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We experimentally study intrinsic tunneling and high magnetic field (up to 65 T) transport characteristics of
the single-layer cuprate Biy;,Sr,_,CuOg,s, With a very low superconducting critical temperature 7, < 4 K. It

~

is observed that the superconducting gap, the collective bosonic mode energy, the upper critical field, and the
fluctuation temperature range are scaling down with 7, while the corresponding pseudogap characteristics remain

the same as in high-7, cuprates with 20 to 30 times higher 7. The observed disparity of the superconducting and

pseudogap scales clearly reveals their different origins.
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I. INTRODUCTION

An interplay between the normal state pseudogap (PG) and
unconventional superconductivity remains a highly debated
issue. For high transition temperature cuprates the energy
scales of the superconducting gap Asg and PG Apg are similar
(30-50 meV). They are close to several oxygen phonon modes
and comparable to the antiferromagnetic exchange energy.
It remains unsettled whether this is a mere coincidence, a
prerequisite for a high 7,, or an indication of the common
origin of Agg and Apg. Within the precursor superconductivity
scenario, the PG is identified with the pairing gap and the
apparent difference between the PG onset temperature 7* and
the superconducting transition temperature 7, is attributed
to large phase fluctuations.!? In an alternative two-gap
scenario the pseudogap represents a different order coexisting
and competing with superconductivity.>"' The extent of
superconducting fluctuations is determined by the ratio of
Agsg to the Fermi energy Ef and the dimensionality of the
system.!! Cuprate superconductors have homologous series
of compounds with a different number of CuO planes per unit
cell. Within each series the Fermi energies,'>"! resistivities,
anisotropies, and dimensionality are similar,'®~'® but exhibit a
large variation of 7., whose origin remains a major challenge.
Since thermal fluctuations vanish at 7" — 0, they should
be less significant at T ~ T, in low-T, cuprates. Therefore
it is instructive to study superconducting and pseudogap
characteristics in cuprates with very low 7.

In this work we present combined intrinsic tunneling
and transport measurements of Biy;,St,_,CuOgys (Bi-2201)
single crystals with low T. <4 K. Bicuprates represent
stacks of atomic-scale intrinsic Josephson junctions'*->> which
facilitates measurements of bulk electronic spectra by means
of intrinsic tunneling spectroscopy.*?%>»?* We observe that
all superconducting characteristics are reduced in proportion
to T, but the corresponding c-axis pseudogap characteristics
remain similar to that in high-7, Bi-2212%* and Bi-2223%°
compounds with 20-30 times larger 7,. The disparity of
the superconducting and pseudogap scales in Bi-2201 clearly
reveals their different origins.
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The paper is organized as follows. In Sec. Il we describe the
sample fabrication and the experimental method. In Sec. III
we present the main experimental results for the studied
Bi-2201 crystals, including intrinsic tunneling spectroscopy,
magnetotunneling, and transport measurements at different
temperatures and magnetic fields. In Sec. IV we show rep-
resentative intrinsic tunneling data for double-layer Bi-2212
crystals. Finally, in Sec. V we argue that the observed large
disparity between superconducting and pseudogap scales is
inconsistent with the precursor model of the pseudogap and
discuss the extent of fluctuations and mechanisms of large
variation of 7, within homologous families of cuprates.

II. EXPERIMENT

Biy;,Sro_,CuOgys crystals with x = 0.15 and y = 0.1
were grown by the traveling solvent floating zone technique.?
The T, of Bipy,Sr,_,CuOg s depends not only on oxygen
doping &, but also on the Bi and Sr content; the stoichio-
metric x =y =0 compound is nonsuperconducting. Our
as-grown crystals were overdoped (OD) with 7, >~ 3.5 K.
Most measurements were done in a flowing gas “He cryostat
at 1.8 < T <300 K and a magnetic field up to 17 T, or a
3He cryostat with T down to 270 mK and a field up to 5 T.
Complementary measurements were made in pulsed magnetic
fields up to 65 T. In all cases, magnetic field was applied along
the c-axis direction.

