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Scanning Tunneling Spectroscopy of Bi;Sr;CuQOg+5: New Evidence for the Common Origin
of the Pseudogap and Superconductivity
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Using scanning tunneling spectroscopy, we investigated the temperature dependence of the quasipar-
ticle density of states of overdoped Bi;Sr,CuQOg4s between 275 mK and 82 K. Below 7, = 10 K, the
spectra show a gap with well-defined coherence peaks at =A, = 12 meV, which disappear at 7.. Above
T, the spectra display a clear pseudogap of the same magnitude, gradually filling up and vanishing at
T* = 68 K. The comparison with Bi,Sr,CaCu,0s+ 5 demonstrates that the pseudogap and the supercon-
ducting gap scale with each other, providing strong evidence that they have a common origin.
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Many experiments provided evidence for an unusual be-
havior in the normal state of high-temperature supercon-
ductors (HTS) [1]: Nuclear magnetic resonance, infrared
conductivity, neutron scattering, transport characteristics,
specific heat, spin susceptibility, thermoelectric power, and
Raman spectroscopy all showed indirect signatures which
were interpreted as the opening of a gap in the electronic
excitation spectrum above the critical temperature 7, the
so-called pseudogap [1]. This striking observation initi-
ated an intense and challenging debate about its origin,
since the answer to this key question may turn out to be
essential for the understanding of high-temperature super-
conductivity. Two basic trends can be found in literature:
Either the pseudogap has its origin in a phenomenon dif-
ferent from superconductivity [2] and which may possibly
be in competition with the superconducting state, or it has
basically the same origin as superconductivity [3] in which
case it might reflect the presence of pairs above 7.

Powerful tools to investigate these issues are angular re-
solved photoemission spectroscopy (ARPES) [4] and tun-
neling spectroscopy [5—10], since they give a direct access
to the quasiparticle density of states (DOS). Probing the
DOS of Bi;Sr,CaCu,0g+5 (Bi2212) single crystals as a
function of temperature clearly confirmed the presence of
a gap above T, [4-6,8]. Furthermore, ARPES demon-
strated that for underdoped samples the pseudogap and the
superconducting gap have a similar gap anisotropy in k
space [4]. Beyond these observations, scanning tunneling
spectroscopy (STS) showed that in Bi2212 the pseudogap
is not restricted to the underdoped state, but that it also ex-
ists in the optimally and even overdoped case [6—8]. These
studies strongly favor the idea that the pseudogap is related
to superconductivity and that it might be due to precursor
pairing [4—7,11]. Very recently, considerable attention has
been directed to superconductor-insulator-superconductor
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(SIS) tunneling and, in particular, to intrinsic SIS tunneling
experiments on multiple junctions in Bi2212 mesas [12].
These studies revealed a double gap structure in the tunnel-
ing conductance spectra: a sharp feature which develops
on top of a much broader excitation gap. The authors thus
claimed to distinguish and simultaneously observe both
the superconducting gap and the pseudogap. The super-
conducting gap showing a strong temperature dependence
and the pseudogap existing even below 7 led them further
to conclude that their origins are different. The definite
answer to the origin of the pseudogap thus still appears
ambiguous. Note however, that in these experiments the
superconducting gap at T < T, has about the same mag-
nitude as the pseudogap at various doping levels, which
is consistent with the above mentioned ARPES and STS
studies.

A limiting experimental fact is that these recent re-
sults were all obtained on a single compound, namely,
Bi2212. In order to draw more general conclusions it is
crucial to investigate other HTS compounds where the su-
perconducting parameters, such as 7, or the gap A, are
radically different. One such compound is Bi;Sr,CuOg 5
(Bi2201). This material has a very low critical tempera-
ture of T/ =~ 13 K [13], which is nearly an order of
magnitude lower than for Bi2212 (7" = 92 K; see [8]).
Bi2201 therefore presents an ideal stage to test the rela-
tion between the pseudogap and the superconducting gap.
Here we present a scanning tunneling spectroscopy study
of Bi2201 as a function of temperature.

We studied single crystals having a nonstoichiomet-
ric composition of Biy Sr;9CuOg+s. The samples were
grown by floating zone melting, yielding 72" = 10 K
(AT = 4 K) as measured by dc-SQUID magnetization.
The temperature dependence of the Hall coefficient and
the room-temperature thermopower show a characteristic
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behavior of overdoped samples [14] and allowed a consis-
tent determination of the hole concentration per Cu atom,
p = 0.18. The measurements presented in this Letter were
obtained using a newly developed sub-Kelvin scanning
tunneling microscope which operates under ultrahigh vac-
uum in variable temperatures between 275 mK and room
temperature [15]. The tunnel junctions were made be-
tween in situ cleaved Bi2201 (001) surfaces and electro-
chemically etched iridium tips mounted perpendicular to
the sample surface. In this configuration, the differential
tunneling conductance dI/dV primarily yields an angular
average over the ab plane DOS.

