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Physica C 191 (1992) 455-468 
North-Holland PIIYSICA 

Characterization and structural analysis of twinned La2_xSrxCuO4+ 
crystals by neutron diffraction 
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The microstructure of La2_~SrxCuO4±6 crystals has been studied by neutron diffraction. Profile analysis of the intensity of 
Bragg reflections shows that the large crystals consist of domains of four different orientations, which are related to the symmetry 
reduction of the phase transition 14/mmm-Abma. The domain structure has a strong i~fi~, o:~c on the extinction, therefore it may 
be studied macroscopically. The microstructure is formed at the phase transition and does not change in the or~horhombic phase. 
After a first cooling cycle the formation of the domains appears to be reversible without a temperature hyste:esls. [ne same 
domain structure appears in consecutive cooling cycles. This indicates a pinning of the domain structure v,) lattice defects. A data 
set of Bragg reflection intensities obtained on a twinned Lal.93Sro.07CuO 4 crystal at room temperature could be refined with special 
consideration of the microtwinning. The achieved precision of structural parameters is almost comparable to structural analyses 
on monodomain single crystals. 

I. Introduction 

The system (La/RE)2_xMxCuO4±, (RE=ra re  
earth, M = Sr, Ba) contains a number  of structurally 
different phases whose stabilities depend on the in- 
corporated RE metal and on the earth alkali substi- 
tution as well as on the oxygen stoichiometry. At high 
temperatures pure La2CuO4 crystallizes in a tetrag- 
onal structure (HTT)  of K2NiF4 type. The stability 
of this phase can be discussed with reference to the 
tolerance factor between the bond lengths of the Cu-  
O and L a / R E / M - O  polyhedra [ l ]. The La-O and 
Cu-O bond lengths show an increasing mismatch on 
cooling due to their different thermal expansion. The 
first response of the system to this mismatch is a 
strong Jahn-Teller distortion of the CuO6 octahedra, 
which are elongated in the c-direction, thereby shift- 
ing the apical oxygen closer to the La /RE/M sites. 
This is different in the case of the Jahn-Teller dis- 
torted structure of K2CuF4 (also of K2NiF4 type), 

where the CuF6 octahedra are elongated in the a, b 
plane causing an antiferrodistortive ordering [2]. 

An increasing misfit leads to a structural phase 
transition at TT-O into the low temperature ortho- 
rhombic (LTO) polymorph [ 3 ]. At the HTT-LTO 
phase transition the octahedra are tilted around the 
[0 ! 0] or I1 00]  axis, thereby lowering the space 
group symmetry to Abma or Bmab. (We use the non- 
conventional settings F 4 / m m m  instead of 14/mmm 
for the HTT phase and Abma or Bmab instead of 
Cmca for the LTO phase. This has the advantage that 
the unit cell does not change during the phase tran- 
sition and the long axis is always the c-axis.) In un- 
doped La2CuO4 the temperature of the phase tran- 
sition TT-O is about 530 K, but it is very sensitive to 
the oxygen concentration [4,5]. A substitution of the 
trivalent La ion by the divalent ions Sr or Ba de- 
creases the orthorhombic distortion rapidly and sta- 
bilizes the tetragonal phase [6]. The superconduct- 
ing compound LaLssSr.rsCu04 is tetragonai at room 
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temperature; the transition occurs at about TT_ 
o = 200 K [ 7-9 ]. An additional phase transition has 
been reported for La2_xBa~CuO4 [ 10,11 ], where the 
LTO modification transforms into a low tempera- 
ture tetragonal (LTT) structure. Two further struc- 
tural modifications exist in the mixed system (La/ 
RE)2_xM~CuO4, commonly called T'  and T* 
[ 12,13 ]. They are both tetragonal at room temper- 
ature and become superconducting by doping with 
electrons and holes, respectively. It is supposed ~,hat 
at least the T'structure is distorted if smaller RE ions 
are incorporated [ 14 ]. It has been shown that subtle 
structural changes can destroy the conditions for su- 
perconductivity almost completely (for 
La2_xBaxCuO4 see refs. [9,10] and for 
La2_x_yNdySrxCuO4 ref. [ 15 ] ). Furthermore, the 
HTT-LTO transition is connected to a softening of 
an optical zone boundary phonon, which may be im- 
portant to enhance the superconducting Tc in these 
compounds [ 16,17]. It therefore seems to be very 
important for the understanding of superconductiv- 
ity to obtain as much structural information as pos- 
sible about the La2_xSrxCuO4± ~ compounds in gen- 
eral and on details of  the HTT-LTO transition in 
particular. 

Unfortunately a detailed structure analysis using 
single crystals is difficult in the orthorhombic phase 
due to twinning. The symmetry reduction at the 
phase transition leads to the occurrence of twin do- 
mains corresponding to the two different tilt axes 
[ 100] and [010]  for the CuO6 octahedra. Strain 
can influence the size distribution of these domains 
[ 18 ], but without a special treatment the large crys- 
tals consist of a multitude of domains. If  the domain 
sizes are large compared to the coherence length of 
the radiation, there is an incoherent intensity super- 
position of the Bragg reflections of different twin do- 
mains. The diffraction pattern of such a micro- 
twinned crystal is quite similar to one of a tetragonal 
crystal. Due to the small orthorhombic distortion the 
angular separation of reflections from different ori- 
ented domains may be very small. In this paper we 
describe the characterization of the microstructure 
of such crystals, as it is observed by neutron dif- 
fraction. We will show that detailed structure anal- 
yses carried out on twinned crystals yield results 
comparable to those of true single crystals. Further- 
more, a characterization of large La~_.~Sr~Cu04±,~ 

crystals seems to be valuable as such crystals are in- 
creasingly used in recent research. 

2. Experimental 

We studied several La2_xSrxCuO4±6 crystals of  
various compositions from different laboratories 
(table 1 ). The details of the preparation are given in 
refs. [ 19] and [20]. Due to doping with Sr 2+ o r  ex- 
cess oxygen the examined crystals are examples for 
the different physical features in this system, ranging 
from a strong antiferromagnetic insulator La2CuO4 
to samples with reduced TN or spin glass behaviour 
to superconducting ones. Further data characteriz- 
ing the samples are given in table I. 