Small mesa structures, containing few intrinsic junctions,
were fabricated on top of freshly cleaved crystals, allowing
measurements of both ab plane and c-axis characteristics. To
obviate self-heating,?® we limited the height of the mesas to
only a few atomic layers, using slow 250 eV Ar-ion milling,
and reduced the mesa areas to submicron sizes with two
different miniaturization techniques. In both cases the crystals
were glued to a sapphire substrate, cleaved, and immediately
covered by a protective gold layer, which also ensured good
electrical contact to the crystal.

In the first technique, an elongated line with about a
nanometer height was etched at the top of the crystal, using
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photolithography and Ar milling. A CaF layer was deposited
afterwards and the top of the line was opened using a lift-off
process. This enabled an electrical contact to the line, while
the rest of the surface was insulated. An additional insulation
and planarization layer was made from photoresist to further
improve the insulation and even out the height difference
between crystal and substrate. Six 200-nm-thick gold contact
fingers, perpendicular to the line, were then fabricated by
e-beam evaporation, photolithography, and Ar milling. The
Ar milling also etched the crystal surface between the fingers,
resulting in moderately large mesas underneath the fingers
at the crossing with the line, with an area of approximately
6x8 Mmz. To further reduce the area, each mesa could be
trimmed into two smaller ones using a focused ion beam. One
large and two trimmed mesas made by this technique are shown
in Fig. 1(a).

In the second technique, six different sized Pt/C etching
masks were patterned on the crystal, using (focused) electron
beam induced deposition in a dual-beam SEM/FIB system.
Then only a few atomic layers of crystal surface were
removed by Ar milling, resulting in mesas with areas of
~0.6to 2.5 ;J,mz. To improve the conductance of the masks,
the carbon content was reduced using O-plasma ashing. An
insulation and planarization layer, made from photoresist, was
fabricated afterwards. The natural passivation layer that forms
on uncovered parts of the crystal surface after cleaving acted as
an additional insulation. Six Au contact fingers were then made
using e-beam evaporation, photolithography, and Ar milling.
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FIG. 1. (Color online) SEM images of Bi-2201 mesa structures
made by two different techniques. The mesa areas were reduced to
submicron sizes using (a) FIB trimming of moderately large mesas
or (b) by fabricating small Pt masks using (focused) electron beam
induced deposition.
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They completely cover the mesas, which further improves their
thermal properties. Two mesas made by this technique are
shown in Fig. 1(b).

In both cases, the contact fingers lead to 12 larger bonding
pads on the substrate. The samples were mounted on a sample
holder and contacted with bonding wires. The contact con-
figuration allows either three- or four-terminal measurements
of c-axis characteristics of mesas and four-terminal in-plane
measurements of the underlying base crystal.

III. RESULTS

A. Intrinsic tunneling

Figure 2(a) shows the zero-bias c-axis resistance R.(T') for
different mesas. Mesas made by the first technique show a
metallic behavior at high 7', which turns into semiconduct-
inglike with a minimum at 7* ~ 90 K, while mesas made
by the second technique exhibit a higher 7* ~ 170 K. By
comparing with reported doping dependencies of R.(T) for
Bi-2201,'"?7 we conclude that the former crystal is optimally
doped (OP), while the latter became slightly underdoped (UD)
due to partial out-diffusion of oxygen during fabrication. This
is accompanied by a systematic variation of the critical tem-
perature from 7, ~ 3.5 K for as-grown overdoped crystals to
T, =4.3+0.3K(OP)and 3.8 £ 0.4 K(UD) for crystals made
by the first and second technique, respectively. From Fig. 2(a) it
is clear that the 7* grows rapidly with underdoping, consistent
with the existence of a critical doping point.>*7-921:27

