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1. The maximized 7, in Bi2223 and its persistence in the overdoped
region

Figure Sla shows the maximum 7, as a function of the number of CuO,
planes in the Bi-, Tl- and Hg-based homologous series of cuprates[1-4]. It
was found that within the same series the maximum 7. is realized for n=3.

Figure S1b shows the doping dependence of T, in Bi2212 and Bi2223]5, 6.
Bi2212 shows a normal phase diagram where 7. is a maximum at the optimal
doping; it decreases with increasing doping in the overdoped region. On the
other hand, Bi2223 exhibits an unusual phase diagram. In the overdoped

region, its T, keeps nearly constant with increasing doping.

2. Characterization of the Bi2223 single crystal samples for the
ARPES measurements

The Bi2223 single crystals used in our ARPES measurements were post-
annealed under high oxygen pressure. They are overdoped. We carried out
AC magnetic measurements on the samples and the measured result is shown
in Fig. S2. It shows a T, at 108.0 K and a sharp superconducting transition
with a width of 3.0 K.

3. Band splitting along the nodal direction between the o and f
bands

Figure S3b shows the original data measured along the nodal direction at
18 K in Bi2223. The corresponding MDC at the Fermi level is shown in Fig.
S3a. Fig. S3d shows the MDC second derivative image of the original band
in Fig. S3b. The corresponding second derivative MDC at the Fermi level
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from Fig. S3d is shown in Fig. S3c. In the measurement, not only the three
main bands («, § and ) are observed, but also their corresponding super-
structure bands are observed on the right side of the images in Fig. S3(b.,d).
There is a band splitting between the a and 3 bands, as seen clearly from
their superstructure bands in Fig. S3b and more clearly seen in the second
derivative image in Fig. S3d. In fact, the strong main peak in the MDC
(Fig. S3a) and the second derivative MDC (Fig. S3c) consists of a main
peak and a shoulder. By fitting the two main peaks with three Lorentzians
and the one superstructure peak with two Lorentzians in Fig. S3a, we can
get a consistent band splitting of 0.0117/a between the o and 8 bands and
the band splitting of 0.0757/a between the o and 7 bands. These result-
s indicate that the trilayer splitting, particularly the splitting between the

a and [ bands, is present even along the nodal direction in overdoped Bi2223.

4. Photoemission spectra (EDCs) of Bi2223 measured along the
three Fermi surface sheets at 18K

Figure S4 shows the EDCs along the a (Fig. S4a), 5 (Fig. S4b) and ~
(Fig. S4c) Fermi surface of Bi2223. The peak positions of the «, § and ~
bands are marked by ticks in Fig. S4a, S4b and S4c, respectively. For the
EDCs along the 7 Fermi surface (Fig. S4c), the EDC peak splits into two
near the antinodal region. This is due to the Bogoliubov band hybridization

between the 5 and ~ bands.

5. Global simulations of the observed three Fermi surface, band

structures, superconducting gap and the selective Bogoliubov band
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hybridizations in the superconducting state of overdoped Bi2223

ARPES measures the single particle spectral function A(k,w):
Larpps = o X A(k,w) x f(w,T) (1)

where [ is a prefactor and f(w,T) is the Fermi-Dirac distribution function.
The single particle spectral function A(k,w) is the imaginary part of the

Green’s function G(k,w):

Al w) = — 2 Im[G(k,w)] 2)

/0

For describing the superconductivity of the three layer system, we use the

full 6 x 6 matrix Green’s function G(k,w):

Gk,w) = (w— Zi(k,w) — H)™* (3)
where Y;(k, w) is the complex self-energy for the band i = IP, OP.

Si(k,w) = S (k,w) + i35 (k, w) (4)

Y (k,w) and X} (k,w) are the real part and imaginary part of 3;(k,w), re-
spectively. We simulated the spectrum with self-energy of the marginal Fermi

liquid to describe the interaction between the electrons|7, 8].

