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Multilayered cuprate superconductor Ba2Ca5Cu6O12(O1−x,Fx)2 studied by temperature-dependent
scanning tunneling microscopy and spectroscopy
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Scanning tunneling microscopy/spectroscopy (STM/STS) measurements were carried out on a multilayered
cuprate superconductor Ba2Ca5Cu6O12(O1−x,Fx)2. STM topography revealed random spot structures with the
characteristic length �0.5 nm. The conductance spectra dI/dV (V ) show the coexistence of smaller gaps �S

and large gaps (pseudogaps) �L. The pseudogap-related features in the superconducting state were traced with
the spatial resolution of ∼0.07 nm. Here, I and V are the tunnel current and bias voltage, respectively. The
temperature, T , dependence of �S follows the reduced Bardeen-Cooper-Schrieffer (BCS) dependence. The
hallmark ratio 2�S(T = 0)/kBTc equals to 4.9, which is smaller than those of other cuprate superconductors.
Here, Tc is the superconducting critical temperature and kB is the Boltzmann constant. The larger gap �L survives
in the normal state and even increases with T above Tc. The T dependencies of the spatial distributions for both
relevant gaps (� map), as well as for each gap separately (�S and �L), were obtained. From the histogram of �

map, the averaged gap values were found to be �̄S = ∼24 meV and �̄L = ∼79 meV. The smaller gap �S shows
a spatially homogeneous distribution while the larger gap �L is quite inhomogeneous, indicating that rather
homogeneous superconductivity coexists with the patchy distributed pseudogap. The spatial variation length ξ�L

of �L correlates with the scale of the topography spot structures, being approximately 0.4 nm. This value is
considerably smaller than the coherence length of this class of superconductors, suggesting that �L is strongly
affected by the disorder of the apical O/F.

DOI: 10.1103/PhysRevB.95.174508

I. INTRODUCTION

Despite the recent discoveries of new classes of su-
perconductors [1,2] with high critical-temperatures (Tc’s),
including, e.g., magnesium diboride MgB2 [3], iron super-
conductors [4,5], carbon-based materials [6], H2S under high
pressures [7], etc., the copper-oxide superconductors found
in 1986 [8] still remain the main object of the theoretical
and experimental research [9,10]. It can be explained by the
highest achieved Tc’s at the ambient pressures and various
unusual fascinating properties both from the scientific and
technological points of view. However, even those numerous
studies could not uncover the mechanism of superconductivity
in cuprates as well as the origin of their high Tc’s [11–15]. Nev-
ertheless, the energy gap structures, especially, the so-called
pseudogap (PG) features [10,16,17] provide the community
with the inestimable information, which helps to examine
both the strength of the Cooper-pairing interaction [14] and
the symmetry of the superconducting order parameter [18,19].
The quasiparticle energy spectra can also reveal the competing
orderings strongly affecting the superconductivity in high-Tc

oxides [10,14,20,21]. The magnitudes of the observed energy
gaps in cuprates are of the order of several tens mV, that
is very large as compared to their Tc’s if the Bardeen-
Cooper-Schrieffer (BCS) relationships for the s-wave [22]
or d-wave [23] pairings are taken as the reference values.
Furthermore, it has been widely reported that these gap
magnitudes were inhomogeneously distributed with the spatial
scales of several nm in Bi-based [24–32] high-Tc oxides. It is
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remarkable that the gap-value histograms are predominately
double-peaked, which seems to be the manifestation of the
superconducting gap and pseudogap intertwining [33]. Hence
the analysis of the varying inhomogeneities may be useful to
understand the cuprate superconductivity because the observed
gap spatial distributions include regions of the nanometer scale
with gaps being so large, that the corresponding Tc’s found on
the basis of the BCS relationships substantially exceed the
actual ones. The origin of the inhomogeneities is not known
for sure, although recent observations of Bi-based high-Tc

superconductors showed that they were closely related to
the disorder in the interstitial oxygen and vacancy positions
outside the CuO2 conducting layers, the defects acting as
the scattering centers [32]. One should not also rule out the
possibility that the bizarre patterns of the spatial disorder is
the consequence of the intrinsic phase separation extensively
studied theoretically and most probably revealed experi-
mentally in some of the objects concerned [20,30,34–37].
However, some problems still remain unclear: (i) whether the
inhomogeneous gap distributions are common to all high Tc

oxides and (ii) are they driven by the scatter of the Cooper
pairing strength or the intensity of the competing interaction
leading to the pseudogap formation? The answers to those
questions can be obtained by extending the scope of tunnel
measurements to other cuprates.