Figure 2(b) shows current density-voltage (J-V) charac-
teristics of two OP mesas with different sizes, on the same
crystal. It is seen that the large OP mesa does show a clear
critical current. Since our measurements are quasi-four probe,
the smallest measured resistance R.(V = 0YV) is nonzero
and is determined by the contact resistance between the Au
electrode and the top of the mesa. It is usually of the order of
the resistance of one intrinsic junction [see, e.g., Fig. 1(a) in
Ref. 23]. From Fig. 2(b) it is seen that for the smaller mesa
the high-bias resistivity remains the same. The critical current
density is also the same but is significantly smeared out. Since
both the critical current density and the large bias resistivity
are independent of the mesa area, the apparent larger zero-bias
resistivity at 7 < T, for small mesas, visible in Fig. 2(a),
is not caused by deterioration of the contact but is due to
enhanced thermal fluctuations, leading to phase diffusion®® in
the smallest mesas. The true (unaffected by fluctuations) level
of the contact resistance corresponds to that for the larger mesa
inFig.2(a) at T < T..

Figure 2(c) shows the I-V characteristics of a small UD
mesa at different 7 and H. Here the supercurrent is almost
completely suppressed by thermal fluctuations due to the much
smaller size of the junctions and because the critical current
density is rapidly decreasing with underdoping.* At a larger
bias ~5 mV we observe a kink in the /-V, which appears only
in the superconducting state and is easily suppressed both by
temperature at 7 > T, and by a modest c-axis magnetic field.

Figure 2(d) shows intrinsic tunneling conductances
dIl/dV (V) (in the semilogarithmic scale) for six mesas with
areas from A =0.6+0.2 to 2.5+ 0.3 um? on the same
crystal. The peak-dip features in the d1/dV (V)s correspond
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FIG. 2. (Color online) (a) Zero bias c-axis resistances for a large and small OP mesa and a small UD mesa. The pseudogap onset temperatures
T* are indicated by downward arrows. (b) J-V characteristics for two OD mesas with different sizes. J. smears out for reduced mesa areas due
to fluctuations, leading to nonzero R.(T < T.) for very small mesas. (c) /-V's for a small UD mesa, showing a sum-gap kink which appears
only in the superconducting state and corresponds to peak-dip features in the d//dV (V') characteristics. (d) Intrinsic tunneling conductances
(in the semilog scale) at 400 mK for UD mesas with different areas from 0.6 & 0.2 um? (m3) to 2.5 & 0.3 um? (m1), fabricated on the same
crystal. Downward and upward arrows mark sum-gap peaks for mesas with N = 5 and 6 junctions, respectively. (e) Large bias d1/dV (V)
curves for the same mesas as in (d). It is seen that the curves also retain the same size-independent shape at larger bias, despite a significant
difference in mesa sizes and power dissipation, implying that they are not significantly distorted by self-heating. (f) d1/dV (V) at 6.6 K for one
of the smallest mesas at even larger bias. The hump voltage corresponds to the c-axis pseudogap Apg ~ 40 meV.

to the kink in the 7-Vs, with a power at the peaks varying
from ~1.2 to 7.4 uW. Figure 2(e) presents similar data for
larger bias. It is seen that the d1/dV (V') characteristics retain
the same shape (in the semilogarithmic scale) for all mesas,
independent of mesa area and dissipation power. This shows
that the mesa conductance is scaling by a simple factor,
proportional to the mesa area. The size independence of the
shape is a clear indication that there is no significant distortion
by self-heating, even at larger bias, since self-heating should
be larger for larger mesas with higher dissipation power, which
would lead to a size dependence of self-heating artifacts.?32

The peak-dip structure seen in the d1/dV (V)s is typical for
tunneling characteristics of (underdoped) cuprates.*>*3 The
peak is attributed to the superconducting sum-gap singularity
at Vpeak = 2AsgN /e, where N is the number of junctions in
the mesa.?*?* The dip is usually ascribed to a collective bosonic
mode with energy Qp = e Vg, — 2As6 (per junction).””** The
corresponding ratio 25 /2Asg = Viip/ Vpeak — 1 2 0.62 in our
crystals is close to the average value ~0.64, deduced from
inelastic neutron scattering for different cuprates.** However,
to obtain Agg and Qp we need to estimate N. For high-
T, Bi-2212? this is simply done by counting quasiparticle
branches in the /-V [see the inset in Fig. 5(a)]. However,
in low-7. Bi-2201 the branches are not distinguishable.?!

