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Abstract 

Mr = 666.2, orthorhombic, Pmmm, Z = 1, A(Mo Ka) 
= 0.71069 A, F(000) = 294, T =  298 K. Data set (1): 
a=3 .847(4) ,  b=3.875(4) ,  c=11 .70  (1) A, V= 
174.44 (5) A3, Dx = 6.341 Mg m-  3, lz = 29.24 m m -  1, 
R = 0.055, wR = 0.041 (05 excluded), R = 0.053, wR 
= 0.037 (05 included) for 1132 unique reflections. 
Data set (2): a=3 .842(1) ,  b=3.886(1) ,  c =  
11.690 (4) tk, V = 174.55 (2) tk 3, D~ = 6.338 Mg m-3, 
/z = 29.32 mm-  ~, R = 0.046, wR = 0.041 (05 
excluded), R = 0.046, wR = 0.040 (05 included) for 
1134 unique reflections. The structure is disordered 
with an 04  site occupancy of 0.54 (2) for data set (1) 
and 0.64 (2) for data set (2). The Ap maps for the 
structure have characteristics consistent with those of 
cubic perovskites, but modified as expected for the 
distorted structure. For both experiments, the nature 
of the depletion of electron density near Cul is as 
expected for a cooperative Jahn-Teller-distorted Cu 
system. Its radial dependence is consistent with 
depletion of paired spins along the C u l - - O I  bond, 
and of unpaired spins along the C u l - - O 5 - - C u l  
vector, zip associated with Cu2 is strikingly dis- 
similar to that near Cul.  The density near the 05  site 
is not accounted for adequately by a disordered 
model since the mean-square amplitudes of vibration 
with refined occupation determined by least squares 
are non-physical. The main characteristics of Ap in 
the (001) plane containing the 05 site could be 
inferred from the zip topology of the archetypal 
KCuF3 structure which has been accurately 
determined. The mechanism proposed for coupling 
the redistributed electron density with the vibrational 
motion of Cul in the [100] direction involves modu- 
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lation by that motion of the antiferromagnetic 
exchange between adjacent Cul atoms. 

Introduction 

In the standard BCS theory of superconductivity, 
electron pairs with momentum/spin hk', - h k '  are 
coupled to hole pairs with momentum hk", - h k "  by 
phonon interactions which lower the total energy 
(Rickayzen, 1965). This is usually represented in k 
space. Most high-To superconducting compounds 
reported to date contain Cu and have distorted 
perovskite structures. As BCS theory gives a satisfac- 
tory description of type I and type II supercon- 
ductors, k-space representations are preferred in 
most theoretical studies of the high-Tr oxide super- 
conductors. However, as the coherence length in the 
oxide system is closer to the cell size, position-space 
treatments may have some advantages in explaining 
the phenomenon. 

It is probable that the electron density has charac- 
teristics common to the perovskite series which are 
relevant to the superconducting properties of par- 
ticular members. The simplest distorted member of 
that structural class, KCuF3, is not superconducting, 
but its electron density can be determined with high 
precision because it contains no atoms with high 
atomic number. Accurate analyses of KCuF3 by 
Spadaccini (1988), Tanaka, Konishi & Marumo 
(1979), Tanaka & Marumo (1982) and Buttner, 
Maslen & Spadaccini (1990), provide the information 
necessary for a detailed comparison with supercon- 
ducting perovskites. 

Johnson, McHenry, Counterman, Collins, Dono- 
van, O'Handley & Kalonji (1988) have proposed a 
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22 SUPERCONDUCTIVITY IN YBa2Cu307 x 

position-space model for superconductivity in 
La2CuO4 and YBa2Cu307_x. The theory involves 
O(p)--O(p) rr-bonding/Cu(d)---O(p) rr-antibonding 
orbitals at the Fermi energy level with dynamic and 
pseudo Jahn-Teller coupling. The predicted Tc for 
orthorhombic YBa2Cu307-x ranges from 90 to 
139.2 K depending on correlation distances and the 
coherence lengths which are of the order of 17-22 A. 
7", values predicted for other materials are also tabu- 
lated in that paper. However for YBazCu3OT--x at 
least, higher T,. values have been reported. For 
example, a 7",. of 159 K was achieved by temperature 
cycling (Bhargava, Herko & Osborne, 1987). The 
TEM analysis of Sarikaya & Stern (1988) supports 
that observation, reporting variations of Aa/a 
[ - -2(b-a) / (a  + b)] in the range of 0-4% over dis- 
tances of 1000 A. The high T,. suggested by Sarikaya 
& Stern (1988) would also imply reduced coherence 
lengths, the lower limits being the cell dimensions. 
The inference is a T, limit for the material of 220 K 
obtained by maximizing Aa/a, and therefore mini- 
mizing 0 4 - 0 5  disorder, as discussed by those 
authors. 

X-ray diffraction results are not fully consistent 
with this hypothesis. The accurate single-crystal 
analysis of Paulus, Hoechst, Brodt, Fuess, Assmus & 
Kowalewski (1988) reports a small Aa/a of 1.49%. 
There is a tendency for the material to disorder over 
the 0 4 - 0 5  sites (see Figs. l a and l b), but the degree 
of disorder derived in that study is low. If the 
hypothesis had been correct, a larger Aa/a value 
should have resulted. 

It is difficult to achieve high accuracy in single- 
crystal analyses for YBazCu307--x for reasons 
described by Hazen (1988) but the reliability indices 
achieved are such that the Ap maps should be quali- 
tatively correct. Furthermore the structure is closely 
related to the more ideal perovskites and the latter, 
when studied accurately, followed trends characteris- 
tic of the series generally. The degree of consistency 
with those trends provides a test of the reliability of 
the electron density determined for a high-T,, dis- 
torted perovskite structure. 