Recently, the high-quality single crystals of the multilay-
ered cuprates with apical fluorine, Ba2Can−1CunO2n(O1−x ,
Fx)2 [F02(n-1)n, n is number of CuO2 planes] have been
successfully synthesized [38–40]. Those compounds seem
to be very promising because their Tc exceeds 100 K. It is
also very convenient, that the clean flat surface of BaO/F
layer can be obtained by cleaving the single crystal. Hence
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FIG. 1. (a) The crystal structure of F0256 superconductors. (b) Typical example of the STM topography with the atomic arrangement on
a cleaved F0256 single crystal (V = +0.4 V and I = 0.2 nA). (c) SEM micrograph on an F0256 single crystal. (d) Temperature dependence
of the magnetic susceptibility. (e) The local barrier height (LBH; work function) map of an F0256 surface (tunneling current I = 0.4 nA,
tip-sample distance range �z = 0.2 nm). (f) The histogram of LBH data extracted from the map of Fig. 1(e).

those compounds constitute a class of appropriate materials to
investigate their surface nanoscale inhomogeneity depending
on their superconducting properties. One can expect that they
may serve as another testing ground to manifest gap-spread
phenomena revealed earlier in the Bi-based cuprates. The
superconducting properties of Ba2Can−1CunO2n(O1−x , Fx)2

can be controlled by changing the number of CuO2 planes
n, as shown in Fig. 1(a). At first, Tc increases with the sheet
number n, reaches its maximum at n = 3 and saturates at
large n [11]. It was also shown that the indicated dependence
correlates with the charge carrier concentration profiles. (The
nonmonotonic dependence of Tc on the charge carrier density
is inherent, e.g., to the conventional BCS-Eliashberg theory of
superconductivity, the decrease at high concentrations being
the consequence of the strong electron-phonon-attraction
screening in this limit [41,42].) Specifically, according to
the nuclear magnetic resonance (NMR) experiments, each
CuO2 plane demonstrates a different carrier concentrations,
i.e., the inner CuO2 planes have lower carrier density than
that of outer CuO2 planes [11,43]. The NMR measurements
also showed that the inner CuO2 planes tend to become
antiferromagnetic while the outer CuO2 ones remain super-
conducting. In view of this complexity, it is no wonder that
previous point-contact tunnel spectroscopy experiments in
F0234 displayed multiple-gap structures, that were attributed
to the superconducting gap and pseudogap [44]. In particular,
the pseudogap features were suggested to be induced by the
antiferromagnetic state developed in the inner planes below
a corresponding critical temperature. Moreover, the angle-
resolved photoemission spectroscopy (ARPES) measurements
of F0234 revealed double Fermi surfaces [45], which the
authors considered to originate from the two different types
of planes, i.e., inner and outer ones. Thus the multiple Fermi

surfaces and the multiple gap structures are probably related
to the coexisting antiferromagnetism and superconductivity
in those multilayer materials. However, while the differences
between the average carrier concentrations in the CuO2 layers
were studied in sufficient detail by various means, the existence
of intrinsic nanoscale inhomogeneities inside each CuO2 plane
is still not understood.

Recently, we carried out scanning tunneling microscopy
(STM) experiments on F0256, which identified the apical
O and F positions in the BaO/F layers by observing the
spot structures [46,47]. The inevitable disorder induced by
substitutions of the apical O by F (anion replacement)
should potentially affects the spatial energy gap distributions.
Therefore, it is natural to expect that the inhomogeneous gap
structures in F02(n-1)n would be observed in the precise
STM/scanning tunnel spectroscopy (STS) experiments, and
the latter would clarify whether the nanoscale inhomogeneity
is the common property of different cuprate superconductors.

In this paper, we present the corresponding systematic
observations by the STM/STS technique of temperature
(T )-dependent gap distributions for the superconductors
Ba2Ca5Cu6O12 (O1−x , Fx)2 with six CuO2 layers [F0256,
shown in the scheme of Fig. 1(a)]. The results confirmed that
the multiple-gap structures with the spatially inhomogeneous
magnitude distributions are indeed strongly affected by the
disorder at the apical O/F location.

II. EXPERIMENTAL

The single crystals of superconducting
Ba2Ca5Cu6O12(O1−xFx)2 (F0256, x = 0.79) were fabricated
by a high-pressure synthesis technique [39,40]. The typical
size of the single crystal is about 0.6 mm × 0.6 mm × 0.1 mm.
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FIG. 2. (a) The STM topography on F0256 at T = 4.9 K (V = +0.3 V and I = 0.25 nA). The black dots indicate the positions of the
large spots. (b) The averaged dI/dV (V ) curve for F0256 at T = 4.9 K. (c)–(e) The line profiles of the dI/dV (V ) spectra at the temperature
T = 4.9 K along arrows 1–3 in Fig. 2(a).

The large-size single crystal of this composition is relatively
easier to obtain than those of other compositions. Figures 1(b)
and 1(c) show the examples of the STM image [46] and
the scanning electron microscope (SEM) image of the
single crystal F0256 cleaved surface, respectively. A rather
smooth surface is found by the SEM observation [Fig. 1(c)],
which is suitable for STM measurements. The STM image
[Fig. 1(b)] shows atomic arrangements with the spatial
period of ∼0.38 nm (indicated by dashed lines). These
structures should be attributed to the oxygen sites on the
CuO2 sheet and Ba/F sites (indicated by circles), the result
being basically similar to that obtained earlier for F0245 [47].
We note that such atomic arrangements are observed only
inside the area between the large spot structures [shown
in Fig. 2(a)]. The Tc � value of 70 K was determined by
measuring the T dependence of the magnetic susceptibility
as shown in Fig. 1(d). The T dependence of resistivity
confirms this result. The x-ray diffraction (XRD) and electron
probe micro-analysis (EPMA) measurements confirmed the
adopted six-layered CuO2 phase indicated as the schematic
model in Fig. 1(a). The composition ratio determined by
EPMA revealed that the average Ba:Ca:Cu:F ratio was
2.00:5.13:5.78:1.59, which is in a good agreement with the
ideal stoichiometric ratio for this compound.

