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Tunneling-spectroscopy measurements have been performed on pure and Ni- and Zn-substituted
Bi 2Sr2CaCu2O81x single crystals using a scanning tunneling microscope and a break-junction setup. The
superconducting energy gap for the Ni-doped samples was found to be larger with respect to the pure samples.
Anomalies have also been found in the temperature dependence of the gap for the Ni-substituted samples.
@S0163-1829~97!50110-X#

One of the important questions in high-Tc superconduc-
tivity is the relation between the superconducting order pa-
rameterD and the critical temperatureTc of the supercon-
ducting transition. In experiments on various high-Tc
superconductors, the ratios 2D/kBTc5628 are anomalously
large compared to the BCS value 3.5.1 The study of the
variation ofD with respect toTc by substitution and/or oxy-
gen doping in these compounds is of interest for further in-
vestigations of this phenomenon in view of the understand-
ing of the mechanism of superconductivity.

The energy gap in high-Tc superconductors with lower
critical temperatures due to oxygen deficiency was studied
by different techniques, such as high-resolution electron-
energy-loss spectroscopy~HREELS!2 and tunneling
spectroscopy.3,4 The energy gap is found to be nearlyTc
independent, yielding an increasing 2D/kBTc ratio with de-
creasingTc . This increase of the ratio 2D/kBTc was attrib-
uted to an enhanced strong coupling mechanism due to qua-
siparticle scattering from spin fluctuations.5,6

Many studies of the substitution of Zn, Ni, and Fe for Cu
reveal an effective substitution at the Cu sites leading to
significant changes in the transport properties and a reduc-
tion of Tc .

7 Only a few energy-gap studies are reported on
partially substituted high-Tc compounds.8,9 On tunneling
measurements on Co-substituted Bi2Sr2CaCu2O81x single
crystals, Boekholtet al. report a stronger decrease of the
order parameter compared to the decrease ofTc , yielding a
decrease of the 2D/kBTc ratio.8 In the far-infrared reflec-
tance experiments of Seideret al., a strong reduction of the
energy gap was found for Fe-doped YBa2Cu3Ox .

9

In this paper we report on the tunneling spectroscopy
study of the superconducting order parameter 2D in pure and
Zn- and Ni-substituted Bi2Sr2CaCu2O81x single crystals.10

The absolute values of 2D obtained on the Ni-substituted
Bi 2Sr2CaCu2O81x samples are found to be significantly
higher than on the pure material. The change from
2D/kBTc;628 to 2D/kBTc;10212 gives evidence that
the order parameter is not uniquely related toTc upon dop-
ing. This increase of the reduced gap value, due to a decrease

of Tc together with an increase of the absolute magnitude of
the gap, could be an indication for the influence of the mag-
netic substituants at the Cu sites as could be expected if a
magnetic mechanism is responsible for the superconductivity
in the high-Tc compounds.

Pure and substituted Bi2Sr2CaCu2O81x single crystals
were prepared by the self-flux method and mechanically
separated from the flux in the Al2O3 or ZrO2 crucibles.

11

The dimensions of the samples are typically 3.53130.2
mm3. The chemical composition of the BSCCO 2:2:1:2
phase corresponds to the formula Bi2Sr1.9CaCu1.8O81x in
the undoped crystals and to Bi2Sr1.95Ca0.95~CuNi! 2.05O81x
for the substituted crystals as measured by energy dispersive
x-ray fluorescence~EDX!. The Ni content (1.321.8 %) var-
ied from sample to sample, but was homogeneous inside a
sample. TheTc of each crystal was determined by dc-
magnetization measurements giving the values of 85288 K
and 67280 K for, respectively, the different pure and Ni-
substituted samples. The tunneling spectroscopy data were
obtained for a large number of pure and Ni-substituted
samples, and the presented results are believed to represent
typical features of these materials. We also performed a few
experiments on Zn-substituted Bi2Sr2CaCu2O81x .

We performed tunneling measurements using both the
scanning tunneling microscopy~STM! technique, and the
break-junction technique~B-J!. No appreciable differences
were observed in the results obtained by means of the two
techniques. The STM experiments were performed on thein
situ cleaved samples with Pt/Ir tips at 4.2 K.12,13The tunnel-
junction resistances ranged from 10 to 100 MV. For the
break junctions, the samples were glued by epoxy on a flex-
ible insulating substrate and broken by bending the substrate
at T<20 K. The break-junction resistances varied from 0.2
to 10 kV. The current-voltage (I -V) characteristics and
dI/dV(V) curves were measured by the four-terminal
method using a standard lock-in modulation technique. The
electrical contacts (12100 V) were obtained by attaching
gold wires with silver paint.