Crystal preparation of YBa2Cu307_x 
'Recipes' for producing single crystals of 
YBa2Cu307_x abound in the current literature. Even 
so, few accurate analyses are reported due to the 
difficulty of preparing high-quality single crystals. 
Several techniques for growing specimens were 
investigated. The main problem encountered was 
containment of the partial melt of the component 
oxides. Solid-state reactions producing powder 
samples present few difficulties because there is very 
little contamination. The use of excess Cu and Ba 
oxides as a flux for crystal growth, as reported by 

Table 1. Crucible materials investigated for 
YBa2Cu3OT. x crystal preparation 

Material Reference Result 
(1) Y203 (pellet) (a) Extensive absorption of melt by pellet 
(2) Pt-lined AI20~ (b) Corrosion of foil with some 

crystallization 
(3) Ta:O~ (pellet) After (c) Extensive absorption of melt by pellet, 

well faceted Y2BaCuOs crystals 
(4) ZrO~ (pellet) Extensive absorption of melt by pellet, 

some Y,BaCuOs crystals 
(5) Zirconia (d) Extensive absorption of melt by crucible, 

(crucible) no crystallization 
(6) Cu Icrucible) Present N2 atmosphere during heating, 02 flow 

experiment below 923 K, melt creeps and reacts 
with Cu 

(7) CuO (pellet) Present Suitable method 
experiment 

(8) AI20~ Present Suitable, but with some contamination 
experiment 

References: (a) Takei, Takeya, lye, Tamegai  & Sakai (1987). (b) 
Darl ington,  O ' C o n n o r  & Hollin (1988). (c) Yurek, Van der Sande, Wang,  
Rudman,  Zhang  & Matthiesen (1987). (d) Menken & Menovsky (1988). 

Dinger, Worthington, Gallagher & Sandstrom 
(1987), greatly increases the probability of contamin- 
ation since extensive melting occurs. Table 1 lists 
crucible materials used in various attempts to pro- 
duce "ideally imperfect' specimens suitable for elec- 
tron density studies. 

Initially crystals were grown using stoichiometric 
quantities of BaO2 (or Ba2CO3), CuO and Y203 
ground and pressed into a pellet, heated at 1175 K 
for 24 h before cooling by approximately 20 K h - i  
to 543 K. The pellet sizes were then varied over the 
range 0.5 to 1.5 cm in height and diameter. In most 
trials BaO2 was preferred to Ba2CO3- a procedure 
used successfully by Calastani & Rizzoli (1987) for 
crystallization of YBa2Cu3Ov_x. Of the different 
peak~heating temperatures investigated the most 
suitable was 1345 K. 

An SEM EDAX analysis of crystals grown using 
an A1203 crucible indicated contamination of the 
partial melt, concentrated in regions of direct contact 
with the crucible. There was no indication of A1 in 
crystals formed in small cavities within the pellet. 
One such crystal from a batch not treated with 
oxygen during the final cooling process was used for 
data collection. A more satisfactory approach to 
avoiding contamination was placing pressed material 
on a CuO substrate which also provides excess CuO 
as a flux. To promote oxygen absorption and 
decrease the 'x' value, 02 gas was passed into the 
oven between 923 to 573 K, i.e. from above to below 
the oxygen-absorption range reported by Ono & 
Tanaka (1987). A second set of data was measured 
using a crystal prepared by this latter method. 

Experimental 

The first specimen selected for data collection was an 
approximate trapezium-based prism having two 
{010}, two {OO1} and two {110} faces and volume 
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Table 2. Experimental and refinement data 

Data set (I) Data set (2) 
Diffractometer Syntex P2, Syntex P2, 
Monochromator Graphite Graphite 
Scan type w,'20 o~.'20 
Scan speed ( rain ') 8.37 6.51 
Peak ~an width (a + htan0) 1.7; 0.7 2.7:0.7 
Max. 20 ( ')  100 100 
Max. intensity variation of standards (%) U~3 

200 020 006 3.3 x 
+- 060 -* 005 1.0 0 5  excluded 

Number of reflections measured 6399 8646 Ba 0.5 0.5 0.18598 (3) 135 (2) 110 (2) 76 ( 1 ) 
Transmission range 0.16:0.33 0.14:0.45 0.5 0.5 0.18536 (4) 129 (2) 84 (2) 81 (2) 
R,°, (before and after absorption) 0.095:0.057 0.031:0.029 Y 0.5 0.5 0.5 81 (4) 69 (3) 52 (3) 
Number of independent reflections 1132 1134 0.5 0.5 0.5 76 (4) 60 (3) 56 (4) 
R (05 excluded) 0.055 0.046 Cul 0.0 0.0 0.0 169 (7) 132 (5) 59 (4) 
R (05 included) 0.053 0.046 0.0 0.0 0.0 155 (6) 139 (5) 64 (5) 
wR (05 excluded) 0.041 0.041 Cu2 0.0 0.0 0.35642 (7) 68 (4) 63 (3) 81 (3) 
wR (05 included) 0.037 0.040 0.0 0.0 0.35619 (8) 63 (3) 46 (3) 89 (4) 
S (05 excluded) 2.56 (5) 5.6 (1) OI 0.0 0.0 0.1576 (5) 221 (31) 222 (25) 98 (17) 
S (O5 included) 2.34 (5) 5.4 (I) 0.0 0.0 0.1581 (5) 248 (31) 189 (23) 100 (21) 
Weights l/~r2(F,,) l'~r2(/';,) 02  0.5 0.0 0.3789 (4) 80 (23) 129 (18) 91 (16) 
Final max. shift/e.s.d. (05 excluded) 0.00018 0.(K~027 0.5 0.0 0.3788 (4) 89 (21) 85 (18) 110 (20) 
Final max. shift/e.s.d. (05 included) 0.00012 0.00189 03  0.0 0.5 0.3785 (4) 99 (23) 73 (16) 88 (15) 
Max. height in final difference Fourier (05 13.2 (5) 10.1 (3) 0.0 0.5 0.3776 (4) 132 (23) 60 (17) 96 (19) 

excluded) (e A ~) 0 4  0.0 0.5 0.0 243 (88) 69 (47) 114 (50) 
Max. height in final difference Fourier (05 10.9 (5) 10.2 (3) 0.0 0.5 0.0 368 (90) 110 (51) 108 (54) 

included) (e A ') 
Min. height in final difference Fourier (05 - 9.6 (5) - 8.6 (3) P o p u l a t i o n  0 4 :  

excluded) (e A ~) 
Min. height in final difference Fourier (05 - 9 . 7  (5) 8.6 (3) 0 5  included 

included) (e A ~) 
Min. extinction y 0.93 0.89 Ba 0.5 0.5 0.18598 (3) 136 (2) 111 (2) 77 (I) 