The STM equipment used in this experiment is com-
mercially based system (Omicron LT-STM) with upgraded
modifications [48,49]. The single crystals were cleaved at 77 K
under the ultrahigh vacuum atmosphere of ∼10−8 Pa. The
exposed surface is considered to be the BaO/F layer as shown
in Fig. 1(a). The Pt/Ir tip was cleaned by the high-voltage field
emission process with the Au single-crystal target just prior to
the measurements. The STM/STS observations were carried
out in the temperature range of 4.9 to 290 K using the heating

system in the ultrahigh vacuum of ∼10−8 Pa. Before STM/STS
observations, the local barrier height (LBH; work function)
was measured on the basis of the relationship between the
tunneling current (I ) and the tip-sample distance (z) (I–z

method [49]). Fig. 1(e) shows the simultaneously obtained
LBH map of F0256 surface with 5 nm × 5 nm measurement
area. The histogram of LBH data extracted from the map are
presented in Fig. 1(f), demonstrating sufficiently large values
(3 ∼ 4 eV) to carry out measurements in the tunneling regime.
dI/dV curves were obtained by numerical differentiation of
the measured I–V characteristics with the spatial interval
of ∼0.07 nm. The voltage at the sample is considered as a
reference one.

III. RESULTS AND DISCUSSION

Figure 2(a) demonstrates an STM image (topography) of
the cleaved F0256 single crystal surface at T = 4.9 K for
V = +0.3 V and I = 0.25 nA. The randomly distributed
bright spots (indicated by black dots) of the sub-nanometer
size are clearly observed over the whole scanned area. Such
large spot structures have been already reported in our previous
communications [46,50,51]. These spots were suggested to
correspond to the nonreplaced apical oxygen of topmost BaO/F
layers. This conclusions stems from the observation that the
fraction of such spots in the STM images correlates with the
O/F ratio obtained by the element analysis. Indeed, the spot
density obtained by the direct counting was about ∼28% of
apical O/F atomic sites, being in the fairly good agreement
with the atomic ratio of apical O (1 − x) � 21% found by
the EPMA element analysis [46]. It should be noted that
clear periodic atomic structures were not visible in this frame.
However, we observed the atomic corrugations with the period
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of ∼0.38 nm inside the interval between the spot structures,
as is shown in Fig. 1(b). Additionally, our previous study of
the other compound F0245 showed the existence of apparent
atomic-lattice structures with such spots and the fourfold
cross shaped clusters of the spots [47]. Empirically, from
our experiments, such random spot structures were sometimes
observed on contaminated oxide surfaces. However, the LBH
measurements, which give a large value (3 ∼ 4 eV) ensuring
the ideal vacuum tunneling regime, testify that the observed
surface areas were not contaminated. The observed random
spot structures, which are distributed in the BaO/F layers,
cause the disordering outside the “superconducting” CuO2

planes. Nevertheless, they may affect the electron states and,
hence, the superconducting gap in the quasiparticle spectrum.
To check the possibility and strength of such disorder effects,
we carried out the STS measurements and obtained numerous
dI/dV spectra at various locations, the results, as are well
known, being proportional to the local density of electron
states (LDOS).

In Fig. 2(b), the dI/dV versus V dependence, averaged
over the whole area shown in Fig. 2(a), is represented. One
can clearly recognize two kinds of gap structures in the
positive-bias branch: a larger-gap peak (dubbed as �L) and
the inner subgap kink feature (dubbed as �S), both indicated
by arrows in Fig. 2(b). The larger gap �L is about ∼80 meV
being defined by the corresponding peak position at V > 0.
On the other hand, the magnitude of �S , which is defined
by the kink feature location for the same positive voltage
branch, is about ∼20 meV. The revealed peaks, corresponding
to �S , are not as pronounced as those sometimes seen in
Bi-based cuprates. Nevertheless, the peaks at energies �S are
regularly and reliably observed, being visible for both positive
and negative biases. The absence of sharp BCS-like peak
structures at the edge of the superconducting gap regions are
typical for cuprate superconductors, the higher Tc of which
does not always correlate with the apparent peaks in the
conductance dI/dV spectra. For example, this is true for
YBa2Cu3O7−d (YBCO with high Tc of 93 K), where the
dI/dV spectra do not show distinct gap-edge features. In
particular, the area-averaged spectra did not show sharp peaks
(Ref. [52]). In this connection, it is also worthwhile to consider
the “layer resolved” STS measurements on Bi2212 [53],
which demonstrate the multiple gap structures on Bi2212. In
particular, the dI/dV curve for “CuO2 sheet” in Bi2212 turns
out to be very similar to our results on F0256. The asymmetric
dI/dV curves for the strongly underdoped (p ∼ 6%) samples
of Bi2212 [54] are of the same kind as ours as well. There are
two main possible reasons of the observed modest gap-edge
manifestations in high-Tc materials. First, is the d symmetry
of the superconducting order parameter in cuprates, which is
widely accepted as being the case [19] (although the situation
is not at all unambiguous [18]). Then, the gap anisotropy with
nodes leads to the much more smooth behavior of dI/dV both
in symmetric and nonsymmetric tunnel junctions involving
d-wave superconductors [23] than for the isotropic BCS su-
perconductors. The second reason is the intertwining between
superconductivity and another long-range order responsible
for the pseudogaps. This is exactly what is observed here and
in experiments cited above [52–54]. From these facts, such
smeared �S signals should be regarded to reflect the essential

intrinsic features of the sample LDOS rather than the poor
sample quality or a contamination influence.