The present neutron diffraction experiments have 
been performed at the Laboratoire L6on Brillouin in 
Saclay (France). We used the four-circle diffracto- 
meter P 110 which is installed at the hot source 
(5C.2:2=0.833 A) of the ORPHEE reactor. Ini- 
tia~ y, the samples, having volumes of 10-60 mm 3, 
were tested for their suitability, especially with re- 
gard to their compositional homogeneousness and 
for the presence of misoriented parts. 

The proposed twinning mechanism discussed be- 
low leaves the c-axis invariant, as it is caused by the 
orthorhombic splitting. Therefore we examined re- 
flections in the reciprocal a*, b* plane (mostly 
(2 2 0), (4 4 0), and (4 0 0) ) in to-scan mode. For 
these scans the crystals were oriented with the c-axis 
perpendicular to the diffraction plane. In this ori- 
entation the to-mode rotates the crystal around its c- 
axis thereby giving the condition for maximum an- 
gular separation. That the twinning has no influence 
on the c-direction was checked by further to-scans on 
(0 0 1 ) reflections. 

For the crystal structure analysis the crystal was 
mounted with its c-axis parallel to the 0-axis of the 
4-circle diffractometer. This mounting assures a 
complete intensity integration of the (h k0)  reflec- 
tions for the to-scans in bisecting mode. Due to the 
low z-resolution the integration is also complete for 
(h k l) with ! # 0. Furthermore, this mounting avoids 
the platelike twin domains to be oriented parallel to 
the diffraction plane. This would cause anomalous 
extinction as discussed below. For (0 0 l) reflections 
problems related to the anomalous extinction can be 
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Table 1 
Preparation conditions, Nrel temperatures, and superconducting properties of the crystals used in this work (the re'ative oxyge~ contents 
of the two undoped crystals is estimated due to the difference of their TN and ref. [4] ) 

La2CuO, La2CuO4.oos La~.osSr o7CuO4 La~.ssSr., 3CuO4 

Preparation Los Alamos National Los Alamos National Institute of Institute of 
Laboratory, Laboratory General Physics, Inorganic Synthesis, 
Los Alamos, USA Los Alamos, USA Moscow, USSR Kofu, Japan 

Method flux growth flux growth and flux growth and travelling floa- 
additional an- additional an- ring zone 
healing in O2 nealing in 02 

Antifer- Try= 296( 1 ) K Tr~=252( I ) K - - 
romagn. 
T'r_o ~ 530 K ~ 500 K ~400 K 196.5(9) K 
Super- - - T~~ 15 K T~= 32.5 K 
conductivity traces large trans, width small trans, width 

T~ . . . .  =34( 1 ) K anomaly in cp 

avoided by the V-scan technique. In using the "te- 
t ragonar '  orientation matrix the intensity integra- 
tion is optimized for the 20 splitting. With a wave- 
length of 0.833 A and an orthorhombic strain of 
~= ( a - b ) / ( a + b ) ~ 0 . 2 %  the separation in 20 was 
always small compared to the chosen diffractometer 
resolution, leading to a complete intensity integra- 
tion also in the longitudinal direction. 

We first centered a set of  44 reflections, which are 
also allowed in the tetragonal high symmetry phase 
For this purpose the scan widths were choosen suf- 
ficiently large to ensure that the resulting centered 
positions corresponded well to the center of the multi- 
peak intensity distribution in reciprocal space. This 
procedure yielded tetragonal cell parameters of the 
averaged tetragonal structure. The corresponding 
orientation matrix was then used for the data col- 
lection. In order to determine the orthorhombic lat- 
tice parameters we further centered a set of  reflec- 
tions which are extinct in Bmab ( h + l = o d d )  and a 
set of reflections extinct in Abma (k + l =  odd).  The 
final lattice parameters used in the refinement were 
obtained with a triple axis spectrometer (G4.3, 
2=2.36  A,) and are presented in table 2. These val- 
ues are consistent with the powder measurements of 
Takagi et al. for the composition Lal.93Sro.oTCUO4 
[211, 

A complete set of Bragg reflection intensities was 
obtained for the Lal.93Sro.ovCuO4 crystal at room 
temperature in a halfsphere of reciprocal space up to 
20= 100 ° corresponding to (sing 0) / (2) < 0.92 ~ -  ~. 

Table 2 
Lattice parameters, reliability values and structural parameters 
obtained on the La~.93Sro.oTCUO4 crystal at 295K; a, b, c (Abma) 
5.376(2), 5.354(L~, 13.186(5) A.; R,~(F~), R(F 2) 0.0175, 
0.0183; twinning ratio c~ 50.8o/0 

La 

Ca 

O(1) 

0(2) 

x,y, z 0.004,16(o), 0,0,0.36108(3) 
U~, U2z~/-:~3 0.Q~676(7), =U~,0.00392(7) 

U13 0.00028(8) 

UH, U22, Us, 0.00361(8), =UH,0.00842(11) 
UI3 -0.00025(12) 

x, )', z 0.25, 0.25, 0.00469(4) 
UH, U22, U33 0.00638(6), =UH,0.01444(11) 

Ui2 -0.00213(6) 

x, y, z -0.02233(13), 9.0, 0.18281 (3) 
U~, U22, U33 0.0176(3),0.0221(4),0.00663(12) 

Ul~ -0.00088(14) 

In this experiment the orthorhombic splitting is too 
small for a separation of the reflections from differ- 
ently oriented domains. Therefore, the collected in- 
tegrated intensities are always the sum of the four 
twin contributions. 

3. Results and discussion 

3.1. Characterization o f  the microstructure 

If a Laz_xSr~CuO4_+6 crystal is cooled through the 
HTT-LTO phase transition there are possibilities to 
distort the tetragonai structure. These arise through 
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the rotation of  the CuO6 octahedra around [ 1 0 0] 
or [0 i 0] with a positive or negative sense of  ro- 
tation. The resulting twin orientations are related to 
the symmetry reduction during the phase transition 
[22]. In our case, the ( 1 1 0) mirror plane o f  the te- 
tragonal phase is lost by the distortion. In a mac- 
roscopic way it can be conserved by the formation 
of twin domains due to a ( l l 0) mirror plane twin 
law. 