0.5 0.5 0.18534 (4) 129 (2) 85 (2) 83 (2) 

3.74 x 1 0 - 4 m m  3, damage to some faces having 
occurred in extracting the crystal from the bulk. The 
well faceted specimen cleaved from a larger plate-like 
crystal for data set 2 was a trapezium-based prism 
with one {001}, one {101}, two {100} and two {010} 
faces of  approximate volume 2.06 x 10 - 4  mm 3. 

All data were measured on a Syntex P21 diffrac- 
tometer using M o K a  radiation ( , t = 0 . 7 1 0 6 9 A ) .  
Experimental details are set out in Table 2. Data set 
(1) consisted of approximately two-thirds of  a sphere 
of reflections, (sin0/a)max = 1.0803 / ~  1, _ 8 ----- h --- 3, 
- 8 _ < k _ < 8 ,  - 2 5 _ < l _ < 2 5 .  Data set (2) spanned a 
full sphere -8___h___8, - 8 _ < k _ < 8 ,  -25<_1_<25.  
Absorption corrected analytically (Alcock, 1974), 
Lorentz and polarization corrections applied. Full- 
matrix least-squares refinement based on IFI. All 
measured structure factors included in refinements. 

The reference state for all structure-factor calcula- 
tions was the independent atom model. Atomic scat- 
tering factors from Cromer & Mann (1968) and 
anomalous-dispersion corrections from Cromer & 
Liberman (1970). Anisotropic thermal parameters and 
isotropic extinction parameter (Larson, 1970) refined. 
Details of  refinements, including and excluding 05 ,  
are listed in Table 2. All calculations utilized the 
XTAL system of crystallographic programs (Hall & 
Stewart, 1987, 1988, 1989). The structural parameters 
are in Table 3* and the structure is depicted in Fig. 1. 

Table 3. Anisotropic thermal parameters (U x 10 4 /~k 2) 
and atomic fractional coordinates for data sets (1) 

and (2) 

* Lists o f  structure factors and anisotropic thermal parameters, 
and figures for data set (2) have been deposited with the British 
Library Document  Supply Centre as Supplementary Publication 
No.  SUP 54566 (42 pp.). Copies may be obtained through The 
Technical Editor, International Union of  Crystallography, 5 
Abbey Square, Chester CH1 2HU,  England. 

Results for the second analysis follow those of the first for each table entry. 

T = exp[--27r2(h2a*2U,~ + k~'b*2U,2 + 12c'2U33)]. 

y z U,, U22 

data set (1) = 0 .54 (2). data set (2) = 0.64 (2) 

Y 0.5 0.5 0.5 82 (4) 69 (3) 53 (3) 
0.5 0.5 0.5 77 (4) 62 (3) 56 (4) 

Cul 0.0 0.0 0.0 170 (6) 134 (5) 61 (4) 
0.0 0.0 0.0 158 (6) 140 (5) 65 (5) 

Cu2 0.0 0.0 0.35645 (6) 68 (3) 64 (2) 81 (3) 
0.0 0.0 0.35619 (8) 63 (3) 47 (3) 90 (4) 

Ol 0.0 0.0 0.1577 (4) 212 (28) 221 (22) 96 (15) 
0.0 0.0 0.1580 (5) 243 (29) 187 (22) 99 (20) 

02  0.5 0.0 0.3782 (4) 87 (21) 128 (17) 88 (14) 
0.5 0.0 0.3786 (4) 101 (21) 95 (18) 105 (19) 

03  0.0 0.5 0.3786 (4) 105 (23) 75 (15) 88 (14) 
0.0 0.5 0.3775 (4) 136 (23) 64 (17) 93 (19) 

0 4  0.0 0.5 0.0 217 (77) 62 (42) 121 (50) 
0.0 0.5 0.0 322 (80) 101 (48) 122 (54) 

05  0.5 0.0 0.0 26 (120) 540 (218) 82 (92) 

U, so 
0.0 11 (54) 05  0.5 0.0 

Populat ion 0 4 :  
Populat ion 0 5 :  

data set (1) = 0.53 (2), data set (2) = 0.64 (2) 
data set (1)= 0.26 (2), data set (2)= 0.14 (2) 

_o 

C u 2 ~  

Fig. 1. YBa2Cu307_x cell structure with vibrational ellipsoids at 
the 95% probability level for data set (1), excluding atom 0 5 .  
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The changes in parameters when 05  is introduced 
into the refinement are small, but the thermal param- 
eters of 05  are unrealistic. For data set (1) U~L for 
05  is half the value of any other mean-square ther- 
mal amplitude for the structure, whereas U22 is more 
than twice any other value. For data set (2) the 
thermal parameters for 05  would not refine aniso- 
tropically, and to achieve convergence with isotropic 
motion the population was first refined indepen- 
dently and then fixed. It is notable that the single- 
crystal X-ray analysis of Paulus et al. (1988), for 
which the population is similar, reports only an 
isotropic thermal parameter for 05.  In the neutron 
single-crystal study of Hoydoo, McMullen, Axe, 
Cox, Lui, Crabtree & Lam (1987) the 05  population, 
0.1 (1), is low and is in agreement with the neutron 
powder studies of Capponi, Chaillout, Hewat, Lejay, 
Marezio, Nguyen, Raveau, Soubeyroux, Tholence & 
Tournier (1987). The probable conclusion is that, 
while the site is partly occupied, the refined occu- 
pancy is exaggerated by redistribution of electron 
density due to chemical bonding. 

