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We find that even very low Ni doping levels of high-quality Bi,Sr,Ca,;Cu,0jy single crystals
strongly affect the transition temperature T .. We also observed that T is not related to the total
Ni concentration, but only to that of Ni engaged in NiO-type bonds. By controlling the
temperature during crystal growth, one can modify the relative weight of Ni in NiO-type bonds
with respect to other configurations—and therefore 7. T

We present direct experimental evidence that the Ni
doping of Bi,Sr,Ca;Cu,0; affects the transition tempera-
ture T, through the formation of NiO-like chemical bonds.
This clarifies from a chemical point of view a well known
doping effect; we find that a photoemission study is re-
quired to elucidate this point since the actual dopant con-
centration dramatically deviates from the nominal one.

The effects of the substitution of copper with other ions
in the high-temperature superconductors (HTSC) are be-
ing intensively investigated because of their importance in
understanding the crucial role of the Cu-O planes in su-
perconducﬁvity.l'5 It is particularly important to under-
stand the effects of magnetic moments on the superconduc-
tivity mechanism. Hence the reason to grow and study
systems with magnetic ion substitutions such as Ni. We
selected Bi,Sr,Ca;Cu,Qy rather than Y ;Ba,Cu,;0; for our
investigations because it has only one (neglecting the su-
perstructure) instead of two equivalent Cu sites.

Photoemission spectroscopy studies were performed
using a SCIENTA ESCA-300 system equipped with a ro-
tating anode (Al Ka radiation source), an x-ray mono-

TABLE 1. Characteristics of the samples investigated in the experiments.

chromator (composed by seven quartz crystals), and a
concentric hemispherical analyzer. With this experimental
system we reached an energy resolution of 0.35 eV; local
analysis over areas as small as a few tens of microns is also
possible. )

~The single crystals were cleaved under ultrahigh vac-
wum (2X 10~ Torr). The single crystals were grown
with the flux method.® We have used different temperature
programs, with different stoichiometric compositions, with
the objective to increase the Ni concentration. The samples
were characterized by x-ray diffraction, fluorescence mi-
croprobe (with a CAMEBAX SX-50 instrument), and by
resistivity measurements.

We have measured large differences between the initial
composition of the powder and that of the single crystal
(Table I). This was not surprising ‘because the flux can
capture some of the elements. After a systematic search, we
did not find any correlation between T, and the total con-
centration of any of the component elements. This was
somewhat surprising, since we did find a relation between
T, and the growth temperature program: the critical tem-

Temperature program for

growth
Soak
Sample temperature;
No. Nominal composition Measured composition soak time Cooling rate T,
1 Bi,Sr,Ca, 1Cu, 0, T 77 Bi;4Sr,CaggCuy 9105 1000°C 1000-920 °C, 20 °C/h 89K
920-750°C, 1°C/h
2 Bi,Sr,Ca, Nig4;Cu, 6 O, Bi, 16S11.06Cag.85 Nig 03Cu; 90, 1020°C; 4 h 1020-980 °C, 100 °C/h 76 K
980-920°C, 3°C/h
920-750°C, 1°C/h
3 Bi;Sr,Ca; ;Nig3Cti; 050, Bi, 16871 95Ca080 NigosCui; 505 1020°C; 4 h 1020-980 °C, 100 °C/h 7K
S " 980-920°C, 3°C/h R
920-750°C, 1°C/h
4 Bi, (Sr,C2,;Nig ,Cu, 5 O, By, 17S15C20.g4 Nig 06C1; 4705 '940°C;>20 h 940-750°C 2°C/h 65 K
5 Bi,Sr,Ca;Nig,Cu3 4 O, Bi; 05t 195Cag g1 Nig,Ct; 0,0, 940°C>20h 940-750°C 2°C/h 65 K
6 Bi,Sr; ¢Cay 1Nig43Cu, 4O, Bi, 381 ¢4 Ca;Nig0;Cu; 930, 1000 °C 1000-920 °C, 20°C/h 69 K

920-750°C, 1°C/h

3Present address: Central Research Institute for Physics of the Hungar-
ian Academy of Sciences, H-1525 Budapest, Hungary.
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FIG. 1. O Is of sample 5 showing the different components of peak after
deconvolution. Peak 1 is due to O bond to alkali-earth atoms and Bi
atoms in off-plane sites. Peak 2 is due to the Cu-O planes. Peak 3 is due
to oxygen atoms of the Bi-O double layers and from NiO-like bonds.
Peaks 4 and 5 are due to the sample holder.

perature is reduced with the maximum soak temperature.

