = 2 compound Sr1:6La1:4Mn2O7, He�ner et al. [He�98] reportedon experiments on single crystals. Using again Equation 4.2 they found a spa-tially inhomogeneous relaxation rate �2 below the magnetic transition temperat-ure TC � 80 K, while it was anisotropic above TC . They found evidence againstin-plane correlations above TC . Below TC they observed coherent muon-spin pre-cessions, but the order parameter was not a smooth function of temperature,which was attributed to competing magnetic ground states.Comparison of the n =1 [He�96, He�97] and n = 2 [He�98] material showedthat in the layered material the spin lattice relaxation drops abruptly to nearlyzero within a few degrees below TC and there was no indication of the slow dy-namics as was observed in the 3D perovskites. This di�erence was attributed toa larger cluster size in the n = 2 material. The lower TC � 80 K in the layeredmaterial was attributed to the reduced dimensionality.The last attribution, though valid in general, might not be applicable sinceHe�ner et al. were dealing with n = 1 and n = 2 materials with di�erent con-stituents. As we have seen above and as we shall see below, di�erent dopants canhave quite dissimilar e�ects on the physical properties of the systems investigated.4.3 Sample PreparationThe preparation and characterization procedures of the compounds described be-low were reported in more detail in [Batt97b]. All the samples were preparedby M. Green and J. Millburn in the Inorganic Chemistry Laboratory, Oxford.They were synthesized by a solid state reaction of stoichiometric quantities ofSrCO3, MnO2 and Ln2O3, where Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy and Ho.The lanthanide oxides had �rst been dried in a mu�e furnace at 800 �C. Thereaction mixtures were calcined at 800 �C, 1000 �C and 1200 �C for 24 hours andthen ground and formed into a pellet. Subsequently, they were heated in air at



64 4. Magnetic Order and Spin Dynamics in Sr2LnMn2O71350 �C for 225 hours (Ln = Pr), 400 hours (Ln = Sm), 300 hours (Ln = Eu,Ho), 200 hours (Ln = Gd, Tb), 250 hours (Ln = Dy) or at 1300 �C for 120 hours(Ln = Nd). The progress of the synthesis was monitored after every �ring stageby X-ray powder di�raction using a Phillips PW1710 powder di�ractometer witha secondary graphite monochromator. X-ray powder di�raction data for struc-ture analysis were collected with a Siemens D5000 di�ractometer, using Cu K�1radiation.4.4 Experimental DetailsThe experiments were performed on the EMU, MuSR and ARGUS beamlines atthe ISIS facility and the �M3 beamline at the PSI facility. All the experimentswere performed in zero applied �eld. The earth's magnetic �eld was compensatedto better than 10 �T.The cryostats used were a Closed Cycle Refrigerator and Helium fridges. Inthe experiments, polycrystalline samples of typical mass 1-2 g were wrapped in a25 �m silver foil (with typical target dimensions of 20 mm � 17 mm � 2 mm).The samples were mounted on a silver backing plate in the cryostat and �xed withkapton tape. As mentioned before, silver is used because it gives a non-relaxingmuon signal, and hence only contributes a temperature independent constant toPz(t). For better thermal contact vacuum grease was used. The temperature wasmonitored with a thermometer on the back of the backing plate.4.5 Results and DiscussionIn the following sections I present the muon depolarization data for the seriesof samples starting with the largest lanthanide ion, Pr, and going to the smal-lest lanthanide ion, Ho. However, the last sample presented is Sr2GdMn2O7 (seeTable 4.1), for reasons explained below. The corresponding raw data are shown inFigures 4.3, 4.4, 4.6, 4.8, 4.9, 4.10, 4.11 and 4.13. We do not know the interstitialsite or sites of the muon in these compounds, but since the samples have the samestoichiometry and structure, we assume that the muon resides at the same sitesin all of them. Hence a direct comparison of the data for the various compoundsis possible. In a �SR study by He�ner et al. [He�98] on single crystals of a sim-ilar material, Sr1:6La1:4Mn2O7 (see Chapter 4.2), a muon site was assigned. The



4.5 Results and Discussion 65Symbol Name e�ective ionic radius (�A)CN = 9� CN = 12yPr Praseodynium 1.179 1.286Nd Neodynium 1.163 1.276Sm Samarium 1.132 1.260Eu Europium 1.120 1.252Gd Gadolinium 1.107 1.246Tb Terbium 1.095 1.236Dy Dysprosium 1.083 1.228Ho Holmium 1.072 1.221Table 4.1: CN stands for coordination number. � from [CRC95], y from [Shan76].assignation of this site was based on dipole �eld calculations, and no additionalhyper�ne �elds were necessary to model the measured spin-rotation frequency. Ofthe three inequivalent oxygen sites, O(1) at (0, 0, 0), O(2) at (0, 0, 0.2) and O(3)at (0, 0.5, 0.4) (all taken in unit cell units), the authors concluded that the muonsite was located about 1 � 0.1 �A from the oxygen O(2) (see also Figure 4.2). Thissite is in good agreement with the assigned muon site in La2CuO4 [Le90] (andtherefore di�ers from that found in the nickelates, see Chapter 3.4.4 on page 54).The depolarization data of all the samples in this series were �tted with astretched exponential functionPz(t) = A0 exp(��t)�; (4.3)where A0 is a temperature and sample dependent constant and � is the muondepolarization rate. For each sample a temperature independent background wassubtracted due to muons implanted in the silver backplate.4.5.1 Sr2PrMn2O7 and Sr2NdMn2O7Neutron di�raction measurements [Batt96b] on Sr2LnMn2O7 samples revealedthat it was di�cult to make phase-pure compounds for the lanthanide membersPr through to Eu. The samples were found to be biphasic although both phasesare of the RP type and have similar structural parameters. The magnetic Braggdi�raction data of the Sr2NdMn2O7 sample was successfully modelled [Batt96b]with the majority phase being magnetically ordered (over the neutron timescale)



66 4. Magnetic Order and Spin Dynamics in Sr2LnMn2O7with a transition temperature of about 140 K, close to the onset of CMR and tothe decrease in the initial muon asymmetry, and with the minority phase showingno long range order and considered to be either superparamagnetic or spin-glass-like. Between 140 K and 30 K the ordered phase is believed to be composed offerromagnetically ordered Mn moments which lie within the plane of the perovskitelayer but with antiferromagnetic coupling between the two adjacent layers suchthat there is no net magnetic moment [Batt96b]. A more complex magneticstructure forms in Sr2NdMn2O7 below 30 K as the Nd ions order, but either theinternal magnetic �elds are static and too large for the transition to be observedwith the muon directly, or the relaxation is too fast.Magnetization measurements [Batt97a] on Sr2PrMn2O7 and Sr2NdMn2O7 haveshown the existence of two coexisting phases in each of the samples, one phaseshowing antiferromagnetic order below 130 K, and the results for the other aresuggestive of superparamagnetism or the development of ferromagnetic clusters.Figure 4.3 shows the muon depolarization data of the Sr2PrMn2O7 sample forvarious temperatures between 5 K and 225 K. In Figure 4.5 the parameters extrac-ted from the �t to Equation 4.3 are shown. The data for the sample containingthe slightly smaller Nd ion is shown in Figure 4.4 and the temperature depend-ence of the �tted parameters is remarkably similar to that of the Pr sample, seeFigure 4.5. For both samples we see a broad loss of the initial asymmetry A0with decreasing temperature. The initial asymmetry loss for the Nd compoundsets in at a slightly lower temperature, see Figure 4.5 a). The relaxation � doesnot exhibit a divergence for either of the samples, though there is a slight peakin the data at T � 140 K for Sr2PrMn2O7. The parameter � has a value of � 1at high temperatures for both samples, and slowly decreases to � � 0:7 at lowertemperatures.I now describe two scenarios, each capable to some extent of accounting thebehaviour of the parameters � and A0.� Equation 4.3 has been used [Camp94] for many concentrated spin glass sys-tems. In such a system, on cooling to the spin glass transition temperatureTsg from above one �nds a constant value of A0 while � critically divergesat Tsg. In this case the parameter � is temperature dependent and usu-ally decreases from a value of unity at about 4Tsg to a value of 1/3 at Tsg[Camp94, Ogie85]. For other dilute systems the parameter � can take up avalue of � = 0:5 [Uemu85], see also Chapter 5. We can interpret a value of �
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Figure 4.3: Muon depolarization of the Sr2PrMn2O7 sample for a range of temperat-ures between 5 K and 225 K. The lines are �ts to Equation 4.3.less than unity as a distribution of magnetic relaxation times in the system.� On the approach to a ferromagnetic or antiferromagnetic transition fromabove one would expect a constant value of A0, and a value of � = 1 corres-ponds to a unique relaxation time. As TC is approached, � diverges criticallyand in the fast 
uctuation limit � / 
2��2=� where �2 is the rms magnetic�eld at the muon site, � is the 
uctuation rate of the spins and 
� is themuon gyromagnetic ratio [Uemu85], see also Chapter 3.4.2. Below TC theinternal magnetic �eld is often so strong that 2/3 of the inital asymmetryis lost owing to the fast depolarization from the two transverse componentsof the internal �eld relative to the initial muon polarization. This leaves avalue of A0 = 1=3 from the component of the internal �eld parallel to the ini-tial muon polarization (assuming static internal �elds in the polycrystallinesamples).However, neither of these two cases represent the muon depolarization whichwe see in the Sr2PrMn2O7 and Sr2NdMn2O7 samples, for which the initial asym-
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Figure 4.4: Muon depolarization of the Sr2NdMn2O7 sample for a range of temperat-ures between 10 K and 200 K. The lines are �ts to Equation 4.3.metry A0 = Pz(0) slowly drops over a very wide temperature range. Figure 4.5shows the temperature dependence of A0, � and �. From Figure 4.5 a) it can beseen that the initial asymmetry starts to drop around 150 K, the temperature ofthe onset of CMR in these sample. This also corresponds to the temperature atwhich magnetization measurements [Batt97a] display a split of the �eld cooledand zero �eld cooled data. The initial asymmetry decreases continuously down to5 K, where it takes a value of about 1/3. These results strongly suggest that themagnetic state of this sample is inhomogeneous, with slowly 
uctuating or evenstatic magnetically ordered regions of the sample giving the initial rapid asym-metry loss, while other rapidly 
uctuating ordered regions or non-ordered regionsaccount for the slower depolarization component. As the temperature is reduced,� either the ordered regions (hereafter referred to as clusters) slowly grow atthe expense of the non-ordered regions, or� rapidly 
uctuating ordered regions 
uctuate more slowly and hence causethe initial asymmetry to slowly decrease.



