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lllem.SIKOB JJ:.B. H np. 
HeiiTpOHHo-nmppaKUHOHHoe HccnenoaaJIHe CTPYKTYPLI 
qntJOBO-HepaJneneHHoro MOHOKpHCTanna Lc1zCuO4 _03 

E14-99-82 

lf3yqeHa CTPYKTYPa MOHOKpHcTaJIJia L<iz CuO4 + Y c conep)KaHHeM nonHpyrome:­
ro KlfCJiopona y = 0,03 c IlOMOil..{bIO nHcppaKUJflf HeiiTpOHOB npH T = 13 K. He­
CMOTp.SI Ha TO, lJTO conep)KaHJfe KlfCJIOpona y = 0,03 oTBetJaeT COCTO.SIHHIO BHyrpH 
«menH pacrnopeHH.SI» Lc1zCuO4 +Y (0,01 <y<0,06), KpHCTaJIJI He paJneJI.SieTc.SI 
Ha nae cpa3bl npH Hlf3KHX TeMnepaTYPax, EnHHCTBeHHa.SI cpa3a, o6pa3YJOil..{a.SI aeme­
CTBO, JfMeeT CJfMMeTpHIO Cmca. IlOKaJaHO, 'ITO nonoJIHHTeJibHblB KlfCJIOpon (04) 
Haxonmc.SI a6mnH noJHUHH <¼, ¼, ¼), CTPYKTYPHLie napaMeTpbI acex aTOMOB 

3aHHMaIOT npoMe)KyrOtJHble 3HatJeHH.SI Me)Ki{y BeJIJf'IJfHaMlf, paJiee onpeneneHHbIMJf 
M.SI o6enHeHHoii H o6oramettttoii KHcnoponoM cpa3aMH, npencTaBJI.SIIOil..{HMH Kpa.SI 
«IUeJilf pacrnopeHJf.SI», y = 0,01 Ji 0,06, COOTBeTCTBeHHO. Pe3yJILTaTbl Il03B0JI.SIIOT 
JaKJIIOtJHTL, tJTO cpa3oBo-pa3nen.SiromHec.SI H Hepa3nen.SiromHec.SI coenHHeHJf.SI 
La2 Cu O 4 + Y CTPYKTYPHO JflleHTHtJHLI. If KpHCTaJIJIHtJeCKa.SI CTp}'KTypa L<iz Cu O 4 + Y 

MOHOTOHHO Jf3MeH.SieTC.SI npH Jf3MeHeHJflf conep)KaHJf.SI nonHpyromero KJfCJIOpona 
oT Ono 0,05. 

Pa6orn BbIIlOJIHeHa a Jia6opaTOpHH HeiiTpOHHOB cpli3HKJf HM. H.M.<l>paHKa 
O115!:H H a lfHCTHTyre Jiay3-Jlatt)KeBeHa, fpetto6Jib, <l>paHUH.SI. 

ITpenpHHT Ome11HHeHHOro HHCTHlyra ll/lepHLJX HCCJ1e11osaHHii • .lly6Ha, 1999 
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Structure of Non-Phase-Separated Lc1zCuO4 _03 Studied 
by Single-Crystal Neutron Diffraction 
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The structure of a La2CuO4 + Y single crystal with the excess oxygen content 
y = 0.03 has been studied by means of neutron diffraction at T = 13 K. Although 
the extra oxygen content of y=0.03 is inside the miscibility gap of Lc1zCuO4 +y 

(0.0 I < y < 0.06), the crystal is not phase-separated at low temperatures. The sole 
phase constituting the sample has Cmca symme

1
try. It was confirmed that the extra 

oxygen, 04, is located close to the site <¼, y4, ¼>· The structural parameters 

for all atoms lay between those previously determined for the oxygen-poor 
and oxygen-rich phases representing the edges of the miscibility gap, y = 0.01 
and 0.06 respectively. Our data allow us to conclude that, (1) The phase-separated 
and non-phase-separated Lc1zCuO4 + Y compounds are structurally identical, and (2) 
The crystal structure of La2 CuO4 +Y changes monotonically when the extra oxygen 
content changes from 0 to 0.05. 