In Fig. 1a we focus on the tunneling conductance mea-
sured at 7 = 275 mK, showing typical spectra obtained
at different locations on the sample surface. They were
reproducibly observed on different crystals and after
subsequent in situ cleavages [16]. The spectra present
well-developed coherence peaks at *A, = 12 meV [17].
This is a striking result, since for a 7, of only 10 K the gap
magnitude is extremely large. It is by a factor 7 larger than
the BCS d-wave prediction Agcs = 1.8 meV [18]. This
further leads to a very high ratio 2A, /kgT, = 28, which
is even more remarkable since our sample is overdoped.
For comparison, at equivalent doping, Bi2212 yields
2A,/kgT, = 10 [6]. This result shows that in Bi2201
superconductivity is far from being BCS like, even in the
overdoped regime. Because of this extreme situation it
is crucial to search for signatures of a pseudogap. If the
latter is related to the superconducting gap, we expect a
correspondingly large pseudogap in a wide temperature
interval above 7.. On the contrary, if the origin of the
pseudogap is independent of superconductivity, we expect
that in our overdoped samples the pseudogap may be ab-
sent or, at least, that its magnitude is completely unrelated
to the superconducting gap. Harris et al. [17] reported
an ARPES study which showed leading edge shifts of
7 meV on underdoped Bi;3Sr; 7CuO¢+s5 (T, < 4 K) and
of 10 meV on optimally doped Bi;SrjgsLag35CuOg+s
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FIG. 1. (a) dI/dV spectra obtained at 275 mK at different
locations on in situ cleaved Bi2201 (T, = 10 K). In the main
panel the spectra are shifted vertically by 0.2 G Q ! for clarity.
In the inset they are superposed and normalized. The peaks are
at *A, = 12 meV. (b) 10 X 10 nm? constant current image
(R, = 1.5 G, raw data) showing atomic resolution and the
26 A periodic superstructure along the b axis.

4912

(T, = 29 K) at temperatures above T,.. They interpreted
these shifts as the opening of a pseudogap, although they
could not determine at which temperature T > T, the
pseudogap closes. Note that these values are smaller than
the gap magnitude we obtained in the superconducting
state on overdoped Bi2201. This observation further
emphasizes the need to determine the relation between
the pseudogap and the superconducting gap. As we shall
see, the temperature dependence of the tunneling spectra
presents a consistent picture and gives a clear answer to
this issue.

Compared to Bi2212 it is notoriously more difficult to
grow homogeneous Bi2201 single crystals, thus inherently
resulting in locally varying tunneling spectra. To access
the intrinsic DOS independently of local sample inhomo-
geneities, we systematically acquired 100 spectra spaced
equidistantly along a 20 nm line on the sample surface at
each selected temperature. Figure 2a shows the results at
three characteristic temperatures. The slope of the back-
ground conductance is reproducible and topographic imag-
ing routinely resolved atomic scale features, as shown in
Fig. 1b. Hence, the variations of the spectra are not due
to poor tunneling junction quality [16]. Consistently with
what we observed on Bi2212, the periodic superstructure
(Fig. 1b) does not lead to a spatial variation of the spec-
tra. Figure 2b shows the average of these spectra. The
peak positions scatter within =3 mV,,, around the av-
erage position and fine structures of the DOS tend to be
smeared out. However, the average spectra clearly de-
lineate the essential features. At T; = 8.8 K, below T,
well-defined coherence peaks delimit the superconducting
gap. At T, = 24.7 K far above T, a pseudogap is plainly
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FIG. 2. dI/dV spectra acquired at T = 8.8, 24.7, and 82 K.
(R, = 0.6 G(Q). (a) 100 superposed spectra acquired along a
20 nm path. (b) Respective average spectra together with the
82 K data (dashed line) and normalized to the conductance at
100 mV. (c) Same spectra, but normalized to the 82 K data.
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visible. Finally, at 75 = 82 K, the gap has filled up and
a broad hump, which is slightly offset to negative bias,
develops. Assuming that the 82 K spectrum reflects the
metallic normal state DOS, we normalized our data to this
background conductance to highlight the spectral changes
due to the pseudogap and the superconducting state.

