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We investigate the spatial and doping evolutions of the superconducting properties of trilayer cuprate
Bi2Sr2Ca2Cu3O10þδ by using scanning tunneling microscopy and spectroscopy. Both the superconducting
coherence peak and gap size exhibit periodic variations with structural supermodulation, but the effect is
much more pronounced in the underdoped regime than at optimal doping. Moreover, a new type of tunneling
spectrum characterized by two superconducting gaps emerges with increasing doping, and the two-gap
features also correlate with the supermodulation. We propose that the interaction between the inequivalent
outer and inner CuO2 planes is responsible for these novel features that are unique to trilayer cuprates.
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Although the mechanism of superconductivity in cup-
rates is still elusive, there are empirical rules that put strong
constraints on the theoretical models. A well-established
trend is that, for the same cuprate family, the maximum
transition temperature (Tc) increases with the number of
CuO2 planes in each unit cell up to the trilayer limit [1].
Trilayer cuprates not only have the highest Tc, but also
have the unique situation with two types of inequivalent
CuO2 planes. As shown by the schematic crystal structure
in Fig. 1(a), the inner CuO2 plane (IP) is sandwiched
between two outer planes (OPs) and may have distinct
electronic structures. It is expected that the IP has a lower
carrier density and larger pairing potential, whereas the
OP has a higher carrier density and stronger phase rigidity
[2]. The cooperation of these two factors is proposed to
be beneficial for optimizing the superconductivity [3].
However, there is still a debate regarding how the two
types of CuO2 layers couple with each other, whether
through the single-particle proximity effect [4] or the
Josephson tunneling of Cooper pairs [5].
The Bi2Sr2Ca2Cu3O10þδ (Bi-2223) compound has

attracted particular attention, because it is ideal for sur-
face-sensitive probes such as angle-resolved photoemission
spectroscopy (ARPES) [6,7] and scanning tunneling
microscopy (STM) [8,9]. ARPES experiments on Bi-
2223 have revealed the existence of two bands originated
from the IP and OP, respectively [10,11]. Another interest-
ing issue in Bi-family cuprates is the existence of structural
“supermodulation,” which causes dramatic distortions
from the flat crystalline planes. Although it is usually
considered as a nuisance in data analysis, from a more

optimistic perspective it provides a new knob for perturbing
the CuO2 planes. STM experiments on double-layer
Bi2Sr2CaCu2O8þδ (Bi-2212) have revealed a periodic
variation of the superconducting (SC) gap size with super-
modulation [12], but a similar study in Bi-2223 is still
lacking. The response of Cooper pairs to the lattice
distortion within each CuO2 plane, plus the interaction
between the IP and OP, may provide unique clues about the
origin of superconductivity.
In this Letter, we use STM to investigate the effect of

structural supermodulation on superconductivity in Bi-
2223. Both the SC coherence peak height and gap size
exhibit periodic variations with supermodulation, but the
effect is much more pronounced in the underdoped regime
than at optimal doping (OPT). Moreover, a new type of
spectrum with two SC gaps emerges with increasing
doping, and its features also correlate with the super-
modulation. We propose that the intricate interaction
between the IP and OP is responsible for these novel
features in trilayer cuprates.
The Bi-2223 single crystals are grown by the traveling

solvent floating zone method and are postannealed in
mixed Ar and O2 gas flow to control the doping level
[13,14]. The single crystal is cleaved in situ at room
temperature and is then transferred into the STM system
working at 5 K. A tungsten tip is treated and calibrated
on an Au(111) surface before the measurement, as
described previously [15]. The dI=dV differential conduct-
ance, which is approximately proportional to the density of
state, is obtained by the ac lock-in method with modulation
frequency f ¼ 573 Hz.
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Figure 1(c) displays the topography of an underdoped
Bi-2223 with Tonset