Figures 2(c)–2(e) demonstrate the evolution of the
dI/dV (V ) profiles along the arrows 1–3 in Fig. 2(a) measured
with the increment of ∼0.07 nm. Almost all dI/dV (V ) curves
reveal the asymmetric behavior with the apparent peaks in the
positive bias branch in the range V = +50 ∼ +100 mV, as
is shown by the dotted lines in Fig. 2(d). Such peculiarities
are considered to be of the same kind as the average gap �L

clearly seen in Fig. 2(b). The asymmetry of the current-voltage
characteristics is typical for cuprates [30] and may be caused
by various reasons [55]. In many curves, the less-pronounced
peak or kink structures can be also found for the negative
bias branch in the range V = −50 ∼ −100 mV. The smaller-
(inner-) gap structures are visible simultaneously with the
larger-gap features but at substantially lower positive voltages
of V = +10 ∼ +30 mV, as is shown by the dashed marks
in Fig. 2(e). Those peculiarities are attributed to the gap �S

indicated in Fig. 2(b). It is remarkable that both coherent-
peak positions and heights vary along the surface at small
distances in the range of ∼1–2 nm. The results accumulated in
Figs. 2(c)–2(e) testify that the double-gap tunnel conductance
spectrum is observed at each location point, indicating the
coexistence of �L and �S at least within the spatial resolution
of the measurements (�0.07 nm).

To obtain more insight into the origin and character of
these multiple-gap spectra, we visualize the two-dimensional
(2D) spatial gap distribution (� map) obtained from the
dI/dV measurements, like those shown in Figs. 2(c)–2(e).
In Fig. 3(a), we depicted the � map created at T = 4.9 K
and corresponding to the STM image area of Fig. 2(a). The �

values were defined by the lowest peak locations at the positive
bias branch. If there were two gap peaks for a single dI/dV (V )
spectrum, the map point is attributed to the lower one �S value
rather than to the larger one �L. Hence the � map includes
both gap values, namely, �L and �S . In Fig. 3(b), such points
that correspond to the multiple-gap spectra are indicated by
the gray-scaled pixels. We note that some dI/dV (V ) curves
exhibit the peculiarity at the smaller gap �S location as a
kink rather than the coherence peak at the gap edge. Such
features were not included into the map of Fig. 3(b). The
�S distribution including the kink structures (�S kink) will
be shown and discussed later. [See Fig. 6(a1).] The map
sections corresponding to the multiple-gap electron spectrum
were much smaller than the single-gap areas. Figure 3(c)
includes the spatial distribution of �L (�L map) defined by the
maximum-peak voltage at the positive bias branch, as is shown
in Fig. 2(b) by the arrow and notation �L. The �L map exhibits
the distribution similar to that appropriate to the general �

map shown in Fig. 3(a). In addition, the �L map reveals
patch-like structures with a smooth spatial variation, which
are similar to that found for Bi-based and some other families
of cuprate superconductors [56]. However, in contrast to the
latter, one can recognize that the length scale of the spatial
variation depicted in Fig. 3 is rather small, about �∼1 nm.
This length scale is comparable to that of the spot structures,
as is seen in the topography of Fig. 2(a). The character of
the gap-distribution length scale will be discussed in more
detail below. The histogram of � map [Fig. 3(a)] is shown in
Fig. 3(d). One can readily see that this histogram has a structure
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with distinct two-peaks, as is indicated by the two arrows in
Fig. 3(d). Such a form testifies that the �S and �L are entirely
separated at the dividing energy of E � 40 meV, so that both
distributions should be associated with different types of gaps.
The partitioning into low and high energy gaps of nonsimilar
nature is well-known for cuprates, where high-energy gaps
are traditionally called pseudogaps [10,16,17] and are most
probably the consequence of the charge density wave (CDW)
formation, recently observed by various methods [33,57]. The
�L distribution is rather wide, in the range from �L = 40 to
140 mV. The average value of the smaller �S is �̄S � 24 meV
with the standard deviation σ � 5 meV, while that of the larger
one is �̄L � 79 meV with σ � 17 meV. Figures 3(a) and 3(b)
demonstrate that the �S-covered area in the map consists of
disconnected fragments covering only about ∼7.5% of the
whole surface. This small area is shown in Fig. 3(c) as dark
spots distributed inside the major �L-covered area.