The thermal parameters for cations in both 
refinements follow the trend UI1 > U22 > U33, except 
for Cu2 where U22 < U33, as expected from its stereo- 
chemistry. The significantly lower U22 for Cu2 and 
Ba in the second refinement might be related to the 
contraction of the a and c axes for data set (2), but 
the increased U33 for all cations in that refinement 
cannot reasonably be ascribed to cell-length varia- 
tions. The small changes observed may be influenced 
by the decrease in the 05  population, which would 
affect the motion of Ba directly and those of most 
other atoms indirectly. The larger e.s.d.'s of the 
thermal parameters for the O atoms make it difficult 
to identify any trend, except for the close agreement 
between the refinements. Significantly, the UllValue 
of Cul is the largest thermal-tensor component for 
any cation in both analyses. The result is not un- 
expected in view of the openness of the structure in 
the a direction, and the vibrational amplitudes of 
0.13 (2) and 0.12 (2),~ for data sets (1) and (2) 
respectively are obviously important in considering 
transport phenomena. 

Structural geometry 

Table 4 lists the main interaction distances in the 
structure. There are differences between the data sets 
related to the contraction and expansion of the a and 
b axes. The largest change is for the Cu2---O1 con- 
tact, which actually exceeds that expected from the 
contraction of the c axis. In the repositioning associ- 
ated with the population decrease of the 05  site, the 
Ba---O1 vector length is more accurately maintained. 

An isolated Cu atom in a stationary d 9 state could 
be situated in a perfectly octahedral ligand field. For 

Table 4. Selected interaction vector lengths (,~) and 
angles (°)for YBa2Cu3OT-x and comparative lengths 

(A) for data set (1) with those found in other 
compounds 

Data set (l)/data set (2) arranged as in Table 3 (superscript indicates 
multiplicity). 

Coordination Interaction length 
Ba 10 Ba---O 1 2.750 (2) 8 

Cul 4 

Cu2 5 

Y 8 

2.7510 (9)" 
Ba--O4 2.905 (2) 4 

2.8958 (7) 4 
Ba--O3 2.962 (4) 4 

2.957 (4) 4 
Ba---O2 2.975 (4)4 

2.982 (4) 4 
C u l - - O l  1.844 (6) s 

1.848 (6) 8 
Cul---O4 1.938 (2) g 

1.9431 (6) 8 
Cu2--O2 1.942 (2) s 

1.9393 (9) K 
Cu2---O3 1.955 (2)" 

1.9592 (9)" 
Cu2---Ol 2.327 (6) 8 

2.315 (6)" 
Y - - 0 3  2.392 (3) 4 

2.395 (3) 4 
Y--O2 2.401 (3) 4 

2.405 (3) 4 

M - - M  c o n t a c t s  ( < 4.0 A)  
Ba 

Ba 3.847 (4) 3.875 (4) 
3.842 (1) 3.886 (I) 

Y 

Cu2 

Angle 
Ol--Ba---O1 88.76 (8); 89.57 (9) 

88.87 (3); 89.59 (3) 
O 4 - - B a - - O 4  82.95 (9) 

83.12 (3) 
O3--Ba---O3 81,0 (1) 

81.0 (1) 
O 2 - - B a - - O 2  81.3 (1) 

81.3 (1) 

O2- -Cu2- -O2  164.4 (2) 
164.3 (2) 

O3- -Cu2- -O3  164.8 (2) 
165.3 (2) 

O 3 - - Y - - O 3  107.1 (2) 
106.6 (1) 

O2--Y---O2 107.6 (2) 
107.8 (1) 

Y Cu I Cu2 
3.674 (4) 3.491 (2) 3.381 (2) 
3.678 (I) 3.4873 (7) 3.3844 (8) 

3.847 (4) 3.875 (4) 3.206 (2) 
3.842 (1) 3.886 (1) 3.2082 (7) 

3.360 (4) 
3.362 (2) 

C u - - B a - - - C u  angles 
Cul- -Ba- - -Cul  66.87 (7) 4 67.41 (7) 4 

66.86 (2)' 67.72 (2)4 

Vector length Structure 
Cul C u l - - O 4  1.938 (2) KCuF3 

Cu l - -O1  1.844 (6) 
{Cul--4)5 1.924 (2)} 

Cul C u l - - C u l  3.847 (4) 
Cu2 Cu2---O1 2.327 (6) CuO 

Cu2--O2 1.942 (2) 
Cu2---O3 1.955 (2) 

Cu20 
Cu2---Cu2 3.360 (4) CuO 

Cu20 
Cu 
Y20~ Y Y - - 0 2  2.401 (3) 

Y - - 0 3  2.392 (3) 

Ba Ba- -Ol  2.750 (2) BaO 
Ba--O2 2.975 (4) BaO2 
Ba--O3 2.962 (4) 
Ba--O4 2.905 (4) 

Cu2- -Ba - -Cu2  69.35 (7)' 69.92 (7) 4 
69.17 (2) 4 70.08 (2)4 

Comparative lengths Ref.  
C u - - F  FI 1.9622 (2) (a) 
(short) F2 1.8888 (4) 

(long) F2 2.2527 (4) 

Cu---O 1.9608 (13) (b) 
1.9509 (26) 
2.7840 (37) 

Cu---O 1.848 (c) 
C u - - C u  2.9005 (3) (b) 

3.0830 (4) 
3.1734 (4) 
3.7484 (4) 

Cu- -Cu  3.017 (c) 
Cu- -Cu  2.5560 (d) 
Y I - - O  2.2475 (9) (e) 
Y2- -O 2.2619 (12) 

2.2796 (22) 
2.3448 (14) 

Ba- -O 2.762 (f) 
Ba- -O 2.68 (g) 