4.5 Results and Discussion 69In view of magnetic neutron di�raction results discussed below, the latter is themore appropriate model to describe the data.Such a picture of the magnetization would also qualitatively explain many ofthe other macroscopic measurements. For instance, if the temperature is belowthe blocking temperature of these clusters (that is, the temperature below whichthe spins appear static for the time window of the experiment) then one wouldexpect a splitting of the �eld cooled and zero �eld cooled magnetization. Thisindeed is observed in these samples [Batt97a]. It may also indicate why CMRin the n = 2 RP phases is observed over an extended temperature range. Asmentioned above, CMR is normally observed in only a small region around TCwhere the application of a �eld can align the dynamic clusters necessary for theeg electron to become mobile and hence reduce the resistivity. These results showthat in this sample clusters are not limited to a small temperature region above TCbut are present over the whole temperature range from 4 K to 150 K. A clusteredmagnetic state would also provide an explanation of the non-metallic resistivityobserved in the sample [Batt96a], as the lack of long range ferromagnetic orderwould inhibit the mobility of the eg electrons.The temperature dependence of � for both samples also displays unusual be-haviour (Figure 4.5 b)). In general, there are two extreme regions of the behaviourof � which depend on how fast the 
uctuation rate is. Usually (and essentiallyindependent of the assumptions of the internal magnetic �eld distribution) � issmall when the 
uctuation rate is very slow or very fast, but peaks when it is inthe intermediate region (this is called the \critically slowing down" of spin 
uctu-ations). Here, as the temperature is lowered towards 150 K, � increases (Figure4.5 b)) and hence there is a decrease in the spin 
uctuation rate as expected.However, � does not critically diverge at any temperature in either sample, and inSr2PrMn2O7 it exhibits only a small peak around 140 K with a relatively low valueof � 0.16 MHz. We deduce that the muon is sensitive to magnetic 
uctuationswhich are still very fast over the whole temperature range, and the relaxation maybe dominated by the 
uctuations of the lanthanide moment and/or the phase thatdoes not undergo a magnetic phase transition. Below 140 K, � levels o� and startsto decrease again at low temperatures. At these lowest temperatures � representsthe decay of the 1/3 component of the asymmetry, see above. The decay of this1/3 component generally means 
uctuating rather than static (longitudinal) �eldsat the muon site. Uemura [Uemu85] has shown that the decay of this component
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Figure 4.5: The temperature dependence of the a) initial asymmetry A0, b) muondepolarization rate � and c) �, for the samples containing the rare-earthsPr and Nd.



4.5 Results and Discussion 71is given by �(T ) / �(T ), i.e. the slower the spin 
uctuation rate � the smaller�. The results show that although the magnetic 
uctuations are continuouslyslowing down with temperature they are still present even at the lowest measuredtemperature of 5 K. Figure 4.5 c) shows that � drops slowly from a value close to 1at high temperatures, in Sr2PrMn2O7 to a value of about 0.7 at low temperatures,indicative of a spread of relaxation rates.The model of dynamic clusters as proposed from the muon data is consistentwith the macroscopic measurements such as the splitting of the �eld cooled andzero �eld cooled magnetization data [Batt97a]. The neutron data gives constraintson the timescale of the 
uctuations since neutrons and muons have di�ering resol-utions and time windows. It should be remarked that it is not a new observationthat sometimes muon and neutron techniques appear to be in contradiction, see forexample [Nach98]. When interpreting the data, one has to consider intricacies anddi�erences of the techniques, such as di�erent time windows and possible limits tothe resolution. Depending on the resolution of the neutron di�raction instrument,�Q, one would not be able to distinguish any di�erence in the di�raction datafrom magnetic clusters of size d � 2�=�Q and in�nite range magnetic order inthe sample. The muon data shows that the clusters are still 
uctuating below140 K and the 
uctuation rates decrease with temperature such that more andmore of these clusters appear frozen within the muon time window, resulting in agradual reduction in the initial muon asymmetry (this assumes that the internal�eld is too high for the instrumentation so that it cannot be observed directly byprecession). This again does not con
ict with the neutron data, as the neutronhas a time window approximately seven or eight orders of magnitude smaller thanthe muon and so is not sensitive to the slow dynamics of these clusters.The interpretation of the muon spin depolarization data for these systems isnot straightforward since both samples are biphasic. However, from a comparisonof the �SR, neutron and magnetization data one can conclude that above 140 Kneither of the samples is magnetically ordered, while below T = 140 K dynamicclusters with a range of 
uctuation rates are formed. These clusters graduallyreduce their 
uctuation rates with decreasing temperature. Over the entire regionthe dynamics are su�ciently slow as to appear static on the neutron timescale,though not on the muon timescale.
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Figure 4.6: Muon depolarization of the Sr2SmMn2O7 sample for a range of temper-atures between 5 K and 280 K. The lines are �ts to Equation 4.3.4.5.2 Sr2SmMn2O7On reducing the size of the lanthanide ion further from Nd to Sm a signi�cantchange in the data (see Figure 4.6) and the magnetic behaviour is observed. Figure4.7 b) shows that � diverges beyond the experimental limits at about 30 K. Thisagrees with previous magnetization measurements for this sample [Batt97a] whichshow the presence of a cusp in the zero �eld cooled data at this temperature, witha splitting of the �eld cooled and zero �eld cooled data.At higher temperatures � has a value of 1 (Figure 4.7 c)) while with decreasingtemperature it decreases monotonically down to a value of 0.3 at the spin glasstransition temperature Tsg. Such a temperature dependence of � and � has beenobserved in many concentrated spin glass systems [Camp94, Ogie85] showing thatthere is a slowing down of the magnetic 
uctuations on approaching Tsg with abroad distribution of relaxation rates, which might be indicative of magnetic frus-tration. However, unlike conventional spin glass systems there is a decrease in theinitial muon asymmetry as the temperature approaches Tsg from above. As with



4.5 Results and Discussion 73

Figure 4.7: The temperature dependence of the a) initial asymmetry A0, b) muondepolarization rate � and c) �, for the samples containing the rare-earthsSm and Eu.
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Figure 4.8: Muon depolarization of the Sr2EuMn2O7 sample for a range of temper-atures between 35 K and 180 K. The lines are �ts to Equation 4.3.the Nd and Pr samples we believe that this initial asymmetry loss is due to somemuons residing in magnetic clusters, in agreement with magnetization measure-ments [Batt97a]. The lower temperature of the asymmetry loss in the Sm sampleas compared to the Nd and Pr samples shows a weakening of the ferromagneticexchange within these clusters. We can therefore postulate a magnetic state whichis frustrated but in which the ferromagnetic exchange is still just strong enoughfor some clusters to form at lower temperatures.4.5.3 Sr2EuMn2O7The ferromagnetic exchange is weakened further on reducing the size of thelanthanide ion from Sm to Eu. The muon depolarization data (Figure 4.8) of thissample shows no loss of initial asymmetry over the temperature range measured,indicating that ferromagnetic clusters are not being formed. The temperature de-pendence of � (Figure 4.7 b)) and � (Figure 4.7 c)) is as expected for a spin glasssystem. This, coupled with the spin glass like cusp observed in the magnetization
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Figure 4.9: Muon depolarization of the Sr2TbMn2O7 sample for a range of temper-atures between 115 K and 270 K. The lines are �ts to Equation 4.3 with� = 0.5.data [Batt97a] leads one to conclude that the sample containing Eu is a spin glass.The distortion of the MnO6 octahedra has clearly reached a critical point wherethe ferromagnetic double exchange has been so weakened that it becomes com-parable in size to the antiferromagnetic superexchange. The resulting competinginteractions yield a frustrated magnetic lattice with no magnetic long-range order.
4.5.4 Sr2TbMn2O7, Sr2DyMn2O7 and Sr2HoMn2O7The trend of weakening ferromagnetic exchange with reduction in the lanthanideion size continues (see Figures 4.9, 4.10 and 4.11). Ultimately the Mn ions behavealmost as isolated ions, resulting in paramagnetic behaviour. This has been shownby previous magnetization measurements [Batt97a] on the samples containing Tb,Dy and Ho. For these compounds the temperature dependence of the magnetiz-ation is well described by the Curie-Weiss law, yielding magnetic moments closeto those expected for localized free ions of lanthanide, Mn3+ and Mn4+. A very
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Figure 4.10: Muon depolarization of the Sr2DyMn2O7 sample for a range of temper-atures between 120 K and 250 K. The lines are �ts to Equation 4.3 with� = 0.5.slight splitting of the �eld cooled and zero �eld cooled data is observed at lowtemperatures indicating that weak frustrated exchange interactions still exist.The �SR depolarization data for both the Tb and Dy samples were �tted byEquation 4.3 at all temperatures with a constant value of the initial asymmetryand a constant value of � = 0:5. � is very large in these samples and mono-tonically increases with decreasing temperature until it has increased beyond theexperimental range at about 120 K even though the samples are in a paramagneticphase. It must be remembered that the muon depolarization in all the samplesresults from interaction not just with the Mn ions but also with the rare-earthions. The non S-state rare-earth ions can strongly couple to the lattice throughthe interaction of their orbital moments with the internal crystal �elds. In thecase of the samples containing the Dy and Tb ions we believe that this pinninganisotropy is very strong thus causing a much slower 
uctuation rate of these ionscompared to the Mn ions and therefore a large value of � (in the fast 
uctuationlimit � is directly proportional to the inverse of the 
uctuation rate, see Section
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Figure 4.11: Muon depolarization of the Sr2HoMn2O7 sample for a range of temper-atures between 45 K and 260 K. The lines are �ts to Equation 4.3 with� = 0.5.4.5.1).Support for this argument comes from other aspects of the data:� First, the slowly 
uctuating Tb, Dy and Ho ions would dominate the muondepolarization. As these ions substitute approximately randomly for theSr ions in the lattice the muons would experience a large range of internal�elds which can give rise to a \root exponential" [Uemu85] decay of themuon asymmetry, as is observed in both these samples.� Second, if the dominant e�ect on the spin 
uctuation rate were the aniso-tropy then one would expect the temperature dependence of the 
uctuationrate or � to have an Arrhenius like behaviour, i.e. activation of the spinsover the anisotropy barrier.Such behaviour is observed as can be seen in Figure 4.12, where a linear de-pendence of the T ln(�[MHz]) versus T shows activated behaviour of the spin
uctuation rate. The intercept on the T ln� axis in Figure 4.12 gives the e�ective
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Figure 4.12: A graph of Tln� versus temperature for samples containing the rare-earths Pr, Nd, Sm, Eu, Tb, Dy, Ho and Gd. A linear relationship showsArrhenius like behaviour of the spin 
uctuation rate with temperature.The intercept on the Tln� axis gives the e�ective activation energy inKelvin, and the gradient is proportional to the product of the secondmoment of the internal �eld and the spin relaxation time 1/� (see text).
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Figure 4.13: Muon depolarization of the Sr2GdMn2O7 sample for a range of temper-atures between 11 K and 285 K. The lines are �ts to Equation 4.3.activation energy Ea in Kelvin and the gradient is related to the intrinsic 
uc-tuation rate. The activation energies of the Dy and Tb samples are very large,880�40 K and 690�70 K respectively, leading to large relaxation rates. As shownin Figure 4.12, some of the other samples containing other rare-earth ions also dis-play linear behaviour at higher temperatures although the intercept shows thatthe activation energies are much smaller.4.5.5 Sr2GdMn2O7The sample containing Gd (Figure 4.13) is a special case because Gd is an S-state(8S7=2) ion and therefore little or no crystal anisotropy is expected. The datawere �tted by Equation 4.3 at all temperatures with a constant value of the initialasymmetry and a �xed value of � = 0:5. Corresponding to the reduced crystalanisotropy the activation energy for this sample obtained from Figure 4.12 is veryclose to zero, adding further support to the above interpretation. The deviationfrom linearity at lower temperatures occurs because it is not possible to ignore



