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SUl'vfl'viARY 1 

Summary 

The ten1perature dependence of the lattice constant of La2_xSrxCu04 single crystals 

with x = 0.110 and x = 0.143 has been n1easurecl by means of high resolution X-ray 

diffractometry. The measurements \vere n1acle for the 6 0 0, 0 6 0 and 0 0 1-! diffractions in 

the temperature range from 17 to 300 I\: through both the structural and superconducting 

phase transitions. Below the structural phase transition Ts, the ten1perature dependence 

of the lattice constants a and b indicates the cleforn1ation of Cu02 square in Cu06 

octahedra into the rectangular lattice, in addition to the tilt of the octahedra. The 

transition is characterized by three-din1ensional X-Y n1odel with a critical exponent 

(3 = 0.39 ± 0.01: this suggests that the transition takes place in three-din1ensional 

interaction of the lattice construction even the structure consists of two-clin1ensional 

stacking. According to the observed thern1al expansivity around the superconducting 

transition Tc, the unia.'Cial stress dependencies of Tc , (dTc/dPi), are obtained to be -

10.8 and 18.9 respectively along a and c-a.'Cis. This suggests that the appearance of 

the superconductivity is strongly related to the lattice stresses accompanying with the 

defonnation of the Cu02 planes and the tilt of Cu06 octahedra. 

- - -�- � --
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1 L\iTRODUCTI01V 2 

1 Introduction 

Since the discovery of the copper-oxide-based high-Tc compounds by Beclnortz and 

ivlliller [1], there have been a number of reports on unusual behaviour of the structural 

and elastic properties at the superconducting transition temperature Tc, and therefore, 

this brings a great deal of interest in studying the relation of superconductivity with 

the structural paran1eters. Direct indications for a structural response to the appear­

ance of superconductivity have been shown by capacitance-dilato1neter n1easurements; 

an anisotropic discontinuity of then11al expansivities at T c has been obser-ved in both 

YBa2Cu01_:z: [2, 3] and La2-xSrxCuO--l [-L .S]. By ultrasonic 1neasuren1ents, l\ohara, 

Suzuki, :Lviaeno, Fujita, Tanaka, and Kojima have also found a unusual lattice stiffening 

in the superconducting state, which contrasts with the continuous softening observed in 

n1ost of the conventional superconductors [6]. 

La2_x:VIxCu04 (\I=Sr, Ba, etc.) con1pounds have been very well studied to investige 

the relation between the lattice properties and an appearance of high- Tc superconduc­

tivity. As shown in Fig. 1 and 2, the crystal structure shows various change with 

temperature and doping [7] and the changes mean the deformation of the Cu02 planes 

which is considered to be proper stage of the superconductivity. Both La2_xSrxCu04 

and La2_xBaxCu04, which are abbre·viated to LSCO and LBCO respecti\·ely, undergo 

a second-order tetragonal-to-orhtorhornbic phase transition; It is well known that the 

Cu06 octahedron tilts around either the [1 1 O]t or [1 I O]t axis. Here subscripts indicate 

tetragonal unit cell. The tetragonal structure belongs to the space group I4/n1n1m, and is 

so-called HTT (high temperature tetragonal), and the orthorhmnbic structure to B1nab, 

as LTO (low ten1perature orthorhombic). The structural phase transiton ten1perature T8 

monotonically decreases with increasing Sr or Ba concentration x: For x = 0 and 0.22, 

T8 is 540 and 0 K respectively. Superconductivity appears in a range 0.03 � x � 0.25: 

the superconductive transition temperature Tc shows a ma.'<:imum at 38 K for LSCO with 

x � 0.15 [8] and at 30 K for LBCO with x � 0.15 [9]. LBCO exhibits an additional 

structural transition from LTO to the second tetragonal phase LTT (lo-vv temperature 

tetragonal) belonging to P42/ncm [9, 10, 11]. Tc is considerably suppressed in the LTT 

phase at x � 1/8 [9], while the LTO-to-LTT phase transition occur in a fairly wide com­

position range(see Fig. 2). It is suggested that this suppression is caused by superlattice 

formation in the LTT phase [12]. L SCO also shows a small dip of phase boundary at 

x � l/8(see Fig . 1) [8] , but no LTT phase is obserbed in X-ray and l · eutron diffrac­

tion experiments. On the contrary, by n1eans of the polarized EXAFS method, which 

---- -

. ·- ��� { � . 



1 I:VTROD G�CTI01V 3 

Table 1. The various rneasuren1ents of the lattice strain in La2_xSr.rCnO-t. 

. ..\.uthors specimen rnethocl Precision 

Ono and :\" arita [16] powder X -ray( Rietveld analysis) 'I 

:Yiaeta et al. [1 7] single X -ray( Bond method) 2 X 10-!3 

Yang et al. [18 ] single X-ray 5 X 10-6 

Braden et al. [-±] single( twinned) capacitance dilatometer < 10-9 

Gugenberger et al. [5 ] single( un twinned) capacitance dilaton1eter 10- - 10-9 

Present work single( twinned) X-ray(ED-HADOX) 1./- 3.9 X 10-6 

probes a local atomic structure, the coexistence of the local lattice distortions of LTO 

and LTT in a forn1 like as domains were observed [13. 14] . Anon1alous behaviour of the 

elastic constant was observed at 60 K, and this is interpreted as evidence of a frustrated 

phase transition with formation of LTT domains [6, 15] . Braden et al. [-±] suggested 

that the evolution of the orthrohmbic distortion is forbidden by the onset of supercon­

ductivity. These results suggests an intin1ate correlation of the crystal structure with 

superconductivity in LSCO and LBCO n1aterials. 

The measurement of lattice constants is one of effective method to investigate a lattice 

distortion and a structural change. In spite of the fact, the investigation on the lattice 

constants as a function of temperature, in particular around Tc , has not been rnade 

in good enough accuracy for the discussion. As for LSCO, there have been only a few 

measurements on the lattice distortion around Tc: the measurernents in literature are 

listed in Table 1. Ono and Narita have rneasuredlattice constants with Sr concentration 

x =0.05, 0.10 and 0.15 by Rietveld analysis using X-ray powder diffraction data, and 

Niaeta et al. and Yang et al. made the conventional X-ray diffraction 111easurernents 

with the optimum Sr concentration x = 0.15. A number of data are also inadequate for 

clarification of relation of the appearance of superconductivity with lattice constant, and 

the results are in disagreernent with each other 

In the present paper, in order to determine the lattice constant as a function of temper­

ature, a high-resolution X-ray diffraction experin1ent has been carried for high-quality 

single crystals with x = 0.110 and 0.143 in a temperature range 17-300 1\: and 10-76 

K. The present study is the first measurement providing the complete information on 

--- -



1 I1VTRODUCTI01V 4 

the temperature dependence of lattice constants in a high precision. \Ve \Yill show that 

the HTT-to-LTO transition of LSCO has a three-di1nensional nature despite that the 

crystal has a quasi-two-di1nensional layered structure. The possibility of the existence of 

LTO-to-LTT structural phase transition obse·ved in LBCO are also discussed. ::VIoreover, 

uniaxial stress (dTc/dPi) and strain (dTc/clr:.i) dependences of Tc are deduced from the 

discontinuity of a thennal expansivity at T c using the Ehren fest relation. 

- -- - �= 
- --- - -
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Figure 1: Phase diagram of LSCO. The boundaries of HTT-to-LTO phase transition 

and of superconducting phase transition are given in the clotted and solid lines respec­

tively ; the dip on the phase boundary at x � 1/8 mentioned in the text is indicated by 

an arrow. (after Fisher, Gordon, and Phillips [7]) 
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Figure 2: Phase diagram of LBCO. The boundaries of HTT-to-LTO phase transition 

and of superconducting phase transition are given as same manner as Fig.l. The bound­

ary of LTO-to-LTT phase transition is given in the dashed lines. ( after Fisher, Gordon, 

and Phillips [7]) 
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2 Specimen crystal 

2.1 Crystal structure 

La2Cu04 that is the parent 1naterial of La2_.z:.--\.xCu04 compounds (A=Sr, Ba orCa) have 

the layered perovskite structure of the K2="JiF -1 type above 5-!0 K, and La2_xSrxCu04 is 

n1ade by replacing a part of La ions with Sr ions. Sr concentration indicated supercon­

ductivity is 0.06 < x < 0.24. The crystal structure is shovvn in Fig. 3. La2_.-z:SrxCu04 is 

constructed by that a layer which consist of Cu02 planes and La202 blocks stacks along 

( a/2 , b/2, c/2) direction. The Cu02 plane in the layer consists of a sequence of square 

lattices shown by dotted pattern in Fig. 4 and play a important role for high-Tc super­

conductivity, while La202 blocks are comprised of the apical 0 ions in the octahedron 

and La ions in a rock salt-like structure. The distance between cation ion ( Cu, La and 

Sr) and 0 ion in the Cu06 octahedron and the La09 polyhedron is different according 

as 0 ion's position as shown in Fig. 5. On Cu02 planes, Cu ions are covalently bonded 

to four 0 ions ( 0( 1)), in short distances 1.88-1.90 A. On the other hand, the bond 

between Cu ion and apical 0 ion ( 0(2)), that is perpendicular to the Cu02 plane are 

much longer than the Cu-0( 1) distances on the plane: The lengths are 2.39-2.42 A [19) . 
The La-0(1) and La-0(2) distances are much longer than the Cu-0(1) and Cu-0(2) 

distances except for the Cu-0(2) distances along c-axis as shovn1 in Fig. 5. 

