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The electron density map of tetragonal YBa,Cu;04 (YBCOQOy)
single crystal was investigated, in comparison with that of or-
thorhombic YBa,Cu;OQ49 (YBCOsy). The crystal structure was
determined by using four-circle X-ray diffraction data. The final
values of the weighted reliability factor (R) and unweighted
factor (R) were 0.027 and 0.024 for YBCOs, which are small
enough for analysis of the Fourier difference maps. The obtained
Fourier difference map shows a wide negative electron density
region around Cul and no clear peak in the vicinity of Cu2-03
plane, except for a negative peak between Cu2 and O1. The
introduction of O4 between two Cul atoms gives rise to substan-
tial electron redistribution, creating negative and positive peaks
around Cul and Cu2. There is no remarkable peak between Cu2
and O3 in YBCOg, while a negative peak corresponding to the
3d,:_, orbital electrons is found in YBCOg,. The former result
for YBCOg indicates that there is no clear bonding state within
the CUOZ plane. © 1997 Academic Press

INTRODUCTION

To understand the characteristic electronic state of the
high-T, superconducting oxides, an electron density map
calculated from X-ray diffraction intensity data, particularly
around the Cu—O conduction plane, would be of great
use. Although a lot of structural analyses of YBa,Cu;O,
(YBCO,) have been reported for the tetragonal phase (1-6),
the orthorhombic phase of twinned crystals (7-9), and the
weakly twinned orthorhombic phase (10-11), there have
been only a few reports on the electron density map (5, 8, 11,
and 12). Recently we examined the electron density of
YBCOg 4 by using a high-quality twin-free crystal and clari-
fied the difference in the density map between a and b direc-
tions (12). For deeper understanding of the meaning of the
result for YBCOy o, it is important to compare it to that
for nonsuperconducting YBCOg with the tetragonal struc-
ture. In this paper, we have carefully prepared an oxygen
deficient YBCOg crystal and have measured its diffraction
intensity, from which the Fourier (F) and Fourier difference
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(FD) maps were calculated. Comparing the maps with
those of YBCOg o, we found that the additional oxygen O4
affects the whole electron density distribution and the
bonding state. In YBCOy o, a clear bonding state consisting
of positive and negative peaks in the FD map appears
between O4 and Cul, Cul and O1, O1 and Cu2, and Cu2
and O3.

EXPERIMENTAL

The YBCO, single crystal was grown by the top-seeded
crystal pulling method. The as-grown crystal was cut into
pieces with a size of 1.5x 1 x2mm and polished before
annealing. The shaped crystal was annealed at 840°C in Ar
atmosphere for 20 hr, resulting in the oxygen content of
y close to 6. This annealing temperature was determined
from the result of differential thermal analysis (DTA) that
the YBCO compound decomposes at §64°C under Ar atmo-
sphere. The composition ratio and the impurity contents
were determined by an inductively coupled plasma atomic
emission spectrometry (ICP).

Several pieces of single crystals with a size of 0.04 x
0.04 x 0.01 mm were taken from the annealed crystal. They
were covered by manicure liquid, just after being pulled out
from a furnace, for protection against rapid oxygenation in
air. The intensity data were collected by the 20-w scan
method, using a four-circle diffractometer (50 kV, 180 mA)
with MoKo radiation (4 = 0.71069 A) monochromatized by
graphite. The detailed X-ray experimental and refinement
data are listed in Table 1, in comparison with our previous
data for twin-free YBCOg o (12). To compare these two, the
occupancies of Y, Ba, Cul, Cu2, O1, O2, and O3 were fixed
at 1,2, 1,2,2, 2, and 2 for both YBCOg o and YBCOy. The
structure was calculated by using a Fourier analysis (13).
Neutral atomic scattering factors were taken from Cromer
and Waber (14). Anomalous dispersion effects were included
in Fc (15); the values for Af" and Af" were from Creagh and
McAuley (16). All calculations were carried out by using
teXsan program (17).
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TABLE 1
Experimental and Refinement Data

Formula YBa,Cu;04 YBa,Cu;04.9
Formula weight 650.22 664.62

Crystal size Both are about 0.04 x 0.04 x 0.01 mm?

