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EFFECT OF CATION SUBSTITUTION
IN “123”-TYPE SUPERCONDUCTING OXIDES
-~ ON POWDER DIFFRACTION INTENSITIES
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This research was undertaken to determine whether by powder diffrac-
tion substitution in the “123”-type high T oxides, Lny . M;Baz_,M,Cu;s—,
M.O6.545 (where Ln = lanthanoid, M, = Me*t, M, = Me?*t and M, =
Me®t and Me?*) could be detected unequivocally. Numerous X-ray and a few
neutron powder diffractograms were calculated for substituted compounds.
Reflections most sensitive to substitution and the influence of site occupancy
for Cu and O atoms are also characterized. The results are compared with
some experimental data reported in the literature.

PACS numbers: 74.70.Vy

1. Introduction

Synthesis of materials related to the high T superconducting oxides in an
effort to identify new materials with improved superconducting parameters has
been exceedingly active research area. Compounds based on the “123”-type super-
conductor have been synthesized frequently by substituting related elements for
Ln, Ba and Cu [1-6]. While analytical data can suggest strongly that substitu-
tion has occurred, only a crystal structure determination provides unquestionable
proof. However, for a structural investigation a good quality single crystal must
be obtained. In some cases the need for a single crystal could be avoided if powder
diffraction data and the Rietveld refinement procedure were used. The Rietveld
procedure is particularly useful for determination the position and occupancy of
oxygen sites when used with neutron powder diffraction data.

In contrast to neutron diffraction equipment, X-ray powder diflraction equip-
ment is generally available, and the method is “cost effective”. This work was
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undertaken to establish the extent to which substitution and/or occupancy pa-
rameters can be determined in “123”-related oxides by the X-ray powder “inte-
grated intensity methods”. The results are compared to selected literature reports
in which substitution was substantiated by powder diffraction data.

2. Calculation details

Atomic positional and thermal parameters of YBa;CuzOg 545 [1] were used
in the calculations : (space group Pmmm); Y at %,%,%), Ba at (%,%,0.1874),
Cu(la) at (0,0,0), Cu(2g) at (0,0,0.3565). The elements considered for substitution
in the YBayCuzOg 545 structure were derived either from ionic radii [7] similarities
or from literature reports [8-11].

3. Theoretical background

For X-ray crystallography the structure factor for any hkl reflection (for
“123” structures) can be written as

Fugi = fycos2m(h t+k L +11)+2fpacos2n(h 3 +k 3 +10.1874)
+ feuraycos 2m(h 0+ k 0 +10) + 2fcy cos27(h 0+ k 0 +10.3565) + R
= fycosm(h+k+ 1)+ 2fpacosw(h + k + 1 0.3748) + fcu(ia)

+2fcu(aq) cos (1 0.713) + R. (1)

In Eq. (1) fy, fBa, fcu represent atomic scattering factors and R is oxygen contri-
bution to the structure factors. The term R was omitted in initial considerations
not only due to relatively small oxygen contribution to the structure factor (~ 18%
of the scattering power). First of all the oxygen occupies four different crystallo-
graphic positions, and one can predict that particular oxygen atoms contribution
can extinct each other. Secondly, cations substitution is relatively easy and per-
ovskite structure is preserved whereas the oxygen atoms substitution caused for-
mation of different compounds. Even though the oxygen term was not written out
precisely in formula (1), it was calculated and is presented in Table I. An exami-
nation of the atomic scattering factors indicates that the value and sign of Fjz; is
determined primarily by the barium atoms (~ 39% of the scattering power), next
by the copper atoms (~ 10 and 20%) and finally by the yttrium atoms (~ 13%).

