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In the tunneling experiments with high-quality single crystals of single-layer cuprate superconductor
BisSraCuOg4s using the break-junction and point-contact techniques at T' < T¢, the coexistence of the
superconducting-state gap and the normal-state gap was observed. The values of the superconducting en-
ergy gap 2A,_, are in the range 13.4-15 meV (A,—, = 6.7-7.5 meV). The values of 2A,_,, are similar for
two samples with T, = 4 K and for two samples with T, = 9-10 K and are independent of the carrier concen-
tration. The normal-state gap, with the magnitude approximately equal to 50 meV, persists at 7' < T, and in
the magnetic field H > H.o up to 28 T. After the transition of the sample to the normal state, the intensity
of the tunneling conductance rapidly decreases with increasing magnetic field and temperature. The observed
large broadening of the tunneling spectra and large zero-bias conductances can be caused by a strong angular
dependence of the superconducting gap. The tunneling results are in full agreement with the angle-resolved

photoemission spectroscopy measurements.

PACS: 74.72.Hs, 74.50.+1, 74.25.Jb

It is known that the tunneling spectroscopy has
been used successfully in studying the superconduct-
ing state in conventional superconductors. However
this method has encountered considerable difficulties in
the case of high-temperature superconductors (HTSC)
due to an extremely small coherence length ¢ and
high inhomogeneity of samples. At present, more re-
producible results are only obtained for the bilayered
cuprate BiaSroCaCusOgys (Bi2212). Previously [1,2],
we have performed an extensive tunneling study on
high-quality Bi2212 single crystals using the break-
junction technique. Our experiments show that the
presently available quality of Bi2212 samples enables
fabricating good-quality tunnel junctions in the ab-
plane with a low or almost zero leakage current and
a well developed gap structure in the tunneling spec-
tra. The angle-resolved photoemission spectroscopy
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(ARPES) measurements [3—-6] have confirmed the en-
ergy gap value found but on the other hand, have given
evidence to a strong angular dependence of the gap that
is consistent with a four-lobed d,>_,> order parameter.
In addition, many experiments (e.g. NMR [7], photoe-
mission [5], and tunneling [8]) have provided evidence
that in the normal state of the underdoped Bi2212, a
pseudogap exists in the electronic exitation spectra at
temperatures T* above the superconducting transition
temperature T.. In scanning tunneling measurements
on Bi2212, Renner et al. [8] have found this pseudo-
gap to be present both in underdoped and overdoped
samples, and to scale with the superconducting gap.
It has been proposed that the pseudogap in the nor-
mal state can be seen as a precursor for the occur-
rence of superconductivity where the superconducting
phase-coherence is suppressed by thermal or quantum
fluctuations [9-11]. In the case of a nonsuperconduct-
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ing origin, the pseudogap can be formed in the spin
part of the excitation spectrum.

The situation for the low-T, single-layer cuprate su-
perconductor BisSraCuQOgis (Bi2201) is more compli-
cated. The first point contact tunneling measurements
of the superconducting energy gap in imperfect Bi2201
crystals were performed long ago [12]; up to now, how-
ever, it has been impossible to fabricate a high-quality
tunnel junction using the break-junction method. Be-
cause the coherence length ;5 in Bi2201 is larger than
in Bi2212 and reaches 45 A [13], it is very difficult
to prepare directly a quality tunnel barrier in a lig-
uid helium. In ARPES experiments, Harris et al. [14]
have observed highly anisotropic superconducting gaps
of 10+2 and 7+ 3 meV in the optimally doped and the
underdoped BiySrs_,La, CuOg45 (Bi,La2201), respec-
tively. They have also found a pseudogap above T, and
assumed that these two energy gaps can have a com-
mon origin in the pairing interaction. However, on the
basis of the experimental study of the c-axis resistivity
pe in the normal state of nondoped Bi2201 single crys-
tals under continuous high magnetic fields, we recently
concluded [15] that superconductivity is probably not
at the origin of the pseudogap. The tunneling study
of high-T, superconductors in the normal state under
high magnetic fields can give important information on
the nature of the pseudogap.

