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Chapterr  1 

Generall  introduction 

1.11 Cuprate superconductors in general 

Thee dramatic breakthrough in the development of superconductors as marked by the 

discoveryy of the La2.xBaxCu04 system by George Bednorz and Alex Muller [ 1 ] has 

broughtt with it both new hopes as well as challenges to superconductor research. 

Thee new breed of superconductors, characterized by the unique presence of a cuprate 

constituentconstituent and their high critical temperatures (Tc), is not only markedly different from 

theirr low-Tc predecessors in material composition and structure, but they also exhibit a 

wholee new spectrum of phenomena demanding wide ranging experimental and 

theoreticall  studies for their descriptions, even some fresh looks into the existing 

fundamentall  concepts in superconductivity in particular and condensed matter physics 

inn general [2]. 

Apartt from being non-metallic multi-component oxides, the superconducting 

Cu022 layers in these high-Tc compounds are weakly coupled along the crystalline 

c-axiss leading to strong anisotropy in their physical properties. In many cases however, 

thee superconducting order parameter can still be regarded as continuous or 

quasi-continuouss across the layers, so that the anisotropic 3D Ginzburg-Landau theory 

[3]]  remains a reasonably good approximation. When the coupling becomes very weak, 

aa discontinuity develops in the interlayer phase difference and the free energy must be 

expressedd in terms of the Lawrence-Doniach formulas for a Josephson-coupled 

multilayerr superconductor [4]. According to this model, the representative crystal 
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Figuree 1.1: 77;<? representative crystal structure of high-Tc superconductor. The layered 

structurestructure implies a quasi-2D behavior of the vortex system in the Cu02 planes and tunneling in 

thethe c-direction through Josephson coupling. 

structuree of high-temperature superconductor (HTSC) compounds, as shown in 

Fig.. 1.1, is a stack of 2D superconducting Cu02 layers, which are coupled along the 

c-directionn by a weak Josephson coupling, resulting in a c-axis coherence length, £., 

relativelyy short compared to the in-plane coherence length, %ab, and a correspondingly 

largee anisotropy parameter y(= £./£,*). The relatively high Tc and large /lead to large 

fluctuations,, as measured by the Ginzburg number, Gi, which can be expressed as 

GiGi =y2 j r . /HI (0) â
2
A^(. f /l, for thermal effects, and the quantum resistance number, 

Qu,Qu, that is given by Qu = Y\e21n\pn /4ah )> f° r quantum effects. In the above 

definitions,, Hc(0) denote the zero-temperature thermodynamic critical field and p„  is 

thee normal-state resistivity. In addition, the small value of £ implies a small size 

off  the corresponding coherence volume, Vc, which, in turn, leads to an important role 

off  critical fluctuations near the transition region and deviations from mean-field 

behaviorr [5]. 

Thee traditional view of a superconductor in the mixed state is a picture of a 

homogeneouss solid vortex lattice phase existing in a field between the lower critical 

field,field, Hc\, where vortices start to penetrate into the superconductor, and the mean-field 

upperr critical field, Hc2, above which superconductivity disappears. In the context of 

thee high-7̂  cuprates, however, the important effect of thermal fluctuations causes 

meltingg of the vortex lattice at elevated temperature but still below the superconducting 

transitionn temperature, Tc, leading to the existence of two distinct vortex phases, 
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Figuree 1.2: Schematic phase diagram of citprate superconductors. The antiferromagnetic (AF) 

andand superconducting (SC) regions are surrounded by different regimes that are discussed in the 

texttext of this chapter, after reference [10]. 

vortexx solid and vortex liquid [5]. In addition to that, the elastic properties of the 

vorticess as well as the inevitable presence of defects or disorder introduced in the 

materiall  by quenching from high temperatures and their interplay with thermal 

fluctuationss have further enriched the variety of possible vortex states. Among the 

remarkablee behaviors of the solid-vortex phase, is the anomalous increase of 

magnetizationn with increasing magnetic field applied parallel to the crystal c-axis 

abovee HcX, the so-called second-peak effect or fishtail effect or peak effect, signifying 

ann enhancement of the critical current density. In contrast to the conventional low- Tc 

compounds,, where the peak effect appears in the high field region close to Hc2, 

thee peak effect in the high-7c. compounds occurs in the mid-field regime far below Hc2. 

Thiss peak effect and its characteristics are known to be intimately connected with the 

disorderr as well as anisotropy of the system [6]. Despite the large amount of available 

data,, the existing physical models aiming to understand this effect are still far from 

converging. . 

Conventionall  type-II superconductors, being mostly metals/alloys (with an 

exceptionn of thin films and layered compounds such as 2H-TaSe2) are described 
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Figuree 1.3: Schematic picture of stripe patterns in neighboring planes of the low-temperature 

tetragonaltetragonal (LTT) phase (a). The spin density of the copper atoms and charge carriers (hole) 

densitydensity is represented by the arrows and open circles, respectively (b). The spin period (dspin) is 

twicetwice the charge period (dci,arge), because the phase of the antiferromagnetic order shifts by 18(f 

onon crossing a charge stripe. The spins are free to rotate in the plane. 

byy Cooper pairs exhibiting j-wave symmetry as assumed in the standard BCS model 

[7].. On the other hand, the cuprate superconductors are invariably doped 

Mott-insulatorss with a predominantly J-wave symmetry of the Cooper pairs [8, 9]. 

Thee typical generic phase diagram of the hole-doped cuprate superconductors, shown 

inn Fig. 1.2, distinguishes three important phase regions corresponding to different 

temperaturess and doping levels [10]. The best understood region in this diagram is the 

Mott-insulatorr antiferromagnetic region, which occurs in the undoped or lightly doped 

region.. The long-range antiferromagnetic ordering (measured by 

thee Néel temperature, TN) is rapidly suppressed with increasing doping level up to 

aa critical value (~ 2%) where it disappears and where a new superconducting phase 

appears.. The superconducting transition temperature Tc reaches its maximum at the 

so-calledd optimal doping level. The superconductivity disappears again as we enter 

thee next region characterized by still heavier doping (overdoping). 

AA further look at the figure reveals several interesting new phases in between. 

Onee of these is the so-called "pseudogap" phase in the underdoped region at T > Tc. 

Thee proposed role of fluctuations and spontaneous symmetry breaking remains less 

thann satisfactorily understood [11]. 

(a) ) 



Generall  introduct ion 5 5 

AA most remarkable new phenomenon associated with HTSC's is the observation 

off  various charge-spin stripe structures indicating inhomogeneous charge carrier and 

spinn distributions, completely unknown in conventional superconductors. The stripe 

picturee developed on the basis of neutron scattering data from the quasi-2D cuprate 

superconductorss asserts that the charge carriers are segregated into one-dimensional 

(ID)) domain walls with the electronic spins in the domain between the walls ordered 

antiferromagneticallyy with a n phase shift across the domain wall, as schematically 

shownn in Fig. 1.3 [12-14]. The stripe phase has become a universal feature among the 

dopedd antiferromagnets, and particularly in the cuprate superconductors. A major 

controversyy remains as to whether this mesoscopic self-organization of charges and 

spinss is a necessary precursor for high-rc superconductivity, or whether it is simply an 

alternativee instability that competes with superconductivity [15-17]. 

1.22 The 214 cuprate family: background and motivation 

Thee 214 system of the cuprate superconductors with tetragonal structure is known to 

existt in three different phases, namely the T, T', and T - phases [18-22]. The T- phase 

iss found in the family of La2_xMxCu04_6 (M = Ba, Sr, Ca) compounds where copper is 

coordinatedd by four in-plane and two out-of-plane oxygen atoms, forming the 

octahedronn K2NiF4 type of structure. In the T'- phase, copper atoms in the plane form a 

two-dimensionall  square which is induced by rare-earth elements of smaller ionic radii 

inn the family of RE2.xAxCu04_ö (RE = Pr, Nd, Sm, Eu, Gd, Tm; and A = Ce, Th) 

[18-22].. The T - phase features on the other hand, a pyramidal coordination of the 

copperr atom with five oxygen atoms. This phase has been reported to exist in a narrow 

rangee of composition in the (REi.x.yRE'ySrx)2Cu04.s (RE = La, Nd, Pr; and 

RE'' = Ce, Sm, Eu, Gd, Tb, Dy, Ho, Y) family [18-26]. The representative crystal 

structuress of the 214 system are shown in Fig. 1.4. In this research, the study on the 

2144 system will be devoted to the T- phase and Nd-doped Lai  6.xNaV4SrxCu04_s 

compoundd and to the T - phase SmLai.xSrxCu04.6 compound. 
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(a)) T- phase (b) T- phase (c) T* - phase 

Figuree 1.4: The representative crystal structure of the 214 system cuprate superconductor (a) T-

phase:phase: La:_,SrxCu04_s, (b) T- phase: Ndi-xCexCu04^, and (c) T - phase: SmLal_xSrxCu04_&. 

Comparedd to the other high-T, systems like the YBa2Cu307_ö (YBCO-123) and 

Bi2Sr2CaCu2088 (BSCCO-2212) compounds, the 214 cuprate superconductors process 

severall  unique properties and advantages, which enable them to be used as model 

systemss in the systematic studies of structure-property correlations. Firstly, this 214 

systemm has a relatively simple crystal structure consisting of a single layer of Cu02 in 

onee unit cell. With this advantage, this system serves as an ideal model for the study of 

structure-propertyy correlations. Secondly, well defined, bulk and homogeneous single 

crystalss are available, in contrast to YBCO-123 or BSCCO-2212 compounds, where 

thee twinning (YBCO-123) and weak coupling along the odirection (BSCCO-2212) 

makess the interpretation of the experimental data rather difficult. Thirdly, this system 

hass so far stood out as the only known cuprate system which can accommodate 

differentt types of charge carrier doping, i.e. hole doping (p - type) in the T and 

T*-- phases [18-22] and electron doping (n - type) in the T- phase [27]. And finally, this 

systemm has relatively low values for Tc and for the upper critical field Hc2, which is 

inverselyy proportional to the square of £,ab- While being less interesting from the 

applicationn point of view, these features offer unique advantages for the experimental 
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accessibilityy of the whole range of magnetic phase diagram up to the normal state, due 

too the relatively small thermal fluctuation effects. Furthermore, the anisotropy 

parameterr y of this system sensitively depends on the oxygen content in the sample. Its 

valuee is expected to lie in between those of the two extreme cases of YBCO-123 and 

BSCCO-2212.. Concerning the moderate anisotropy and the relatively low value for Tc, 

thee second-peak field transition in the 214 cuprate family generally appears in a 

relativelyy broad temperature regime extending to the vicinity of Tc. However, the 

multi-elementt composition makes the compounds susceptible to structural disorder and 

defects,, which, in turn, influence (decrease) the degree of anisotropy. These facts 

providee the possibility for a systematic study of the y - dependent vortex properties 

besidess the disorder-induced vortex pinning effect. 

Thee most interesting aspects concerning the 214 systems, are the 

temperature-inducedd structural transitions observed in almost all compounds of the 

T,, T' and T*- phases [28-33]. These include the high-temperature tetragonal (HTT) 

phasee (space group I4/mmm), the low-temperature orthorhombic (LTO) phase (Bmab), 

thee intermediate second low-temperature orthorhombic (LTOl) or low-temperature 

less-orthorhombicc (LTLO) phase (Pccn), and the low-temperature tetragonal (LTT) 

phasee {P42/ncm) [28-30]. For instance, the tetragonal K2NiF4-like (HTT) structure of 

T-- phase La2-xSrxCu046 is known to switch over to the LTO structure upon lowering 

thee temperature [33]. Another transition to the LTT phase is found in La2.xBaxCu04_5 

andd La2_x_yNdySrxCu04.g systems, either directly (La2_xBaxCu04_0 [28]) or through an 

intermediatee LTOl phase (La2-x-yNdySrxCu04.s [29, 30]) which has a smaller 

orthorhombicc distortion compared to LTO. With the Ba (or Sr) content approaching 

xx = 0.12, a strong depression of Tc associated with the LTT phase induced by the 

occurrencee of a rigid static charge-spin stripe phase has previously been reported 

[12-14,, 28, 29]. A similar structural variety has also been reported in several undoped 

T'-- phase RE2Cu04 (RE = Pr, Sm, Eu) compounds, although some controversy remains 

[31].. The T*- phase, on the other hand, belongs to a relatively less studied species. 

Thee presence or absence of stripe phases in the member of this family remains an 

unsettledd question [34], although a structural phase transition in the normal state, 

similarr to the one observed in the homolog T- phase, has also been reported [32]. 
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Ass seen in Fig. 1.4, the crystal structure of this T*- phase SmLa^xSrxCuOŝ is a 

hybridd of T- and T'- phases, being composed of two types of block layers: 

aa rocksalt - type layer of La2_xSrxCu04.s (T- block) and a fluorite - type layer of 

Sm2Cu044 (T- block). We note that the atoms in each of these block layers are situated 

inn an arrangement which is similar with those of rocksalt and fluorite structures 

commonlyy found in the ionic compounds NaCl and CaF2, respectively. 

Thiss T structure apparently lacks inversion symmetry, in particular, it lacks a mirror 

planee perpendicular to the fourfold axis commonly found in the T- and V- phases. 

Thus,, this system is expected to exhibit a number of remarkable and distinct physical 

propertiess leading to interesting studies on the rich structure-physical property 

correlations.. However, up til l now, most research works on this 214 system have been 

restrictedd to the T- phase and T'- phase, presumably due to the great obstacle for 

obtainingg good quality single crystals of the T*- phase. 

Recently,, the interest in the study of the superconducting T*- phase of 

SmLao.sSrojCuOŝs has been revived as a result of the observation of a double 

longitudinall  Josephson plasma resonance on a polycrystalline superconducting powder 

samplee [35]. This phenomenon has been attributed to the existence of two different 

blockk layers, namely the rocksalt - type (La,Sr)202-s block layer and the fluorite - type 

Sm2022 block layer in one unit cell. The plasma resonance is conceived as a result of the 

interlayerr Josephson tunneling of the superconducting carriers at T< Tc. Viewing along 

thee c-direction, the high-7c. cuprates can be regarded as an intrinsic Josephson-junction 

array,, and the optical response is characterized by the so-called longitudinal optical 

Josephsonn plasmon. More recently, observations of an additional single transverse 

opticall  plasmon have been reported for well-defined single crystalline samples [36-38]. 

Thiss "second" plasmon mode, which is polarized perpendicular to the Cu02 planes and 

propagatingg parallel to the Cu02 planes, is the first evidence of a Josephson-coupled 

multilayerr model of the high-Tc cuprates proposed by Anderson [39], for which 

Vann der Marel and Tsvetkov [40] calculated the dielectric function. 
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Thee existence of an incomplete 4/L-shell of the rare-earth ions in the 

La,, 6_xNdo.4SrxCu04.s and SmLai.xSrxCu04.s, as in the case of T'- phase 

Nd2_xCexCu04.6,, has led us to investigate the magnetic properties of these systems. 

Thee main subject of this study is the coupling of the rare-earth ions Nd3+ and Sm3+ with 

thee Cu sublattice, as well as the intricate roles played by the superconducting ordered 

phasee [41, 42]. Interactions of the 4/electrons of the rare-earth ion with the electric 

fieldd produced by the charge distribution around the ion is expected to give rise to 

crystallinee electric field (CEF) effects, by which the electronic energy levels of the 

\LSJ)\LSJ) multiplet is split under certain crystal symmetry. These energy levels are 

influencedd by the presence of doped charge carriers, local charges and/or distortions 

[41-43].. Following a successful study of the CEF effect in T'- phase Nd2.xCexCu04.5 

[43],, a similar calculation was also reported for La2.x.yNdySrxCu04.5 [42]. 

AA more complex situation is expected to occur in the T*- phase of SmLa!.xSrxCu04.6, 

sincee the T'- type Sm202 block layers containing the Sm ions are sandwiched between 

thee nonmagnetic T- type (La,Sr)202.s block layers. 

1.33 Aims and outline of this thesis 

Thee aims of this work are to gain some insight of the dopant effects (x) on the structure 

andd their correlation with the associated physical properties of T*- phase 

SmLa,.xSrxCu04_oo (x - 0.15, 0.2, 0.25) as well as the T- phase La16.xNdo.4SrxCu04.6 

(xx = 0, 0.1, 0.125, 0.2) compounds of the 214 cuprate family. The properties 

investigatedd in this study include the temperature- and field-dependent transport and 

magneticc behaviors, both in the superconducting as well as the non-superconducting 

state.. In addition to transport and magnetization measurements performed for those 

purposes,, additional measurements of specific heat were carried out in order to 

investigatee CEF effects and the role of exchange interaction between the rare-earth ions 

Nd3++ and Sm3+ and the ordered Cu ions. 
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Forr those fundamental investigations, a major part of this research is devoted to 

thee challenging crystal growth experiments of the above-mentioned compounds. 

Thesee experiments as well as the result of the characterization of their crystal structure 

att the different doping levels cited above are described in Chapter 2. 

Chapterr 3 contains the results in which the key ingredients of vortex physics in the 

T*-- phase SmLao 8Sr0.2CuO4_6 (T™ ~ 24 K) are involved. In particular, 

thee field-dependent magnetization data show a peculiar second-peak effect that occurs 

inn an unusually broad temperature range from around 2 K up to Tc. The solid-vortex 

statee in this system is described in terms of a superconducting H - T phase diagram that 

iss constructed from the experimental data on the basis of existing models. 

Thee intrinsic parameters of the vortex system have been determined from reversible 

magnetizationn data, analyzed in the Hao-Clem model. In addition, the effects of the 

thermall  fluctuations on the physical properties were examined in the vicinity of T(. 

Analysiss of the magnetic relaxation data across the second-peak field region has 

resultedd in a description of the dynamical behavior of the vortices. 

Thee rich variety of physical properties of the T- phase Lai  6.xNdo4SrxCu04.0 system 

hass been studied, including the structural phase transitions, the vortex behavior in the 

superconductingg state, as well as the magnetic properties of the Nd spins and their 

couplingg with the magnetic Cu sublattices. The temperature-dependent structural phase 

transitionss observed at various x values are shown to have pronounced effects on the 

variouss physical properties. Particularly, the results of the magnetic susceptibility data 

reveall  that there is no appreciable influence of the low-temperature structural transition 

onn the c-axis susceptibility, xdT), while the ab-p\ane susceptibility, %ub{T), exhibits a 

significantt discontinuity for the Sr-doped samples at this transition. 

Att low temperatures, the Sr-doped compounds are bulk superconductors with a 

remarkablee dip of Tc at the Sr doping level of x = 1/8 due to static stripe phase 

formation.. The superconducting phase diagram of this system was determined from 

magneticc hysteresis measurements. Several aspects related to magnetism of the Nd + 

ionss were investigated by means of field-dependent specific-heat and magnetic 

susceptibilityy measurements. In the absence of an external field, the splitting of the 

lowestt Kramers doublet by magnetic interactions between the Nd ions and the 
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antiferromagneticallyy ordered Cu sublattice is seen in the specific-heat data. The gap 

energyy is shown to be intimately connected with the Sr content (x) and with the value 

off  the applied magnetic fields. These results are described in Chapter 4. 

Investigationn of the magnetism of the Sm-ions in the T*- phase system 

SmLai_xSrxCu04_66 by means of magnetic susceptibility and specific-heat measurements 

aree presented in Chapter 5. The low-temperature specific-heat data show a 

Schottky-likee curve, displaying an unusual behavior in an applied field of 140 kOe. 

Thee magnetic susceptibility data, on the other hand, do not show any anomaly down to 

thee lowest temperature of the measurement (~ 2 K). These behaviors are in contrast 

withh those found in Sm2Cu04, in which case the specific-heat data does show a ^-peak 

likee anomaly and a sharp cusp in the magnetic susceptibility data at temperatures 

aroundd 6 K, signifying the 3D antiferromagnetic ordering of the Sm3+ tons [44]. 

Wee discussed these different phenomena in the framework of a hybridization between 

thee ground state and the excited states, taking into account a mixed-valence state of the 

Smm ions, and the possible coupling between the Sm ions and the Cu sublattices due to 

thee structural uniqueness of the Sm layers ordering. 

Thee last part of this thesis presents a summary of all studies conducted in this work 

andd the conclusions that are drawn from all the results. 
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Chapterr  2 

Experimentss on crystal growth and 
basic/structurall  characterization 

2.11 Introductio n 

Thee intrinsic physical properties of multi-component cuprate superconductor materials 

aree mainly determined by their cation and anion contents which then indirectly 

influencess the oxygen concentration-deviation (8) from stoichiometry. Almost all of 

thesee compounds melt incongruently: they decompose into a solid of another phase and 

aa liquid phase of yet another composition when heated across the peritectic 

temperature.. Further, the melts of these compounds contain volatile components such 

ass copper oxides, which are chemically aggressive: they attack the container of almost 

anyy material and thus leads to contamination affecting the cation/anion ratio of the 

finall  products. All of these factors should therefore be taken into account for the 

preparationn and crystal growth of the superconducting compounds, so as to minimize 

impuritiess and inhomogeneities, and in order to avoid misinterpretation of 

experimentall  data for a proper description of their physical properties. 

Thee main purpose of our crystal growth experiments is to produce large and 

well-definedd bulk single crystals. In general, a bulk single crystal can be grown from 

thee liquid phase, i.e. from the melt. Several methods have been developed for the 

singlee crystal growth of cuprate compounds, such as the top seeded solution method, 

fluxx method, and the travelling-solvent floating-zone (TSFZ) method [1, 2]. 

Amongg them, the TSFZ method offers special features most favorable for the growth 

off  single crystal, in particular for the "214" system. Using this TSFZ container-free 
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method,, the contamination of the grown crystals is minimized. However, the degree of 

successs of the single crystal growth experiment strongly depends, besides of the 

experiencee and patience of the crystal grower, on the properties on the material. 

Here,, the phase diagram plays the crucial role of a road map for determining the initial 

compositionn of the starting material as well as the solvent. 

2.22 Experimental methods 

2.2.11 Solid-state reaction method 

Forr the growth of a single crystal, the preparation of its polycrystalline precursor 

materialss is carried out using the solid-state reaction with initial wet-mixing. 

Inn this method, the starting materials, which have been weighed according to the molar 

composition,, are dissolved in nitric acid (HN03) with heating (~ 250 °C) and stirring in 

orderr to obtain a homogeneous mixture. This solution is then heated at higher 

temperaturee (~ 600 °C) for several hours to remove all the residual nitrates. The 

powderr is then calcinated and sintered for several hours with intermediate grindings. 

Thee calcination temperature (rcaic) as well as sintering temperature (T&inx) is chosen 

accordingg to the available information on the phase diagram. Usually, rsint > Tcalc, and 

rsmtt is taken as close as possible to its peritectic melting temperature. The resulting 

powderr is then put into a rubber tube (diameter <f>~  8 mm, and length I ~ 120 mm) and 

pressedd by hydrostatic pressure (pressure P ~- 6 kBar) to produce a dense rod. This rod 

iss sintered in a vertical furnace with an up-down translation speed of about 

10-200 mm/hr and a rotation speed of about 5 rpm during several hours. This procedure 

ensuress the formation of a dense rod of homogeneous single-phase material. 

2.2.22 Travelling-solvent floating-zone (TSFZ) technique 

Thee light-image furnace used in all crystal growth experiments described in this thesis 

iss a commercial product of Crystal Systems, Inc. of the type FZ-T-10000-HVP-H-M 
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[3].. The outline of this furnace is presented in Fig. 2.1 (a). The furnace consists of four 

ellipsoidall  mirrors made from glass plated by silver and protecting layer, equipped 

withh four Halogen lamps positioned at the focus of each mirror, and projected onto the 

commonn focus of all the mirrors. The radiation of the lamps is focused at this point 

wheree the crystal growth from the melt takes place. The rise power of the lamp can be 

Figuree 2.1: (a) Layout of the four-mirror light-image furnace, (b) The basic principle of the 

TSFZTSFZ technique: a floating-zone crystal growth arrangement. 

selectedd at the levels of 300, 750, 1500 or 3500 W. For the growth of 214 system 

superconductorss reported in this study, a set of four halogen lamps of 300 W each is 

used.. This smaller lamp provides a better and sharper focus, which is important for the 

stabilityy of the growth process. The required temperature profile of the furnace is 

obtainedd by proper adjustment of the position and the power of the lamps, which in 

turnn determine the volume of the molten zone. The temperature of the molten zone is 

controlledd by the stabilized dc-voltage power supply of the lamps. The crystal growth 

processs is performed in a chamber made from a quartz tube. The growth can be carried 

outt in vacuum, air, in pure gases of 02, N2 or Ar, or in mixtures of these gases. 

Pressuress up to 10 bar can be applied, either in static or in flowing mode. Separate or 

simultaneouss movement of the feed rod and seed rod at rates between 0.18 and 35 

mm/hrr can be controlled by the translation of the corresponding shafts. The shafts can 
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bee simultaneously rotated in both directions at a maximum speed of 50 rpm. A 

programm set point is provided which allows automatic increase or decrease of the lamp 

powerr to a desired heating point at a constant rate. The crystal growth process is 

monitoredd on a screen through a CCD video camera, and recorded on a video recorder. 

Thee basic ingredient of the TSFZ technique is the creation of a molten zone 

(solvent)(solvent) which is sustained by the surface tension of the melt and contained between 

twoo solid rods in a vertical configuration as shown in Fig. 2.1 (b). The upper part of the 

solidd rod is called the feed, while the lower part is the seed. In an ideal case, 

thee polycrystalline feed rod has the same composition as the single-crystalline seed 

rod.. The crystal growth from the melt takes place at the common focal point of the 

mirrors.. The stability of the crystal growth is mainly determined by the stability of the 

meltt zone. Only a high stability of the melt zone allows the crystallization process to 

takee place under nearly equilibrium conditions, which is mandatory for the growth of 

singlee crystals of the desired quality and size. The stability of the melt zone can be 

achievedd by using a high-quality feed rod, in other words a straight, dense, 

homogeneous,, and well-sintered single-phase rod. Additionally, a stable heat source 

withh well-defined thermal gradient is also essential in maintaining a stable melt zone. 

2.2.33 Sample characterization techniques 

Inn this subsection, a brief description is given for each of the characterization 

techniquess employed on the crystal. These include XRD powder diffraction, LAUE 

X-rayy (back scattering) diffraction measurements, and Scanning Electron Microscope/ 

Electronn Probe Micro Analysis (SEM/EPMA). The XRD powder diffraction 

measurementt is performed using monochromatic Cu Ka X-ray radiation 

(X(X = 0.154 nm). A structural refinement analysis of the XRD pattern by the Rietveld 

methodd was carried out using the GSAS package [4]. In order to reduce the 

experimentall  error, measurements were performed using silicon as a standard 

reference.. In this study, the XRD powder diffraction measurements have been carried 

outt using a Philips 1730/10 machine, with a stepwidth of 0.01 (20), and a counting 

timee of 2.5 second/step. The LAUE X-ray (back-scattering) diffraction is performed 
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forr probing the single-crystallinity of the as-grown crystal, using a non-monochromatic 

X-rayy beam, which strikes the crystal perpendicularly. The Bragg interference peaks of 

thee back-scattered X-ray beam are recorded on a photographic plate, which is 

positionedd in front of the crystal. In this study, the LAUE X-ray measurements have 

beenn carried out using the DIFFRACTIS 582 of ENRAF NONIUS (Delft). 

Thee Scanning Electron Microscope (SEM) and Electron Probe Micro Analysis 

(EPMA)) are used for probing the micro-structural homogeneity of the sample and for 

determiningg the chemical composition of the as-grown crystal, respectively. A thin flat 

sample,, which is embedded in an electrically conducting material like copper (Cu) 

epoxyy and which is carefully polished, is exposed to the electron beam. The typical 

penetrationn depth of this beam is approximately 1 um. This electron beam excites the 

coree electrons of the atoms in the sample. The X-ray radiation, that has an energy 

characteristicc for the excited atom, is then emitted when the excited electrons or other 

electronss drop down to fil l the core hole. From the detected energy and intensity of the 

emittedd X-rays, the amount of a certain atom in the sample could be determined 

accordingg to a standard procedure. In this study, the SEM/EPMA analyses have been 

performedd using a JEOL JXA8621 instrument. 

