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Knowledge of the crystal structure of methoxysilane 
has also assisted the interpretation and analysis of its 
solid-state vibrational spectra (Cradock, 1987). 
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Abstract. Diyttrium barium copper(II) pentoxide, M r 
=458.7,  orthorhombic, Pnma, a =  12.176(2), b =  
5.655(2), c = 7 . 1 3 0 ( 1 ) A ,  V=  491.0 (3) A 3, Z = 4 ,  
D x = 6.205 g cm -3, 2(Mo Ka) = 0.71073 A, /~ = 
357.0 cm -~, F(000) = 812, T =  295 (1) K. A total of 
1167 unique reflections was measured with a final R of 
0.039 over 907 intensities > 2.5o(/). The lattice con- 
tains Ba 2+, y3+, and CuO s- ions. Each Ba ion is closely 
associated with at least nine O atoms, and each Y ion is 
surrounded by seven O atoms. The covalently bonded 
anion is a distorted square pyramid, with Cu 0.22 A 
above the basal plane. The Cu-O(apex) vector is tilted 
9.6 ° from the perpendicular and is significantly long- 
er [2.196 (7)AI than the Cu-O(basal) distances 
[1.971 (6), 2.010 (6)Al. The powder X-ray diffraction 
pattern for this structure has been calculated. 

Introduction. The discovery that certain ternary oxides 
of copper exhibit the phenomenon of high-temperature 
superconductivity (Bednorz & Mueller, 1986; Wu, 
Ashburn, Torng, Hor, Meng, Gao, Huang, Wang & 
Chu, 1987) has resulted in intense activity to under- 
stand the physical origin of the superconductive 
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phenomenon, and to characterize the principles of 
structural chemistry responsible for the electrical 
properties of these materials. The initial discovery of 
Bednorz & Mueller (1986) involved a substitution 
compound of La2CuO 4 (K2NiF 4 phase-type) in which 
some of the lanthanum had been substituted by an 
alkaline-earth ion. Further observation of increases in 
the superconducting transition temperature under pres- 
sure led to the eventual preparation of the 1:2:3 phase, 
YBa2Cu3OT_x, which exhibits superconductivity above 
90 K (Hor, Gao, Huang, Wang, Forster, Vassilious, 
Chu, Wu, Ashburn & Torng, 1987). The preparation 
has been generalized to include most of the lanthanides 
(Engler, Lee, Nazzal, Beyers, Lim, Grant, Parkin, 
Ramirez, Vazquez & Savoy, 1987) with the apparent 
requirement that the compound contain Cu, this 
stimulated the investigation of the ternary phase dia- 
gram of CuO + BaO + Ln203 (Ln = Y, lanthanide), 
with most of the effort concentrated on yttrium. 

Most of the preparative techniques involve the sinter- 
ing of oxides, carbonates, or other easily decomposed 
oxygen-containing precursors, and the product 
characterization techniques most frequently relied upon 
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have been powder X-ray diffraction and electron 
microprobe analysis. Single-crystal structure determina- 
tions of the pure phases in the ternary phase diagram 
have tended to be the exception rather than the rule, 
since these materials usually do not melt congruently 
(Wold, 1987). 

In the preparation of the 1:2:3 phase, two groups 
(Hinks, Soderholm, Capone, Jorgensen, Schuller, Segre, 
Zhang & Grace, 1987; Sun, Webb, Naito, Char, Hahn, 
Hsu, Kent, Mitzi, Oh, Beasley, Beballe, Hammond & 
Kapitulnik, 1987) report the initial appearance of a 
dark green insulating phase which, upon subsequent 
grinding and reheating, produced a material containing 
the desired superconducting phase. The dark green 
phase was identified as Y2BaCuOs, the approximate 
structure of which has been deduced from X-ray 
powder diffraction (Michel & Raveau, 1980). We 
report here the determination of the structure of 
Y2BaCuO5 by single-crystal methods with an 
accompanying sevenfold improvement in the precision 
of the structural parameters. 