The arrangement of  the atomic sites in the CuO2 
plane at an idealized boundary is displayed in fig. 
l (a). The same type of  domain boundary can be 
formed at the ( l - l 0) plane. So the entire crystal 
in the LTO phase consists in general of  two sets of  
two twin orientations sharing either the ( l 1 0) or 

( l -- l 0) plane. Connected to the loss of  the ( 1 l 0) 
mirror plane the four-fold tetragonal axis is reduced 
to a two-fold one, but it is just the four-fold rotation 
which relates the ( l l 0) and ( 1 - l 0) mirror planes 
and therefore the two sets o f  twins. All the resulting 
twin orientations can be described using either space 
group Abma or Bmab. Keeping the crystallographic 
basis with the a, b- and c-axes o f  the HTT modifi- 
cation the orthorhombic distortion leads to space 
group Abma when the displacement o f  the O ( 2 )  is 
parallel to the a-axis (rotation around [0 1 0] axis 
and a > b ) ,  and to Bmab if the corresponding dis- 
placement is parallel to the b-axis (rotation around 
[1 00 ]  and b>a). A pair of  twins with a common 
plane (1 l 0) or ( l - l  0) plane must contai~l one 

Cu02 plane (I 1 O] 
A bma ~ B  

, mab 

01 below 
01 above 
Cu 

b - t e t , ~  

/ 
: a - t e t .  

)( 

b-tet, 

..-.--------4 - - - -  

a~-tet, 

4 
~9 

O O 
• O 

O 
1) 

-e e 

0 

- (  

3 

0,,~ 

I l l  

~ b ~ tet 

• 0 • 0 

~g o" 

0 • O ¢ 

~)- o Abmal  

0 

0 
L o Bmab 1 

0 

o o a~ tet, 

e - Abma2 

i l  

• • Bmab2 

@ s u p e r p o s e d  

Fig. 1. (a) Arrangement of  the atom sites in the CuO2 plane at a 
( l l 0) twin boundary. Due to the orthorhombic distortion the 
O( l ) sites are displaced above ( + ) and below ( - ) the Cu plane; 
near to the boundary the influence of both neighbouring domains 
is indicated by double signs. (b)  Reciprocal space of two do- 
mains which are connected by a twin boundary as displayed in 
fig. (a). (c} Reciprocal space of the superposition of the four 
different twin orientations. 
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Abma and one Bmab domain. So we find four dif- 
ferent twin orientations Abmab Bmab~ for the first 
set and Abma2, Bmab2 for the second set respec- 
tively. The tilting angle between the different lattices 
results from the orthorhombic distortion by (fig. 
l (a ) )  

A=90 ° - 2 a r c t a n ( b / a ) .  ( 1 ) 

The displacements of the oxygens in the orthorhom- 
bic structure (indicated by + and - signs in fig. 
1 (a))  form a puckered arrangement of rows of low 
and high lying O-chains. At the boundary these chains 
are turned by (90___/I) ° . The displacements of the 
oxygen sites in the domain walls result from a su- 
perposition of the two orthorhombic domains, as is 
indicated in fig. l (a) by two signs. There are oxygen 
sites where the two influences are in competition 
( + - ) and others where they are parallel ( + + and 
- - ). It is worth noting that the superimposed dis- 
placements of the sites in the boundary (according 
to fig. l (a))  are similar to those in space group P42/ 
ncm which is the proposed space group of the low 
temperature phase of La2_xBaxCuO4 [ 10,11 ]. In a 
more realistic picture the rotation axis of the CuO6 
tilt may change continously from [01 0] in the Abma 
oriented part via [ l 10 ] in the domain wall to [ 100 ] 
in the Bmab oriented part. 

In diffraction experiments on twinned single crys- 
tals one observes the superposition of diffraction 
patterns of the different twin domains. If we assume 
that the size of the single domains is sufficiently larger 
than the coherence length of the radiation this su- 
perposition is incoherent. One pair of twin domains 
having (1 10) as a common plane(Abmat and 
Bmabl ) corresponds to a reciprocal space which is 
displayed in fig. l (b). The reciprocal lattice points 
( h h l )  are not split, whereas the ( h - h i )  are split 
into two positions, symmetrically with respect to the 
HTT positions. The reciprocal lattice containing all 
superposed contributions is the sum of fig. 1 (b) and 
fig. l (b) rotated by 90 °, as it is shown in fig. l (c). 

The superposition of these four different domain 
orientations causes the multi-peak intensity profiles 
of Bragg reflections. An to-scan of a ( h h O )  reflec- 
tion with the c-axis perpendicular to the diffraction 
plane shows a triple peak structure. The central peak 
which represents the contributions of two domain 
orientations has normally the highest intensity. The 

intensity ratio will amount to 1:2:1 if the volume 
fractions of the different orientations Abma~, Abmaz, 
Bmab~ and Bmab2 are equal. For the (h00)  reflec- 
tions Abma and Bmab contributions are separated 
(fig. l (c))  by different 20  angles. With a limited 
A2/2 resolution of about 1% on the four-circle dif- 
fractometer this 20  splitting is barely observable. 
Furthermore, two domains of the same type are tilted 
by the angle A, which can be measured by to-scans. 
For arbitrary reflections the situation becomes more 
complicated. There is always a superposition of the 
contributions from the four domain orientations, but 
as the scan direction is not optimized for observa- 
tion of the splitting the resulting intensity profiles 
can become complicated [23 ]. 