In this paper, we describe the tunneling measure-
ments for several high-quality BisSraCuQOgs single
crystals with midpoint 7. = 3.5-4 K (overdoped) and
9-10 K (near optimaly doped) using the break-junction
and point-contact techniques under continuous mag-
netic fields H up to 28 T. A low T, value for these
crystals permits us to investigate the gap structures of
a cuprate superconductor in the normal state down to
low temperatures. In magnetic fields, we observed a
different behavior of the superconducting and normal-
state gaps. The previous results of the tunneling study
using the break junction in lower magnetic fields were
published in [16]. However, here we give a selection of
these results because later magnetotransport measure-
ments [13] allow us to understand an unusual behavior
of differential conductances dI/dV in magnetic fields.

The Sr-deficient Bi(2+z)Sr2,(z+y)Cu(1+y)06+5 sin-
gle crystals with the Bi/Sr ratio of 1.4-1.5 for sam-
ples with 7, = 9-10 K and 1.7 for samples with
T, 3.5-4 K (with the Bi excess localized at
the Sr positions) were grown in a gaseous phase in
closed cavities of the KCl-solution-melt [17]. Be-
cause of a long growing time, the single crystals
have a high cation ordering. The crystal sizes are
around (0.5-2.5) mmx(0.4-2) mmx(1.5-5) pm. The
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half-widths of main reflections in X-ray rocking curves
for single crystals do not exceed 0.1-0.3°, which is the
minimum value reported so far. The crystal lattice
parameters are a = 5.353-5.385A and ¢ = 24.600-
24.638 A, and the superlattice periodicity is @ = 4.75a.
The superconducting transition width defined by 10%
and 90% of the superconducting transition points
ranges from 0.5 to 1.5 K. The onset temperatures in the
superconducting transition for the dc-resistance and
ac-susceptibility are close, and the transition widths
are almost the same. The in-plane resistivity pqs of
the crystals shows a linear temperature dependence at
high temperatures and saturates to the residual resis-
tivity below 20-40 K. The in-plane resistivities slope
Apap /AT = 0.5-1.5 pQ-em/K was obtained at high
temperatures. The residual resistivity pq;(0) is between
80 and 180 uQ-cm. By measuring the normal-state
Hall coefficient in our crystals in the temperature re-
gion of 4.2-50 K, we have found that the concentra-
tion of the carriers equals n = (4.8-6.3) - 10*! cm 3.
The carrier density in low-T, samples was larger than
in the samples with T, = 9-10 K. Tt is believed [18]
that single crystals of pure Bi-excess Bi2201 phase
are always overdoped because Bi gives some intrin-
sic doping. This is reasonable if one considers the
optimally La-doped Bi2201 polycrystal samples with
the maximum for Bi2201 value 7, ~ 25 K and the
carrier density n 310" em™? [18]. Our sin-
gle crystals with 7, = 3.5-4 K must therefore be
assigned to heavily overdoped ones. On the other
hand [19], the carrier concentrations in the under-
doped Bi,La2201 single crystals with 7, = 13 K are
similar. Because the magnitude of 7. in nondoped
Bi2201 single crystals approximately equals 13 K,
the samples with T, 9-10 K studied here are
most likely to be slightly underdoped or nearly op-
timally doped. The tunneling junctions were made
in situ at 1.5 K by the break-junction supercon-
ductor/insulator /superconductor (SIS type) [2] or the
tunnel point contact superconductor/insulator/normal
metal (SIN type) [12], using Cu needle as a counter
electrode. The current-voltage (I-V) characteristics
and derivatives dV/dI were measured by the usual
phase-sensitive detection technique. The tunneling in
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the break-junction geometry used in our experiments
is supposed to probe the superconducting state in the
ab plane [2].