2.33 The growth and characterization of 

T*-- phase SmLai.xSrxCu04-5 

Thee first compound of the T - phase was synthesized by Akimitsu et al. in the 

Nd-Ce-Sr-Cu-OO system [5]. The crystal structure of this phase is a hybrid of T- and 

T'-- phases, being composed of two types of block layers: fluorite - type layers of 

(Nd,Ce)2022 (the T'- block) and rocksalt - type layers of (Nd,Sr)202-S (the T- block) 

[6-15].. This structure apparently lacks inversion symmetry, in particular, it lacks a 

mirrorr plane perpendicular to the fourfold axis commonly found in the T- and 

T'-- phases. Superconductivity in these T compounds is induced by oxygen doping 

whichh results in a superconductor with p - type carriers [6-10], in contrast to 

superconductorss with n - type carriers found in the T'- phase after oxygen reduction 



20 0 Chapterr  2 

[16].. The result of a previous attempt to grow a T - phase single crystal of 

SmLaoo 8Sro2CuC>4_ö has been reported by Oka et al., who also reported the unsuccessful 

growthh of a T - phase single crystal of the Nd|.4Ce0.2Sro.4Cu04_ö compound by the 

TSFZZ method [17]. It was understood that the quality of the T - type of crystal 

obtainedd by Oka et al. was less than satisfactory, and that the growth procedure could 

certainlyy benefit from further improvement. In this study, the single crystal growth 

experimentss have been performed by means of the TSFZ method using a four-mirror 

furnacee from Crystal Systems, Inc. This method has been widely demonstrated to be 

successfull  in the growth of single crystals of high-7c superconductors, in particular of 

thee 214 system in our institute. 

2.3.11 Sample preparation 

Too prepare the feed rod and the seed, polycrystalline powder with an off-stoichiometry 

compositionn and a molar ratio of 49%(SmLai_xSrxOy) - 51%(CuO) was mixed, 

too compensate for the Cu-0 losses due to evaporation during the growth process. 

AA solvent, with a CuO rich composition of 15%(SmLai_xSrxOy) - 85%(CuO), was 

chosenn according to the phase diagram of Oka et al. [17] as presented in Fig. 2.2, 

inn order to lower the melting temperature of the solvent and to minimize the 

evaporationn losses. The mixtures were calcinated and sintered at 950 °C and 1000 °C, 

respectively,, during in total 60 hours, interrupted for repeated intermediate grindings. 

Thee powder was pressed into a rod shape with approximately 7 mm in diameter and 

800 mm in length for the feed and another rod of 30 mm in length used for the initial 

seed.. Both rods were then sintered in air, in a vertical furnace hanging on Kanthal wire 

att 1025 °C for approximately 40 hours. 

Priorr to the crystal growth, feed rods were first densified by passing them 

repeatedlyy through the heating zone with a proper adjustment of the heating power and 

thee rotation speed of the rod during the process. Both the densification and the growth 

processs proceeded in a mixture of 02 and Ar gases. We found that it is the total gas 

pressuree rather than the composition of the gas mixture in the tube which is important 

forr the stability of the T - phase growth. During the growth, the feed and seed shafts 
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Figuree 2.2: Phase diagram ofT -phase SmLaojjSrgjCuO^sin air, after reference [17]. 

weree counter rotated at the speeds of about 25 and 30 rpm, respectively, while the 

translationn speed of the shaft was set at 0.25 mm/hr. It should be noted that the 

equilibriumm growth conditions were occasionally disturbed by the so-called "umbrella" 

effect,, associated with the precipitation of unknown phases out of the floating zone, 

resultingg in an irregularly expanded shape of the feed rod over a length of about 4 mm. 

Wee suspected that this effect had its origin in changing solvent composition caused by 

ann inappropriate total gas pressure in the growing tube. 

Sincee the as-grown T - phase SmLai.xSrxCu04.6 is not superconducting, we have 

builtt a high-pressure oxygen annealing furnace which can sustain a maximum pressure 

off  200 bar at a temperature of 600 °C. The annealing tube was made of 

high-temperaturee and pressure resistive Inconel material (outer and inner diameter: 

DD = 20 mm, d = 6 mm, length: L = 470 mm), constructed in our institute. 

Thee apparatus is shown schematically in Fig. 2.3. It is to be noted that after several 

runss of the process, the Inconel tube was cut to examine possible contamination such 

ass an oxidation layer or other defects induced during the heating process. To avoid this 

contaminationn during the annealing process, the samples were covered by gold (Au) or 

http://Loo.8Sm1.oSro.2O3
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platinumm (Pt) foil. Systematic variations of the annealing parameters have been applied 

inn order to obtain an optimum superconducting transition (Tc, ATC). Additionally, 

structuree characterization measurements have been carried out for the as-grown 

non-superconducting,, as well as the oxidized superconducting samples. 

Cooling g 
waterr out 

(b)) Sample space Oxygen annealing tube 

Figuree 2.3: (a) Schematic drawing of the apparatus for high-pressure oxygen annealing, 

consistingconsisting of a horizontal furnace and an Inconel tube equipped with a thermocouple 

whichwhich is connected to the temperature controller. The equipment is completed with 

aa vacuum pump and a water cooling system, (b) Inner part of the Inconel tube 

afterafter several runs of the process showing the oxidized surface. 

Thee oxygenation process is essentially a two-step high-pressure oxygen annealing 

performedd in the oxygen pressure cell at a high temperature and, subsequently, at a low 

temperature.. Each of these steps was designed to first bring the oxygen molecules into 

thee samples and, then, to let oxygen diffuse in the samples. From many experiments we 
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foundd the optimal annealing parameters (temperature - pressure - annealing time) to 

obtainn a high Tc and a sharp ATC as follows: (600 °C) for 7 days, followed by 

(300-4000 °C) for 4 days and finally slow cooling to room temperature at the rate of 

255 °C/h. We note that, the resulting Tc and A7C are critically dependent on the size of 

thee sample; for a bulk single crystalline SmLao.8Sr02Cu04.5 sample of size 

~~ 2.0 x 2.0 x 1.0 mm3, we obtained Tc « 24 K and ATC s 2 K, while a lower and broader 

transitionn is obtained for bigger and thicker samples. 

Figuree 2.4: (a) A typical SEMpicture and (b) ab-plane orientedLAUEphotograph 

ofSmLaofSmLa0S0SSrSr0202CuO4_CuO4_ss crystal. 

2.3.22 Sample characterization 

Thee as-grown boule of single-crystalline material has a typical size of approximately 

66 mm in diameter and 100 mm in length. A typical SEM photo and a LAUE 

photographh for the aè-plane are presented in Fig. 2.4 for a SmLao.gSro^CuOŝ crystal. 

Thee SEM photo shows that a high-quality single crystal was formed in the boule from 

itss top where the solvent was removed, extending to about 2.0 - 2.5 cm below it. The 

averagee composition determined by the EPMA analysis (normalized to Cu), is given in 

Tablee 2.1. We have also included in this table the starting and the as-grown crystal 
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compositionss of the T- phase Sm2Cu04 for further studies of its structure and physical 

properties. . 

Tablee 2.1: The starting and the as-grown crystal composition of the 

T-T- phase SmLa^rfiuO ̂ and T- phase Sm2Cu04 compounds. 

Startingg composition 

SmLao.8Sr02Cu04_s s 

SmLao.vsSro^CuOŝ s 

Sm2Cu04 4 

As-grownn composition 

Smm i o i La0.84Sro.21 CUO4.5 

Srri|| o7Lao.79Sr0,24Cu04_8 

Sm22 |3Cu04 

55 10 15 20 25 30 

T(K) ) 

Figuree 2.5: Temperature dependence of the susceptibility of a SmLa i_xSrxCu04.(, 

(x(x = 0.20, 0.25) crystal after oxygen annealing and slow cooling as described in the text. 

AA typical result of susceptibility measurements for the oxidized powder samples is 

givenn in Fig. 2.5. This figure exhibits an onset temperature of the critical transition at 

T°T°nn ~ 25 and 22 K for x = 0.20 and x = 0.25, respectively, with ATC ~ 2 K for both 

samples.. We found that superconductivity disappears after annealing the crystal in air 

att 1000 °C for several hours. 
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Tablee 2.2: Structural parameters for SmLa0sSr02CuO4.ë in the as-grown (AG) and 

oxygenoxygen annealed (02-A) samples, based on space group P4/nmm with atomic coordinates of 

MM (1/4.I/4.Z), M (l/4,l/4,z), Cu (l/4,l/4,z), 0(1) (3/4,1/4,z), Of2) (l/4,I/4,z), 0(3) (3/4,1/4,0), 

asas explained in the text. Mand M denote (La.Sr) and Sm atoms, respectively. 

M M 
M' ' 
Cu u 
0(1) ) 
0(2) ) 
0(3) ) 

c{k) c{k) 

RRvv (%) 
*wp(% ) ) 

#exp(%) ) 

II 2 2 

As-grownn (AG) 
z(A) ) 
0.392(7) ) 
0.100(9) ) 
0.756(1) ) 
0.234(4) ) 
0.571(4) ) 
0 0 

3.865(5) ) 
12.576(3) ) 
187.919(2) ) 

6.65 5 
9.26 6 
5.47 7 
2.86 6 

£ £ 
1 1 
1 1 
1 1 
1 1 
0.95 5 
1 1 

BBeaea (A
2) 

0.10 0 
0.37 7 
0.20 0 
1.27 7 
2.70 0 
2.50 0 

022 annealec 
*(A ) ) 
0.389(9) ) 
0.101(9) ) 
0.758(1) ) 
0.243(9) ) 
0.571(4) ) 
0 0 

3.871(1) ) 
12.597(4) ) 
188.779(1) ) 

7.80 0 
10.80 0 
5.37 7 
4.04 4 

(02-A) ) 

1 1 
1 1 
1 1 
1 1 
0.96 6 
1 1 

#eaa (A2) 
0.07 7 
0.22 2 
0.12 2 
1.27 7 
1.32 2 
2.67 7 

Tablee 2.3: Selected interatomic distances and block layer thicknesses of the unit cell 

beforebefore and after annealing. 

Interatomicc distances / 
blockk layer thicknesses 
(La,Sr)-0(l) ) 
(La,Sr)-0(2') ) 
(La,Sr)-0(2")+ + 

Sm-O(l) ) 
Sm-0(3) ) 

Cu-O(l) ) 
Cu-0(2) ) 

Cu-(La,Sr)-Cuu (dT) 
Cu-Sm-Cuu (rfr') 

As-grownn (AG) 
(A) ) 

2.775(9) ) 
2.770(5) ) 
2.247(1) ) 

2.560(7) ) 
2.312(6) ) 

1.936(5) ) 
2.323(7) ) 

6.442(1) ) 
6.133(5) ) 

022 annealed (02-A) 
(A) ) 

2.688(1) ) 
2.780(4) ) 
2.286(1) ) 

2.638(1) ) 
2.322(5) ) 

1.935(7) ) 
2.353(2) ) 

6.503(4) ) 
6.093(4) ) 

Symmetryy : x, y, z 
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AA structural refinement analysis of the XRD pattern by the Rietveld method was 

carriedd out using the GSAS package [4] for powder of the as-grown crystal (AG) as 

welll  as for that after the high-pressure-oxygen annealing process described earlier 

(02-A) .. To avoid duplication, we will restrict our discussion to the result of the 

SmLaoo KSr02CuO4.6 sample only. As a starting model for the analysis, the basic T* 

structurall  specifications consisting of the space group P4/nmm and the associated 

latticee constants of a = b = 3.8588(2) A, c = 12.5725(7) A for SmLao.75Sro.15CuO3.95 

weree adopted as given by Tokura et al. [7]. Table 2.2 shows the result of the refined 

structuree parameters of the pre-annealed and post-annealed single-crystalline samples. 

Wee note that both lattice constants (a and c) undergo some increases along with slight 

coordinatee changes of the cation and oxygen atoms. The most important consequences 

off  these changes are listed in Table 2.3. It is clear that the interatomic distances and the 

blockk layer thicknesses display perceptible changes due to the oxygen annealing 

process. . 

Thee average crystal structure deduced from the XRD refined data for the annealed 

samplee of SmLao.̂ Sro 2Cu04_6 is described in Fig. 2.6. One readily observes in this 

figurefigure the existence of two discernible block layers in one unit cell, each exhibiting the 

T-- type or T'- type structure. The site ordering of the rare-earth ions as revealed by the 

figurefigure shows that the larger La and Sr ions occupy the T- type block and the smaller 

rare-earthh (Sm) ions occupy the T'- type block, in good agreement with previous 

reportss [6-11, 18-20]. It appears then that the important role of stabilizing the 

T*-- structure by the Sr ions in appropriate molar ratio actually is equivalent to 

establishingg the most favorable equilibrium condition for the site ordering of La and 

Sm.. Compared with the La2_xSrxCu04.6 (T- phase) and Sm2Cu04 (T- phase) systems, 

thee lattice constants of the oxidized SmLao.8Srü2Cu04_ö (T*- phase) sample along all the 

crystall  axes appear to lie between those of the other two phases (Table 2.4). 

Itt is important to point out that, in contrast to the controversial findings in the case 

off  cation doping [10], one observes here a clear enlargement of the unit cell dimension 

duee to the oxygen-annealing process, see Table 2.2. A similar behavior has been 

reportedd in the literature for another T*- phase compound: Ndi.32Ceo.27Sro.4iCu04.6 [14]. 

Itt is interesting to note the opposite changes of the thickness dT and dj of the T- type 

http://SmLao.75Sro.15CuO3.95
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((La,Sr)202-s)) and T- type (Sm202) block layers, respectively. The values of these 

thicknessess before and after oxygen annealing were determined here on the basis of the 

copperr ion positions, since these positions are considered to be more stable than the 

oxygenn positions due to the relatively larger mass of the copper ion. 

Figuree 2.6: The schematic structure of an as-annealedSmLag 8Sr0 2CuO'^crystal. 

TheThe thickness of the T- type (La,Sr)202.s block layer and of the T- type Sm202 block layer 

areare denoted by dT and dT' respectively. 

Tablee 2.4: Space groups and lattice constants ofT, T, T - structures. 

Compound d 

T-- phase : Lai.gsSro.isCuÔ [21] 

T*-- phase : SmLa0.8Sr0.2CuO4.5
 a 

T'-- phase : Sm2Cu04
 b 

Space e 

group p 

I4/mmm I4/mmm 

P4/nmm P4/nmm 

14/mmm 14/mmm 

aa = b 

(A) ) 

3.7793(1) ) 

3.871(1) ) 

3.913(7) ) 

c c 

(A) ) 

13.2260(3) ) 

12.597(4) ) 

11.967(2) ) 

11 Refinement result for the annealed crystal (present work) 
'' Refinement result for the as grown crystal (present work) 
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Thee existence of superconductivity in this compound has been known to be related 

too the degree of deficiency of oxygen atoms in the crystal. While the as-grown crystal 

iss generally non-superconducting, high pressure annealing processes designed to 

enhancee the oxygen fillin g has resulted in superconductivity in this compound [6-10]. 

Itt was further shown that higher oxygen fillings have led to higher Tc values of the 

systemm [8, 10]. Our refinement result, as given in Table 2.3, clearly shows that the 

thicknesss of the (La,Sr)202_o block layer increases after the oxygenation treatment in 

conjunctionn with a perceptible increase of oxygen occupancy at the apical sites 

(fromm 0.95 to 0.96) in the T- block. This result has thus constituted additional evidence 

forr the oxygen apical fillin g after oxidation, supporting the previous reports mentioned 

above. . 

2.44 The growth and characterization of 

T-- phase Lai.6-xNdo.4SrxCu04-6 

Onee of the most interesting aspects of the high-temperature copper-oxide 

superconductorss is the presence of lattice instabilities, which involve distortions of the 

copper-oxygenn octahedron. In the La2_x_yNdySrxCu04-ö system, the substitution of Nd 

forr La in La2_xSrxCu04_0 is known to stabilize the low-temperature tetragonal LTT 

phasee (space group P42fncm) or the intermediate low-temperature orthorhombic LTOl 

phasee (space group Pccn), in which the structural distortion or tilting of the CuO(l 

octahedraa is basically similar to that observed in the LTT phase [22, 23]. These 

structurall  phase transitions strongly affect the electronic state and the corresponding 

physicall  properties of the system. In particular, superconductivity is suppressed for a 

certainn degree of Cu06 octahedra tilting above its threshold value of <ï>c ~ 3.6° [24]. For 

thesee studies, the availability of well-defined single crystals is indispensable. 

Therefore,, we have performed the crystal growth of this system and we have succeeded 

too grow single-crystalline samples of La2.x.yNdySrxCu04.5 with four different 

Srr compositions (x = 0, 0.1, 0.125, 0.2) for a fixed Nd content of y - 0.40 using the 

TSFZZ method. It is important to add that the growth process usually ends up with a 
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higherr value of y. In the case of the Sr-free compound, the solubility of Nd is limited to 

thee narrow range of 0.35 < y < 0.40 [25]. Therefore, the initial mixture for the growth 

off  the Sr-free compound was prepared with a Nd content of y = 0.35. 

2.4.11 Sample preparation 

Thee polycrystalline feed powders as well as the solvent for the crystal growth purposes 

havee been prepared by means of the conventional solid-state reaction method described 

previously.. The compositions of these materials have been chosen according to the 

phasee diagram of the parent compound La2.xSrxCu04.6 [26, 27], namely an 

off-stoichiometricc composition of 49%(La2.x.yNdySrxOy) - 51%(CuO) for the feed and 

15%(La2_x_yNdySrxOy)) - 85%(CuO) for the solvent. The mixtures were calcinated and 

sinteredd at temperatures up to 1100 °C during in total length of 60 hours, interrupted 

forr repeated intermediate grindings. The powder was then pressed into a rod shape, 

approximatelyy 7 mm in diameter and 80 mm in length for the feed, and another rod of 

300 mm in length for the initial seed. Both rods were then sintered in a vertical furnace 

hangingg on Kanthal wire at the same temperature for several hours. 

Figuree 2.7: (a) Typical SEM photo and (b) c-direction oriented LAUE photograph 

ofof the as-grown Lal5Nd0:4Sr0_,CuO4.&crystal. 
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Thee single crystal growth process was preceded by a "fast-scanning" process in 

orderr to avoid the liquid solvent from penetrating into the feed during the growth 

(too minimize the porosity of the feed), besides increasing the homogeneity in the 

stoichiometricc composition of the feed. In this process, the feed (without solvent) was 

meltedd and transferred through the floating zone with a high speed (60-80 mm/hr) 

inn order to assure a fast solidification process, and avoid the formation of another phase 

andd evaporation process. The rotations of the feed shaft and seed shaft are also set at 

relativelyy high speed (30-40 rpm) to maintain a stable floating zone. In this work, 

thee fast-scanning process was carried out in the two-mirror NEC furnace, using either a 

4000 W or a 1500 W halogen lamp at each mirror, and in mixed gases of Ar and 02. 

2.4.22 Sample characterization 

Dependingg on the condition of the growth process, the as-grown La, 6̂ Nd0.4SrxCuO4-6 

crystalss varied in length from 50 to 100 mm. A typical SEM photo and a c-axis LAUE 

photographh for the as-grown La, 5Ndo.4Sro.iCu04-5 crystal are presented in Fig. 2.7, 

wheree the high-quality single crystal in the boule (shown by the white area in the SEM 

photo)) is clearly visible. It confirms a high homogeneity in composition. The needle 

structuree shown in the SEM photo originates from the remaining molten solvent 

materiall  in the as-frozen state. The elemental compositions of the starting feed as well 

ass the resulted as-grown crystals, determined by the EPMA analysis and normalized to 

Cu,, are tabulated in Table 2.5. From this table, one clearly sees that the as-grown 

crystall  compositions are relatively rich in La and Nd contents compared to the starting 

feedd material, while the Sr content is less affected by the TSFZ process. It is interesting 

too note that the as-grown Sr-doped La1.6_xNd0.4SrxCii(Va crystals (x * 0) are 

superconductorss with a rather sharp superconducting transition at Tc ~ 6.5, 3, and 15 K 

forr x = 0.1, 0.125, and 0.2, respectively, with ATC * 2 K for all three samples. Details 

onn the superconducting properties will be presented in Chapter 4. 
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Tablee 2.5: The starting compositions of the starting feed material 

andand the as-grown Lat 6.xNd04SrxCuO4_s crystals. 

Startin gg composition As-grownn composition 

La165Ndo.35Cu04.8 8 

La,, 5oNd0.4oSro.ioCu04.g 

La,, .475Ndo.4oSro. 125Cu04_s 

Laii  4oNdo.4oSro.2oCu04_5 

Lai.92Ndo.39Cu04.5 5 

Laa 157Nd0.45 Sr0. i oCu04.s 

La1.45Ndo.4oSro.i2Cu04.5 5 

La;; 49Ndo.42Sro.IQCUCVS 

0.8 8 

0.4 4 

0.0 0 
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Figuree 2.8: The Sr-content (x) dependence of the (200)1(020) normalized reflection 

ofof the as-grown La; .6-xNd04SrxCu04.s crystals at room temperature. 

Structurall  characterization by means of room-temperature powder X-ray 

diffractionn measurements was carried out for all of the as-grown La, 6.xNd0 4SrxCu04.8 

crystals,, in order to determine the changes in the lattice parameters, the unit cell 
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volume,, and the orthorhombic strain or orthorhombicity, due to the variation of Sr-

dopingg content (x). Fig. 2.8 presents the Sr-dependence on the (200)/(020) normalized 

reflection,, while the complete result of this analysis is summarized in Fig. 2.9. It is to 

bee noted that the refinement of these data has been carried out using the orthorhombic 

LTO-phasee with space group of Bmab. 

13.18 8 

13.16 6 

,—.. 13.14 
< < 

uu 13.10 

13.08 8 

X\ X\ 
; // ' 

::  x 
 / 1 

.. : 

0.000 0.05 0.10 0.15 0.20 0.000 0.05 0.10 0.15 0.20 

Sr-contentt (x) 

Figuree 2.9: The room-temperature lattice parameters a, b, and c, the unit cell volume (V), 

andand the orthorhombic strain (a-b) of the as-grown Lar6_xNd0.4SrxCuO4_s crystals, 

plottedplotted as a function of the Sr-doping concentration (x). The solid lines are 

guidesguides to the eyes, while the dotted lines are the linear fitting to the data 

byby skipping the x = 0.125 data. See text for discussions. 

Fig.. 2.8 shows that the orthorhombic distortion represented by the splitting of the 

(200)) and (020) reflections decreases gradually with increasing x. The two reflection 

signalss observed for x = 0 broaden and eventually coalesce as x is increased to x = 0.2, 

signifyingg the corresponding reduction of the orthorhombic strain with increasing x. 
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Att the same time, Fig. 2.9 shows that the lattice parameters a, b decrease almost 

linearlyy with increasing x, opposite to the trend observed for the parameter c. 

Thesee otherwise linear trends are, however, interrupted by an anomaly at around the 

magicc number of x a 0.125, a composition commonly associated with a strong 

suppressionn of superconductivity due to a rigid static stripe formation. Therefore, these 

resultss constitute an additional support for the suggestion that the suppression of 

superconductivityy at x a 0.125 is intimately connected to lattice instabilities, which, in 

turn,, give rise to a favorable condition for the development of a static 

vertical/horizontall  stripe phase [22, 24, 28-32]. Further, it is important to point out that 

thee extracted orthorhombic strain (a-b) which decreases with increasing x also exhibits 

aa visible anomaly (down shift) at x * 0.125, and remains finite at x = 0.2. 

Thiss observation should be compared with the previous report by Nakamura et al. [23] 

onn the basis of their resistivity measurements, which indicated that the 

high-temperaturee tetragonal (HTT) to low-temperature orthorhombic (LTO/LTOl) 

phasee transition takes place at the transition temperature THT « 275 K. In view of the 

smalll  value of a-b (< 0.02) obtained directly from our structural analysis, it is likely 

thatt this structural change at higher temperature did not reveal a clear feature in the 

pp — T data. Therefore, we argue that the orthorhombic strain (a-b) in this x = 0.2 

samplee begins to set in at a higher temperature and increases gradually (second-order 

typee transition) with decreasing temperature. This relatively mild transition may well 

explainn the absence of this anomaly in the specific-heat measurement. This subject will 

bee discussed in more detail in Chapter 4. 
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Chapterr  3 

Superconductingg properties of 
TT - phase SmLao.sSro.zCuOŝ 

3.11 General introduction 

AA high-Tc cuprate superconductor, being a layered compound, can be considered as a 

stackk of weakly coupled superconducting CuC>2 planes. The strength of this coupling 

determiness the anisotropy or the effective dimensionality of the system. 

Thee combination of a relatively high critical temperature, Tc, the short coherence length 

alongg the c-axis, <̂ , and the high anisotropy, y, enormously enhances the role of 

thermall  fluctuation of the flux lines, resulting in a number of remarkable new features 

inn the mixed state [1]. 

Thee most important effect of thermal fluctuations is the melting of the vortex 

latticee at temperatures well below the superconducting transition temperature, Tc [1]. 

Thiss melting process may occur in two separate stages: firstly, the melting of the 

vortexx lattice into a liquid of vortex lines and, secondly, the subsequent loss of 

coherencee between the layers, the so-called decoupling transition, leading to a 2D 

vortexx liquid phase [2-5]. The resulting vortex-liquid phase may occupy a significant 

partt of the H — T phase diagram giving it a complex and exotic morphology. 

Meanwhile,, the inevitable presence of defects and disorder in the material gives rise to 

pinningg of the flux lines, which, together with the elastic and plastic responses, enrich 

thee variety of possible vortex phases. 

Inn this chapter, we describe the results of an experimental study of the 

superconductingg properties for a T*- phase SmLaogSro^CuOĝ single crystal 
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(T™(T™ - 24 K; see Fig. 3.1), based on magnetization data. A superconducting H — T 

phasee diagram is derived from the iso-thermal magnetic hysteresis data, M(H)T, which 

clearlyy show the appearance of a second-peak or fishtail effect at a field well below the 

upperr critical field, Hc2. Different behaviors of the solid vortex phases are described on 

thee basis of several existing models. The intrinsic parameters of the vortex system 

outsidee the critical region are determined from the temperature-dependent 

magnetizationn data, M(T)H, analyzed by means of the variational Hao-Clem model. 

Inn the critical region close to Tc or to the Hcl{T) curve, however, thermal fluctuation 

effectss are expected to play a dominant role. In this regime, the experimental data show 

aa crossing point (M*,T*)  at a temperature T right below the onset of critical transition 

temperature,, Tc
on. The crossing point is the result of the 2D nature of the critical 

fluctuationss in the strongly layered superconductors. We thus use 2D scaling theory to 

analyzee the data and to examine the effective dimensionality of the vortex system. 

Finally,, a description will be given of the vortex dynamical behavior across the 

second-peakk field region on the basis of the time-dependent magnetization data, 

M(0H.T-M(0H.T-

3.22 Peak effects and the solid-vortex phase of SmLao.sSro.zCuOĝ 

Introductio n n 

Onee of the long-standing research issues regarding the vortex ensemble in the cuprate 

superconductorss is the physical mechanism underlying the anomalous increase of 

magnetizationn with increasing magnetic field applied parallel to the c-axis above the 

lowerr critical field Hc\, the so-called second-peak effect or fishtail effect. This 

phenomenonn has been observed in relatively clean and high-quality single crystals of 

YBa2Cu307.55 (YBCO) [6-11], Nd,.85Ce0.15C11O4-6 (NCCO) [12-15], La2.,SrxCu04-0 

(LSCO)) [16-18], Bi2Sr2CaCu2Os (BSCCO) [19-25], (Bi,Pb)2Sr2CaCu208 (BPSCCO) 

[26-28],, Tl-based compounds [19, 29-32] and HgBa2Cu04 (HBCO) [33]. The same 

effectt has also been reported for the low-temperature superconductors: 2H-NbSe2 [34], 
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thee intermetallic compound CeRu2 [35], the organic materials such as K"-(BEDT-

TTF)2Cu(NCS)22 [36, 37] and the non-cuprate oxide system (Ba,K)Bi03 [38]. 

Thee second-peak effect is generally found to disappear above some characteristic 

temperaturee well below Tc for the highly anisotropic high-T,. systems such as BSCCO, 

whilee it was found to persist up to a temperature approaching Tc in the less anisotropic 

h\gh-Th\gh-Tcc systems such as YBCO and the lower-7,. systems such as the 214 cuprate 

superconductors.. This effect has been studied extensively, and attributed to 

mechanismss varying from collective pinning [39], surface barriers [12, 19, 20] and 

latticee matching effects between the vortices and the defect structures [22]. 

Otherr mechanisms proposed in the literature include the three-dimensional to 

two-dimensionall  (3D - 2D) crossover [23], the crossover between elastic and plastic 

statess [7], the crossover between a quasi-lattice vortex glass and a disordered vortex 

glasss [40-42] and the thermal-disorder-induced interlayer-decoupling transition of the 

vortexx pancake [26, 43]. In spite of incidental and partial successes of these 

wide-rangingg models, the unified understanding of these phenomena is still lacking. 