Still it is possible to estimate N by comparing mesas with
different heights. The uniformity of Ar milling is in the
same range as the interlayer spacing s, the mesas on the
same crystal may therefore have either N or N + 1 junctions.
In Fig. 2(d) this is seen as two sets of peaks, marked by
downward and upward arrows. Assuming that the ratio of
voltages is (N + 1)/N, we obtain N = 5. This corresponds to
the large bias [V >~ 20 mV in Fig. 2(d)] c-axis resistivity p, =
RA/Ns ~ 20 Qcm, consistent with the expected value.*?!-?’
Thus we obtain Agg = eVpeax /2N = 0.55 0.1 meV and
2Asg/kgT, = 3.5 £ 0.6, typical for weak-coupling supercon-
ductors and consistent with previous studies on Bi(La)-2201
with a higher 7..2!**3235 The bosonic mode energy Qp =~
0.7 meV is also small and clearly not related to the much higher
phonon or antiferromagnetic exchange energies. Rather, Q5 is
determined solely by Agg(T), consistent with an interpretation
of the mode as an exciton of Bogoliubov quasiparticles in a
d-wave superconductor.>®

Figure 2(f) shows a d1/dV (V) of the UD mesa m4 at even
largerbiasandatT = 6.6 K > T,.Itisseenthatthed/dV (V)
is V-shaped above T.., generic for the PG state.”**” A PG hump
appears at Vyymp = 0.4V, for N = 5 this corresponds to Apg =~
40 meV. Obviously, for our Bi-2201 not only 7* ~ 170 K >
T. ~ 4 K, but also Apg =~ 40 meV > Agg =~ 0.55 meV.
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FIG. 3. (Color online) (a) Temperature dependence of intrinsic tunneling characteristics for the smallest UD mesa m3 at H =0 T. It is
seen that both the peak and dip disappear at 7 — T. (b) Data from (a) with a subtracted V-shaped PG background at T >~ T, and with voltage
normalized per intrinsic junction. (c) T dependence of the PG characteristics at T > T, for another UD mesa with the same area as in (a).
(d) Magnetic field dependence of d1/dV (V) curves for the UD mesa m3 at 7 = 400 mK. The peak-dip structure disappears in a field of a few
Tesla. (e) Data from (d) with a subtracted pseudogap background at H = 3 T. (b) and (e) demonstrate that the peak and the dip are suppressed in
a similar correlated manner both by temperature and by magnetic field. They also show that the dip is indeed a dip with a negative conductance
compared to the normal state PG background. (f) Temperature dependence of the pseudogap, obtained from half of the hump voltage in (c).
The inset shows the 7' dependence of the superconducting gap, obtained from 1/2 of the peak and dip voltages, from (a). The superconducting
gap decreases in a mean-field BCS manner both with increasing 7 and H, but the pseudogap is much less insensitive to 7" and H.

B. Temperature and magnetic field dependence

Figure 3(a) shows the T dependence of the dI/dV (V)
for the smallest UD mesa m3 at H =0 T. To improve
the resolution, we present the same data with a subtracted
normal state background* in Fig. 3(b). It is seen that both the
peak and the dip are suppressed in the BCS manner (flat at
T « T, and a fast decay at T — T.) with increasing 7 and
magnetic field, see Fig. 3(d). The inset in Fig. 3(f) shows the
temperature dependence of the superconducting gap obtained
from half of the peak voltage. It decreases with increasing
T and vanishes at 7,. Here we also show half of the dip
voltage. It is seen that the difference between the peak and
dip voltages, which should represent the frequency of the
collective bosonic mode, is also vanishing at T — T, similar
to Asg(T). Apparently the frequency of the bosonic mode
is intimately related to the superconducting gap, which is
not expected for antiferromagnetic magnons. This observation
supports the interpretation of the mode as an exciton of
Bogoliubov quasiparticles in a d-wave superconductor, not
necessarily related to possible magnetism in the material.>