3.1. Ylirium substitution

According to Eq. (1) contribution of the yttrium (or lanthanoid) ion is +fy
for h+k+1 = 2n or —fy when h + k 4+ 1 = 2n + 1. Thus, substitution of a
heavier element for Y can result in an intensity increase or decrease for a particular
reflection depending on whether the sum of the remaining components in (1) is
negative or positive.
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TABLE I
Contribution of heavy atoms and oxygen to structure factors!:2
Cu
1= 0 1 2 3 4 5 6 7 8 9
Cuyq 199 [ -124 [ -.046 | .181 [ -.178 | .040 | .128 |-.199 | .119 | .051
Cuiataqg 299 | -.024 | .054 | .280 | -.079 | .140 | .228 |-.100 | .219 | .151
Ba '
l= 0 1 2 3 4 5 6 7 8§ I 9

h+k=EFE° .385 | .148 [ -.272 | -.356 | -.001 | .355 | .273 |-.146 | -.385 | -.149
h+k=0°% |-385|-148 | .272 | .356 | .001 |-.355 | -.273 | .146 | .385 | .149

Baand Y
= 0 1 2 3 4 5 6 7 8 9

h+k=F .519 | .013 | -.138 | -.490 | .133 | .221 | .407 | -.280 | -.251 | -.284

h+k=0 -.519 | -.013 | .138 | .490 | -.133 | -.221 [ -.407 | .280 | .251 | .284

Ba and Cu(la) + Cu(2qg)
l= 0 1 2 3 4 5 6 7 8 9

h+k=F .684 | .124 | -.218 | -.076 | -.080 | .496 | .501 | -.245 | -.166 | .002

h+k=0 -.086 | -.172 | .326 | .637 [-.078 | -.215 | -.046 | .046 | .604 | .301

Cuand Y
l= 0 1 2 3 4 5 6 7 8 9

h+k=F 433 | -.158 .188 .146 .056 .006 362 [ -.234 | .353 017

h+k=0 165 110 | -.080 | .415 | -.213 | .274 | .094 | .034 | .085 | .285

Heavy atoms contribution
l= 0 1 2 3 4 5 6 7 8 9

h+k=F .818 | -.011 | -.084 | -.210 | .055 | .361 | .635 [ -.380 | -.032 | -.132

h+k=0 -.220 [ -.037 | .192 | .771 | -.212 [ -.081 | -.180 | .180 | .470 | .435

Oxygen contribution
0 1 2 3 4 5 6 7 8 9
182 1 -.033 [ .001 | .034 |-.131| .115| .051 {-.002 | .122 -.124
.039 | .014 | -.038 | -.071 | -.055 | -.005 | .035 | .028 | -.019 | -.064
.072 | .047 | -.005 | -.038 | -.022 | .029 | .068 | .061 | .014 { -.030
-.072 { .094 | -.044 | -.142 | .055 | -.091 [ .051 | .091 { -.126 | .030
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! Values in Table are calculated according to formula (1), Fooo was set to 1.0.
2 Yttrium contribution to structure factor is +0.13 depending on h + k + 1 value.
3 E and O denotes even and odd numbers.

3.2. Barium subsiiiulion

According to (1) the barium ion contribution depends separately on ! and
h + k. This dependency is summarized in the values of cosw(h + k + I 0.3748)
presented below:
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l 0 1 2 3 4 5 6 7 8 9
h+k=2n 1| .383|-.706 | -.925 | -.003 | .923 { .710 | -.379 | -.999 | -.388
" h4+k=2n+1(-1]-.383]| 706 | .925 | .003 |-.923 | -.710 | .379 | .999 | .388

Reflections most sensitive to barium substitution should have I = 0, 8, 3,
and 5; those least sensitive should have I =4, 7, 9, and 1. Reflections with I =0
are interesting not only because of their high sensitivity to Ba, but also because
they are independent of changes in the z coordinate. -

3.8. Copper influence

Copper occupies. two sites: 1la and 2g, in space group Pmmm. The copper
atoms in la site contribute in any reflection as +fcu. The influence of Cu(2g) site
atoms is more complex. From Eq. (1) it is apparent that for any Akl reflection,
the value of cos 2w (hz + ky + [z) depends only on the I value. This dependency is
summarized in the values presented below in the row labeled Cu(2q).

] o] 1 2 3 [ 4 [ s ] s 7 8 | 9

Cu(2q) 1.0 | -.620 | -.230 [ .906 |-.894 [ .203 | .642 | -.999 | .598 | .258
Cu(la)+Cu(2¢) | 1.5 | -.120 | .270 | 1.406 | -.394 | .703 | 1.142 | -.500 | 1.098 758

The influence of the Cu(2q) atoms on the X-ray powder diffraction intensity
should be the greatest for reflections with [ = 0, 7, 3, 4 and the smallest for those
withl =2, 5, 9.