2.79 

References: (a) Buttner e t  al. (1990).  (b)  , /ksbrink & N o r r b y  (1970).  (c) 
Restori & Schwarzenbach (1986).  (d) National Bureau of Standards (1953) .  
(e) P a t o n  & M a s l e n  (1965) ,  (/)  W y c k o f f  (1963) .  (g) A b r a h a m s  & Kalnajs 
(1954).  

an unpaired d 9 electron full octahedral geometry is 
unstable against small perturbations, because of the 
degeneracy of the d 9 state, as predicted by the Jahn- 
Teller (1937) theorem. That theorem does not specify 
the type of distortion. For Cu the common distortion 
tO D4 h symmetry has one axis of the octahedron 
elongated and the other two contracted. The ideal 
Cul geometry is approximately of this type, except 
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that Cul--O1 is 0.094 (6) A [0.095 (6) A for data set 
(2)] shorter than Cul---O4, and the oxygen 05, along 
the vector orthogonal to the O 1 - - C u l - - O 4  plane, 
i.e. the direction of elongation, is missing. 

Table 4 also lists selected interaction vectors from 
data set (1) involving the cations Cul, Cu2, Ba and 
Y with corresponding interaction lengths in related 
compounds included for comparison. The Cul inter- 
action lengths resemble the equivalent KCuF3 values 
closely, except for the elongated vector. If the O1, 04  
and 05 sites are occupied simultaneously there is no 
elongated axis. On the premise that Cul--O1 and 
Cu l - -O4  are Jahn-Teller-contracted, the only pos- 
sible elongated Jahn-Teller vector is C u l - - C u l  
along the a axis. This explanation for the Cul geom- 
etry involves a change from a Cu-anion to Cu-cation 
interaction. It is difficult to predict Cu- -X bond 
lengths accurately given the widely varying degrees 
of anisotropy observed in Cu bonding, but the mini- 
mum value of 3.72A for the a axis reported by 
Sarikaya & Stern (1988) is broadly consistent with 
the long Cu--Cu distance observed for the similar 
copper-oxygen environment in CuO. Ordering of the 
basal plane oxygen 04  in YBa2Cu307_x is obviously 
difficult, as indicated by the disorder and by the high 
thermal motion in that region. 

The structural geometry involving Cu2 differs 
markedly from the ideal. The Cu2---O2 and 
Cu2--O3 bonds are displaced from the ideal octahe- 
dron by approximately 7.7 ° toward the z = ~ plane. 
The extended Cu2--O1 interaction length is 
2.327 (6)A [2.315 (6)A for data set (2)]. The oppo- 
site O site is unoccupied. The nearest symmetry- 
related Cu2 atom is 3.360 (4)/k [3.362 (2) A for data 
set (2)] away. This distance is longer than the 
Cu--Cu contact in Cu metal (2.5560,~). As these 
positions are not those expected for a Jahn-Teller- 
distorted Dnh system, a detailed analysis of the 
environment is appropriate. 

The coordination geometry for Cu2 resembles that 
for the Cu atom in YzBaCuO5 (Buttner, 1990) i.e. it 
is not coplanar with the four O ligands and the 
Cu2--O1 contact is extended. The Cu2 interaction 
lengths are also similar to those for Cu in CuO 
(Asbrink & Norrby, 1970) except for the extended 
Cu2--O1 vector. The Y coordination number of 
eight in YBa2Cu3OT-x is larger than the value of six 
in Y203 (Paton & Maslen, 1965), explaining the 
small increase in Y- -O lengths. Presumably the 
coordination of Cu2 with another Cu atom in place 
of O is due to the dominance of Y- -O bonding in 
the middle part of the cell. The occasional observa- 
tion of an O atom between the two Cu2 atoms, 
generating a layer fault in imperfect structures 
(Ourmazd, Rentschler, Spence, O'Keeffe, Graham, 
Johnson & Rhodes, 1987) is consistent with this 
hypothesis. 

The coordination of Ba with ten O atoms, resem- 
bling that in BaO2, contrasts with only six in BaO. 
The only interaction length similar to those in either 
Ba oxide is Ba--O1. As O1 is also involved in the 
shortest C u l - - O  distance, that atom is strongly 
bound. This does not support the in-plane breathing 
mode proposed by David, Harrison, Gunn, Moze, 
Soper, Day, Jorgensen, Hinks, Beno, Soderholm, 
Capone, Schuller, Segre, Zhang & Grace (1987). The 
low thermal motion for O1 and 04  in the directions 
corresponding to strong planar bonds is also 
inconsistent with such a mode. The extended lengths 
for the other Ba vectors are expected in view of the 
high coordination number of the Ba atom, and the 
small values for some O- -Ba - -O  angles involving 
O1, 02 and 03. The corresponding O--Y---O angles 
are enlarged because Y is smaller than Ba. The 
Ba--O bonds extend to relieve exchange repulsion 
between the atoms involved in small O---Ba---O 
angles. 

Difference density 

Owing to the high atomic numbers of Ba and Y and 
the uncertain quality of the crystals, it was necessary 
to check the reliability of the difference maps before 
attributing major features to movements of electron 
density due to bonding. An internal check is pro- 
vided by the consistency of the density in chemically 
similar parts of the structure. Accurate difference 
densities for more ideal perovskite structures contain 
characteristic features (Maslen & Spadaccini, 1989) 
which can be used to test the reliability of the 
difference maps in the more difficult case of 
YBa2Cu307 x. Ap sections for the first analysis are 
plotted in Figs. 2 to 5. The contour interval for 
mapping is 2 e A-3 with ___ 1 e A-3 included to dis- 
play finer detail. The corresponding maps for data 
set (2) are deposited with the structure factors.* 

Figs. 2(a) and 2(b) depict chemically similar parts 
of the (100) and (010) sections containing Cu2, with 
03 and 02  respectively, for data set (1). Noting 
o-(Ap) of 0.5 e A -3 determined by the method of 
Cruickshank (1949), the agreement to within one 
contour is as close as is expected for chemically 
equivalent moities. However, there is little corre- 
spondence between the density in regions closer to 
04  and 05, as shown in Figs. 3(a) and 3(b). This is 
confirmed in the deposited maps for the same regions 
for data set (2). 