The typical differential conductances dI/dV as
functions of V' for four break-junctions at T = 2.6
and 1.6 K for two single crystals (Nos. 1 and 2) with
T. = 3.5 and 4 K are shown in Fig. 1. Although
the measurements were carried out at low (& 0.2 k{2,
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Fig.1. Differential conductances dI/dV as functions of V for four break-junctions at (a) T'= 2.6 K and (b) T = 1.6 K
for Bi2201 single crystals (a) No.1 and (b) No.2 with 7. = 3.5 and 4 K, respectively. For clarity, the curves are shifted
vertically with respect to the lower curves. The inset shows the geometry of the break junction

Fig. 1a) and moderately high (=~ 0.5 kQ, Fig. 1b) resis-
tances of the tunnel barrier, the spectra reveal a very
large zero-bias conductance (80-90% of the conduc-
tance), the gap structure is strongly smeared and the
conductance of the low-resistance junctions (Fig. la)
has the V-shaped background. We have not observed
anything similar in the tunneling experiments with
Bi2212 single crystals [1,2]. Recently, Mallet et al. [20]
analyzed in detail the influence of different channels of
a current leakage on the tunneling spectra of HTSC and
suggested some correction procedure in order to extract
the real tunneling density of states. However, in the
given case, the zero-bias conductance is too large to be
completely ascribed to the leakage current. In spite of
numerous attempts, we could not obtain the curves of
dI/dV versus V with the same clear gap structure and
small zero-bias conductance as for Bi2212. Taking this
circumstance into account, it seems that the large zero-
bias conductance and strongly smeared gap structure
in the tunneling spectra in Fig. 1 are more probably re-
lated to a high anisotropy of the superconducting gap
in Bi2201 observed recently in ARPES experiments by
Harris et al. [14]. In the underdoped Bi,La2201 single
crystals, they observed not sharp, but a reproducible
gap of 7+ 3 meV along the (7,0) symmetry line of the
k-space and a zero gap at 45°. For the SIS junctions
studied here, the peak-to-peak distance between two
main maxima on the dI/dV curves must correspond
to 4A,_,. As can be seen in Fig. 1, the value of the
superconducting energy gap 2A,_, is in the range of
13.4-15 meV (with A,_, = 6.7-7.5 meV). The break-
junction method is a technique probing the tunneling
density of states integrated over the polar angle in the
kap-space. The strong angular dependence of the en-
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ergy gap with zero value in some directions must result
in a high density of states inside the gap [20] (large
zero-bias conductance in tunneling spectra) and to a
strongly smeared gap structure corresponding to the
upper limit of A,_,. This is in full agreement with the
ARPES measurements [14]. Both our tunneling spec-
tra and ARPES spectra have a broad gap structure
that is difficult to describe within a simple BCS model.
We have only used the phenomenological parameter T’
to take the pair breaking effects into account [21] and
obtained the energy gap of 3.5-4 meV that is very close
to that measured by us in the point-contact tunneling
experiments on Bi2201 [12].

To prove a relation between the energy gap and T,
we have measured the tunneling conductances dI/dV
at different temperatures shown in Fig. 2. It can
be seen that the gap structure (marked by arrows)
broadens and diminishes as the temperature increases
with a small decrease in the feature position. Because
T. = 4 K for the given sample and the gap structure dis-
appears at T near T,, we can assume that the observed
energy gap is definitely the superconducting state gap
of Bi2201. Because the gap structure is smeared out
and the zero-bias conductance is high, it is impossi-
ble to investigate the temperature dependence of the
superconducting gap in detail.