The temperature-dependent STS measurement results are
presented in Fig. 4. They include the typical dI/dV line
spectra, � maps, and the �-map histograms, depicted in
upper, middle, and bottom panels, respectively. The selected
T values are (a) 4.9, (b) 15, (c) 45, (d) 60, and (e) 77 K,
thus including temperatures both below and above Tc. The
relevant notations are the same as those of Fig. 3(a). The
spectra were measured for 64 × 64 points at T = 4.9 and
15 K, while at T = 45, 60, and 77 K the number of points was
reduced to 32 × 32 in order to maintain the stable measurement
conditions. The results obtained at T = 4.9 K and represented
in Fig. 4(a) are the same as in Fig. 3 and are included once
more for comparison. The locations of the dI/dV profile
sets for each upper panel are indicated by black arrows in
the corresponding � maps (middle panels). The dI/dV line
profiles of Fig. 4(b) (T = 15 K) demonstrate the clear-cut
peak structures at �L as recognizable as those for T = 4.9 K.
Similarly, the histogram at T = 15 K reveals the double-peak
gap distributions (lower �S and higher �L) with the border
energy of ∼ 40 meV, which are as clearly observed as same as
those at T = 4.9 K. The average values of the relevant gaps
are �̄S(T = 15 K) � 20 meV and �̄L(T = 15 K) � 62 meV.

On the other hand, the dI/dV line spectra at T = 45 and
60 K are thermally smeared but the gap peaks still can
be recognized at about V � ±50 mV. The histogram at
T = 60 K also exhibits the double-peak distribution, with
the energy of ∼30 meV being an approximate point dividing
�S and �L. If we accept the border between �S and �L

distributions as � = 30 meV, the average values of the gaps
involved become �̄S(45 K) � 20 meV, �̄S(60 K) � 17 meV,
�̄L(45 K) � 63 meV, and �̄L(60 K) � 65 meV. In Fig. 4(e),
the STS results are shown for T = 77 K, i.e. above Tc. The
corresponding dI/dV spectra reveal large shallow depressions
with remnants of broad gap peaks around V ∼ 100 mV. From
the histogram at T = 77 K, the average gap can be estimated
as �̄(77 K) � 104 meV. At the same time, the histogram at
T = 77 K shows no traces of the double-peak patterns. Since
�S vanishes above Tc, it is reasonable to suggest that it is
the true superconducting gap, whereas the interpretation of
the other gap �L, which survives in the normal state, needs
further discussion.

In order to accurately obtain the T dependence of �, it is
necessary to measure the temperature evolution of dI/dV (V )
curves both below and above the critical temperature, smoothly
crossing this crucial point. The results of such measurements
carried out in the bias voltage range of |V | < 200 mV and the T

range of T = 4.9 to 284 K are depicted in Figs. 5(a) and 5(b).
In Fig. 5(b), the presented dI/dV (V ) curves were derived
by averaging the whole measured dI/dV set of Figs. 4(a) to
4(d). Each dI/dV (V ) curve shown in Figs. 5(a) and 5(b) was
obtained by dividing the measured dI/dV conductance by
V = 120 mV [G(V )/G(120 mV) = 1 at V = 120 mV]. For
clarity of the comparison, the curves were offset. Looking at
Fig. 5(a), one can clearly recognize that the LDOS depletion
associated with the large �L indeed survives far above Tc up
to about T ∼ 200 K. The persistence of the gap-like electron
spectrum behavior above Tc is consistent with the indicated
above pseudogaps, which clearly manifest themselves in Bi-
based cuprate superconductors [9,10,58–61].

The T evolution in the T range 4.9 to 70 K of averaged
dI/dV (V ) spectra is shown in Fig. 5(c) for low bias voltages
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|V | < 40 mV, including the V range where the smaller
(superconducting) gap �S clearly manifests itself. This data
set makes it possible to find the T dependence of �S [46]. In
order to make results quantitative, our experimental dI/dV (V )
dependencies were fitted by the theoretical formula for the
tunnel conductance. Namely, the fitting curves were based on
the basic Dynes phenomenological function [62]. However,
the latter was modified by the weighting function reflecting
the adopted dx2−y2 -wave superconducting order parameter
symmetry [23] and with an additional function making
allowance for the linear background function manifesting itself
for cuprates [63],

dI

dV
∝

∫ π/2

−π/2

∣∣∣∣∣∣Re

⎡
⎣ eV − i�√

(eV − i�)2 − �2
S fit cos2 2θ

⎤
⎦

∣∣∣∣∣∣dθ + kV,

(1)
where � and k are the Dynes broadening parameter and
a constant, respectively [46]. The variable θ is the angle
measured from the anti-nodal line on the two-dimensional
CuO2 plane. Thin solid lines in Fig. 5(c) correspond to the
fitting curves at each temperature.