The investigation has been performed at the Frank Laboratory of Neutron 
Physics, JINR and at the Institut Laue-Langevin, Grenoble, France. 
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It is well known that La2CuO4+y possesses superconducting properties at low 
temperatures, with Tc up to 40 K, the non-stoichiometric (extra) oxygen being the 
doping element. The phase diagram in the coordinates "extra oxygen content -
temperature" [1] includes the so-called "miscibility gap", 0.0l<y<0.06, within which 
the separation of the crystal into regions with low and high extra oxygen content 
occurs. As was shown for the first time by Jorgensen et al. [2] by powder neutron 
diffraction, one region is the almost-stoichiometric antiferromagnetic La2CuO4 phase, 
and the other is oxygen-rteh and superconducting. Both phases possess orthorhombic 
symmetry and are almost identical structurally. Chaillout et al. [3] have determined 
the structure of La2CuO4+y with y=0.032 using much more extensive single-crystal 
data. Structural refinement carried out in the two-phase model has shown that both 
phases have Cmca symmetry, the extra oxygen being located between two LaO layers 
with coordinates close to(¼,¼,¼). 

It has been shown by X-ray [4] and neutron diffraction [5] that, along with the 
"usual" La2CuO4+y single crystals demonstrating both phase separation and 
superconductivity, it is possible to prepare crystals with y=0.02 - 0.03 (i.e. well 
inside the "miscibility gap") which possess superconducting properties without 
macroscopic separation into two phases. The phase diagram of these homogeneous 
crystals is completely different from that obtained in the samples revealing phase 
separation: the Neel temperature can be as low as 15 K (Ref. [6]), and at higher 
doping levels the antiferromagnetic order is changed to a spin-glass-like one [7]. 
Combined analysis of neutron and muon spin-resonance data has shown that the 
phase-separation phenomenon has an even more complicated character, namely, that 
a macroscopically homogeneous superconducting crystal can be inhomogeneous on 
the microscopic level [6]. 

Here we report the results of a low-temperature structure determination on a 
single crystal of La2CuO4+y with y,.,Q.03 (crystal L1 of Ref. [4], [5], further in the text 
- L1 crystal) which has not undergone the macroscopic separation into oxygen-rich 
and oxygen-poor phases on cooling. Structure analysis of such a crystal could clarify 
the reasons for the presence or absence of the phase separation. In addition, a crystal 
without macroscopic phase separation is a better candidate for the low temperature 
structure refinement, since it can be carried out in the one-phase approximation. 

The single crystal of La2CuO4_03 had been grown under thermodynamical 
equilibrium by the molten-solution method and was doped by oxygen in a high­
pressure cell. Details of the crystal preparation and characterisation are given in Refs. 
[4], [5], [8], where several La2CuO4+y single crystals with y from 0.02 to 0.04 were 



investigated. The absolute value of the oxygen content was defined by several 
methods: (i) weight gain, (ii) X-ray measurement of the orthorhombicity parameter, 
(iii) using the structural tetragonal - orthorhombic high temperature transition, and 
amounted to Y"'0.030±0.005 (Ref. [4]). Absolute values of the unit cell parameters of 
the crystals with Y"'0.02, 0.03 (LI crystal) and 0.04, measured with the High­
Resolution Fourier Diffractometer (~d/d,,,Q.0009) (Ref. [8]), are presented in the 
Table 1. 

Fig. 1 shows the dependencies of the b lattice parameter and of the 
orthorhombic strain on the extra oxygen content. One can see that y=0.03 is in good 
accordance with the concentration dependencies of the lattice parameters. 

Table 1. The unit cell parameters and the orthorhombic distortion parameter r of the 
La2CuO4+y crystals (T=293 K, sp.gr. Cmca) measured at the HRFD (Ref [8] ). 