In fig. 2 we present rel]ec~ion profiles for the un- 
doped crystal whose compositio~ ~ close to La2CuO4. 
The full width at half maximum (FWHM) of the 
(00 14) reflection of 0.20(3) ° correspond to the 20- 
dependent diffrat:tometer resolution in this config- 
uration. In this way the mosaic spread nf the c di- 
rection can he estimated to be lower t~an 0.03 °, and 
the stacking of the CuO planes seems to be almost 
perfect. But the profile~ of (220)  and (040)  re- 
flections clearly sho~' the twinning. For (040 )  we 
see the expected superposition of two peaks, and for 
(220)  there is a central peak with two satellites, 
which show each half the intensily of the central 
component. Equivalent results are obtained for the 
(2 0 0) and (4 4 0) reflections. These observed in- 
tensity profiles are in perfect agreement with the pre- 
sented scheme. Fits of the profiles with two or three 
Gaussian distributions for all reflections confirmed 
that the FWHM of the different contributions are al- 
most identical and oo!y enlarged by 0.07 (2) ° with 
respect to the diffractometer resolution. The angular 
splitting of the two peaks at (0 4 0), 0.52 (3) ° and 
that of the two satellites at (2 2 0), 0.54 (5) ° are in 
good agreement with each other. For the second 
La2CuO4 oo5 crystal examined (fig. 3), we find nearly 
the same reflection profiles. In this crystal too the 
mosaicity of the c-direction is quite low (0.04 (4) ° ). 
Again the intensity profiles of the (h k0)  reflections 
can be fitted with a superposition of two or three 
Gaussian distributions resulting in peakwidths which 
are O. l 0 (3) ° larger than the resolution, and a split- 
ting angle of 0.50(4) ° . But the intensity ratios are 
quite different for this crystal. For ( 2 - 2 0 ) ,  the 
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Fig. 2. Intensity profiles of the (0014), (040), and (220) Bragg 
reflections of the La2CuO4 crystal in the to-scan mode with the c-  

a x i s  perpendicular to the diffraction plane. 
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4200 
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Fig,  3. Intensity pro f i l es  o f  t h e  ( 4 0 0) ,  (2 2 0 ) and (2 - 2 O) Bragg  

reflections of the La2CuO4 oo5 crystal in the w-scan mode with the 
c-axis perpendicular to the diffraction plane. 

central peak is only as high as each of  the two sat- 
ellites, which show equal intensity, whereas for 
( 2 2 0 )  the intensity of  the central peak is about four 
times larger than those of  the satellites. The sum of  
the three contributions is equal at ( 2 2 0 )  and 
(2 - 2 0 ) .  Furthermore, the two peaks at ( 0 4 0 )  do 
not have the same intensity. 

For these crystals the volume parts o f  the two do- 
main orientations sharing a ( l l 0)  plane are almost 
equal, as the satellites o f  (h h 0) have always nearly 
the same intensity. However in the second crystal as 

well as in other samples the ratio o f  the volumes o f  
Abma~ and Abma2 domains are different. Using 
electron diffraction on small single crystalline grains 
it has been shown that the twins form sets o f  la- 
mellae o f  platelike domains parallel to ( 1 1 0)  or 
( 1 - 1 0) with a typical thickness of  the order of  1000 
A, (for YBa2Cu307_x (123)  see ref. [24] ,  for 
La2_xSrxCuO4 [25 ] ). The entire grain consists of la-  
mellae sets o f  a size from several l~m up to the order 
10 ~tm, which contain a large amount  o f  real mon- 
odomains.  Each lameilae set contains only the two 
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orientations which are connected by the mirror plane 
( ( 1 1 0 )  or ( - 1 1 0 )  ), to which the lamellae are par- 
allel. The probability to find, within a finite sample 
volume, equal volume fractions of  two orientations 
related by such a mirror plane is much greater than 
that to observe equal volume fraction of  two differ- 
ent systems. This agrees with our findings that, say, 
Abmat, and Bmabt are present by about the same 
amount but Abma, and Abma2 are not. 

We further examined two Sr doped crystals, with 
x=0 .07  and x=0.13 .  In the less doped crystal we do 
not observe a comparable splitting of  the profiles. But 
we still can prove the orthorhombicity at room tem- 
perature by centering a set o f  superstructure reflec- 
tions which are forbidden in the tetragonal space- 
group. In fig. 4 we show the scans at the ( 2 2 0 )  nd 
( 0 0 1 4 )  reflections. The peakwidth o f  the (00  !4)  
reflection is increased by 0.11 (3) ° with respect to 
the experimental resolution, indicating that the 
stacking of  the different CuO planes is less perfect in 
this crystal. We fitted the (hk0) profiles with a sim- 

2000 

1750 / I (0 0 141 

1500 / t 
~: 1250 2 

1000 

"~ 750 c 
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25O 
n ~ " ~ : ] : = ' r = ° * l  * *  ', ', ', - - Z  . . . .  7 ° ~ °  

7000 (4 4 O) 

6000 

'~' 5000 

/q 4000 

3ooo 
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1000 

-1.8 -Ct .2 -0.6 0 0.6 1.2 .8 

Fig. 4. Intensity profiles of the (0014) and (220) Bragg reflec- 
tions of the LaLq3Sr0.oTCuO4 crystal in the to-scan mode with the 
c-axis perpendicular to the diffraction plane. 

pie Gaussian function, but the results were not sat- 
isfying. The FWHM varies from 0.40(2) ~ at ( 0014 )  
and 0.45(2) ° at ( 0 4 0 )  to 0.49(2) ° at ( 2 2 0 ) ,  in- 
dicating that the peak splitting observed in the un- 
doped samples is reduced here to a peak broadening. 
A significant improvement is only achieved by in- 
troducing an additional central component on the 
tetragonal position o f  the lattice. In all fits the FWHM 
of  the additional peak converges to about 0.7 °, giv- 
ing a contribution o f  about 5% to the entire inten- 
sity. The origin of  this relatively broad component 
is still unclear. It is probably due to the poorer qual- 
ity and /or  special microstr~ctur:, of  this sample. 
Several explanations seem to be possible: a limited 
homogeneousness of  the Sr 4$stribution with its in- 
fluence on Tx_o may yield remaining small tetrag- 
onal regions o f  higher Sr conce~ra~tions. Small or- 
thorhombic domains may cause broadened peaks 
whose superposition may not be distinguished from 
a central component. I~ this case the higher amount 
of  twin boundaries can further lead to a direct in- 
fluence o f  the strain field associated to, the bound- 
aries. In regions, where all domains are very small, 
the superposition may be coiaerent, which would lead 
to an averaged tetragonal lattice, as has been ob- 
served in YBa2Cu3_xFexO7 [26]. It is important to 
underline that this finding cannot be related to the 
Sr doping, as it is not observed in the higher doped 
very perfect crystal Lal.s7Srj3CuO4 at low temper- 
atures in the LTO phase. 

