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Anomalously large T, depression by Zn substitution in Y-Ba-Cu-0
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A systematic study of T, variation on Zn substitution for Cu in YBa2Cu307 —y is reported. T,
decreases linearly from 89 K to the nonsuperconducting state at an unusually large rate of over
15 Klat. % of substitution. Over the entire concentration range no orthorhombic-to-tetragonal
change is observed. The T, depression and the negative dR/dT found for higher Zn concentra-
tion have been attributed to some of the unique characteristics of Zn.

The most unusual characteristic of the oxygen-deficient
perovskite Y-Ba-Cu-0 superconductors is the fact that
their change in T, with respect to the substitution is site
dependent. In the case of the majority of rare-earth sub-
stitutions, which occur on the Y site of YBa2Cu307 —y
(henceforth to be referred as the 1-2-3 compound), T, is
only marginally affected. ' On the other hand, 3d magnet-
ic elements in this compound occupy Cu sites and are
found to depress T, considerably, 2 3 though the effect is
nowhere as pronounced as in the majority of conventional
superconductors. Interestingly, some nonmagnetic iona
such as Al (Ref. 4) and Ga (Ref. 5), which also occupy
Cu sites, when incorporated beyond a certain small
threshold concentration, are found to depress T, quite
effectively. This has been attributed to the
orthorhombic-to-tetragonal (0-T) transformation, ac-
companied by a change in the oxygen stoichiometry.
Amongst these substitutions, as revealed by Tarascon et
al. s on the 2-1-4 compound and by others on 1-2-3 sys-
tems of Y (Refs. 7-9) and Eu (Ref. 10), no case is
perhaps as intriguing as that of Zn, where the reported T,
depression is most pronounced. In this paper, we report
systematic studies on Zn substitution in the yttrium-based
1-2-3 compound which confirms that (i) the T, depression
is several times greater than reported for any of the mag-
netic or nonmagnetic substitutions at Cu sites, (ii) the de-
crease in T„almost up to complete suppression of super-
conductivity, is linear with Zn concentration, and (iii)
there is no discernible change in the crystal structure.
The results are discussed in terms of some of the unique
features associated with Zn, such as its fixed valency,
filled d shell, and preference for octahedral coordination.
These aspects reduce the carrier concentration and cause
Zn to occupy Cu chain sites preferentially.

Samples of the YBa2(Cu1 —,Zn, )307—y system with
0.0 ~ x ~ 0.1 were prepared by solid-state reaction of the
constituent oxides. X-ray diffraction spectra revealed the
presence of a single phase. The line positions were identi-
cal with that of the 1-2-3 compound, which confirms that
the lattice parameters remained invariant with Zn substi-
tution. Also, in this concentration range of Zn substitu-
tion, the x-ray data gave no indication of a gradual de-
crease in orthorhombicity of the unit cell. This agrees
with the contentions of Maeno et al. 2 and Strobel, Paul-
sen, and Tholence, 7 who found that, for samples with Zn
concentration of x 0.033 and 0.041, the structure

remained orthorhombic. From the closeness of the ionic
radius of Zn (0.74 A) to that of Cu (0.72 A.) and from the
absence of any second phase, it seems reasonable to con-
clude that Zn substitutes for Cu in the 1-2-3 compound.
Also, as the Zn concentration in all these samples is rather
small, it is not surprising that the present x-ray diffraction
studies have not indicated any noticeable change in the
lattice parameters.

The dc resistance of the samples is measured over the
temperature range of 4-130 K by a conventional four-
probe technique. Figure 1 depicts the temperature depen-
dence of the resistance. The variation in the absolute
values of the resistivity for different samples is not
presented as the experiments were performed on disk-
shaped samples of varying thickness. The transition width
is found to increase from 2 K for x 0 to 17 K for
x 0.057. The last sample showed R 0 at 3 K. For low
concentrations of Zn, the variation of resistance with tem-
perature is metallic, but in the vicinity of x 0.033 it
tends to become fiat and for higher concentrations of Zn
the resistance shows negative dR/dt.