In general the space group of La2_xSrxCu04 is set in I4/n1mm for HTT and Cab1n for 

LTO phases. However, using the space group, vve must make the transformation of the 

axes at the HTT-to-LTO phase transition. Therefore, we use the non-standard setting 

F4/mmm for HTT and Bmab for LTO phases. In Fig. 4, the transformation of the a.-xes 

in the Bravais lattice from I4/mmm to F4/mn1n1 is demonstrated. The c axis is com1non 

for both the phases, while the a and b axes are rotated to the each other by 45° around 

c. Correspondingly, the diffraction indices are transformed as follows: 

(1) 

where the subscripts F and I indicate F4/mn1m and I4/mmm respectively. Henceforth, 

the indices and the axes is used. 
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Figure 3: The crystal structure of La2_xSrxCu04 in HTT phase (I4/mmm). Unit cell 

is indicated by solid lines. 
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Figure 5: The structure of the Cu06 octahedron and the La09 polyhedron, and the 

bonding distance between ions in HTT phase. 
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Table 2: Chemical and crystallographic characteristics of specimens A ( :r = 0 .1-±3) and 

B (x = 0.110). 

specimen .\ B 

X 0.1-±3 0.110 

�X 0.01 < 0.002 

F\VH:VI 200 50 

Ts (K) 185 280 

Tc (K) 35 30 

2.2 Preparation and characterization 

For X-ray measurements of lattice constants in high precision, it is important to use 

a high quality single crystal. The traveling-solvent floating zone (TSFZ) rnethod is a 

successful approach to grow high-quality LSCO crystals in a macroscopic scale; such 

crystals were firstly grown by Tanaka and l(ojirna [21, 22]. vVe examined the temper­

ature dependence of the lattice constant of t\vo single crystals A and B grown by this 

method; the values of strontium concentration x are 0.143 and 0.110 respectively, and 

determined by the inductively-coupled-plasn1a (ICP) spectroscopic analysis. The ho­

n1ogenity of chemical and crystallographic state are investigated by means of high-angle 

double-crystal X-ray diffractometory (HADOX) [23, 24]. A summary of the characteri­

zation is shown in Table 2. Inhomogenity of strontium content, D.x, were determined by 

observation of the lattice constant c: Since the value of c is very sensitive to the change 

in Sr concentration, the 6.x can be detern1ined by the difference of c, as a function of 

the position of the crystal ingot. As shown in the table, FvVH:NI of X-ray diffraction of 

specimen A is as small as that of good crystals of other materials, for exa1nple SrTi03, 

BaTi03, etc., and that of specirnen B is much less than those of them. Since the precision 

of the diffractometer is determined by the value of FWHTvi, FWHNI for each specimen are 

adequate for measurements in high pricision. Structural phase transition temperature T.s 

and superconducting phase transition temperature Tc in each specimen that are referred 

to the literatureare [7] are shown in Table 2. In Figs. 6 (a) and (b), sketches of the shape 

and size of the specimens are given; the specimen A is cut from as-grown crystal into 

nearly cube shaped in dimensions about 4.6 x 2.7 x 2.0 mm3, and two specimens B1 and 

B2 were prepared respectively for the measurements of the lattice constant c, and a, b 



2 SPECil'viEN CRYST-lL 12 

:B1 is cut into pellet form being about 5.3 111111 in diameter and 1.0 111111 in thick, and B2 

is cut into the for111 as shown in (b). The relation bet\veen the shape of the speci111ens 

and scattering vectors are described in the figures. 

In general, the HTT -to-LTO phase transition cause the appearance of t\vin strucuture 

in the LTO phase, and the twin make difficult that detennine the strucutural parameter 

in precision. The twinning mechanism in LSCO is demonstrated in Fig. 7. The t\\·in 

results in the difference of lattice constants a from b, and specimen has a n1irror plane 

along [1 1 0] socalled a twin boundary. As the result, a reciprocal point in HTT phase 

splits to two ones in LTO phase. As shown in Fig. 7, an angle o between a"' and b"' axes 

is expressed by 0 = 90 - 2 arctan( ajb), and C!J increases with decreasing temperature. 

In STOE experiments, the split of a reciprocal lattice point can be observed because an 

adequate space in a reciprocal space is scanned. 
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Figure 6: The specimen crystals used in the present experiments. The Sr concentration 

x of specimens A and Bare 0.143 and 0.110 respectively. 
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3 STOE experiments 

In order to obtain overall infon1ation on the te1nperature dependence of the lattice con­

stants and investigate whether a new LTT phase observed in LBCO exists in low tem­

perature, n1easurements have been made in a ten1perature range 11-300 E in a relative 

precision of 1 o-.s. 

3.1 Measurement 

The system of STOE two-axis X-ray diffracton1eter is originally designed for the n1ea­

surement of powdered crystals, thin layers, seran1ics, liquids, glass, etc .. An advantage 

of the diffractometry is a use of the Guinier n1ethod geometry. The system configuration 

is schematically shown in Fig. 8. 

X-rays generated X-ray tube make incidence to a curved monochromator, and X-rays 

n1onochromized is diffracted by the specimen crystaL The positions and intensities of 

the diffracted X-rays are detected by the position sensitive detector (PSD). A curved 

n1onochromator of a gennaniu1n single crystal provides convergent n1onochromatic Cu 

Ko: X-ray beams. The distance between the X-ray tube and the monochromator is the 

same as that between the 1nonochromator and the PSD so that the beam is forcused at 

the PSD. Owing to the monochrometer, the resolution of the system reaches in higher 

order than that of a conventional X-ray diffractometer. In front of the PSD, a Soller 

slit is set in order to limit the beam divergence and provides the symmetrical peak 

profile. The diffractometer is fully controlled by the STOE POvVDER DIFFRACTION 

SYSTEIVI (STADI P) through the STOE diffracto1neter interface unit. 

The arrangement of the specimen and the deatail of the specimen surroundings are 

shown in Figs. 9 and 10 respectively. The specin1en was glued to the copper-holder by 

silicone grease(IVAC-G) and this insures the thern1al contact between the specimen and 

holder. In addition, it tied with Mylar film for stabilization of specimen. The specimen 

holder is mounted on the heliu1n gas closed-type of cryostat installed on w-table of the 

diffractometer. A calibrated silicon diode DT -4 70 supplied by Lake Shore Cryotronics 

Inc. is used as a temperature sensor; the speci1nen temperature is controlled within 

±0.02 Kat any ten1perature with a PID-controller (Lake Shore DRC-93CA). The cover 

made by copper is set at the top of the cold finger for shielding specimen from external 

thermal radiation. 

The relations between the indices and the lattice constans for specimen A and B are 
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Figure 8. The configuration of the STOE diffractometer and the control system. 
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Figure 9. The arrangement of specin1en to the specimen holder. 
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thermal radiation shi 

Figure 10. The specimen holder and the surroundings. 
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Table 3: The relations between the indices and the lattice constants for specimen A. 

and B. 

A B 

a 60 0 GOO 

b 060 060 

c 0 0 14 4 0 1 0 <:Ul d 0 4 1 0 

Table 4. The X-ray generator and the operating condition. 

generator: ::VIAC \I03XHF22 

power: 60 k V 30m A 

target: Cu 

forcus size: norn1al 

listed in Table 3. For specimen A, measurements were made for the 0 0 14, 6 0 0 and 

0 6 0 diffractions in order to determine the lattice constants c, a, and b respectively. 

On the other hand, the measurements of the 6 0 0 and 0 6 0 diffractions have been 

made with B1, and the measurement of the 2 2 10 diffraction with B2 respectively; it 

is tried to find the 0 0 14 diffraction for B2, however, the diffraction cannot be found 

for inadequate arrangement between the crystallographic orientation of specimen and 

the specimen holder. The 4 0 10 and 0 4 10 diffractions were found in a relatively 

strong intensity, and thus finally measured the diffractions for th determination of c. 

The diffraction profile was measured in a temperature range 17-300 K for specimen A, 

18-300 K for specimens B, and 20-120 K for specimen B2. The intensity integration in 

a mode of w oscillation was carried out for 1000 s of integration, and the peak height 

of the observed profile reached 2 x 104 counts. The operating condition of the X-ray 

generator is summarized in Table 4. 

For the 0 0 14 diffraction of specimen A, and for the 6 0 0 and 0 6 0 diffractions of 

specimen B1, measurements on both cooling and heating were made; the reproduction 

of the temperature dependence of the lattice constants was thus confirmed. Therefore, 

we made measurements for only heating processes for the other diffraction. 
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Table 5. The analytical method ancl parameters to be refined. 

Sr concentration x 0.110 0.1-13 

Diffraction indices 6 0 0 -± 0 10 6 0 0 0 0 1-± 

0 6 0 0 4 10 0 6 0 

Algorithm for )JLSivl :\Iarquardt 

Profile function Split Pearson( 

Peak nu1nber (T > Ts) 2 

(T < Ts) 4 

Refiment parameters Xo, Yo, H 

3.2 Data analysis and results 

Pseudo-Voigt 

- 1 2 

2 2 2 

Xo, Yo, H. n 

20 

The PEAK and FIT programs in the Visual x_pow software pakage supplied for STOE 

Inc. was used for the data analysis. The PEAK program is for searching the peak in the 

raw data, and then determines the position of the peak maxi1nun1 that is used for the 

initial parameters of the FIT. The FIT progran1 is for fitting a profile function to the 

observed peak profile and for decon1posing the peak profile. Para1neters of the profile 

function are opti1nized by the non-linear least squares method (NLS:lvl). The infomation 

of the fitting is shown in Table 5. 