Space group P4/mmm Pmmm

Z value 1 1

u(MoKo) 279.65 cm ™! 28277 cm ™!
Radiation 0.71069 A (MoKu) graphite monochromated
Diffractometer Rigaku AFCS5R

Temperature Room temperature

Scan type -20

Scan rate 4.0 °/min

Scan width 1.68° +0.3 1.78° + 0.3

20 range 4° <20 <120°

Sphere of data +h +k +1 hk +1

No. reflections 5852 3072

Independent 884 1574

Corrections Loretnz—polarization and absorption (¢-scan)
Secondary extinction 497x10°° 336x10°°

Structure solution Direct methods

Refinement Full-matrix least-squares

No. observations 614 (I > 5.00(1)) 1147 (I > 5.00(1))
No. variables 19 32

Residuals R; R, 0.027; 0.024 0.027; 0.032

Max. shift/error in final cycle 0.003 0.002

RESULTS AND DISCUSSIONS

The crystal annealed at 840°C in Ar gas shows a very
weak superconducting transition around 50 K in the sus-
ceptibility measurement. This means that the oxygen con-
tent y is not completely reduced to 6 in some parts of this
crystal, presumably in the center. But a small shaped crystal
piece which was cut from outside of this crystal shows no
oxygen atom at the Cu—O chain site (the O4 site) in the
refinement result of the X-ray analysis.

The composition ratio determined by the ICP measure-
ment was Y;Ba, ¢6Cug 370, with a small amount of impu-
rity such as 0.04 wt% of Mg and 0.02 wt% of Sr. The
structure refinement for the site multiplicity in the X-ray
analysis of the fully oxygenated crystal showed that the
chemical formula can be written as Y;Ba, 4,Cu, ¢5O¢.9, by
fixing the occupancies of Y, O1, O2, and O3 (12). Since the
composition ratio (Y : Ba:Cu) determined by both the ICP
and X-ray measurements is very close to 1:2:3 within an
experimental error, it is justified to regard our YBCO single
crystal as stoichiometric. Thus, we fixed the occupancies of
Y, Ba, Cul, Cu2, Ol,and O3 at 1, 2, 1, 2, 2, 2, and 4 for
YBCOg in this study, because all these crystal pieces were
cut out from the same as-grown crystal. In comparison, we
refined the data again for the YBCOg o phase (Table 2),
fixing the occupancies of all elements, except for O4, to be
the same as for YBCOg, and found that all the parameters
are not much different from our previous results for

Y;Ba, 4,Cu; 950¢.9, in which only the occupancies of Y,
01, 02, and O3 were fixed (12).

The obtained crystal data for YBCOg are as follows:
Mr = 650.2; tetragonal; P4/mmm (No. 123); a = 3.8600(7),
c=11.844(1)A, V = 17646(5)A; Z =1, D, = 6.118 Mg~ 3;
A(MoKo) = 0.71069 A; u(MoKa) = 279.65 cm ™~ 1. All of the
thermal parameters have converged on reasonable values,
which are larger than those for the YBCOg, crystal
(Table 2), indicating that the YBCOy4 phase is much more
unstable than the YBCOy o phase. The unit cell volume of
the YBCOg¢ phase is larger than that of YBCOg o even
though there is additional oxygen at the O4 site in YBCOyg o
(Fig. 1). This demonstrates that the O4 atom plays the role
of stabilizer in the YBCO, crystal. YBCOg bulk crystal was
easily decomposed into the green phase (Y,BaCuOs) and
some other phases in air a few weeks after annealing, where-
as YBCOg 4 crystal was not decomposed even after anneal-
ing at 500°C in oxygen gas. Another possible reason for the
larger thermal parameters of YBCOy is a slight mixture of
orthorhombicity due to the remaining oxygen at the O4 site,
which cannot be prevented because it is very hard to get
a perfectly reduced crystal YBCOg.