Maslen & Spadaccini (1989) describe a characteris- 
tic depletion of electrons at the structural cavity for 
perovskites containing six-coordinated transition 
metals with nearly filled 3d subshells. That is 
reflected in the depletion of the electron density at 
the points 'X' in Fig. 2, and occurs at 'X' marked in 

* See deposition footnote. 
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Fig. 4, the (001) plane with z = 0.3564. Topological 
characteristics of zip in Fig. 4 closely resemble those 
for the corresponding (001) plane in the cubic 
KZnF3 perovskite (Buttner & Maslen, 1988). 

Although the topology is not completely equiva- 
lent for the two data sets, there is very good 
agreement for chemically related sections within each 
experiment. Where the electron densities for the two 
samples differ, the density may be related to the 
different degree of 04  ordering, which alters the cell 
dimensions for the two samples. 

Both the internal consistency of the maps and the 
close relationship of characteristic features to those 
in other perovskite compounds indicate that the 
difference density maps contain chemically signifi- 
cant information. This is reinforced when the 
relationship of the features to the small structural 
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( b )  

Fig. 2. Data set (1) Ap for YBazCu~O7,  in (a) the (100) plane, 
map borders 5.0 by 5.0 A and (b) the (010) plane, map borders 
4.8 by 4.4A. Contour  intervals 2 e A  3 with - 1, l e a  ' 
included, positive, negative contours - solid, short dashes 
respectively. 

differences between the two analyses is studied in 
greater detail. The O---O vectors in Figs. 2(a) and 
2(b) are reduced in length by displacement of 02 and 
03 towards the plane with z = 0.5. The exchange 
depletion of the electron density extends along the 
foreshortened O--O contacts in a manner similar to 
that along the shortest F - -F  vectors in the KCuF3 
structure (Buttner e t  a l . ,  1990). Further agreement 
with KCuF3 is displayed in Figs. 3(a) and 3(b), where 
six minima within 0.8 ,~, of the Cul nucleus closely 
resemble those near the Cu atom in KCuF3. The 
depletion furthermost from the nuclear position for 
the short Cu---O contact is slightly more diffuse for 
the second data set. The A p  topography is also 
consistent with that for Cu in (NH4)2Cu(SO4)2.6H20 
(Maslen, Watson & Moore, 1988). However the 
polarization for YBa2Cu3Ov-x, as indicated by the 
depth of the minima, is markedly stronger. 

The topography of the difference density near Cu2 
differs from that near Cul, i . e .  from the polarization 
expected from an ideal d 9 configuration, the discrep- 

_ "-" C ~ _ _ ~ )  "-" \ o /  ( . . . . .  

(e) 

i-~.------"~------~ :--': Q) ('..-, : ~ :- .... :. 

,,:.? .... .. -, ...... , .~ 

I- '-::" 1:5> o 
~ "'" '"-" C2) "-'" ....~'/"? ( .... ,:..', ") 

(o) 
Fig. 3. Data set (1) Ap for YBa2Cu307 .~ in (a) the (100) plane and 

(b) the (010) plane. Map borders 6.1 by 4.2 ,~. Contouring as in 
Fig. 2. 
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ancy being especially pronounced for data set (1). In 
both analyses, there is a local minimum very close to 
the Cu2 nucleus, with additional polarization along 
the Cu2--O2 and Cu2--O3 vectors. The more sig- 
nificant features lie along the shorter Cu2--Cu2 
vectors within Figs. 2(a) and 2(b). Along that vector 
in Fig. 2(a), the Ap value is 0.8 e /k -3  at 0.6 A from 
Cu2, - 3 . 9 e A - 3  at 1.0A, rising to 5 . 0 e A  3 at 
1.3 A, before falling to a minimum of - 2.1 e A 3 at 
the midpoint, in very close agreement with the corre- 
sponding sequence in Fig. 2(b). The equivalent 
heights are 3.0, 1.0, 1.5 and - 0 . 2  e /k-  3 respectively 
for data set (2). The differences between values for 
the two data sets may be related to the thermal 
amplitudes of Cu2, U22 being significantly lower and 
U33 being higher for data set (2). 

Electron density accumulates in the open region 
bisecting the c-axis Cu2--Cu2 vector. There is far 
less polarization of density along the Cu2--Cu2 
vectors parallel to the a and b axes. The depletion of 
density near the Cu2 nucleus falls off rapidly along 
the line of the four Cu2--Y and Cu2--Ba vectors, of 
lengths 3.206 (2) and 3.381 (2) A respectively. 
Maslen, Spadaccini, Watson & White (1986) have 
shown that the electron density is increased along the 
line of short contacts between Cu H atoms and other 
cations. This may account for the non-ideal form of 
the difference density near Cu2 in this structure. 

The Ap topography characteristic of a Jahn-  
Teller-distorted D4h system near Cul contrasts with 
that near Cu2. In analysis (1), the greatest depletion 
of density of - 9 . 6  e/k -3 occurs 0.5/k from the Cul 
along the short Cu l - -O1  bond which compares to 

- 7.6 e A-  3 at 0.4 A in the a-axis direction. A similar 
inverse correlation of depth with distance occurs in 
(NH4)2Cu(SO4)2.6H20 (Maslen et al., 1988) and at 
higher precision in KCuF3 (Buttner et al., 1990). As 
discussed in the latter study, one infers that for the 

0 0 . 
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0 " 0 
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Fig. 4. Data set (1) Ap for YBa2Cu307__ ~ in the (001) plane with z 
= 0.3564. Map borders 5.0 by 5.0 A, contouring as in Fig. 2. 

short Cu--O1 vector, the 3d subshell is depleted of 
paired spin density and that closer to the Cul atom 
is depleted of 3d density with unpaired spin. 