I f  we compare the twinning conditions in the 
La2CuO4 system with those for 123 compounds, we 
find an important difference. In 123 compounds the 
orthorhombic basis a, b is equivalent to one mesh of  
the CuO2 network. The twinning symmetry elements 
are again the ( l i 0) or ( 1 - l 0) planes, but they are 
oriented along the diagonals of  the Cu-O squares, 
whereas in La2CuO4 these planes are parallel to the 
sides of  the squares. Furthermore, the orthorhombic 
distortion is quite different. Therefore, twin bound- 
aries in these two systems may have rather different 
effects on different physical properties, especially on 
the flux pinning [27].  

Our results of  the profile analyses on La2_xSrxCuO4 
crystals are quite similar to those obtained on a large 
number of  123-crystals [ 31 ]. Usually almost equal 
volume fractions of  the twin orientations have been 
found in the examined 123-crystals. Only very re- 
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cently deviations from an equal distribution have 
been observed in 123-crystals of  high quality [31 ]. 
In crystals having equal volume fractions of  the dif- 
ferently oriented domains the mosaic spread of  the 
single components has always been relatively large, 
hence we conclude that in both systems the devia- 
tion is only possible in crystals o f  good quality. With 
the results of  the electron diffraction this indicates 
that in such crystals the lamellae sets can become 
quite large, whereas crystal defects seem to reduce 
the size of  the sets. Probably lattice defects act as 
pinning centers for the twin boundaries, especially 
for those between domains belonging to different la- 
mellae sets. 

3.2. Influence o f  the microstructure on the 
extinction 

We further examined on these different crystals the 
influence of  the microstructure on the extinction, to- 
scans haven been recorded of  a certain ( h k l )  re- 
flection for different orientations of  the crystal in 
turning it around its reciprocal lattice vector [ h k l ]. 
As an example, we show in fig. 5 results for three 
crystals; U is the angle between the current orien- 
tation and the bisecting one. The integrated to-scan 
intensity of the (0 0 6) reflection of  both La2CuO4+~ 
crystals show quite sharp minima, whereas the in- 
tensities of  the (1 1 5) and ( 0 0 6 )  reflections of  
La193SrooTCUO4 are almost independent of  ~. The 
minimum intensity of  LaECuO4 (fig. 5 (a ) )  is about 
25% less than at the plateau. For the (00  14) re- 
flection we find a similar behaviour with much flat- 
ter minima. 

As absorption effects in these samples are only very 
weak (the linear absorption coefficient/~ ~ 0. l c m -  t ) 
the intensity behaviour of  the U-scans shown in fig. 
5 must be due to anisotropic extinction effects. The 
observed minima can be completely understood con- 
sidering the microtwinning. It is well known that a 
phase transition can change extinction conditions 
drastically, even if it is of  second order. The very 
structured extinction in the case of  our crystals re- 
flect therefore the orientation of  the domain bound- 
aries. By turning the sample around the scattering 
vector [0 0 6],  or the c-axis, there will be U-angles, 
at which the ( 1 l 0) or the ( 1 - l 0) planes are par- 
allel to the diffraction plane. The main feature in the 
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Fig. 5. Integrated intensity of a Bragg reflection as a function of 
the ~V-angle (a) (006) for La2CuO4, (b) (006) for La2CuO4.oos, 
(c) (006 ) and ( 1 l 5 ) for Lal.93Sro.oTCuO4 - the positions with 
the twin lamellae parallel to the diffraction plane are indicated 
by arrows. 

I(  U)-curves is the loss of  intensity for Uvalues near 
to these special orientations. As mentioned above the 
twin domains have a platelike shape parallel to the 
( l l 0) or ( 1 - l 0) planes. If  the diffraction plane 
is oriented just parallel, the neutron beam will stay 
in a single domain without passing several domain 
boundaries. So, the primary and secondary extinc- 
tion, not limited by small domain sizes, cause the ob- 
served intensity loss. The effect at U values with 
( l l 0) or ( l - l 0 ) planes parallel to the diffraction 
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plane is almost the same, as is expected due to the 
similar volume fractions of the two sets Abma~/ 
Bmab~ and Abma2/Bmab2. A detailed knowledge of 
such strong extinction anomalies is of great impor- 
tance for quantitative intensity measurements. As a 
consequence of the rectangular shape of our La2CuO4 
crystal, the angle between the intensity minima is not 
exactly equal to 90 ° and their positions coincide not 
exactly with the twin boundaries parallel to the dif- 
fraction plane. 

In the La2CuO4.oo~ crystal (fig. 5(b) ) we observed 
a similar behaviour with flatter minima at positions 
where the ( 1 1 0) planes are exactly parallel to the 
diffraction plane. As is shown in fig. 3 the fractions 
of the four different orientations are not similar. The 
volume fractions of the two orientations with a com- 
mon ( 1 1 0) plane is about two times larger than that 
of  the other set. This is reflected in the extinction be- 
haviour by the deeper minimum at the position where 
( 1 I 0) is parallel to the diffraction plane. Further- 
more, the extinction effect is reduced with respect to 
the first crystal, which is attributed to smaller do- 
main sizes. 

The only difference between these two crystals is 
an additional oxygen annealing of the second, which 
reduces the orthorhombic splitting and the antifer- 
romagnetic transition temperature (see table 1 ). The 
additional oxygen seems to influence the microtwin- 
ning by causing a smaller average domain size. The 
excess oxygen may favour the formation of twin 
boundaries as other impurities do [28 ], or may even 
be located in the twin boundary. 

In fig. 5(c) we show the ~-scan results of the Sr 
doped crystal, where no comparable intensity min- 
ima can be found. The mosaicity of  this crystal is 
larger, which already explains smaller extinction ef- 
fects. In agreement with the broadened Bragg reflec- 
tions, strongly reduced domain sizes may further re- 
duce the conditions for extinction. 