80 4. Magnetic Order and Spin Dynamics in Sr2LnMn2O7the e�ect of the Mn spins on the muon depolarization as the Mn spins rapidlyslow down on the approach to the spin glass like transition. Similar behaviouris observed for the Eu sample with a deviation from linearity approaching thespin glass transition. In the lighter rare-earths from Pr to Sm the deviations fromlinearity are even larger (see Figure 4.12) which is to be expected as exchangeinteractions between the Mn ions are even stronger.4.6 ConclusionIn conclusion, the �SR measurements have shown the e�ect of the systematicdecrease in the ferromagnetic coupling between the Mn ions with reduction inlanthanide ion size. None of the samples in this study displayed the long rangeferromagnetic order, which is usually associated with CMR. This was not onlyevident from the lack of any coherent muon precession even at the lowest measuredtemperatures but also from the temperature dependence of the muon depolariza-tion which is very di�erent from that expected for a paramagnetic to ferromagneticor antiferromagnetic transition. The �SR results show the presence of dynamicclusters in the Nd and Pr samples from �150 K down to low temperatures, corres-ponding to the temperature region of the observed CMR in these samples. Thissuggests that the CMR in these compounds may be directly linked to these dy-namic clusters just as it is linked to the dynamic clusters above the ferromagnetictransition in the n=1 CMR materials. Further evidence in support of this comesfrom the fact that the muon data shows that no clusters are present in the othersamples of the series in which no CMR has been observed. One can speculatethat the lack of ferromagnetic ordering and continuing 
uctuations of the clustersand hence the extended CMR in the Pr and Nd samples may be related to thereduced dimensionality as compared to the n =1 Ruddlesden-Popper phases.
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82 5. Spin Dynamics in the Spin-Gap Material CaV4O95.1 IntroductionSpin-gap systems are in many respects model quantum magnetic systems[Dago95]. Often they form a dimer ground state and they are characterized bya �nite energy gap in the magnetic excitation spectrum, kBTsg (where kB is theBoltzmann factor and Tsg the `spin-gap temperature'). The singlet ground stateis non-magnetic, whereas the triplet excited state is not. Therefore one wouldexpect that it should be possible to access certain characteristics of spin-gap sys-tems by �SR since the muon spin will be relaxed by spin excitations thermallyexcited across the gap. Subtle magnetic e�ects of spin-gap formation (includingthe spin-Peierls transition) have been reported on a wide range of materials using�SR [Garc95, Blun97, Koji97].Below I describe a muon-spin relaxation study of the two-dimensional spin-gapsystem CaV4O9. Parts of the results in this chapter have already been reportedin [Jest98]. The chapter is arranged as follows: section 5.2 describes propertiesof spin-gap systems and mechanisms of spin-gap formation. In particular a shortoverview of neutron, susceptibility and NMR experiments on CaV4O9 is given. Insection 5.3 I describe the sample preparation and the experimental details. Sec-tion 5.4 contains the results of �SR and susceptibility measurements. It is shownthat the muon response in CaV4O9 shows an intriguingly wide range of behaviouras a function of temperature, and a model for this behaviour is given. The lastsection (5.5) contains concluding remarks.5.2 Spin-Gap Materials and Properties of CaV4O9A number of one-dimensional spin-gap materials are known and have been invest-igated experimentally (e.g. [Bray75, Azum94, Barn94, Eccl94, Ishi94]). �SR hasbeen used to investigate a few of these low-dimensional systems and especiallyspin-Peierls systems (see section 5.1).A spin-Peierls compound can be described [Bray83] by one-dimensional anti-ferromagnetic spin-12 Heisenberg chains (without interchain spin interactions) withcoupling to the (three-dimensional) phonons. The magnetic energy is taken aslinear in lattice displacement and the elastic energy due to distortion of the spin-equilibrium sites is quadratic in the displacement. As a result of this competition,the magnetic energy is lowered at the expense of the elastic lattice distortions



5.2 Spin-Gap Materials and Properties of CaV4O9 83below TsP . The uniform next neighbour (NN) exchange is then replaced by twounequal alternating exchange constants. The driving force of this dimerization isthe magnetoelastic coupling between the three-dimensional phonons and the one-dimensional Heisenberg spin-chains. The dimerization lifts the degeneracy of theground state and the triplet excited states. A gap develops, the excited states areno longer populated at T = 0 K and the magnetic energy is lowered. A signatureof the gap is a fall of the magnetic susceptibility below TsP .In the case of an opening of a spin-gap one would also expect a dramatic e�ecton the spin dynamics. For example in NMR measurements on such spin-Peierlssystems [Itoh95, Smit76] a sharp decrease in the relaxation rate is found belowTsP since the main relaxation mechanism is reduced as it becomes increasinglydi�cult to thermally excite across the gap as the sample is cooled. One canestimate the magnitude of the spin-gap by analysing the relaxation rates. In thecase of a temperature independent gap one would, in the simplest case, expect atemperature activated functional form.The existence of the �rst (quasi-)two-dimensional spin-gap material, CaV4O9,has only been reported recently [Tani95]. The mechanism for the existence ofa spin-gap is obviously not the same as for spin-Peierls systems, yet similar ex-perimental observations can be made. The material consists of V4O9 planes (seeFigure 5.1) separated by layers of calcium atoms [Boul73]. Each vanadium atomis at the centre of an O5 square pyramid. The vanadium atoms are in oxidationstate IV and thus behave as a localized spin with S = 12 . Magnetic susceptibil-ity [Tani95], NMR [Oham97, Koda97] and neutron scattering [Koda97, Koda96]measurements indicate the existence of a spin-gap in this material with a spin-gaptemperature Tsg � 110 K. These experimental reports have stimulated a num-ber of theoretical studies [Kato95, Albr96a, Albr96b, Gelf96, Mesh96, Miya96,Sach96, Sano96, Star96, Troy96, Ueda96, Whit96, Bose97, Fuko97, Ivan97, Pick97,Weih97, Weih98]. One way to approach this magnetic system is to describe it by aHeisenberg model for the vanadium spins for a 15 depleted square lattice. At eachsite of this lattice two of the bonds belong to spin plaquettes (\plaquette bonds"),and the third one connects a plaquette with its neighbour (\dimer bond"). Theinclusion of a frustrating next nearest neighbour (NNN) interaction seems to beessential for the formation of the spin-gap [Ueda96]. Starykh et al. [Star96] arguethat CaV4O9 might represent an example of a two-dimensional \spin-Peierls"-likesystem where spin-phonon coupling cooperates with tendencies to form a spin-gap
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Figure 5.1: Structure of V-O plane in CaV4O9. The diamonds represent the oxygenatoms, the black and grey circles are the vanadium atoms slightly belowand above the CaV4O9 plane. Figure after [Fuko98].
due to the frustrating NNN interactions.These theoretical studies usually idealize the V-O layer as 
at, whereas inreality it consists of V atoms slightly above and below the plane, see Figure5.1. These structural intricacies motivated a later study [Pick97], which suggeststhat the NNN coupling of the V atoms to those above (below) the plane arestronger than those to the actual next neighbour, which sits below (above) theplane. The author of this study therefore suggested that a picture of two coupledmetaplaquette systems is a realistic way of interpreting the spin-gap behaviour.The metaplaquettes are in the two planar layers slightly above and below the theV-O plane, see also [Weih98].The investigation of the properties of CaV4O9 with �SR is motivated by in-terest in the spin-gap and possible in
uences on the magnetic excitation spectrum.



5.3 Sample Preparation and Experimental Details 855.3 Sample Preparation and Experimental DetailsPowder samples of CaV4O9 were prepared by R. C. C. Ward (Clarendon Laborat-ory) by reaction of molar ratios of CaO (Johnson Matthey, puratronic grade) andVO2 (99.9%, Aldrich Chemical Co.). The starting powders were ground togetherin a glovebox and then sealed under vacuum in silica ampoules. Heat treatmentsof 18 hr at 750 �C were employed, following previous reports [Tani95, Boul73].The product was reground in the glovebox and the heat treatment repeated toensure homogeneous reaction. After this stage the product appeared uniformlygreen in colour. We shall see below that our material contains a substantial con-centration of magnetic defects, presumably arising from disorder in the vanadiumsublattice.�SR experiments below room temperature were carried out at the GeneralPurpose Spectrometer (GPS) of the Paul-Scherrer-Institute (Switzerland). Thesample was mounted on a silver backing plate (which provides a non-relaxingmuon-spin signal) and inserted in a helium 
ow cryostat. Additional ZF experi-ments above room-temperature were performed at the RIKEN beamline and fur-ther experiments to determine the �eld dependence of the relaxation at the MuSRbeamline, both at the Rutherford Appleton Laboratory (U.K.). There the samplewas mounted on a silver backing plate in a Closed Cycle Refrigerator (CCR)device. In each of the experiments the earth's magnetic �eld was compensated tobetter than 10 �T.In order to characterize the magnetic properties I have also performed mag-netization measurements at the Quantum Design SQUID magnetometer in theInorganic Chemistry Laboratory, Oxford.
5.4 Experimental Results5.4.1 Susceptibility and Defect SpinsThe mass magnetization M was measured in an applied magnetic �eld of B =0:1 T. Variation of the magnetic �eld up to at least 1 T shows a linear relationbetween mass magnetization M and applied �eld B. Figure 5.2 (open circles) shows
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Figure 5.2: Susceptibility data for CaV4O9. The open circles show the total masssusceptibility, �tot, the diamonds show the spin susceptibility, �spin, andthe full line shows the spin-defect contribution, �def , see text.the mass susceptibility �tot = �0M=B (5.1)of the sample of CaV4O9. Below � 20 K there is an upturn of �tot with decreasingtemperature. This can be ascribed to defect spins (see below). Below the spin-gaptemperature of Tsg � 110 K the value of �tot drops with decreasing temperature.Following [Tani95] we can split the contributions to the susceptibility into threeterms:(i) the spin susceptibility �spin ,(ii) �0, that is the diamagnetic part and the Van Vleck paramagnetic part (bothtemperature independent) and