In KCuF3 electron density is transferred from 
densely packed regions, indicated by low vibration 
along short bonds, to more open regions with 
longer bonds and larger motion. This principle 
applies equally well to the electron density for 
YBa2Cu307_~, accounting for the accumulation of 
Ap between Cu2 atoms noted above. Density also 
moves from the central part of the cell toward the 
less densely packed plane containing Cul and 04.  In 
the model with no oxygen at the 05  position, Ap 
peaks strongly at that site as shown in Fig. 5(a). The 
density is not well represented by the disordered 05  
with refined populations of 0.26 (2) and 0.14 (2) for 
data sets (1) and (2) respectively, as is evident both 
from the refined U values and from the topography 
of Ap with that atom included in the structure-factor 

,'._; 

(a) 

"" ()~ . . . . .  (3 !:. ~'.';,,';0 "-" 6 4  

0 0 

(b) 
Fig. 5. Data set (1) Ap for YBa2Cu307 ~ in the (001) plane with z 

= 0: (a) with 0 5  excluded from IF,, calculations and (b) with 
05  included. Map borders 5.0 by 5.0/k, contouring as in Fig. 2. 
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calculation, as shown in Fig. 5(b). One can reason- 
ably infer that the character of zip for a fully ordered 
orthorhombic structure would be intermediate 
between Figs. 5(a) and 5(b). That indicates an ener- 
getically unfavourable concentration of electron den- 
sity in a region of low electrostatic potential - an 
arrangement possible only if it is due to quantum 
mechanical interference (exchange) terms for paired 
electron spins. 

The zip features near Cul in the z = 0 plane, Figs. 
5(a) and 5(b), strongly resemble those near Cu in 
KCuF3 displayed in Fig. 6. The radial dependence of 
the minima in the density nearer each Cul nucleus 
indicates the depletion of density to be spin 
polarized. The density as a whole can be viewed as 
transfer of electrons from the 3d state for neighbour- 
ing Cu atoms to distorted but overlapping 4s states 
maximizing at the bond centre, provided the 3d 
states for neighbouring Cu atoms have opposed 
spins, i.e. the system is antiferromagnetic. 

The Jahn-Teller distortion of the electron density 
for the Cul atom is clearly an essential factor in 
determining the topography of the electron density in 
the Cu l -O4  plane shown in the figures above. 
Nevertheless the magnitudes of the ?eatures are 
larger than those observed in Cu compounds con- 
taining lighter atoms. One must therefore consider 
whether other characteristics of the structure contri- 
bute significantly to that polarization. Table 5 gives 
the set of atomic charges determined by the method 
of Hirshfeld (1977) for both data sets. 

Given the similarity in vector lengths determined 
in both experiments, large changes are not expected, 
but measuring atomic charges accurately for materi- 
als containing atoms of high atomic number such as 
Y and Ba is difficult, to a degree which increases 
rapidly with extinction. The small number of reflec- 
tions affected significantly by extinction are low- 
angle terms which predominantly reflect the transfer 

i 
,~,,..-.,o .-~.~ ~o ~ i, ff,,~II., : '. ~ ( ~..':--.,~. _I 
.'~-, ,~-~:'.~-~' ~_ ~(III°I, ' ,~,t ;: ( ) ~ ~o:,~Z~):,~ o 
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Fig.  6. Ap for  K C u F 3  in  the  (001)  p l a n e  w i t h  z = 0. M a p  b o r d e r s  
6.0 b y  6.0 A ,  c o n t o u r  i n t e r v a l s  0.2 e A 3 

Table 5. Atomic charges for data set (1) and data set 
(2) respectively 

Charge (e) Charge (e) 
Ba -0.6 (1) 1.24 (8) 
Y 0.6 (1) -0.96 (8) 
Cul 0.7 (I) 1.27 (8) 
Cu2 O.6 (1) -0.02 (8) 
Ol O.9 (1) .-0.07 (6) 
02 - O.9 ( 1 ) - 0.48 (6) 
03 -0.5 (1) -0.51 (6) 
04 -0.3 (1) -0.61 (6) 

of electrons between atoms in the structure. The 
effect of extinction is stronger for data set (2), which 
the reliability indices indicate to be of higher quality 
in other respects. Extinction limits the accuracy of 
the charges determined with that data set, especially 
for the heavier cations. Notwithstanding the lower 
formal standard deviations, the cation charges are 
expected to be less accurate for data set (2). For 
analysis (1), the topography of the depletion associ- 
ated with the Ba is closer to that observed in 
Y2BaCuO5 by Buttner (1990) and Maslen (1989), 
also indicating zlp for data set (1) to be more reliable 
in the vicinity of the heavy cations. 

In analysis (1), the charges for the Y, Cu2, 02  and 
03 atoms in the central third of the cell are consist- 
ent with atomic electronegativities. The result for Ba 
is counter-intuitive, as it appears to acquire a 
negative charge largely at the expense of O1. Owing 
to the large radius of the Ba atom the electrons 
accumulating near the vacant 05  site are largely 
assigned to the Ba atom in the charge partitioning 
for YBa2Cu307__.,. Electron density is moved from 
the short CuI- -O1 and Ba--OI  bonds and the 
close-packed region between Y and Ba into the space 
between adjacent CuI- -O1 bonds in the a direction 
at the top of the cell. Those regions are loosely 
packed, as indicated by the large vibrational ampli- 
tudes in that direction for Cul and O1. The accumu- 
lation of electron density there is consistent with the 
behaviour of zip in KCuF3 (Buttner et al., 1990). It is 
also consistent with five independent experiments on 
K2PdCI4 by Hester (1989). In the latter analyses 
electron density accumulates strongly at a structural 
hole. Hirshfeld partitioning consistently indicates a 
negative charge on the loosely packed K atom with a 
magnitude larger than that for CI which is more 
tightly bound. The charges determined there are 
particularly sensitive to the algorithm for dividing 
electron density in the cavity between nearby anions 
and cations. 