3. 3. Temperature dependence of  the domain 
structure 

The observed extinction effects offer tile possibil- 
ity to study the formation of the twinning at the 
HTT-LTO transition. In fig. 6 we show the inte- 
grated intensity of the (2 2 0) reflection of the 
Lal.s7SronaCuO4 crystal (TT_O = 196.5 K) as a func- 
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Fig. 6. Temperature dependence of the integrated l:ltensity of the 
(2 2 0 ) Bragg reflection of the LaLsvSro ~3CuO4 cDstal. 

tion of temperature. Due to the good q~;a!ity of the 
crystal, extinction effects are very strong in the te- 
tragonal phase. At room temperature the intensity is 
reduced by about 80% as determined by a structure 
refinement [29]. Below the phase transition the in- 
tensity increases strongly as the extinction becomes 
less important due to the fo~a t i on  of ~ e  twinning 
domains. It is astonishing that this effect is not 
smooth, as could be expected for a second order phase 
transition, but shows a steplike behaviour. The for- 
mation of the twins occurs just at the critical tem- 
perature TT_ o In the onhorhombic phase the mi- 
crostructure characterized by the domain sizes and 
their distribution is fixed. The slope of the intensity 
versus temperature curve above and below the phase 
transition is almost equal and is mainly due to the 
Debye-WaUer factor. With decreasing temperature 
the orthorhombic strain is strongly enhanced, thus 
increasing the energy for the domain boundaries. We 
first cooled the Lal.87Sro.13CuO4 crystal and mea- 
sured the intensity only at a few temperatures, then 
we measured the complete temperature dependence 
of fig. 6 on heating. No difference between the in- 
tensities on cooling and on heating was found, but it 
is important to note that this crystal had already been 
cooled to the LTO phase before our experiment. This 
indicates that the formation of the twinning domains 
is reversible at least after several cooling cycles, and 
that the quality of the HTT lattice after cooling is not 
affected by the orthorhombic distortion or the twin- 
ning at low temperatures. We further studied the re- 
versibility of the volume distribution of the orien- 
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tations with this crystal at low temperatures. For this 
purpose we used a triple axis spectrometer (G4.3 at 
~he reactor ORPHEE) in a high q-resolution config- 
uration (2=2.36 A, collimation 1 0 ' - 1 0 ' - 3 0 ' ) .  At 
50 K we determined the four volume fractions of 
Abroad, Bmab~, Abma2 and Bmab2 orientations with 
the scans described above to 
47 (2) : 47 (2) : 3 (2) : 3 (2). Then the crystal stayed at 
room temperature welt above the phase transition 
for several weeks. After this time we cooled for a sec- 
ond time and remeasured the volume fractions and 
found again the quite unusual values 
45(2) :45(2) :5 (2 ) :5 (2 ) .  In spite of the high un- 
certainties of these short experiments these results 
support clearly the reversibility of the microdomain 
structure of Laz_xSr~CuO4 crystals. 

In this context it is interesting to look at the geo- 
metrical conditions of the twin boundary. Figure 
1 (a) indicates that this boundary can be infinitely 
long as there is no mismatch which would increase 
proportional to its size. The energy of such a bound- 
ary divided by its area is constant. In addition to this 
type of boundary there are two other types, which 
separate two domains of different sets of lamellae. 
Abma~ and Bmab2 domains are connected by a 90 ° 
rotation around [00 1 ]. At the corresponding 
boundary the long orthorhombic axis of one twin is 
parallel to the short one of the second. The magni- 
tude of the misfit between two lattices in neigh- 
bouring domains increases with the length of the 
boundary, at a / ( a - b )  cells it amounts to one cell 
parameter. As a consequence this boundary cannot 
become much larger than about 0 . 2 a / ( a - b )  cells 
without a strong and therefore irreversible distortion 
of the lattice. Furthermore, the energy of such a 
boundary increases drastically with the orthorhom- 
bic ~train. For the third type of boundaries between 
Abma~ and Abma2 ~lomains the misfit increases with 
its length, as it is caused by the tilting d between their 
orientations. It is therefore reasonable to assume that 
only the first type of boundary (shown in fig. 1 (a))  
causes no strong lattice defects and that it can be- 
come very extended. This is in agreement with the 
lameUae structure of the domains observed by elec- 
tron microscopy [25]. 

These arguments support the following picture of 
the formation of the twin structure during the phase 
transition. If the crystal is cooled the first time to the 

LTO phase, the evolving twin structure is only in- 
fluenced by the defects of the HTT phase. As the 
boundaries of the second and third type cause large 
strains, it will be favourable to avoid them by de- 
veloping large sets of lamellae. But the already ex- 
isting crystal defects may force the crystal to form 
different sets of lamellae and therefore to form also 
the "'high strain" boundaries. There the lattice is 
strongly distorted, either as a consequence of the 
twinning which creates new defects or due to old de- 
fects of the HTT phase, which pin the boundary. But 
the first cooling seems not to produce a lot of very 
strong defects, as the HTT phase in the 
LaL87Sro.~3CuO4 crystal shows a very high quality 
after reheating. We can therefore conclude that the 
size of the "high strain" boundaries is not much 
higher than a 2 / ( a - b ) .  If the crystal is cooled for a 
second time to the LTO phase, it will reestablish the 
same domain structure due to the defects which ex- 
isted before the first cooling and due to the defects 
which were caused or deplaced by the domain struc- 
ture during " ,e  first cooling. The formation of the 
domains is now reversible, as has been observed in 
our measurement. In isolated grains of 123 a nar- 
rowing of the twin spacing has been observed at low 
temperatures [30], which did not occur in grains in 
close contact to each other. Our measurements in- 
dicate that this behaviour does not exist in the 
LaLsTSro.t3CuO4 crystal, at least not down to 20 K. 
As in our case the orthorhombic distortion increases 
even stronger on decreasing temperature, which leads 
to higher strains at the twin boundaries especially be- 
tween the lamellae sets, it should be favorable to re- 
duce the average twin size at low temperatures. 
Probably the pinning of the domain structure by de- 
fects prevents such a refinement in the single crystal 
and in grains with close contact. Therefore, there may 
be an influence of the specific domain structure on 
the phase transition with respect to a monodomain 
system or a free grain. This influence will increase 
with the amount of the "high strain" twin bounda- 
ries between two lamellae sets, and therefore with the 
amount of defects. 