The Pseudo-Voigt function was used as the fitting function, but, for the 6 0 0 and 0 6 0 

diffractions in speci1nen B, the Split Pearson 7( SP7) was used. Because the peak profile 

of this diffraction is remarkably asymmetric. Owing to the strong correlation among 

the parameters for the SP7 function, exponents rn" mr and halfwidth ratio Ht/ Hr were 

fixed in the values determined at the room temperature. 

In Fig. 11, examples of the observed diffraction profile of specimen A are shown: (a) 

for the 0 0 14 diffraction at 16 K, and (b) for the 6 0 0 and 0 6 0 diffractions at 27 

K. The 0 0 14 diffraction consist of the components of Cu Ka1 and Ka2. On the other 

hand, in the case of the 6 0 0 and 0 6 0 diffractions, the profile consists of a single peak 

because of the elin1ination of the Ka2 component by a careful adjustment of the Ge 

monochromator and slits. The completely separated two peaks are assigned to the 6 0 0 

and 0 6 0 diffractions:i.e. the peaks positions correspond to the lattice constants a and 

bin the LTO phase. The seperation of the peaks increases with decreasing temperature; 
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Split Pearson 7: 

Pesudo- Voigt: 

X0: Peak position 

[ 
y A 2] -mt 

Y =Yo· 1 + Cpst · 
(

- �1" 0) 

[ 
y _ :( 2] -mr Y = Yo · 1 + C p Sc · C Hr

" 0) 

[ 
')] -1 

.. X- _,.yo -Y=Yo·(1-n)· 1+Cu( H ) 

\/ [ C ( ..:Y -)( 0) 2] + 1 0 · n · exp - ·cs H 

Y0: l\!Iaximun1 counting rate (at X0) 

H: Full width at half n1aximum( FWH::VI) 

n: Gauss component of Pseudo-Voigt profile 

H1 /Hr: Halfwidth ratio for Split Pearson 7 profiles 

H1+ Hr: Overall halfwidth for Split Pearson T profiles 

this indicates the increments of lattice distortion b /a. 

21 

(_Y > _\"o) 

In Figs. 12 (a) and (b), examples of the o bserYed profiles of specimen B are shown for 

the 4 0 10 and 0 4 10 diffractions at 24 K, and for the 6 0 0 and 0 6 0 diffractions at 18 I<: 
respectively. Two peaks are due to structural phase transition like as the case of Fig. 11 
(b ) . The 6 0 0 and 0 6 0 diffractions contain n1inor subpeak due to Ka2 con1ponent. In 

the fitting process, we consider that each diffraction includes one or two peaks as shown 

in Table 5. The results of the fitting are also shown in Figs. 11 and Figures 12 in a solid 

line, and, below the line, the differences of the fitting results from the raw data are also 

indicated. It found that the fitting results indicate a good agreement with the data and 

a residuary component is not almost included. This means that a new phase like LTT 

phase doesn't appears in low temperature. 

From the determined 28 angle position to Cu Ka1 component, the lattice constants 

were obtained by obeying equations (2). 

and 

2dhkl sin e = /\' (2) 
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(3) 

where /\ is the wavelength of Cu Ka1 ( 1.5-1051 A). Since the lattice spacing \Yith ::diller 

indices h k 1 in orthorhotnbic phase is expressed b:· equation ( 3), lattice constants a. b and 

c are determined by 28 positions of the 6 0 0, 0 G 0 and 0 0 1-1 diffractions. respectively. 

The lattice constant c of the specin1en B2 is obtained fron1 the 28 position of the -1 0 10 

diffractions using the deten11ined value of the 6 0 0 diffractions in specin1en B 1. 

The peak profiles of each diffraction are sho-vvn as function of ten1perature in Figs. 13. 

1-1 and 15 respectively. In Fig. 13, the form of the profile for the 0 0 1-1 diffraction in 

specimen A is almost same form fron1 room to low temperature, and the peak position 

moves to high angle vvith decreasing ten1perature. On the other hand. in Fig. 1-1, that for 

the 6 0 0 diffraction in specimen A splits into two peaks 6 0 0 and 0 6 0 below 180 E. and 

the distance between two peaks increases monotonously with decreasing ten1perature. 

In specimen B the temperature dependence of a peak profile for the 6 0 0 diffraction 

is in qualitative agreement with that in specimen A, but, for a peak profile above 200 

E, it is very difficult to decompose the profile into two peaks because the peak profile 

include a peak of Cu Ka2. The temperature dependence of the peak profiles is consistent 

with that of the lattice constants. Furthermore, the emergence of a new peak cannot be 

observed in all ten1perature dependence of profiles, and therefore, it is concluded that 

the appearance of a new phase like LTT phase is not observed in this n1easure1nents. 

The temperature dependence of the lattice constant c, of those a and b, and of the unit­

cell volume of sepcin1en A are shown in Figs. 16 1 I and 18 respectively. Ten1perature 

of the HTT -to-LTO phase transition and that of superconducting phase transition are 

indicated by respectively the broken and the dotted lines in the figures. The lattice 

constants linearly decrease with decreasing ten1perature in HTT phase and the effect of 

the HTT-to--LTO structural phase transition is dearly observed in all lattice constants. 

For the lattice constant c, additional contraction of the lattice is observed below T .. 

On the other hand, the temperature dependence of in-plane lattice constant. i.e. a 

of HTT phase, splits into orthorhombic a- and b-a.'.:iS below Ts, and then the split is 

n1onotonously increasing with decreasing te1nperature. The orhorhon1bic distortion b/ a 

is 1.0045 at 27 K, and this is consistent with the value given in literature [25]. In Fig. 17, 

the mean constant (a+ b) /2 of the in-plane lattice constant a and b is also given for the 

con1parison with thermal expansivity by the capacitance dilatometer [4]· i.e., specimen 

using the measuren1ent have twin structure, and therefore, the result is an average value 
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least-squares fit of the profile function to the experiment. 
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Figure 14: Peak profiles of the 6 0 0 diffraction in specimen A as function of tempera­
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3 STOE EXPERilVIElVTS 27 

600 

300 

250 � 
......... 

200 
ClJ 
� 

:;, 
....., 

150 cu 
� 

ClJ 
100 c. 

E 
50 

ClJ 
..... 

117 118 119 120 121 122 123 

28 angle I deg. 

Figure 15: Peak profiles of the 6 0 0 diffraction in specimen Bas function of temperature. 



3 STOE EXPERil'viElVTS 28 

of in-plane. The thermal expansivity abruptly decreases from 10 to 2 x 106 at T., and 

keep constant to low ternperature. The result is qualitatively consistent with the present 

result of (a + b) 12. The temperature dependence of the cell volun1e calculated lattice 

constants a, b and c are given in Fig. 18. The Yolunle shows a subtle change of the 

tern perature dependence at T 3• This results in cancellation of slope change in c and 

(a+ b)l2 below Ts. In order to clarify the effect of superconducting phase transition on 

the lattice constants, the lattice constants around T c are shown in F igs. 19 and 20 in an 

expanded scale. The lattice constant c reachs to the n1inimun1 at T c and then seems to 

increase with decreasing ten1perature. This behaYiour vvas consistent with the result of 

\Iaeta et al. [ 17]; the relative change D.cl c between 20 and 33 K was reported as 1 x 10-5. 

vvhile the present result is 2J.cl c = 3 x 10-·5. In contrast, a and b show no ren1arkable 

change around Tc· 

For specimen B, the temperature dependence of the lattice constants a and b in the 

temperature range from 18 to 300 I< is shown in Fig. 21. For the lattice constant b, 

the result in the ternperature range from 200 to T3 cannot be indicated because it is 

difficult to decompose a peak profile into the 6 0 0 and 0 6 0 peaks as shown in Fig. 15. 

The temperature dependence is qualitatively san1e as that of specirnen A, but T s is 

much higher. Since information on the HTT-to-LTO phase transition was obtained in 

detail, the results are shown for LTO phase in the temperature range below 120 K. The 

ternperature dependence of the lattice constant c, of those a and b and of the unit­

cell volume are shown in Figs. 22 , 23 and 24 respectively. For the lattice constant c, 

anomalous behaviour that is not seen in specirnen A is observed just above Tc; it takes 

the minimum and maxirnurn values at the temperatures pointed by arrows in the figure. 