Interatomic distances and angles for two YBCO crystals
are compared in Table 3. It should be emphasized that the
distance of Cul-O1 for YBCOg (1.803 A) is shorter than
that of YBCOg o (1.848 A) which is shorter than the other
Cu-O bond distances. On the other hand, the Cu2-Ol1
distance for YBCOg4 (2.473 A) is longer than that of
YBCOs. o (2.313 A). This means that the apical oxygen O1
shifts from the Cul side to the Cu2 side with the introduc-
tion of O4. Other effects of O4 on the bond distances are the
elongation of Ba—O3 and the shortening of Y-O3, while the
Y-O2 distance does not change. The Cu2-O3—-Cu?2 angle of
167.3° in YBCOg decreases down to 164.3° for O3 and
163.4° for O2 in YBCOg 4. This is due to the shift of the Cu2
cation toward the O1 anion (Fig. 1). These shifts of Cu2 and
O1 were also reported by M. Marezio (18), based upon the
X-ray powder diffraction (PWD) method.

Although residual peaks with Ap = 1.4eA™3 are ob-
served between two Cul in the Fourier difference map
(Fig. 2a), these electron peaks do not originate from O4
since the refinement of the structure analysis including O4
has failed.

The final cycle of full-matrix least-squares refinement was
converged at the maximum shift/error of less than 0.003.
The unweighted and weighted R values are represented as

R=Z||Fo|_|Fc||/Z|Fo|

and

R, =./Y. o(|F,| — |F.])*/Y oF2,

where F, is the experimentally observed crystal structure
factor and F, is the calculated crystal structure factor for the
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TABLE 2
Atomic Coordinates, Anisotropic and Equivalent Isotropic Temperature Coefficients, and Site Occupation Factors

Formula: Y,Ba,Cu3;0¢ a = 3.8600(7), ¢ = 11.844(1) A V= 176.46(5) A3 (for tetragonal crystal)

Atom Y Ba Cul Cu2 01 03

X 0.5 0.5 0 0 0 0

y 0.5 0.5 0 0 0 0.5

z 0.5 0.19522(3) 0 0.36103(6) 0.1522(3) 0.3792(2)

Uy 0.0057(1) 0.00824(6) 0.0122(2) 0.0046(1) 0.0140(9) 0.0081(9)

U, =Uy, =Up =Uy, =Uy, =Uy 0~0044(8)

Uss 0.0077(2) 0.00890(9) 0.0095(3) 0.0111(2) 0.012(1) 0.0119(9)

B. 0.502(5) 0.668(2) 0.890(7) 0.534(4) 1.05(3) 0.64(3)

occ. 1 2 1 2 2 4
Formula: Y,Ba;Cu30¢.91(1) a = 3.8278(7), b = 3.8952(7), ¢ = 11.711(2) A V= 174.61(5) A3 (for twin-free orthorhombic crystal)

Atom Y Ba Cul Cu2 01 02 O3 04

X 0.5 0.5 0 0 0 0.5 0 0

y 0.5 0.5 0 0 0 0 0.5 0.5

z 0.5 0.18469(2) 0 0.35525(4) 0.1578(2) 0.3791(2) 0.3781(2) 0

Uy, 0.0046(1) 0.00641(6) 0.0074(2) 0.0033(1) 0.0103(8) 0.0036(7) 0.0061(7) 0.029(3)

U,, 0.0043(1) 0.00507(5) 0.0060(2) 0.0034(1) 0.0106(8) 0.0069(7) 0.0038(6) 0.006(1)

Uss 0.0043(1) 0.00637(5) 0.0034(2) 0.0070(7) 0.0063(7) 0.0089(8) 0.0080(7) 0.012(2)

B.q 0.348(5) 0.470(2) 0.443(7) 0.359(5) 0.72(3) 0.51(3) 0.47(3) 1.23(8)

occ. 1 2 1 2 2 2 2 0.91(1)

“T, = exp{—2n%(a**U; 1h* + b**U,,k* + ¢**Us3l?)}, T,: general temperature factor.
P Bey = 8§77 {U;1(aa*)* + U,y (bb*)? + Uss(cc*)?}.

model structure. The obtained R values are listed in Table 1.
The FD maps were drawn using the |F,| — |F.| values
obtained in the final steps of the refinement. Figures 2
and 3 show the FD maps and the F maps, respectively. The

FIG. 1.

a

contour interval for mapping is 0.69 ¢A ™3 for the FD maps
and 1 eA 3 for the F maps. In the FD maps, a region with
positive and/or negative Ap = | F,| — | F.| is represented by
a solid and/or a dashed curve, respectively. The reliability of