3.4. Structure analysis 

During the structure investigation of 
Lal.93Sro.oTCuO4 in the LTO phase at room temper- 
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ature we studied the extinction rules for systematic 
absent reflections according to the superposition of 
the Abma and Bmab lattices. Only a few sharp for- 
bidden reflections (e.g. (5 0 0) and (3 0 3) ) were 
found to have significant intensities after correction 
for 2/2 contamination. By improved statistics we 
proved that all these intensities are smaller than 0.1% 
of the intensity of the strongest reflection. As we 
never could observe a complete set of equivalent for- 
bidden reflections, the small peaks are probably due 
to multiple diffraction. In addition we find large 
peaks (FWHM ~ 2 °) with significant intensities at 
some (00l )  positions (with /=odd, especially 
(0 0 7) and (0 0 I I )). These are observed in other 
La2._~SrxCuO 4 crystals too and are not understood 
up to now. 

3687 reflections have been measured of which 1460 
are independent. The internal R-value from the av- 
eraging in the Laue class mmm amounts to 1.8% for 
the entire set proving the good quality of the data 
including the complete integration of the multi-peak 
intensity profiles. As the crystal has nearly the shape 
of a cube and the absorption coefficient is very small 
(/1~0.1 cm -t  ) no absorption correction has been 
performed. 

In the refinements we used only the set of 958 re- 
flections which are allowed by the superposition of 
Abma and Bmab lattices. The exploitation of the su- 
perimposed intensities has to take into account the 
twinning. The two Abma (Abmat and Abma2) and 
the two Bmab (Bmabl and Bmab2) domain orien- 
tations need not be distinguished in the intensity 
treatment. Only the ratio between the Abma and the 
Bmab parts is important. The observed intensity is 
the sum of these two contributions [32 ]: 

o b s  2 l hkl oc a F  hkt + ( 1 -- a ) F 2hl , (2) 

where a is the volume fraction of the two Abma ori- 
entations and Fhkt and Fkh~ are the structure factors 
in Abma symmetry. 

By comparing the intensities of superstructure re- 
flections ( h k l ) with h + l odd (Fkh/= 0, Fhkl # 0 ) with 
those of ( k h  l) we obtain directly the volume frac- 
tion a=50.8(2)%. These two reflections are not in- 
dependent; they are related by 

a I t ( h k l ) =  ~ - a  ( k h l ) .  (3) 

According tu ihis relation the number of indepen- 
dent reflections is further reduced to 661 of which 
585 are stronger than 2.5a(1)~ 

The data are refined using a version of the Pro- 
metheus program package, which had been modified 
for a treatment of twinned crystals [33]. The vol- 
ume fraction ot was kept fixed to the value obtained 
from the intensity ratio of corresponding superstruc- 
ture reflections. As extinction effects in this crystal 
are small but not negligible, corrections according to 
the Becker and Coppens formalism for secondary ex- 
tinction of type i assuming a Lorentzian distribution 
[ 33 ] were applied. We allowed for the variation of 
the occupation probabilities of the La, O( 1 ) and 
O (2) sites, all the free positional and the anisotropic 
thermal parameters starting with the values given in 
ref. [ 6 ]. There were strong correiatic~ns between U~ 
and U22 for O(1) as ~eli as for Cu, so we con- 
strained Ui~ = U22 for these two sites without a sig- 
nificant consequence for the R-values and obtained 
Rw(F 2) =0.029 and R ( F  2) =0.02!. Due to the two- 
dimensional character of the La2CuG4-s~ructura, it 
was reasonable to assume a simple amsotropic ex- 
tinction model. Only two indercndent extincuon pa- 
rameters G~i=G22 and Gz3 corresponding to the 
components of the neutron path parallel and per- 
Fendicular to the CuO2 plane were included. The 
specific mounting of the crystal allows us to continue 
~.he refinement with the averaged data set even in the 
case of anisotropic extinction, as all symmetry 
equivalent reflections have been measured with the 
same angle between c-axis and diffraction plane. With 
only one additional extinction parameter we obtain 
an improvement of the R-values to Rw(F 2) =0.026 
and R(F2) =0.019. 

As multiple diffraction and thermal diffuse scat- 
tering can lead to an overestimation of the intensity 
of weak reflections we tried to reduce their impor- 
tance in the structure refinement in modifying our 
weighting scheme l / e ( F  2): 

2 "~ anew = ~/aold +const.- (4) 

with const. = 2.5. Using the altered weighting scheme 
we obtain improved R-values R,~(F 2) =0.0175 and 
R (F 2) = 0.0183, indicating that weak reflections may 
be affected. The final weighting scheme leads to only 
small changes in the structural parameters, but the 
amount of vacancies on the La and the O sites is re- 
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duced by about 5a. Furthermore the difference be- 
tween U~ t and U22 of  the La site turns out to be in- 
significant. Therefore we constrained also U~ = U22 
for the La site (without influence on the R-value) 
and got the final results, which are shown in table 2 
and in the form of  an ORTEP plot in fig. 7. There 
we show only the atom sites of  the smaller I 4 / m m m  
unit cell, as the whole presentation o f  the Abma cell 
renders the picture less clear. Due to the correlation 
of  the weighting scheme and the occupation proba- 
bilities the latter remain doubtfull: O( 1 ) 0.995 (3), 
0 ( 2 )  1.002(3) and La 0.981(3) (the error values 
are obtained by the fit). There seems to be a signif- 
icant amount o f  vacancies at the La/Sr  site. The re- 
fined occupation probability corresponds to a Sr 
concentration x=0 .22  (in La2_xSrxCuO4+,~ ). This 
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Fig. 7. ORTEP plot of the room temperature LTO structure of 
Lal.93Sro.07CuO4. Only the atom sites of the 14/mmm unit celt 
are displayed. The thermal ellipsoids correspond to the 85% oc- 
cupation probability. 

Sr concentration is in clear disagreement with the 
lattice constants and the transition temperature 
Tx_o [21 ]. Therefore, we conclude that the real Sr 
concentration is close to x=0 .07  and that there are 
~ 1% vacancies at this site. This and the other struc- 
tural parameters will be discussed together with re- 
sults obtained on other crystals in a forthcoming 
publication. 

