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One of the fundamental questions involving the high-temperature copper oxide containing su-
perconductors is to understand the relationship between hole concentration and the superconduct-
ing transition temperature, 7.. We help resolve this question by a study of Nd-, La-, Ga-, Ca-,
and Zn-substituted YBa>Cu3O, with controlled oxygen stoichiometry. The total hole concentra-
tion is determined by a chemical method and trends in the mobile hole concentration by Hall
measurements. By considering 7. to be a function of the mobile sheet holes only, there is a max-
imum in 7. (92 K) at a sheet-hole concentration of about 0.20-0.25 per Cu site.

The importance of the hole concentration in Cu oxide
containing superconductors is widely recognized and its
relationship to the superconducting transition temperature
(T.) has been the object of numerous studies.' ~'?> The
hole concentration, which we call p, is an electron
deficiency and can be determined chemically, as well as by
Hall measurements. Although it is generally accepted
that it is associated with the oxygen rather than the
copper, i.e., O, the chemistry of its determination is
identical to that of Cu3" or a hole in the copper-oxygen
band. The Hall measurement is complimentary to the
chemical measurement since it measures only the mobile
holes. Previously, using both techniques we showed a
rather linear relationship existed between T, and p in the
La;—,Sr,CuO, system (for p <0.15) and discussed the
possible T, vs p relationship in the 1:2:3-type materials,
e.g., YBa;Cu30,.! Our data suggested a possible rela-
tionship between the two systems if similar hole concen-
trations per sheet (CuQ,), which we showed reached a
maximum at about 0.15 in the one-sheet La;—,Sr,CuQO4
system, could be produced in each of the two sheets of the
1:2:3 materials. Torrance et al.'® further studied the
Laj; -,Sr,CuQOy system for 0.2 < x < 0.4 and showed that
p can be increased above 0.15 but 7, drops from about 30
K at p=0.25 to 0 K at about p =0.30. From these results
they'° concluded that there is a broad maximum in 7, vs
p, with T, =0 when p <0.05 and p > 0.30.

In this paper we describe our recent work on substituted
YBa,;Cu30,, where we combine the results of chemical,
Hall, and 7. measurements. We show that the trends in
hole concentrations, determined chemically, agrees well
with that determined by Hall measurements if we use the
prescription of Tokura, Torrance, Huang, and Nazzal® to
distinguish the mobile from the localized holes. Further,
we find that a maximum occurs in 7. when plotted versus
the mobile sheet holes, indicating qualitatively similar be-
havior to the La; —,Sr,CuQOy4 system.

We discuss five substitutional systems: Ndj+x-
Ba;-,Cu;0,, YBa,Cu;- M0, (M=Ga and Zn),
La;+xBa;—xCu30,, and Y;-Ca,Ba,Cu30,. We
prepared samples in the Nd;+.Ba;-,Cu3zO, and
YBa,Cuz - M. xO{ systems from nitrate solutions as previ-
ously described." In these solid-solution-type systems,
special care was taken to insure homogeneity by repeated
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grindings and firings. All samples were single phase, as
determined by a combination of x-ray diffraction and
standard metallographic techniques. The overall chemical
composition was obtained from inductively coupled plas-
ma (ICP) atomic-emission spectrometry and the hole con-
centration by iodometric titration, which was also used to
obtain the oxygen content. '3 In addition, further informa-
tion on the oxygen content was obtained from thermogra-
vimetric analysis (TGA). The Hall measurements were
made in the van der Pauw configuration in a field of 1 T.
Transition temperatures were taken from the midpoints of
the resistive transitions. The data we present for the
Laj+,Bas-,Cu3O, (Ref. 14) and Y,;-,Ca,Ba,Cu;0,
(Refs. 9 and 15) systems are taken from the literature.