From the dI/dV (V) characteristics it is clear that the
V-shaped PG coexists with superconductivity at T < T,..2%37
This makes it difficult to separate superconducting and PG-
related phenomena below T, by looking solely on the T
variation of experimental characteristics. However, such a

separation can be done by studying magnetic field effects.?*
The upper critical field for the suppression of spin-singlet
superconductivity H,, is limited by the paramagnetic (Zee-
man) effect, H,(0)/ T, ~ 2.2 T/K for weak coupling d-wave
superconductors.38 Therefore, H,., for low-T,. Bi-2201 should
be much lower and easier accessible than for high-7, Bi-2212
with H ~ 100 T.!10-24

Figure 3(d) shows the effect of a H variation to the
dl/dV (V) for the same mesa as in Fig. 3(a). Figure 3(e)
shows the same data with a subtracted background at large
field. It is clear that the peak and the dip are suppressed in
a correlated manner with increasing H. The tunneling MR
remains significant at a dissipation power about an order of
magnitude larger than at the peak, implying that the sample
remains at 7 < T, and confirming the lack of significant
self-heating at the peak.

Figure 3(c) shows the T dependence of the PG charac-
teristics at T > T, for another UD mesa with a similar size.
The PG hump is smeared outat 7 — 7% = 170 K, but is still
visible even at higher 7. The main panel in Fig. 3(f) shows
the temperature dependence of the pseudogap, obtained from
half the hump voltage. Both the value of the PG and its T
dependence are remarkably similar to that for Bi-2212 (see
Fig. 5 and Refs. 4,21,23, and 37), despite a more than 20 times
smaller 7. and Agg.
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FIG. 4. (Color online) ab-plane resistance at different H for an (a) OP and (b) UD crystal. A complete suppression of 7. at H., >~ 10 T is
seen. (c¢) Excess fluctuation conductance for the data from (a). It is seen that fluctuations decay rapidly (almost exponentially) with increasing T'
and that the region of significant fluctuations expand to about twice the 7. (d) Bias current dependence of the c-axis MR for an OP mesa. The
MR is large at small current densities but vanishes at large bias, corresponding to the nearly ohmic tunnel resistance part of the 7-V. (e) c-axis
MR in a pulsed field, showing a profound negative MR at large fields, which is attributed to the suppression of the pseudogap. (f) Demonstrates
an estimation of the PG suppression field H* ~ 250 £ 50 T by extrapolating the data from (e) to the large bias 7- and H -independent tunneling

resistance (dashed horizontal line).

C. Transport measurements

Figures 4(a) and 4(b) show in-plane resistances R,,(7) at
different H for OP and UD crystals, respectively. The T, de-
creases with increasing H. No signature of a superconducting
transition is visible at H > 10 T. However, a positive in-plane
magnetoresistance (MR) persists well above 7.(H), indicating
a broad fluctuation region. From magnetotunneling and the
combined transport measurements shown in Fig. 3(d), we
estimate H(T =0K)=10+2 T and H(T =0K)/T. =
2.5+ 1 T/K, consistent with previous reports.®!%-1624 f ,
is close to the paramagnetic limit, ruling out a significant
underestimation.

Figure 4(c) represents the fluctuation conductance [assum-
ing for the normal state R, = R,,(H = 14 T)]. The MR falls
to less than 1% at T/T.(H) ~ 2.3, similar to Bi(La)-2201
with higher T..2” However, because of the very low T, it
expands only to about T ~ 10 K « T* ~ 170 K. This shows
that the temperature range of superconducting fluctuations is
determined by 7, and not by the much larger 7*.

Figure 4(d) shows the bias dependence of the c-axis MR
for a larger OP mesa and demonstrates that the MR vanishes at
large bias. This is the consequence of state conservation: Well
above the sum-gap voltage, the tunnel current should be the
same in the superconducting and normal state, leading to a T’
and H independence of the large bias resistance,’* as seen in
Figs. 2(c), 3(a), and 3(d).

