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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, 



Generall  introduction 3 3 

ft ft 

I I 

"non-Fermii  liquid'' 
regime e 

pseudogap' ' 
regime e 

ƒƒ Fermi liquid ' 

AF F wm wm 
Carrierr concentration 

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) ) 
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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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