c ∼ 110 K. Both the atomic lattice of
the exposed BiO surface and the supermodulation with
∼2.6 nm periodicity can be clearly resolved. In an enlarged
image in Fig. 1(b), we assign a spatial phase θ to facilitate
data analysis and discussion [12]. The supermodulation
ridge and valley correspond to θ ¼ 0° and 180°, respec-
tively. To reveal the electronic structure of a particular
location (or θ value), 128 dI=dV curves are taken along a
line parallel to the supermodulation [such as the magenta
line in Fig. 1(c)]. The averaged spectra are displayed in
Fig. 1(d) with a vertical offset for clarity. There exist strong
periodic variations of the dI=dV curves with supermodu-
lation, where the spectra at the valley have a much sharper
SC coherence peak and smaller SC gap compared to that at
the ridge.
We performed the same measurements on an OPT Bi-

2223 with Tonset
c ∼ 113 K. It is known that the Tc of Bi-

2223 is not sensitive to hole concentration [14,16], possibly
due to the distinct doping evolution and interplay between
the IP and OP [17]. The topography in Fig. 1(e) is similar to
the underdoped sample, but the spatially dependent dI=dV
curves in Fig. 1(f) show much weaker periodic variations
with supermodulation. The overall gap size of the OPT
sample, defined as the energy between the Fermi level
and coherence peak, is around 45 meV. It is significantly
smaller than that of the underdoped sample with
Δ ∼ 67 meV, which confirms the increase of hole density.
To visualize the spatial patterns of superconductivity,

we perform spectroscopic imaging on the underdoped

Bi-2223. Figure 2(a) shows the topography of an area
where dI=dV curves are taken on a dense grid. In Figs. 2(b)
and 2(c), we display the spatial information of SC gap size
ΔðrÞ and coherence peak height hðrÞ extracted from the
spectral grid. Both quantities are shown as the relative
difference to their mean values, i.e., δΔ=Δ̄ ¼ ½ΔðrÞ − Δ̄�=Δ̄
and δh=h̄ ¼ ½hðrÞ − h̄�=h̄. Despite the existence of inho-
mogeneities [18,19], there are evident vertical stripy
features demonstrating the periodic distribution of the
two quantities. The periodicity is exactly the same as the
structural supermodulation (see Supplemental Fig. S1
[20]), and the valley shows a smaller SC gap and sharper
coherence peak. Because ΔðrÞ indicates the pairing
strength and hðrÞ is proportional to the superfluid density
[21], these results suggest that supermodulation has a
strong influence on the two key factors in underdoped
Bi-2223. The same set of data for the OPT Bi-2223 is
shown in Figs. 2(d)–2(f). Although there are still faint
vertical streaks in the ΔðrÞ and hðrÞ maps, their correlation
to the structural supermodulation is much less obvious than
that in the underdoped sample.
In Fig. 3(a), we compare the dI=dV spectra at the centers

of the supermodulation ridge and valley averaged over the
grid. The spectral difference in the underdoped sample is
very pronounced, whereas that in the OPT sample is rather
weak. In Fig. 3(b), the normalized gap amplitude and
coherence peak height in the two Bi-2223 samples are
plotted as a function of θ. All data can be fit by a cosine
function, and the peak-to-peak amplitudes of the under-
doped Bi-2223 are ∼25% and ∼38% for ΔðrÞ and hðrÞ,
respectively. In contrast, in the OPT sample, the peak-to-
peak variations ofΔðrÞ and hðrÞ are merely ∼5% and∼8%,
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FIG. 2. The topographic image (a), the spatial distribution
of relative gap size variation (b), and coherence peak height
variation (c) of the underdoped Bi-2223 extracted from the
spectral grid. (d)–(f) The same set of maps in the OPT Bi-
2223. The underdoped sample exhibits much more pronounced
periodic variations with the supermodulation than the optimally
doped sample.
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FIG. 1. (a) Schematic half-unit-cell crystal structure of Bi-2223.
(b) Illustration of the spatial phase θ of supermodulation.
(c) Topographic image (24 × 24 nm2) and (d) spatial variation
of tunneling spectra of an underdoped (UD) Bi-2223, where the
blue arrows indicate the direction along which the spectra
are displayed. (e),(f) The same plots for an OPT Bi-2223 sample.
The topographic images in (c) and (e) are taken with bias voltage
V ¼ −250 mV and tunneling current I ¼ 10 pA and I ¼ 40 pA,
respectively.
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respectively. The same quantities of a slightly underdoped
Bi-2212 are plotted as blue triangles (see Supplemental
Fig. S2 [20] for raw data). The amplitudes are ∼9% and
∼15%, consistent with a previous report [12], and lie
between the two Bi-2223 samples. In Supplemental
Sec. C [20], we show that the periodic variations are
caused by the structural supermodulation instead of the
oxygen defects, which can also enhance local Δ [22],
settling a long-standing puzzle [23].
Another new feature is the emergence of two SC gaps