Inn this section, we report the results of magnetic measurements of a T*- phase 

SmLao.gSroo 2Cu04.5 single crystal that demonstrates the fishtail effect over a large 

temperaturee range below Tc. Being a hybrid of the T- phase (La2.xSrxCu04.§) and the 

T'-- phase (Sm2Cu04), this system is expected to exhibit interesting new features in its 

vortexx phase structure and in the associated transitional behavior. This will , in turn, 

providee additional experimental data for the study of the structure-property 

correlations.. It will be shown that most of these magnetization data do fit to the 

existingg models, while others, such as the onset field of the second-peak effect, 

aree clearly in need of further theoretical and experimental studies. 

Experiments s 

Singlee crystals of SmLao8Sr02CuO4_a were grown by the travelling-solvent 

floating-zonee (TSFZ) method using a four-mirror furnace from Crystal System Inc. 

AA crystal with dimension of ~ 2.0 x 2.0 x 0.9 mm3 and mass of ~ 23 mg was obtained 

byy cleaving the as-cut crystal in air along the tf6-plane. The superconductivity of the 
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crystall  was attained by annealing the as-grown crystal in 200 bar oxygen at 600 °C for 

77 days, followed by another heat treatment at 300 °C for 3 days before being cooled 

slowlyy to room temperature at a rate of 25 °C/hr. The onset of the critical transition 

temperaturee after this oxidation process is found to be Tc
on ~ 24 K with ATC ~ 2 K as 

depictedd by the M- Tcurve in Fig. 3.1 [44]. 

*'' T on ~ 24 K : 

•:' ' 

FCC _ > / , 

.** H//c = 1 Oe 
ZFCC ^ 

< m w w * y ;;  , I i  , , , 

' ^55 10 15 20 25 30 35 40 
T(K) ) 

Figuree 3.1: Temperature dependence of the magnetization of a SmLa0gSr,uCuO4_s single crystal 

afterafter oxygen annealing and slow cooling as described in the text, 

showingshowing the screening (ZFC - mode) and Meissner (FC - mode) effects. 

AA series of isothermal magnetic measurements was performed with the external 

magneticc field H applied parallel to the c-axis of the crystal using a commercial 

Quantumm Design MPMS-5S magnetometer. To ensure field homogeneity during the 

measurement,, a scan length of 4 cm was used, and each measurement was started after 

coolingg the sample in zero field (ZFC - mode) to the predetermined temperature. 

Resultss of measurement 

Thee data presented in Figs. 3.2 - 3.6 are the results of isothermal magnetization loop 

measurementss carried out over the temperature range from 2 to 20 K, 
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Figuree 3.2: Isothermal magnetic hysteresis loops of a SmLa0SSrO2CuO4.s single crystal 

measuredmeasured at various temperatures between 9 and 12 K. The penetration field, Hp, the onset field 

ofof the second peak, Hon, the second-peak field, Hsp, and the irreversible field, Hirn are indicated 

byby the arrowheads. The inset shows the low-field part of the curves, indicating the characteristic 

fieldsfields Hp, //„„ , and Hsp on the curve. 

att a temperature interval of 1 K. The M{H)T curves obtained can be separated into two 

groups,, associated with the temperature regions of 9 < T < 20 K (Figs. 3.2 - 3.4) and 

22 < T< 8 K (Figs. 3.5 - 3.6), respectively. In the higher temperature region, a distinct 

secondd peak is observed for each of the magnetization curves with varying position and 

magnitude.. The position of this second peak, Hsp, together with those of the onset of 

fieldfield penetration, Hp, of the onset of the second-peak effect, Hon, as well as of the 

irreversiblee field, HirT, are indicated in Fig. 3.2 for easy identification. The penetration 

field,field, Hp, is determined as the first minimum of the magnetization, the onset field of the 

peakk effect, Hon, as the first maximum and the second-peak field, Hsp, as the second 

minimumm in the curve. The irreversibility field, Hm, is determined from the M(H)T 

curvess as the point where the difference between the values of the magnetization for 

increasingg and decreasing field starts to deviate from zero within the accuracy of the 

experimentt (  5.10"6 emu). We note that a nearly perfect mirror symmetry between 
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Figuree 3.3: Isothermal magnetic hysteresis loops of a SmLa0SSr02CuO4.s single crystal 

measuredmeasured at various temperatures between 13 and 17 K. The penetration field, Hp, the onset field 

ofof the second peak, Hom and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the peak effect at zero field in the hysteresis loop at 13 K, normalized 

toto the M value at Hp. 

thee ascending and descending branches of the hysteresis loop exists for  all the curves in 

thi ss temperature region. This is known to have its origin in bulk pinning effects. As we 

enterr  the lower  temperature region (T< 9 K) , the peak effect on the ascending branch 

becomess weaker  with decreasing temperature, while the mirro r  symmetry mentioned 

earlierr  fades away concurrently. In this temperature range, the penetration field, Hp, 

appearss more lik e a kink instead of a peak, similar  to the results reported for  a 

Tl 2Ba2Cu066 single crystal [30]. A closer  look at the field above Hp reveals a change in 

curvatur ee located slightly above Hp. This is identified as the onset of a second-peak 

field,field, determined as the point of inflection satisfying d2MldH 2 = 0 as illustrated by the 

insett  in Fig. 3.6. 

Inn order  to facilitat e the following analysis and discussion of the experimental 

results,, the characteristic fields (Hp, Hon, 7/sp and Hm) on each magnetization curve 

havee been converted point by point for  each temperature into an H — T diagram. 
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Figuree 3.4: Isothermal magnetic hysteresis loops of a SmLa0 HSr0 2CuO 4_$ single crystal 

measuredmeasured at various temperatures between 18 and 20 K. The penetration field, H„  the onset field 

ofof the second peak, H0„,  and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the peak effect at zero field in the hysteresis loop at 18 K, normalized 

toto the M value at Hp. 

Thee results are given in Fig. 3.7. The different curves in this figure indicate a 

separationn of the entire solid-vortex phase area into a number of distinct regions 

borderedd by the associated "phase lines". These experimental curves are the objects of 

ourr subsequent analyses and discussions on the basis of existing models. 

Analysiss and discussion 

Wee note that the data of the penetration field, Hp, in Fig. 3.7 show the general trend of 

increasingg values with decreasing temperatures. It is well accepted that this type of 

temperature-dependentt behavior of Hp is theoretically predicted by the surface barrier 

modell  [45] as well as by the geometrical barrier model [46]. Experimentally, this has 

beenn verified in several systems [14, 15, 19, 33, 47] and in different temperature ranges 

[12,, 24, 25, 48]. The surface barrier model for a strongly layered system predicts a 
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Figuree 3.5: Isothermal magnetic hysteresis loops of a SmLa0SSr02CuO4.s single crystal 

measuredmeasured at various temperatures between 2 and 5 K. The second-peak field, Hsp, is indicated by 

thethe arrowhead. The inset shows the peak effect at zero field in the hysteresis loop at 5 K, 

normalizednormalized to the M value at Hp. 

functionall  relation of the form Hp(T) = Hc exp(-77r0) where T0 is a constant and where 

HHcc is the thermodynamic critical field. For a less-anisotropic (quasi-3D) system, this 

modell  yields the approximate expression Hp(T) °*(TC- T)mITfor Hp < Hc. On the other 

hand,, the geometrical barrier model leads to a penetration field, Hp, having the 

temperaturee dependence given by Hp(T) = Hp(0) (1 - T/Tc), which is expected to be 

dominantt at elevated temperature. The results of a best fit  to our data on the basis of 

thesee models are depicted in the figure. It is seen that the data for T > 14 K are closely 

fittedd by the geometrical barrier model with Hp(0) = 116 Oe and Tc = 26.3 K which 

startss to deviate from the data below 14 K. This result confirms previous observations 

forr Nd|.85Ceo.i5Cu04_6 [12] and Bi2Sr2CaCu208 [24, 25, 46] crystals in the elevated 

temperaturee regime. 

Inn the lower temperature regime, where the surface barrier is supposed to be 

important,, we obtain a good fit of the exponential function with Hc = 377 Oe and 
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Figuree 3.6: Isothermal magnetic hysteresis loops of a SmLa0gSr02CuO4.g single crystal 

measuredmeasured at various temperatures between 6 and 8 K. The penetration field, Hp, the onset field 

ofof the second peak, H0„,  and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the low-field part of the curve at 7 K, indicating the characteristic fields Hp, H0„, 

andand Hsp on the curve (see text for details). 

TT00 = 7.5 K. This is consistent with previous observations for Bi2Sr2CaCu208 

[19,, 24, 25], Tl2Ba2CaCu208 [19, 47], Nd2.xCexCu04.s [12, 14, 15] and HgBa2Cu04 

[33]]  crystals. Meanwhile, we failed to fit  the quasi-3D relation in this temperature 

regionn in contrast to previous observations reported for Bi2Sr2CaCu2Og by 

Nideröstt et al. [48]. It must be noted, however, that a perceptible deviation from the 

exponentiall  function does occur at the lower end of the temperature region. This may 

welll  be attributed to some hitherto unknown pinning mechanism at temperatures below 

55 K, implying the need of a higher external field for an effective field penetration into 

thee sample. It is not clear whether this deviation is a manifestation of the bulk pinning 

effect.. It may very well be caused by an error induced in measurements conducted at a 

fasterr pace below 5 K as pointed out in an earlier report [48]. 
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Figuree 3.7: The magnetic phase diagram of a SmLa0^r0,2CuO4.s single crystal, showing the 

temperaturetemperature dependencies of the penetration field, Hp, of the onset field, Hm, of the second-peak 

field,field, Hsp, and of the irreversible field, //,,.,.. The theoretical fits of these transition lines are 

indicatedindicated by dotted, dashed and solid lines, see text for discussions. 

Further,, let us turn our attention to the insets of Fig. 3.3, 3.4 and 3.5, where the 

descendingg magnetization curves exhibit sharp peaks at a negative field close to zero. 

Thee "zero-field" peaks observed in the magnetization curves of the high-temperature 

superconductorss [49] were theoretically explained by Zeldov et al. [46] as an important 

effectt of a geometrical barrier in the sample. It becomes significantly enhanced in the 

presencee of a Bean-Livingston surface barrier, which is of electromagnetic origin [46]. 

Ourr data of the zero-field peak as displayed in those insets in terms of its normalized 

valuee with respect to magnetization at the field Hp also show an enhancement at lower 

temperaturee where the surface barrier is expected to become operative. 

Thesee observations constitute a clear support for the theoretical description of 

Zeldovv et al. [46]. 



Superconductingg properties of T- phase SmLao.sSro.zCuCXs 47 

Wee turn next to the Hon curve located slightly above Hp. As mentioned earlier, this 

curvee marks the onset of the fishtail effect, which is commonly associated with a 

transitionn between two solid vortex phases. A recent model proposed by Giller et al. 

[13]]  describes the effect as a disorder-induced transition, taking place at a field 

determinedd by the competition between the vortex elastic energy, /silastic» and the 

pinningg energy, /̂ inning- The elastic interaction at low field governs the structure of the 

vortexx solid leading to the formation of a quasi-ordered lattice (Bragg glass), while 

disorderr becomes dominant at higher fields where the interaction between the vortices 

andd the pinning centers results in an entangled solid (vortex glass) [13, 40-42]. 

Accordingg to this model, the characteristic cross-over field, Hon, has a temperature 

dependencee of the form Hon(T) = Hm(Q) [1 - (T/Tcff
2. We have found that this 

functionall  relationship can hardly be fitted to our data, since it gives an opposite 

curvature.. The same conclusion was reported previously for the systems 

Nd1.85Ceo.15CuO4.fii  [15] and (Bi,Pb)2Sr2CaCu208+s [28]. On the other hand, our data in 

thee temperature range of 4 - 20 K can be fitted much better by an exponential function 

off  the form Hon(T) = Ha exp(Ta/T), with //a = 50 Oe and Ta = 11 K. It is worth noting 

thatt this curve extrapolates at both ends of the temperature range towards the Hsp field 

att temperatures where the peak effect is supposed to disappear completely. We recall 

thatt this is precisely the phenomenon depicted in Fig. 3.5. This exponential 

temperaturee dependence is, nevertheless, in dire contrast to the exponential dependence 

off  Hon(T) = H0 exp(-T/T0) reported for the Tl2Ba2Cu06 [31] and HgBa2Cu04 [33] 

systems.. To the best of our knowledge, explanations of these different results are not 

availablee from the existing theoretical models. The exponential function for Hon(T), 

introducedd in this work, may well be considered as a useful empirical relation for this 

compound. . 

Thee data of the second-peak field, //sp(7), are examined on the basis of the 

thermal-decouplingg theory [3, 4, 26, 43, 50, 51]. This theory predicts the suppression 

off  superconducting long-range order in the direction of the applied field due to thermal 

fluctuationn of the pancake vortices, leading to a decoupling of the pancake-vortex 

layers.. In the (Sm,La,Sr)2Cu04 crystal, the moderate value of the anisotropy parameter, 

y,y, satisfies the condition E,ah « ys « Xah, where ĥ and Xah are the in-plane coherence 

http://Nd1.85Ceo.15CuO4.fi
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lengthh and penetration depth respectively, while s is the Cu02 interlayer distance. 

Assumingg a mean-field temperature dependence of Xah (T) = Xab (0)/(l - T/Tc), the 

decouplingg field, HAT), is then given by [3, 4] Hil{T) = Ol/[\67tiekB l̂)sy2TX2
ah(T)l 

withh O0 denoting the flux quantum (2.07 x 10"15 Wb), kB the Boltzmann constant 

(1.388 x 10'23 J/K), and /ÜQ the permeability of free space {Anx 10"7 Him). Based on this 

modell  the second-peak field is supposed to have a temperature dependence of 

MMspsp(T)(T) = HSV\(TCIT) - 1] with / / ; ( r ) = O^/ [ l6^3^/ / 0^ 27;A; / ) (0)J. This function 

cann be nicely fitted to the data points with the value of Hsp = 430 Oe and Tc = 24.6 K. 

Thiss result indicates that the second-peak effect, weakening at high temperatures in the 

T*-- phase of SmLa0 gSr0.2CuO4.ö, has its origin in the thermal-disorder-induced 

interlayer-decoupling.. A similar analysis was reported for an overdoped 

(Bi,Pb)2Sr2CaCu208.55 single crystal [26] and, qualitatively, for a Tl2Ba2Cu06 [31] 

singlee crystal. Substituting the parameter s in the theoretical expression of Hsp by the 

valuee s = c ~ 12.60 A obtained from the refinement analysis of the XRD pattern [44], 

wee arrive at the zero-temperature in-plane penetration depth of Ao/,(0) ~ 3634 A. 

Thiss value is very close to that of T- phase La, 875Sr0 125CUO4.5 [52]. It must be stressed, 

nevertheless,, that the lower-temperature part of the second-peak data (T< 5 K) is better 

describedd by the exponential function Hsp(T) = 5500 exp(-774) conform the expression 

HHspsp(T)(T) = //sp(0) exp(-a777;.) as adopted in a previous analysis of a Tl-based single 

crystall  [30, 32] and a (Bi,Pb)2Sr2CaCu208,s single crystal [28]. This different behavior 

inn the lower-temperature region (T < 5 K) is most likely a manifestation of a different 

pinningg mechanism as a consequence of a diminishing role of the thermal energy. 

Thee temperature dependence of the irreversibility line, HirT(T), as depicted in 

Fig.. 3.7, shows a curvature reversal around 10 K, namely from a negative curvature in 

thee higher-temperature and low-field region to a positive curvature in the 

lower-temperaturee and higher-field region. The data in the higher temperature region 

(100 < T < 20 K) display an excellent fit  to the theoretical curve given by 

HHmm{T){T) = //irT(0) (1 - T/Tcf
2 with tfirr(0) = 15 kOe and Tc = 22.5 K. This temperature 

dependencee is supposed to indicate the dominance of thermal effects as predicted by 

thee giant flux creep models of Yeshurun [53] and Tinkham [54]. In the 
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lower-temperaturee region (T< 10 K), the Hm curve, exhibiting a positive curvature, can 

bee fitted well by an exponential temperature dependence of the form 

HHmm{T){T) = Hm Gxp(b/T), with Hm = 2500 Oe and b = 11 K. This behavior has been 

suggestedd for a quasi 2D Josephson-coupled layered superconductor (JCLS) model 

withh moderate anisotropy [55]. It is tempting at this point to consider the empirical 

formulaa proposed by Kitazawa et al. [56], which relates the anisotropy parameter y to 

thee measured irreversibility field, H^T), namely Hm{T) = 33400// (1 - TITL)
m. 

Thiss empirical equation is based on the consideration that the cuprate high-/", 

compoundd can be viewed universally as a system of alternating blocks 

(insulating/conducting)) and superconducting layers [57]. In such a system, 

thee associated anisotropy is expected to control various electromagnetic phenomena 

includingg the flux pinning strength. Identifying the multiplicative factor in this 

equationn with Hin{Q)->  obtained above from the constant factor of the irreversibility line 

inn the higher temperature region, yields a value for y of about 47 which lies between 

thosee of the La2-xSrxCu04.o system ( /= 14 - 63) [56] and the Nd2.xCexCu04.6 system 

( /=300 -100) [58]. 

AA rough estimate of the dimensional crossover field (3D - quasi-2D crossover), 

H2D,, following the approximate formula [4] H2D ~ <JV4/ with Xj = ys and y « 47, 

yieldss the value H2D « 6000 Oe. Looking at the H — T phase diagram, this H2v value is 

locatedd approximately at the field where the HirT curve undergoes a sign reversal in its 

curvature,, marking the onset of a weakening of the interlayer coupling and indicating a 

2DD melting at higher field. This view is consistent with the steep rise of Hm{T) for 

HH > H2n, approaching the well-known theoretical prediction of a field independent 

meltingg line Hm(T) for the strongly layered 2D system [55]. Although the expression 

forr the dimensional crossover field, H2D, given above is strictly valid only near zero 

temperature,, i.e. far away from Tc, the near coincidence between H2D and the curvature 

reversall  of Hm(T) at T < 10 K is, nevertheless, an interesting point to note in the 

contextt discussed above. 
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Thee estimate of the out-of-plane penetration depth at zero temperature, Ac.(0), 

basedd on the estimated anisotropy parameter y and zero-temperature in-plane 

penetrationn depth, Aö/J(0), according to the general formula y = ktJXah yields 

Ar(0)) = 17.08 fim. This value is smaller than the one observed from optical 

measurementss obtained from the same batch of crystals under a different oxygen 

annealingg treatment, namely A£.(3K) = 45 jjm [59]. We are inclined to attribute this 

discrepancyy to different carrier doping levels in these two crystals, in accordance with 

differentt anisotropy parameters and different critical temperatures [59]. The crystal 

usedd for optical measurement is known as a strongly underdoped sample (Tc - 16 K), 

whilee our sample is approximately in the optimal doping state (Tc
on ~ 24 K). 

Conclusion n 

Wee have demonstrated from the isothermal magnetization data of a SmLa0 8Sr0 2Cu04.5 

singlee crystal with Tc
on ~ 24 K, that this system exhibits the well-known peak effect in a 

largee temperature range, extending from 2 K to 20 K. Additionally, the magnetization 

dataa reveal a remarkable zero-field peak throughout most of the same temperature 

range,, with a perceptible enhancement at lower temperatures. The analysis of the 

magneticc phase diagram derived from these data on the basis of existing models clearly 

indicatess the role of a geometrical barrier for the vortex penetration at elevated 

temperatures,, and that of a surface barrier at lower temperature. We have also found 

thatt most of the data in various temperature and field regions can be well described 

withh existing theoretical models. In particular, a change of curvature of the 

irreversibilityy line at the field position around H2D confirms the 2D melting at H> H2V). 

Onee exception is the temperature dependent behavior of the second-peak onset field, 

//on(7),, which cannot be explained by any model known so far, although an empirical 

relationn has been introduced to provide a good description of the data. 

Further,, estimates of the anisotropy parameter and penetration depth at zero 

temperaturee have yielded values in between those of the T and T' 214 systems, 

therebyy providing further insight in the different features occurring in this T*- phase 

comparedd to the other 214 compounds. 
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3.33 Intrinsi c parameters and the fluctuation effects 

off  SmLao.8Sr0.2Cu04-5 

Introductio n n 

Thee large thermal fluctuation effects of the cuprate superconductors in the vicinity of 

thee superconducting critical temperature, Tc, is one of the remarkable new features 

studiedd extensively in these systems [60-66]. It gives rise to large values of the 

Ginzburgg number compared to, for instance, conventional superconductors. As is clear 

fromm the expression of the Ginzburg number Gi= y2 [71 JH] (0)£ ^ J /2 , this effect is 

enhancedd by the high degree of anisotropy 7 and the short c-axis coherence length, <̂ ., 

inn addition to the relatively high value of Tc. In these layered superconductors, 

thee interlayer interaction between the conductive Cu02 planes is usually weak and 

vorticess are easily disturbed and distorted due to thermal fluctuations. According to the 

Bulaevskii-Ledvij-Kogann (BLK) model [65] (see Appendix A), the characteristic 

temperature-dependentt behavior of the magnetization M(T) can be described as a linear 

superpositionn of the London magnetization and the "vorton" term. This formulation 

wass shown to lead to a characteristic crossing point (M ,T'), with M = -kBT /(Oo$), 

wheree O0 denotes the flux quantum and s the effective interlayer distance [61, 65]. 

Thiss expression was later modified by extending the calculation leading to a constant 

factorr of 0.346 to the right hand side, and resulting in the expression [66] 

M*=M*=  -0.346 kBf/(0os). 

Wee present in this section the results of a detailed study on the equilibrium 

thermodynamicc properties as derived from the reversible magnetization data of a 

T*-- phase SmLao.gSro^CuOŝ crystal. The analysis of those data outside the critical 

fluctuationn region is performed according to the well-known Hao-Clem procedure 

[67,, 68] for the extraction of various intrinsic parameters of the system, such as: 

thee thermodynamic critical field, Hc; the Ginzburg-Landau parameter, Kr, the magnetic 

fieldd penetration depth, A; the Cooper-pair coherence length, £, and the upper critical 

field,, Hc2. Successful analyses of the reversible magnetization data employing the same 
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proceduree have also been reported for a number of high-7", systems such as: 

YBa2Cu307.55 (YBCO-123) [68, 69], YBa2Cu408.5 (YBCO-124) [70, 71], 

Bi2Sr2CaCu2088 (BSCCO-2212) [72], Bi2Sr2Ca2Cu30,o (BSCCO-2223) [73], 

HgBa2Can.,Cun02„-:-öö (n = 1,2,3) (HBCCO) [74, 75] and Hgo.gPbo^Ba^Sro^Ca^UiA 

(Hg(Pb)BSCCO-1223)) [76], as well as the low-7"t. systems: La2.xSrvCu04.6 (LSCO) 

[77-79],, SniLKsCeo.isCuOŝ (SCCO) [80] and Nd, 85Ceo.,?Cu04_5 (NCCO) [81]. 

Inn the critical region, close to TL or to the Hc2(T) line, the thermal fluctuation 

effectss play a significant role and the Hao-Clem model is no longer adequate. We must 

turnn instead to the 2D scaling theory that has been developed on the basis of 

Ginzburg-Landauu theory of critical fluctuations, which is known to describe the 

fluctuationn behavior at high field [60, 61, 82] (see Appendix B for a brief description). 

Accordingg to this theory, the magnetization data, M(T), scale according to a function of 

thee variable t = [T - TC(H)]/(TH)'\ where n is connected with the dimensionality of the 

system,, D, through n = (D - 1)/D, with n = 2/3 for a 3D system and n = 1/2 for a 2D 

system.. For the case of a quasi-2D system, a closed-form of the scaling function has 

beenn derived by Tesanovic et al. [61]. The scaling behavior of our magnetization data 

wil ll  be examined and analyzed on the basis of this function. The possible effect of 

thermall  fluctuations on Hc in the critical fluctuation region will also be discussed. 

Experiments s 

AA series of magnetization measurements has been performed by means of a 

commerciall  Quantum Design (SQUID) MPMS-5S magnetometer at various magnetic 

fieldss between 1000 and 10 000 Oe, applied parallel to the c-axis of the crystal. For 

simplicity,, all the data presented in this study were taken in the ZFC mode. 
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Resultss and discussions 

A.A. Analysis outside the critical region 

Thee analysis of data away from the critical region is performed on the basis of a 

variationall  model proposed by Hao-Clem. According to this model, the reversible 

magnetizationn in an external field along the crystal c-axis is given by [67, 68] 

-AnM-AnM = «f«f22M M »-ƒ: : ++ i - i - / J J f: f: 

+ + 
ƒ--

/ i( 22 + 3S<! ) 

22 [ 2 [BK&  ) 2 + BK& (2 + BK4V
2)\ 

K.ïteK.ïte++ 2B2BKKrVrVBB*ï^*ï^ ++ ?*r} ?*r} 
{fl+lBKf {fl+lBKf 

(3.1) ) 
2K(22K(2 + BK4;)' 

wheree Kn{x) is the modified Bessel function of order n. The variational parameters t,w 

andd f„  represent the effective core radius of the vortex and the depression of order 

parameterr due to overlap of the vortices, respectively. For the high-*: cases (K> 10), 

theyy are connected to the magnetic flux density B = H + 4KM and the G-L parameter, 

K,K, according to the following relations: 

/ - 2 = 1 --
(B\ (B\ 

\\KKJ J 
(3.2) ) 

- i 2 2 

1-2 2 (3.3) ) 

wheree ^v0 = V2/K". With these additional relations, it is easy to see that Eq. (3.1) can n 

bee viewed as an expression for H in terms of B and K. 

Inn Fig. 3.8 (a) the results of the magnetization measurements in various magnetic 

fieldss are presented, after subtracting the paramagnetic background in the normal state. 

Wee note that the data at temperatures close to Tc show a crossing point at 
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Figuree 3.8: (a) Temperature dependence of the magnetization at various magnetic fields, 

appliedapplied parallel to the c-axis of the crystal, (b) A close-up view of the data around Tc, showing 

thethe existence of a unique crossing point at (M ,T) = (-0.43 G, 23.25 K). 

(M(M ,T ) = (-0.43 G, 23.25 K) as described in Fig. 3.8 (b). For the following analysis, we 

startt by choosing for each field a set of M — T data close to Tc, which lie in a linear 

regionn specified by the linear fitting criterion: R = 0.999. The results illustrated in 
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Fig.. 3.9 are limited to certain fields for reasons of clarity. These sets of data fall in the 

temperaturee range of 11.25 < T < 21 K, within the liquid phase of the H — T diagram 

[83].. The (M,T)H data in Fig. 3.9 are then converted into (M,H)T data. From these 

MM — H curves, a set of data points (A/,,//,) (i = 1,2,...) are chosen for each T. 

Introducingg M\ = M,./'4ÏHCI(T) and H'. = H\ /'*J2HCI(T) , one has 

M'/H'M'/H' = MjHt  Thus, using the ratio M,///, from the data, and assuming a certain 

valuee of K, one can solve Eq. (3.1) for B'  Knowing B', M' can be computed and 

hencee Hc. This is done for each (' assuming the same K. The correct value of K( K ) is 

thee one which yields the set of HC[T) with a minimum deviation. Repeating this 

proceduree for each temperature in the temperature range considered yields the 

correspondingg M'(T), H'(T) and temperature-dependent K values. 
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Figuree 3.9: A close-up view of Fig. 3.8 (a) near Tcfor illustration of the linear fits of the data 

usedused for further analysis. 
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Figuree 3.10: (a) Scaling of the M— H curves with respect to v2 HC(T) in the temperature range 

ofof 11.25 <T < 21 K. The solid curve is the theoretical fit of the Hao-Clem model for K = 72. 

TheThe inset shows the nearly constant K value in the same temperature range, (b) The 

magnetizationmagnetization data in the linear region displayed along with the "theoretical" lines 

calculatedcalculated from the resulted V2 HfT) according to MfT) = -J 2 HfT).Mj'(T). 
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Thee result of this analysis, as depicted by the -AKM' versus H' curve, is shown in 

Fig.. 3.10 (a), with the temperature variation of the Ginzburg-Landau parameter ic(T) 

presentedd in the inset. A comparison between the experimental magnetization and the 

correspondingg calculated curves is described in Fig. 3.10 (b). It is clear from 

Fig.. 3.10 (a) that all the data in the temperature range of 11.25 < T < 21 K nicely 

coincidee onto the theoretical curve for K= 72. As shown in the inset, the K value is 

practicallyy constant for this temperature range. The small variation appearing above 

200 K is presumably due to thermal fluctuation effects, which become increasingly 

importantt at T approaching Tc. This is corroborated by the existence of a crossing point 

att T = 23.25 K, right below the onset critical temperature [84] as mentioned earlier. 