Figure 1 shows a typical conductance curvedI/dV(V) of
a S-I -S tunnel junction obtained by breaking a pure
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(Tc587 K! Bi 2Sr2CaCu2O81x sample. The curve reveals
the characteristic features for a superconducting tunnel junc-
tion with a reduced conductance at low voltages and with
two well-defined peaks at the gap value. AlldI/dV curves
reveal the presence of a peak structure around zero-bias volt-
age due to the Josephson effect, a nearly constant conduc-
tance outside the gap, and a dip at energy values higher than
the gap~as observed previously in tunneling and photoemis-
sion experiments14–17!. The apparent negative signals close
to the zero-bias Josephson-effect peak are an experimental
artifact due to the finite response time of the ac-measurement
setup which is not adequate for a correct measurement of the
Josephson effect around zero-bias voltage. To obtain the
normal-state normalized conductance curves, the conduc-
tance data have been normalized by a sufficiently broadened
conductance in order to smooth the gap-related structures.17

In the inset of Fig. 1, the result of the dc-magnetization mea-
surement is presented from which theTc of this sample can
be deduced. We definedTc as the onset value for the de-
crease of magnetization as this parameter is independent of
the applied field and of the sample shape. The energy gap
2Dp2p was taken from the peak-to-peak separationVp2p in
the experimental conductance curves, i.e.,Vp2p/2 for B-J
andVp2p for STM experiments.

Figure 2~a! shows a comparison between conductances
measured by STM on pure (2Dp2p 5 46 meV! and Ni-
substituted (2Dp2p 5 90 meV! Bi 2Sr2CaCu2O81x crystals
while Fig. 2~b! shows similar results for the break-junction
technique on pure (2Dp2p 5 60 meV! and Ni-substituted
(2Dp2p 5 86 meV! Bi 2Sr2CaCu2O81x crystals. These
characteristics are representative for the average values of
the gap parameters obtained in the two systems. In view of
the difference inVp2p values between the pure and Ni-
substituted sample in Fig. 2~a!, we may suspect that some
part of the superconducting sample could be attached to the
tip leading to aS-I -S junction rather than aS-I -N junction
which would explain the difference by more or less a factor
of two. This argumentation motivated us to investigate break
junctions where the tunneling junction is always of the
S-I -S type. Also the break-junction experiments in Fig. 2~b!
show the larger energy gap in the Ni-substituted sample.

Figure 3 shows the distribution of the energy gap 2D
obtained in a number of independent break-junction and
STM experiments for the pure@Fig. 3~a!# and partially Ni-
substituted@Fig. 3~b!# samples. These histograms clearly
give evidence for a higher 2D value observed in the Ni-
substituted samples, although the spreading in the 2D values
is much larger for the substituted samples. The observation

FIG. 1. Normalized conductancedI/dV obtained at 4.2 K by the
break-junction technique on a pure Bi2Sr2CaCu2O81x single crys-
tal. The inset shows the magnetization measurement for the same
sample.

FIG. 2. Comparison between conductance curves obtained on
pure ~full line! and Ni-substituted~dotted line! Bi 2Sr2CaCu2O81x

single crystals by the STM~a! and break-junction~b! techniques at
4.2 K.

FIG. 3. Histograms of the measured gap-value distribution
by the STM ~open columns! and break-junction ~filled
columns! techniques on pure~a! and partially Ni-substituted
~b! Bi 2Sr2CaCu2O81x crystals.
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of this effect by two independent techniques~STM and B-J!
makes an explanation in terms of experimental artifacts less
probable. The average values of 2D determined from a num-
ber of independent experiments are given in Table I.

In view of the large spreading in the energy-gap data for
Ni-substituted crystals, one should note that tunneling spec-
troscopy is a local technique probing the density of states on
a scale of the coherence length~only a few angstroms for the
high-Tc superconductors! while theTc is a parameter mea-
sured for the whole sample. Although the substituant element
distribution and the tunnel-junction geometry are not exactly
known, one cannot exclude the situation where the average
distance between Ni impurities is larger or comparable to the
coherence length~for a homogeneous distribution of 2% of
Ni atoms, the distance between two Ni ions in the CuO2
plane is 35 Å!. Therefore, for different junctions, the tunnel-
ing current can result from regions at different distances
from the Ni atoms which could explain the relative scattering
of the data for the substituted samples. However, in many
tunnel junctions with the Ni-substituted samples we have
found larger gap values than for the pure samples.

Another perturbing factor is the possibility of a voltage
drop across normal parts close to the superconducting tun-
neling contact, leading to an enlarged voltage compared to
the voltage over the tunneling part of the contact. A nonho-
mogeneous impurity distribution could lead to the presence
of normal phases with high resistivity~the resistivity in Ni-
doped Bi2Sr2CaCu2O81x in the normal state is much higher
compared to pure samples!. However, the high 2D values for
Ni-doped samples were found in a wide range of tunnel-
junction resistances ranging from a few 100V to 100 MV in
the break junction and the STM measurements. The latter
makes an additional voltage drop close to the tunneling con-
tact rather improbable as an explanation for the observed
difference of 2D between pure and doped samples.