3.5. Comparison o f  different structural models 

After the refinement o f  the data set it is still not 
certain, that the applied refinement procedure yields 
the correct solution, and that the tetragonal space 
group P42/ncm can be excluded. Hence we at- 
tempted to clarify this point by further calculations. 
The STOE program package of  the P 1 10 diffracto- 
meter has been used to calculate a set of  synthetic 
structure factors for the untwinned Abma structure, 
which were free of  statistical errors. As atomic po- 
sitional and thermal parameters we used the values 
from the structure refinement o f  La[93Sr.o7CuO4, 
which are shown in table 2. First the squares of  the 
structure factors were coupled to the twinned case 
using eq. (2) and assuming a volume fraction of  60% 
Abma and 40% Bmab orientations. If  we treat the 
artificial data set in the Abrna space group assuming 
a monodomain untwinned structure there are a lot 
for forbidden but strong reflections due to the Bmab 
oriented pans. Furthermore, the refinement yields 
displacement parameters x (La) ,  z ( O ( l ) )  and 
x (O  (2) ) which are significantly too small, and some 
unreasonable thermal parameters. In this model the 
Abma specific reflections are strongly overestimated 
as the input Abma fraction of  60% is set in the Abma 
model to 100%. Using the modified refinement pro- 
cedure, which takes twinning into account, we ob- 
tain the expected parameters within the numerical 
errors ( R ( F ) = 0 . 0 0 0 3 ) .  The refinement converges 
very fast without any indication of  other minima in 
spite o f  anticipated complications due to twinning. 
However, the twinning causes correlations between 
U~ and U22 for the La, Cu and O( 1 ) sites similar to 
the experimental observations. We further checked 
the influence of  errors of  the volume fraction param- 
eter a on the refinement results. By assuming a vol- 
ume fraction of  a = 0 . 6 0 5  we found only small 
changes in the R value and in the resulting param- 
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eters, which would be insignificant in an experiment. 
The refinement of the artificial data with the te- 

tragonal space group P42/ncm led to the surprisingly 
good R factor of R(F)=0 .0059 .  But as the chosen 
volume ratio differs significantly from 50:50, there 
are a lot of inconsistencies in the data reduction pro- 
cedure, which averages the symmetrical equivalent 
reflections, leading to a bad R~m value. The tetrag- 
onal symmetry can be already excluded by these in- 
consistencies. In order to further examine the pos- 
sible application of the P 4 J n c m  space group, we 
calculated a second artificial data set according to 
eq. (2) and the ideal twinning ratio of ct = 50%. Again 
we could refine this set with th - modified refinement 
procedure within the numerical errors. The refine- 
ment using the P4_,/ncm spacegroup fits this set bet- 
ter than the first one, leading to R ( F )  =0.0037. Like 
the LTO phase of La2CuO4 the tetragonal modifi- 
cation of space group P42/ncm phase is derived from 
the HTT K2NiF4 structure by a tilt of the CuO6 oc- 
tahedra. In the case of the LTO phase this tilt is 
around a [ 1 0 0] direction, in space group P42/ncm 
it is around the [ 1 1 0] direction (in the orthorhom- 
bic notation ). In Abma the x coordinate of the O (2) 
site is one of the parameters which are significant for 
the lattice distortion, in P42/ncm this corresponds to 
the x = y  parameter describing the displacement along 
[ 1 1 0]. The resulting deviation of the 0 ( 2 )  site from 
the c-axis ( x × a  in Abma) has to be compared to 
(x/~xXa) in P42/ncm. If we consider this, in both 
refinements of data set II the same distances to the 
tetragonal positions are obtained. A similar behav- 
iour is found for the other relevant positions x(La) 
and z(O( 1 ) ). The refinements with the two differ- 
ent models lead to the same amplitudes of the tilt 
which differ only in their rotation axis. As the dif- 
ference in the calculated R-value is very small, it is 
expected that it cannot be observed experimentally. 
In these cases it is important to obtain additional in- 
formation about the orthorhombicity of such a crys- 
tal by the characteristic scans described above. One 
has to be .extremely careful in the interpretation of 
integrated intensities for small orthorhombic strains. 
For the discussion of the sequence of phase transi- 
tions in La2_,Ba,CuO4 this means that the intensi- 
ties can determine the amplitude of the tilt of the 
CuO6 octahedra but not the direction of the rotation 
axis. 

Another interesting aspect was a possible coherent 
superposition due to very small dom~fin sizes. In- 
stead of a superposition of the intensities we have to 
add the structure factors: 

Fcal = gAbma -I- gBmab . (5) 

Even by assuming this model the refinement led to 
satisfying results, the obtained R factor is 0.0025 and 
the agreement of the positional and thermal param- 
eters is good. The differences between Fgbma and 
FB~ab seem to be too small to distinguish between 
the two kinds of suoerposition. Therefore a small 
amount of pseudotetragoaai regions where coherent 
superposition may be presen! cannot change the ob- 
tained structural results. Th~.s further shows that it is 
almost impossible to dizfiaguish between a pseu- 
dotetragonal structure due to m:~crotwinning and the 
P4Jncm space group only by an intensity analysis 
(on powders or on single crystals). 

A similar di~cz:.~on has beeri given for 123 com- 
pounds by HiSnle etal .  [34]. They examined the 
possibility of a distinction betwee~ statistical occu- 
pation of the chain oxygen sites and at. orthorhom- 
bic microtwinning with incoherent superposition us- 
ing single crystal X-ray diffraction. They concluded, 
that this would no', be possible. The corresponding 
statistical model in the case of La2_,SrxCuO4 is a te- 
tragonal structure with four-fold splitted La and O(2) 
positions at ( +x, 0, z) and (0, +y, z) with an oc- 
cupation probability of 0.25 and a two-fold splitted 
O( 1 ) position (0.25, 0.25, +z)  with an occupation 
probability of 0.5 (all parameters in the LTO no- 
tation). The symmetry of this structure is I4/mmm. 
This model is obviously ruled out by the presence of 
the super lattice reflections in the LTO phase. How- 
ever for the 123 compounds too, we find using the 
scattering factors for neutron diffraction, that the 
statistical model can easily be distinguished by the 
analysis of certain reflections which are sensitive to 
the chain oxygen (e.g. (1 02)) .  
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