5.4 Experimental Results 87(iii) the defect spin contribution�def = CT ; with C = Nm � (g�B)2 J(J + 1)3kB ; (5.2)where N is the number of defect spins in the sample, m the mass of thesample, �B the Bohr magneton and kB the Boltzmann constant. In thefollowing treatment I take g = 2 and J = 1=2.The expression in Equation 5.2 is a good approximation to a Brillouin function(which is the appropriate functional form for analysing isolated non-interactingspins) in the given temperature and magnetic �eld range, i.e. �BB=kBT � 1.The values of C and �0 have been �tted assuming �spin = 0 for temperaturesbelow 15 K [Oham97] (see Figure 5.2). This enables us to plot the contribution tothe susceptibility by the spin system (diamonds in Figure 5.2), in good agreementwith previous measurements [Tani95]. From the �t we getC = 1:99� 10�7 m3Kkg and �0 = 0:81� 10�8 m3kg : (5.3)With the help of Equation 5.2 we can estimate the defect-spin density to beN=m � 5:1 � 1022=kg, giving � 3:3 � 10�2 defect spins per formula unit. Asdemonstrated below these defect-spins lead to observable muon-spin relaxation atlow temperatures.5.4.2 Results of �SR measurementsTypical Gz(t) values are shown in Figure 5.3 for T = 30 K < Tsg and T = 160 K> Tsg. Well below Tsg, Gz is well �tted by an exponential function, and wellabove by a Gaussian. No oscillations were observed at any temperature, norwas any reduction of the initial asymmetry measurable. We can follow the exactbehaviour of the relaxation curve as a function of temperature by �tting the datato the stretched exponential form (see Equation 2.25)Gz(t) = ASe�(�t)� + AAg; (5.4)where � is a temperature-dependent relaxation rate; AS and AAg are temperat-ure independent amplitudes, re
ecting the relative fraction of muons stopping inthe sample (� AS) and in the silver backing plate (� AAg). A value of � = 2



88 5. Spin Dynamics in the Spin-Gap Material CaV4O9

Figure 5.3: Typical forms of the �SR relaxation function for CaV4O9. The solid linesare �ts to Equation 5.4.corresponds to a Gaussian relaxation, � = 1 corresponds to an exponential re-laxation and � = 12 corresponds to a root-exponential relaxation (see Chapter 2).Equation 5.4 �ts the data well over the entire temperature range studied. In the�tting process AS and AAg were determined at high temperatures and kept �xedfor all temperatures, and � and � were adjustable parameters whose variationsgive information on spin dynamics.From Figure 5.4 we can see that � � 0:5 for temperatures below 25 K. Abovethis temperature it rises to unity. For higher temperatures it rises to a peakvalue of almost 2 at 160 K, and drops o� to a value of about 1 at the highesttemperatures of the experiment (450 K).The value of � drops from about 0.45 �s�1 at the lowest temperature to about0.05 �s�1 at the highest temperature, with a small rise around 160 K, the regionwhere the lineshape becomes Gaussian.
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Figure 5.4: Parameters extracted from the �ts to Equation 5.4.



90 5. Spin Dynamics in the Spin-Gap Material CaV4O95.4.3 Modelling the �SR temperature dependenceThere is a large variation of the parameter � as a function of temperature whichneeds to be explained. For the purpose of modelling the complex temperaturedependence of �, I have divided the temperature range into four di�erent regions(see also Figure 5.4):� Region I: T < 30 K� Region II: 30 K < T < Tsg � 100 K� Region III: Tsg < T . 160 K� Region IV: 160 K . TIn the following the four regions are examined, starting with region III and IV,and then region II and I are treated.Isotope Natural Abundance (%) Spin Nuclear Magnetic Moment40Ca 96.941(18) 042Ca 0.647(9) 043Ca 0.135(6) 7/2 -1.3173 �N46Ca 0.004(3) 048Ca 0.187(4) 016O 99.762(15) 017O 0.038(3) 5/2 -1.8938 �N18O 0.200(12) 050V 0.250(2) 6 +3.34569 �N51V 99.750(2) 7/2 +5.148706 �NTable 5.1: Isotopes in CaV4O9 and their properties, taken from [CRC95].
Region III: Above TsgAbove Tsg the parameter � rises from � 1 to a maximum value of � � 1:9 at160 K. This behaviour can be ascribed to the 
uctuations of the electronic spins[Haya79]. At low temperatures the electronic 
uctuations produce exponential re-laxation but, as the temperature rises, these 
uctuations become too fast for the



5.4 Experimental Results 91muon to follow. Hence the dipole �elds of the fast 
uctuating electronic spins av-erage to zero over a time much shorter than the lifetime of the muon. A Gaussianrelaxation, as seen here, is characteristic of randomly orientated quasi-static mag-netic moments. This resulting Gaussian relaxation therefore can be attributed toquasi-static nuclear moments [Haya79] of 51V, see Table 5.1. From [Koda97] wecan extrapolate that the nuclear spin relaxation time in this temperature regionis longer than the typical muon lifetime, consistent with our model.In order to test this hypothesis we have performed additional longitudinal�eld measurements. In the picture described above, we would expect a staticKubo-Toyabe function (see Equation 2.21) or a dynamic Kubo-Toyabe function(see Equation 2.22) with a small 
uctuation rate to be the appropriate functionalform for the analysis of the data. If nuclear spins are responsible for the shapeof our polarization spectra we would expect a rapid repolarization, with magnetic�eld values of a few tens of Gauss giving the full recovery of the asymmetry, andwe would expect the parameter � to be compatible with the curves in Figures2.11 or 2.13.Figure 5.5 shows the measured LF spectra at 180 K and the correspondingbest �ts to a dynamic Kubo-Toyabe function. The only varying parameter in theFigure is the applied �eld, while the 
uctuation rate � = 0:20 MHz and the widthof the magnetic �eld distribution � = 0:21 G were both kept �xed. The curves�t the measured spectra well, and thus are in agreement with our model.
Region IV: Nuclear spin dynamics or muon hopping above T = 160 KAbove 160 K the functional form of the relaxation becomes an exponential again.This drop in � is explained by the onset of either speeding up nuclear magnetic
uctuations or muon hopping. Thus, the muon averages the �elds of the randomlyorientated nuclear spins [Haya79]. We can follow this behaviour more closely byusing the dynamic Kubo-Toyabe functional form, Equation 2.22. We have �xedall parameters as above, except the 
uctuation rate, which has been �tted as afunction of temperature. The results of this �tting procedure can be seen in Figure5.6. We get good �ts with �2 � 1:1, and the parameter � is found to follow atemperature activated behaviour, see Figure 5.6.
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Figure 5.5: Longitudinal �eld measurements on CaV4O9 at 180 K. The full lines arecurves calculated from Equation 2.22 with the parameters � = 0.20 �s�1,� = 0.21 G and B as indicated in the Figure. There was no additionalfree parameter.

Figure 5.6: Nuclear spin 
uctuation rates, extracted from the �ts to Equation 2.22.The solid line shows a temperature activated behaviour �t.



5.4 Experimental Results 93Region II: Below TsgBelow Tsg the electronic spins which were in the excited triplet state begin to freezeout and fall into the singlet ground state. Between 30 K and 100 K we �nd � � 1and 0:17 �s�1 < � < 0:30 �s�1 (Figure 5.4), where the relaxation rate rises withdecreasing temperature. We note that in a �SR experiment [Blun97] on the spin-Peierls compound MEM(TCNQ)2 a similar result is seen below the spin-Peierlstransition (which results in the formation of a spin-gap). In CaV4O9 the increasein the relaxation is similar to NMR results [Tani95] for T�11 in the temperatureregion 100 K { 30 K. A �t to a phenomenological function �(T ) = A ln (�p=T )gives the parameters A = 0:21(1) �s�1 and �p = 378(21) K. Two main e�ectsmay in
uence the change in the relaxation rate. First, fewer and fewer electronicspins will be excited with decreasing temperature, thereby decreasing the e�ective�eld at the muon site. Second, the spin 
uctuations will slow down, consistentwith the increasing exponential relaxation rate below Tsg [Blun97]. In the sametemperature region the susceptibility decreases with decreasing temperature (seeFigure 5.2).
Region I: The Low Temperature Region Below 30 KSince the ground state is non-magnetic, there should be no spin relaxation in idealspin-gap systems at low temperatures. If relaxation is observed there are two pos-sible mechanisms: defect spins, resulting from impurities or lattice imperfections,or triplet excitations at �nite temperatures. As the temperature is lowered, moreand more of the electrons go into the non-magnetic singlet states and hence donot a�ect the muons. In this low temperature regime, in which the electronicspins are frozen out, the dominant mechanism for relaxing the muon polariza-tion comes from dilute defect spins. At temperatures below 30 K the shape ofGz is root-exponential (� � 12 , Figure 5.4), which is characteristic of a dilute spinsystem, see [Uemu85] and Chapter 2.4.3. This freezing out of spins below 20 K co-incides with the vanishing of the spin-susceptibility (Figure 5.2 and Ref. [Tani95])and the saturation of the transverse relaxation rate in NMR [Koda97]. If we as-sume a Markovian modulation of the defect spins with spin 
uctuation rate �,the �eld H at the muon site will follow the same time correlation function, i.e.