Experimental. Preparation of the crystalline 2:1:1 
phase, Y2BaCuOs, resulted from an attempt to prepare 
an oxygen-deficient non-superconducting phase with 
the same metal-ion stoichiometry as the super- 
conducting 1:2:3 phase. Quantities of Y203 (0.889g, 
Aldrich Gold Label, 99-99%), BaCO 3 (3.030 g, Fischer 
Certified ACS precipitated) and CuO (1.847g, 
Johnson-Matthey Puratronic) were weighed out as 
received and ground together in a corundum mortar 
and pestle. The mixture was placed in an Alundum 
combustion boat and heated to 1250 K for approxi- 
mately 15 h in air. This is in contrast to the conditions 
we typically use when the superconducting phase is 
sought, i.e. flowing oxygen in place of air. Upon 
cooling, the preparation exhibited a mass of dark green, 
almost black crystals which had sintered together. This 
mass of crystals was removed from the combusion boat 
intact, leaving several pale purple masses on the floor of 

• the Alundum boat. Previous attempts to synthesize the 
superconducting phase have been successful when 
flowing oxygen was used, and no reaction between the 
Alundum boat and the starting materials was observed 
in those cases. 

A very dark green prismatic crystal was selected for 
study (see Tables 1 and 2). Cell constants were derived 
from least-squares refinement of 25 reflections having 
29 < 20<  33 °. The structure was solved by direct 
methods and refined by weighted full-matrix least 
squares. Refinement in centrosymmetric space group 
Pnma and in noncentrosymmetric space group Pn21a 
produced equivalent structural models and residuals, 
but the correlation coefficients and estimated standard 
deviations of all parameters in Pn21a were significantly 
larger. Therefore, the centrosymmetric space group was 
deemed correct. Systematic absences are Okl with k + l 

Crystal size (mm) 
Instrument 
Monochromator 
Attenuator 
Scan type 
Data collected 
Scan rate (o min- ') 
Scan width (o) 
Maximum 20 (°) 
Reflections 

Corrections 

Table 1. Experimental details 

0.08 x 0.08 x 0.24 
Enraf-Nonius CAD-4 
Incident beam, graphite 
Zr foil, factor 17.5 
(o-20 
0 < h <  19 ,0<k  < 9 , 0 < l <  I1 
0.87 to 3.30 
0.7 + 0.350tan0 
70 
1289 total 
1167 unique 
Lorentz-polarization 
Anisotropic decay (0-976-1.827 on/) 
Standard reflections 600,020,004 
Empirical absorption (0.58-0.99 on/)  
Extinction 17-21 (13) x 10-71 

Table 2. Structure solution and refinement 

Solution Direct methods 
Refinement Full-matrix least squares 
Function minimized )_Jr'( I F,, I -- I F,. J ) 
Weights 4Fo"/o" (Fo") 
Reflections included 907 with I > 2.5o(/) 
Parameters refined 50 
Unweighted residual 0.039 
Weighted residual 0-046 
Goodness of fit 1.82 
Maximum shift/e,s.d. 0.10 
Maximum, final AF map +3.27eA -.~ 
Minimum, final AF map -3.20 e A -3 

odd and hk0 with h odd. Scattering factors, including 
anomalous dispersion were taken from International 
Tables for X-ray Crystallography (1974). The highest 
peaks in the final difference Fourier map were 
associated with the barium ion with values approxi- 
mately 5% of the barium peak. Computer programs 
used: MULTAN80 (Main et al., 1980); Enraf-Nonius 
SDP (Frenz, 1978); PLUTO78 (Motherwell & Clegg, 
1978). 

Discussion. Final positional and anisotropic thermal 
parameters are shown in Table 3,* and selected 
internuclear distances are listed in Table 4. Fig. 1 is a 
stereoscopic view of the unit cell. Table 5 lists the 20 
strongest powder diffraction lines calculated using 
POWDIO (Smith & Holomany, 1980). The crys- 
tallographically independent unit was correctly 
described by Michel & Raveau (1980). It consists of O 
atoms O1 and 02  in general positions [8(d)], while the 
four metal atoms and the remaining O atom lie on 
mirror planes [4(c)]. 

To guide our discussion of the coordination chemis- 
try of the metal ions, we shall use the following 
approximate radii (Huheey, 1972): Ba2+= 1.45, y3+ 
= 0.95, Cu 1I = 0.65, 0 2 -  = 1.40 A. Comparing these 
values with Table 4, we infer that Cu is covalently 
bonded to atoms O 1 and 02  which, together with their 