Since precision for the lattice constant c is worse than that for other lattice constants 

as be clear from the dispersion of data point, measurement in higher precision is needed 

for being clear the anon1alous behaviour. In contrast with c, a and b show temperature 

dependence similar to that of a and b of specimen A; however, the orthorhombic distortion 

b I a is larger than that in specimen A because Ts in specimen B is higher than that of the 

specimen A. The value of b I a of specimen B is 1.0075 at 18 K, being in agreernent with 

the value 1.0072 given by Radaelli et al. [25]. Furthern1ore, the temperature dependence 

of the unit-cell volume has been calculated; as shown in Fig. 24, a plateau is observed 

in the range 40 - 60 K. As mentioned above, the lattice constant c takes the minimum 

and ma."'<:imum values, and therefore, this results in the plateau. It should be noted that 

the only lattice constant b shows continuous increase even at low temperatures both for 
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specimens A and B in contrast with the result for YBa2Cu306+5(YBCO); i.e., YBCO has 

the HTT-to-LTO phase transition sin1ilar to LSCO, but all lattice constants decrease 

\Vith decreasing temperature. In general, thern1al expansion is caused by anharn1onic 

term of the interatornic potential. It is well knovvn that the lattice constants and the 

unit-cell volume decrease with decreasing temperature, in proportion to T at the high 

temperatures, and to T4 at low ten1peratures. The elongation of the b axis is therefore 

related with the orthroh1nbic distortion in the Cu02 plane, and it has been explained 

by the effect of the tilt of Cu06 octahedra in the LTO phase [1 0, 4]; the details will be 

discussed in the section of "Discussion''. 
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Figure 22: The temperature dependence of the lattice constants c of specimen B below 

120 K. 
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4 ED-HADOX experiments 

For a further discussion of the relation bet1veen the lattice strain and the appearance 

of superconductivity, the pricise inforn1ation on the ten1perature dependence of lattice 

constants is required. For this, we need the high-resolution measurement and high­

quality specimens. The latter is already satisfied with crystals grown by the TSFZ 

n1ethod [21, 22] preYiously mentioned, and the fon11er will be achived by n1eans of high­

angle double-crystal X-ray diffractometry ( HADO.:\.) [26, 21]. In this chapter, the detail 

of the experiment and the results is described. Initially, the principle of the energ:y­

dispersive type of H_-\.DOX (ED-HADO;() is explained in c01nparison with the conYen­

tional H_-\.DOX, and secondly the operation procedure of ED-HADOX. Then finally, the 

analysis of the data and the results are discussed. 

4.1 Principle of ED-HADOX 

.-\.t first, the reason why ED-HAD OX is required in the present investigation is rnentionecl. 

The n1easurement by n1eans of the conYentional HAD OX [23], the peak intensities for 

the 2 2 0 and 0 0 14 diffractions were extremely weak; the intensity was about 300 
cps. In addition, the observed FvVH1vi of the rocking curve was about 2.9 n1rad and is 

several times as large as that for a good crystal, such as SrTi03. As the result, for the 

rneasurement, it took a long tin1e in order to get adequate precision on the determination 

of a peak position, and a number of data point vvas not enough for the investigation of 

relation between the lattice constants and superconductivity. Therefore in order to 

realize a practical measurement, it was neccessary to improve the method. In the ED­

HADOX mode, these demands are satisfied and high precise measurements can be made 

in the limit of an utilizable machine time. 

The experimental arrangen1ent of ED-HADOX is shown in Fig. 25. In c01nrnon with 

the conventional HADOX, ED-HADOX requires the following conditions for high accu­

racy and precision: Firstly, two crystals n1ust be arranged in the so-called ( +, - ) parallel 

arrangement, and secondly, the Bragg angle (B) of two diffractions must be high enough 

(B > 70°). The forn1er condition makes FvVHrvi of the observed rocking curve narrower 

than that observed by other methods using a single diffraction process, since a double­

cry stal ( +,-) arrangement results in non-dispersive diffraction. This brings about the 

precise determination of Bragg peak positions. On the other hand, the latter condition 

results in the increment of sensitivity to a change in the lattice constant. This situation 
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can be explained by diffrentiating the Bragg equation: �d/ d = -cot()�(). In ord r to 

discuss the sensitivity of H�-\DOX, the fonnula will be transformed as follo\YS: 

u() tan() 

�cl d 
( -1) 

\vhere () and d denote the Bragg angle and the lattice spacing respectively. Equation ( -1) 

sho\vs that the sensitivity is proportional to tan B: diffractions at higher angles therefore 

give the higher sensitivity of �() to �d. A detailed discussion is given by Okazaki and 

Oharr1a [26]. 

For ED-H�-\DOX, the speci1nen crystal is the first crystal C1, and coupled with the 

analyzer crystal c2. The incident bean1S to cl are \Vhite X -rays, and therefore, the 

Bragg equations at C 1 and C2 are expressed as follo,,·s: 

(.J) 

and 

(6) 

where the subscripts 1 and 2 correspond to C 1 and C2, respectively. Since the vvavelengths 

are cmnmon for the equations, we have 

Rewriting equation (7), we get a relation as follows: 

cl d2 . (} I . (} 1 == -- Sln ·J == �"1. Sln ·J 

sinB1 
- _

, 

(I) 

( ) 

where A is constant because ()1 is fixed and d2 is kept con tant. It is clear that a change in 

the Bragg angle of the analyzer crystal ()2 corresponds to a change in the lattice spacing 

of the specimen crystal d1: i.e., the change in the X-ray wavelength diffracted at the 

specimen crystal is caused by the change in d1, and then that is analyzed by the second 

crystal. This diffractometry is therefore named ED-HADOX. In the ED-HADOX, the 

two slits S0 and S1 are introduced, and placed in front of C1 and C2 respectively as shown 

in Fig. 25. They limit the angular divergence of inciclen t X -rays to C1 and the energy 

divergence of diffracted beams from C1, respectively. Therefore, the resolution of the 

system for the lattice constant measurements is detern1ined with the sizes of the slits. 

The detailed discussion of the resolution of the ED-HAD OX is given by Fujii [28]. 



4.2 Operation mode of ED-HADOX measurements 

In the following, a practical way of assen1ble apparatus of ED-HADOX and adjust the 

aligment of crystals \Yill be explained. The ED-H_\DOX n1easurements has been inl­

proved from the conventional HADOX diffractmneter settled at the Centre of AdYanced 

Instnunental Analysis, I�yushu l"niversity. In Fig. 26, the configuration of ED-H_\DOX 

and the electoronic controller systerns are shown. Two goniometers are placed on the 

diffractorneter table installed in X -ray generator. The first and second gonion1eter are 

respectively for JJ rotation of C1 and C'2, and produced by Hl-BER Inc. (:\Iodel--100) and 

EOHZl:' Inc. (ET10G2). The specin1en and analyzer crystals are n1ounted on the closed 

cycle type of cryostat and the conventional type of thern1ostat respectively. The slits S0 

and S1 are set for the aim mentioned in Sec. --1.1: the hape of S0 is a hole of which size 

is changeable fron1 0.1 to 2.0 mm, and that of S1 is rectangle of \Vhich the size is variable 

from 10 to zero mn1 in both perpendicular and horizontal directions. S0 is et at the end 

edge of the first beam pass toward the pecimen and S1 is mounted on the X-Y-Z table 

so that the position of the slit can be precisely acljnstable to the position . The bear11 

passes are evacuated in order to reduce the intensity loss by air absorption or scattering. 

The detector, for which ai scintillation counter (SC) n1ade in Bicron co. was used, is 

fixed on the 28 arn1 installed in the second goniometer. 

In Fig. 27, the deatail description around the san1ple holder for specin1en crystal is 

shown. The specin1en was glued by Si grease on the specin1en holder rnade in copper,ancl 

is binded by :Niaylar film. The specin1en holder was mounted on the end of the cold 

head of cryostat· indium foil is seated between thern for \vell heat propagation. Si diode 

ten1perature senser is used for n1onitoring the ten1perature of specimen, and used for 

the temperature control by PID type of ten1perature controller (Lakeshore DRC-91 CA). 

::VIanganin wires are winded around the end of the cold head for heating supply. The 

stability and the hon1ogenity of the tern perature on specimen was assured within ±0.02°. 

The temperature of the analyzer crystal is controlled by the PID controller n1ade by 

Ohkura; the copper-constantan thermocouple thern1ometers and rnanganin wire were 

supplied for the temperature sensor and the heater, respectively. The temperature of the 

analyzer crystal was fixed at 310 K, and the stability of the temperature in the analyz r 

crystal is within ±0.05 K. 

As shown in Fig. 26, three electronic devices are fully controlled by a personal computer 

through GP-IB interface; they are the ternperature controller (DRC-91CA), pulse motor 

controller (DN-2000) connected with two motor drivers (SD-2000), and counter ( C-
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Table 6: The condition for aligning the specimen and analyzer cry stals. Conditions are 

labeled by H1 and H2, respectively. 

label lattice constant diffraction diffraction X-rays used 

to be 1neasured at specin1en ( LSCO) at analyzer( Si) for align1nent 

H1 c 0 0 14 (B = 71. 56°) 4 -1 0 (B = 68.70°) Co hal 

H2 a 6 0 0 (B = 80.41°) -1 4 0 (B = 66.22°) Fe I\:3 

2000). It should be noted that the pulse hight analyzer for X-ray counting system 1nust 

be operated in a integration mode in order to count whole signals of the higher hc\xn1onics 

of )../2, )../3,· · ·. All measurements are also fully controlled by the personal con1puter; 

a rotation of w circle of both goniometers, a ten1perature change, a continuous count, 

automatic start and stop of the measure1nent of each scan 1node, and so on. 