(a) Tetragonal YBCOg and (b) orthorhombic YBCOy ¢ crystal structures at 90% probability level for data in Table 2.
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TABLE 3
Interatomic Distances (10&) and Angles of Tetragonal YBa,Cu;O04 Compared with Twin-Free Orthorhombic YBa,Cu;049 Crystals

Tetragonal crystals: a = 3.8600(7), ¢ = 11.844(1) A, V =176.46(5) A3

Ba-Ol1 27766(9) x4 [O1 2.7487(4) x 4]
~03 2911(2) x 4 [02 2.996(2)x 2]
[03 2.966(2)x 2]
[O4 2.8881(2)x 1.8]
Y-03 2.403(1) % 8 [02 2.408(2)x 4]
[03 2.387(2)x 4]
Cu2-03-Cu2 167.31)°  [Cu2-02-Cu2 163.4(2)°

]
[Cu2-03-Cu2 164.32)°]

Cul-01 1.803(4) x 4 [O1 1.848(3)x 4]
[O1 1.9476(3)x 1.8]

Cu2-Ol  2473(@4)x 1 [O1 23133)x 1]

~03 1.9419@) x4 [02 1.9342(4)x 2]

[03  1.9660(5)x 2]

“The square bracket data is for a twin-free orthorhombic crystal: a = 3.8278(7), b = 3.8952(7), ¢ = 11.711(2) A V= 174.61(5) A3,

the electron density map was checked by examining the
crystal structure for the atomic scattering factor of Y3%,
Ba’™*, Cu?*, and O2~, as well as that for neutral atoms.
Since both analyses afforded the same F and FD maps, it is
considered that our calculated electron density based on the
crystal structure analysis is not sensitive to the above para-
meters and thus is reliable.

If we assume that the formal valences of oxygen, Y, and
Ba are —2, + 3, and + 2, respectively, in YBCOy, the
valences of Cu2 and Cul are expected to be +2 and +1.
When oxygen is inserted at the O4 site, the Cul valence is
expected to become larger. Actually in YBCOy o, the Cul
valence is observed to be larger than +2 (18). A FD map
shows a deviation of electron density from the model in
which all the atoms are neutral and located at the positions

shown in Table 2. Therefore, a positive (negative) peak
indicates a higher (lower) electron density region than the
neutral valence model. A remarkable difference between
YBCOg4 and YBCOg 4 in the FD maps is that there is no
clear peak in YBCOg except for a negative peak around
Cu2, while many peaks are observed in YBCOg 4. This
demonstrates that addition of the O4 atom dramatically
changes the electron distribution and creates its substantial
overlap between the atoms. The effect of the introduction of
O4 is interpreted as follows. Since the incorporated anion
O4 wrests electrons from Cul, the FD electron density
around the Cul cation becomes more negative along the
b-axis (Fig. 2c). This gives rise to the shift of the positive
electron peak between Cul and O1 toward the Cul cation
along the c-axis. Marezio (18) concluded that the average

FIG.2. Fourier difference maps (a) for the tetragonal YBCOy crystal in the (100) plane at x = 0, (b) for the orthorhombic YBCOy 4 crystal in the (010)
plane at y = 0, and (c) in the (100) plane at x = 0. Contour interval is 0.69 eA ~ 3. Contours in positive Ap regions are represented by solid curves and those

in negative Ap regions by dashed curves. Curve for Ap = 0 is omitted.
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FIG. 3. Fourier maps for the data in Fig. 2, i.e., (a) for the tetragonal YBCOg crystal in the (100) plane at x = 0, (b) for the orthorhombic YBCOg o
crystal in the (010) plane at y = 0, and (c) in the (100) plane at x = 0. Contour interval is 1 eA~3.

valence of the Cul cation increases from +1.3 to +24,
estimated from the bond distance. The positive peak with
Ap =228 eA"3is 0.7 A away from Cul in the ¢ direction.
Between O1 and Cu2, the positive peak with Ap = 2.8 eA3
also becomes strong and shifts toward Cu2, which results
from the shift of O1 toward Cu2.