Nd; +xBaz - xCu30,

We see, as did Takita and co-workers,>® a rather linear
decrease in T, from 92 to about 20 K as x increases from
0 to 0.40, suggesting a corresponding decrease in the num-
ber of holes p. However, our chemical determination
clearly shows p to be constant and independent of x,
which appears to contradict the idea of a strong depen-
dence of T. on holes. Since the holes are constant as Nd
replaces Ba, the oxygen content y must increase, even as
T, decreases, also opposite to what is seen in YBa,Cu;0,
where T, decreases when y decreases. Our results do
indeed show an increase in y as the Nd concentration is in-
creased.

The solution to this apparent nondependence of 7, on p

' is likely to be found in the works of Tokura et al.® and

Mitzi et al.'* They make the assumption that the number
of holes, as determined by wet chemistry (Ref. 9) or TGA
(Ref. 14), may be divided between localized holes in the
Cu-O chains and the mobile holes on the CuQO, sheets.
The justification for this assumption is based on their
study of many samples in the Y;-,Ca,Ba,Cu;0, (hole
doping) and YBa;-,La,Cu3O, (electron doping) sys-
tems. They showed that, for all samples in these systems,
by plotting the oxygen content y vs p they could clearly
separate the insulators from the metals by a straight line.
In Fig. 1, we redraw their plot, without all their data
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FIG. 1. Oxygen content vs hole concentration for various sub-
stitutions in YBa;Cu3O,. The double dashed line separating the
insulating from the metallic samples is from Tokura et al. (Ref.
9). The dotted line is our proposed 7. max curve. See text for
further explanation.

points, showing this straight line (double-dashed). Here,
all samples to the left are insulators and those to the right
are metals. This line is called p,., and is defined as

pe=(p—6.5)/3.

Since p, the boundary between the insulators and met-
als, is neither horizontal or vertical, they concluded that
neither y nor p is singularly relevant. Furthermore, for
both the electron and hole doped materials, their data
show that for the metals 7, tends to increase with the dis-
tance p — p. from the critical line. Since all samples to the
left p. are insulating with a finite number of holes
(0 < p < p.), the holes must be localized, presumably on
the chains. If the localized chain holes cannot be in-
creased beyond p., additional holes will form on the
sheets. These sheet holes, in excess of p., are mobile and
are what one is likely to see by the Hall measurements.
Since there are two sheet Cu atoms for each one on the
chain, their concentration is given as ps,=3/2(p—p.).
We also show in Fig. 1 the data for YBa;Cu3O, (solid
line), which is consistent with this model and intersects
the p. at y=6.5 and p=0.!? Our Nd,-,Ba;-,Cu;0,
points (filled circles) and the La; +,Ba; - ,Cu30, points of
Mitzi et al.'* (crosses) are seen to have very similar y vs p
behavior. Since the total holé concentration p, as deter-
mined chemically, was shown to be constant and y in-
creased with x, we move vertically upward toward the p,.
line. As we do this, the number of mobile sheet holes de-
crease and T, drops despite the fact that p remains un-
changed. This is further evidence that the mobile holes on
the CuO; sheets pg, largely determines 7, in the same
manner as Tokura et al. and Mitzi et al.'* This is more
clearly seen in Fig. 2, where we plot sheet holes per Cu
site psp vs T.. The Nd and La points (filled circles and
crosses, respectively) show similar behavior. There is a
strong increase of 7, with pg, for psy values up to about
0.225. Comparison with Takita et al.’ is difficult because
their hole concentration was determined from the assump-
tion of constant oxygen composition, contrary to our re-

Mobile sheet holes per Cu site

FIG. 2. Superconducting transition temperatures 7. vs chem-
ically determined sheet holes per Cu site for various substitu-
tions in YBa;Cu30O, and for La;-xSrxCuOs. The open circles
connected by the solid line are from Shafer er al. (Ref. 1) and
those connected by the dotted line from Torrance et al. (Ref.
10). The Ca points, down triangles, are from Manthiram et al.
(Ref. 15) and Tokura er al. (Ref. 9) while the La points,
crosses, are from Mitzi ez al. (Ref. 14). The dash-dot line illus-
trates the strong increase in 7. with ps, while the dash-dot-dot
line illustrates how 7. decreases as psn increases beyond about
0.22.

sults, and no separation between sheet and chain holes was
made.