5 (k, w) = \Ww? + (mkgT)? + T (5)

The real part is obtained by using the Kramers-Kronig relation:

S (w) = - [ (6)

W —w
As described in the main text, the Hamiltonian of the triple-layer cuprate

in superconducting state is:



()
0 Azp(k‘) 0 —tio(k) —Eip(k‘) —tio(k?)
Noo(k) 0 Aop(k) —toolk) —tio(k) —eop(k)

eop(k) + too(k)  V/2tio(k) 0 Agp(k) + Ago(k) 0 0
V2i0(k) ip(k) 0 0 Aip(k) 0

ot 0 0 eop(k) — too(k) 0 0 Agp(k) — Ago(k)
Ap(k) + Doo(k) 0 0 —€op(k) = too(k) —V2tio(k) 0
0 Aip(k) 0 —V/2to(k) —e€ip(k) 0

0 0 Agp(k) — Ago(k) 0 0 —eop(k) + too(k)

(8)
Here, €;,(k) and €,,(k) represent the bare bands of the inner plane and the
outer planes, respectively. t;, represents the interlayer hopping between the
inner and outer planes while ¢,, represents the interlayer hopping between
the two outer planes. A;, denotes the intralayer pairing on the inner plane
and A,, denotes the intralayer pairing on the outer planes. A,, represents

the interlayer pairing between the two outer planes.

The bare band dispersions are given by tight binding model[9]:

ei(k) = —2t;[cos(kga) + cos(kya)] — At; cos(kga) cos(kya) — 2t; [cos(2k,a) + cos(2kya)] — pi, (9)

To satisfactorily describe the observed Fermi surface (Fig. 2b), band struc-
tures, superconducting gap and Bogoliubov band hybridizations (Fig. 2d),
we take (in units of eV) t;p = 0.123, t;p = —0.37t;p, t;p = —0.47t;p and
prp = —0.092 for the inner plane (IP) and tpp = 0.171, t/OP = —0.42top,
top = —0.16t,p and pop = —0.251 for the outer planes (OP).
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It is reasonable to use different intralayer hopping parameters for the in-
ner and outer CuQOs planes because (1) The inner and outer CuQOs planes
have different environment. The inner plane is sandwiched between two Ca
layers in which each Cu is coordinated with four in-plane oxygens. On the
other hand, each outer plane is sandwiched between a Ca layer and a SrO
layer in which each Cu is coordinated with four in-plane oxygens and one
apical oxygen. The different environment and different coordination of Cu
may lead to different intralayer hopping parameters; (2) Experimentally, it
was shown that the intralayer hopping parameters change with the doping
level[10]. Since the doping levels of the inner plane (p~0.08) and the outer
planes (p~0.30) are very different, they may lead to different intralayer hop-
ping parameters. This is why different intralayer hopping parameters were
used to fit the band structures of Bi2223 in the previous ARPES studies by
Ideta et al.[11-13] and Kunisada et al.[14]. We tried to fit our data by using
the same intralayer hopping parameters for the inner plane and outer planes.
It is possible to fit the three observed Fermi surface sheets well. But when
we simulated the band structure in the superconducting state by using these
parameters, the simulated results deviate strongly from the measured ones.
This indicates that it is not possible to get a global fitting of the Fermi sur-
face, band structures, superconducting gaps and selective Bogoliubov band
hybridization if the intralayer hopping parameters of the inner and outer

CuQOs planes are taken the same.

Usually, the interlayer hopping t;, is assumed to increase monotonically
from the nodal to the antinodal regions[13, 14]: ¢;,(k) = t;0 + tio1[cos(k,a) —
cos(kya)]?/4. Fig. S5 shows such a t;, with t;,0=0 and t;,;=103 meV (red
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triangles). As described in the main text, such t;, is not consistent with the
experimental result (Fig. 4d). To match the measured results, we take the
form t;,(k) = cos(kya/2) cos(k,a/2)(tin+ tio1[cos(kza) — cos(k,a)]?/4). which
is shown in Fig. S5 as black circles with t;,0=0 and t;,; =103 meV. It is strong
in the middle region and is suppressed near the antinodal region. In the sim-
ulation (Fig. 2f), we take a strongly anisotropic t,(k) = toeo+too1 [cos(kza) —
cos(ky,a)]?/4 where t,00=-6 meV and t,,=-53.3meV (red line in Fig. 2f). The
intralayer pairing potential in plane i is: A;(k) = AY[cos(kza) — cos(kya)]/2
where we take A) =20 meV and Af =65meV. The interlayer pairing A, also

takes the same d-wave form with A2 =5meV (Fig. 2g).