‘When both types of copper atoms are considered (random substitution at
both Cu sites is possible), structure factor changes are most pronounced for reflec-
tion with a high positive foy(zq) cos 7(¢) value. (The Cu(la) contribution is always
positive and equal to + fcy.) The sum of the copper site influence on the structure
factor is presented in the row labeled Cu(la) + Cu(2¢). (In this calculation fcy
is set to 0.5.) Thus, for random copper substitution the most sensitive reflections
should be those with I = 0, 3, 6. The least sensitive reflections should be those
with { = 1 (nearly completely compensated), 2, 4.

3.4. Random substitution

For the random substitution case at two types of positions or by two elements
it is useful to consider total scattering power calculated for both positions. Results
of such calculations are presented in Table I. Scattering factors f(sin §/)) of con-
sidered elements were used as a normalization coefficients. The angular dependence
of f;sin(f/)) was not included in the calculation. (The data in Table I can also
be useful to predict when the balance of the structure has either a minimum or a
maximum influence on'a given reflection.)
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4. Experimental

Specimens were prepared by mixing appropriate molar proportions of Ys Os,
Yb203 (99.9%, Research Chemicals, Phoenix, AZ), BaCOz, CuO and Al,0;
(POCh, Gliwice). Reactans were mixed intimately by grinding under acetone in
an agate mortar, then formed into pellets in a mechanic press and heated in air
for 36 h at 950°C. After slow cooling to ambient temperature at a rate 50°C/h,
the reaction products were analyzed with Powder Diffractometer DRON-2.0 using
filtered CoK, radiation. X-ray measurements condition: 30 kV, 20 mA, 260 range
5-70°, step 0.05°, time for one step 5 s. Sample surfaces dimension: 1.6 x 1.2 cm.
Integrated intensities of diffraction lines were evaluated by the program Newpeak
[12]. All products were also examined for the evidence of the Meissner effect by
suspending them in a liquid nitrogen in the presence of a strong permanent mag-
net.

4.1. Results and discussion

The mixed metal oxide phases: YBa;Cu3Og.542, Yo.5Ybo sBaaCu3zOg.54s,
YBach2.95Alo,0506_5+1- and YBayCuz 85Al0.1506.54+- Were synthesized. All these
phases but the last one show apparence of the Meissner effect in the liquid nitrogen
temperature. The X-ray powder diffraction patterns indicate the pure “123”-type
perovskite related phases, with intensities strongly affected by preferred orien-
tation (along [001]). To minimize the preferred orientation errors and to prove
the substitution, only the intensities of a few nonoverlaping (00!) reflections were
considered. According to brief calculations presented in Table I, or calculations
performed using the LAZY-PULVERIX program one can predict that with sub-
stitution of Y by heavier Yb element, intensities of (001) and (003) lines should
increase, while intensities of (002) and (004) lines should decrease. In the pure
YBaCu HTSC intensities of (001), (002), (003) and (004) lines are 12, 23, 60, 6%
while in YYbBaCu sample are 43, 7, 75 and 2.5%, respectively (intensity of (006)
reflection was taken as 100%). Thus, the data presented above clearly indicate the
substitution of Y by Yb atoms.

The situation is more complicated in the case of Cu (at 000 la position)
substituted by Al. Since contribution of 1a position to structure factor is always
positive, and total structure factors of Ba, Y, and Cu(2q) for reflections selected
above are negative, copper substitution by Al should result in increase of all these
reflections. It should be most pronounced in the case of (001) due to large LP
(Lorenz polarization correction) value, less in the case of (002), (003) and (004).
Indeed intensity of (001) line for samples with 0, 5 and 15% of Al are 11.5, 18.8 and
21.8%, clearly indicating substitution (average error < 1%). Intensities of another
lines, as could be predicted, do not confirm substitution so unequivocally. Situation
should be much better when a bigger group of reflections will be considered and
first of all after preferred orientation elimination.
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5. Comparison with literature data