94 5. Spin Dynamics in the Spin-Gap Material CaV4O9hH(t)H(0)i=h[H(0)]2i = exp(��t). A detailed treatment [Uemu85] yieldsGz(t) = ASe�p4a2t=� + AAg (5.5)for �=a & 5. Here a is a measure for the average �eld at the muon site. As-suming that the defect spin 
uctuations are thermally activated, �(T )=�(0) =exp(��d=T ), where �d is the activation temperature for defects spin 
uctuations,we �nd that for a �t below 30 K, �d = 28.5 K � 4.5 K. We can give a lower limitof the defect spin 
uctuation rate in this temperature region by doing a free �tto the root exponential in Equation 5.5 and extracting the parameter � = 4a2=�.Together with the condition �=a � 5 we can deduce that at 5 K the 
uctuationfrequency � of the defects has a lower limit of 1 MHz.5.5 ConclusionThe form of the muon-spin relaxation in CaV4O9 is strongly temperature depend-ent. At temperatures below 30 K a root exponential behaviour is seen for themuon spin relaxation function, which can be attributed to defect spins. At highertemperatures spin 
uctuations begin to increase, and the exponential relaxationrate decreases with increasing temperature. Eventually the spin 
uctuation rateresults in relaxation whose characteristic time exceeds the muon time-window andwe are sensitive to nuclear spins only, resulting in a Gaussian relaxation. At tem-peratures above 160 K we see the onset of either muon hopping or increasingnuclear spin 
uctuations, resulting in the dominance of an exponential relaxationagain.Even though CaV4O9 does not show short-range magnetic order, in contrastto La2�xSrxNiO4+� (Chapter 3) and Sr2LnMn2O7 (Chapter 4), it provides us withan example where a great deal of di�erent subtle relaxation e�ects can be studied.
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96 6. Muon Studies of PolybutadieneAfter having considered examples of two-dimensional magnetic systems in theprevious chapters, we now have a closer look at the one-dimensional materialpolybutadiene (PB). This system is a polymer without side-chains and has thechemical formula ({CH2{CH=CH{CH2{)n.In organic systems implanted muons usually pick up an electron to formmuonium. Muonium addition to a polymer can result in a muon bonded to thepolymer plus an associated polaron. The implanted muon can appear in variousstates: diamagnetic, weakly paramagnetic and strongly paramagnetic (see alsoChapter 2). In the diamagnetic case there is no unpaired spin density at themuon site. In the weakly paramagnetic case the associated electron escapes fromthe muon and di�uses through the polymer with a �nite probability of returningto the muon if not being trapped elsewhere. For the strongly coupled paramag-netic case, the electron remains trapped near the muon (e.g. in the case whenthe electron di�usion is small in the polymer), and the muon spin relaxation willbe dominated by the motion of the polymer itself. Muon implantation has beenused in the past to gain information on polaron di�usion processes in conductingpolymers [Naga84, Ishi85, Risc92, Haye95, Jest97, Prat97b, Prat97c, Prat99].In many polymers and organic materials, there is more than one possible para-magnetic state, corresponding to more than one muon site. As we shall see later,we can �nd only one paramagnetic state in PB.The data presented below are interesting in the context of conducting polymersand the possible in
uence of polymer motion on the spin relaxation of the muon.Polybutadiene is also of relevance because it exhibits a glass transition at Tg =171 K, and the muon spin relaxation data re
ects this transition.This chapter is arranged as follows: In section 6.1 I give some theoretical back-ground. In particular, I present the models for interaction of muons with systemswhere radicals are created through the implantation of a muon. Transverse �eldmeasurements and avoided level crossing (ALC) measurements can elucidate thenature of such a radical state. In section 6.2 I introduce PB and present its phys-ical properties. In the following sections 6.3 (TF measurements) and 6.4 (ALCmeasurements) I make use of the results of the �rst section, and the muon statein the polymer is identi�ed. The longitudinal �eld data is then presented (section6.5), and the relation to the glass transition in PB is made. The last section (6.6)contains concluding remarks.



6.1 Theory of �SR in radical systems 97
object gyromagnetic rationelectron (e) 
e = 2� � 2:799� 1010 Hz/Tmuon (�) 
� = 2� � 1:355� 108 Hz/Tproton (p) 
p = 2� � 0:4258� 108 Hz/TTable 6.1: Gyromagnetic ratios for electron, muon and proton6.1 Theory of �SR in radical systemsIf a muon enters an organic material it can usually pick up an electron to formmuonium (or undergo muon - muonium cycles), which can be viewed as a lightisotope of hydrogen. This muonium may then break a double bond and createa radical electron (for an illustration for PB see Figure 6.2 on page 104). TheHamiltonian which describes this state must include the spins of the muon, theunpaired electron and any nearby magnetic nuclei, and may be written asH = �
� S �B+ 
e I �B+ SA� I+Xk IAk Ik �Xk 
k Ik �B : (6.1)Here A�and Ak are the electron hyper�ne interaction tensors for the muon and thenuclei, Ik is the nuclear spin operator and 
k is the corresponding gyromagneticratio, which is 2� � 42:58 MHz/T for protons (see also Table 6.1). The othersymbols are explained in Chapter 2.3.2, except that we here neglect factors of~ for clarity. For isotropic hyper�ne interactions, the hyper�ne tensors can bereplaced by real numbers. We have neglected quadrupolar interactions (since weare dealing with nuclear spins of 1/2 or 0) and terms of Knight-shift character.In the experiments which we are considering the observation of radicals inthe dilute limit is possible. We then have two contributions to the hyper�neinteraction of any muon (or nucleus) in an organic radical: the Fermi contactinteraction of any unpaired electron spin, which is independent of the orientationof the radical in a magnetic �eld, and the dipolar magnetic interaction of thepoint-like muon (or nucleus) and the unpaired electron spin (which is distributedin space). The latter interaction re
ects the distribution of the electron spin andis anisotropic. Reorientational dynamics often average the anisotropy partiallyor wholly, and often it is appropriate to assume a hyper�ne tensor with axial



98 6. Muon Studies of Polybutadienesymmetry. The hyper�ne interaction tensor is the sum of an isotropic part Aiso�and a traceless dipolar part, D�. In the case of axial symmetry the latter can bedescribed by a single parameter Dk�, the largest principal value. The other twoprincipal values are D?� = �Dk�=2 [Prat97a].
6.1.1 Transverse FieldsWe now consider the Hamiltonian in Equation 6.1 for the case of a transversemagnetic �eld. As a basis of the spin Hilbert-space we take the product of theindividual spin functions, j�i = j���e�ki, where for simplicity we consider the caseof only one nearby nuclear spin. The eigenfunctions of the isotropic Hamiltoniancan then be written [Rodu81] asjmi =Xi cimj�ii (6.2)where cim are the expansion coe�cients. We then can write the x-component ofthe polarization (see also Chapter 2 and Appendix A) asPx(t) = 14Xm Xn<m �����Xij c�imcjnh�ij�xj�ji�����2 cos(!nmt) : (6.3)If we recall that the muon spin-up and spin-down states are not eigenstates of�x we can easily see that for Px there are contributions from states for which themuon-spin is not the same. In the high �eld limit, when 
eB � A�; Ak, the spinsare decoupled from each other and the eigenstates become equal to the individualproduct states. The coe�cients cij are then all equal to one or zero. We get theselection rules �mS = �1; �mI = 0; �mk = 0, where mS;I;k is the eigenvalue ofthe z-component of S, I or Ik. In these high �elds, the energy of the Hamiltoniancan be expressed asEn=~ = 
eBmI � 
�BmS �Xk 
kBmk + Aiso� mImS +Xk Aisok mImk : (6.4)Here Aiso�;k are the isotropic hyper�ne interactions values. For high transverse�elds, where the nuclei in the molecule are decoupled from the muon and can be



6.1 Theory of �SR in radical systems 99neglected, the transition frequencies are given [Rodu81] by�1;2 = �����m � 12Aiso� ���� (6.5)with �m = 12 �q(Aiso� )2 + (�e + ��)2 � �e + ��� (6.6)and �� = 
�B=(2�). For high �elds, �m � �� is a good approximation. Thetwo frequencies �1;2 in Equation 6.5 are seen in Px(t), and a Fourier analysis canprovide us with their values. The magnitude of the Fermi contact interactionconstant Aiso� is then given by the sum of these frequencies. We note that for ananisotropic Hamiltonian the expression gets more complicated. For the axiallysymmetric case we can simply make the replacementAiso� �! Aiso� +D?� (1� 3 cos2 �) (6.7)where � is the axis between the vector connecting the (point) dipole giving riseto the dipolar interaction and the muon spin on the one side and the externalmagnetic �eld on the other side. For a polycrystalline sample, hcos2 �i = 1=3 andthere is no contribution from the second term of the right hand side in Equation6.7. However, if the sample is oriented, and if motional processes do not averageout the anisotropy (on the muon time scale), then a change of the sample orient-ation should lead to a change of the location of the resonance signal. At the angleof 54.7� the only contributing term is the isotropic part of Equation 6.7.Usually there will be more than two frequencies in the spectrum. These ad-ditional frequencies can have several origins. If there are several muon sites inthe system investigated, then the muons at these various sites will have di�erenthyper�ne constants, and therefore more than one pair of frequencies will be seenin the spectrum. Some muons may not be in a paramagnetic state and thereforethe free muon Larmor frequency �� will also be apparent in the spectrum. Thisfrequency might be seen anyway, due to muons coming to rest in the silver back-ing plate. The experiments described below were performed at PSI, and there isalso a contribution of the cyclotron operating frequency of 50 MHz (and harmon-ics) to the spectrum. When analysing data, these artefacts must be taken intoconsideration.



100 6. Muon Studies of PolybutadieneThe nuclear terms (the third and �fth term in Equation 6.4) can often beconsidered as small (i.e. jA�j > jAkj and with use of su�ciently high �elds), andperturbation theory then gives second order corrections [Rodu81].Muonium in muonated radicals is often regarded as a light isotope of hydrogen(with m� � 19mp, see Table 2.1 on page 9). In order to make a meaningfulcomparison of proton hyper�ne interactions Ap (where we have taken k = p) andmuon hyper�ne interactions A�, the latter are often multiplied by the ratio of themagnetic moments of the muon and the proton, i.e.A0� = �p�� A� = 0:3141A� : (6.8)It is then possible to compare these values to those obtained for Ap (e.g. fromESR experiments). They will usually not be identical, since the di�erent massesof hydrogen and muonium will have in
uence on bonding lengths and bondingangles and therefore also on the contact interaction [Vall96]. A typical relationis A0� = c � Ap, where c � 1:3, but higher values of c have been observed (e.g.c = 1:74 for ethene (H2C=CH2) [Rodu82]).6.1.2 Avoided Level Crossing (ALC) measurementsWe have seen in Chapter 2.4.4 how free muonium gets repolarized in a longit-udinal magnetic �eld. The corresponding time-integrated polarization Pz(B) =R1t=0dtPz(B; t) is shown in Figure 2.15 a) (page 33). For muon-substituted freeradicals, resonances in the curve Pz(B) are predicted. These resonances dependon the hyper�ne couplings. The spin-Hamiltonian contains information about thedistribution of the electron density at neighbouring nuclei. At high �elds and atcrossings of the magnetic energy levels in the Breit-Rabi diagram, the eigenstatesare pure product states of the Zeeman states. However, when a third spin (thenuclear spin) is coupling to the electron and the muon spin, the correspondingBreit-Rabi diagram becomes complicated, and there are several (avoided) cross-ings of levels with varying �eld (see Figure 6.1). Typically the electron spin inter-acts strongly with the nuclear spin and the muon spin, while the direct coupling ofthe muon spin to the nuclear spin is small. Near avoided level crossings, the muonand nuclear near-Zeeman states couple to each other via their respective interac-tion to a third spin. The system is then not prepared in an eigenstate, and Pz(t) is
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Figure 6.1: Upper panel: Scheme of high �eld energy level diagram of a three spinsystem (muon, electron, proton). The four \crossings" shown are in real-ity avoided level crossings. Lower panel: ALC resonances occur whenstates with opposite muon spin become near-degenerate in energy. After[Rodu93].not time-independent any more. A component of it now oscillates at a frequencycorresponding to the gap between the two levels. Then the time-integral of Pz(t)is less then for the time-independent case. In the time-integrated Pz(B) curve thisleads to a dip. We can classify these resonances according to the di�erence in thetotal magnetic quantum number between the levels: �M = �(mS+mI+mk) = 0,1, 2.� We do not consider further the type where �M = 2, a muon-nuclear spin
ip-
ip transition. It is usually a weak and narrow transition and cannot beseen in our data.� For �M = 1, two states which have the same nuclear and electron spin