Figure 4(e) shows the zero-bias R.(H) for a small OP
mesa, measured in a pulsed field. Two contributions to the

MR are seen: At low fields there is a positive MR due
to a suppression of the interlayer supercurrent, as seen in
Fig. 4(d). At higher fields a profound negative MR occurs,
which does not saturate at 65 T. A very large characteristic
field, H* ~ 250 £ 50 T, is estimated by linear extrapolation to
the H- and T -independent tunnel resistance, shown in Fig. 4(f).
Even though such behavior has been reported before,'%!73
its interpretation for high-7, cuprates is obscured by a large
H. ~ 100 T.>* In our low-T, Bi-2201, the superconducting
and the pseudogap suppression fields are well separated,
H* ~250T > H,, ~ 10 T. The two fields correspond to the
Zeeman energy in the order of Apg and Agg, respectively. This
not only supports an estimation of the gaps, but also suggests
that both are caused by spin-singlet pairing.*

IV. COMPARISON WITH Bi-2212

In Fig. 5 we show representative data for Y-doped Bi-
2212 crystals with optimal 7, ~ 95 K (data from Ref. 23).
In Bi-2212, multiple quasiparticle branches are very well
visible, as shown in the inset in Fig. 5(a). They are due to
one-by-one switching of intrinsic Josephson junctions from the
superconducting to the resistive (quasiparticle) state. First of
all we note that the PG characteristics Bi-2201 and Bi-2212 are
remarkably similar, compare PG characteristics in Figs. 3(c)
and 5(b) and in Figs. 3(f) and 5(c).

In the superconducting state there are both similarities and
differences. In both Bi-2201 and Bi-2212 the sum-gap peak
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FIG. 5. (Color online) Representative data for Y-doped, Bi-2212 mesas with nearly optimal doping (data from Ref. 23). (a) I-V
characteristics at different temperatures and H = 0 T for a small Bi-2212 mesa. A pronounced sum-gap kink is seen. The inset shows
the low bias part of the /-V at low T. Multiple quasiparticle branches are due to one-by-one switching of intrinsic Josephson junctions from
the superconducting to the resistive (quasiparticle) state. (b) d1/dV (V) curves for the data in (a). (c) Temperature dependence of the sum-gap
peak and the pseudogap hump voltages per intrinsic junction for mesas with different sizes for the same Bi-2212 crystal. It is seen that the
superconducting peak is vanishing in a mean-field BCS manner at T >~ T, but the pseudogap survives up to almost room temperature, as
also seen from (b). Note that unlike the low-T, Bi-2201 crystals, the pseudogap and the superconducting gap in high-7, Bi-2212 have similar

energies Asg(T = 0K) ~ PG ~ 35-40 meV.

vanishes in the mean-field BCS manner above 7. [compare
inset in Figs. 3(f) and 5(c)]. However, in Bi-2212 the peak
corresponds to a much larger superconducting gap Asg(T =
0 K) ~ 35 meV, which is close to the PG ~ 40 meV. This fact
is often used as an argument in favor of the common origin
of the two gaps. However, a comparison with low-T, Bi-2201
indicates that this is probably a mere coincidence rather than
an indication of a precursor superconductivity origin of the
pseudogap.

It is also seen from comparison of Figs. 3(a) and 5(b) that
in Bi-2212 the superconducting conductance peak is much
more pronounced, while the subgap conductance is more
suppressed than in Bi-2201. In other words, Bi-2201 intrinsic
tunnel junctions are more leaky than Bi-2212 junctions. This
implies that the c-axis transport in Bi-2201 is not purely due
to single quasiparticle tunneling but also involves a Cooper
pair (leakage) transport channel.’” There are several factors
for this less two-dimensional behavior of Bi-2201 compared
to Bi-2212: (i) The interlayer spacing in Bi-2201 (s ~ 1.2 nm)
is smaller than in Bi-2212 (s ~ 1.5 nm) and (ii) the coherence
length in Bi-2201 is larger than in Bi-2212, due to a much
smaller energy gap. The less-2D behavior of Bi-2201 is
indeed obvious from the lack of individual branches in 7-V
characteristics. Another factor is the presence of a strong
pseudogap at low T in Bi-2201, due to which the “normal”
state already has a strongly suppressed zero-bias conductance.