Inn this high temperature regime, the accuracy of the analysis is limited by the validity 

off  the model due to enhanced thermal fluctuation effects as previously observed in 

otherr high-7; systems of YBCO-123 [68, 69], YBCO-124 [71], BSCCO-2212 [72], 

BSCCO-22233 [73], the homologous series of HBCCO [74, 75] and Hg(Pb)SCCO-1223 

[76].. We found, however, that the decrease of K with higher T approaching Tc in this 

TT - SmLa0.8Sro.2Cu04-s system is in clear contrast to the behavior observed in the other 

high-7;; systems mentioned above, where an increase in /cis found at approaching Tc. 

Ourr data appear to display a similar ^-dependence of K as in the conventional type-II 

superconductorss [85]. 

Thee values of the thermodynamic critical field, Hc, at each temperature, obtained 

fromm the analysis, are plotted in Fig. 3.11 (a). The solid line is the result of fitting the 

power-laww function HC(T) = Hc(0) [1 - (TIT,)2], with Hc(0) = 1000 Oe and Tc = 23.25 K. 

Thee small deviation at T > 20 K is caused by a linear T-dependence of Ht{T) for 7*= Tv, 

andd may well be a consequence of fluctuation effects. We shall return to this point in 

thee following section. 

Thee next analysis of our data is devoted to the extraction of intrinsic parameters, 

like:: the zero-temperature upper critical field, Hc2(0), the zero-temperature ab-p\sme 

coherencee length, Zah{0) = ^]<$>J[2xH c2{0)\, and the zero-temperature ab-phne 

penetrationn depth, lah{0) = K ĥ(0). The value of Hc2(0) is determined with the 

formulaa given in the Werthamer, Helfand and Hohenberg (WHH) theory [86]: 
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Figuree 3.11: (a) Temperature dependence of the thermodynamic critical field, Hc(T),as obtained 

fromfrom applying the variational Hao-Clem model. The solid line is the best fit of a power-law 

functionfunction with HJO) = 1000 Oe and Tc = 23.25 K, see text, (b) Temperature dependence of the 

ab-planeab-plane penetration depth. Xah(T), as obtained from the HJT) curve with a constant 

KK value of 72. The solid line is the best fit of the empirical formula, see text for details. 

HHc2c2{0){0) = -0.69T.{dHc2/dT)T (3.4) 

Thee value of the slope, (dHc2/dT)T = -0.66 x 104 Oe/K, is determined from the 

HHCC(T)(T) curve in Fig. 3.11 (a) through the relation HC2(T) = -JIKHC  This value is 

thenn substituted in Eq. (3.4) to yield the value Hc2(0) = 10.93 x 104 Oe. Further 

applicationn of the expressions for %ab(0) and Xah(Q) results in the values 54.89 A and 

39522 A, respectively. The temperature dependence of Xah is subsequently determined 

fromm the HC(T) curve given the equation HC(T)= KQ>J[2^KX2
ah{T)). The resulting 

XXahah(T)(T) plot for T*- phase SmLao.gSrtnCuĈ is shown in Fig. 3.11 (b) assuming a 

constantt value for the Ginzburg-Landau parameter K ( K = 12). As clearly seen in this 

figure,, the Xah{T) curve is nicely fitted by the empirical formula 
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A(7)/A(0)) = [1 - (T/Tcf]'
] '\ yielding a set of experimental values of A(7) with 

Kb(0)Kb(0) ~ 3653 A , Tc = 24.00 K, and a fractional exponent p = 1.30. It is interesting to 

pointt out that this value of A^(0) is in very good agreement with the previously 

estimatedd value [83], namely Aüè(0) = 3634 A, obtained from the second-peak field 

dataa fitted by the thermal-disorder-induced interlayer-decoupling transition model of 

Daemenn and Glazman-Koshelev [3, 4]. It should be added that a two-fluid model with 

itss characteristic value/? = 4 failed to fit  our data. 

Tablee 3.1: The intrinsic parameters of three different phases of the 214 system: 

T-T- phase La2.xSrxCu04.& T'- phase SmUi5Ce(U5Cu04.& and f- phase SmLal)fiSr02CuO4.& 

Compoundd Tc K Hc(0) Hc2(0) Xab(0) & 6(0) 
[K ]]  [Oe] [ x l 0 4 O e] [A] [A] 

cleann dirty 

La2.xSrxCu04.5(Refs.. 77,78) 
0.11 26.2 
0.1255 32.4 
0.177 35.1 
0.22 29.8 

Sm,.S5Ceo.15Cu04_5(Ref.. 80) 19.7 

SmLao.8Sro.2Cu04_55 24 

T-phase e 

119 9 
85 5 
70 0 
75 5 
T' ' 

77 7 
T* * 

72 2 

1430 0 
1430 0 
2510 0 
2170 0 

-phas ee : 
431 1 

-phase : : 
1000 0 

31 1 
22 2 
32 2 
31 1 

33 3 
23 3 
34 4 
33 3 

6.4 8 8 

10.9 3 3 

440 0 0 
3730 0 
2545 5 
2830 0 

4560 0 

3952 2 

32 2 
38 8 
32 2 
33 3 

59. 2 2 

54.8 9 9 

Ass mentioned in Chapter 1, and 2, the T*- phase SmLa0 8Sro.2Cu04 compound of 

thee 214 family has a unique crystal structure as a hybrid of the T- phase and T'- phase. 

Moree specifically, this structure has two different block layers in one unit cell, namely 

thee insulating Sm202 layer found in the T- phase and the conducting (La,Sr)202-5 layer 

containedd in the T- phase. It is then natural and interesting to compare the intrinsic 

parameterss of the T*- phase with those of T and T' phases. In Table 3.1, a set of 

intrinsicc parameters is presented for La2.xSrxCu04.6 (T- phase) [77, 78], 

Sm,, g5Ceo.i5Cu04.6 (T'- phase) [80] and SmLa0.8Sro.2Cu04.5 (T*- phase), all of them 

obtainedd on the basis of the Hao-Clem model. It is interesting to note from this table 

thatt the intrinsic parameter values of the T*- phase generally lie in between those of the 

T-- phase and the T- phase, although no further regularity is revealed by the available 
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data.. It is clear that this observation must be further scrutinized and substantiated 

beforee a useful theoretical study can be carried out. 

Inn addition to those in-plane parameters, it is interesting to recall the anisotropy 

valuee (y~ 47) previously obtained from the analysis of the irreversibility field data 

[83].. Combined with the in-plane parameters in the Table 3.1, this /value leads to an 

estimatedd c-axis coherence length £.(0) = 1.17 A for our sample. Compared to the large 

effectivee mterlayer distance, .s = 15.50 A [84], this value of £.(0) clearly signifies a 

relativelyy weak interlayer coupling or interlayer coherency of the system, which leads, 

inn turn, to relatively large thermal fluctuation effects at temperatures approaching Tc as 

suggestedd before in our discussions on K{T) and HC(T) atT~ Tc. 

B.B. The scaling analysis in the critical region 

Thee main result of the 2D scaling theory, as formulated by Tesanovic et al. [61], is that 

thee scaling function for the free-energy density FS{B,T) of 2D type-Il superconductors 

inn the critical region around Hc2(T), can be expressed in an explicit closed form: 

BB2 2 

F(BJ)F(BJ) = + F{BJ) (3.5) 
8/r r 

withh F(B,T) given by: 

F(B,T)sQ>F(B,T)sQ>()()=TBf(x)=TBf(x) (3.6) 

where: : 

/(.Y)) = - - x 2 + - W . Y 2 + 2 + sinh",(.Y/V2) (3.7) 

Inn the above expression, .v - At and t = [T - TC{B)]/(TB)] \ while A is a field and 

temperaturee independent coefficient, s is the effective spacing between the 

superconductingg layers and O,, is the flux quantum. Since the magnetization of an 

extremee type-II superconductor near Hc2{T) is negligibly small compared to the applied 

fieldd //, we shall henceforth replace B by H in Eqs. (3.5) and (3.6). Then, taking the 

firstt derivative of F(B,T) with respect to B or 7", and keeping only the leading terms, we 

arrivee at the following scaling function for the magnetization M(H,T): 
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wheree ƒƒ', = \dHc2/dT\ and/'(x) = df(x)/dx. It was further shown in Ref. [61] that 

thiss 2D scaling behavior is characterized by the existence of a fixed crossing point 

(M*,T*)(M*,T*)  with M* = -kBT*/($> ()s), independent of the external field H. This feature, 

whichh is exhibited in Fig. 3.8 (b), has also been demonstrated in a number of high-Tc 

superconductorss [87]. It should be added at this point that the general scaling relation 

off  the magnetization data can be expressed as [61-64]: 

4nM 4nM 
== F {HT){HT)n n 

AAT-T.{H) T-T.{H) 

(HT)(HT)n n (3.9) ) 

wheree F is a scaling function and where the exponent, n, is connected with the 

dimensionalityy of the system D through n = (D - 1)/Z), i.e. n = 1/2 for a 2D system, 

andd n - 2/3 for a 3D system. 

Thee high-field (H > 8000 Oe) magnetization data of our sample are shown in 

Fig.. 3.12 (a), along with the best fit of the theoretical curve expressed by Eq. (3.8). 

AA rather good fit of this curve in the critical region around / = 0 is clearly demonstrated 

inn this figure, confirming the 2D scaling model discussed above. It is important to add 

thatt in view of its relatively low Tc and moderate anisotropy compared with the highly 

anisotropicc high-Tt. system of Bi-2212 [62] and Bi-2223 [61], the critical regime of this 

systemm as measured by the product TcGi [1] (where Gi is the Ginzburg number, 

seee Appendix B) is supposed to be narrower than those of the other above mentioned 

species.. This is manifested by the relatively limited temperature range within which the 

bestt theoretical fit  is obtained around Tc as shown in this figure. In the low-field 

regime,, H < 6000 Oe, however, the data fail to show the distinct scaling characteristics 

ass seen in Fig. 3.12 (b) for the 2D case and in the inset for the 3D case. We suspect that 

thiss behavior is an indication of a possible contribution of a 3D vortex character in the 

low-fieldd regime (ƒƒ < H2D - 6000 Oe). 
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Figuree 3.12: (a) The result of 2D scaling on the magnetization data of a SmLa0SSrn2CuO4_$ 

singlesingle crystal at various magnetic fields above and equal to 8000 Oe. The solid line denotes the 

bestbest fit of the theoretical curve given by Eq. (3.8). (b) The result of 2D scaling for the 

magnetizationmagnetization data of a SmLaanSri)2Cu04.s single crystal in the low-field regime H < 6000 Oe; 

thethe inset shows the corresponding 3D scaling of the data. 
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Figuree 3.13: (a) Temperature dependence of the change in the free energy density 

AG(HJ)AG(HJ) = G/H.T) - Gs(0,T) (closedsymbols) and AF(H,T) = FS(H,T) - F„(HJ)  (open symbols) 

ofof f- phase SmLa0SSr02CuO4.sfor H = 2500 Oe (circles) and 5000 Oe (triangles). The solid 

lineslines are guides to the eye. (b) Temperature dependence of the thermodynamic critical field 

HHCC(T)(T) obtained from a scaling analysis in the critical region (open diamonds). The open circles 

denotedenote the value of HC(T) obtained according to the variational Hao-Clem model from data 

takentaken outside the critical region. 
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Forr a further analysis of the fluctuation effect, an estimated HC(T) curve will be 

deducedd from data in the critical region as follows. Let us first consider for this 

purposee the change in the Gibbs free energy [GS(H,T) - Gv(0,7)] of a superconductor 

duee to the presence of a magnetic field. This is obtained by the following integral, 

H H 

d>G{Hj)d>G{Hj)  = Gs{Hj)-GXüj) = -\M{H'j)dH f (3.10) 
0 0 

Thee energy functions GS(H,T) and GA(0,r) represent the Gibbs free energy at an applied 

fieldfield H and at zero field, respectively. The integral is computed numerically by using 

thee magnetization data presented in Fig. 3.8. The resulting temperature dependence of 

AGG is illustrated in Fig. 3.13 (a) for H = 2500 Oe (solid circles) and 5000 Oe (solid 

triangles).. It is to be noted that G„(H,T) = G„(0,7~) for T> Tc, as M = 0 in the normal 

state.. Next, we consider the difference in the free energy density between the 

superconductingg and normal state AF(H,T) = FS(H,T) - F„(H,T)  in the critical region. 

Thiss is worked out with F{H,T) in Eq. (3.5), and may hence be estimated by means of 

Eqs.. (3.6) and (3.7) using the observed values of T* and M* as well as the results 

TTcc = 23.25 K and Hv{ = 0.66 x 104 Oe/K derived earlier on the basis of Hao-Clem 

model.. The value of A was obtained from fitting the magnetization data at high field 

withh Eq. (3.8). The resulting values for AF for each T around Tc are also plotted in 

Fig.. 3.13 (a) for the same values of H. 

Wee recall now the relationship G{H) = F(H) - B.HIAK which leads to the equation 

GGSS(H,T)(H,T) = G„{H,T)  + AF. With further help of Eq. (3.10), and the definition of AF 

givenn above, this equation can be reshaped into the form: 

G„<0,r)) - G,(0,D = AG(T) - AF(T). Given the well-known definition of Hc expressed 

byy Gn(0,T) - Gv(0,r) = Hc
2(T)/8n, HC(T) can be determined from the AG(T) and AF(T) 

curvess in Fig. 3.13 (a). The resulting HL{T) curve in this critical region is shown in 

Fig.. 3.13 (b) along with the result presented earlier in Fig. 3.11 (a). From this figure, 

onee readily sees the qualitative agreement between the HC(T) curves determined by the 

twoo different methods, both featuring an approximately linear T-dependence. 

Wee observe, however, that the values of HC(T) derived from the Hao-Clem model are 

somewhatt smaller than those obtained from the scaling analysis in the whole 
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temperaturee range examined (the difference is about 10% at T= 20 K). While a more 

accuratee analysis is desirable for a quantitative evaluation, this result may be viewed as 

ann indication of thermal fluctuation effects on the magnetization of our sample in the 

criticall  region. This is consistent with the observed excess diamagnetism due to the 

samee effect [77, 78, 84, 87]. Similar behavior has also been found in Bi2Sr2Ca2Cu3Oio 

[88]]  and HgBa2Ca2Cu3Oy [89]. 

Conclusion n 

Inn summary, we have presented in this section the results of a detailed study on the 

reversiblee magnetization data of a T - phase SmLa0 sSr0 2Cu04_5 single crystal 

(7;onn ~ 24 K). The data in the temperature interval 11.25 < T< 21 K, follow closely the 

Hao-Clemm model with a virtually constant Ginzburg-Landau parameter (K = 72). 

Thiss study also yields a complete set of intrinsic parameters of this system, with their 

valuesvalues lying generally between those of the T- phase La2.xSrxCu04.5 and T'- phase 

SiTi|| xjCeo.isCuO^g. The data in the critical fluctuation region close to Tc or close to the 

HHc2c2{T){T) line, on the other hand, have been analyzed on the basis of a 2D scaling theory 

developedd by Tesanovic et al. and supplemented by further thermodynamic arguments. 

Thee comparison of the resulting HC{T) curve with that obtained according to the 

Hao-Clemm model provides a useful description of thermal fluctuation effects on the 

magnetizationn data in the critical region, in accordance with the occurrence of a 

crossingg point at (M ,T) = (-0.43 G, 23.25 K), right below the onset critical 

temperature. . 
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3.44 Vortex dynamical behavior  across the second-peak field 

transitionn in SmLao.8Sro.2Cu04-ö 

Introductio n n 

Thee understanding of the vortex dynamics in high-7 .̂ superconductors is very important 

fromm a fundamental point of view and highly desirable for various applications of the 

materials.. In contrast to the conventional type-II superconductors, a high-T, 

superconductor,, generally, suffers from a relatively rapid decay of its magnetization 

duee to the relatively high value of Tc and the small activation energy related to the short 

coherencee length and the large anisotropy [90]. These properties lead, in turn, to a 

complexx and intricate magnetic phase diagram. They influence the pinning 

mechanismss as well as the thermodynamic properties of the material [1]. 

Recently,, intensive investigations of these properties were focused particularly to the 

vicinityy of the second-peak (SP) field or its onset field. The occurrence of this SP 

anomalyy is commonly associated with the enhancement of critical current densities in 

thee mid-field regime, separating two regions with different vortex pinning 

characteristicss [91]. 

Inn this section, we report the result of a study on the vortex dynamics in a 

T*-- phase SmLa()KSro2Cu04.g single crystal, based on the temperature- and 

field-dependentt data of the magnetic relaxation. The values of temperature and 

magneticc field have been chosen to span the SP transition region in the H — T phase 

diagram,, as derived from magnetic hysteresis loop measurement, described in 

sectionn 3.2 of this chapter and in Ref. [83]. The experimental value for the 

current-dependentt energy barrier, U(J), is determined following a method proposed by 

Maleyy et at. [92]. The data are then analyzed in terms of the weak-collective-pinning 

(WCP)) theory of Feigefman et al. [93, 94], which predicts an algebraic decay for the 

activationn barrier of the flux creep, U(J), according to: 
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U(J)U(J) = uXjJjY-\\ocJ-" (3.11) 

Inn the limit of J « Jc, this equation features a diverging U as J —> 0. In this equation, 

jljl  and £/r are the glassy exponent and the characteristic pinning energy, respectively. 

Thee three-dimensional (3D) WCP theory [93] predicts a value for fi of 1/7 for 

single-vortexx creep in the low H and T region, a value for fi of 3/2 for creep of small 

bundless in the medium H and T region and of 7/9 for creep of large bundles in the high 

/ /andd T region. However, if the superconducting coherence length along the c-axis is 

smallerr than the distance between the superconducting layers (<£, < s), the flux lines 

decouplee into pancakes which are subject to two-dimensional (2D) pinning. In this case 

thee values for \i of 9/8 and 1/2 have been proposed for single vortex and collective 

vortexx creep, respectively [95, 96]. In a more recent paper on 2D collective vortex 

creepp mentioned above [97], it was shown that fi has the characteristic values of 7/4, 

13/166 and 1/2, for the small, medium and large bundle pinning, respectively. 

Experiments s 

Thee magnetic relaxation measurements were performed using a commercial Quantum 

Designn MPMS-5S magnetometer, with the field applied along the crystal c-axis. 

Priorr to each measurement, the sample was cooled in zero field from a temperature 

abovee Tc (ZFC - mode). In the subsequent applications of the magnetic field H, 

twoo different modes of field sweep were employed, namely the forward-sweep (FS) 

andd reverse-sweep (RS). In the former mode, the field was ramped up to a certain 

HH value at a certain measuring temperature, and kept fixed during the measurement. 

Inn the other mode, the field was initially raised up to a maximum value of 

#maxx (- 50 kOe) in order to ensure full flux penetration into the sample, and then 

loweredd to a certain H value for the measurement. To ensure the full field penetration, 

thee measurement started after about 200 s. The time interval between data points is 

2000 s and the entire time span of each measurement is about 3 hours. 
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Resultss and discussion 

A.A. Temperature dependence of the magnetic relaxation data 

Temperature-dependentt magnetic relaxation data measured in a constant field of 

HH = 500 Oe are presented in Fig. 3.14(a) for the case of FS mode, and in Fig. 3.14 (b) 

forr RS mode. For further analysis, it has become common practice to describe the data 

inn terms of the normalized relaxation rate, S = M0\dM/d\nt), with M0 = A/(200 s), 

denotingg the magnetization value at the beginning of the relaxation measurement. 

Thee resulting S(T) curves from both the FS and RS data are shown in Fig. 3.15, along 

withh the magnetic critical current density, Jcm(T), calculated by means of the relation 

JJcmcm = (6a/b(3a - b))AM for a plate-like geometry of the sample [98]. In this formula, 

aa and b are the sample length and width, respectively, while AM measures the width of 

thee magnetization loop, i.e. the difference in magnetization value between the data 

takenn in FS and RS modes. The shaded area in this figure denotes the SP transition 

region,, which is the focus of our concern. From this figure, one clearly sees the 

asymmetricc behavior between the 5(7) curves corresponding to data taken in the FS 

andd RS modes, which is supposed to signify the surface barrier effect in the sample 

[99],, Specifically, the S(T) curve of the FS data shows a weak valley structure in the 

low-temperaturee regime below the SP transition region up to around 6 K and a large 

broadd peak at temperatures well above the SP region. We note that this behavior, 

namelyy a maximum or double peak feature in S(T) curve, is commonly observed in the 

highly-anisotropicc 2D system such as Bi2Sr2CaCu208 (BSCCO) [98, 100], 

Tl2Ba2CaCu2088 (TBCCO) [101-103] and Nd,.85Ceo.isCu04-5 (NCCO) [104], while the 

relativelyy less-anisotropic 3D system such as YBa2Cu307_6(YBCO) generally display a 

plateauu in the intermediate temperature range; for a review, see Ref. [90]. 

Thee relaxation rate determined from the RS data, on the other hand, shows a 

monotonouslyy rising trend with increasing temperature across the entire region, with a 

muchh lower slope below the SP region. Furthermore, we observe that the Jcm(T) curves 

obtainedd from both the time data sampling (200 s and 10000 s) display nearly the same 

monotonouss down turn with temperature on both sides of the SP transition region. 
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Figuree 3.14: Time-dependent magnetization at H = 500 Oe measured in (a) FS mode at various 

temperaturetemperature between 5 and 18 K, and (b) RS mode at various temperature between 5 and 14 K. 

TheThe lines are guides to the eyes; the temperatures increase with step of I K. 
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Figuree 3.15: Temperature-dependent magnetic relaxation rate, S = M0~ dM/d(ln t), and the 

magneticmagnetic critical current density, Jcm(T), deduced from FS and RS data. The lines are guides to 

thethe eyes. The shaded area denotes the SP transition region. 

Inn the following analysis, the experimental current-dependent activation barrier, 

U(J),U(J), is determined according to a method proposed by Maley et al. [92], namely: 

UUeffeff/k/kBB = -T[\n\dM/dt\ - c] (3.12) 

wheree C is a field-dependent constant. This unknown parameter C, which is assumed 

too be constant for T « Tc, was determined by requiring all segments of Uejf 

correspondingg to different temperatures to lie on a single smooth curve. The result for 

thee FS and RS data are shown separately in Fig. 3.16 as a series of Ueff vs -(M - Meq) 

segments,, corresponding to various temperatures between 5 and 14 K. For a certain 

temperaturee of measurement, the value of equilibrium magnetization, Meq, was 

determinedd as the average of magnetization data taken in FS and RS modes. We found 

thatt the data segments at temperatures below 1 1 K can be scaled onto one common 

curvee after adapting the value of the additive constant C. For the FS data C is taken as 

40,, and for the RS data C is taken to be 36. At higher temperatures, a small increase of 

CC up to C = 45 (40) for the FS (RS) data was found to be necessary in order to produce 
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thee overall scaling for the entire temperature range considered. We note that, a similar 

findingg of the temperature-dependent character of this additive constant C has been 

reportedd in several high-7; systems such as BSCCO [98, 105], TBCCO [102, 103] and 

YBCOO [106], as well as the low-7; systems of NCCO [104] and LaL86Sro.14Cu04.6 

[107].. These results signify a non-negligible temperature dependence of the barrier 

activationn [108] and confirm the limitation of the Maley procedure. 

Thee associated Uef£J) curve, plotted in a semi-log scale is shown in the inset of 

Fig.. 3.16. For both the FS and RS data, the best fit of the low-temperature data below 

111 K by means of Eq. (3.11) leads to the values of Uc = 2100 K, 

JJCC(T=(T= 0) = 2.26 x 104 A/cm2 and fi = 0.07. We note that the value of Jc(0) obtained 

fromm this analysis is comparable with those of the T'- phases Nd| 85Ceo.i5Cu04.5 [104], 

butt apparently smaller than the values reported for the high-7 .̂ cuprate systems 

mentionedd above. Besides, the resulting fi value is close to the aforementioned value of 

1/77 and indicates that the vortex strings are pinned individually at T < 11 K. It is worth 

notingg that the small value of }J. within the WCP model is equivalent to logarithmic 

JJ dependence of the form U{J) - Vc In (JJJ) proposed by Zeldov et al. [109]. 

Further,, the effect of randomly distributed weak pinning centers leads to a finite 

correlationn length, Lc, parallel and perpendicular to the field direction. Thus, vortex 

segmentss of this length along the field direction are pinned independently. A simple 

estimatee of the c-axis collective pinning length can be obtained by the formula 

LLcc
cc = £%ah(J0/Jc) [1, 96], where s is the inverse of the anisotropy parameter /and 

JJ{){)  =40o/[3v3<i;a/,(4/rAu/,)
2J is the depairing current density. For the case of a 

TT - phase SmLao.sSr0 2Cu04.5 single crystal with y = 47 [83] and with an in-plane 

coherencee length £„/,(0) of about 55 A and a penetration depth A„/>(0) of about 3900 A 

[110],, one obtains L\.{T= OK) = 8 A. This value is smaller than the Cu02 interlayer 

spacingg of s ~ 12.6 A [44], implying that the vortex system behaves as a quasi-3D 

objectt (pancake vortices with a finite Josephson coupling) for temperatures T < 11 K 

andd low enough magnetic fields. In this case, the vortex lines are expected to be 

individuallyy pinned, implying the presence of a quasi-3D single vortex pinning regime. 
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Figuree 3.16: Flux creep activation barrier deduced from data recorded using the (a) FS-mode 

andand (b) RS-mode, in the temperature range of 5 to 14 K, determined by the method of Maley et 

aa I. [92]. The inset shows the same data in semi-log plot. The solid lines are the results of fitting 

thethe data to Eq. (3.11). 
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Forr the high-temperature (T > 11 K) data, a similar fitting to Eq. (3.11) yields 

UUcc = 320 K and n ~ 0.20, suggesting a regime of large 2D bundle pinning (/i = 1/2). 

Wee note, however, that this fx value is smaller than the theoretical value of 1/2 

associatedd with large bundle pinning. This difference is presumably due to the 

relativelyy small value of the magnetic field (H = 500 Oe) applied in this experiment. 

Additionally,, the analysis of these high-temperature data might be complicated by the 

geometricc and surface barrier effects, as indicated by the zero-field peaking on the 

descendingg branch of the magnetization loop described previously in section 3.2. 

Givenn the picture of large bundle pinning, it is important to recall that their strong 

pinningg against thermal activation maybe correspond to the effect of their low flux 

densityy gradients in view of their relatively large size, resulting in a low critical current 

densityy Jc. On the other hand, individual vortex lines in the quasi-3D state are weakly 

pinned;; but being small in size, they can sustain relatively high flux density gradients. 

Thus,, the increase of the glassy exponent fi upon temperature variation across the SP 

transitionn region might be attributed to a crossover in the effective dimensionality and 

pinningg mechanisms of the vortex system. In other words, while an individual pinning 

off  the quasi-3D vortex lines dominates the scene below the SP transition region, 

thee collective pinning of 2D vortex pancake features does it more strongly above the 

SPP transition. This argument is consistent with the proposed thermal-disorder-induced 

interlayer-decouplingg scenario for the second-peak field transition in this T*- phase 

SmLao.8Sr0.2Cu04.55 system, as discussed in section 3.2 of this chapter. 

B.B. Field dependence of the magnetic relaxation data 

Thee changes of the magnetic current density, Jcm, at T = 8 K measured as a function of 

thee magnetic field H between r, = 200 s and t2 = 10 000 s are described in Fig. 3.17. 

Thee current density calculated from magnetization loop measured in the hysteresis 

modee is also shown in the same figure as the solid curve. The labels Hp, Hon and Z/sp 

denotee the penetration field, the onset field of the second-peak field and the 

second-peakk field positions determined from the magnetic-hysteresis loop 

measurementt as presented in section 3.2 and in Ref. [83]. It is to be noted that the data 
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Figuree 3.17: The field-dependent magnetic current density calculated from the magnetic 

relaxationrelaxation (Jcm(t]) andJcm(t2)) and magnetic-hysteresis loop data (thicker solid line) at T= 8 K. 

takenn at a different temperature of T= 13 K reveal the same behavior, except near Hon. 