102 6. Muon Studies of Polybutadienebut di�erent muon spins mix. This is a muon spin 
ip. This transitionis only possible in the presence of muon hyper�ne anisotropy. Assumingan axially symmetric case, the relevant time for any anisotropy-averagingmotional process is given by the inverse anisotropy, 1=D?� . The resonanceis centred at a magnetic �eld Br = ����Aiso�2
� ���� : (6.9)The level crossing is avoided by coupling of the two Zeeman states throughthe dipolar part of the hyper�ne interaction [Kief86]. This result can be com-pared to the hyper�ne coupling measured by TF measurements, see above.In a polycrystalline sample the anisotropy D� will give rise to an asymmet-ric ALC lineshape [Rodu93]. The mean muon spin precession frequency \onresonance" in high �elds is ! = D?�2 : (6.10)With decreasing axial anisotropy the resonance narrows and loses intensityas it becomes smaller than the inverse muon lifetime 1=�� = 0:45 MHz[Treg96].� The �M = 0 transition occurs when the muon and nucleus exchange spinpolarization (a muon-nucleus spin 
ip-
op). The crossing of the levels isavoided by indirect coupling of both Zeeman states to a third one. Thisavoided level crossing occurs at a magnetic �eld [Hemi86]Br(M) = ����Aiso� � Aisok2(
� � 
k) � (Aiso� )2 � 2M(Aisok )22
e(Aiso� � Aisok ) ���� ; (6.11)where Ik � M � (�Ik + 1) and Ik is the spin of the nucleus. If the nucleusis a proton, i.e. Ik = 12 , the equation simpli�es toBr = 12 ����Aiso� � Aisop
� � 
p � Aiso� + Aisop
e ����= 12 ����
e � 
� + 
p
e(
� � 
k) Aiso� � 
e + 
� � 
p
e(
� � 
k) Aisop ���� : (6.12)



6.2 Characteristics of polybutadiene 103The width of the resonance of the ALC spectrum can be broadened and weakenedby the presence of relaxation. Equations 6.9, 6.11 and 6.12 are valid for thecase of isotropic coupling. In the case of axial anisotropy we have to make thereplacement Aiso�;k;p �! Aiso�;k;p �D?�;k;p(1� 3 cos2 �) (6.13)where the symbols have the same meaning as in Equation 6.7 on page 99.ALC spectroscopy can be performed under the conditions of an LF experi-ment. However, since the time-dependence of the muon polarization is not needed,one can perform time-integral muon experiments. At a pulsed muon facility (seeChapter 2.2.1), where all the muons arrive at essentially the same time, there isno advantage in not measuring the time dependence. In contrast, at a continu-ous facility (see Chapter 2.2.2) the muon beam intensity is normally limited bythe restriction to have only one muon in the sample at any time. At continuoussources there is usually a potential of at least one order of magnitude higher muonintensity [Brew94]; hence by using the time integral technique one pro�ts fromthe higher count statistics at the cost of time information. We have performedsuch experiments at the ALC instrument of the PSI facility in Switzerland (seeChapter 6.4), where the typical rate is of the order of 4� 106 muons/second.6.2 Characteristics of polybutadienePolybutadiene (PB) has the chemical formula ({CH2{CH=CH{CH2{)n and is apolymer without side-chains (see Figure 6.2). PB is a non-conducting polymerwhich contains �-bonds like conducting polymers such as polyaniline or poly-acetylene [Prat97b, Prat97c]. These �-bonds are, however, separated by non-conjugated segments which inhibit long-range electron motion. These systemsshould thus be good reference systems to study the direct e�ect of polymer dy-namics on the muon relaxation. As we shall see below, the dynamical e�ectsrelated to the polymer motion are seen in both the diamagnetic and the paramag-netic signal in PB.Although the dynamics of PB and other polymers has been studied intensivelywith a variety of methods it is not well understood [Gedd95, Rich88a]. Viscosityand chain dynamics in polymers are unique phenomena, and the behaviour is
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Figure 6.2: a) Structure of cis-polybutadiene b) Cis-polybutadiene with a muoniumthat has broken a double-bond and is attached to a carbon atom. Thisis the radical state. The electron is located at the adjacent carbon atom.c) Some possible diamagnetic states, where there is no unpaired electronspin density at the muon. In i) a proton is replaced by a muon. ii) is thesame situation as b), with the electron removed from the nearby carbonatom.determined by intermolecular and intramolecular interactions.Polymers show a slowing down of dynamics with decreasing temperature. Theyare good glass formers as a consequence of structural irregularities. Even crys-talline polymers show some amounts of amorphous regions, because they cannotbe fully crystallised [Kana92]. Below the glass transition, con�gurations of thepolymer are frozen into metastable states. These states are viewed as being sep-arated by barriers in phase space, and there is a wide distribution of relaxationtimes between these states. A glass transition can be observed in PB at a tem-perature of Tg = 171 K. Variation of transition temperatures of up to �10 Khave been reported in the literature, depending on the method used to studythe glass transition and depending on the speci�c PB characteristics, such as themass average molecular weight (or the chain length), and also depending on ex-ternal parameters such as the cooling or heating history. The freezing process forglasses is accompanied by singularities of derivatives of thermodynamic potentials



6.2 Characteristics of polybutadiene 105such as speci�c heat, and singularities in transport properties are observed (e.g.the shear viscosity). Glassy polymers show very little segmental mobility, andconformational changes are con�ned to small groups of atoms [Gedd95].The e�ect of relaxation processes on many properties in a glass can be de-scribed by a stretched exponential function, i.e. / expf(t=�)�g (\Kohlrauschlaw") [B�ahr93, Aoua97]. Fast relaxation-like excitations are seen in many glasses.Low-temperature properties such as tunnelling states and speci�c heat and heatconduction anomalies [Phil81] are common features. Low-energy excitations havebeen observed, resulting from tunnelling between metastable states typical fordisordered solids [Free86, L�ohn86]. Stretched exponential functions can be usedto �t a multitude of di�erent physical phenomena which are related to relaxationprocesses.Neutron scattering measurements on PB [Rich88b] have shown that the struc-ture factor above Tg follows a stretched exponential law. Fast motional processesbecome e�ective already well below Tg [Rich88b]. There also seems to exist a scal-ing behaviour between the macroscopic viscosity relaxation and the microscopicdynamics [Rich88b]. In this context PB has become a model polymer glass system.Later work [Rich92], however, reported a decoupling of the microscopic and mac-roscopic time scales below around Tc = Tg+40 K. Neutron data have for examplebeen analysed with a vibration-relaxation model [Buch95]. Fast and slow modesin the melt have been assigned to the damped vibrational motion of C{C-bondtorsion and local single bond rotations [Kana92]. It should be noted that theseneutron scattering measurements probe the time window accessible to them, thusconcentrating on fast (10�13 � 10�9 s) relaxation processes [Kana91]. Motionalmodels for chain dynamics were based on conformational changes (i.e. changes inthe shape of a given molecule) which propagate along the chain, and are charac-terized by a correlation time. 13C NMR measurements [Deje89] above the glasstransition have con�rmed the existence of conformational jumps, the di�usionalmotion of these bond orientations along the chain being only slightly damped.The correlation time of the conformational changes (the microscopic details arenot completely elucidated) could be satisfactorily compared to a Williams-Landel-Ferry expression, see Equation 6.19, although the similarity to the values of PBwas not as good as to those of polyisoprene.The experiments described below were performed at the PSI and the ISISfacilities. The transverse high �eld experiments were performed at the GPD in-