All apparatus and electronic devices are finally constructed as discribed in the Fig. 26, 

however, the alignment of crystals must be manually done. Since the basic n1ethod of the 

alignment of crystals for ED-HADOX is sarne as that for the conventional HADOX [27] 

and therefore, only the unique procedure for the ED-HADOX is explained. For the 

alignn1ent of ED-HADOX, it is important (1) how to adjust each crystals to limited 

Bragg angle by S1 and (2) how to adjust the position of S1. For the process ( 1), it is very 

difficult to guide the X-ray from the specimen crystal to the analyzer crystal, because 

Bragg diffractions fr01n the specimen crystal are caused in all directions with white 

X-rays. Therefore, the alignment of crystals was initially n1acle using a characteristic X­

ray, and then, after the all procedure for the alignn1ent was finished, the X-ray target is 

replaced with the gold (Au) so that the high briliant of white X-rays can be obtained. It 

should be noted that the wavelength of the X-ray must be selected within the condition 

mentioned in Sec. 4.1: Bragg angles of the speci1nen and analyzer crystal is as high as 

possible. For (2) the adjustment of S1, use of topograph is convenient. At first, standing 

a pin at the centre of the second goniometer , the topograph of specin1en is taken. Since 

the shadow of the pin is observed on the topograph of speci1nen, the position of S1 is 

adjusted so that the shadow corresponds with the centre of the topograph. By this 

procedure, the position of S1 can be accurately determined. The condition for alignment 

is listed in Table. 6. The condition for alignment is different in each diffraction, and 

therefore, the alignment were made at the first stage of each measurement. 
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Table 7. The experirnental condition for detennination of size of S1. 

Power 50 kV, 150 n1A 

monitoring time 100 s 

w step 10 sec. 

range of uJ scan GOO sec. 

S0 size 5.0 111m 

81 size 3.0, 2.0. 1.0, 0.5, 0.2, 0.1 m1n 

specimen temperature 14 E 

4.3 Preliminary experiment 

-!6 

In order to examine the performance of the diffractometer, a preliminary experiment 

has been carried out and the optimization of the condition has been made. Initially, 

the resolution of the system is exan1ined as the function of the size of S1. Secondly, 

the two-dimensional intensity distribution in reciprocal space is determined by the fw-w 

two-dimensional scan n1ode, and the quality of specimen is characterized. Finally, the 

energy spectroscopy is made for the investigation of energy content in the diffracted 

X-rays. 

4.3.1 Two-dimensional measurements 

The size of 81 is an imprtant factor for the determination of resolution, and thus, w-scan 

is carried out as a function of the slit size under the optical system Hl given in Table 6. 

The conditions for the measuren1ent are listed in Table 7. 

Examples of the observed rocking curve are shown in Fig. 28. The ratio of signal 

to noise (S /N) decreases with decreasing size of 81. All the rocking curves are defined 

by the Lorenz function and a non-linear least squares ayalysis has been made for the 

determination of integrated intensity and FvVH!"YI. The results are shown in Fig. 29. 

Both integrated intensity and FvVHrvi decrease with decreasing slit size; FvVH:VI is nearly 

constant for 81 =0.5 mm. Therefore, as an optimum condition in connection with the 

intensity and FvVHNI, the size of 81 was set for finally 1.0 1nm. 

The two-dimensional scan mode is used for measuring the intensity distribution of 

reciprocal lattice point in the diffraction plane. The intensity distribution contains in-
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Figure 28: Examples of the rocking curve of the analyzer crystal for various size of slit 

S1. 
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Table 8: Operating condition of the t\"vo-din1ensional scan 1node in the ED-HADOX 

measurement. 

Power 50 kV, 150 rnA ( Cu) 

monitoring time 100 s 

w1 step 36 sec. 

w2 step 15 sec. 

S0 size 5.0 111m 

sl size 1.0 mm 

temperature 1-± K 

measuring time 28 hours 

formation on the lattice constant and the orientation of specimen . Therefore, this scan 

1node is useful for characterizing the speci1nen crystal. For specimens A and B, the 

characterization have been made by n1eans of the conventional HADOX in 2fJ-w scans 

[23, 24]. However, the method has clisadvantage:i.e., a change in w position of the inten­

sity distribution generally contains 1nixed information on both the lattice spacing and 

the orientation. The change in w position due to that in the lattice spacing can be sep­

arated by measuring a change in the 28 position of the observed in tensity distribution. 

However, in the conventional HAD OX, the resolution of 28 is not enough in comparison 

with that of w. On the other hand, in ED-HAD OX, the information is obtained in high 

accuracy by the two-dimensional scan. The w1 value corresponds to the crystal orien­

tation, while the w2 value to the lattice spacing; the resolution is comparable for these 

scans. Here, w1 and w2 are the w values of the specimen and analyzer crystals respec­

tively. The measurement has been made under the operating condition listed in Table 8. 

In Fig. 30, the perspective (a) and the contour 1nap (b) of the two dimensional intensity 

distribution of the 0 0 14 diffractions are shown; both the abscissa and ordinate are given 

in a relative scale. The distribution elongates along the clotted line, and consists of two 

peaks as pointed with arrows. The peaks are separated by about 1.2 mrad along the w1-

and w2- axes. Since the intensity distribution in w2 indicates the variation of the lattice 

spacing, the values of the lattice constant c corresponding to these peaks are determined 

to be 1.3194 and 1.3199 Arespectively. It is to be noted that the difference between these 
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values cannot be not attributed to inhomogeneity of ten1peratue in specin1en. because 

the lattice constant at 14 K is non-sensitive for ten1perature. The difference n1u t there­

fore be attributed to inho1nogeneity of Sr concentration .r. The . ituation is sin1ilar to 

the case of the 28-resolved HAD OX experi1nent [23]. --\.ccorcling to the relation bet'ween 

the lattice constant and Sr concentration given by Radaelli et al. [25], vve find that the 

separation of 0.005 Abetween the two peaks corresponds to the difference 0.01 in .r: he 

results are consistent with those of the 28-resolved HAD OX [23]. Furthern1ore, the ...v'1 

values of the peaks are also different. This means that the orientation of the fractions 

corresponding to the two peaks is different to each other: these results are not consistent 

vvith the results of the 28-resolved HADOX experin1ent [23]. This is probably clue to 

inadequate accuracy and precision of the 28-scan. These results suggest that the charac­

terization of a crystal by ED-HADOX is superior to that by the conventional H_-\DOX. 

In the measuren1ent of ternperature dependence of the lattice constant c, the --v'L po. ition 

is fixed at uh = 0. For that of the lattice constant a a sin1ilar optirnization is attained. 

4.3.2 Energy-dispersive measurements 

Since white X -rays are used as the incident bean1, diffractions fr0111 the analyzer crystal 

contain the harmonics of A, 2A./3, /\/2, and A./3 corresponding to the 0 0 1-1, 0 0 21, 0 0 

28 and 0 0 42 diffractions respectively. The proprotion of the intensity for the harmonics 

give information on the size of the portion in specimen attributed to the diffraction. 

The energy spectra of the diffractions have been examined with a solid state detector 

(SSD); w1 and w2 are fixed at a position of the ma.-xin1un1 of two-dimensional intensity 

distribution. The signal from SSD are analyzed by multichannel analyzer (\ICA). The 

results of the 0 0 l and h 0 0 diffractions are respectively shown in F igs. 31 and 32 in 

the semi-logarithmic scale. Peaks is assigned as shown in the figures. In both figures. 

the peaks of Cu 1\:a and Zn Ka is observed. These are clue to the materiaL used in 

experimental apparatus. Furthern1ore, the 0 0 l diffractions contain four peaks attributed 

by the harmonic waves .A, 2-A/3, .A/2, >../3 and the hOO diffractions three peaks attributed 

by those /\, /\/2,>../3: >..s for the 0 0 l and h 0 0 diffractions correspond to the \vavelength 

of Co J{ a1 and Fe J( j3 respectively. For both diffractions, the main contributions for 

diffractions are primitive indices 0 0 14 and 6 0 0. The penetration depth 
� 

for X-ray of 

).. is defined by 

� 
= _

lo
_
g_2 = _o ._6 _93_1_5 

{tp {tp 
(9) 
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Figure 30: (a) The perspective an l (b) contour map of two-dimensional intensity 

distribution of the 0 0 14 diffraction. The two peaks are pointed with arrows. 
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where J.-l and p are the mass absorption coefficience and the n1ass density respectivel�·. p 

depends on the wavelength and the n1aterial, and, that of La:2-.rSrx Cu04 is expressed by 

{lLaaLa · (2- x) + {tsrasr ·X+ {lcuacu + {toao ·-± 
{l = 

aLa· (2- X)+ asr ·X+ acu +Go·-± 
( 10) 

where a is an atomic weight, and a subscript indicates 1--l and a of each atom. "Csing f--lS 

of the wavelength 1.78892 A( CoKa), {L for La1.851Sr0.143Cu04 is calculated as 3.52 x 105 

[1 / n&], and therefore, the penetration depth � is 5.64 [�t7n]. Furthermore, F\YH::VI of 

main peaks for 0 0 land h 0 0 are 0.513 and 0.277 eV. In the ED-HADOX configuration. 

the inhomogenity of the lattice constant results in the energy inhon1ogenity of diffracted 

beam, and therefore, the difference of F\VH::VI rneans that of the lattice constant. Thus, 

it is found that the dispersion of the lattice constant cis larger than that of a. This fact 

is in qualitative agreement with the result by n1eans of 2-fJ resolved H.-\DOX [:23). 