At 4.9 K, the fitting results are as follows: �S fit = 14.7 meV,
� = 4.4 meV, and k = 5.15 × 10−3 (V−1). As T increases,

the calculated superconducting gap �S fit remains almost
constant up to ∼40 K, for example, �S fit(10 K) = 15 meV
and �S fit(40 K) = 16 meV. However, above T = ∼50 K, �S-
related peculiarities in the dI/dV curves are quickly smeared
and the value of �S fit begins to gradually decrease. In Fig. 5(d),
the �S fit values found at various temperatures are plotted
by solid diamonds. The dashed line in Fig. 5(d) represents
the T dependence of the gap given by the conventionally
reduced BCS theory, which (in this coordinates) is quite
similar for dx2−y2 -wave and s-wave symmetries of the order
parameter [64]. One sees that the curve �S fit(T ) follows the d-
wave weak-coupling BCS law of the corresponding states [23]
(the dashed curve). The magnitudes of the �̄S and �̄L are
plotted together in Fig. 5(d) as the open diamonds and the open
triangles, respectively, showing that �̄S slightly decreases with
growing T , while �̄L exhibits no conspicuous changes in the
range 4.9 K � T � 60 K. All the fitting values of �S fit are
smaller than the averaged ones �̄S . At the same time, the
empirical relationship �S fit + � = �̄S [65] is approximately
valid for the results obtained. The role of broadening factors
was also discussed in more detail for tunnel measurements
of superconducting α-KxTiNCl and β-HfNCly [66]. The huge
discrepancy between �S fit and �̄S cannot be understood on the
basis of the dissipation-related broadening � and its thermal
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counterpart. Thus its nature remains obscure. That is why
we considered reasonable to analyze �S fit rather than �̄S to
elucidate the actual temperature dependence of the gap �(T ),
whatever broadening and disorder factors influence the gap-
value distributions. Hence a true superconducting energy gap
identified with the calculated �S fit takes the value ∼15 meV
at T = 0. This leads to the gap versusTc ratio 2�S(0)/kBTc ∼
4.9, which apparently exceeds the weak-coupling values of
this important mean-field parameter both for s and d-wave
superconductors. It means that the strong-coupling effects are
important although not crucial in our case, so that the use
of the phenomenological treatment [62] is justified. Here, kB

is the Boltzmann constant. The value of this benchmark ratio
∼4.9 is smaller than that of Bi2Sr2CaCu2O8+δ (Bi2212, = 7 ∼
10) or La2−xSrxCuO4 (= 5 ∼ 10), but is comparable to that
of YBa2Cu3Oy (=4 ∼ 6) and electron-doped Ln2−xCexCuO4

(= 4 ∼ 7, Ln= lanthanides) [28,67–70]. The unusually small
ratio as compared to that of the similar Bi2212 may be
associated with difference in inhomogeneous �L and �S

distributions or to the change of the ratio 2�S(0)/kBTc due
to the influence of the pseudogap (CDW gap) �L [55].

The T dependencies of the larger gap �L are depicted
in the upper part of Fig. 5(d). There are two kinds of the
measured quantities, which may represent the actual gap. The
first one is �̄L, being the averaged value from the histogram
describing the �L group of Fig. 4 (red-open triangles), and the
other one (red-solid triangles) is directly obtained as the outer
peak voltage at the positive bias of the averaged dI/dV (V )
curve, such as shown, e.g., in Fig. 5(a). It comes about that

the gap �L persists both below and above Tc ∼ 70 K and its
magnitude increases from 60 to ∼110 meV with growing T . In
analogy with Bi-based cuprates, the quantity �L is suspected
to be a pseudogap (CDW gap) competing with superconduc-
tivity [10,33,55,64]. Hence the initial increase of �L when
superconductivity is suppressed near Tc is quite natural. On
the other hand, the further continuous enhancement of �L at
higher temperature is counterintuitive, since in the mean-field
scenario the CDW order parameter behaves similarly [71] to its
superconducting analog, which was clearly observed, e.g., for
dichalcogenides [72] and trichalcogenides [73,74]. It should
be noted that the growth of the PG with T far above Tc was
also observed for Bi(Pb)2Sr2Ca(Tb)Cu2O8+δ [75]. However,
in the latter material the enhancement gave way to the
decrease at ever larger temperatures, making nonmonotonic
the overall PG behavior. Peculiarities intrinsic to the presented
here larger gap dependence as well as data of Ref. [75]
might be caused either by the unusually strong dielectric
order parameter fluctuations in those quasi-two-dimensional
oxides [76,77] or the interplay between the pseudogap and
CDW gaps being different phenomena in this case, coexisting
in the nonsuperconducting region of the phase diagram [9,10].
This speculation is supported by the recent observation of the
CDW-gap nonmonotonic behavior (analogous to that found in
high-Tc oxides [75]) in the superconducting layered dichalco-
genide 2H -NbSe2 as well [78]. The very interpretation of
the gap �L in F0256 as the CDW one is tentative and is
based on the analogy between this superconducting cuprate
and its analogues, where CDWs were first guessed to exist and
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later on discovered directly by x-ray scattering. For instance,
CDWs were discovered in YBa2Cu3O7−δ [79,80]. By CDWs
in cuprates we mean not only charge-carrier static waves but
also the concomitant periodic lattice distortions minimizing
together the free energy of the whole metallic system [71,81].

In Fig. 5(d), one can easily see the difference in energy
between �L and �S , specifically, �L is about 4 to 5 times
larger than �S . However, in contrast to �S , which in the
usual way disappears below the critical temperature of the
superconducting transition Tc ∼ 70 K, the competing gap �L

survives in the normal state, up to ∼200 K. We note that
this is in line with the pseudogap (the CDW gap, in our
interpretation [33,55,64]) behavior in a number of cuprate
superconductors, especially in Bi-based ones, when the larger
gap manifests itself above Tc, as was confirmed by various
experimental methods [9,10,16,17,58–60,82]. In particular, in
our previous break-junction (BJ) tunneling experiment, the
temperature dependence of the normal-state gap magnitude
varied up and down in the Tc neighborhood and persisted up
to almost the room temperature [59].