Our Hall measurements show that the Hall number
Vcu/Rpye gives the correct trend of the number of mobile
carriers on the sheets (Fig. 3). Here Ry is the Hall con-
stant, e is the electronic charge, and V¢, is the volume per
Cu ion. In a simple metallic system with one parabolic
band partially occupied, the Hall number would be the
temperature-dependent carrier density. In the case of
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FIG. 3. Superconducting transition temperatures 7. vs Hall
number, Vcuo/Ryue (defined in text) measured at 50 K for the
Laz—xSr,CuOy4 system (solid line) and at 125 K for the Nd
(dash-dot line) and for the Zn (dash-dot-dot line) substituted
YBa;Cu30,. These lines illustrate the trend of 7. vs the num-
ber of mobile holes.
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YBa,Cu30, and Nd,+,Ba;-,Cu30,, the Hall number is
strongly temperature dependent and its interpretation is
not known. '¢ However, the trend on Hall number increas-
ing with 7T, in the Nd system probably indicates an in-
crease in the concentration of mobile holes as suggested
by Wang et al.'? for YBa,Cu;0,, and in agreement with
what we determine chemically. It should be noted that
these 125 K values, which we show in Fig. 3, are in rather
good agreement with pg, determined chemically (Fig. 2).

YBa;Cu3 -xZn; 0, and Y, -,Ca,Ba,Cu;0,

Structurally the Zn substituted samples remained or-
thorhombic to our highest doping level (x=0.28) and, as
has been reported by others,!” ~2! T, is reduced rapidly
with x. Both the resistive and magnetic transitions in this
system were sharp indicating good homogeneity and bulk
superconductivity.

Our chemical data clearly show that there is an increase
in p but a decrease in 7, with x. The Hall data are some-
what scattered. However, all of the Hall data lie to larger
Hall numbers and smaller 7.’s than the undoped
YBa;Cus3,O,. The dash-dot-dot line in Fig. 3, connecting
YBayCus,O, and the nonsuperconducting Zn-doped sam-
ples, shows this trend. Clearly, the correlation with the
chemically determined pgp is not as good as it is in the Nd
or La; —,Sr,CuOy systems. Recently, Zhenhui et al.?' re-
ported Hall measurements on zinc-substituted 1:2:3 which
showed the Hall number varying nonmonotonically be-
tween 0.25 and 0.4. In Fig. 1 (y vs p), the up triangles,
which are the points for the YBa;Cu;-Zn,0, system,
extend diagonally upward and to the right from YBa,-
Cu30, with y>7 and p> {. In Figs. 1 and 2, we plot
data (down triangles) for samples in the Y;-,Ca,Ba,-
Cu30, system as reported by Tokura er al® and
Manthiram, Lee, and Goodenough.!> In the y vs p plot
(Fig. 1), these points are somewhat parallel to the p, line
extending downward from YBa,Cu;O0; with y <7 and
rp< 1. The maximum in 7. vs x we observe on these two
trajectories (Zn, up triangle; and Ca, down triangle) may
indicate a ridge of T max that runs parallel to the p. line
at a distance slightly less than & hole per sheet Cu
(shown as the dotted line in Fig. 1). Tokura et al.® ob-
serve a plateau at 7,.=80-90 K in the range of
0.15-0.25ps, and show two Ca-substituted samples with
T.’s of 67 and pg, of 0.3. We believe, in view of the Zn
and Ca results, that these samples are probably beyond
the maximum and indicate that the ridge of maximum 7T
extends down to oxygen values of 6.7. Thus, there is a
maximum in the T, vs p curve in the 1:2:3 structures simi-
lar to that seen in the Lay—,Sr,CuO, system.'® This is
more evident in Fig. 2, where the chemically determined
Psh V8 T, are plotted. Both the Zn (up triangles) and the
Ca (down triangles) points show that T, decreases rather
sharply with Zn and Ca substitutions as seen by the dash-
dot-dot line we draw through these points. This max-
imum, which occurs at about 0.22py, is not too different to
that found in the La,—,Sr,CuQ, system. Our earlier
data for the La;—,Sr,CuO, system are also shown here
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(open circles). The dotted line in Fig. 2, data from Tor-
rance et al.,'® shows this maximum to be rather broad and
centered around a pg, of 0.18-0.22. Clearly when pg,
exceeds about 0.30, superconductivity is not seen in either
system. An intriguing difference between the two systems
is that in the 1:2:3 materials, semiconducting behavior is
seen in those samples with high pg, concentrations which
are nonsuperconductors while the corresponding samples
in the La; — ,Sr,CuOy system are good metals.