To investigate the continuous evolution of the quasipar-
ticle DOS, we acquired tunneling conductance spectra at
various temperatures between 275 mK and 82 K as shown
in Fig. 3. All spectra up to about 70 K show a gap. At the
bulk 7., the coherence peaks abruptly disappear, similar
to Bi2212 [6]. This unambiguously shows that the large
gap measured below T is the gap of the coherent super-
conducting state of the bulk and that the conductance peaks
are related to the coherent superfluid density [19]. Further-
more, there is no sign indicating that the superconducting
gap closes at T, as predicted by the BCS theory. Instead,
the superconducting gap evolves into a clear pseudogap
which is roughly constant up to about 30 K (T > T,),
where the gap structure progressively becomes larger, as
also observed in Bi2212 [6]. The pseudogap gradually fills
up and finally vanishes at T7* = 68 = 2 K, which we de-
fined as the temperature where the zero-bias conductance
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FIG. 3. Temperature dependence of the tunneling conductance
of Bi2201. This representative set of spectra was acquired and
normalized to the 82 K background (dashed line) as described
in Fig. 2 and shifted vertically for clarity.
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FIG. 4. Interpolated top-view representation of the spectra

shown in Fig. 3. The grey scale corresponds to the normalized
differential tunneling conductance.

reaches 95% of the normal state conductance given here
by the 82 K data.

The purpose of the top-view representation (Fig. 4) is to
focus on the general trend of the overall temperature behav-
ior, rather than on detail features. The present temperature
dependence largely confirms what has been observed pre-
viously by STS on Bi2212 [6], with the central difference
that Bi2201 has radically different superconducting pa-
rameters. The key observation in the temperature depen-
dence is the extremely large pseudogap phase compared
to the superconducting one. There is a factor 7 between
T* and T, which is precisely the same factor we observed
between A, and Agcs.

A consequence of these results is that the ratio of A,
and T* is the same as found in other HTS materials.
In Fig. 5 we plotted T*/T, versus 2A, /kpT, for several
HTS materials which have been investigated by tunnel-
ing spectroscopy. Oda et al. [11] and Nakano et al. [20]
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FIG. 5. T*/T. versus 2A,/kgT. for various cuprates com-

pared to the mean-field relation 2A, /kpT* = 4.3 [18], where
T* replaces T,. Error bars are extracted from the given
references.
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FIG. 6. Comparison between the pseudogap (dashed line, T >
T.) and the gap in the superconducting state (solid line, 7 <
T.) for underdoped (UD) and overdoped (OD) Bi2212 [6], and
overdoped Bi2201 (present work). All curves are raw data.

highlighted that Bi2212 and La214 fall close to the BCS
d-wave relation 2A,/kpT* = 4.3 [18], where T is re-
placed by T*. Strikingly, this is also true for Bi2201, al-
though 2A, /kgT. is by a factor 2—3 larger than for the
other compounds. It thus confirms that it is 7™, rather
than T, which reflects the mean-field critical temperature
of the superconductor. This consistency favors models
which evoke precursor pairing as the origin of the pseu-
dogap phase [3]. From this point of view, the fact that
the pseudogap temperature 7™ is almost 1 order of magni-
tude larger than 7, reveals that phase fluctuations are very
strong in this single CuO; layer cuprate, even in the over-
doped regime.

The central result of this Letter is related to the scal-
ing between the superconducting gap and the pseudogap.
In spite of the low T, and the overdoped nature of our
samples, we find that the ratio between the gap in the su-
perconducting state and the pseudogap is the same as in
Bi2212. Figure 6 compares the tunneling spectra above
and below T, for the present study on overdoped Bi2201,
as well as for over- and underdoped Bi2212 [6]. To high-
light the scaling properties, we normalized the energy scale
to the respective A, of each compound, thus demonstrat-
ing that the relative size of the pseudogap with respect to
the superconducting gap is in all three cases the same. This
consistency is remarkable since the energy scale given by
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A, is a factor 3—4 smaller for Bi2201 compared to Bi2212.
The present data thus bring a manifest confirmation that the
pseudogap scales with the superconducting gap, giving a
robust evidence that the origin of the pseudogap is related
to superconductivity.

In conclusion, using scanning tunneling spectroscopy,
we measured the temperature dependence of the DOS of
overdoped Bi2201 between 275 mK and 82 K. Together
with earlier results on Bi2212, we obtain a systematic
picture where the pseudogap scales with the gap in the
superconducting state, although both compounds show
radically different superconducting parameters. Further-
more, the surprisingly large gap value observed in Bi2201
and the correspondingly large T* add strong evidence that
in these materials the pseudogap has the same origin as
superconductivity.
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