As was mentioned above, the magnitudes of both relevant
gaps in high-Tc oxides demonstrate substantial spatial scat-
ter [24–33,57,84]. In our samples, the length scale of the �

variation, especially that of the �L is very small. In order
to clarify the correlation between the spot structures in the
topography and the spatial � variations, the continuous spatial
variations of �S also should be explored. However, the �S

peak is so small that the distribution of �S is discrete. Hence
we additionally estimate the distribution of �S including the
“kink” structure �S kink, which was not taken into account

in the �S map of Fig. 3(b). The definition of the �S kink

value is the inflection point of the kink structure around
V = 5 ∼ 40 meV. Figure 6(a1) displays the �S kink map on
the squared area of the topography of Fig. 2(a) and is shown
together with with the contour plots of the topography. The �L

map with the contour plots of the topography is also depicted
in Fig. 6(a-2), reproducing the bottom part of Fig. 3(c). The
line-cut profiles of �S kink and �L taken at the same positions
along the arrows shown in Figs. 6(a1) and (a2) are plotted
in Fig. 6(b) along with the topography profiles. The �S kink

was seen uniformly in the almost whole area except several
positions of the spot structure. These results indicate that the
quantity �S kink truly characterizes the superconducting states
and is homogeneously distributed, while the larger gap �L

is quite inhomogeneous and seems to be affected by the spot
structures. As stems from the profile plots, the �L values do
not exactly correlate with the topography height. For instance,
the spot position A is in the small-�L region, while the
spot B is found in the large-�L area. However, the steep
spatial variation of �L does occur in the neighborhood of
the spot structures. Thus the gap �L is strongly influenced
by spot structures contrary to its counterpart �S kink. Hence
the disorder appropriate to the BaO/F layers strongly modifies
the pseudogap, while the superconducting gap of �S is not
conspicuously influenced. It means that the sample inhomo-
geneity is linked to the nonhomogeneous spatial distribution
of the pseudogaps, the latter proven previously to be intrinsic
to Bi-based ceramics [31]. To treat the spatial inhomogeneity
of �L quantitatively, we estimated the full width at the half-
maximum height (FWHM) of the �L map autocorrelation,
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ξ�L
. It turned out that the typical characteristic length ξ�L

is about ∼0.4 nm. For comparison, we also estimated ξ�L

from our previous results concerning � maps of Bi2212 and
Bi2201 (Bi2+xSr2−xCuO6+δ) cuprate superconductors [28].
All estimations are displayed on the Tc-ξ�L

plane in Fig. 6(c).
It is clear from this comparison that the characteristic length
ξ�L

of F0256 is much shorter than that of Bi-based cuprate
superconductors, i.e., by the factor of 1/2 to 1/3. Such a
short characteristic length seems unexpected, because the
spatial-inhomogeneity features of the gap �L distribution in
F0256 turned out to be correlated with the spot structures
rather than the superconducting coherence length ξ (several
nanometers).

As was indicated above, the spot structures in F0256 were
due to the nonreplaced apical oxygen, as comes about from the
comparison between the spot number and the O/F ratio. There-
fore these results indicate that the inhomogeneity should not
be associated with superconductivity but is due to some other
reasons, such as disorder of BaO/F layers. Recently, Zeljkovic
et al. showed that the disordered excess oxygens outside the
CuO2 planes behave as the scattering centers and stabilize
the pesudogap in Bi2212 [32]. From this, quite reasonable,
point of view, one should consider the nonsuperconducting
gap �L (pseudogap or CDW gap) as strongly affected by the
nonreplaced oxygen driving the disorder outside of the CuO2

plane, so that the quantity �L correlates spatially with the
spot structures. Generally speaking, STM/STS measurements
probe the surface properties, i.e., mainly those of the outer
plane in the studied case. In the F0256 compound under
investigation, the disorder is a result of the replacements of
apical O/F in the charge reservoir layer of BaO/F, as can be seen
from the appearance of spot structures in STM topographies.
Therefore, outer planes are affected by the disorder of the
charge reservoir layer. Hence the STS results are strongly
influenced by the properties of the outer plane. That is why
the order parameter inhomogeneity, i.e the existence of the
�L dispersion (σ�L) becomes strongly enhanced. One can
make a conclusion that the length scale of the electronic
inhomogeneity found in cuprate superconductors, including
both the Bi-based and the apical Fluorine ones, originates from
the atomic disorder distributions of the type observed here.