106 6. Muon Studies of Polybutadienestrument (PSI), the longitudinal �eld experiments at the RIKEN beamline of ISIS,and the ALC experiments at the ALC instrument (PSI). A commercial sample(Aldrich) of 1,4-cis-polybutadiene (98% cis) with a mass of 100 g was used. Themass average of the molecular weight MW = 2� 3� 106 g/mol, and the temper-ature of the glass transition is Tg = 171 K (supplier's speci�cations).6.3 TF measurements on PBFor the TF measurements, which were performed at the General Purpose Decay(GPD) beamline of PSI, Switzerland, the sample was mounted on a silver backingplate in a CCR. The variable degrader of the GPD instrument was set to a valuewhere the optimum positron counting rate was obtained. With this setting mostof the incoming (decay) muons lose su�cent energy in the degrader to stop in thesample and not to penetrate it. Most measurements were taken at a transversemagnetic �eld of 0.3 T.In order to analyse the resulting muon spin rotation signal (for an example seeFigure 6.3) it is useful to decompose it into the various oscillatory components.The obvious way to do this is a numerical Fourier Transform. The Fourier Trans-form of the measured data was obtained with the use of a Gaussian apodisationwith a time constant of 4.4 �s. As an example, the Fourier Transform of the directsignal of Figure 6.3 b) is shown in Figure 6.4.In order to enhance radical signals above the noise level it can be of advantage[Reid90a] to de�ne a correlation spectrum C, which is a function of frequency.For each (hypothetical) A� in the frequency range a corresponding upper andlower frequency �1;2 is calculated according to Equation 6.5. The Fourier powersP (�1) and P (�2) at these frequencies are then multiplied to de�ne the correlationspectrum C(A�) = C(�1 + �2) = P (�1)P (�2) : (6.14)The correct A� will then be indicated by a peak in the correlation spectrum.However, care must be taken in the analysis of the data, since additional peaksin the Fourier spectrum (i.e. the diamagnetic signal, the cyclotron operating fre-quency and its harmonics etc.) might give rise to a wrong A� assignation. InFigure 6.5 we can see the correlation spectra of the Fourier transforms for the
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Figure 6.3: TF data in PB at a temperature of T = 338 K with two di�erent timeresolutions: a) time bin widths of 20 � 0.625 ns and b) time bin widthsof 0.625 ns.
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Figure 6.4: TF Fourier Transform signal in PB at a temperature of T = 338 K, seeFigure 6.3 b). Note the peaks in the spectrum due to the radical signal(�1 and �2) and due to the diamagnetic signal (��). There are also narrowpeaks around 50 MHz and its harmonics (c). This is due to the cyclotronoperating frequency, see text.TF 3 kG measurements. The hyper�ne constant A� shifts to higher frequencieswith decreasing temperature. Such a temperature dependence has been observedin many organic systems before [Rodu82, Flem97], and we can attribute it to achange in bond lengths and angles with temperature.In order to model more accurately the behaviour of the hyper�ne constant we�t the peaks of the correlation spectra with Lorentzians (see Figure 6.6 for anexample). The resulting temperature dependence of the values obtained from theTF measurements is depicted in Figure 6.7 (open circles).The temperature dependence of A� can be �tted by the empirical relation[Rodu82]A�(T ) = A�(T =1) + fA�(T = 0)� A�(T =1)g � �1� e�Ea=T	 ; (6.15)where we have set A�(T =1) = (��=�p)Ap = 67:21 MHz. The underlying reason
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Figure 6.5: Temperature dependence of the polybutadiene correlation spectrum. Themain peak in the spectrum corresponds to A� at the corresponding tem-perature. Spectra are vertically o�set for clarity.
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Figure 6.6: Plot of the correlation spectrum (circles) and of the Lorentzian �t (line)at the temperature T = 350 K.
for setting A0�(T = 1) = Ap (see Equation 6.8) is that for in�nite temperatureswe expect quantum phenomena, such as the isotope e�ect, to become zero. Thenumerical value for Ap was obtained from the ALC experiment, see section 6.4.The �tted values are A�(T = 0) = 542(23) MHz and Ea = 92(7) K, see alsoFigure 6.7. The relatively high uncertainty of the �tted values can be ascribed tothe relatively small temperature region in which the �t was done, and which isalso far away from T = 0 K. Caution must be taken in the interpretation of thedata. As we mentioned in Chapter 6.1, these results are correct for an isotropicHamiltonian. For an anisotropic Hamiltonian the situation is more complicated.Often it is su�cient to consider an axially symmetric Hamiltonian. Then thesymbol A� in this section has to be replaced by Aiso� + D?� (1 � cos2 �). This istaken into consideration in the analysis in the following section.
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Figure 6.7: Temperature dependence of A�. The open circles are data extracted fromthe TF measurements, the full squares are data obtained from the ALCspectrum. The error bars are the widths of the Lorentzians �tted to thecorrelation spectra and to the ALC spectra (see section 6.4), respectively.The thin solid and dashed lines are �ts of Equation 6.15. In the axiallysymmetric case the TF measurements give Aiso� +D?� (1-cos2�) and the ALCmeasurements give Aiso� {D?� (1-cos2�). Under this assumption, the thickline is the isotropic hyper�ne interaction, Aiso� (see section 6.4, page 116).
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Figure 6.8: Example for an ALC background correction: a) the uncorrected dataand the background (solid line) b) the data after subtraction of a cubicbackground. The solid line is a �t of two Lorentzians to the data.6.4 Results of ALC measurementsFor the analysis of the ALC results, a cubic background correction was subtractedfrom the data (see Figure 6.8).We assume that the resonance is due to the coupling of the muon to thenearest proton, i.e. the one that binds to the same carbon (see Figure 6.2 b)) andis thus chemically equivalent. For this case, Equations 6.9 and 6.11, taken to �rstorder, imply degeneracy of the �M = 1 and �M = 0 transitions if the hyper�neconstants A� and Ap scale with the ratio of the muon and the proton magneticmoments, �p=��. As already mentioned in section 6.1.1 this is usually not the case,and therefore the separation of the resonance (see Figures 6.8 and 6.9) lines is adirect demonstration of this isotope e�ect. For example, the isotopic di�erencesin vinylene carbonate have been ascribed [Rodu93] to the length of the C{Mubond. In the model given there it is almost 5% larger than that of its equivalentC{H bond. This di�erence has also been ascribed to the increased alignment ofthe C{Mu �-bond with the conjugated � system, caused by the change in bondorientation. In numerical simulations by R. Valladares [Vall96] it was shown for
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Figure 6.9: Temperature dependent ALC data for PB. The background is alreadysubtracted (see Figure 6.8). The solid lines are a �t of two Lorentzians tothe data. For clarity the data are o�set for each temperature.
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Figure 6.10: Temperature dependence of Ap. There is only a small temperaturedependence of Ap apparent, with dAp/dT = -0.028(9) MHz/K for alinear �t.the isotope e�ect in benzene that both the change in bonding length and thechange in bonding angle are important. A similar explanation for the isotopee�ect found in PB is plausible.From the positions of the ALC resonances we can infer the hyper�ne couplingsA� (see Equation 6.9) and Ap (see Equation 6.12). The results are shown in Figures6.7 and 6.10. The values for A� obtained from the ALC measurements show asimilar temperature dependence as those obtained from TF measurements, but arenot equal. We will elaborate on this di�erence in more detail below. There is onlya small temperature dependence of Ap apparent in this temperature region, seeFigure 6.10. For an linear �t we obtain a value of -0.028(9) MHz/K for dAp=dT .A �t to a constant gives Ap = 67:21(32) MHz. This is not inconsistent withthe picture of the di�erences for muon and proton presented above. Any kind of
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Figure 6.11: Temperature dependence of the width of the ALC resonances, as ob-tained from Lorentzian �ts.temperature dependence in the muon signal will be much less pronounced for theproton signal, due to the higher mass.We now return to the features of the �M = 1 signal in ALC and TF. Thepresence of the �M = 1 resonance alone is proof for anisotropy. There is noobvious asymmetry in the shape of the �M = 1 resonance, which would beexpected for a large anisotropy [Treg96]. The ALC resonance can be seen up tothe highest temperatures measured. The anisotropyD?� might get averaged out byfast motion with a correlation time smaller than 1=D?� [Treg96], e.g. when raisingthe temperature. We indeed see a reduction in the �M = 1 signal when raisingthe temperature. Higher temperature measurements would have to be performedto con�rm this trend. The relative width of the ALC signals becomes smaller withincreasing temperature (see Figure 6.11), hinting that indeed motional averaging



116 6. Muon Studies of Polybutadieneis taking place.Lowering the temperature, however, we �nd that the resonances vanish below� 240-250 K. This is counterintuitive. The fact that both signals disappear at lowertemperatures is an indication that this disappearance is not related to an averagingprocess. From Figure 6.7 we can obtain a rough estimate of the anisotropy. In thefollowing we again assume that certain features of the spectra can be described byan axially symmetric Hamiltonian. We note from Equation 6.5 with 6.7 comparedto Equation 6.9 with 6.13 that an anisotropy should give rise to di�erent shifts inthe ALC and the TF signals. It is not unreasonable to ascribe the di�erences in A�to the anisotropy as it appears in these equations. Note that the \error bars" inFigure 6.7 are line widths of the signals, as obtained from the Lorentzian �ts. Theuncertainties in the peak positions are much smaller. With the above assumptionwe can calculate the correct A� (see the thick line in Figure 6.7) and consequentlythe expression D?� (1� 3 cos2 �). This is depicted in Figure 6.12. We see that theanisotropic part becomes smaller at higher temperatures, in agreement with whathas been said above. This rough estimate assumes that there is some kind oforientation in the sample, otherwise the cos2 � term would average out the e�ectof the anisotropy on the position of the signals.We now return to the vanishing of the signals at lower temperatures. VanishingALC signals when lowering the temperature have been observed before, see e.g.[Reid90b]. There this phenomena was ascribed to a lower radical formation rateat lower temperatures. In the absence of contradictory information a similarexplanation seems plausible here. As the temperature is lowered, the motionalprocesses in the polymer slow down, and this is accompanied by a reductionin the free volume of PB (see [Bart97]). The free volume decreases between� 260 K and � 220 K, and at the same time the width of the distribution offree volume units decreases. This was linked [Bart97] to the dying out of theconformational-segmental dynamics. The results might be a reduced mobility ofthe thermalised but yet unbonded muon and consequently the delayed formationof the radicals. The disappearance of the signal might also be ascribed to anunstable muonium radical state with transitions between the diamagnetic and theparamagnetic state. This delay can be tested by means of time-delayed radio-frequency �SR measurements. Exploratory measurements by F. L. Pratt areconsistent with this explanation, but further experiments are needed.
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Figure 6.12: Temperature dependence of the anisotropy D?� (1-3cos2�), see text.6.5 Going through the glass transition: LF meas-urements in PBTime di�erential LF experiments were performed at the RIKEN beamline of theISIS facility. Measurements were performed at temperatures between 100 K and300 K, and magnetic �elds between 0.00 T and 0.38 T. It is noteworthy that in PB(and in glasses in general) the glass transition temperature depends on externalparameters, such as the heating/cooling rate. A moderate temperature changerate of � 1 K/min (value estimated from the ZF measurements) was applied(compare [B�ahr93]) here in the vicinity of the glass transition.The spectra obtained for the ZF and LF experiments could be �t with eithera stretched exponential function (see 2.25) or to the Risch-Kehr (RK) function