Some measurements have also been performed on Zn-
substituted Bi2Sr2CaCu2O81x crystals. Figure 4 gives an
example ofdI/dV(V) for a Zn-substituted (2Dp2p 5 50
meV! sample withTc579 K in comparison with a pure
sample. The concentration of Zn in this sample is around
1%. A slight decrease of the energy gap is observed in this
particular case but its value is still within the range of gap
values usually measured on pure crystals@see Fig. 3~a!# and
no increase of this value was observed on the relatively small
number of measured Zn-substituted samples. Unlike the case
for Ni substitution, the zero-bias conductance increases for
the Zn-substituted samples. This increase, corresponding to a
residual normalized density of states of around 0.4, is in
good agreement with the results of Ishidaet al. and Hodges
et al. obtained from, respectively, NMR-NQR and Mo¨ss-
bauer experiments.18,19

The temperature dependences of 2D obtained by means
of the break-junction experiments reveal an anomalous be-

havior in the Ni-substituted samples. Figures 5~a! and 5~b!
show examples of the temperature dependences of the nor-
malized gapD(T)/D(Tmin) as a function ofT/Tc for, respec-
tively, pure and Ni-substituted samples, presented in each
case for two break junctions on two different crystals.
DTmin is the measured gap at the lowest temperature reached.
The increased value for 2D in the temperature rangeT/Tc
from 0.3 to 0.5 was nearly always observed in the Ni-
substituted Bi2Sr2CaCu2O81x .

Already in an early stage of the high-Tc investigations it
was found that magnetic substituants like Ni and Fe in the
YBaCuO compound yield a smallerTc suppression com-
pared to Zn.20 More recently, it has been shown theoretically
that the interaction between quasiparticles induced by the
exchange of antiferromagnetic paramagnons leads to the
transition to a superconducting state and in this framework,
Monthouxet al. have shown that Zn, by disturbing the local
magnetic order, exerts a much larger influence onTc than
Ni.21 Within this model the difference in the influence on
Tc between magnetic and nonmagnetic substituants is
explained.5,6,22

TABLE I. Average values forTc , 2D, and 2D/kBTc for pure
and Ni-substituted samples.

Sample Tc ~K! 2D ~meV! 2D/kBTc

BiSrCaCuO~2212! pure 85 5265 7.061
BiSrCaCuO~2212! 2% Ni 75 77620 11.963

FIG. 4. Comparison between conductance curves obtained
on pure ~full line! and Zn-substituted ~dotted line!
Bi 2Sr2CaCu2O81x single crystals by the break-junction technique
at 4.2 K.

FIG. 5. Temperature dependence of the reduced gap
D(T)/D(Tmin) as determined by break-junction measurements on
two pure~a! and two Ni-substituted~b! Bi 2Sr2CaCu2O81x single
crystals. The different symbols correspond to the tunneling data of
different break junctions. The full curve represents the BCS depen-
denceD(T).
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Ishida et al.18 have shown, in their NMR-NQR experi-
ments, that the substitution of Cu by Zn or Ni, in
YBa2Cu3O7, leads to other differences besides the one in
Tc . Zn drastically influencesTc , induces a finite density of
states~DOS! at the Fermi level and leads to a local collapse
of the antiferromagnetic correlation. On the other hand, Ni
only slightly reducesTc , induces no finite DOS and behaves
as a local moment. A prominent feature is that nonmagnetic
Zn doping causes a marked modification of the electronic
states in the CuO2 plane in the normal state, whereas the
magnetic Ni doping does not. A slight enhancement of the
spin susceptibility upon doping by Ni is even observed.

Zn and Ni seem therefore to influence differently the elec-
tronic properties of high-Tc superconductors, as confirmed
by our results. Moreover, from our results, one can deduce
that the doping with Ni enhances the coupling strength of the

superconducting pairing as the order parameter is increased
with the substitution of Cu by Ni.

In conclusion, we performed tunneling spectroscopy stud-
ies on pure, Zn- and Ni-substituted single crystals of the
Bi 2Sr2CaCu2O81x superconductors. We have observed an
increase of the gap and a decrease ofTc for the Ni-
substituted samples yielding an increase of the reduced gap
ratio 2D/kBTc . The temperature dependence of the gap also
shows an anomaly for the Ni-substituted samples, not ob-
served in the pure samples. As these two features are not
observed on Zn-substituted samples, we interpret these phe-
nomena as related to the magnetic character of Ni.
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port of his work by F.R.I.A.
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