Figures 2b and 2c show that there is a residual electron
density in the 3d,, orbital of Cul, but not in d,,, d.,, and
d2_ 2 orbitals. This indicates anisotropic electron distribu-
tion, which is caused by the O4—Cul bonding. In the
Cu2-03-Cu?2 layer, there is no obvious peak in the YBCOg¢
phase. In YBCOg o, the electrons around Cu2 do not form
an original dumbbell shape, but are localized as a lone pair
being separated from the negative region between Cu2 and
0O2. The negative peak with Ap = — 2.8 eA™3, being 0.58 A
away from Cu2, indicates that the Cu2 d,._,. orbital is
unfilled. A similar negative peak between Cu2 and O3 is
also observed in Tl,Ba,CaCu,0Og superconductor (19).
Compared with the bonding between Cul—O1, the bonding
electrons for Cu2—02/O3 are not clearly observed in both
YBCOg4 and YBCOg 6. In YBCOg o, although a wide posit-
ive region around O3 seems to suggest a bonding like
Cul-04, it does not form a peak just between O3 and Cu2.
From these observations it is concluded that the electron
peaks created by introducing O4 are not located just within
the Cu2-02/03 layer but slightly shifted in the ¢ direction,
which suggests a characteristic bonding between Cu2 and
02/03.

We can also see a remarkable difference between YBCOg
and YBCOy 4 in the F maps shown in Fig. 3. The distribu-
tion of 3d electrons in the outer shell of the Cul atom
becomes more circular when oxygen is introduced at the O4

site. For YBCOg  the distribution of 3d,, orbital electrons in
the bc plane is more protuberant than the d.. orbital elec-
trons in the ac plane. It is also observed in Fig. 3c that the
electron distribution around O4 is overlapped with that of
O1. This is known as dsp? hybrids; the four bonds lie in the
same plane and are directed toward the corners of a square.
The overlap of electron distribution becomes pronounced not
only between Cul and O4 but also between Cu2 and O2/03
in YBCOyg,, whereas the 3d orbital around Cu2 is not
overlapped with the O3 orbital in YBCOg. This results in the
homogeneous FD map for YBCOg without any sharp peak.

CONCLUSION

A crystal structure and an electron density map of tetra-
gonal YBCOg were obtained by using the four-circle X-ray
diffraction method. They were compared with the results for
a twin-free orthorhombic YBCOy 4 single crystal with new
refinement. All thermal parameters of YBCOgq4 are larger
than those of YBCOy o, indicating that the former phase is
much more unstable than the latter phase. The final values
of the weighted reliability factor (R,,) and unweighted factor
(R) were 0.027 and 0.024 for YBCOg4 and 0.032 and 0.027 for
YBCOg o, which are small enough for analysis of FD maps.
The F maps and the FD maps have revealed differences of
the electron distribution and the bonding nature of these
two phases. In the FD maps for YBCOg, no clear peak is
observed except for a negative peak around Cu2, while
pronounced electron density peaks are observed between
the atoms in YBCOy 4. This is not caused by an increase in
electron number but by the electron redistribution due to
the introduction of O4. The main differences in the electron
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distribution between the two phases are as follows:

(1) The negative electron density region spreads out
around Cul without positive peak in the FD map for
YBCOq, while O4 takes the electrons from Cul in YBCOy o,
creating the negative peaks around Cul, and the strong
positive peak between O1 and Cul shifts toward Cul.

(2) A negative peak with Ap = — 2.8 eA~3 is observed
about 0.7 A away from Cu2 toward O1 in YBCOy, indicat-
ing a weak bonding between Cu2 and Ol. When O4 is
introduced, O1 shifts toward Cu2. As a result the positive
peak between Ol and Cu2 becomes strong and shifts
toward Cu2.

(3) The bonding electrons between Cu2—02 and Cu2-03
are not clearly seen in both phases. The positive peaks in
YBCOg 4 are not located just within the Cu2-02/03 plane
but deviated in the ¢ direction, suggesting its characteristic
bonding state.

(4) The electron distribution around Cu2 is not overlap-
ped with that for O3 in YBCOg. This results in the homo-
geneous FD maps in the Cu2—-0O3 layer without any peak. In
contrast, there is a negative peak between Cu2 and O3 in the
FD map of YBCOg o, corresponding to the unified 3d,2_ 2
orbital.
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