118 6. Muon Studies of Polybutadiene[Risc92], an approximation to which is the expressionPz(t) = (A0 � Ab) exp(�t) erfc(p�t) + Ab (6.16)where erfc is the complementary error function and � is the RK relaxation para-meter. Ab is the background amplitude and (A0 � Ab) is the relaxing amplitude.A stretched exponential function mirrors the spread of relaxation rates and is theequivalent of the \Kohlrausch" function. This functional form was successfullyused in the analysis of many temperature dependent variations of dynamical vari-ables (see section 6.2). On the other hand, the RK function [Risc92] is a modelfunction for the muon depolarization for radical systems with electron spins mo-bile in one dimension, and it has been used before to model muon spectra inpolymers [Prat97b, Prat97c, Jest97]. We have �tted the spectra with both func-tions. Fits by a stretched exponential with � = 0:5 (a root-exponential) give verygood results. The quality of the RK �t was equally good. In the following I willpresent the results for the RK analysis. As was pointed out before (e.g. [Jest97]),for many practical applications the RK function and a stretched exponential willgive equivalent results and the relaxation rate will follow the same trend. We have�rst �tted all the spectra with the root-exponential function. From these �ts weobtained the initial asymmetry, which was �xed for the RK �t. A representativespectrum is depicted in Figure 6.13.We could �t the dependence of the initial asymmetry with the functionPz(B; t = 0) = q=2 + (
e + 
�)B=A�1 + (
e + 
�)B=A� (6.17)with q = 1=3 + (
e + 
�)B=Dk�1 + (
e + 
�)B=Dk� : (6.18)This expression is an approximation to the repolarization one expects for aHamiltonian with axial anisotropy [Prat97a]. It has been used to model the �elddependent inital asymmetry in various polymers [Pratt93, Vall96]. Fits withoutan anisotropy Dk� (see Equation 2.26) were not satisfactory for PB.The �ts to Equation 6.17 yield very good results, see Figure 6.14 . However,the extracted hyper�ne interactions are higher than those obtained by the TF
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Figure 6.13: Raw data of �SR spectra at T = 300 K in the LF set up. Lines throughthe spectra are �ts to the RK function, see Equation 6.16.and ALC measurements. Equation 6.17 describes the repolarization for a staticscenario, whereas we have seen that dynamics is important in our case. Thereforethe values obtained for the �ts should be considered only as an upper limit tothe true values. The parameters are listed in Table 6.2. The repolarization showsthe presence of the hyper�ne interactions down to 100 K, whereas it is visiblein the TF and the ALC signal only down to T � 250 K. We can ascribe thisdiscrepancy to the fact that repolarization measurements will be less susceptibleto a spread in the hyper�ne constants felt by the muon, whereas in TF measure-ments coherence of the muon spin rotation is necessary. This might indicate thatthe above interpretation of diamagnetic/paramagnetic cycles (or delayed radicalformation) is valid. In a su�ciently large longitudinal magnetic �eld the dia-magnetic/paramagnetic cycles should not in
uence the repolarization data of the
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Figure 6.14: Repolarization curves for various temperatures in PB. The lines are �tsto Equation 6.17.



6.5 Going through the glass transition: LF measurements in PB 121100 K 150 K 200 K 250 KA� (LF) 647(95) 1072(88) 1326(180) 844(140)A� (ALC/TF) - - - -jDk�j (LF) 244(46) 166(14) 126(15) 108(18)jDk�(1� cos2 �)j (ALC/TF) - - - -275 K 300 K 325 K 350 KA� (LF) 659(120) 527(100) 591(98) 525(87)A� (ALC/TF) 305.7 299.6 294.3 289.4jDk�j (LF) 88(20) 107(28) 153(30) 148(27)jDk�(1� cos2 �)j (ALC/TF) 3.8 2.7 1.8 0.9Table 6.2: Hyper�ne constants (in MHz) obtained from LF repolarization curves(see Figure 6.14) and from the ALC/TF measurements. The ALC/TFmeasurements are more precise, and the estimates from the repolarizationcurves should be taken as an upper limit.initial asymmetry, since in both states the Zeeman states are the eigenstates ofthe system.I now describe the general behaviour of the relaxation rate as a function oftemperature and magnetic �eld. At low �elds the relaxation rates seem to berather scattered over intermediate values. At a typical �eld of 150 G we seea maximum in the relaxation rate, and for higher �elds it falls o� consistently,obeying a power law � / B�n, where n varies with temperature, but is alwaysclose to 0.7. We can ascribe the low �eld relaxation to random coupling to nuclei.For intermediate �elds the interaction with the nuclear spins will be decoupled,and the muon relaxation is dominated by other e�ects such as the electron spinrelaxation and possible temporal variations of the hyper�ne interaction due tochanges in distances etc. To investigate this e�ect in more detail, we now fol-low the temperature variation of the relaxation rate at a �xed magnetic �eld of0.3 T. At this �eld strength, coupling to surrounding nuclei should be suppressedand changes between paramagnetic and diamagnetic states should not lead toenhanced relaxation (see above).This temperature dependence is shown in Figure 6.15. For decreasing temper-ature the relaxation decreases, until just below the glass transition temperatureTg. Here there is a drastic change in the temperature dependence and it remains
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Figure 6.15: LF relaxation rate data for PB at B = 0.3 T. Note that the y-axis is ona logarithmic scale. The data is well �tted by an Arrhenius law aboveTg. Below the glass transition the relaxation remains constant.
constant. Clearly, the behaviour of the relaxation can be linked to the glasstransition. In view of what was said above, this behaviour is consistent with an(indirect) coupling of the muon spin to the conformal changes along the polymerchain that take place above Tg but freeze out in the glass state. Also shown inFigure 6.15 is a �t of the relaxation parameter to an Arrhenius law.We can �t the temperature dependence of the relaxation rate to the Williams-Landel-Ferry (WLF) law, which was originally used to describe viscoelastic relax-ation and was �rst derived from the free volume theory [Cohe59]. We adopt the
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Figure 6.16: WLF �t (see Equation 6.19) to data for PB at B = 0.3 T. The y-axis ison a logarithmic scale. The data is well �tted by the WLF law.expression given in [Deje89] and arrive atln� �(T )�(Tg)� = C1 � C1C2T � (Tg � C2) (6.19)where C1 and C2 are parameters characteristic of a particular polymer. We obtainC1 = 3:532(72) and C2 = 62:9(26) K. The value of C2 is very close to thatobtained from other measurements [Ferr80], C2 = 59:6 K, see also [Deje89]. Thismight underline, as pointed out before (e.g. in [Ye97]), that C2 is an inherentparameter of the glass transition of a speci�c material. On the other hand, thevalue obtained for C1 (or C1C2) is smaller by a factor of 3.21 than values foundin the literature. This might indicate that the relaxation mechanism of the muonspin is not fully coupled to the motion of PB on the macroscopic scale. Viscosity



124 6. Muon Studies of Polybutadienemeasurements involve the measurement of large scale motions and the breaking ofbonds between molecules. �SR on the other hand should be susceptible to smallerscale motions, and the corresponding activation energy should be smaller, as seenhere. This, however, is a speculative suggestion, and comparing the two �ts by anArrhenius law (Figure 6.15) and by a WLF expression (Figure 6.16) does not givea conclusive answer. Measurements on other glass formers might help to promotethe understanding of the trends seen here.The results obtained here may be compared to �SR measurements on con-ducting polymers like trans-polyacetylene (PA) and polyaniline (PANI) [Ishi85,Prat97b, Prat97c, Prat99]. In these systems the mobile electron di�uses along thepolymer chain, and the di�usion constant can be estimated by �SR experimentsunder certain assumptions. As the electron di�uses, electron spin 
ips can occurdue to spin-lattice relaxation and interaction with magnetic impurities. Whenthe electron is close to the muon the hyper�ne interaction will be non-negligible,while it is small for the case when the electron has di�used far away. For di�u-sional motion the probability of return of the electron to the muon is non-zero.The resulting time-varying hyper�ne interaction gives rise to muon-spin relaxa-tion and allows estimates of the temperature dependent di�usion constant to bemade [Risc92].The general behaviour of the relaxation rates in these experiments looks sim-ilar to the behaviour in PB. For increasing applied magnetic �elds the relaxationdecreases, and as the temperature is lowered the relaxation rate � at a �xed mag-netic �eld decreases and eventually remains constant at low temperatures. Thefunctional expressions which are applied to describe the behaviour of the relax-ation rates with temperature are similar for PB and PANI. However, it appearsthat the relaxation rate in the conducting polymers is much smaller than thatseen in PB. For example, at 300 K in an applied �eld of 1 kG the relaxation ratein PANI is � 4:15 kHz whereas in PB it is � 1:8 MHz (see Figure 6.15).PANI and PB are two limiting cases: PANI exhibits considerable electrondi�usion [Prat97b, Prat97c, Prat99] whereas in PB the radical electron is localized.In intermediate cases, where the electron di�uses, but stays in the vicinity ofthe muon long enough to allow motional processes to in
uence the muon spinrelaxation, it might be di�cult to disentangle these two e�ects.



6.6 Concluding remarks 1256.6 Concluding remarksIn this chapter I have presented work on polybutadiene, a glass forming polymer.We have seen how the simple structure of PB leads to the occurrence of only onehyper�ne constant. The presence of the �M = 1 resonance in the ALC spectrumis proof that there is some non-zero anisotropy in the hyper�ne interaction inthis system. Possible future experiments could include measurements at highertemperatures to con�rm or contradict the conjecture of an averaging out of theanisotropy with motional speeding up. The vanishing of both resonances (and alsoof the TF signal) at lower temperatures was ascribed to a delayed formation ofthe radical state or interchanging diamagnetic/paramagnetic states. Time-delayedRF measurements should be able to shed light on this conjecture.The LF experiments, performed above and below the glass transition of PB,have shown a behaviour of the muon spin relaxation consistent with other meas-urements, including macroscopic experiments. The microscopic mechanism of thedepolarization was related to segmental motion of the polymers. It will be inter-esting to perform further experiments on other glass formers to explore whetherthis is a trend that is universal.
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128 A. CalculationsA.1 Time-dependent muon polarization of muoniumTo arrive at Equation 2.9Pz(t) = 1 + 2(B=B0)22 f1 + (B=B0)2g + 12 f1 + (B=B0)2g cos(!24t) (A.1)we start by de�ning the spin operators �i = 2Si=~, where i = x; y; z and Si isthe i-th Cartesian component of the muon spin-operator S�. The state vectorj	(t)i at a time t can be written as an composition of the eigenstates of Table2.4, including time evolution:j	(t)i = 4Xj=1 cje�{Eit=~j	ii ; (A.2)where {2 = �1. The polarization P(t) at time t is given by the expectation valueof the Cartesian components,Pi(t) = h	(t)j �i j	(t)i = 4Xj;k=1 c�kcje�{!jkth	kj �i j	ji ; (A.3)where !jk = (Ej � Ek)=~. We getPz(t) = 4Xj;k=1 c�kcje�{!jkth	kj �z j	ji (A.4)Recall that �z fj "�i 
 j�eig = j "�i 
 j�ei and �z fj #�i 
 j�eig = �j #�i 
 j�ei.The four constants cj, j = 1; 2; 3; 4, are given by the initial condition of the muonpolarization, P(t = 0) = (0; 0; 1) : (A.5)A now straightforward calculation �nally yields Equation A.1.
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