4.4 Measurements and the results 

4.4.1 Data collection 

The measurement of the lattice constants by ED-HADOX has been rnade only on spec­

in1en A, with a single crystal of silicon as the analyzer. The 0 0 1-l and 6 0 0 diffractions 

are measured for the determination of the lattice constants c and a, respectively. The 

measurement of lattice constant b were unsuccessful owing to extre1nely ,,·eak intensity 

of the 0 6 0 diffraction. In Tables 6 and 9, the conditions of the n1easurements are listed. 

Under the condition, it took about four hours to measure a rocking curve at a temper­

ature. The measurements have been n1acle at a interval of 1 K in the range of 10 to 60 

K, and of 2 K in that of 60 to 76 K. 

4.4.2 Data analysis 

Pattern fitting 

In this section, the method for getting information on the lattice constant fron1 the raw 

data will be mentioned. For the 0 0 14 and 6 0 0 diffractions, both rocking curves can 

be approximated by the function of Lorentze-type, as seen in Figs. 33. Therefore, the 

non-linear least square fitting ( NLSF ) with Lorentzian function has been applied to data 

analysis. The Lorentzian function are expressed as follows: 
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Figure 31: The energy spectra of the 0 0 l diffractions of LSCO emitted from analyzer 

crystal. Peaks are assigned in the figure. 
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Table 9. The experin1antal conditions of ED-HADOX measure1nents. 

generator 50k V 150mA 

target Au 

forcus size 0.5 x 1.0 mm (normal) 

scan mode ..u-sc an (analyzer crystal) 

monitor method step scan 

monitor time 300 s 

slit s0 open 

slit s1 1.0 m1n 

Temperature range 10-76 K 

Table 10. Condition for 1 LSF. 

Algorithm of NLSF Levenberg-:Nlarquardt method 

Function name Lorentzian peak function 

Number of parameters 4 

Number of independent variables 1 

Number of dependent variables 1 

Fitting parameters y0(offset), xc(center), w(width), A(area) 

55 

2A w 
Y =Yo+- · 

1r 4(x - Xc)2 + w2 
( 11) 

The detail description for NLSF is listed in Table 10. 

In the figures, the results of NLSF were described as a solid line together with a 

measuring data, which was shown by a solid circle. Standard deviations of the fitting 

are analyzed as a error of w position and is shown for the all observed rocking curves in 

Fig. 34; errors are constant for all the fitting, and therefore, precision of the determination 

of peak position is same for all the measurements. 

Calculation of the lattice constant 
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Figure 33: Examples of the observed rocking curve for (a) the 0 0 14 and (b) the 6 0 0 

diffractions at 10 K. The solid lines indicate the results of non-linear least square fitting. 
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Figure 34: Errors in the peak position estin1ated from NLSF (a) for the 0 0 14 and (b) 

for the 6 0 0 diffractions. 
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Table 11. Various paran1eters used for calculating the lattice constant. 

lattice constant hl kl h h2 k}. l2 a2 e1 B* 2 �dl/ dl 

c 0 0 14 4 4 0 5.4308 71.56° 68.70° 1.7 X 10-6 

a 6 0 0 4 4 0 5.4308 80.41° 66.22° 3.9 X 10-6 

l7sing the optimized Xc, the lattice constant is calculated by following. Since the specin1en 

and analyzer crystals respectively belong to tetragonal and cubic phases, therefore, d1 

and d2 of equation (8) are expressed as follows. 

( 12) 

( 13) 

where h, k, l are diffracted indecies, and a, b, c are lattice constants in each crystal 

system. The subscripts 1 and 2 denote the speci1nen and analyzer crystals respectively. 

Furthermore, 82 that is obtained from the result of NLSF is relative value. Therefore,B2 

is used as a standard value of e2 and e'2 is calculated by the equation e2 = e; + 6xc. el 

is refered to that given by Radaelli et al. (25]; they examined the dependence of lattice 

constants by Neutoron powder diffraction, and by carrying out the linear least square 

fitting on their data at 10 K, the expressions (14) and (15) were obtained for the lattice 

constants c and a, as a parameter of Sr concentration x: 

c(x) 

a(x) 

13.11741 + 0.5786x + 0.33816x2- 5.2742x3 + 6.0558--Lr-l 

5.33269- 0.06064x 

( 14) 

(15) 

From equations (14) and (15), taking the value of x as 0.143 account, c and a are 

calculated respectively 13.1942 and 5.32402 A, and therefore, Bragg angles of the 0 0 14 

and 6 0 0 diffractions are calculated to be 71.56° and 80.41 o, respectively. The parameters 

for the calculation of the lattice constants c and a are listed in Table 11. 

4.4.3 Results 

Lattice constant 
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In Figs. 35 and 36, the determined lattice constants c and a are respecti,·el:v shovvn 

as a function of temperature. In comparison with the results of the 111easure1nents by 

1neans of STOE diffracton1eter, it is clearly seen that the precision of ED-HADOX 

measuren1ents is much higher; deviation of data points is n1uch less than that in STOE 

n1easure1nents. For the te1nperature dependence of the lattice constant c. an strange 

behaviour is observed in the range of 10 I\: below Tc; c reaches the 1nini1nun1 at Tc 

and then shows a subtle incren1ent. This is steeply decreasing again below around 30 

to 20 K and remains belo\v 20 K. Furthern1ore, so1ne discontinuous behavior of lattice 

constant is observed in range of 60 K to Tc: the temperatures are indicated by arrO\YS 

in the figures. According to the results of capacitance dilatometer given by Gugenberger 

et al. [5], the thermal expansivity of the crystal of tvvin structure shows discontinuous 

change in the same temperature range, vvhile that of n1onodomain crystal shows no such 

behavior. Therefore, the observed disconinuities are probably attributed to the existence 

of twin structure in the specimen crystal. On the other hand, the lattice constant a is 

decreasing to low temperature region and only a subtle change of slope at Tc is observed. 

The discontinuity same as observed in c is also observed in a. 

Integrated intensity 

In Figs. 37 and 38, the ten1perature dependences of the integrated intensity for the 0 

0 14 and 6 0 0 diffractions are shown respectively. In general, integrated intensity of 

Bragg diffraction increases with decreasing te1nperature according to Debye-\iValler fac­

tor. However, that of the 0 0 14 diffraction reaches maximum at 60 K and is decreasing 

with decreasing temperature. The integrated intensity at 60 K increases about 20 % of 

that at 10 K. On the other hand, that of the 6 0 0 diffraction is almost independent on 

ten1perature. It is worth n1entioning that the various anon1aly on LSCO have been ob­

served around 60 K [6, 14, 15, 18, 33], and furthermore, EXAFS and PDF nle<:tsurements 

indicate that the local ato1nic structure deviates from the average crystallographic struc­

ture in low temperature range. These results imply that the dynamical and statistical 

instabilities on the crystal structure occure in low temperature range. Thus, the present 

results is probably related to the appearance of these structural anomaly;i.e, incoherent 

area for X-rays that corresponds to the deviation from the average structure 1nay be in­

creasing below 60 I<. It is also noted that the observed behavior in the 0 0 14 diffraction 

is not observed in the 6 0 0 diffraction. This means that the structural instability is 

related with change of ato1nic position to c-axis direction. 
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Figure 35: The temperature dependence of the lattice constant c. Dotted line and the 

arrows indicate T c( = 351-\) and discontinuous behavior of the lattice constant, respec­

tively. 
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Figure 36: The temperature dependence of the lattice constant a. The Dotted line 

and the arrow indicate Tc( =35 K) and discontinuous behavior of the lattice constant, 

respectively. 
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Figure 37: Integrated intensity of the 0 0 14 diffraction as a function of temperature. 

The lines are guides for the eye. Arrow indicates the temperature at the maximu1n value. 
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Figure 38: Integrated intensity of the 6 0 0 diffraction is shown as a function of tem­

perature. The line is a guide for the eye. 
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FWHM 

The temperature dependences of FvVHI'vi observed in the present n1easuren1ents are 

shown in Figs. 39 and 40. The width of the rocking curve indicates the deviation of 

lattice cnstants in specimen. FWHI'vi of the 0 0 14 diffraction tends to increase below 

Tc, while that of the 6 0 0 diffraction is not dependence of temperatureor. In order to 

discuss about FvVH�I in detail, more precise rneasurements is required. 
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Figure 39: FWHWI of the 0 0 14 diffraction as a function of temperature. The lines 

are guides for the eye, and the arrow indicates the temperature where the behaviour of 

FvVHWI changes. 
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Figure 40: FvVHiVI of the 6 0 0 diffraction as a function of temperature. The line is a 

guide for the eye. 
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5 Discussion 

In this section, we discuss the lattice distortion observed in the present in,·cstigation 

con1paring with that reported in literature. Then the characters of HTT -to-LTO phase 

transition and the superconducting transition ·will be discussed in ten11s of the lattcie 

distortion. 