Model for superconductivity 

As indicated above, theoretical calculations have 
been invoked to explain the high-T,, superconducting 
transition in YBa2Cu307--x, with limited success. 
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Does the diffraction image of Ap for Y B a 2 C u 3 O v - x  
provide significant further information? The topo- 
graphy of Ap in the central region of the cell is 
consistent with that for more ideal perovskite struc- 
tures, and that near Ba and Cu2 is consistent 
with the distribution in the non-superconducting 
Y2BaCuOs. Within 0.8 A of Cul,  Ap closely resem- 
bles that near the Cu atom in KCuF3, for which 
density accumulates in a region along the Jahn- 
Teller-elongated axis as displayed in Fig. 6(b). 
Although an O analogue of F2 is missing in the ideal 
structure for YBazCu3OT-x, electron density concen- 
trates in the corresponding region midway between 
adjacent Cu atoms, especially near the midpoint of 
the shortest C u l - - C u l  vector. The structure 
refinements indicate inconsistency of the structure 
factors with models which attribute that electron 
density at the 05 site solely to disordered oxygen. 
The density along the very weak bond may be partly 
described as transfer of unpaired electron density 
from the 3d subshell of each Cu atom to paired 
electron density near the bond centre, even though 
this is unfavourable energetically. This topography is 
characteristic of concentration of density by quan- 
tum mechanical interference terms due to overlap of 
electrons with paired spins. It requires antiferromag- 
netic ordering of spin in the structure. 

As indicated in Table 3, the vibration amplitude 
for Cul parallel to (100) is the largest for any cation 
in the structure. As the a-axis C u l - - C u l  vector 
expands and contracts the interference terms must 
change so that electrons flow towards and away from 
the bond. Among other things such a flow is neces- 
sary to create the restoring forces on the nuclei. The 
mode is extended in the ab plane, but is quite 
localized in the c direction, as is evident from the 
thermal amplitudes for Cul in Table 3. It is respon- 
sible for electron propagation which is large because 
of the size of the difference density features near the 
bond. 

Thus Ap is consistent with strong electron/phonon 
coupling, and charge movement results from the 
effect of nuclear vibrations, providing a mechanism 
for the resistance-free flow of electrons. Transition to 
the superconducting state is necessarily dependent on 
extended coupling of the motion of neighbouring 
Cul nuclei. As the electron density close to the Cul 
nuclei associated with the antiferromagnetism must 
change with internuclear distance, the antiferromag- 
netic exchange depletion close to the Cul nuclei is 
also modulated by the vibrational motion and would 
be partly responsible for the charge transfer. How- 
ever, this antiferromagnetism does not have any 
special characteristic which justifies attributing 
superconductivity to it alone. Thus, the topography 
of Ap and the vibration amplitudes for the structure 
are consistent with a vibrationally modulated 

exchange mechanism for the electron-hole pair 
motion necessary for high-T,, superconductivity. 
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Abstract 

Cr3B7Ol3Br ,  M r = 519.55, cubic, F43c, Z = 8, 
a(Mo Ka) = 0.71073 ,~, F(000) = 1968. At 298 K: 
a = 12.1524 (1)/~, V = 1794.68 (3) A 3, Ox = 
3.845 Mg m-  3, /x = 8.533 mm ~, final R = 0.020 for 
206 unique reflections with I > 3o-(1); shortest inter- 
atomic distances (~): C r - - O  = 2.061 (2), Cr - -Br  = 
3.03810 (3), B- -O = 1.436 (3), O - - O  = 2.388 (2). At 
113K: a=12 .1340  (3) ~,  V=1786.54  (13) A 3, D, 
= 3 . 8 6 3 M g m  3, # = 8 . 5 3 3 m m - i ,  final R = 0 . 0 2 5  
for 281 unique reflections with I >  30-(1); shortest 
interatomic distances (/~): C r - - O  = 2.057 (2), Cr - -Br  
= 3.0335 (1), B--O = 1.436 (3), O - - O  = 2.390 (2). 
The planarity of the metal-centred CrO4  groups does 
not differ significantly from that in other chromium- 
based cubic boracites and generally increases as the 
temperature is lowered. 

Introduction 

So far the cubic phases of seven boracites M3BTOI3X 
(M = bivalent metal ion, X = halogen ion) based on 
3d transition elements, M = Cr, Co, Ni, Cu, have 
been structurally characterized [for a review see 
Nelmes (1974); for later work see Monnier, Berset, 
Schmid & Yvon (1987), and references therein]. The 
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metal ions in these structures are tightly bound to 
four nearly planar oxygen atoms and loosely bound 
to two apical halogen atoms. Most boracites (here- 
after M-X) undergo structural phase transitions to 
non-cubic low-temperature modifications in which 
all (or part) of the metal ions strongly attract one of 
the halogen ligands. The known transition tempera- 
tures are situated between 60 K (Ni-I; Schmid, 1965) 
and 797 K (Cd-CI; Schmid & Tippmann, 1978). With 
a view to investigating the factors responsible for this 
large temperature range we have decided to study 
cubic Cr3BvOI3Br (hereafter Cr-Br). This compound 
together with Cr-I and Cu-I make up the exceptional 
and sole boracite compositions for which no struc- 
tural transition to a non-cubic phase occurs down to 
very low temperature. This has been verified by 
observation in polarized light down to 10 K for 
Cr-Br and Cr-I (Schmid, 1965), reconfirmed for 
Cr-Br down to 9 K (Ye, 1991), and down to 15 K for 
Cu-I (Monnier et al., 1987). 

Experimental 

Blue cube-shaped Cr-Br crystals were grown by the 
chemical vapour transport method (Schmid, 1965). 
Data collection: CAD-4 automatic four-circle dif- 
fractometer, graphite monochromator,  liquid- 
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