Figure 2 shows T, (R 0) plotted as a function of Zn
concentration. It is interesting to note that T, decreases
linearly from 89 to 3 K with x. This is in contrast to the
cases of Al (Ref. 4) and Fe (Ref. 11),which show two dis-
tinct slopes, which in Al is attributed to the ortho-
rhombic-to-tetragonal phase change and in Fe to the for-
mation of an additional magnetic phase. The T, depres-
sion obtained from the initial slopes in both cases is about
3 K/at. % of Cu substitution, whereas, surprisingly the re-
sults presented in Fig. 2 indicate the T, depression to be
about 15 K/at. % of Zn substitution. Extrapolation of the
straight line (Fig. 2) shows the sample with x 0.06 to be
nonsuperconducting. For x & 0.057, the samples showed
only a semiconductorlike behavior and did not become su-
perconducting down to the lowest temperature studied.

Generally, the reasons that reduce T, are (i)
orthorhombic-to-tetragonal transformation, (ii) change in
oxygen stoichiometry, (iii) pair breaking due to the mag-
netic moment of the dopant, (iv) decrease in the Debye
temperature eD, (v) disordering effect, and (vi) reduction
in the carrier concentration leading to a decrease in the
density of states N(Ey ). The present result of T, depres-
sion due to Zn substitution cannot be ascribed to
orthorhombic-to-tetragonal transformation. Since we are
substituting divalent Zn in place of divalent Cu, and in
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FIG. 1. Resistance vs temperature curves for various Zn-substituted samples.
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FIG. 2. Variation of T, with Zn concentration x in
YBa2(Cu~- Zn„)307 —y.

very small concentrations, any substantial change in the
oxygen stoichiometry is not to be expected. If the ob-
served change in T, were due to a change in the oxygen
stoichiometry one would have expected a steplike de-
crease'2 in T, with x, instead of the linear depression de-
picted in Fig. 2. Because of the nonmagnetic nature of
Zn, direct pair breaking due to magnetic interaction is un-
likely to be the cause of the decrease in T, . Also, the Zn
concentration is too small to induce a magnetic moment
on Cu (Ref. 6) that could be responsible for the depres-
sion in T,.

The anomalously large decrease in T, due to Zn substi-
tution can be attributed to some of the unique characteris-

ties of Zn (compared to other substitutions) together with
the disordering effect and the impending decrease in the
density of charge carriers. Because of the matching of the
ionic radii, Zn would substitute for Cu in the 1-2-3 lattice.
Owing to the completely filled d orbital of Zn there is a di-
minished overlap of Zn d orbitals with oxygen p orbitals.
Coupled with this, the fixed divalent oxidation state of Zn
at Cu sites, in chains or planes, is expected to significantly
impair the charge-transfer process and thereby reduce the
effective carrier concentration. Hall-effect measurements
on 1-2-3 compounds with varying oxygen stoichiometry
and possessing various T, values have shown that though
the carrier concentration decreases only marginally, the
T, decreases rapidl~, with metallic behavior changing to
semiconductorlike. ' Interestingly, since the range of
coherence in the ab plane is approximately 20 A, a rough
estimate suggests that 5-6% of Zn at Cu site is sufficient
to disturb the coherence.

Zn as such should substitute for Cu both in chains
[Cu(1)) and planes [Cu(2)]. As Zn prefers the octahe-
dral coordination the occupancy of the former sites seems
more probable. This would lead to random occupation of
Cu(1) sites resulting in filling up of neighboring O(5)
sites. This does not necessarily mean the oxygen content
per formula unit would go up, as neutron diffraction stud-
ies on the pure 1-2-3 compound show that only about 5%
of O(5) sites are occupied. ' However, the chain struc-
ture would randomly be disrupted and such a disordering
effect is known to reduce T,. '

The changeover from metallic to semiconductorlike be-
havior of resistance is gradual with Zn substitution which
obviously is not due to the structural transition. This be-
havior can again be ascribed to the localization effect or to
decrease in the carrier concentration. Perhaps the ob-
served increase in the transition width with higher Zn con-
centration, depicted in Fig. 1, is a manifestation of disor-
der.
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To sum up, the large T, decrease with small Zn substi-
tution is attributed to Zn going to Cu(1) and Cu(2) sites
in that order of preference and to the unique characteris-
tics of Zn. The latter are expected to bring down the
effective carrier concentration and also cause local disor-
der. Interestingly, the preliminary results obtained on
Zn-substituted La-Sr-Cu-0 compounds are essentially
similar, with T, decreasing at the rate of about 10 K/at. %

of substitution. Details of the absolute values of resistivity
of Zn-substituted yttrium and lanthanum compounds will
be reported elsewhere.
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