Ass clearly seen from Fig. 3.17, the parameter Jcm(H) follows exactly the variation 

patternn of the magnetic moment according to the hysteresis loop data at the same 

temperature,, as given in Fig. 3.6 of section 3.2. During the relaxation process, 

thee positions of the maximum in the current density, J™x , associated with the 

second-peakk field, //sp, shift correspondingly to lower field following the trend of the 

variationn of Mmax. 

Ass an approximation, the field-dependent barrier activation, U0, has been extracted 

fromm the simple relation: 5"' = UJkBT. The derivative of S with respect to H is written 

ass S' = dSldH. The result is given in Fig. 3.18. As shown, the parameter U„  generally 

increasess at first with H up to a maximum value right below the second-peak field 

regimee (at //sp" = 400 Oe), and then decreases upon further increase of H. 

Thiss descending part of U0 can be roughly fitted by the relation U0~H' ' , resembling 

thee result reported by Pissas et al. [I l l ] on a HgBa2Cu04+§ single-crystalline sample. 

jj i I i . u—. I i i i i I . . 1 1 L 
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Wee shall return to this point in the following paragraph. The S'(H) curves, on the other 

hand,, show a slope change in the vicinity of the SP transition region, marking a 

slowingg down of the relaxation rate for H > Hsp. 
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Figuree 3.18: The field-dependent activation barrier, U„,  calculated using the simple relation 

SS ' = UJkBT, and the derivative ofS with respect to H, S' = dS/dH, at T = 8 K. The solid lines 

throughthrough the data points for U„(H)  curves describe the relation Ua ~ H ~"'7. The broken curves 

representrepresent the S'(H) data for FS and RS data. See text for discussions. 

Fig.. 3.19 (a) presents the typical current-dependent potential barrier, U(J), deduced 

fromm FS data measured at T= 8 K in various fields, while Fig. 3.19 (b) presents the 

samee U values plotted as a logarithmic function of time. From Fig. 3.19 (a) one clearly 

observess a crossover in the slope of \dUldJ\Hj around Hsp ~ 800 Oe, and a 

non-monotonouss dependence of U on H for a constant value of J: U increases with H 

forr H < //sp, while it decreases with H for H > Hsp. It is interesting to mention at this 

point,, that similar non-monotonic behaviors of U(J) have been reported 

•• FS-mode 
•• RS-mode 
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Figuree 3.19: (a) The typical current-dependent potential barrier, U(J), at T = 8 K, measured in 

differentdifferent fields in the FS mode. The open and closed symbols denote the field values below and 

aboveabove Hsp, respectively. The solid lines are the results of fitting the data to equation U(J) ~ J ~>x. 

TheThe inset shows the resulting p values, plotted as a function ofH. (b) The same U values plotted 

asas a logarithmic function of time, for the same H values shown in Fig. (a). See text for 

discussions. discussions. 
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onn single crystals of YBa2Cu307.5 [112], Ndi .85Ce0.i5CuO4.s [113] and 

Bi|.6Pb0.4Sr2CaCu2Og*55 [114]. While the increase of U with H is consistent with the 

collectivee (elastic) creep theory, the decrease of U maybe more aptly described in 

termss of the plastic vortex creep associated with the motion of dislocations in the 

vortexx lattice [112-115]. Additionally, U is shown in Fig. 3.19 (b) to satisfy, 

approximately,, the logarithmic relation: U = kBT \n(t/t0). In this equation, the 

characteristicc time scale, tQ, is proportional to \/[H.\dU/dJ\], implying that U is weakly 

dependentt on H. 

Inn the following, a quantitative analysis of the U{J) data is carried out in order to 

extractt the H dependence of the parameter jx according to WCP theory (Eq. (3.11)), 

namelyy based on the equation U(J) ~ J '**  or /i = -3(ln£/)/8(lnJ). The resulting fi{H) 

curvee for the FS data at 7= 8 K is shown in the inset of Fig. 3.19 (a). Starting from the 

lowestt field of 0.25 kOe, for which ju ~ 0.55, it increases with increasing field, before it 

reachess a maximum value of fi ~ 0.7 at //sp" = 400 Oe, consistent with the prediction of 

thee collective (elastic) creep model for creep of medium or large flux bundles. 

Withh field increasing above Hsp, fl drops rather sharply, reaching a value of fi = 0.2 at 

22 kOe. Within WCP theory, this small /J. value implies an inconceivable crossover to a 

singlee vortex regime (f2 = 1/7), which is expected only for low fields. Thus, one might 

concludee that, beyond the second-peak field, the vortex motion can no longer be 

describedd by collective (elastic) creep theory. Instead, a crossover to plastic creep 

associatedd with the motion of dislocations in the vortex lattice should be considered, as 

proposedd previously by Abulafia et ai [112]. Further, as noted by Giller et al. [113], 

althoughh dislocations start to take place immediately above Hon, plastic creep does not 

dominatee the dynamics until the activation energy for plastic creep, Upl, drops below 

thee activation energy for the collective (elastic) creep, Ueh which is expected to occur 

att a field around the SP transition region. Thus, the location Hsp(T) can be 

approximatelyy determined by the condition of Uel = Upl for the same J value. 

Takingg advantages of its similarity with the motion of dislocations in atomic solids 

[116],, the activation barrier for plastic creep can be expressed as follows [112, 116] 
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U„{.J)U„{.J)  = U)k-Jjij?) (3.13a, 

wheree Jf' is the critical current density corresponding to the plastic motion. 

Thee zero-current activation energy, Upl\ can be estimated as [117]: 

U°U°plpl =££0aoc\/y[B (3.13b) 

Inn this formula, £Q = (<V4TTA)2 is the vortex line tension, and a0 = (O0/5)'2 is the mean 

inter-vortexx distance. Clearly, Up" decreases with increasing field, in agreement with 

thee experimental data described above, although with an exponent of (-0.5) rather than 

(-0.7)) as observed experimentally. Finally, it is nevertheless important to mention that 

thee same value of fi (= 0.7) has also been found in largely different systems such as the 

HgBa2Cu04+55 single crystal as reported by Pissas et al. [111] and YB2Cu307-5 crystals 

reportedd by Abulafia et al. [112]. Obviously, further experimental and theoretical 

studiess are required for the clarification of those discrepancies. 

Conclusion n 

Inn conclusion in this section, we have presented, the results of a study on vortex 

dynamicss across the second-peak field transition in a T - phase SmLao.sSro^CuOŝ 

singlee crystal, by means of temperature- and field-dependent magnetic relaxation 

measurements.. The experimental values for the current-dependent energy barrier, U(J), 

weree determined following a method proposed by Maley et al., and the resulting 

relationss have been analyzed by means of weak collective pinning (WCP) theory. 

Thee results demonstrate a dynamical picture consistent with the thermal-disorder-

inducedd interlayer-decoupling scenario for the second-peak field transition in this 

T*-- phase SmLa0 8Sr02Cu04_5 system, as previously proposed on the basis of magnetic 

hysteresiss loop measurements, described in section 3.2 and in Ref. [83]. 

Additionally,, the field dependence of these relaxation data clearly suggest a crossover 

fromm elastic to plastic vortex creep, in accordance with the change of pinning 

mechanismm and the effective dimension of the vortex system. 
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Chapterr  4 

Structurall  instability , 
superconducting g 
andd magnetic properties 
off  T- phase Lai.6_xNd0.4SrxCuO4_5 

4.11 General introduction 

Itt has been widely accepted that the undoped precursor of a cuprate superconductor is 

ann antiferromagnetic Mott-insulator, and that superconductivity is induced by 

appropriatee doping with charge carriers. Generally, the kinetic energy of the mobile 

carrierss in the doped system must compete with the superexchange interaction between 

neighboringg Cu spins [1,2]. Under certain conditions, where the kinetic energy fails to 

overcomee the superexchange interaction, the charge carriers (holes) and spins are 

inclinedd to segregate, giving rise to the observed phenomenon of static 

one-dimensionall  (ID) phase separation between the holes and spins, commonly known 

ass a static stripe structure, associated with the suppression of superconductivity. 

Thee La2.x.yNdySrxCu04.5 compound is a system for which a charge-stripe order 

inducedd by a low-temperature structural phase transition has been reported [3-5]. 

Inn view of the presence of an incomplete 4/^shell of the Nd ions and its coupling with 

thee Cu sublattice, however, the phenomenology is considerably enriched and the 

physicss of this system becomes more complicated [6, 7]. 

Thiss chapter describes some physical properties of the Lai.6_xNdo.4SrxCu04_s (x = 0, 

0.1,, 0.125, 0.2) compounds, covering the temperature- and field-induced structural 
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phasee transformation, the solid vortex-phase in the superconducting state and the 

magnetismm of Nd3*  ions. The Sr-free (x = 0) La2.yNdvCu04̂ ö compound itself is a Mott 

insulatorr that shows long-range antiferromagnetic (AF) ordering of the Cu spins at 

aroundd room temperature. The Néel temperature (7\) as well as the low-temperature 

phasee transitions depend sensitively on the Nd content (y) and oxygen content (5) 

inn the sample [8, 9]. Low-field magnetization measurements of the Sr-doped (x * 0) 

compoundss show, on the other hand, that they are bulk superconductors with a critical 

transitionn occurring at TL ~ 6.5, 3 and 15 K for x = 0.1, 0.125 and 0.2 respectively, 

inn good agreement with the result reported previously by Ichikawa et al. [10]. 

4.22 Temperature- and field-induced structural transition 

inn Lai.6-xNdo.4SrxCu04.ö 

Introductio n n 

Thee structural phase transition in the Laj  6.xNd0 4SrxCu04.ö compound has been 

intensivelyy studied since the observation of a charge-spin stripe phase in 

La].4xNdo.4Sro.i2Cu04.s,, occurring at the same temperature as the low-temperature 

orthorhombic-tetragonall  structural transformation [3-5]. For this particular 

composition,, it has been shown in neutron and x-ray scattering measurements that the 

chargee and magnetic ordering temperatures reach their maximum values, whereas 

superconductivityy is depressed in this composition. This is illustrated in Fig. 4.1, 

whichh describes a rich and complete phase diagram of Lai  6.xNd0.4SrxCuO4.6, including 

thee different structural phases, the charge-spin-ordering as well as superconducting 

phasess [10]. It has been thought that this low-temperature structural transition, that is 

stabilizedd by the Nd substitution, involves a change in the tilting pattern of the Cu06 

octahedra.. This tilting can serve as a pinning potential for the vertical/horizontal charge 

stripes,, leading to a competition between superconductivity and charge-spin stripe 

order. . 
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1 4 00 i i I i i i < i i i i i i i i i i i i i | i i 
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Figuree 4.1: The phase diagram of LaL6.xNd0.4Sr3CuO4.& TNQR and Tch denote the 'local' and 

'global''global' charge-ordering temperatures obtained from the nuclear-quadrupole resonance (NQR) 

andand neutron/X-ray diffraction studies, respectively. Tm and Tc denote successively the magnetic 

orderingordering and superconducting transition temperatures obtained from neutron diffraction studies 

andand susceptibility measurements, respectively. The shaded area indicates the coexistence ofLTO 

andLTTphasesandLTTphases [10]. 

Dependingg on temperature as well as on hole and rare-earth (Nd) concentrations, 

fourr different phases can be identified in the La2.x.yNdySrxCu04.s system. These are the 

high-temperaturee tetragonal (HTT) phase (space group 14/mmm), the low-temperature 

orthorhombicc (LTO) phase (Bmab), the intermediate second low-temperature 

orthorhombicc (LTOl ) or low-temperature less-orthorhombic (LTLO) phase (Pccn) and 

thee low-temperature tetragonal (LTT) phase {P42/ncm) [11, 12]. Within the 

phenomenologicall  description [13], these phases are characterized in terms of the order 

parameterss Q, and Q2, which measure the til t of the Cu06 octahedra from the [l 10]HTT 

andd [l TO]HTT axis, respectively. The HTT phase is characterized by Q, = Q2 = 0, the 

LTOO phase by Q, * 0, Q2 = 0 or vice versa, the LTOl phase by Q, * 0, Q2 * 0, Q, * Q2 

andd the LTT phase by |Qj| = |Q2| * 0, as schematically presented in Fig. 4.2. 
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(a) ) 

Ld* * 
, . - -- [HOJHTT 

Q . * ) --

HTT T 

(b) ) 
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Ol l 

HI T T LTO O LTT T 

Figur ee 4.2: (a) Schematic picture of the Cu06 octahedra tilting, in terms of the order 

parametersparameters Qi and Q2. (b) Tilting of the Cu06 octahedron in the HTT, LTO and LTT phases. 
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Inn both LTO and LTT phases, the Cu06 octahedrons are tilted with respect to the 

crystallographicc axes by an angle 0> < 5°. The tilt angle <D is roughly the same in the 

LTOO and the LTT phases, while the different directions of the tilt produce different 

bucklingg patterns of the Cu02 plane. In the LTO phase the tilt axis is parallel to 

[ll  10]HTT, and rotates discontinuously by 0 = 45° towards the [100]HTT direction at the 

transitionn into the LTT phase. 

Thee structural phase transition in La16.xNdo.4SrxCu04.5 (x = 0, 0.1, 0.2) single 

crystalss reported in this section is the result of a study by means of specific-heat, 

resistivity,, and magnetic susceptibility measurements. 

Experimental l 

Singlee crystals of Laj  6.xNdo.4SrxCu04.6 (x = 0, 0.1, 0.125, 0.2) were grown using the 

travelling-solventt floating-zone (TSFZ) method in a four-mirror furnace. 

Forr simplicity, the four samples of Lai.6_xNdo.4SrxCu04.5 are named by Sr-0.00 for 

xx - 0, Sr-0.10 for x = 0.1, Sr-0.125 for x = 0.125, and Sr-0.20 for x = 0.2. Samples of 

variouss sizes were prepared for different measurements by cutting the as-grown crystal 

boulee in air. 

Thee electrical resistance measurements were carried out by means of the standard 

four-pointt method using a low-excitation Linear Research LR-700 ac-resistance bridge. 

Thee normal-state magnetic susceptibility measurements were conducted by means of a 

commerciall  Quantum Design MPMS-5S magnetometer. The data were taken in the 

ZFCC and FC modes using a scan length of 4 cm. The specific heat was measured using 

aa relaxation method, by means of a commercial Quantum Design PPMS 

magnetometer.. These measurements were performed in the temperature range of 1.6 to 

3000 K with different temperature steps and in different applied fields. In order to refine 

thee data at temperatures around the structural phase transitions, the measurements have 

beenn repeated several times at each of those temperatures. 
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Resultss and discussion 

A.A. Th ermal and transport properties 

Thee result of zero-field specific-heat measurements for the as-grown Sr-0.00, Sr-0.10 

andd Sr-0.20 samples are given in Figs. 4.3 (a), 4.4 (a) and 4.5 (a). The data clearly 

showw an anomaly at temperatures around TLT: (70 - 85) K, 65 K and 82 K for the 

Sr-0.00,, Sr-0.10 and Sr-0.20 samples, respectively, corresponding to the 

LTOO - LTT(LTO 1) structural transformation. These transition temperatures are in good 

agreementt with the phase diagram shown in Fig. 4.1. Apparently, the magnitude of the 

anomalyy decreases monotonically in those samples in the order of Sr-0.10, Sr-0.20, and 

Sr-0.00.. It is to be noted that the structural phase transition in the Sr-0.00 sample 

revealedd by the cIT data in Fig. 4.3 (a) seems to take place in a rather broad 

temperaturee range, which might be due to the gradual nature of this transition, 

ass commonly found in samples with an excessive oxygen content [8]. A distinct sign of 

thiss transition is, on the other hand, clearly indicated by the specific-heat data 

presentedd in Fig. 4.4 (a) for the Sr-0.10 sample. 

Thee enthalpy changes due to this structural transformation, AH, can be calculated 

fromm the area under the AcIT vs T curve according to the relation AS = \{Ac/T)dT, 

wheree the integration is taken over the temperature range around the anomaly. With Ac 

representingg the specific-heat anomaly extracted from the data after subtraction of the 

smoothh background, we obtained AH = AS.TLT - 16.25 J/mol for Sr-0.10 and 

AHAH » 2.36 J/mol for Sr-0.20. It should be noted that the same analysis could not be 

donee for Sr-0.00 due to the second-order nature of the transition. This second-order 

(continuous)) LTO - LTOl transformation, which occurs in oxygen excess materials, 

becomess nearly or distinctly first-order (discontinuous) in the reduced materials [8], 

Comparingg the resulting AH values with the "universal line" given by Werner et al. 

[14]]  as described in Fig. 4.6, we predict the HTT - LTO transition temperature to be in 

thee region of Tm * 450 K for Sr-0.10 and Tm * 275 K for Sr-0.20. The latter value is in 

goodd agreement with the result from resistivity measurements as will be described in 
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thee following paragraph. This transition, however, could not be detected in our 

specific-heatt  measurement. 
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Figuree 4.3: The temperature dependence of (a) heat capacity and (b) magnetic susceptibility of 

thethe as-grown Sr-0.00 sample. The arrows indicate the structural phase transition. 
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Figuree 4.4: The temperature dependence of (a) heat capacity, (b) electrical resistivity and 

(c)(c) magnetic susceptibility of the as-grown Sr-0.10 sample. The arrows indicate the structural 

phasephase transition. These susceptibility measurements have been taken in a field of 10 kOe, by 

whichwhich the superconductivity is suppressed 



Structurall  instability, superconducting... 95 5 

1.0 0 
(a)) Sr-0.20 

o o 
E E 

0.011 o 

0.00 0 
0.08 8 

0.05 5 

0.04 4 

0.033 ~ 

200 40 60 80 100 120 

T(K ) ) 

Figuree 4.5: The temperature dependence of (a) heat capacity, (b) electrical resistivity and 

(c)(c) magnetic susceptibility of the as-grown Sr-0.20 sample. The arrows indicate the structural 

phasephase transition. 
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Figuree 4.6: Discontinuity of the enthalpy across the LTO - LTT(LTOl) transition as a function 

ofof the corresponding value for THT. The dashed line is a guide to the eye, which also presents the 

"universal"universal line "proposed by Werner et al. [14]. 

Wee now turn our attention to the transport data. The resistivity of the Sr-0.10 

samplee as shown in the inset of Fig. 4.4 (b) shows a metallic temperature dependence 

off pab {dpIdT > 0) at high temperatures. The resistivity changes sharply into a 

semiconductor-likee behavior below the structural transition temperature (TLJ » 65 K), 

followedd by a broad superconducting transition at temperatures below 8 K. The pc(T) 

curve,, on the other hand, shows semiconductor-like behavior in the entire temperature 

rangee of the measurement, and a steep upturn below rLT similar to pab. The paéJ) 

curvee of the Sr-0.20 sample is clearly dominated by a metallic behavior in the 

temperaturee range above 40 K. A subtle low-temperature structural transition around 

TLTT « 82 K, presumably from LTO to a mixture between LTO and LTT phases, is 

indicatedd by a slight upshift in the pc curve below this temperature. In addition to that, 

thee high-temperature pc(T) curve also shows a kink at a temperature around 270 K, in 

agreementt with a previous report by Nakamura et al. [12]. Based on the results of a 

recentt room-temperature XRD analysis [15], we argue that this transition corresponds 

too the vanishing of the orthorhombicity or orthorhombic strain, resulting in the 
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orthorhombicc crystal structure at lower temperature (< 270 K). We note, however, that 

thee pab values of our Sr-0.10 and Sr-0.20 samples are smaller than those reported by 

Ichikawaa et al. [10], and probably show some dependence on Nd concentration. 

Further,, the low-temperature upturn of pab, observed in Fig. 4.4 (b) and 4.5 (b) for the 

presentt samples, might be related to a tendency for localization of the electronic states 

ass a consequence of the tilting of the Cu06 octahedra [12]. 

B.B. Magnetic properties 

Ignoringg the in-plane anisotropy, the temperature dependence of the normal-state 

susceptibility,, Xab = MIH (i///<10O>r»3O0K or ////<010>TV3OOK) and 

XcXc = MIH (////<001>rB3ooK), measured in a field of 10 kOe for Sr-0.00, Sr-0.10 and of 

500 kOe for Sr-0.20 are shown in Figs. 4.3 (c), 4.4 (c) and 4.5 (c) for the data measured 

inn the ZFC-mode below ~ 100 K. The complete data are presented in Fig. 4.7 (i). 

Thee magnetization data, shown in these figures, exhibit an anisotropy with xJXab = 1-5 

att room temperature for all samples, in good agreement with a previous report by 

Sakitaa et al. [16]. From these figures, it is clear that there is no appreciable influence of 

thee structural change in the Xc(T) curve. The Xab{T) curves are marked by a 

discontinuityy and hysteretic behavior (between the data taken in the ZFC and FC 

modes)) at around TLT in Sr-0.10 and Sr-0.20 samples. This seems to be correlated with 

theirr specific-heat anomalies, discussed earlier. 

Forr a further analysis of the susceptibility behavior, the data are presented as 

XX"*"*  vs T curves in Fig. 4.7 (ii) . It is clear that the Xc\T) curves display a Curie-Weiss 

likee behavior, implying that the c-axis components of the Nd spins (Sz) behave as free 

spinss right through TLJ. The Xab\T) curves, on the other hand, are consistent with 

Curie-Weisss behavior only above -100 K, and become flattened below this 

temperaturee as typically found in an antiferromagnet. This change of behavior seems to 

implyy that the in-plane components of the Nd spins (Sx and Sy) are more sensitively 

influencedd by the gradual ordering of the Cu spins below TLT. It is interesting to note 

further,, that the inverse susceptibility, x ~\T), in all directions feature practically the 
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Figuree 4.7: Tfe temperature dependence of (i) susceptibility and (ii) inverse susceptibility of 

(a)(a) Sr-0.00, (b) Sr-0.10 and (c) Sr-0.20 samples, measured in an applied magnetic field parallel 

(Xab)(Xab) and perpendicular (xJ to the ab-plane. The solid lines are the linear fit to the x CO data 

inin the temperature range of 100 < T <350 K. 
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samee slope for T> 100 K, irrespective of the magnetic field direction. Below 100 K, 

however,, the curves exhibit the anisotropic crystalline electric field (CEF) effect, 

whichh can be taken into account by the following expression, 

ii  _ i T-e 
W)'W)' Zcr(T) + ~C^~ (41) 

wheree 0 is the paramagnetic Curie-Weiss temperature, and C w = N//L /3kB is a 

Curiee constant of the Nd3+ ions with the parameter N denoting the number of Nd3+ ions 

perr mole, fieff is the effective magnetic moment of the Nd3+ ion, while kB is the 

Boltzmannn constant. The results of a linear fitting of this expression with the x '(^) 

dataa in the temperature regime above 100 K are tabulated in Table 4.1. It is seen from 

thiss table that the values for the effective moment tend to increase with increasing Sr 

content,, and that they are larger than the free-ion value of /neff = \j{j  +1)]1/2 gy jj,B = 

3.622 jjg. These results are comparable with results given in previous reports by 

Tranquadaa et al. [5], Sakita et al. [16] and Xu et al. [17]. 

Tablee 4.1: The values of the effective magnetic moment, jue/f, and the Curie-Weiss temperature, 

0,, determined from a linear fit of Eq. (4.1) with Xab <™d Xc data in the temperature range of 

100<T<350K. 100<T<350K. 

La^Ndo^S^CuCVs s 

Sr-0.00 0 

Sr-0.10 0 

Sr-0.20 0 

Hll{ab) Hll{ab) 

Meff,abMeff,ab ®ab 

[/Vionn Nd3+] [K] 

3.911 146.61 

4.300 225.53 

4.466 242.21 

Hllc Hllc 

Heff.cHeff.c ®c 

[/Wionn Nd3+] [K] 

3.977 -11.84 

3.944 -18.06 

4.211 -16.94 

Thee isothermal magnetic-hysteresis loop measurements of the Sr-0.00 sample, 

ass depicted in Fig. 4.8, show that this sample is weakly ferromagnetic at low 

temperatures,, i.e. below 10 K, as a result of the antisymmetric Dzyaloshinskii-Moriya 

(DM)) interaction between the Cu spins [7, 18]. It is to be noted that the onset 

temperaturee of this weak ferromagnetic behavior depends on the oxygen content in the 
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samplee [8]. An onset temperature up to 30 K has been reported by Crawford et al. [8] 

forr a sample with reduced oxygen content. 

- 3 - 2 - 1 00 1 2 3 -1.0 -0.5 0.0 0.5 1.0 

H(10kOe)) H(10kOe) 

Figuree 4.8: Isothermal magnetic-hysteresis loop of the Sr-0.00 sample, measured at T = 2 K and 

55 K in magnetic field applied along (a) ab-plane and (b) c-axis of the crystal. 

Thee unusual magnetic field effect on the LTO - LTT(LTOl) structural 

transformationn is corroborated by the result of field-dependent specific-heat 

measurementss given in Fig. 4.9 for the Sr-0.10 sample. Our experimental data at a 

maximumm applied field of 90 kOe reveal a shift in the transition temperature (A7LT) 

andd a change in the associated entropy jump. We observed further, that the relative 

shiftt in temperature of the maximum of the anomaly depends on the field direction 

(//aè-planee or //c-axis), both in magnitude and sign. Although the precise value of A7LT 

fromm our data and that reported by Xu et al. [17] differ, the trend we observe is 

consistentt in that an in-plane field Hll{a,b) leads to an increase of TLT, while a 

perpendicularr field (H//c) tends to reduce TLj. Based on the magnetoresistance 

measurement,, they reported that a maximum applied field of 140 kOe yields a shift of 

ArLTT ~ +0.25 K for Hll(a,b), which changes sign with a slightly smaller value for Hllc. 

Thiss behavior constitutes evidence for the coupling between the low-temperature 
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structurall  phase transition and the associated spin structure [12, 17]. A Cu spin-

reorientationn transition followed by weak ferromagnetism at lower temperature, 

inducedd by the low-temperature LTO - LTT(LTOl) transition, has also been observed 

inn Sr-free La2.yNdyCu04+5 [8, 9]. 
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Figuree 4.9: The opposing shift of the specific-heat anomaly in the Sr-0.10 sample measured at 

twotwo different field configurations with an applied field of 90 kOe. 

Conclusion n 

Inn conclusion, we have presented in this study the results of an investigation on the 

structurall  phase transformations in Lai  6.xNdo.4SrxCu04.6 (x = 0, 0.1, 0.2) single crystals 

andd on related effects in the electrical transport, magnetic and thermal properties of 

thesee systems. The transition temperatures of the LTO - LTT(LTOl) structural 

transformation,, determined on the basis of specific-heat, resistivity and magnetic 

susceptibilityy measurements are in good agreement with previous reports. 

Itt is important to point out in this connection that our experimental results exhibit a 

consistentt occurrence of the structural transition in the three different data sets 
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{f(T),{f(T), x(T), and c(T)}, measured separately. Further, these signs of the structural 

transitionn observed in the x = 0.1 sample are considerably stronger than those found in 

thee x = 0.2 sample, which may be related to the proximity of the x = 0.1 to the 

"magicc number" of x = 0.125. It should be added, that an effect of anisotropy is clearly 

evidencedd in our data, including those parts showing the anomalous phenomena at the 

structurall  transition temperatures. 

4.33 Solid-vortex states in superconducting Lai.6-xNdo.4SrxCu04-6 

Introductio n n 

Thee complex magnetic phase diagram in the mixed state of the cuprate 

superconductorss has been an interesting subject of study from theoretical as well as 

experimentall  points of view. In this state, the structure and characteristics of the vortex 

systemm are determined by a competition between elastic, pinning and thermal energies. 

Ass a result, the behavior of the corresponding vortex ensemble is represented by a 

complexx function of temperature, magnetic field as well as the degrees of disorder and 

anisotropyy of the system [19]. This behavior is best characterized by the associated 

phasee diagram. We report in this section the H - T phase diagram of 

Lali6.xNdo.4SrxCu04.66 (x = 0.1, 0.2) single crystals constructed from magnetization data 

obtainedd in magnetic field parallel to the c-axis. A phase diagram determined from the 

irreversibilityy line of this system was reported previously for the specific composition 

off  Lai45Ndo4Sr0i5Cu04.ö (x = 0.15) [20]. The present work is undertaken to 

complementt that study and to develop an evolutionary picture of the vortex 

characteristicss with respect to variations of the doping concentration. 

Experiments s 

AA series of isothermal magnetic-hysteresis measurements was performed by means of a 

commerciall  Quantum Design MPMS-5S magnetometer, with the external magnetic 

fieldd applied parallel to the crystal c-axis and using a scan length of 4 cm. Each 
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measurementt started after cooling the sample from a temperature above Tc in zero-field 

(ZFCC - mode) to the pre-determined temperature. 

 i  i 

fffl^Mv.jp.u^M^^mwH^w^^^™^. fffl^Mv.jp.u^M^^mwH^w^^^™^. 