The tunneling spectrum of the superconductor out-
side the gap for high-Ohmic junctions with a good tun-
neling barrier is known to be flat [22] because this is
expected for a Fermi liquid. The V-shaped form of
the conductance for the low-resistance junctions comes
from the bias voltage-induced barrier decreasing. How-
ever, the results in Fig. 2 show that the form of the
background changes from flat to V-shaped with an in-
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Fig.2. Tunneling conductances dI/dV versus V at dif-

ferent temperatures for sample No.2. The curves are

shifted with respect to the upper one. The gap struc-
ture is marked by arrows

creasing temperature. Moreover, the V-shaped back-
ground conductance increases remarkably with an in-
creasing temperature. One of the reasons for the ob-
served change can be a temperature-induced barrier
damping or the temperature dependence of the coher-
ence length £. Near T,, £ is large and the measured
tunneling density of states is determined not only by
the CuQOsy planes but also by the nonmetallic Bi-O
layers. To exclude the influence of the temperature-
induced barrier transparency change, we have mea-
sured the tunneling spectra of the break-junction in
magnetic fields above the upper critical field H.» at a
given temperature in the geometry when H is parallel
to the c-axis.

The effect of the magnetic field on the tunneling
conductance dI/dV at T = 1.4 K is shown in Fig. 3.
As can be seen, the behavior of the Bi2201 break-
junction in magnetic field sharply differs from that
for Bi2212 [1,2]. First, the magnitude of the tunnel-
junction conductance decreases with increasing mag-
netic field and the curves of dI/dV versus V signif-
icantly shift down, thereby decreasing the zero-bias
conductance. Second, in the magnetotransport exper-
iments [13] carried out after the tunneling measure-
ments [16], we have found that the ab-plane H.» in our
low-T, Bi2201 single crystals equals 10 Tat T =14 K
but the gap structure in Fig. 3 practically disappears
already at 5 T. As was mentioned above, the tunnel
current probes a region of the order of the coherence
length. For the break-junction in the mixed state, the
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Fig.3. The effect of the magnetic field on tunneling
conductances dI/dV as functions of V at T = 1.4 K
(H is parallel to the c-axis), sample No. 2

conductance dI/dV corresponds to the tunneling den-
sity of states for an isolated vortex with a normal core
and the superconducting density of states near the vor-
tex is broadened by the pair-breaking effect of the local
magnetic field. Thus, the superconducting gap struc-
ture can be already smeared at H < H.. We note
that the barrier transparency at constant temperature
remains unchanged and the general form of tunneling
conductances is preserved. In the tunneling measure-
ments of the conventional superconductors in magnetic
fields H > H,», the differential conductance dI/dV is
constant at eV from zero to A. In the present case,
a large dip around V = 0, seen in Fig. 3, indicates
the existence of an energy gap in high magnetic fields
up to 23 T. Although the spectra are so broad that
it is difficult to define the gap value exactly, we can
say that this gap persists even in the normal state at
H > H,. At the same time, we found that the V-
dependences of the differential resistance dV/dI at two
points with V' = 0 and 40 mV extracted from Fig. 3
are quadratic in the magnetic field in a wide range of
fields without the saturation occurring for the classical
magnetoresistivity of a normal metal in the transverse
configuration. The data in Fig. 3 point out that, due
to a large anisotropy of the resistance of Bi2201 sin-
gle crystals (p./pap ~ 10°-10* [13]), the measurement
current in the break-junction geometry flows in a very
thin layer of the sample. In high magnetic fields, the
resistance of this near-barrier region can be of the or-
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Fig.4. Differential conductances dI/dV versus V for

Bi2201-Cu tunnel point contacts fabricated on single

crystals No.24 (curve 1) and No.44 (curve 2) with

T. = 9 and 10 K, respectively (T' = 1.6 K, H = 0,

R: = 0.6 kQ2). The inset schematically shows the ge-
ometry of the point contact

der of or larger than the resistance R; of the tunneling
barrier. In this case, the break junction is not quite
a four-probe junction, and the applied voltage drops
partially across the bulk of the crystal and not only
across the tunneling barrier, especially at low tempera-
tures, where the nonmetallic resistance along the c-axis
becomes very large.