Crystal M4, V=0.02 LI, v=0.03 L2, v=0.04 
a,A 5.3525 (2) 5.3618 (2) 5.3597 (1) 
b,A 13.1519 (2) 13.1688 (3) 13.1823 (2) 
c,A 5.3959 (2) 5.4001 (2) 5.3907 (2) 
r=200(c-b)l(c+a) 0.808 (5) 0.712 (5) 0.577 (5) 
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At the structural transition from. the high-temperature tetragonal 14/mmm to 
the orthorhombic Bmab phase (Tc "' 450 K), the crystals of La2Cu04+y undergo 
transformational twinning, as a result of which the crystal is splitted to the ferroelastic 
domains in general with four different orientations [9]. The presence of twins hardens 
the structural analysis and should be necessarily taken into account in the process of 
the data treatment. For obtaining the information on the twinning microstructure of 
the La2Cu04.03, the special investigation was carried out (Ref. [8]). This investigation 
has shown that in this crystal, the peculiar twinning mechanism is realised, which 
leads to the formation of only three (instead of four) domain types, connected with 
each other only via the coherent boundaries. The analysis of the two-dimensional 
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distributions of intensity in the reciprocal lattice nodes has shown that nearly 80 % of 
the crystal volume was occupied by two types of domains with opposite signs of the 
shear deformation (A and B in the Fig. 2); these domains were connected to each 
other by coherent twin boundaries. Nearly 15 % of the crystal volume was filled with 
the third component (C in the Fig. 2), and nearly 5 % - with transitional regions 
(intensity between B and C components). The twinning angle corresponded to the 
orthorhombic distortion of the lattice and was close to 25 min. of arc. 
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Fig. 2. Example of the two­
dimensional intensity distribution 
in the neighbourhood of the (006) 
reciprocal-lattice node obtained by 
high-resolution X-ray diffraction. 
The three main maxima (A, B and 
C) correspond to the three types of 
the transformational twin domains 
observed in this crystal. The B and 
C maxima are connected by the 
continuous intensity distribution 
due to the scattering from the 
transitional regions. 

The crystal had a rectangular pyramidal shape with dimensions 2xlx5 mm3. 
The conventional single-crystal diffraction experiment has been carried out on the 
four-circle single-crystal diffractometer D9 on the hot neutron source of the high-flux 
reactor at the Institut Max von Laue - Paul Langevin using the neutron wavelength 
A.=0.843 A. This diffractometer is equipped with a small two-dimensional position­
sensitive detector which allows observation of the local three-dimensional count 
distribution around each reflection [10]. A complete set of Bragg reflections in the 
space group Cmca (with allowance for twinning) was measured at T=13 Kin a half 

· sphere of reciprocal space to sin(0 )!A. = 0.91 A. 1051 independent reflections were 
used in the refinement. The correctness of the space group choice was additionally 
examined by transmission electron microscopy. It was confirmed that the cell is really 
C-centered. 

The integration of the scattered neutron intensities was done with the RACER 
program based on the algorithm from Ref. [ll]. For a conventional untwined crystal 
this program uses the observed three-dimensional shapes of nearby strong reflections 
to optimise the precision of the integration of the weak ones. This method is 
inappropriate for our data since the twinning causes large local variations in the 
extent of the peak. The weak peaks were therefore integrated simply by summing the 
counts within the ellipsoid, which was observed to enclose all the peak counts for the 
strong peaks. 
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Table 2. Structural parameters for the non-phase-separated single crystal L1 of 
La,2CuO4+y in space group Cmca compared with the data on the two-phase crystal 
with the same average oxygen content [3]. 

L1 crystal crystal from [3] 
one phase oxygen-poor oxygen-rich 

La2CuO4_03 La2CuO4 La2CuO4_04g 
y (La) 0.36113 (3) 0.3616 (2) 0.36088 (6) 
z (La) 0.0077 (1) 0.0096 (5) 0.0053 (2) 
v(Ol) 0.18316 (7) 0.1843 (2) 0.1823 (1) 
z (01) -0.0369 (3) -0.048 (1) -0.0261 (5) 
y (02) -0.00771 (6) -0.0112 (5) -0.0031 (2) 
X (03) 0 (*) 0.033 (5) 
V (03) 0.170(3) 0.185 (2) 
z (03) 0.131 (7) 0.105 (4) 
y (04) 0.249 (5) 0.242 (4) 
n (01) 1.924 (7) 1.98 (2) 1.844 (16) 
n (02). 2 (*) 1.98 (2) 1.998 (10) 
n (03) 0.080 (8) 0.160 (16) 
n (04) 0.028 (4) 0.048 (8) 

Ul l (La) 0.0027 (2) -0.002 (1) 0.011 (1) 