0 0 
Sr-0.125 5 
Sr-0.20 0 

T - 1 5 K K 
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Figuree 4.10: Typical temperature-dependent magnetization of the La/ 5Nd04Sr0jCuO4,g 

(Sr-0.10),(Sr-0.10), La,475Ndo,4Sr„j 2SCu04.g (Sr-0.125) [20] and Lal4Nd04Sr02CuO4.s (Sr-0.20) samples, 

measuredmeasured infields below 10 Oe parallel to the crystal c-axis. 

Resultss and Discussion 

Thee temperature-dependent low-field magnetization for the as-grown Sr-0.10, Sr-0.125 

andd Sr-0.20 crystals are described in Fig. 4.10. This figure indicates the temperatures 

off  the superconducting transition (Tc) at 6.5 K for Sr-0.10, 3 K for Sr-0.125 and 15 K 

forr Sr-0.20, with ATC « 2 K for all samples. The Meissner volume fractions estimated 

fromm the data after subtracting the paramagnetic background are about 45% for the 

Sr-0.100 sample, 10% for the Sr-0.125 sample, and less than 5% for the Sr-0.20 sample. 

Further,, the anisotropy parameter estimated from the resistivity measurement at 

T**  300 K, yields the values y~ 96 for Sr-0.10 and ^«25 for Sr-0.20. Combined with 

thee Cu02 interlayer distance of 13.1 A [5], these y values lead to 
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aa dimensional crossover  field, H2D, of about 1300 Oe for  Sr-0.10 and 

200 kOe for  Sr-0.20. 

t | i l l > | l l l i | t f » f | t t t l | l l i i | | 

(a)) Sr-0.10 Hirri 
H . . 

5000 1000 1500 2000 2500 

H(Oe) ) 

2000 400 600 800 1000 

H(Oe) ) 

Figuree 4.11: Isothermal magnetic-hysteresis loop of the Sr-0.10 crystal measured at various 

temperaturestemperatures in the range 2.5 - 4.5 K (a) and 5 - 7 K (b). The penetration field, Hp, 

thethe second-peak field, Hsp, and the irreversibility field, Hirn are indicated by the arrowheads. 
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Figuree 4.12: (a) Isothermal magnetic-hysteresis loop of the Sr-0.20 crystal measured at various 

temperaturestemperatures between 5 and 16 K. The penetration field, Hp, and the irreversibility field, Hirr , are 

indicatedindicated by the arrowheads, (b) Scaling of the M(H)T curve with respect to the magnetic field 

andand magnetic moment at the first penetration point (Hp,Mp). See text for discussion. 

Figuress 4.11 and 4.12 present the results of the isothermal magnetization-loop 

measurementt of the two samples. The data for Sr-0.10 reveal the fishtail-like effect in 

thee upper branch of the loop as a peak (indicated by the arrowheads in Fig. 4.11) to the 
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rightright of the first peak at a field close to zero. It is interesting to note that this effect also 

occurss in the same system for other compositions, namely Lai.45Ndo.4Sro.i5Cu04.6 

(Sr-0.15)) [20] and Laj^sNdo^Sro.^sCuÔ (Sr-0.125) [21]. On the other hand, the 

samee effect is ostensibly absent in the Sr-0.20 sample, see Fig. 4.12 (a). We have, 

accordingly,, identified the penetration field (Hp) of the two samples as the field at 

minimumm magnetization in the lower branch, while the second-peak field (//sp) of the 

Sr-0.100 sample is determined from its upper branch curve. 

Next,, the scaling procedure, introduced previously by Dewhurst et al. [22], is 

appliedd to the M{H)T curves of Sr-0.20. For this purpose, the magnetization curves at 

eachh temperatures are scaled by the magnetic field and magnetic moment at the first 

penetrationn point (HP,MP)>  as indicated in the figure. The result of this scaling treatment 

iss depicted in Fig. 4.12 (b), which shows a remarkable scaling behavior over the 

relativelyy wide temperature range below 10 K in the relatively limited low-field 

regime.. It is interesting to recall in this connection that the scaling behavior in the 

Bi2Sr2CaCu20gg [22] and Ndi.gsCeojsCuÔ [23] crystals is also observed in the 

temperaturee regime where the second-peak effect does not appear. The associated 

magnetizationn curves do not display a symmetry between their two branches due to the 

diminishingg role of bulk pinning. The asymmetric shape of the magnetization curves 

observedd in Fig. 4.12 (a) is in clear contrast to the more symmetric shape displayed by 

thosee curves exhibiting the second-peak effect in Fig. 4.11 where the bulk pinning 

effectt is supposed to be dominant. 

Forr comparison of the data with the existing models, the temperature-dependent 

characteristicc fields consisting of H2D, HP{T), H^{T) and Hin(T), determined from the 

previouss figures, are plotted in a semi-logarithmic H-T phase diagram. The resulting 

phasee boundaries, separating the entire solid phase area into a number of distinct 

regions,, are presented in Fig. 4.13 (a) and (b) for the Sr-0.10 and Sr-0.20 samples 

respectively.. Focusing on Fig. 4.13 (a) it is found that the low-temperature penetration 

fieldfield of the Sr-0.10 sample is very well described by the 2D version of the surface 

barrierr model [24] represented by a functional form: HP(T) = Hc exp(-T/T0), with 

HHcc = 540 Oe and T0 = 2.7 K. We find that this function starts to deviate from the data 

pointss at higher temperatures (T > 5.5 K). In that temperature regime, the data can 
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Figuree 4.13: H - T phase diagram of (a) Sr-0.10 and (b) Sr-0.20 crystals, showing the 

temperaturetemperature dependencies of the penetration field, Hp, the second-peak field, Hsp, and the 

irreversibilityirreversibility field, Hlrr . The lines are theoretical fits on the basis of existing models. See text for 

discussions. discussions. 
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betterr be fitted with a geometrical barrier model [25], leading to a penetration field, Hp, 

havingg a temperature dependence given by: HP{T) = Hp(0) (1 - 777V), with 

HHpp(0)(0) = 250 Oe and Tc = 7.8 K. The second-peak-field data of the Sr-0.10 sample are 

closelyy represented by a function of the form: H,P(T) = //sp(0) exp(-or777;.), with 

77sp(0)) * 3 kOe and a = 5.5, as reported in previous analyses of a Tl-based single 

crystall  [26, 27] and of (Bi,Pb)2Sr2CaCu2Ox<6 [28] and T*- phase SmLa<, sSr0.2CuO4-* 

[29]]  samples. We observe that the second-peak field in this particular compound 

disappearss at T> 5.5 K, well below 7,, in conformity with a general trend exhibited by 

sampless with a large electronic anisotropy [29]. The irreversibility line, Hm(T), in the 

high-temperaturee (T> 4 K) and lower-field (H < H2D) regions displays an excellent fit 

too a power-law expression of the form: H]n(T) = //irr(0) (1 - T/Tc) ' with 

H-H-mm(0)(0) = 3370 Oe and Tc = 7.8 K, confirming the dominance of thermal effects 

[30,, 31]. The data for H > H2D and 7< 4 K are consistent with an exponential function 

off  the form: 7Y]rr(7) = Hm exp(k/T), with Hm = 630 Oe and k = 3.45 K. It implies 

aa change in curvature with respect to that of the adjoining curve at lower field 

ass reported also in the case of Bi2Sr2CaCu20, [32-36]. Tl2Ba2Cu06 [26], T'- phase 

NdLHsCenjsCuÔ^ [23], and T*- phase SmLao.sSro.2Cu04-6 [29]. Despite the limited 

amountt of data available at H > 7/2D, this result is nonetheless consistent with the 

quasi-2DD Josephson-coupled layered superconductor (JCLS) model with moderate 

anisotropyy [32]. 

Wee turn our attention now to Fig. 4.13 (b) which differs obviously from 

Fig.. 4.13 (a) by the absence of the second-peak curve. It is understood that the fishtail 

effectt is. generally, associated with the transition between the ordered vortex 

quasi-latticee and the disordered (entangled) or less-strongly-pinned vortex-glass states. 

Thee absence of this transition in the Sr-0.20 sample is presumably inhibited by a very 

strongg pinning induced by the higher Sr doping level as indicated by the unusually 

largee hysteresis in the normalized magnetization curves. This strong bulk-pinning 

effectt is supposed to prevent the formation of the quasi-vortex-lattice phase. The data 

off  the penetration field for T < 10 K are nicely described by the functional form: 

HHPP(T)(T) = Hc exp(-r/ro), with Hc = 15 kOe and T0 = 4.4 K, indicating a 
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2DD surface-barrier character [24]. A distinct deviation from this function is indicated 

byy the data at T > 10 K, where they are better described by the function: 

HHPP(T)(T) ~ Ha (Tc - T)i2/T of the quasi-3D version of the surface-barrier model [24], with 

7/aa = 720 Oe and Tc - 16.6 K. It is important to point out in this connection that the 

temperaturee region where the M - H curves in Fig. 4.12 (b) scale nicely is roughly 

congruentt with the temperature range where the Hp{T) data are fitted by the 

2DD surface-barrier model, signifying the effect of decoupled 2D pancake vortices in the 

lower-temperaturee region. The irreversibility field of this sample, on the other hand, 

showss a temperature dependence that can be fitted by a single functional form: 

Hirr(T)Hirr(T)  = //irr(0) (1 - T/T() ' , in the whole temperature range of measurement (5-16 K), 

withh //jrr(0) = 70 kOe and Tc = 17.8 K. There is no change in curvature at H2D, which is 

inn clear contrast to the case of the Sr-0.10 sample. These different behaviors are most 

likelyy related to a considerably lower anisotropy (y * 25) of the Sr-0.20 sample 

comparedd to that of the Sr-0.10 sample (7*  96). 

Conclusion n 

Wee have presented in this section the solid-vortex phase diagram of a superconducting 

Lai.6.xNdo.4SrxCu04.öö (x = 0.1, 0.2) single crystal as constructed from magnetization 

dataa for fields parallel to the c-axis. The magnetization curves of the Sr-0.10 sample 

reveall  the existence of the fishtail-like effect, observed at other compositions of 

xx = 0.15 and x = 0.125 as well, but clearly absent in the Sr-0.20 sample. The absence of 

thiss effect in the Sr-0.20 sample is attributed to disorder-induced relatively strong 

pinningg in this sample, resulting in a suppression of the vortex-lattice phase. 

Furtherr analysis of the associated phase diagram of the Sr-0.10 sample shows a sign 

reversall  in the curvature of the irreversibility line at around H2D, indicating the 2D 

meltingg at higher fields. On the other hand, a single irreversibility line is shown to 

describee the Hm(T) data for the Sr-0.20 sample over the entire measurement range, 

indicatingg the lack of vortex-line decoupling effects at Hm and corroborating the 

suggestedd strong pinning-induced reduction of anisotropy in this sample. 
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4.44 Doping and field effects on the lowest Kramers doublet 

splittin gg in Lai.6-xNdo.4SrxCu04̂  

Introductio n n 

Thee magnetic studies on the La2.x-yNdySrxCu04̂  system have been conducted in this 

experimentt with the expected important role in mind of the electronic energy level 

schemee in the incomplete 4/Lshell of the Nd3+ ions. The Nd3+ ion with the electronic 

configurationn [Xe] 5s2 5p6 4/ is a Kramers ion [37], with its lowest multiplet specified 

accordingg to Hund's rule by \ ! 2 corresponding to J= 9/2, S = 3/2, L = 6, and a Lande 

factorr of gj = 8/11. The electronic state of the 4/ion is inevitably affected by the 

surroundingg electric field. As a consequence, the degeneracy of the electronic ground 

statee energy in its isolated state is lifted in the crystal, resulting in a different 

charge-inducedd ground state of the 4/ subsystem, known as due to the crystalline 

electricc field (CEF) effect [38]. For the special case of the La:_x_yNdySrxCu04.6 crystal, 

thee 10-fold degenerate ground state multiplet \LSJ) of the Nd3+ ions is split with 

respectt to Jz into five Kramers doublets under the influence of the CEF effect. An 

intensivee CEF studies for this particular system has been recently reported in Ref. [7]. 

Duee to the strong shielding by the outer 55 and 5p electrons, the CEF effect can, 

inn general, be treated merely as a perturbation to the free-ion 4/state in the formulation 

off  a theoretical model. Additionally, the ionic magnetic moment is also commonly 

consideredd to be localized at the lattice site. Further, neutron-scattering experiments 

havee revealed that the lowest excited doublet lies approximately 200 K above the first 

doublett [6]. Therefore, at temperatures below 30 K, the higher lying doublets are 

ignoredd in the study of the energy splitting of the lowest Kramers doublet under the 

influencee of exchange and Zeeman interactions. It is well known that the electronic 

energyy structure wil l generally affect the electronic specific heat of the system. 

Thee study of these doublet-splitting mechanisms reported here is performed by 

measuringg and analyzing the field-dependent specific-heat data at different Sr-doping 

levels. . 
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Experiments s 

Thee specific-heat measurements were carried out using a relaxation method with a 

commerciall  Quantum Design PPMS magnetometer. Each data set was collected in the 

temperaturee range of 1.6 to 30 K, at different magnetic fields of 0, 50, 70 and 90 kOe 

appliedd parallel to the crystal c-axis for the Sr-0.00 and Sr-0.10 samples, while the 

Sr-0.200 sample was measured only in zero field. 

Resultss and discussion 

Figuree 4.14 presents the result of specific-heat measurements of the as-grown Sr-0.00, 

Sr-0.100 and Sr-0.20 single crystalline samples. These data have been corrected from 

thee background contributions associated with sample holder and grease (addenda). 

Ass shown by the data in this figure, the low-temperature data are dominated by 

contributionss from the Nd3+ ions, featured by a Schottky-type of peak due to the 

enhancedd ordering of the Nd3+ magnetic moments at lower temperature as revealed in 

thee magnetic susceptibility measurements described in section 4.2 of this chapter. 

Inn particular, the very sharp upturn at temperature below 5 K, as revealed by the 

zero-fieldd data, clearly indicates the effect of enhanced exchange interactions between 

thee ordered magnetic moments of the Nd ions and those of the Cu sublattice. This peak 

iss shifted to higher temperatures for larger fields. The observation of such a 

low-temperaturee Schottky-type of behavior has also been reported before for 

isostructurall  T'- phase Nd2.xCexCu04_5 [39, 40]. On the other hand, the specific-heat 

dataa of other high-7c systems such as YBa2Cu307.6 (YBCO) deviate from this behavior 

[41],, due to the absence of 4/electrons in the system. 

Beforee proceeding with a detailed analysis of the data, let us recall the various 

physicall  sources of contributions to the specific heat. The first of these is the lattice 

effectss consisting of Debye and Einstein contributions that both increase monotonically 

withh temperature. At higher temperatures, higher order terms in temperature (oc T6 and 

TT),), indicating deviations from the low-temperature Debye specific heat, may also have 

too be considered. The second type of contributions is electronic in nature, consisting of 
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Figur ee 4.14: Temperature-dependent specific-heat data for the as-grown (a) Sr-0.00, (b) Sr-0.10 

andand (c) Sr-0.20 samples. The solid lines are the result of fitting by means ofEq. (4.2). 
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aa linear temperature-dependent electronic contribution as present in normal metals, the 

Schottkyy term arising from the Kramers doublet splitting, as well as possible 

contributionss associated with the existence of lines of nodes in the energy gap function 

expectedd in a d-wave superconductor [42, 43]. This last contribution is composed of a 

field-field- and temperature-dependent term of the form: ~ V / / T [42] and a zero-field term 

quadraticc in temperature [43]. An additional electronic contribution may arise from the 

conventionall  (s-wave) superconducting state as usually indicated by the presence of a 

largee discontinuity at Tc. It should be stressed that contributions to the specific heat 

relatedd to superconductivity are hardly observable and that among the other 

contributions,, the Schottky effect, if it does exist, may play a dominant role at low 

temperaturess and is the only contribution exhibiting a non-monotonic variation with 

temperature. . 

Tablee 4.2: Resumé of parameter values resulting from fitting Eq. (4.2) to the specific-heat data 

forfor the Sr-0.00, Sr-0.10 and Sr-0.20 samples at different field strengths. 

Samplee name 

Sr-0.00 0 

Sr-0.10 0 

Sr-0.20 0 

H H 

[kOe] ] 

0 0 

50 0 

70 0 

90 0 

0 0 

50 0 

70 0 

90 0 

0 0 

0D D 

] ] 

346 6 

346 6 

345 5 

346 6 

343 3 

346 6 

346 6 

340 0 

345 5 

TTE E 

] ] 

83 3 

82 2 

83 3 

83 3 

95 5 

93 3 

93 3 

100 0 

95 5 

A A 

[K ] ] 

2.77 + 0.1 

17.00 2 

22.99 3 

28.88 4 

1.44 1 

16.33 2 

23.44 3 

31.33 3 

1.11 2 

x2 2 

(%) ) 

3.70 0 

3.24 4 

2.80 0 

3.32 2 

1.91 1 

4.07 7 

6.62 2 

3.63 3 

0.64 4 
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Inn our analyses, each data set was individually fitted to a variety of theoretical 

curvess representing different combinations of those contributions with closest 

resemblancee to the clT — T data in Fig. 4.14 as well as the related cIT — T1 plots. 

Wee found that the best fit  of these data were achieved by the following expression: 

+ M J # I 11 (4.2) 
II  T ) {l + exp[A(//)/r]}2 

Thee first and second terms on the right-hand side represent the Debye (D) and Einstein 

(E)(E) lattice contributions. The coefficient /? is related to the Debye temperature, 0D, 

through:: ƒ? - (\2/5)7r4nkB(\/S D ) (the coefficient n calculates the number of atom 

inn the system); TE is the Einstein temperature. The last term of Eq. (4.2) represents a 

two-levell  electronic Schottky (S) contribution, with A(//) denoting the field-dependent 

energyy separation between the two levels. In the case of a Zeeman interaction and 

takingg into account the possible exchange interaction between the Nd spins and the Cu 

sublattices,, the expression of A(H) is proportional to the field according to: 

*(H)*(H)  = gMB{H + Hj (4.3) 

Inn this formula, g is the effective g-factor along the applied field direction and /JB is the 

Bohrr magneton; Hml is the internal field, resulting from the Cu sublattice and acting on 

thee Nd3+ ion. The results of this fitting for each set of data (at different //, including 

alsoo the zero-field data) of the Sr-0.00, Sr-0.10 and Sr-0.20 samples are presented as 

thee solid lines in Fig. 4.14. The resulting values for the best-fit parameters are tabulated 

inn Table 4.2. We note that the data is well fitted by Eq. (4.2) as indicated by the 

correspondingg %2 values listed in the Table. The Debye temperature deduced from this 

analysiss is approximately given by 345 K for all samples, while the Einstein 

temperaturee varied from 83 K for the Sr-0.00 sample to 95 K for the Sr-0.10 and 

Sr-0.200 samples. The value of Q» is well within the range of values reported for the 

homologouss La2-xSrxCu04.6 samples [44]. In addition, the behavior of the data in Fig. 

4.144 can be readily explained by contributions of each term in Eq. (4.2) to the total 



Structurall  instability, superconduct ing. .. 115 5 

specificc heat as illustrated in Fig. 4.15 for the Sr-0.10 sample at two different field 

values.. The resulting field-dependent A values for each sample are plotted in Fig. 4.16. 
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Figuree 4.15: Illustration of the behaviors of Debye (D), Einstein (E) and Schottky (S) terms 

inin Eq. (4.2) and the total contribution to the specific heat (solid line). 

Itt is clearly seen that in the absence of an external magnetic field (H = 0), A has a 

non-zeroo value, which can be attributed to the exchange coupling between the ordered 

Cuu and Nd3+ spins. We note that the magnitude of this A(0) value decreases with 

increasingg x, in good agreement with the result deduced from a neutron-scattering 

studyy reported by Roepke et al. [6]. Particularly for the Sr-0.20 sample, A(0) remains 

finitefinite as reported in Ref. [6] and observed in a recent spectroscopic measurement 
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H(10kOe) ) 
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Figuree 4.16: Field-dependent energy splitting, A(H), of (a) Sr-0.00 and (b) Sr-0.J0 samples, 

resultingresulting from the fitting. The solid lines denote the linear fits to the data. 

[7,, 45]. This is also consistent with the finite value of staggered magnetization deduced 

fromm other neutron experiment by Tranquada et al. [4]. Our result has thus 

corroboratedd the existing evidence for a magnetic coupling between the rare-earth ion 

andd the Cu sublattice reported for a number of copper oxide superconductors such as 

T'-- phase Nd2.xCexCu04.8 [46-48], REBa2Cu306+s (RE = Nd, Sm) [49, 50], as well as a 

hybridd system of T*- phase SmLai.xSrxCu04.5 [51]. The excellent linear fit  of the data 

byy means of Eq. (4.3) clearly attests to the Zeeman effect, and henceforth yields the 

valuess for the g-factor at fields applied along the crystal c-axis, namely g  = 4.31 for 

thee Sr-0.00 and  = 4.88 for the Sr-0.10 sample. Further, the values of the internal 

fieldfield deduced from these data are: Hmt = 9.15 kOe and 2.70 kOe for the Sr-0.00 and 

Sr-0.100 sample, respectively. Apparently, introduction of holes into the Cu02 planes by 

Srr doping reduces the value of Hinu which is equivalent with a reduction of the Nd-Cu 

interactionn strength. We note furthermore, that this Hmx value is smaller than the one 

foundd in the undoped T'- phase Nd2Cu04.5 [46], in which case a value for HmX of about 

577 kOe has been reported based on an analysis of spectroscopic data. 
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T(K)) T(K) 

Figuree 4.17: Temperature dependence of the magnetic entropy of (a) Sr-0.00 and (b) Sr-0.10 

samples,samples, measured at various magnetic fields of 0, 50, 70 and 90 kOe, applied parallel to the 

crystalcrystal c-axis. The horizontal dotted line is the theoretical maximum value for S ofR ln(2) valid 

forfor a two-level system. 

Thee electronic Schottky entropy, S(T), corresponding to the energy cost of 

splittingg the Kramers doublet can be evaluated from the data by integrating 

r r 
5(7")== \(cs,/T')dT', where cSch denotes the electronic Schottky specific heat, 

whichh is obtained as a result of subtracting the total heat-capacity by the lattice 

contributions.. The results for the Sr-0.00 and Sr-0.10 samples are presented in 

Fig.. 4.17. It is to be noted that the entropies in the temperature regime ranging from 

00 K to the lowest temperature of measurement (~ 2 K), where no experimental data are 

available,, are extrapolated from the fitted Schottky functions. It is clear from this 

figuree that in both cases the low-temperature entropy decreases invariably with 

increasingg applied magnetic field, with the zero-field entropy rising very rapidly with 

temperaturee to the constant value of S = R ln(2), which is the theoretical maximum for 

aa two-level system. 
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Conclusion n 

Inn conclusion, we have presented in this study the doping and field effects on the 

lowestt Kramers doublet splitting in the La, 6_xNd0.4SrxCuO4_ö single crystals on the 

basiss of specific-heat data. In the absence of an external magnetic field, the splitting of 

thee lowest Kramers doublet of Nd3~ ions is due to exchange interactions with the 

orderedd Cu spins. It is shown that its magnitude, as well as the value of the internal 

field,field, decreases with increasing Sr content (x) due to the reduction of the Nd-Cu 

interactionn strength. Furthermore, a linear increase of A is shown to occur with 

increasingg external magnetic field applied along the crystal c-axis. 

Thus,, the low-temperature magnetic properties of this La, 6_xNdo.4SrxCu04_rt system 

dependd on the Sr-doping level, which, in turn, influences the oxygen distribution in 

(andd electronic properties of) the CuÜ2 layers. 
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Chapterr  5 

Magneticc properties of 
^ ^ 

TT - phase SmLai.xSrxCu04.8 

5.11 Introductio n 

Thee SmLai.xSrxCu04-s compound, forming the so-called T*- phase, is one of the 

intensivelyy studied members of the 214 family of cuprate superconductors. Ideally, the 

crystall  structure of this phase, as described in Chapter 2 and in Fig. 5.1, is a hybrid of 

thee T- and T- phases and is composed of two types of block layers: a fluorite - type of 

layerr of Sm202 (T'- block) and a rocksalt - type of layer of (La,Sr)202.s (T- block). 

Eachh of them shares similar environments as the T'- and T- blocks of the 

correspondingg T'- phase Sm2Cu04 and T- phase La2_xSrxCu04.s, respectively. We note 

thatt the rare-earth Sm ions in the T - and T'- phase structures occupy the same sites 

andd share the same environment, except for the substitution of the Sm ions by the 

(La,Sr)) group in the T- block of the T*- phase. In other words, the arrangement of the 

paramagneticc Sm202 layers are intervened by non-magnetic rocksalt (La,Sr)202.g layers 

inn the T - phase. This peculiar arrangement is expected to yield different Sm magnetic 

interactionss along the c-axis in SmLai_xSrxCu04.0 compared to those found in 

Sm2Cu04. . 

Similarr to the doped superconducting T'- phase Sm2_xCexCu04_6, the presence of 

Smm ions in SmLai_xSrxCu04_0 acts as a probe for the study of various interactions 

responsiblee for the superconductivity. In particular, the Sm3+ ions in undoped Sm2Cu04 

aree known to be ordered antiferromagnetically at the rather high temperature of 
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T-- block 

T -- block 

(La,Sr) ) 

_^fc^ * * 
(a)) T*- phase (b)) T'- phase 

Figuree 5.1: The representative crystal structure of the T - phase SmLai_xSrxCu04_s(a) 

andand T- phase Sm2Cu04 (b). 

TTNN = 5.95 K [1-5], which temperature is reduced by doping with Ce, Th or Y [6]. It is 

too be noted that such a high Néel temperature is indicative of a strong superexchange 

interaction,, which could produce interesting pair-breaking effects if it is coupled to the 

superconductingg charge carriers [1, 4, 5]. According to Markert et al. [6], the 

suppressionn rate of the TN with Ce4+ substitution turns out to be dTy/dx = -0.15 K/at.%, 

whichh is twice as large as that of the iso-valent Y3+ substitution 

{dT{dTNNldxldx = -0.07 K/at.%), which we attribute to the additional electron doping at Ce4+ 

substitution.. In addition, the effects of charge carrier doping on the Sm3+ ordering can 

alsoo be investigated by studying the variation of magnetic ordering of Sm ions in the 

T*-- phase SmLai_xSrxCu04.5 with respect to x, in which case we expect additional 

effectss by hole doping. 

Thee Sm ions in Sm2Cu04 are magnetic, being in the valence state 3+ (Snr+) with 

thee electronic configuration of [Xe] 5s2 5p6 \f. Its lowest energy multiplet is given, 

accordingg to Hund's rule, by 6H5/2, corresponding to J = 5/2, S = 5/2, L = 5, and a 

Landee factor of gj = 211. The degeneracy of the 4/ electronic states of the Sm free-ion 
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iss lifted under the influence of the electric field of the crystal, leading to a new set of 

levels.. These new levels are at least two-fold degenerate, as a consequence of Kramers' 

theoremm [7] for systems with an odd number of 4/electrons. A further lifting of the 

Kramerss degeneracy is only possible by means of additional interactions, such as 

magneticc interactions with other atoms in the crystal or an external magnetic field. 

Inn Sm2Cu04, however, the magnetic moments of the Sm3+ ions are aligned along the 

crystallographicc z-axis, which is orthogonal to the Cu spins [4, 8, 9]. Therefore, the 

presencee of an external field is required for the doublet splitting. This behavior is in 

contrastt to the other T'- phase of the Nd2Cu04 compound, where both the magnetic 

momentss of the rare-earth ions Nd and the transition metal Cu ions align in the same 

x-yx-y plane [10]. It would be important to study the effect of (La,Sr) doping in Sm2Cu04 

ass well. 

Inn this study, the magnetic properties of the T*- phase SmLai.xSrxCu04_g 

(xx = 0.15, 0.20, 0.25) single crystal are investigated by means of its magnetic 

susceptibilityy and specific heat, both in the non-superconducting as well as the 

superconductingg state. The data will be analyzed by taking into account the specific 

crystall  structure and will be compared with results obtained for the homologous 

T'-- phase Sm2Cu04 crystal. 