To partially exclude the influence of the crystal re-
sistance on the measured tunneling spectra, we have
studied the point-contact tunnel junctions in which the
four-probe contact method can be better realized. The
tip of a copper wire needle was pressed perpendicularly
to the crystal surface (parallel to the c-axis). The mag-
netic field was also oriented parallel to the c-axis. The
point-contact tunnel junctions use the natural oxide
layer on the contact-forming electrodes as a tunneling
barrier. In our experiments, the point contacts revealed
a high resistance after the first touch in liquid helium at
1.5 K; the background conductance was only increasing
with increasing bias voltage. After a further increase
of the pressure applied to the tip, a gap-like structure
appeared in the -V characteristics of the contacts.

The differential conductances dI/dV of Bi2201-Cu
tunnel point contacts fabricated on two single crystals,
Nos. 24 and 44, with T, = 9 and 10 K, respectively, are
shown in Fig. 4. The tunneling barrier resistance R; for
these contacts at T = 1.6 K is equal to about 0.6 kf).
The gap structure on the characteristics of the SIN-
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Fig.5. Differential conductances dI/dV as functions

of V for Bi2201-Cu tunnel point contacts at different
temperatures (sample No.24, H = (). Inset a shows
the I-V characteristics of the tunnel break junction
with a very low resistance (< 0.1Q) fabricated from
the same single crystal where the superconducting en-
ergy gap is well seen at 6 K. In inset b, we have plotted
the temperature dependence of the differential resis-
tance dV/dI at V = 0 extracted from the experimental
data in combination with the ab-plane superconducting
transition curve of the given single crystal

type tunnel junctions is always smeared larger than in
the case of SIS-type junctions. Nevertheless, the zero-
bias conductance for our point-contact tunnel junctions
was less than for the break junctions. Two pairs of sym-
metric features on the curves plotted in Fig. 4 can be
easily seen, and we believe to have observed two energy
gaps. The peak-to-peak distances between the symmet-
ric maxima on the curves of dI/dV versus V lie in the
range of 15-18 and 45-50 mV. The magnitude of the
first gap is in close agreement with data in Fig. 1 al-
though the T, value of the given crystal is nearly twice
as that of crystal No. 2 in Fig. 1. The second pair of
gap features in the SIS break junctions in case of a true
gap must be located near 100 mV (4A,_,), which we
did not study for break junctions.

In Fig. 5, we have plotted the differential conduc-
tances dI/dV for the Bi2201-Cu tunnel point contact
at different temperatures. It can be seen that the gap
structure again broadens and rapidly vanishes with in-
creasing temperature. At low temperatures away from
T., the tunneling barrier transparency does not change
because the conductance spectra shapes are preserved.
However, starting from 7" > 5 K, the V-shaped back-
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Fig.6. Differential conductances dI/dV as functions

of V for the Bi2201-Cu tunnel point contacts at

T = 1.6 K and for different values of the field oriented

along the c-axis of the crystal (No.44). The curves are

shifted vertically by the same value with respect to the

H = 0 curve. The inset shows the ab-plane resistance
of the same Bi2201 crystal

ground conductance slightly enhances with increasing
temperature, the differential conductances at zero bias
V = 0 change, and the curves shift down. Since
T. = 9 K for the given sample (No. 24), the gap struc-
ture is believed to vanish at T' < T., but this is not
the case. Inset a in Fig. 5 shows -V characteristics
of the low-resistance (< 0.1 Q) tunnel break junction
fabricated from the same single crystal where the su-
perconducting energy gap is well seen at 6 K. In inset b
in Fig. 5, we have plotted the temperature dependence
of the differential resistance dV/dI at V = 0 extracted
from the experimental data in combination with the
ab-plane superconducting transition curve of the given
single crystal. It is easy to verify that the crystal resis-
tance rise and the shift of the dI/dV curves in Fig. 5
with an increasing temperature are caused by the su-
perconducting transition of the Bi2201 crystal region
near the tunneling barrier as before even if Ry & 0.6 k(2.
The tunneling conductance behavior at temperatures
near and above T, for the point contacts (Fig. 5) is
identical to that for break junctions (Fig. 2).