5.1 Comparison with the results of other experi1nents 

So far as the measurement of the thermal expansivity of LSCO, the n1eastuen1ents 'vere 

n1ade by the capscitance dilatometer and the diffraction n1ethods as list eel in Table 1. 
The thermal expansion coefficient was determined by 1neans of the forn1er n1ethocl in the 

relative resolution of 10-9. But it is not always guaranteed that specin1en is single crystal, 

and is n1ono-pahse over the whole area of the crystal. This may bring underestin1ation 

of a chan ge in the lattice strain as an average of anisotropic behaviour . For the latter, 

on the ohter hand the accuracy of measurement and the density of ten1perature points 

of exarnination are not enough to discuss the details of the lattice distortion. In fact 

in specin1en with the optimum Sr concentration (x = 0.15), the inconsistency of the 

lattice constants among the literature is very serious in vicinity of Tc. The present 

n1easurements have been n1ade in high resolution so that the discussion on the lattice 

strain at T c is available, and the results can be straightforwardly interpreted a.s the real 

behaviour of the crystallographic state. Since the lattice constants of LSCO are sensitive 

to Sr concentration,especially in the lattice constant c [25], and since Sr concentration of 

the specimen crystals used in several measuren1ents are different, the direct ·omparison 

with the results reported in literature is not aYailable. For the con1parison of the lattice 

strains, a use of relative change in the lattice constant fron1 that at 10 E, i.e. [-\(T) -

)((101\)]/..:Y(10K) for X= a ,b and c, is practical. The ternperature dependences of 

the lattice strains of c and a obtained in the present experiment are shown in Figs. 41 

and 42, together with those calculated from other measurements listed in Table 1. The 

results reported by Ono and l arita [16] are entirely different from the present results 

on both c and a. The reason for the inconsistency may be attributed to the use of the 

powder measurement in the reference: in general, in powder specimens, homogenity of 

temperature, internal and external stresses the quality of crystal particles and so on, is 

less than that in a single crystal. Though they suggest that the an01naly of the lattice 

constants in vicinity of Tc is attributed to the structural phase transition preceding the 
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Table 12. Critical exponent 3 detern1ined by various measuren1ents and theory. 

san1ple iten1 3 ref. 

Lal.9i Sro.o3 Cuo.g.sLio.os 0 -t-8 superlattice peak 0.29 ± 0.0-± [36] 

La2 Cuo.95Lio.o5 04-8 superlattice peak 0.275 ± 0.0-1 [36] 

Lal.9o6Bao.047Cu04-5 spontaneous strain 0.33 [o] 

La1.sgSro.11oCu04 spontaneous train 0.35 present work 

La1. '.s1Sro.l43Cu0-t spontaneous strain 0.37 present \YOrk 

3-D XY- model 0.351 ± 0.002 [31] 

appearance of superconductivity, it seems to be physically unreasonable .·ince the lattice 

constants is quite sensiteive to the ten1perature e-:en below 30 1\:: the rclati-:e change of 

the lattice strains below Tc are 1.00 x 10-4 in c and 1.35 x 10-4 in a respectively. Such 

large change expected to be observed by the present STOE 1neasuren1ent. however, there 

is no remarkable change in both c and a. On the other hand, �Iaeta et oJ [1 I] had made 

the measurement of c \vith a single cry stal by n1eans of X-ray Bond method in a relative 

accuracy of 2 x 10-6. A subtle difference from the present result is observed aroud Tc, 

but the qualitative behaviour above Tc is aln1ost consistent with the present results. 

The anomalous behaviour of c around Tc such as the present . tucly, has also been 

obser-:ed in other high-Tc superconductors, for exan1ple, YBa2Cu:301_?J (YBCO) [2D] 

and Bi2Sr2Ca2Cu208 (BSCCO) [30]: the origin of the anomaly is considered as two kinds 

of effect: a structural phase transition accompanying the onset of superconductivity and 

the lattice fluctuation expressed by coupling the order paran1eter with the lattice strains. 

5.2 HTT-to-LTO phase transition 

The structural phase transition from the HTT -to-LTO phases is cau eel by a softening 

of a transverse-optic-phonon n1ode at the X point in Brillouin zone [3 ] and is char­

acterized by the freezing of rotation mode of the Cu06 octahedra around the [0 1 0] 

direction. In addition, there is a deformation of the base of octahedron being due to 

the occurence of the orthorhombic distortion b > a [20]. According to Cava et al. [39], 

the deformation is attributed to the distortion of Cu02 square lattice into the rectangu­

lar lattice. The pattern of the distortion of Cu02 plane in the LTO phase is shown in 

Fig. 43(b). In the figure, 'ljJ1 and 'ljJ2 denote the rotation angle of the octahedron and the 
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Figure 41. The comparison of the temperature dependence of the lattice strain c. 
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scissors angle between 0( 1 )-Cu-0( 1)' bonds respectively. Since $ v1 is ,·ery sn1all. the 

Cu-0( 1) bond length is calculated frmn the lattice constants a and b as J a1 + b1 /-± in 

good approximation, and is shown in Fig. -±4 as a function of ten1perature. The re ult:· 

of the structural analysis by Braden et al. [20] and Cava et al. [39] are also sho\Yn in the 

figure. The bond length is linearly decreasing with decreasing temperature in the HTT 

phase, and shows a sn1aller te1nperature depndence in the LTO phase. Thi.· does not 

contradict with the result of neutron-diffraction experin1ents by Braden et al. [20] : The 

Cu-0( 1) bond length elongates below Tc. The present results rnean that th<:: Cu-0( 1) 

bonds in the LTO phase is stronger than that in the HTT, and it is expected that the 

transition causes the alteration of the electronic band structure in the Cu01 planes which 

1nay strongly be related with the appearance of the superconducti\·ity. 

The scissors angle �·2 in Fig. -±3 is calculated with the lattice constant a c_'lncl the Cu-

0(1) bond length. It is assumed that the length of Cu-0(1) is fixed below T3 ::;uch in the 

case of SrTi03, therefore the rotation angle ?jJ1 can be determined fron1 IL'2 and the lattice 

constant b. The results are shown in Figs. -±5 as a function of ten1perature. The change 

in the u,·2 is relatively sn1aller in comparison with ?1,1, but the ten1prature dependence 

is expressed in a power low ( 1 -T /Ts)'2f3 with 2/3 = 0.78, Ts = 184.8. The results are 

shown in Fig. 46. This n1eans that the rj;2 is coupled with the order paran1eter <.U1 of 

HTT-to-LTO phase transition. 

The expansion of in-plane and the contraction of c belovv Ts are obserYecl. The ex­

pansion and the contraction are attributed to the incren1ents of the spontaneous strains 

Eab = E.rx+Eyy and Ec = E==: Ea& > 0 and Ec < 0. The results are shown in Fig. refatrain_-\.2. 

The strains attribute to the rotation of the Cu06 octahedron and the distortion of the 

Cu02 square lattice. According to Landau theory described in Appendix. the sponta­

neous strains are expressed as equations (22), (23) and (24). In Figs. -±8 and -±9, the 

spontaneous strains Exy of speci1nen A and B are shov\ n as a function of reel ucecl ten1per­

ature (1-T/T8). vVhere the E.ry = 2(b-a)j(a+b) is considered as the order parameter 

as 1nentioned by Bani et al. [38]. The spontaneous strain of both specimens can well be 

described by a power law (1- T /Ts)2f3 with ,6 = 0.37 and 0.35 (see Table 12), the transi­

tion te1nperature Ts = 185.4( 5) and 273.6(7) K, respectively. The cleten11inecl J value is 

in good agreement with the theoritical one of ,6 = 0.351 ±0.002 for the three-dimensional 

XY n1oclel with cubic anisotropy [40] , and therefore, the HTT-to-LTO structural phase 

transition shows three-dimensional feature . The present values are consistent with that 

of LBCO with the optin1um barium content, while is inconsistent with the 3 of the 
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Table 13: The comparison of calculated the uniaxial stress dependences of T c with 

other result. The unit is K/ GPa. dTc/ dPab is the calculated results of [100] direction in 

the twinning crystal. 
=============================================== 

Aut hers 

Schnelle [39] 

:\Iaeno [--!0] 

Gugenberger [16] 

� -o h ar a [ 11] 

Present work 

dTc/ clPc 

-6.7 

-2 

-6.8 

-6.5 

-10.8 

dTc/dPab dTc/ dTa 

+6.2 

+3 

+2.5 +-:1:.9 

+3.8 

+18.9 

La2Cu04 (see Table 12). This n1eans that the doped hole n1akes the three-dirnensional 

feature in the systern and therefore the hole may play the role which makes the bonding 

of the interplane stronger. This aspect is related with the suggestion given by Chen et 

al. [41]; they suggested that doped holes in LSCO have a significant amount of 0 2p:: 

orbital character. This is in contrast with the conventional aspect that the doped holes 

show a predominantly in-plane 0 2Px,y and Cu 3dx2 -y2 orbital character. 

5.3 Superconducting transition 

The lattice distortion related to the appearance of the superconductivity has been clearly 

observed by means of the capacitance dilatometer experin1ents [4, 5]. The distortion 

a pears as the discontinuous change in the thennal expansion coefficients at T c, and the 

uniaxial stress dependences of Tc calculated from these values on the basis of Ehrenfest 

relation quantitatively agree with the results of direct n1easurement of dTc/ dp [36]. This 

suggests the strong coupling between the electron state and the lattice system. The 

linear thermal expansion coefficients calculated from the present results are shown in 

Fig. 50; the coefficients are calculated by differeciating the measured lattice constants 

after smoothed by the B-spline function. In the figure, the dotted lines indicates base 

line which is extrapolated from the normal state. Subtracting the base line frorn the 

obtained thermal expansion coefficients, 6a of the superconducting state below Tc is 

given as shown in Fig. 51. In the figures it is evident that 6aa exhbits a broaden positive 

peak at Tc. On the other hand, etc shows positive and negative peaks in vicinity of Tc. In 



5 DISCUSSION 

10 

,. 
0 
.,... 