5.22 Experimental 

Inn this study, temperature-dependent magnetic susceptibility and specific-heat 

measurementss have been performed on the as-grown T'- phase Sm2Cu04 as well as the 

as-grownn (non-superconducting) and oxidized (superconducting) T*- phase 

SmLaUxSrxCu04.55 (x = 0.15, 0.2, 0.25) single-crystalline samples. The sample with 

xx = 0.15 was grown at the University of Tokyo [11]. For simplicity, the 

SmLa,.xSrxCu044 samples were coded as Sr(sc/n)-0.15, Sr(sc/n)-0.20 and Sr(sc/n)-0.25 

correspondingg to x = 0.15, 0.2 and 0.25, respectively. The superconducting (sc) and 

non-superconductingg (n) samples are coded by the sc/n in the parentheses. 

Thee magnetic susceptibility measurements were carried out using a commercial 

Quantumm Design MPMS-5S magnetometer. Each data set was performed in the 
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zero-fieldd cooled (ZFC) mode, in the temperature range of 1.7 to 350 K. The applied 

fieldfield was 5 kOe for the non-superconducting samples and 50 kOe (the maximum field) 

forr the superconducting sample. In all cases, a scan length of 6 cm was used. 

Thee specific-heat measurements for the superconducting samples were performed in 

Physikalischess Institut, Universitat Karlsruhe, by means of a semi-adiabatic method in 

thee temperature range of 2 - 30 K, in zero field and in a field of 140 kOe applied 

parallell  to the crystal c-axis. The specific-heat data for the non-superconducting sample 

weree obtained at the UvA using a relaxation method in the temperature range of 

0.33 - 10 K without an external magnetic field. 

5.33 The magnetic susceptibility data and their  analysis 

Thee typical temperature-dependent magnetic susceptibilities per mole Sm + ions are 

shownn in Figs. 5.2 - 5.4 for T'- phase Sm2Cu04 as well as for the T*- phase Sr(n)-0.20 

andd Sr(sc)-0.20 samples. For Sm2Cu04, the susceptibility exhibits a significant 

anisotropyy in the whole temperature range of the measurement. At temperatures below 

aboutt 50 IC, the in-plane (%//) and the out-of-plane (%L) susceptibility corresponding to 

thee external magnetic field applied parallel and perpendicular to the Cu02 layers 

(öA-plane),, show a pronounced difference in their variation with temperature as it 

decreasess below 7\ * 6 K. While  rises sharply with temperature starting from 1.7 K, 

theree is a much more gradual rise for x  T m s preferential behavior indicates that a 

spontaneouss ordering of the Sm magnetic moments takes place along the c-axis that is 

perpendicularr to the Cu spins, in good agreement with previous reports on the neutron 

scatteringg studies [4, 8, 9]. 

Inn contrast to the T'- phase Sm2Cu04, the anisotropic behavior of the 

temperature-dependentt susceptibility in the T*- phase Sr(n)-0.20 sample, shown in 

Fig.. 5.3, is remarkably less pronounced, and becomes better observable only at 

temperaturee well above - 100 K, with the  curve lying above the j curve in the 

wholee temperature range. As shown in the inset of Fig. 5.3, the ab-p\ane inverse 

susceptibilityy C v̂/1) curve is deviates positively from the calculated curve with 
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Figuree 5.2: Temperature-dependent susceptibility of a T- phase Sm2Cu04 single crystalline 

samplesample measured in a magnetic field of 5 kOe, applied parallel (xii) and perpendicular (%j) to 

thethe Cu02 planes. The inset shows details of the low-temperature data below 10 K. 
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Figuree 5.3: Temperature-dependent susceptibility of non-superconducting T - phase 

SmLaosSrSmLaosSr00.2Cu0.2Cu044_s_s (Sr(n)-0.20) measured in a magnetic field of 5 kOe, applied parallel (%//) and 

perpendicularperpendicular (%j) to the Cu02 planes. The inset shows the inverse susceptibility; the solid lines 

areare the result of fitting the low-temperature data (1.7 <T < 100 K) to Eq. (5.1). 
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Figuree 5.4: Temperature-dependent susceptibility of superconducting T - phase 

SmLaggSrojCuO^sSmLaggSrojCuO^s (Sr(sc)-0.20) measured in a magnetic field of 50 kOe applied perpendicular 

(XJ)(XJ) to the Cu02 planes. The inset shows the low-temperature data (T < 40 K), showing a cusp 

aroundaround 2 K. 

parameterr values deduced from a fit of the data below 100 K to Eq. (5.1). This is 

similarr to results previously reported on polycrystalline oxide SmLa0 8Sr0 2CUO4.8 [12] 

andd oxy-chloride CaSmCu03Cl samples [13]. We note further that no magnetic 

orderingg of the Sm ions is observed at T> 1.7 K. However, the susceptibility of the 

Sr(sc)-0.200 superconducting sample (T°" ~ 24 K) as depicted in Fig. 5.4 shows a cusp 

aroundd 2 K. The specific-heat measurement, however, do not show an anomaly at 2 K, 

ass we will discuss in the next section. Therefore, instead of assigning this feature to the 

antiferromagneticc ordering of Sm ions, we argue that this is a manifestation of the 

diamagneticc contribution at entering the superconducting state. Apparently this 

transitionn overwhelms the eventual magnetic ordering of the Sm ions at temperature 

beloww Tc. 

Itt has been known that for Sm3+ ions, the close proximity of the J multiplets, 

whichh is due to the weaker spin-orbit splitting, causes a mixture/hybridization of the 

matrixx elements between the lowest J and the next higher J multiplets. Ignoring any 
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crystallinee electric field (CEF) effect, the data in the low-temperature regime are then 

fittedd by means of a Curie-Weiss law incorporating an additional temperature 

independentt Van Vleck term corresponding to a coupling between the J = 5/2 

ground-statee multiplet and the J = 7/2 excited multiplet at an average energy of AE as 

expressedd by [2, 14]: 

.22 ^  2 

Z(T)Z(T) = K eff eff 

3k3kBB{T-&){T-&)  ' 7kBAE + + (5.1) ) 

wheree NA is the Avogadro number, juef f- is the effective magnetic moment of the Sm 

ionss in the crystal (expressed in terms of Bohr magneton, /JB), and 0 is the Curie-Weiss 

temperature.. The resulting / ^ , 0 and AE values for the T- phase Sm2Cu04 and the 

T*-- phase Sr(n)-0.20, Sr(n)-0.25 and Sr(sc)-0.20 samples are tabulated in Table 5.1. 

Tablee 5.1: The effective magnetic moment, fj.eff, the Curie-Weiss temperature, 0, and the average 

energyenergy separation between the J = 5/2 ground-state multiplet and the J = 7/2 excited multiplet, 

AE,AE, of the T- phase Sm2Cu04 and the T*- phase Sr(n)-0.20, Sr(n)-0.25 and Sr(sc)-0.20 samples. 

Note:Note: the temperature ranges for the fitting are different for each samples considered. 

Sample e 

Sm2Cu04 4 

Sr(n)-0.20 0 

Sr(n)-0.25 5 

Sr(sc)-0.20 0 

(T(Tcc
onon ~ 24 K) 

Fitt  regime 

7.5-700 K 

1.7-- 100 K 

1.7-- 100 K 

3 -40K K 

Hll{ab) Hll{ab) 

MeffS/ MeffS/ 

\M \M 
0.363 3 

0.311 1 

0.314 4 

--

©// / 

[K ] ] 

-1.654 4 

-1.669 9 

-1.545 5 

--

A£>/ / 

fK ] ] 

405 5 

849 9 

952 2 

--

Meffd. Meffd. 

\MB\ \MB\ 

0.838 8 

0.390 0 

0.392 2 

0.306 6 

0X X 

IK ] ] 

-19.240 0 

-2.630 0 

-2.436 6 

-1.781 1 

AEAE

[K ] ] 

1187 7 

831 1 

958 8 

1130 0 

Thiss table shows that the c-axis effective magnetic moment of the Sm ions in the 

T'-- phase Sm2Cu04 (/%  = 0.838 juB) is closer to the free-ion value of 0.845 /uB than 

thee values reported previously [2, 4, 8, 9]. On the other hand, a considerably smaller 

valuee is obtained for the a£>-plane configuration, i.e., fj,effj, = 0.363 /JB, which is well 

withinn the range of typical values for jueff of 0.33 /JB [Ref. 2] and 0.37 B̂ [Refs. 4, 8, 9] 
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reportedd from magnetic susceptibility and neutron diffraction measurements, 

respectively.. This result confirms a dominant influence of the Sm magnetic moments 

alongg the crystal c-axis described previously. The anisotropic magnetic properties of 

thee T'- phase Sm2Cu04 is also revealed by the values of 0 and AE. The relatively large 

negativee value 0 ^ -19 K, compared to 0 = -1.654 K is believed to be related to the 

relativelyy large inter-Sm-antiferromagnetic coupling (Jsm-sm) along the crystal c-axis. 

Onn the other hand, the relatively small AE = 405 K and AE  = 1187 K compared to 

A£"== 1500 K for the free-ion might be indicative of the importance of a CEF effect. 

Forr the T*- phase SmLai.xSrxCu04_6, on the other hand, the effective magnetic 

momentt values, both in the ab-p\ane and parallel to the crystal c-axis, are considerably 

smallerr than the free-ion value. The values corresponding to Hlic are slightly larger 

thann those corresponding to H//ab-p\ane. They display slight increases with the Sr 

content.. A reduced value of fieff_ is found in the superconducting sample as compared 

too the as-grown sample. We note that the values of 0 and AE are relatively insensitive 

too the applied field direction, consistent with the isotropic behavior of %// and j

pointedd out earlier. Furthermore, the relatively small values of 0 (|0| = 1.5 - 2.6 K) 

impliess a relatively small anti ferromagnetic correlation between the Sm magnetic 

moments,, consistent with the absence of Sm ordering in our experiment above 1.7 K, 

ass alluded before. It is important to note that the average energy separations 

AEAE * 800 - 1100 K are smaller than those of the free-ion value (AE * 1500 K), 

signifyingg the importance of CEF effects in this system. It is also interesting to mention 

att this point that the values of juL,fi, 0 and AE derived from our data for the 

SmLai.xSrxCu04.00 compounds are comparable with the values jueff- = 0.38 u.B, 

00 = -5.3 K and AE = 790 K reported by Fuller et al. [13] for the oxy-chloride T - phase 

compoundd CaSmCuO^Cl. We have found, in addition, that the calculated magnetic 

susceptibilityy of the Sm3+ ions by means of Eq. (5.1) and using the free-ion values for 

thee magnetic parameters is larger than the measured value by a factor of -~ 2 at 

TT - 50 K. A similar observation has been reported by Ikegawa et al. [12] from a 

polycrystallinee SmLaogSro2Cu04_6 sample. Such a discrepancy might arise from a 

mixed-valencee state of the Sm ions, or an as yet unknown interaction between the Sm 
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magneticc moments and the charge carriers [15]. We recall that the mixed-valence state 

off  Sm ions has been suggested previously in the SmBa2Cu307.6 compound [16, 17] 

basedd on the result of neutron scattering experiments. 

Finally,, it is interesting to discuss the reduction of the Néel temperature in 

T*-- phase SrnLai_xSrxCu04.6 compounds from Ts = 5.95 K in T'- phase Sm2Cu04 to 

valuesvalues for TN below 1.7 K in terms of the superexchange interaction, which is known to 

prevaill  in the T- phase compounds [1, 4, 5]. It has been known that the main structural 

differencee between the T- phase Sm2Cu04 and T - phase SmLai.xSrxCu04.s is the 

insertionn of the non-magnetic (La,Sr)202.6 layers along the c-direction (the same 

directionn that the Sm3+ spins are ordered in Sm2Cu04) without any difference along the 

a^-directions.. The presence of this La-0 rocksalt layer might disrupt the magnetic 

interactionss along the c-direction, confining the superexchange interaction to the 

two-dimensionall  (2D) network in the Cu02 plane. Meanwhile, the holes resulting from 

bothh oxygen doping as well as divalent Sr substitution of the trivalent (La,Sm) 

introducee additional disorder in the Cu-O sheet, which, in turn, disturb the 

superexchangee interaction and reduce the Néel temperature to below 1.7 K. 

5.44 The specific-heat data and their  analysis 

Thee temperature-dependent specific heat of the T'- phase Sm2Cu04 and T - phase 

SmLai_xSrxCu04_66 samples with different x values are separately shown in 

Figs.. 5.5 - 5.8. The data for Sm2Cu04 reveal a sharp A,-type of anomaly with a peak 

occurringg at its Néel temperature of TN = 5.95 K (H = 0). This peak is ascribed to the 

three-dimensionall  (3D) antiferromagnetic ordering of the Sm spins, in good agreement 

withh the magnetic susceptibility data (Fig. 5.2). We note that the specific-heat anomaly 

off  Sm2Cu04 is only slightly suppressed by an applied field and that the effect of an 

anisotropicc antiferromagnetic exchange is weak. One observes a shift of the 

specific-heatt peak from 5.95 K to 5.90 K (ATN = 0.05 K) in a magnetic field of 80 kOe 

appliedd parallel {Hllc)  and perpendicular (Hllab) to the crystal c-axis. Similar effects 

weree reported by Holubar et al. [18] for a polycrystalline Sm2Cu04 sample, for which a 
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considerablyy larger shift of about 0.14 K was observed in an applied field of 110 kOe, 

alongg with a larger reduction of the specific-heat peak. 
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Figuree 5.5: Temperature-dependent specific heat of T- phase Sm2Cu04, in zero field (u) 

andand in a magnetic field of 80 kOe, applied parallel (o) and perpendicular (A) to the crystal 

c-axisc-axis (from N.T. Hien, Ref [19]). 

Thee specific-heat data of the superconducting T- phase SmLai_xSrxCu04_g: 

Sr(sc)-0.155 and Sr(sc)-0.20 samples, as well as those of the non-superconducting 

Sr(n)-0.200 sample are shown in Figs. 5.6 - 5.8. The electrical resistivity and low-field 

magnetizationn data have already established that the Sr(sc)-0.15 and Sr(sc)-0.20 

sampless are superconducting with Tc = 23 and 16 K, respectively [11, 20]. 

However,, no specific-heat jump associated with the superconducting transition is 

indicatedd in Figs. 5.6 and 5.7. Additionally, instead of a sharp >.-type of peak, 

signifyingg a long-range antiferromagnetic ordering, the peaks shown in these figures 

aree broad and "bell-shaped", characterizing an electronic Schottky anomaly that arises 

fromm CEF splitting of the Sm-Af electronic energy levels. Upon application of an 

externall  magnetic field of 140 kOe parallel to the crystal c-axis, 
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Figuree 5.6: (a) Temperature-dependent specific heat of a superconducting T - phase Sr(sc)-0.15 

sample,sample, in zero field ("'.) and in a magnetic field of 140 kOe (o) applied parallel to the crystal 

c-axis.c-axis. Note that the scales used here are different from those employed in Fig. 5.5. 

(b)(b) The c/T vs T2 plot of the same data. 

thee temperature Tm corresponding to the maxima is slightly shifted to lower 

temperaturee (ATm » 0.05 K) with a slight increase of the peak height. We note that the 

behaviorr of this field-dependent specific-heat data resemble those of the 

antiferromagneticc ordering or a Kondo effect due to dilution of the magnetic Sm3+ ions 

byy the non-magnetic La3+ ions. 

Ass shown in Fig. 5.1, the Sm ions in the T- type Sm202 block layers of the 

TT - phase SmLai.xSrxCu04.5 are coordinated by approximately a cubic oxygen 

environmentt in a fluorite - like arrangement. According to Hund's rules, the ground 

statee of this Sm ion has a total angular momentum of J = 5/2 which is split into 

UU + 1 = 6 energy levels by the CEF effect. As a first approximation, due to the lack of 

crystal-fieldd studies on this T - phase compound, the energy-level scheme employed to 

fitfit  the specific-heat data is adopted from the T'- phase Sm2Cu04 analysis by 

Strachh et ah [21] based on the result of Raman scattering measurements. In this 

scheme,, three doublets are assigned to energy levels of 
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Figuree 5.7: (a) Temperature-dependent specific heat of a superconducting T - phase Sr(sc)-0.20 

sample,sample, in zero field (1) and in a magnetic field of J 40 kOe (o) applied parallel to the crystal 

c-axis.c-axis. Note that the scales used here are different from those employed in Fig. 5.5. 

(h)(h) The c/T vs r plot of the same data. 

(0,, 108 cm"1 {- 155 K} , and 221 cm"1 {- 318 K}) . However, the most important 

phenomenonn is the splitting of the Kramers doublet(s) in the absence of an external 

magneticc field, which is presumably due to the exchange interaction between the Sm 

ionss and the ordered Cu spins. Application of an external magnetic field is, therefore, 

expectedd to result in a Zeeman splitting of the doubly degenerate energy levels. 

Thee scenario is schematically illustrated in Fig. 5.9. It is to be noted that the real 

splittingg of the higher-energy doublets might be different from this simple picture. 

Itt wil l be shown, nonetheless, that these excited levels (with energy above ~ 100 K) 

havee a negligible effect on the low-temperature fitting. 

Inn addition to the linear-electronic (as expressed by yT) and lattice (Debye and 

Einsteinn modes) terms, the electronic Schottky contribution to the specific heat can be 

expressedd on the basis of the above model as follows: 
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Figuree 5.8: (a) Temperature-dependent specific heat of a non-superconducting T - phase 

Sr(n)-0.20Sr(n)-0.20 sample, in zero field. Note: The vertical scale is different from those of Fig. 5.5. 

(b)(b) The same data plotted in the c/T vs T curve. 

-Sch -Sch (H,T): (H,T): nR nR 
ZZfe-^)2 2 
i=00 7=0 

exp p 
E,E, + Ej ^ 

T T 

IT' IT' f f 

ZZexp p 
1=00 y=o 

E,+EE,+E: : 

(5.2) ) 

V V 

withh E0 = A0 - A/2, E\ = A0 + A/2, E2 = A, - A/2, £3 = A, + A/2, E4 = A2 - A/2, and 

EEss = A2+ A/2. A0, A,, and A2 represent the crystal-field energy levels of the Sm3+ ions in 

Sm2Cu04,, which are assumed to be the same as those of SmLai.xSrxCu04.5 in the 

absencee of exchange and/or Zeeman interaction. The constant R = 8.314 J/mol.K is the 

universall  gas constant, while A represents a common value of the Kramers doublet 

splittingg due to those interactions. The factor n indicates the fraction of magnetic Sm 

ionss involved in the excitation, in order to take into account the possibility of its 

mixed-valencee state in this T - phase compound. This possibility has been suggested 

byy the magnetic susceptibility data as described previously. More clearly, n = 1 if all 

thee Sm ions are magnetic, being in the valence state of Sm3+. It is to be noted 
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Figuree 5.9: A model of the electronic energy-level scheme ofSm' ions in T - phase 

SmLaj.^S^CuO^s:SmLaj.^S^CuO^s: the ground state J = 5/2 multiplet is shown, in the absence 

andand presence of exchange and/or Zeeman interaction. See text for details. 

att this point, that a possible low-temperature quadratic electronic term (~ af1), which 

iss expected to occur in zero field of a a'-wave superconductor with lines of nodes in the 

gapp function [22], hass been neglected in this fitting due to the relatively overwhelming 

contributionn of electronic Schottky term at low temperature. The analyses of the data 

weree performed by individual fitting of each data set to Eq. (5.2). It is worth noting that 

Eq.. (5.2) reduces to the well-known two-level Schottky function given by 

exp(A/r) ) 
Csc(Hj)=nR Csc(Hj)=nR 

'A^ 2 2 

T)T) [1 + exp(A/r)]2 

whichh is valid when only the splitting of the lowest Kramers doublet is considered. 

(5.3) ) 
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Figuree 5.10: The result of fitting the specific-heat data of a superconducting f- phase 

Sr(sc)-0.15Sr(sc)-0.15 sample in zero field (a) and in a magnetic field of 140 kOe (b) applied parallel to the 

crystalcrystal c-axis. The individual contributions associated with various terms cited in the text are 

representedrepresented by broken lines with corresponding labels. The solid line represents the total 

contributioncontribution of the fitting. 

Fig.. 5.10 describes the result of individual fitting of the specific-heat data of a 

superconductingg T*- phase Sr(sc)-0.15 sample. The broken lines represent the 

individuall  contributions associated with the linear-electronic (L), lattice Debye (D), 

latticee Einstein (E), and the electronic Schottky contribution (5), as labeled. The best fit 

off  these data yields the following values for the parameters: }{0) «3 .0 mJ/mol.K2, 

nn s 0.76 and A = (4.38  0.03) K for H = 0, while ^140 kOe) * 25.0 mJ/mol.K2, 

nn = 0.81 and A = (4.44  0.01) K for H= 140 kOe. It was found that @D = 332 K and 

r £== 100 K for both data sets. We note that the resulting j{0) value deduced from this 

fittingg is comparable with the homologous T- phase La2.xMxCu04.6 (M = Sr, Ca) [23], 

whilee an inaccurate large y value for H = 140 kOe is apparently due to the presence of 

thee rare-earth Sm ions. Besides, the occurrence of a mixed-valence state of the Sm ions 

iss also revealed by the value of n which differs from 1. Further, a non-zero value of A 

inn H = 0, A = 4.38 K, clearly signifies a splitting of the Kramers doublet in the absence 
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Figuree 5.11: The temperature dependence of the Schottky contribution to the specific heat. 

TheThe solid lines are the fitted Schottky curve according to Eq. (5.2), and its extrapolation in the 

lowerlower temperature regime. 

off  an external magnetic field. This gap value slightly increases upon the application of 

ann external magnetic field of H = 140 kOe parallel to the c-axis, resulting in an 

enlargedd value of 4.44 K for A. It is important to mention at this point that the Zeeman 

splittingg energy of this T*- phase Sr(sc)-0.15 sample is smaller than that of the 

T-T- phase Sm2Cu04 for the same H value, in which case the values of 

3.33 cm"' {4.75 K}  and 5.5 cm"1 {7.92 K}  have been theoretically predicted for fields 

appliedd in the aft-plane and parallel to the c-axis direction, respectively [24]. 

Thee excess specific heat associated with the resulting electronic Schottky contribution, 

cschij),cschij), obtained after subtracting the total specific-heat data by the linear-electronic 

andd lattice terms, is shown in Fig. 5.11, along with the fitted lines and its extrapolation 

inn the lower temperature regime below ~ 1.6 K, where experimental data are not 

available.. It turns out that the high-field data can be fitted very well by the theoretical 

curves,, whereas the fit is not as good for the zero-field data. 

Sr(sc)-0.15 5 

AA H = 140 kOe 

AVH- O O 
ÖÖ H = 0 
oo H = 140 kOe 
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Figuree 5.12: Temperature-dependent electronic Schottky entropy, S(T). The horizontal dashed 

lineslines are the theoretically expected values ofS = nR ln(2). See text for discussion. 

Thee electronic Schottky entropy, 5(7), obtained by numerical calculation of 
T T 

S(T)=S(T)= UcSch/T')dT' i s displayed in Fig. 5.12. In order to reduce the uncertainty in 
o o 

calculatingg this value, the entropy in the lower temperature regime below ~ 1.6 K was 

calculatedd from the extrapolated fitting lines. As shown in this figure, the calculated 

totall  entropy at T * 20 K are reasonably close to the theoretical values of S = nR ln(2) 

shownn by the horizontal dashed lines, corresponding to a doublet ground state with 

nRnR - Sm ions participating in the excitation. In the figure the different values of nR for 

HH = 0 and H = 140 kOe are indicated. The field-dependent value of n may have a 

significantt physical origin, which requires additional data for its clarification. It is clear 

fromm the figure that the experimental values of S in the low temperature regime for 

bothh cases are much closer to the theoretical value given by S = nR ln(2) than that 

givenn by S = nR ln(6). The unavoidable implication of this evidence is that the higher 

energyy doublets associated with (2/ + 1) = 6 are not playing a significant role in that 

temperaturee regime. This conclusion holds even when another set of crystal-field levels 
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off  0, 175 and 242 cm"1, adopted by Nekvasil [25], is used in the fitting. However, 

abovee 20 K, these contributions become noticeable. 

Regardingg the splitting of the Kramers doublet in T*- phase SmLa1.xSrxCu04<s in 

thee absence of an external magnetic field, we tentatively ascribe this phenomenon to 

thee superexchange interaction between the Sm-4/" electrons with the neighboring Cu 

spins,, in analogy with the case of Nd2Cu04 [26-28]. This situation is in contrast to that 

foundd in T- phase Sm2Cu04, in which case there is no indication for a coupling 

betweenn the Sm magnetic moments and the Cu spins due to the orthogonal 

arrangementt of their moments [4, 8, 9]. Thus, the observed differences in magnetic 

behaviorss between the T*- phase SmLai_xSrxCu04.0 and T'- phase Sm2Cu04 

(inn particular for the nature of Sm-Cu interaction) is likely to come from the different 

locall  environments around the magnetic Smv ions. As a final note, we stress that 

furtherr 'microscopic' measurements, such as optical and neutron diffraction, are still 

neededd in order to probe more detailed magnetic properties of the T - phase 

SmLalxSrxCu04.6,, and for a further theoretical study of the underlying physical 

mechanisms. . 
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Appendixx A 

Thee magnetic properties of conventional type-II superconductors in the vicinity of the 

HHCC2(T)2(T) curve are usually described by the Abrikosov formula, derived from the 

Ginzburg-Landauu (GL) theory [1] 

4K4K ( 2 K 2 - 1 ) P, 

wheree K (= X/Z,) is the GL parameter, A, and Z, are the penetration depth and coherence 

length,, respectively, and where Hc2 (= <J>o/27Ĉ2) is the upper critical field. For the case 

thatt Hllc, K = KC, X = Xab, and £ = ^ . fiA (= <M/4)/(V|/2)2) > 1, is a parameter used to 

characterizee the variation of the superconducting order parameter \\i over space; it takes 

valuesvalues of 1.16 and 1.18 for the triangular and square vortex lattice, respectively. 

Inn the case of high-temperature superconductors (HTSC's), most of the available 

magnetizationn data are limited to field regions far below Hc2, for which Eq. (A-l ) is not 

applicable.. For these high-K, type-II superconductors, the characteristic behavior of the 

reversiblee magnetization in the broad intermediate-field region, Hc{ « H « Hc2, is 

commonlyy treated within the standard London approach [2]. Within this scheme: 

-M(T)=M-M(T)=M 00\n \n itit  \ (A-2) 
32;iX2(r ) ) 

exhibitingg a characteristic M - ln(//) behavior. The parameter r| accommodates a 

numberr of inherent uncertainties in the London approach. A comparison with 

experimentall  data [3] shows that close to Tc, rj « 1.2 - 1.5. 
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Thee combination of relatively high operating temperatures (high Tc), a strong 

anisotropyy due to the layered structure and a short c-axis coherence length provides a 

favorablee condition for strong thermal fluctuation effects over a wide temperature 

intervall  in these materials [4], In particular at high temperatures close to 7 ,̂ the 

thermall  distortion of the vortices (pancakes) out of their straight stack results in an 

extraa contribution to the entropy [5]. In this case, the magnetization is well described 

byy the so-called Bulaevskii-Ledvij-Kogan (BLK) model, which gives an expression for 

thee magnetization of the form [5]: 

-- M(T) = M0 In 
rrt\Ht\HccAA kDT 

<v v eH eH 
In n 

rr\6nk\6nkBBTKTK22 A 

(A-3) ) 

wheree s is the effective interlayer Cu02 spacing and where a is a constant of order one. 

Itt is clear that the first term on the right hand side (r.h.s.) of Eq. (A-3) is the usual 

Londonn result (Eq. (A-2)) for a dense system of straight and unperturbed vortices, 

whereass the second term, the so-called "vorton" term, accounts for the shape 

fluctuations.. Next, defining: 

g g 
^_32n^_32n22kkBBTkTk22{T) {T) 

<f>;s <f>;s 

11 kBT 

MM00 &0s 
(A-3a) ) 

then: : 

-M(T)=M-M(T)=M0 0 l n ^ _ g , n ^ ^ (A-3b) ) 
eHeH " a4eH 

AA striking manifestation of these thermal fluctuations in Josephson-coupled layered 

superconductorss is the experimentally verified existence of a crossing point (M ,T ) in 

thee (M - T)H set of data, where T* is lying below the mean-field transition temperature 

rc.0,, where the magnetization M is independent of the external applied field H. 

