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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 



Experimentss on crystal growth and basic/structural characterization 19 

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 
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[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


Experimentss on crystal growth and basic/s t ructural characterizat ion 27 

((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 
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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. 
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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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