-- 5 
c: 
C'\3 
J.. 

...., 

CJ) 
0 

(1) 
(.) 

...., 
...., 

C'\3 
-5 

,. 
30 

0 
.,... 

--
c: 

20 ·-

C'\3 
J.. 

...., 

CJ) 
(1) 
(.) 10 

...., 
...., 

C'\3 

0 

0 

... 

(E +E )/2 
XX yy 

.
.. .... . .... 1 .................... 

E 
zz 

50 100 150 200 

temperature I K 

77 

250 300 

Figure 4 7: The definition of the lattice straines Eij. The dotted line is the calulation 

by linear least-squares fitting of the two-dimensional function with data above T s. 



5 DISCUSSION 

'# 
-

.c 
+ 
co 

-
-
-

0.1 

cp 0.01 
.c 
-

C'\1 

·1 E-3 

0.6 

0.5 

� 0 
0.4 

-

.c 
+ 0.3 co 

-
-
-

co 
I 0.2 

.c 
-

C'\1 

0.1 

0.0 

78 

�: 0.37 
T5: 185.5(6) K 

0 

0.01 0.1 

1-T/T 
s 

(a) 

0 50 100 150 200 250 300 

temperature I K 

(b) 

Figure 48: Spontaneous orthorhombic strain 2(b- a)j(a +b) due to the HTT-LTO 

structural phase transition (a) as a function of ( 1 - T /Ts) in full logarithmic scale and 

(b) as a function of T in normal scale in the specimen A. 



5 DISCUSSIOJV 79 

1.0 

(3: 0.35 

0.9 Ts: 273.6(7) K 

� 0 

0.8 -
.c 
+ 
m --

0.7 -
m 

I 

.c -
C\1 

0.6 

0.5 
0.6 0.7 0.8 0.9 

1-T/T 
s 

(a) 

0.85 

0.80 

� 0.75 
0 

-
.c 

0.70 + 
m ---
m 0.65 I 

.c -
C\1 

0.60 

0.55 

0 20 40 60 80 100 120 

temperature I K 

(b) 

Figure 49: Spontaneous strain 2(b- a) j (a +b) as a function of (a) (1- T/Ts) and (b) 

T in the specimen B. 



5 DISCUSSI01V 80 

comparison with repoted 6a gi·ven by the capacitance clilatometer experiments [5]. the 

sign of 6aa at Tc is consistent, 1vhile the behaviour of �ac entirely differs from then1. 

The origin of the behaviour of 6nc has not been understood yet. The magnitudes of the 

depth of 6a(Tc) peak are indicated in the figurers. The uniaxial stress dependences on 

T c is given by equation ( 16) using the thermodynamic Ehrenfest relation: 

(16) 

where specific heat �Cp(Tc)/Tc shows discontinuous change in its value of 9.6 (mJ / I\2rnol) [6). 

The results in the present experin1ents are listed in Table 13, in comparison with those in 

literature. As seen in the table. the sign of the calculated values are consistent with the 

others, however, the 1nagnitudes are entirely different, in particular dTc/ dPa. The dis­

crepancy may be attributed to existence of the twin structure in the specimen crystal: it 

is guaranteed that the present results are obtained for a pure crystallographic state. The 

large decrease of �aa is attributed to the fact that the hole on the Cu02 planes n1ainly 

plays the role of the superconductivity. Furthermore, the uniaxial strain dependences 

clTc/ dEi is calculated: the strain dependence is related to the uniaxial stress dependence 

of T c by the following formula: 

clTc = _ 
� Cij 

dTc 
' ( 17) 

dEi j dPj 

where Cij is the elastic constant. For the calculation, Cij is that g1ven by \Tohara 

et.al. [6]. The strain dependence of Tc is resulted in clTc/dEc 
= 

2160.8(> 0) and 

dTc/ dEab = -537.64( < 0) K, respectively along c and average of along a and b: these 

are in qualitative agreement with the values deduced fr01n the thern1al expansion ex­

periments [5]. For many oxide superconductors, it is 1nentioned that the sign of the 

strain dependence of Tc depends with the carrier concentration p. This is due to that 

the contraction of the c axis causes a charge redistribution from the blocking layers to 

the Cu02 planes [44]. This successfully explains the feature of strain dependence of Tc 

for YBa2Cu3 06+y; i.e. dTc/ dEc is negative for the undercloped specimen and is ahnost 

zero for specimen with optimized Tc. In contrast, a positiYe value of dTc/ dEc suggests an 

importance of other effects except for the charge redistribution. The strain dependence 

of Tc in LSCO is probably related with a coupling of deformation and tilt of the Cu06 

octahedra. According to the thermal expansion experin1ents under hydrostatic pres­

sure [45], Tc increases with incresing the pressure in the LTO phase, which is decreasing 

with increasing pressure and is constant in the HTT phase. This means that T c in crases 
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vvhen the tilt of the Cu06 octahedra is reduced. The reduction of the tilt accon1panies a 

con traction of the ab plane ( Eab < 0) and an elongation of the c axis ( Ec > 0). Therefore. 

the signs of dTc/ dEab < 0 and clTc/ dEc > 0 are consistent \Yith the result of the then11al 

expansion experiment. The correlation of the tilt of the Cu06 octahedra \vith super­

conductivity is also found by neutron experiment [4] and ultrasonic experiment [6]. By 

considered the property of Cu-0( 1) bond length at the HTT-to-LTO phase transition. 

it is concluded that the tilt and the deformation of the Cu02 plane causes the electronic 

correlations and changes T c. 
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6 Conclusion 

The high-resolution X-ray diffraction measurements of the temperature dependence of 

the lattice constants of high Tc superconductor La2_xSrxCu04 with single crystals have 

been made. The present data is both qualitatively and quantitatively superior to the 

previous one. It is fond that the HTT -to-LTO phase transition is caused by the con1bi­

nation of the tilting of the Cu OG octahedra and the scissors angle between Cu-0( 1) bond 

and that the temperature dependence of the Cu-0( 1) bond length abruptly changes at 

T3. Therefore, one of the effect of the transition is to induce the change of the electronic 

systetn on the Cu02 plane. In addition, the transition is explained as a second-ordered 

ferroelastic phase transition described with the 3D-XY 1noclel in cubic anisotropy. On 

the other hand, in the vicinity ofT c, an anomalous change of the lattice constant c and 

a subtle slope change in the lattice constant a is observed. Estimating thern1al expan­

sivities from the lattice constants, strain ( dTc/ dei) and stress ( dTc/ dPi) dependences of 

Tc are deduced fro1n the discontinuity in the thermal expansivity at Tc· These values 

take a opposite sign in perpendicular and parallel to the Cu02 plane. vVe revealed that 

this is due to that Tc is related to strain induced by the tilting and deformation of the 

Cu06 octahedra. The present results provide important aspects for understanding of the 

n1echanism of high-Tc superconductivity. 
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Appendix 

The discussion of the structural phase trainsition in LSidO (ivi==Sr, Ba, Ca) con1pounds 

on the basis of Landau-Ginzburg free energy has been made by many authors [1 0, 11. 37]. 

The free energy F consist of the summation of three components, F == F0 + F5 +Fe: F0 

is a power series expansion of the order parameter, F5 the elastic energy due to strains, 

and Fe the coupling between the order parameter and the spontaneous strain. Csing 

the results given in Ref. [37], the components are given as following: 

( 18) 

and 

and 

where Q1 and Q2 are the components of the order paremeter, rj the coupling energies, 

CiJ and Eij are the strain and the elastic moduli on the basis of the HTT notation 

(I4/mmm). This model is well known as the universality class with d == 3, XY model 

with cubic anisotropy [37, 38]. On cooling, the system becon1es unstable for temperature 

T - T8 ::::; 0. The HTT-LTO phase transition (SPT) is characterized by the order 

parameter change from Q1 == Q2 == 0 to either Q1 =/= 0 and Q2 == 0 or Q1 == 0 and Q2 =/= 0, 
corresponding to the tilting of Cn06 octahedra around [1 0 0] or [0 1 0] respectively [11]. 
The spontaneous strains in LTO phase are calculated fron1 two condition of the elastic 

equillibrium fJ F / aEi), and Q1 =!= 0 and Q2 == 0, and the simultaneous equations can be 

obtained as 

Cn c12 C13 0 0 0 Exx /1 

c12 Cn C13 0 0 0 Eyy ll 

cl3 C13 c33 0 0 0 Ezz !2 
2 (21) 

0 0 0 0 
== -Ql 

0 1 Eyz 0 

0 0 0 0 1 0 Ezx 0 

0 0 0 0 0 c66 Exy r3 
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These equation is solved as 

Exx 

_J]_ Exy C66 

87 

(::22) 

According to Braden et al. [4], the spontaneous strains EiJ is related to the orthorhon1bic 

lattice constants and the magnitudes of quadratically on Q i as follows: 

[a+ b ] 2 Exx + Eyy = 2at - 1 CX Qi' 

Exy = [a 2�, b] ex Qf, 

where at and Ct are the tetragonal lattice constants. 

(23) 

(24) 

(25) 
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