* Lis ts  o f  s t ruc tu re  f ac to r s  have  been  d e p o s i t e d  wi th  the  Bri t ish  
L i b r a r y  D o c u m e n t  S u p p l y  C e n t r e  as  S u p p l e m e n t a r y  P u b l i c a t i o n  
No.  S U P  4 4 3 4 9  (12 pp.) .  C o p i e s  m a y  be o b t a i n e d  t h r o u g h  T h e  
Execu t i ve  S e c r e t a r y ,  I n t e r n a t i o n a l  U n i o n  o f  C r y s t a l l o g r a p h y ,  5 
A b b e y  Squa re ,  C h e s t e r  C H  1 2 H U ,  E n g l a n d .  
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Table 3. Atomic positional and thermal parameters (A 2) 

X .1' Z 
Ba 0.09520 (5) 0-250 0.06985 (9) 
YI 0-07382 (8) 0-750 0.3959 (I) 
Y2 0.28827(8) 0.750 0.1163(1) 
Cu 0.6595 (I) 0.750 0-7126 (2) 
OI 0.5681 (4) 0.507(I)  0.8345 (7) 
02 0.7712 (4) 0.503 (I) 0.6432 (7) 
03 0.6000 (6) 0.750 0.422 (I) 

U~ Ull U22 U3a Ut2 Ul3 U23 
0.0041 (1) 0.0029 (2) 0.0037 (2) 0.0056 (2) 0 -0.0009 (21 0 
0.0013 (1) 0.0003 (3) 0-0022 (4) 0-0012 (3) 0 0.0001 (3) 0 
0.0013 (I) 0.0001 (3) 0-0016 (5) 0.0020 (3) 0 0.0001 (3) 0 
0.0022 (3) 0.0019 (5) 0.0020 (6) 0.0025 (4) 0 0.0013 (4) 0 
0.005 (I) 0-002 (2) 0-007 (3) 0-005 (2) -0.002 (2) 0.000 (2) 0.001 (2) 
0.005 (1) 0-003 (2) 0-005 (3) 0.007 (2) 0.002 (2) 0.002 (2) 0.004 (2~ 
0.005 (1) 0-008 (3) 0.006 (4) 0.003 (3) 0 --0.002 (3) 0 

Table 4. Selected interatomie distances (/~,) 

B a - O I  3-245 (5) B a - O 2 '  2.992 (5) 
B a - O  I '  3 .067 (5) B a - O 3  2 .600 (8) 
B a - O 2  2.963 (5) B a - O 3 '  2.829 (8) 

C u - O l  1.971 (6) C u - O 3  2.196 (7) 
C u - O 2  2 .010 (6) 

Y I - O I  2 .300 (6) Y I - O 2  2.386 (5) 
Y 1 - O I '  2-364 (5) Y I - O 3  2.289 (7) 

Y 2 - O  1 2-300 (6) Y 2 - O 2 '  2- 349 (5) 
Y 2 - O 2  2.327 (5) Y 2 - O 3  2.309 (8) 

Table 5. Powder pattern (relative intensities) 

d h k l I d h k l 
2.993 3 l l 100 1-651 I 3 2 
2.927 l I 2 66 2.421 3 l 2 
2.827 0 2 0 32 1.562 4 2 3 
1.989 4 2 l 26 1-507 7 l 2 
2.702 2 I 2 19 2.304 5 0 I 
2-800 4 0 l 16 1-873 4 0 3 
2.214 2 0 3 16 1.944 3 2 2 
1.662 3 3 I 14 1-414 0 4 0 
2.509 4 l 1 II 1-309 3 l 5 
1.743 2 2 3 II 2.180 l 2 2 

Cb 

o 
® 

o 

? 

) 

Fig. 1. Stereoview of the unit cell of Y2BaCuO 5. The Cu-O bonds 
are shown. The largest circles are Ba 2+. 

mirror-equivalent counterparts, form the base of the 
square-pyramidal anion. The metal atom is 0.22/~ 
above the base toward the apex. The apical O atom, 
03,  is much less tightly bound to the metal; further- 
more, the C u - O 3  vector is tilted 9.6 ° from the 
perpendicular toward the 02 . . .  02 '  base edge. 

Each Y cation is surrounded by seven O atoms: six 
are arranged as a trigonal prism with the seventh (03) 
capping one rectangular face. Face- and edge-sharing of 

these polyhedra leads to a three-dimensional network as 
previously described (Michel & Raveau, 1980). All 
Y - O  distances are within the expected range. 