U22 (La) 0.0022 (1) 0.0056 (7) 0.0018 (2) 
U33 (La) 0.0033 (2) 0.004 (1) 0.0008 (7) 
U23 (La) 0.0001 (2) 0.0004 (4) -0.0005 (4) 
Ul 1 (Cu) 0.0021 (3) 0.001 (2) 0.005 (2) 
U22 (Cu) 0.0042 (2) 0.0043 (9) 0.0051 (4) 
U33 (Cu) 0.0014 (3) 0.001 (2) 0.000(1) 
U23 (Cu) 0.0004 (2) -0.0002 (6) -0.0003 (6) 
Ul 1 (01) 0.0091 (4) 0.005 (1) 0,015 (2) 
U22 (01) 0.0046 (3) 0.0018 (8) 0.0051 (4) 
U33 (01) 0.0087 (3) 0.006 (2) 0.0087 (7) 
U23 (01) 0.0004 (2) -0.0003 (8) 0.0000 (8) 
Ull (02) 0.0033 (3) 0.001 (1) 0.-011 (1) 
U22 (02) 0.0078 (2) 0.003 (1) 0.0127 (5) 
U33 (02) 0.0039 (3) 0.003 (1) 0.000 (1) 
U13 (02) 0.0000 (2) 0.0008 (6) 0.0006 (4) 
U(O3) 0.005 (*) 0.005 (*) 
U (04) 0.005 (*) 0.005 (*) 

p (phase) 0.69 (3) 
1-o <ohase) 0.31 (3) 
R w(%) 4.7 4.45 

R uw (%) 2.8 3.1 
"t.2 4.21 4.18 

the oarameters were fixed in the refinements 

4 

l 
f) 
I 

l 
I 

l 
I 

:) 1 
' 

\' 

" I 

The structure refinement was done with the MXD refinement program [12]. 
The model used for the final refinement was taken from Ref. [3], where the extra 
oxygen is located at (¼,y,¼) and every extra oxygen atom inserted causes the 
displacement of some of the O 1 atoms to the 03 site. The presence of twinning in the 
crystal was taken into account in the refinement by comparing the observed structure 
amplitude to the domain-averaged calculated amplitude Fc'(hkl), which is given in 
terms of the calculated amplitudes for one domain, Fe (hkl), by CFc'(hkl)]2 = [pF/(hki) 
+ (1-p)F/ (lkh)], where pis the sum of the fractional populations of the domains that 
contribute hkl and hkl. 
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Fig. 3. The coordinates of La, and O I atoms vs. extra oxygen content for our crystal 
(y=0.03) and for the oxygen-poor (y=0.00) and oxygen-rich (y=0.048) phases of the 
phase-separated crystal with the same average oxygen content (Ref. [3] ). The lines 

are the least-squares linear fits to the data. 
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Table 2 contains the results of the refinement including the refined atom 
coordinates, the thermal parameters and the occupancy factors. The refined oxygen 
content is 4.03±0.01. The relation between the absolute quantities of additional 04 
and displaced 03 oxygen atoms is n(O4)/n(O3)=1/3,which means that every inserted 
extra oxygen causes the displacement of approximately three oxygen atoms from 01 
to 03 sites. This value is very close to that obtained in Ref. [3]. Inspection of the 
results in Table 2 shows that the majority of the structural parameters (atom 
coordinates, site occupancies and even thermal parameters) lay between the 
corresponding values obtained in Ref. [3] for the oxygen-rich and oxygen-poor 
phases of the crystal with close average oxygen content (Fig. 3). Since the refinement 
is on a single phase, the errors of the structural parameters in our structure 
determination are on average three times lower than that of Ref. [3] for the two-phase 
crystal. 

That the refined occupation of extra oxygen amounted to 0.03, and that the 
refined low-temperature structure parameters for the composition we studied are 
given by values laying between those obtained for the compositions representing the 
edges of the miscibility gap, provide unambiguous evidence that this crystal at low 
temperatures does lie in the previously inaccessible region with extra oxygen 
concentration y=0.03. 

As suggested in Ref. [6], in such type of La2CuO4+y single crystals a 
microscopic phase separation takes place at low temperature, which is very likely 
driven by the parallel formation of superconducting and antiferromagnetic states. 
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