Was then this T, decrease related to Ni or trivially to
the quality of the crystals (creation of different phases or
microprecipitates)? Our photoemission data favor the first
hypothesis. Specifically, we found a relation between T,
and the weight of the photoemission O 1s spectral compo-
nent related to NiO-like bonds. Consider the O 1s spectra
of Fig. 1. Oxygen atoms at different cell positions produce’
three main spectral components: the 528.1 ¢V peak is due
to O bound to alkali-earth atoms and Bi atoms in off-plane
sites; the 528.87 and 529.9 eV peaks to the Cu-O planes
and to the Bi-O double layers.

The relative weights of these components was deter-
mined by a least-square fitting. As shown in Fig. 2, the area
of peak 3 increases relatively to peaks 1 and 2, when T,
decreases. No other systematic correlation was found, in
particular, for the spurious peaks 4 and 5.

The Ni contribution to peak 3 is related to NiO-like
bond spectral features at 529.1 (Ref. 8 and 9) or at 529.6
V.10 Therefore, we have a relationship between the critical
temperature and Ni in NiO-like bonds. As there is no re-
lation between the total Ni concentration in the sample and
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FIG. 2. Area ratios of component 3 is relative to components 1 and 2 of
peak O ls (see Fig. 1). We can see that the area of the third component
increases when the critical temperature decreases.
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FIG. 3. Ni 2p;,, core level spectra of sample 5.

T,, Ni must also exist in other forms (e.g., Ni,O;) or in
other planes, without affecting the superconductivity.

The energy overlap of Ni-O and Bi-O spectral features,
and the relatively small amount of Ni, prevent us from
identifying which one(s) of the oxygen sites is (are) af-
fected by the formation of Ni-O bonds. In particular, the
position in energy of the Ni-O spectral contribution is not
sufficient to discriminate between the different sites. Com-
parative studies with Y compounds might help clarifying
this point.

In order to corroborate the existence of NiO-like
bonds, Ni 2p;,, spectra like those of Fig. 3 were examined.
The main peak is at 852.99 eV, the expected energy for the
main NiO feature; note that this peak is above 852.5 eV,
the binding energy of metallic Ni, and below 855.9 eV, the
binding energy of Ni,0;.%° The other spectral components
due to other configurations of Ni cannot be easily ex-
tracted, since there is a superposition of satellite NiO fea-
tures with the main peak of Ni,O; at 855.9 eV. However,
the presence of an Ni,O; contribution is clear, since the
ratio of the 855.9 spectral component to the main peak at
852.99 eV is not constant from sample to sample.

We have also studied the core levels for other elements
(Bi, Sr, Ca), in order to search for possible changes with
the Ni concentration. But we did not observe any chemical
shift or change in the line shape of these spectra. Similarly,
the Cu 2p spectrum does not change for different samples.
In particular, the Cul*t-Cu?* ratio,’ usually related to the
critical temperature, does not change from sample to sam-
ple. Therefore, the incorporation of Ni in the copper plane
does not produce a large change of the oxidation degree of
Cu, since this would correspond to a large change in the
concentration of carriers!! and in the Cu!*-Cu?* ratio.

Nevertheless, low-level Ni doping has a strikingly
strong effect on superconductivity. One could envision a
perturbing effect of the Ni magnetic moment on supercon-
ductivity (similar phenomena were found for V, Cr, Fe,
and Co doping®~®), rather than a direct impact on the car-
rier concentration;'"'2 however, strong effects are also ob-
served with a nonmagnetic dopant like Zn,* so the actual
mechanism remains unclear.
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