Characterization of the Ba coordination polyhedron 
is somewhat arbitrary; the sum of radii suggests that 
2.85/~ is the expected B a - O  contact distance, but the 
observed distances cover a broad range. Atom 03  is 
very closely associated with Ba which undoubtedly 
causes the observed anion distortion. A total of nine O 
atoms are within 3.07 A while the tenth and eleventh O 
atoms are at 3.25 A. No other atoms are closer to Ba 
than 4 ,/k. This suggests that the cavity in which Ba 2+ 
resides is irregularly shaped and generally larger than 
the ion. The observed thermal parameters for Ba are 
consistent with this hypothesis. 

If thermal parameters derived from diffraction data 
are a physically meaningful measure of the anisotropic 
restoring forces acting on an atom in a crystal, then 
contact distances will be correlated with orientation and 
size of the vibrational displacement tensor. In this work, 
such correlations are indeed found for Ba (0.93) and 
Cu (0.99), and to a lesser extent for Y (0.61). However, 
no such correlation can be assigned to oxygen since 
each of these atoms contributes only 1% to the total 
scattered intensity, with consequent loss of precision in 
the measured parameters. 

It is interesting to note that the thermal parameters 
for both Y atoms are small. The model of Michel & 
Raveau (1980) also included a small thermal param- 
eter for one Y atom. Anomalously low thermal 
parameters would be produced during model refine- 
ment if the y3+ sites were partially occupied by 
lanthanide ions. However, analysis of the 99.99% 
yttrium oxide starting material revealed lanthanide 
oxides to be present at under 50 p.p.m, each. Thus, we 
believe that partial occupation by heavier cations is a 
minor effect; primarily, it is the cavity size and shape 
which severely restricts thermal vibration at the y3+ 
sites. 

As this work was being prepared for publication 
another single-crystal study appeared (Hazen, Finger, 
Angel, Prewitt, Ross, Mao, Hadidiacos, Hor, Meng & 
Chu, 1987). 
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(Refu le 16 fdvrier 1987, acceptd le 8 septembre 1987) 

Abstract. Mr=341"2, orthorhombic, P2t2t21, a =  
6.6840(9), b =  16.503 (4), c=7 .053  (3) A, V= 
778.0 (6) A a , Z = 4 ,  Dm= 2.88 (1), Dx= 
2.906 Mg m -3, 2(Mo Kct) = 0.71069/~, /~(Mo Ktx) = 
7.14 mm -1, F(000) = 644, T.= 293 K, R = 0.031 for 
362 independent reflexions. The structure contains 
two phosphite anions connected by a weak hydrogen 
bond. The Nd 3+ cation is eight-coordinated by seven 
phosphite anion O atoms and one water O atom. 

Introduction. Le phosphite de n6odyme NdH(POaH)2.- 
2H20 appartient/l une nouvelle famille de compos~s 
dans laquelle le n~odyme peut &re substitu6 par La, Ce, 
Pr, Sm, Eu ou Gd. Toutes ces phases sont 
isostructurales. 

Quelques phosphites alcalins: Na2PO3H.SH20 (Col- 
ton & Henn, 1971), (NH4)EPO3H.H20 (Rafiq, Durand 
& Cot, 1982), alcalino-terreux: MgPOaH.6H20 (Cot- 
bridge, 1956), Ca(HPO3H)E.H20 (Larbot, Durand & 
Cot, 1984), et de m&aux de transition divalents: 

0108-2701/88/010006-03503.00 

CuPO3H.2H20 (Handlovic, 1969) et Cd(H2PO3)2.- 
H 2 0  (Loub, Podlahova & Jecny, 1978) ont fait l'objet 
de d&erminations structurales. 

Les seules &udes concernant les m&aux trivalents 
sont relatives/L la pr6paration et l'analyse par spectro- 
scopic d'absorption infra-rouge (Muck & Petru, 1971; 
Ebert & Kavan, 1978) ou la caract6risation cristal- 
lographique (Larbot, Battou, Durand & Cot, 1982)des 
phases mises en 6vidence. 

L'6tude structurale du compos6 NdH(PO3H)2.2H20 
a pour but de mieux connaitre l'arrangement type de la 
famille des phosphites des 616ments de terre rare de 
formule g~nerale MH(POaH)E.2H20. 

Partie exp6rimentale. Les cristaux en forme de fines 
aiguilles sont obtenus par 6vaporation lente d'une 
solution obtenue par dissolution de Ln20 3 dans un 
exc6s d'acide phosphoreux H2PO3 H (Loukili, Rafiq, 
Durand & Cot, 1987). Les premiers cristaux qui 
apparaissent correspondent ~ la phase monoclinique 
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