We note here that the magnitudes of �L gaps are relatively
large as compared with those of Bi-based cuprates. For
example, the averaged value of the large gap in F0256 is
�̄L ∼ 79 meV, while that in the typical optimally doped
Bi-based oxide is about �̄ ∼ 40 meV and that in the un-
derdoped one is about �̄ ∼ 60 meV [83]. The multilayered
crystal structure of F0256 can be one of the possible reasons
of such a discrepancy [see Fig. 1(a)]. Indeed, the studied
F0256 superconductor has six CuO2 planes in the unit cell.
From the crystal structure of Fig. 1(a), one sees that there
are three types of the inequivalent CuO2 planes, the topmost
outer plane nearest to the BaO/F layer (OP), the next inner
plane (IP1), and the most inner plane (IP2). According to
the NMR studies of multilayered cuprates, each CuO2 plane
possesses a different carrier concentration determined by the
distance from the charge reservoir layer of BaO/F, i.e., the
inner CuO2 planes have lower carrier density than that of
outer CuO2 planes [11,43]. In such multilayered systems, the
carrier concentrations per CuO2 plane are reduced. The gap �L

magnitude, in general, becomes larger with decreasing carrier
concentrations in cuprate superconductors, i.e., in underdoped
compositions when the samples gradually approach the insu-
lating state. In fact, according to the recent STS experiments on
strongly underdoped Bi2212 [54], the averaged dI/dV curve
is very similar to ours, namely, demonstrating the existence of
a very large gap peak �1 ∼ 100 meV together with the small
gap (kink) signal of �0 of ∼30 meV.

Let us further discuss the existence of multiple gaps in
F0256 superconductor. In the histograms of Fig. 4, only
two-peak distributions can be found rather than triple-peak
ones, although the F0256 compound possesses three types
of nonequivalent CuO2 planes. Similar multiple-gap features
were reported for a number of other cuprate superconduc-
tors [31,84]. For instance, in the case of Pb-doped Bi2201
oxide, the two-gap patterns were reported, the smaller and
larger gap being about 6.7 ± 1.6 and 16 ± 8 meV, respec-
tively [31]. The ingenious trick made it possible to elucidate
that the larger gap (the pseudogap) is really inhomogeneous,
whereas the inhomogeneity of the smaller (superconducting)
gap is rather weak [31]. Our results also demonstrate that
the distribution of the quantity �S kink is rather homogeneous,
while the pseudogap �L is quite inhomogeneous, indicating
that the superconductivity is quite spatially homogeneous
against the inhomogeneous pseudogap background. It should
be noted that the previous point-contact spectroscopy revealed
the multiple- (triple- or more) gap structure of the electron
spectrum, including the superconducting and pseudogap fea-
tures [44]. On the contrary, our results show only the double-
peak structures. This discrepancy reflects the difference in
the experimental configurations. Indeed, the STM surface-
sensitive measurements detect mainly one or several topmost
surfaces. In particular, our STS experiment seems to probe
only the outer CuO2 plane of the exposed surface. On the
other hand, point-contact studies detected all CuO2 planes
in the unit cell, including inner and outer planes. Therefore
their dI/dV (V ) curves revealed three or more kinds of gaps.
Previous ARPES studies of the F0234 samples demonstrated
the double Fermi surfaces, which was interpreted as the
self-doping, the bilayer splitting being associated with the two
different types of CuO2 planes, inner and outer ones [45].
However, our STS investigations of the F0256 oxide showed
no evidence of such splitting for energies in the vicinity of
�S . Nevertheless, the energy-gap edge of ∼85 meV found
in the ARPES measurements [45] is consistent with our STS
large-gap data �̄L ∼ 79 meV at 4.9 K.

IV. SUMMARY

The STM/STS measurements of the multilayered cuprate
superconductor Ba2Ca5Cu6O12(O1−xFx)2 (F0256) were car-
ried out. The STM topography revealed random spot struc-
tures with the spatial scale of �0.5 nm. The conductance
spectra dI/dV (V ) were shown to include two kinds of gap
features The first, smaller, peculiarity corresponds to the
superconducting gap �S , while the other one characterizes
the larger gap, i.e., pseudogap �L, indicating the coexistence
of superconductivity and pseudogap states down to low
temperatures far below Tc within the spatial interval of
�0.07 nm. The fitting of the averaged dI/dV (V ) curves in
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the low-voltage, superconducting region, leads to the value
�S fit ∼ 14.7 meV at T = 4.9 K. The T dependence of �S

approximately follows the BCS dependence, resulting in the
value about 4.9 of the hallmark ratio 2�S/kBTc, being smaller
than those characterizing other cuprates. The pseudogap �L

observed at low temperatures below Tc ∼ 70 K survives above
Tc as well. It increases with T from the energy of ∼60 to
∼110 meV, persisting up to 200 K. The T dependence of the
� map below the Tc including small �S and large �L was
constructed. From the histogram of the � map, the averaged
values at T = 4.9 K were found to be �̄S = ∼24 meV and
�̄L = ∼79 meV. The histogram above Tc shows no traces
of the double-peak distributions. Only the broad distributions
with �̄ ∼ 104 meV are observed, clearly indicating that
�S is the superconductive gap. The spatial distribution of
�S is obtained by means of studying the kink structure of
dI/dV curves (�S kink map). The �S shows almost spatially

homogeneous distribution, while the pseudogap �L is quite
inhomogeneous, possibly due to the disorder severely affecting
the pseudogap-related phenomena. The �L maps exhibit the
very short characteristic length ξ�L

∼ 0.4 nm. The spatial
variation of �L is correlated with the length scale of the
spot structures. This fact is in favor of the �L being strongly
affected by the disorder of the apical O/F.
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