The leakiness, that is, the presence of both quasiparticle
and Cooper pair contributions,*’ also affects the c-axis mag-
netoresistance in Bi-2201. An application of a magnetic field
leads to a negative magnetoresistance for subgap quasiparticles
(increase of QP conductance), but to a positive magnetoresis-
tance for pair transport (decrease of Cooper pair current). The
positive magnetoresistance is dominating at low bias and low
fields, as seen from Fig. 4(d). This is not unique for Bi-2201,
but also occurs in big Bi-2212 junctions (see, e.g., Ref. 40)
in which leakiness is the consequence of stacking faults (it
is not present in small Bi-2212 mesas).>* However, at larger
bias the behavior becomes typical for single QP transport-a

correlated suppression of both the peak and dip by a magnetic
field [compare, e.g., with the data for Nb/AlAIOx/Nb junctions
in Fig. 4(b) from Ref. 24].

V. DISCUSSION

Comparing our data of a very low-T, cuprate with previous
data of high-T.. cuprates'6-27-32343541 reveals the following two
universalities.

(i) All superconducting characteristics, including the tem-
perature region of superconducting fluctuations are scaling
down with T in the same proportion as for other cuprates.

(i) The pseudogap characteristics remain similar in all
types of cuprates, irrespective of 7.

The reported disparity of the superconducting and pseudo-
gap energy scales is difficult to reconcile with the precursor
superconductivity scenario of the PG, for which one would
expect Apg ~ Agg. Furthermore, due to the very low T, in
our case, the suppression of the critical temperature from
T* ~ 170 K to T, < 4 K would require extraordinary large
fluctuations. In the precursor scenario, the range of amplitude
fluctuations should expand in the region T = T* ~ 170 K.
However, from Fig. 4(c) it is seen that the superconducting
amplitude fluctuations are decaying approximately exponen-
tially ocexp[—(T — T.)/Tq] at T > T, with a characteristic
decay temperature 7y ~ 1 K (compare also with similar
data in Refs. 9 and 24 for other cuprates). Apparently
fluctuations are bound to 7. < 4 K rather than to a much
larger T*. This is consistent with previous reports obtained
by different techniques for different cuprates.>6-%:10.23,24.27:42.43
The very low T, in the studied cuprates provides a clear and
unambiguous separation between superconducting fluctuation
and pseudogap regions.

The temperature region of superconducting fluctuations is
determined by the Ginzburg-Levanyuk parameter Gi. In the
relevant two-dimensional case it is'!

T—-T, . A
= GlzD ~ —.
T, Er
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As reported, Apg ~ 40 meV and T* ~ 90-300 K are similar
to that in other cuprates.*?%?3?74! Furthermore, single-,
double-, and triple-layer Bi-2201, Bi-2212, and Bi-2223
cuprates within the homologous family have similar normal
state properties, Fermi energies Eg,'2"'> mobile hole densities,
resistivities, anisotropy, etc. 071844 Therefore, Apg cannot rep-
resent the universal superconducting pairing energy because in
such a case Gi would be the same and superconductivity would
be equally robust within the homologous family of cuprates.
This is apparently not the case: The T, and consequently the
absolute value of fluctuation energy required for suppression of
the superconducting phase coherence is largely different. The
universal scaling of the fluctuation region with 7, suggests a
similar relative strength of fluctuations for different cuprates,
that is, the very low T, in Bi-2201 is not due to extraordinary
large phase fluctuations.