in the dI=dV of OPT Bi-2223, which are rarely seen in
the underdoped sample. The two-gap feature is presum-
ably from the two Fermi surfaces of the IP and OP as
probed by ARPES [10,11] and the point contact tech-
nique [24]. About 75% of the spectra exhibit two gaps,
and Fig. 4(a) shows eight representative dI=dV curves
with two coherence peaks in a nearly particle-hole-
symmetric manner. To extract the two gaps, we fit each
spectrum by using two Lorentzian functions after sub-
tracting the background (see Supplemental Sec. D [20]).
The histogram in Fig. 4(b) summarizes the distribution of
the two gap sizes, both exhibiting Gaussian line shapes
around 40 and 52 meV, respectively. These values are
close to the two average gap sizes of 43 and 60 meV
observed by ARPES in OPT Bi-2223 [10]. Therefore, the
small (large) gap can be ascribed to the OP (IP),
respectively [25]. Figure 4(c) plots the fitted peak height
hðrÞ of each gap as a function of θ, both showing cosine
dependence with supermodulation. The OP gap has a
higher coherence peak, presumably due to a larger
superfluid density, and shows stronger spatial variation
(peak-to-peak amplitude ∼14%) than the IP (∼4%).

There are several theories about the effect of super-
modulation on superconductivity in Bi-based cuprates.
A number of structural factors may give rise to such
phenomenon, especially the strong lattice imperfections
on the ridge. First, the displacement of apical oxygen and
distortion of the CuO5 pyramid are most severe on the ridge
[26], which can enhance the SC gap size due to locally
maximized pairing strength [27–29]. Moreover, on the
ridge the distance between the apical oxygen and the
underneath Cu atom is smaller [26,30], which can enhance
the pairing gap through the nearest-neighbor “superrepul-
sion” [31] or covalency between Cu-3dx2−y2 and O-2pz

orbitals [32]. The smaller distance also reduces the SC
phase ordering due to delocalization of the Cu-4s orbital
and smaller intralayer hopping range [33]. From the charge
doping viewpoint, the “Bi-dilute” ridge strongly affects
the Sr sites, replacing Sr2þ by Bi3þ, thus doping electrons
[26,34]. The reduced hole density at the ridge also leads to a
larger SC gap size and weaker phase coherence. Therefore,
the periodic distribution of Δ is triggered by the relation-
ship between the CuO2 plane and charge reservoir layer,
which may induce a spatially dependent pairing potential
Vθ ∼ V0 þ δV cosðθÞ [27].
However, none of these factors can explain why under-

doped Bi-2223 responds much more strongly to the super-
modulation than the OPT sample. Such doping dependence
is absent in Bi-2212 [12], suggesting that it is unique to
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FIG. 3. (a) Averaged dI=dV curves on the supermodulation
ridge and valley in UD (lower panel) and OPT (upper panel)
Bi-2223, normalized to the background conductance
dI=dVðþ135 mVÞ. (b) Normalized gap size (lower panel) and
coherence peak height (upper panel) of three different samples as
a function of θ. The solid symbols are experimental data, and the
curves are fittings by a cosine function.

-200 -100 0 100 200

d I
/d

V
 (

a.
u.