The effect of the magnetic field on the gap structure
at T' = 1.6 K is illustrated in Fig. 6, where we show
the differential conductances dI/dV for the Bi2201-Cu
tunnel point contact at different fields oriented along
the crystal c-axis (R; ~ 0.6 k). In moderate mag-
netic fields (up to 6 T), the dI/dV curves did not shift
with respect to each other; for clarity, the curves in
Fig. 6 have been shifted vertically by the same value

with respect to the H = 0 curve. As earlier, the gap
features broaden and practically diminish already at
4 T, although the respective values of T, and ab-plane
H.s at 1.6 K are equal to 10 K and 22 T for crystal
No. 44. In the point junction region of the crystal, ad-
ditional pinning centers are produced by the pressure
between the contact-forming electrodes. In this case,
the tunneling conductance dI/dV mainly conforms to
the density of states in the normal vortex cores near
the contact already at H > H.;. As is illustrated by
the inset in Fig. 6, the ab-plane resistance of the same
Bi2201 crystal in magnetic field 4 T still equals zero,
but the gap structure is hardly visible.

A steady value and the general shape of the con-
ductance spectra in the magnetic field up to 6 T
made it possible to normalize the last dI/dV curves
at H = 0-5 T by the conductance at H = 6 T, where
the gap structure is no longer visible, in order to
see the magnetic field influence on the gap features
more clearly. In the normalized conductances, the
gap structure broadens and diminishes gradually at in-
creasing fields with a decrease in peak positions. The
peak-to-peak distance between the two main maxima
of the dI/dV curve at H = 0 is equal to 14.8 mV
(Ap—p = 7.4 meV). As noted above, this value is coin-
cident with that measured by the break-junction tech-
nique. It is surprising that the magnitude of 2A,_, is
similar for two samples with T, = 4 K and two samples
with 7. = 9-10 K and is independent of the carrier
concentration. So far as our normalization is not quite
correct, it is difficult to give a quantitative analysis of
the magnetic field effect on the gap value. However, the
shift in the position of the features in the normalized
conductance in Fig. 6 reflects the reduction of the order
parameter in the point-contact region in the magnetic
field. Tt is reasonable to expect that there are addi-
tional pinning centers in the point junction region of
the crystal, and hence, the number of fixed vortices
rapidly increases with the magnetic field. This leads to
a fast suppression of the order parameter and the clos-
ing of the superconducting energy gap in the magnetic
field H < H.».

The second pair of maxima in the upper part of
the dI/dV curves in Figs. 4-6 is related to the large
dip around zero voltage, the main shape of which does
not vary with the magnetic field and temperature. The
peak-to-peak distance between the second maxima in
zero field is approximately equal to 52 mV. As the main
maxima, these maxima broaden with increasing mag-
netic field, but the shift in the position of peaks in the
normalized conductances is only slight. This gap does
not close above T, and H,.,, as indicated by Figs. 3
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Fig. 7. Differential resistances dV/dI as functions of V
for Bi2201-Cu contacts at 1.6 K in different magnetic
fields (sample No. 44, Ry = 4.5 kQ, T = 1.6 K), H is
parallel to the c-axis. A variation of the half-width of
the gap versus magnetic field is shown in the inset

and 5, and can be identified with the normal-state gap
of Bi2201 observed in ARPES experiments by Harries
et al. [14]. Because this gap occurring in the tunneling
spectra is so broad and the zero-bias conductance is
so large, there is a non-zero state density at the Fermi
energy, i.e., the true gap does not exist [5]. Our point-
contact tunneling spectra at low temperatures and zero
magnetic field can be presumably described by a repre-
sentative background, two broad peaks near the en-
ergies £25 meV, and sharper peaks at the energies
+7.4 meV, as was done in ARPES experiments with
Bi2212 [6].