A question remains as to why zinc substitutions are
unique in increasing p since it has a charge of +2. Xiao~
and co-workers!” suggested that it substitutes on the
Cu(2) site where it reduces the number of holes resulting
in a sharp drop in 7, with x. Our results show the oppo-
site in that there is a slight increase in y and a correspond-
ing increase in pg, beyond the maximum in the pg, vs T,
curve and that is the reason for the sharp drop in T,.
Whether all the substituted zinc goes on the Cu(2) site is
still unclear because a recent neutron study by Kitijani et
al.?? showed the Cu(1) site to contain 80% of that substi-
tuted. Since the neutron results are not definitive, the fact
that the oxygen content y remains high may indicate that
there is some Zn located on positions other than those nor-
mally occupied by the regular metals. If zinc substitutes
on the yttrium site it would be a mechanism for increasing
p. It is clear more work is necessary to determine where
zinc substitutes and why it increases p. Calcium substitu-
tions, on the other hand, are more easily understood since
it presumably replaces yttrium. Although, as expected,
there is an overall decrease in y, the number of sheet holes
Psh, in fact, increases resulting in a similar drop in T..

In addition to the zinc-substituted materials, we
prepared a series of samples in the YBa,Cu3-,Ga,O,
system. Their behavior was similar to that reported by
others!”?? in that at x =0.25 they transform to tetragonal
and the 7. dependence on x is rather linear and small
when compared to zinc. Although we do not show it in
Fig. 2, their T, vs psh behavior is very similar to that of
the Nd samples.

We also measured a single-phase ceramic of a bismuth
containing superconductor with the 2:2:1:2 structure. Our
sample had a composition of Bi;,Sr; ¢Ca; 3Cu;950s 5 and
a transition temperature 73 K. The chemically deter-
mined p was 0.22, in excellent agreement with the Hall at
100 K, i.e., 0.22. Since there are no chains, these holes
are presumably all mobile on the two CuQO; sheets. These
data, when plotted in Figs. 2 and 3 (squares), fall very
close to the two-sheet 1:2:3 curve but well above the one-
sheet La,—,Sr,CuQy curve. Takigi et al.?* have mea-
sured the Hall number on a 2:2:1:2 single crystal which
had a 7. of 80 K with H perpendicular to the planes. Our
results are similar to theirs.

In conclusion, by determining the total hole concentra-
tion chemically and the mobile hole concentration by Hall
measurements and using the ideas of Tokura et al.° and
Mitzi et al.'* to distinguish between localized chain holes
and mobile sheet holes, we show there is a maximum in
the T vs mobile sheet hole curve in the 1:2:3-type materi-
als just as there is in the La;—,Sr,CuO4 system. This
maximum in 7, which occurs at a hole concentration of
about 0.22 per Cu site, appears to be independent of how
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the holes are produced, e.g., dopant species, and strongly
suggests that the sheet-hole concentration is the singularly
most important factor in determining 7.

Note added. We recently became aware of a paper by
Okazaki et al.?® where they report results on the hole 7,
relationships of Fe-, Co-, Ni-, and Zn-substituted 1:2:3.
Their hole concentration and Hall data for the Zn system
are in agreement with ours. Further, they also strongly

RAPID COMMUNICATIONS

2917

conclude that T, is universally determined by the hole
concentration, regardless of how the holes are produced.
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