)

Bias (mV)

30 40 50 60
 (meV)

0 

4 

8 

12

pr
ob

ab
ili

ty
 (

%
)

IP gap
OP gap

0 60 120 180 240 300 360
 (o )

0.7

0.8

0.9

1

h

OP peak

IP peak

(a) (b)

(c)

FIG. 4. Emergence of two SC gaps in OPT Bi-2223. (a) Eight
representative dI=dV curves showing two SC gaps. Although
most spectra show the two-gap feature, the spatial average of
them tends to smear it out and leads to a broad peak as shown in
Figs. 1(f) and 3(a) (see Supplemental Fig. S5 [20] for details).
(b) Histogram of the larger IP gap (blue) and smaller OP gap
(red), which can be fit by Gaussian functions (the solid lines) that
peak atΔOP ¼ 40 meV andΔIP ¼ 52 meV, respectively. (c) Peak
heights of the fitted double Lorentzian curves as a function of θ.
The red and blue curves are cosine fittings of the statistical data.
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trilayer Bi-2223 due to the additional IP. Because there was
no theoretical discussion about this behavior, herewe present
only a phenomenological picture. Because the STEM
images in Supplemental Fig. S6 [20] reveal that the crystal
structure has no observable difference between OPT and
underdoped Bi-2223, the key factor should be the decrease
of hole doping. The IP of trilayer cuprates is known to have a
lower doping level than the OP [10,35,36], and it has been
proposed that Tc could be enhanced through the single-
electron proximity effect between the underdoped CuO2

plane with a large pairing potential and the overdoped CuO2

plane with strong phase stiffness [3,4,37,38]. In underdoped
Bi-2223, the severely underdoped IP acts as the “pairing”
component [37] and enhances the pairing potential V in the
“metallic” OP by VIP [37]. The proximity effect is supported
by the SC gap size of ∼ 67 meV in the underdoped Bi-2223,
contributed by the overdoped OP, which is much larger than
that in Bi-2212 with similar doping [39]. Because the
relationship between gap size Δ and pairing potential V
should be highly nonlinear (e.g., in the weak-coupling BCS
framework Δ ¼ 2ℏωce−1=Nð0ÞV), an equal enhancement of
the pairing strength on the ridge and valley could lead to a
strongly different gap size change. As shown in
Supplemental Fig. S7 [20], in underdoped Bi-2223 the
modulation of the gap size exhibits a strong spatial modu-
lation because Δ½Vθð0°Þ þ VIP� ≫ Δ½Vθð180°Þ þ VIP�, so
that the ridge has a much larger gap size than the valley. This
is the origin of the strongly enhanced periodic variation ofΔ.
Upon reaching optimal doping, the IP is doped with

sufficient holes and becomes SC [36], as manifested by
the two SC gaps. Now the single-electron proximity
effect becomes negligible [17]. The effect of supermo-
dulation is mainly acted on the OP by neighboring apical
oxygen, similar to that in Bi-2212. Therefore, the 14%
relative variation of the OP coherence peak in Fig. 4(c) is
close to the 15% value of Bi-2212. Because the IP is
sandwiched between two OPs, the influence of the
supermodulation is significantly reduced. The IP lives
in a relatively homogeneous environment [35], and its
coherence peak variation is merely 4%. Roughly speak-
ing, the response of OPT Bi-2223 to the supermodulation
is an average of the two SC planes, and the coherence
peak variation of 9% in Fig. 3(b) indeed lies between that
of the two individual planes.
In conclusion, STM studies on Bi-2223 reveal the

peculiar spatial and doping evolution of superconductivity,
which can be explained by the critical role played by the
unique inner CuO2 plane. In the underdoped regime, the IP
couples with the OP via the single-electron proximity
effect, whereas in the optimally doped regime the IP
couples with the OP via Josephson tunneling of Cooper
pairs. The distinct doping evolution of the two inequivalent
CuO2 planes and the intricate interplay between them are
crucial for understanding the phase diagram of trilayer
cuprates, as well as the highest Tc.
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