Next, we studied the magnetic field dependence
of the normal-state gap in more detail using a suffi-
ciently high-Ohmic point-contact tunnel junction with
Ry = 4.5 kQ. Such large resistance makes the obser-
vation of the superconducting gap difficult but ensures
only a negligible effect of the crystal magnetoresistance
on the main shape of the tunneling spectra. Figure 7
shows the series of the differential resistances dV/dI as
functions of V for this Bi2201-Cu contact at 1.6 K in
different magnetic fields. It can be seen that the shape
of the tunneling spectra does not vary with the mag-
netic field and the data provide clear evidence that the
normal-state gap still exists up to 28 T. A variation of
the half-width of the gap versus magnetic field is shown
in the inset in Fig. 7. In Fig. 8, we have plotted the
magnetic field dependences of the zero-bias differential
resistances dV/dI at T = 1.6, 4.2, and 10 K normali-
zed to the corresponding maximum values. Here, we
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Fig.8. The magnetic field dependences of the zero-bias

differential resistances dV'/dI at temperatures 1.6 K (full

squares), 4.2 K (circles), and 10 K (open squares) nor-

malized to the respective maximum values. The solid

line shows the ab-plane superconducting transition of the
same crystal in the magnetic field at 4.2 K

also show the ab-plane superconducting transition of
the same crystal in the magnetic field at 4.2 K (solid
line). From Fig. 8 and the inset in Fig. 7, it is clear that
the transition of the sample to the normal state is re-
sponsible for a small increase in the gap half-width and
the enhancement of the differential resistance at V' = 0.
However, after the transition of the sample to the nor-
mal state, the intensity of the dV/dI curves (the dip
amplitude in tunneling conductance) starts to decrease
rapidly with the magnetic field. Furthermore, we note
that the intensity of the tunneling spectra at V' = 0
also undergoes a rapid decline at 7' > T,. This is in
contrast with heavily underdoped Bi2212 samples with
T. = 10 K [5], where the large normal-state gap does
not close even at 301 K. Our last result agrees well with
the data of ARPES measurements of optimally doped
Bi2212 [6].

It is probable that the normal-state gap observed in
tunneling experiments is the pseudogap that has been
widely discussed recently. It is worth mentioning that
many tunneling conductances with a similar shape and
a large dip in the vicinity of the zero-bias voltage have
been observed in the metal/insulator/semiconductor
tunnel junctions [23]. In particular, the conductance
peaks and a large dip on the tunneling spectra of the
Bi-alloy junction [24] were attributed to the energy gap
and to the band bending near the surface due to the ap-
plied voltage, respectively. It is interesting that with an
increasing magnetic field, the conductance peaks tend
to be washed away whereas the dip due to the energy
gap is deepened. Therefore, it is quite possible that a
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normal gap in BiO layers manifests itself in our mea-
surements as the large dip near the zero-bias voltage.

To summarize, in the tunneling experiments with
high-quality single crystals of single-plane Bi2201
cuprate superconductor using the break-junction and
point-contact techniques at 7" < T,, we observed the
coexistence of the superconducting-state gap and the
normal-state gap. The value of the superconducting
energy gap 2A,_, is in the (13.4-15)-meV range
(Ap—p = 6.7-7.5 meV). The values of 2A, , are
similar for two samples with T, = 4 K and two samples
with 7. = 9-10 K and are independent of the carrier
concentration. At 7' < T, the normal-state gap with
the magnitude approximately equal to 50 meV persists
in the magnetic field H > H., up to 28 T. However,
after the transition of the sample to the normal state,
the intensity of the dV/dI versus V curves (the dip
amplitude in the tunneling conductance) starts to
decrease rapidly with the increasing magnetic field
and temperature. The observed large broadening of
the tunneling spectra and large zero-bias conductances
can be caused by a strong angular dependence of
the superconducting gap. The tunnel results are in
full agreement with the angle-resolved photoemission
spectroscopy measurements [14].
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