This conclusion brings up the important question of what
causes the large variation of 7, within the homologous family
of cuprates.'>** Indeed, understanding what suppresses the
T. in Bi-2201 would provide a clue to understanding the high
T, in Bi-2212 and Bi-2223. Several suggestions were discussed
in literature and perhaps one of the most common is that
Bi-2201 is (more) disordered. For example, in Ref. 44 it was
noted that pure low-T, Bi;Sr;4,CuOg.5 (note that itis different
from Biy;Sry_,CuOgs studied here) had a slightly higher
residual in-plane resistivity p,, ~ 107* Q cm than La-doped
Bi-2201 with T, ~ 30 K. The reduction of the electronic
mean-free path below the coherence length may indeed
increase the Gi parameter and thus enhance fluctuations.''
For example, it is possible to quench superconductivity by
intense ion or electron bombardment.” On the other hand,
superconductivity in cuprates occurs only in off-stoichiometric
compounds as a result of doping (i.e., electronic defects).
It is known that large variations of the residual resistivity
in a given compound have practically no influence on 7,."”
Also Bi-2212 and Bi-2223 crystals with p,, significantly
larger than 10~* € cm nevertheless show a high 7..'8 And the
electronic surface inhomogeneity, studied by STM, is similar
in Bi-2201 and Bi-2212 compounds.>! The crystal structure
of Bip,Sry_,CuOg, s crystals grown by the traveling solvent
floating zone technique, as those studied here, were thoroughly
investigated in Ref. 25 and it was demonstrated that the crystal
order is very good. It is comparable to that in Bi-2212 and
much better than in Bi-2223 and Hg-2223 crystals with the
highest T,. Thus, beyond doubt, a crystalline disorder is not
the reason for low-T, in Bi-2201.

Generally speaking, the 7T, is determined by the den-
sity of states (DoS) at the Fermi level, which is related
to the density of charge carriers (doping) and the details of
the electronic structure, and by the coupling strength and the
spectral function of the bosonic pairing glue. Factors that
may affect the 7, are, in short: (i) An unequal doping in
the inner and outer CuO, planes of multilayered cuprates,
which is a well established factor affecting their T7,.*°
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(ii) The stacking of CuO, layers in multilayered compounds
may lead to a modification of the electronic band structure.
For example, a (coherent) bonding-antibonding band splitting
takes place in Bi-2212 in c-axis direction.”® This affects the
electronic DoS close to the Fermi energy. (iii) Similarly,
the van Hove singularity in the flat regions of the Fermi
surface near the edges of the Brillouin zone is affected!>*
and also (iv) the intralayer coupling is changed.* (v) An
associated slight change in dimensionality may also affect
the stability of the competing density wave order, coexisting
with superconductivity.>' (vi) Furthermore, a modification of
the structure leads to a modification of both the phononic
spectrum® and the electron-boson coupling strength.*” The
connection between these electronic and bosonic factors with
the critical temperature 7, is nonperturbative, that is, a small
variation in these factors may lead to a significant variation of
T,. Therefore, it is likely that the large suppression of 7, in
the high quality single crystals studied here is caused by the
electronic and bosonic modifications within the homologous
family of Bi-based cuprates, rather than by a disorder.

To summarize, combined intrinsic tunneling and transport
measurements were performed on a single layer Bi-2201
cuprate with a very low T. <4 K. It was observed that
the c-axis pseudogap characteristics (Apg =~ 40 meV, T* ~
90-170 K, and H* ~ 200-300 T) are the same as for Bi-2212
and Bi-2223 compounds with 20-30 times higher 7., but
all superconducting properties are scaling down with T,:
Asg = 0.55meV and 2Agg/ kT, =~ 3.5 £ 0.6, the bosonic
mode Qp >~ 0.7 meV and Qg /kgT, =~ 2.2, the upper critical
field Hp, ~ 10T and Ho(T =0K)/T, ~2.5+£ 1T/K, and
the characteristic decay temperature for superconducting
fluctuations (paraconductivity) 73 ~ 1 K and T3/T, ~ 0.25.
The observed disparity is inconsistent with the precursor
superconductivity scenario of the pseudogap. Therefore we
conclude that the large Apg ~ 40 meV represents a different
spin-singlet (e.g., antiferromagnetic,®'* or a charge-and-spin
density wave)’! order, which is universal for all cuprates
and, most likely, competes with superconductivity. We also
conclude that the low T, in our Bi-2201 crystals is not caused
by extraordinary strong thermal fluctuations at low 7', nor by
crystal defects, but is the consequence of a weaker coupling,
leading to a small Cooper pair energy 2Agg ~ 1 meV.
However, what causes the large variation of the coupling
strength within the homologous family of cuprates is still
unclear. We emphasized that understanding the mechanism of
T, suppression in Bi-2201 is of significance for understanding
the mechanism of high 7, in other cuprates.
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