5.1. X-ray diffraction

Franck et al. [3] present an X-ray diffractogram of a few reflections of
Y;_zAl,BasCusOg 5 phase for z = 0.2, 0.5, 0.7 and 1.0, and presented conclusions
based primarily upon reflection positional changes. For the z = 1.0 diffractogram
reflections typical of the “123”-type phase have almost disappeared and a new set
of strong reflections is present, suggestive that the specimen is predominantly a
different phase with a trace amount of the “123”-type of structure. More detailed
descriptions of (110), (013) (d-values=2.725 A), and (013) (d-value=2.75 A) re-
flections are presented separately. For these three reflections h + k + 1 = 2n and
the Y-site contribution to the structure factor is +fy. The contributions of ev-
ery other cation site to the structure factor are also positive, and the 103 and
013 forms of the structure factor are identical. These reflections are among the
strongest in the diffraction pattern and consequently are insensitive to substitu-
tion, even substitution at a different cation site. All of them should increase or
decrease simultaneously. (Substitution of Al up to z = 0.22 was subsequently
demonstrated to occur only at the Cu-site [13].)

Somasundaram et al. [14] also reported some X-ray powder data for
YBay_,La,CuOr4y and presented conclusions based upon positional changes. The
scattering power of Ba?t and La3* are almost identical; both ions have the same
number of electrons. The intensities of reflections (113), (104) and (105) are pre-
sented. Our data (presented in Table I) indicate that the intensity of reflection
(104) is essentially independent of the ion occupying the Ba-site; its contribution
to the structure factor is 0.006 fga. Reflections (005) and (113), on the other hand,
do have a strong Ba-site contribution. Therefore, the observed intensity variation
of (104) and (005), respectively, as equal, smaller, greater, smaller, smaller, greater
and smaller than the intensity of (113) for z = 0, 0.125, 0.25, 0.325, 0.35, 0.375
and 0.50 cannot result from substitution. The changes are more probably caused
by impurities or texture variations.

5.2. Neutron diffraction

Neutron diffraction experiments are particularly useful when oxygen atoms
position, oxygen substitution or vacancies, substitution of Ni, Co or Zn for Cu
atoms are being investigated. Considerations similar to those presented above can
help to decide whether such, rather expensive and time consuming experiments
will solve the problem. Recently chemical, structural and electrical properties of
fluoride treated YBayCuzQOg 5 were reported [11]. On the basis of powder X-ray
and chemical analysis the authors concluded that F anions had been incorporated
chemically, but their position was not determined. Fluoride has only one more
electron than oxygen and cannot be located by X-ray diffraction in the presence of
heavy atoms. In this case neutron diffraction would seem to provide the solution.
However, the neutron scattering lengths for O and F, 0.580 and 0.566 x 10~2 cm,
respectively, suggest problems as serious as those encountered by X-ray diffraction.
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It should be relatively easy to determine sulfur substitution for oxygen atoms
by neutron diffraction because the difference in scattering lengths of O and S,
0.580 and 0.285 x 10~1? cm, respectively, is large. By calculating the oxygen and
heavy atom individual contributions to the neutron diffraction pattern, reflections
with the highest oxygen and minimal heavy atom contribution could be selected.
Changes of intensities of (001), (100), (110), (113), (024), and (204) reflections
should provide a good indication of oxygen substitution or of vacancies in oxygen
positions.

5.3. Real situation, limilations, conclusions

In general, (normalized) intensities are measured (or reported), not structure
factors. Resolution of reflections can also be a problem. Perovskite related struc-
tures possess groups of strong reflections with similar d-spacing, e.g. (006), (200),
and (020) or (003), (100), (010), so the intensity estimation can be difficult. The Ri-
etveld procedure overcomes these limitations as the full pattern fitting programs
usually can extract the appropriate information even from non-ideal diffraction
data. With “integrated intensity data” it would be useful to calculate the X-ray
powder pattern for a few artificial structures based on an initial structure from
which some elements have been neglected. Considering intensities and structure
factors with their sign, as reported by the program LAZY-PULVERIX [15], one can
find the set of reflections suitable to verify the investigated hypothesis. We hope
the considerations presented here will help investigators select powder diffraction
reflections that are sensitive to intensity as well as positional variation in their
experiments to help them arrive at correct conclusions. Information about substi-
tution in “123”-type compounds can indeed be determined by powder diffraction,
but reflections examined must be chosen carefully.
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