Thatt behavior has been observed in a number of HTSC's [6]. For confirming these 

experimentall  data, we calculate the slope of dMld\x\H as follows: 

- ^^ = M0[-i  + g(r)] (A-3c) ) 
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Att T = T\ the independence of M on H requires that g(T) = 1. From Eq (A-3a) we 

derive: : 

_M ( r )=^- i n n 
O05 5 

(A-3d) ) r |a a 

Att the other hand, there are several published papers reporting that ln ( r |a /ve)— 1 

[5,, 7]. Consequently, the magnetization at T= T is given by: 

-M'=-M(T')-M'=-M(T')  = ^ - (A-4) 

Itt is important to note that the theory of fluctuations for 2D systems, developed 

independentlyy by Tesanovic et al. [8] for H w Hc2, yields the same expression for this 

crossingg point. However, a comparison with the experimental data on a variety of 

HTSCC systems shows that the calculated interlayer distance, 5, derived by using the 

abovee expression in Eq. (A-4), always yields a larger number than the actual value 

obtainedd from the structure characterization. To remove this discrepancy, Koshelev [9] 

calculatedd the fluctuation contributions to the magnetization by considering higher 

Landauu levels. From this consideration, the calculated magnetization at T = T is given 

by y 

-M*-M*  =mxkBT* /O05 (A-4a) 

wheree mx = 0.346. 

AA renewed investigation into the London model has revealed a faulty assumption 

inn this model by ignoring contributions from the depression of the order parameter on 

thee vortex axis, or the core-energy term of the system. This re-investigation has been 

carriedd out by Hao and Clem [10, 11], who developed a variational procedure to 

describee the reversible magnetization for the external field H applied parallel to one of 

thee principal axes. As a result of including this additional core term, the dimensionless 

reversiblee magnetization for the isotropic case (neglecting the possible thermal 

fluctuationn effects) is expressed as [ 10, 11]: 
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4KM4KM = «fX«fX2 2 i-f; i-f; In n 1-A2 2 f: f: 
SKE,;++ j 2 + BK^+(2 + BK^f_ 

+ + L L 

f;(2f;(2 + ZBKi,;) 

(f;+2BK) (f;+2BK) 

(A-5) ) 
2KK  (2 + BK^; )3 

withh Kn(x) a modified Bessel function of order n. The variational parameters £,v and /x 

representt the effective core radius of the vortex and the depression of the order 

parameterr due to overlap of the vortices, respectively. For the high-K cases (K > 10), 

theyy are connected to the magnetic flux density B (= H + 4nM) and the G-L parameter 

KK  as: 

JJ  X 

5. . 

VK K 

5v v 
1-22 1-

BS'BS' B 
K jj  K 

11 + 
B B 

K K 

wheree ^,n = V2/K . An extension of this formulation to the anisotropic case can be 

accomplishedd through the introduction of an effective mass tensor in the expression for 

XX or, simply, by replacing K with its average value. 

Moree recently, another modification of the London formalism has been developed 

byy Kogan et al. [12, 13], who argued that when the electronic mean free path, I, 

iss large (clean superconductor at low temperatures), one should include contributions 

too the superconducting current density j from nearby fields within a (non-locality) 

radiuss p. (Here, p has a magnitude of the order of the zero-temperature BCS coherence 

length,, £,<))• Obviously, this argument is in contrast with the local London theory, 

inn which case a direct proportionality between the vector potential a(r) and the current 

densityy j(r) has been used. The resulting expression for the magnetization M within 

thiss non-local Kogan theory is: 
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~M~M = Mr In n 
(H(H ^ 

H H 

H, H, 

{H{H 0+0+H) H) ++  &) 

q(T)q(T) = ^-\n 
HHr r 

y\iy\iHHc. c. 
++ 1 (A-6) ) 

where e 

HH00 = 
4rc2p2 2 andd p 2 = ^ 2

Y ( ^ ) 

Thee quantity c; slowly decreases with temperature which has its origin in the 

temperaturee dependence of Hc2(T). The parameters r)i and rj2 are constant of order one, 

whilee the prefactor r| depends on the vortex lattice structure. The quantity y, on the 

otherr hand, is a parameter that depends on the temperature and the mean-free path of 

thee system. Unlike Hc2, the field H0, being inversely proportional to y(T,£), increases 

withh increasing T —> Tc, (For the temperature and mean-free-path dependence of y, 

seee Fig. 1 of Ref. [12]). Therefore, near Tc, where H « Hcl « H0, Eq. (A-6) reduces 

too thee standard London expression for the magnetization (Eq. (A-2)). In addition, in the 

dirtyy limit for which HQ - Oo/ £ » O ^o £ - Hc2(Q>), we again obtain the standard 

Londonn result, but now at all temperatures. Thus, the non-local corrections are 

noticeablee at low-temperatures for clean materials. A Further look into Eq. (A-6) turns 

outt that, this equation is only weakly temperature dependent. In such a case, the 

magnetizationn M{T,H) has an approximate scaling property of M{T,H) « X(T)Y(H), 

wheree X = M0, and where the function Y, i.e the r.h.s. of Eq. (A-6), is nearly 

temperaturee independent. 

Inn analogy with the BLK model described above, at higher temperatures, where 

thee thermal fluctuation effects start to play an important role, Eq. (A-6) for the 

magnetizationn should be extended with the non-local fluctuation term: 

-M-M = Mr In n 
H H 

++ 1 
A A HHP P 

(H(H00+H) +H) 
++ &) - 2 — I n —~ J —— (A-7) 

<V V <V# # 
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wheree the value for the constant C*  10.2 [5, 7, 12]. As a final note, it is important to 

mentionn that, in principle, this additional fluctuation term breaks the approximate 

scalingg behavior, mentioned above. However, a comparison with the experimental data 

showss that this violation is quantitatively significant only near Tc [12]. 
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Appendixx B 

Thiss appendix is an attempt to present the general substance of the XY model and the 

Ginzburg-Landauu - lowest-Landau-level (GL-LLL ) theory for describing the 

fluctuationn properties of the high-temperature superconductors (HTSC's). 

Thee fluctuating behavior in HTSC's in the vicinity of the superconducting critical 

temperature,, TC(H), or of the upper critical field curve, Hc2(T), has been a subject of 

intensee experimental [1-6] and theoretical [7-9] studies. The temperature interval 

aroundd Tc in which critical fluctuations are important is approximately given by TcGi 

[10],, in which the Ginzburg number, Gi, is expressed by: 

Gi-yGi-y22 vrjHlioy^l^A /2 • In this expression, / is the anisotropy parameter and 

HHcc(0)(0) is the zero-temperature thermodynamic critical field; %ab and <£ are the in-plane 

andd out-of-plane coherence lengths, respectively. Typical values for Gi are ~ 10" for 

HTSC'ss and ~ 10"8 for conventional superconductors [10]. 

AA useful tool in the analysis of the nature of critical fluctuation is the 

dimension-dependentt scaling of the various thermodynamic and transports properties 

off the system. The scaling hypothesis implies that a dimensionless form of a physical 

quantityy can be written as a function of a certain (dimensionless) scaling variable. 

Bothh the scaling variable and the dimensionless form of the particular quantity depend 

uponn the theoretical model and upon the dimensionality of system. However, we stress 

that,, while the scaling variable is known, the function does not need to be known, and 

typicallyy is not. 
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HHc2c2(T) (T) 

Figuree A.l : A schematic sketch of the region of interest in the H — T phase diagram 

atat temperatures around Tc. The isotropic XY scaling applies for fields H < H , while the LLL 

approximationapproximation is valid above the field H and around the Hc2 line. From Ref [14]. 

Dependingg on the magnetic field strength, two well-known models have been 

introducedd for explaining the critical behavior in the HTSC's, namely the XY model 

[11]]  and the GL-LLL model [7, 8, 12], It is worth noting that the term "Landau levels" 

(LL's)) refers to the quantized BCS-pair energies, obtained by solving the first 

Ginzburg-Landauu (GL) differential equation for the order parameter [13], Fig. A.l 

illustratess the validity region of the XY model and the GL-LLL theory in the H - T 

phasee diagram [14]. 

Itt is clearly seen from this figure that the XY model is valid for low fields, while 

thee GL-LLL approximation is adequate for higher fields. The field HXY below which 

thee XY model can be justified to be valid may be estimated by realizing that the 

magneticc field breaks the XY symmetry if the correlation length £AT (= §ƒ', with 

// = | TITC - 1 I and v = vxy ~ 2/3) exceeds the magnetic length scale ^/®0/ ( ; r f / ) . 

Onn the other hand, the field HLLL above which the LLL approximation should be valid 

iss usually estimated to be H* = HLLl = (G//16) (Tc/Tc0) Hc2(0) [15], where 7^ is the 

mean-fieldd transition temperature at zero field. Naively, one might think that, 

forr sufficiently small magnetic fields, the fluctuating Cooper pairs occupy many LL's 

withh significant intra- and inter-LL interactions. At increasing the magnetic field, the 

fluctuatingg pairs occupy a smaller number of the lower LL's with less inter-level 
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mixing.. By further increasing the field up to a certain value H , only the lowest Landau 

levell  is occupied and only intra-level interactions are important. This rough estimate 

yields:: Z/LLL ~ 1 - 3 T for REBaiC^O?̂ (RE = Y, Lu) single-crystalline samples 

[14,, 16], //LLL ~ 1 T for (Bi,Pb)2Sr2Ca2Cu3Oy aligned bulk samples [17] and for 

Bi2Sr2CaCu208+ss single crystals [18], and HLLL * 400 Oe for a T - phase 

SmLao.gSro.2Cu04.55 single crystal [19]. 

Focusingg on the thermodynamic quantity of the magnetization, the scaling 

formulass based on the XY model are given as follows [11, 20]: 

(4TTM)(4TTM)2D2D = F: 

f f 
2D-XY 2D-XY 

T-T T-T \ \ 

JJ fj (1/2 VAT 

(4TZM\(4TZM\DD = HV2F, 3D-XY 3D-XY 

T-T. T-T. 

TT H 0/22 Ky 

(A-la) ) 

(A-lb) ) 

forr 2D and 3D fluctuations with the universal scaling functions F2D-XY and F3D.XY, 

respectively.. It is important to note that, theoretically, the XY scaling is justified for 

infinitesimallyy small fields; however, the experimental results show that it is valid only 

forr a field range near the H = 0 critical point [16]. 

Similarr to the XY scaling formulas, the scaling functions of the magnetization 

withinn the GL-LLL theory are expressed as [6, 12, 15, 16]: 

(HTf(HTf2 2 

(4*A/ ) ) 

==  F. 2D-LLL 2D-LLL 

(HT) (HT) 
2/33 l 1D-LLL 

J-TJ-TCC(H)' (H)' 

(HT)(HT)V2 V2 

fT-TM fT-TM 
(HT) (HT) 2/3 3 

(A-2a) ) 

(A-2b) ) 

wheree A and A' are field- and temperature-independent coefficients, while F2D.LLL and 

^3D-LLLL  are the 2D and 3D scaling functions, respectively. The temperature region 

wheree the GL-LLL scaling holds, is approximated by T > Tc0 - 3H/H'c2 , with 

H'H'c2c2 = \dHc2/dT\ . We note, in addition, that the value of the exponent, n, in the 
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denominatorr of the above scaling function is connected with the dimensionality of the 

systemm D through n = (D - \)ID. Obviously, n = 1/2 for a 2D system and n = 2/3 

forr a 3D system. 
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Summary y 

Wee have presented in this thesis the results of studies on various physical properties of 

T*-- phase SmLa,.xSrxCu04.0 (x - 0.15, 0.2, 0.25) and T- phase LaL6.xNdo.4SrxCu04.6 

(xx = 0, 0.1, 0.125, 0.2) single-crystalline samples, both in the superconducting as well 

ass in the non-superconducting states. These compounds belong to the 214-family of the 

cupratee systems, which is distinct from the other cuprate systems in terms of its low Tc 

andd Hc2 values, and of its degree of anisotropy which lies between that of the 

YBa2Cu307.66 (YBCO-123) and Bi2Sr2CaCu208 (BSCCO-2212) systems. The structures 

andd properties of the cuprate superconductors in general, and the distinctive structure 

andd properties of the 214 system are described and compared in Chapter 1. Several 

unsettledd issues concerning the low-temperature structural phase transitions and the 

formationn of stripe phases associated with the charge and spin ordering which are all 

importantt for understanding the superconductivity, are reviewed in this chapter. 

Forr the purpose of this study, single-crystalline samples of these compounds were 

grownn by the travelling-solvent floating-zone (TSFZ) method, using a light-image 

four-mirrorr furnace. Details of the growth of the crystals as well as their basic and 

structurall  characterizations are described in Chapter 2. Superconductivity in the 

TT system was achieved after long annealing in a high-pressure oxygen furnace of 

2000 bar. The onset temperature of the critical transition, Tc
on, was found to be 25 and 

222 K for x = 0.2 and 0.25, respectively. A structural refinement of the XRD data 

confirmss the existence of both T- type and T- type block layers in one unit cell, and a 

perfectt site ordering of the rare-earth ions with the larger La and Sr ions occupying the 

T-- type sub-unit cell and the smaller Sm ions occupying the T'- type block layer. 

Itt is further found that this oxygenation treatment leads to an increase of oxygen filling 

att the apical sites, thus explaining the occurrence of superconductivity. The as-grown 

Sr-dopedd La, 6.xNdo4SrxCu04_s (x * 0) samples, on the other hand, are bulk 
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superconductorss with Tc - 6.5, 3 and 15 K for x = 0.1, 0.125 and 0.2, respectively. The 

resultt of the structural characterization shows a mostly linear decrease of the lattice 

parameterss a. b with increasing x, opposite to the variation of c with respect to x. 

Thee orthorhombic strain (a-b) extracted from these data is also found to decrease with 

increasingg x, with still a non-zero value at x = 0.2. These lattice changes show, 

however,, an anomaly at around the so-called magic number of x ^ 0.125, in 

concurrencee with the suppression of T, which is seen as a manifestation of the 

formationn of a static stripe phase. 

AA detailed study on the vortex system in T*- phase SmLa08Sro:Cu04-6 

(7"r
onn ~ 24 K) is described in Chapter 3. The iso-thermal magnetic hysteresis data show 

thee existence of a perceptible second-peak (SP) effect in a large temperature range up 

too Tc. The superconducting H - T phase diagram is constructed from these data. 

Thee behavior of the solid-vortex state is investigated and analyzed on the basis of 

existingg models. Additionally, the vortex dynamical behavior across this SP transition 

iss studied by magnetic relaxation data. While the temperature variation of these data is 

consistentt with the thermal-disorder-induced decoupling-transition of the vortices in 

thee conducting Cu02 planes, its field dependence indicates a crossover from elastic to 

plasticc vortex creep, associated with the motion of dislocations in the vortex lattice. 

Thee characteristic parameters of the vortex system are obtained by analyzing the 

temperature-dependentt reversible magnetization data. The data outside the critical 

fluctuationn region follow closely the Hao-Clem model in a large temperature range of 

11.255 < T < 21 K with a virtually constant Ginzburg-Landau parameter K = 72. 

Thiss analysis also yields a set of intrinsic parameters consisting of 

//,,(0)) = 10.93 x 104 Oe, ^,(0) = 54.89 A and \ah(0) = 3952 A, in addition to y = 47 

obtainedd by analyzing the Hm(T) line. The data in the critical fluctuation region close 

too TL or to the Hc2(T) line, on the other hand, were analyzed on the basis of a 2D scaling 

theoryy developed by Tesanovic et al. A comparison of the resulting thermodynamic 

criticall  field, HAT), with that obtained according to the Hao-Clem model provides a 

usefull  clue as to the role of thermal fluctuation effects on the magnetization data in the 

criticall  region, in agreement with the occurrence of a crossing point at 

(M*,f)(M*,f)  = (-0.43 G, 23.25 K), right below the onset critical temperature. 
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Chapterr 4 presents the results of our study on the physical properties of the 

T-- phase Lai  6_xNdo 4SrxCu04-o system. It consists of the description of the structural 

phasee transitions, and of the superconducting and magnetic properties. The structural 

phasee transitions (tilting of the Cu06 octahedra), both at high (HTT - LTO) and low 

(LTOO - LTT) temperatures strongly affect the corresponding physical properties, 

givingg rise to some observable anomalies in the specific-heat, resistivity and 

magnetic-susceptibilityy data. In the superconducting state of the Sr-doped compounds, 

thee solid-vortex state is described on the basis of a H - T phase diagram, constructed 

fromm the isothermal magnetization hysteresis data, which exhibit the occurrence of the 

fishtaill  effect in the x = 0.1 and 0.125 samples (the later effect, apparently, 

beingg absent in the x = 0.2 sample). The absence of this effect in the x = 0.2 sample 

iss attributed to the relatively strong pinning in this sample, which is supposed to 

preventt the formation of the vortex-lattice phase and which signifies the lack of the 

vortex-linee decoupling at the crossover field, H2z>. 

Thee magnetism of the Nd + ions in this system has been investigated on the basis 

off  field-dependent specific-heat data. In the absence of an external magnetic field, 

thee splitting of the lowest Kramers doublet of the Nd3+ ions, due to exchange 

interactionss with the ordered Cu spins, is shown to have a magnitude (A) which 

decreasess with increasing Sr content (x). The application of an external magnetic field 

alignedd along the crystal oaxis results in an enlarged value of A proportional to the 

Zeemann field. These data yield a set of effective g-factor and internal field values of 

{g{g  = 4.31, Hml = 9.15 kOe}  and {g  = 4.88, HM = 2.70 kOe}  for the x = 0 and 0.1 

samples,, respectively. 

Investigationss of the magnetism of Sm ions in the T*- phase of the 

SmLai.xSrxCu04.ss system by means of magnetic-susceptibility and specific-heat 

measurementss are described in Chapter 5. In contrast to the T'- phase Sm2Cu04, 

inn which both the magnetic-susceptibility and specific-heat data display a sharp and 

anomalouss A.-type of peak at TN = 5.95 K which can be attributed to the 

3DD antiferromagnetic ordering of the Sm3+ ions, the specific-heat data of T*- phase 

SmLa|.xSrxCu04_ss show, instead, a broad "bell-shaped" Schottky peak, characteristic of 

ann electronic Schottky anomaly that arises from the crystalline electric field splitting of 
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thee Sm-Af electron energy levels. In addition, the magnetic susceptibility and specific-

heatt data of this T*  system reveals a sign of a mixed-valence state of the Snr" ions and 

off  the absence of Sm-antiferromagnetic ordering above - 1.7 K. We conclude that this 

differencee in the magnetic properties between the T*- phase SmLa1_xSrxCu04-,> and 

T'-- phase Sm2Cu04 is likely to have its origin in their different local structural 

environment. . 



Samenvatting g 

Inn dit proefschrift staan de resultaten beschreven van een onderzoek naar de 

verschillendee fysische eigenschappen van één-kristallijne preparaten van T*- fase 

SmLa^S^CuCU-öö (x - 0.15, 0.2, 0.25) and T- fase La,.6.xNdo,4SrxCu04.6 

(xx = 0, 0.1, 0.125, 0.2), zowel in de supergeleidende als de niet-supergeleidende 

toestand.. Deze verbindingen behoren tot de 214-familie van koperoxydea en 

verschillenn van andere koperoxyde verbindingen door de lage waarden voor Tc en Hc2 

alsmedee door het anisotrope karakter dat gelegen is tussen dat van YBa2Cu307.ö 

(YBCO-123)) en Bi2Sr2CaCu208 (BSCCO-2212). De algemene gegevens over 

kristalstructurenn en fysische eigenschappen van koperoxyde supergeleiders en de mate 

waarinn de structuur en eigenschappen van de 214-familie daarvan afwijken, worden 

beschrevenn en vergeleken in Hoofdstuk 1. Enkele niet-vaststaande resultaten 

betreffendee structurele fase overgangen bij lage temperatuur komen in dit hoofdstuk 

aann bod evenals de vorming van streep-fasen die samen hangen met een bijzondere 

rangschikkingg van electrische ladingen en electronen spins. Dit alles is belangrijk voor 

hett begrijpen van het fenomeen supergeleiding in de koperoxyde supergeleiders. 

Tenn behoeve van dit onderzoek werden één-kristallijne preparaten van deze 

verbindingenn bereid via de travelling-solvent floating-zone (TSFZ) methode, met 

gebruikk van een light-image four mirror spiegeloven. Bijzonderheden over zowel de 

groeii  van de kristallen als de structuur bepaling worden beschreven in Hoofdstuk 2. 

Supergeleidingg in T*- fase verbindingen werd bereikt na lang gloeien en afkoelen in 

eenn hoge-druk zuurstofoven met een druk van 200 bar. De begin-temperatuur van de 

kritischee overgang, Tc
on, werd gevonden bij 25 K en 22 K voor x = 0.2 en 0.25, 

respectievelijk.. Een structurele verfijning van de XRD gegevens bevestigt het bestaan 

vann zowel T- type als T- type geblokte lagen in één elementaire cel. Daarnaast werd 

eenn volmaakte verdeling van de zeldzame-aard ionen over het rooster gevonden 
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waarbijj  de grotere La en Sr ionen de T- type laag in de cel bezetten en de kleinere 

Smm ionen de T'- type laag. Ook werd gevonden dat deze hoge-druk zuurstof 

behandelingg tot een verhoogde zuurstof bezetting leidt van de apical posities in het 

roosterr waarmee het aanwezig zijn van supergeleiding wordt verklaard. Anderzijds, de 

as-grownas-grown Sr-gedoteerde Lai  6_xNdo4SrxCu04.ó (x * 0) preparaten zijn bulk 

supergeleiderss met Tc - 6.5, 3 and 15 IC voor x = 0.1, 0.125, and 0.2, respectievelijk. 

Dee structuur bepaling van deze verbindingen toont een meestal lineaire daling aan van 

dee rooster parameters a, b met toenemende x, tegengesteld aan de variatie van c met 

betrekkingg tot x. De orthorhombische rek (a-b) afgeleid uit deze gegevens, blijkt ook te 

dalenn met toenemende x, met een van nul verschillende waarde voor x = 0.2. Deze 

roosterr veranderingen laten een anomalie zien in de buurt van het zo-genoemde 

magischee getal voor x van 0.125, een anomalie die samen valt met een onderdrukking 

vann Tc. Dit laatste wordt gezien als een manifestatie van de vorming van statische 

streep-fasen. . 

Eenn gedetailleerd onderzoek naar het vortex stelsel in T - fase SmLao 8Sr02CuO4_s 

(T(Ttt
onon ~ 24 K) wordt beschreven in Hoofdstuk 3. De iso-therme magnetische hysteresis 

gegevenss laten het bestaan zien van een waarneembaar tweede-piek (SP) effect in een 

groott temperatuurbereik tot aan Tc. Het supergeleidende H - T fase diagram is 

geconstrueerdd uit deze gegevens. Het gedrag van de vaste vortex toestand is 

onderzochtt en geanalyseerd op basis van bestaande modellen. Tevens is het dynamisch 

gedragg van de vortices dwars door deze SP overgang heen bestudeerd doormiddel van 

magnetischee relaxatie metingen. Terwijl de temperatuur variatie van deze gegevens 

verenigbaarr is met de thermal-disorder-induced-decoupling overgang van de vortices 

inn de geleidende Cu02 vlakken, wijst de veldafhankelijkheid ervan op een overgang 

vann elastische naar plastische kruip van de vortices, welke kruip verbonden is met de 

bewegingg van dislocaties in het vortex rooster. De karakteristieke parameters van het 

vortexx stelsel worden verkregen door analyse van de temperatuur-afhankelijke 

reversibelee magnetisatie gegevens. De meetresultaten buiten het kritische 

fluctuatiegebiedd volgen nauwkeurig het Hao-Clem model over een groot 

temperatuurgebiedd (11.25 K < T < 21 K) met een nagenoeg constante waarde van de 
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Ginzburg-Landauu parameter, K = 72. Deze analyse levert ook een stel intrinsieke 

parameterss op, en wel voor: Hc2(0) = 10.93 x 104 Oe, £^(0) = 54.89 A en 

Kb(tyKb(ty = 3952 A, in aanvulling op de waarde voor y van 47, verkregen door een analyse 

vann de Hm(T) curve. De gegevens in het kritische fluctuatiegebied dicht bij Tc of in de 

directee omgeving van de Hc2(T) curve zijn anderzijds geanalyseerd op basis van een 

schalingss theorie, ontwikkeld door Tesanovic et at. Een vergelijking van het daaruit 

volgendee thermodynamische critical veld, HC{T), met dat verkregen volgens het 

Hao-Clemm model voorziet in een bruikbare aanwijzing van de thermische fluctuatie 

effectenn op de magnetisatie gegevens in het kritische gebied, in overeenstemming met 

dee aanwezigheid van een snijpunt bij (M ,T") = (-0.43 G, 23.25 K), juist beneden de 

kritischee begin-temperatuur. 

Hoofdstukk 4 geeft de resultaten van een onderzoek naar de fysische 

eigenschappenn van het T- fase La16.xNdo4SrxCu04_s stelsel. Het bestaat uit de 

beschrijvingg van de structurele fase overgangen en van de supergeleidende en 

magnetischee eigenschappen. De structurele fase overgangen (draaiing van de Cu06 

octahedra),, zowel bij hoge (HTT - LTO) als bij lage (LTO - LTT) temperaturen, 

hebbenn grote invloed op de fysische eigenschappen en geven aanleiding tot enige 

opvallendee afwijkingen in de gegevens voor soortelijke warmte, weerstand en 

magnetischee susceptibiliteit. In de supergeleidende toestand van de Sr-gedoteerde 

verbindingenn worden de vortices in vaste toestand beschreven in termen van een H -T 

fasee diagram dat geconstrueerd is op basis van isotherme magnetische hysteresis 

gegevens.. Deze magnetisatie gegevens laten een vissenstaart effect zien voor de 

xx = 0.1 en 0.125 preparaten, een effect dat kennelijk afwezig in het x = 0.2 preparaat. 

Dee afwezigheid van dit effect in laatstgenoemd preparaat wordt toegeschreven aan de 

relatieff  sterke pinning van de vortices in dit preparaat, welke pinning verondersteld 

wordtt de vorming van een vortex rooster te voorkomen en welke ook het ontbreken 

vann een vortex-lijn ontkoppeling bij het overgangsveld, H2D, rechtvaardigt 

Hett magnetisme van de Nd3+ ionen in dit stelsel is onderzocht op basis van 

veld-afhankelijkee soortelijke-warmte gegevens. In afwezigheid van een extern 

magnetischh veld wordt gedemonstreerd dat de splitsing van het laagste Kramers 
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doublett van de Nd3" ionen, veroorzaakt door exchange wisselwerkingen met de 

geordendee Cu spins, een waarde (A) heeft die afneemt naarmate de verbinding meer 

Srr bevat. Het aanleggen van een uitwendig magnetisch veld langs de kristallijne c-as 

resulteertt in een toenemende waarde van A, evenredig met het Zeeman veld. Deze 

gegevenss leveren een set van waarden op voor de effectieve g-factor en het interne 

veld:: {g  ̂= 4.31, Hm = 9.15 kOe}  en {g  ̂= 4.88, Hint = 2.70 kOe}  voor de x = 0 and 

0.11 preparaten, respectievelijk. 

Onderzoekk naar het magnetisme van Sm-ionen in de T - fase van het 

SmLa].xSrxCu04.«ss stelsel door middel van magnetische susceptibiliteit en 

soortelijke-warmtee metingen wordt beschreven in Hoofdstuk 5. In tegenstelling tot 

T'-- fase Sm2Cu04, in welk geval de magnetische susceptibiliteit en de 

soortelijke-warmtee gegevens afzonderlijk een scherpe en afwijkende ^-piek bij 

7\\ = 5.95 K vertonen hetgeen kan worden toegeschreven aan de 3D 

antiferromagnetischee rangschikking van de Sm3' ionen, laten de soortelijke-warmte 

gegevenss van T*- fase SmLa,_xSrxCu04.6 daarentegen een brede "klok-vormige" 

anomaliee zien die karakteristiek is voor een electronische Schottky bijdrage als gevolg 

vann de opsplitsing van de 4_/-electron energie nivo's van Sm door kristallijn-electrisch-

veldd effecten. Bovendien laat de magnetische susceptibiliteit van dit T stelsel 

aanwijzingenn zien van zowel een gemengde valentie toestand van Sm ionen als van de 

afwezigheidd van een antiferromagnetische orde van het Sm subrooster bij temperaturen 

hogerr dan - 1.7 K. Geconcludeerd wordt dat dit verschil in de magnetische 

eigenschappenn tussen T - fase SmLai.xSrxCu04_<s en T'- fase Sm2Cu04 waarschijnlijk 

terugg te voeren is op structurele verschillen is de lokale omgeving van de Sm ionen. 
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