6. Simulated band structures of Bi2223 by considering the inter-
layer hopping t¢;, only

Figure S6a shows the simulated band structures of Bi2223 along different
momentum cuts from nodal to antinodal regions. Here in the simulation,
we considered the interlayer hopping ¢;, only without considering t,,. The
measured band structures are shown in Fig. S6b for direct comparison. In
this case, it is still possible to make the simulated Fermi surface match the
measured ones. But the parameters in the tight binding model of the bare
bands need to be adjusted. In particular, a momentum dependent ¢;, has
to take a form of t;, = t;o0 + tio1[cos(kya) — cos(kya)]*/4 with t;n=21.9 meV
and t;,;=94.8 meV. The simulated band structures (Fig. S6a) show signifi-
cant discrepancies from the measured results (Fig. S6b). The most notable
difference is that in the simulated band structures (Fig. S6a), the Bogoli-

ubov band hybridization always occurs between the a and v bands while in
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the measured results (Fig. S6b), the hybridization is actually between the
f and v bands. In addition, in the simulated band structures (Fig. S6a),
the Bogoliubov band hybridization increases dramatically and monotonically
from the nodal to the antinodal regions. But in the measured band struc-
tures (Fig. S6b), the band hybridization is strong in the intermediate range
between the nodal and the antinodal regions and becomes rather weak near
the antinodal region. These results indicate that it is impossible to describe
the measured results by considering only the interlayer hopping between the
inner and outer CuQ5 planes (t;,) and t,, is significant and must be included

in the simulation.

One may wonder whether it is possible to understand the experimental
results by considering t,, only without ¢;,. The answer is no because t,, does
not produce Bogoliubov band hybridization, as seen from the diagonalized
Hamiltonian (Eq. 8) and simulated results in Fig. S7(g,0). The clear ob-
servation of the Bogoliubov band hybridization indicates that t¢;, plays an

indispensable role in Bi2223.

7. Simulated band structures of Bi2223 by considering the individ-
ual effect of interlayer hopping, superconducting gap and interlayer
pairing

In order to disentangle the effect of each term in Eq. 1 in the main text, we
carried out the band structure simulations by gradually adding more terms
onto the bare band case, as shown in Fig. S7. From left to right panels,
we simulated the band structures by considering bare bands (left panels),

adding t;, only (second left panels), adding t,, only (second right panels)
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and adding both ¢;, and ¢,, (right panels). From top to bottom panels, we
simulated the band structures by considering bare bands (top panels), adding
A;y and A, (second top panels), adding A;,, A,y and A;, (second bottom
panels) and adding A;,, A,, and A,, (bottom panels). Fig. S7(a-d) shows
the simulated band structures in the normal state while Fig. S7(e-p) shows

the band structures in the superconducting state.

8. The effect of the interlayer pairing A,, on the gap structure of
Bi2223

Figure S8 shows the measured and simulated band structures of Bi2223
along the momentum cut with §=18° close to the antinodal region. All the
parameters used in the simulation are the same as those used in Fig. 2 except
for A,,. Fig. S8b shows the simulated band structure without A,, while
Fig. S8c shows the simulated band structure with A,,=3.8 meV. Without
Ao, the superconducting gaps of the o and 8 bands show a small difference
(Fig. S8b) that is not consistent with the measured result (Fig. S8a). Only
after considering A,,, the superconducting gaps of the o and  bands (Fig.

S8c) become consistent with the measured result (Fig. S8a).

9. Fitting of the hybridization between the § Bogoliubov band and

the v band in the superconducting state of overdoped Bi2223

As seen in the above Eq. 8, the band hybridization occurs only between

the 5 and + bands. In order to quantitatively fit the band hybridization, we
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rewrite a 4x4 Hamiltonian:

€op(k) + too(k) ﬂtw(k’) App(k) + Aoo(k) 0
| VEA® 0 CI o)
' Bop(k)+ Boolk) 0 —ep(k) = taolk) —v/2ti0(k)

0 Aip(k)  —=V2tio(k) —e€ip(F)

(k) tLk) Aslk) 0
ot | W e 0 A | "
Bslk) 0 —ealk) ~tL(R)

0 Ay(k) —tL(k) —ey(k)
In this case, €5(k) = €op(k)+too(k), € (k) = eip(k), tL(k) = V2hio(k), Aglk) =

Agp(k) + Ago(k) and Ay (k) = Ayy(k).
The eigenvalues of the hybridized bands are then given by[13]:

2 2
_E}+E

E? + 1] (k)i\/(Eg_E%)QH2 (k)[(es(k) + ey (k) + (Ag(k) — Ay(K))?]. (12)
B) 1 9 1 €3 €y 8 Y :

where Ej = e3(k) + A%(k) and E? = € (k) + AZ(k).

Figure S9a shows the band structures of Bi2223 measured along ten mo-
mentum cuts from the nodal to the antinodal regions at 18 K in the super-
conducting state. Fig. S9b shows the fitted band structures of 5 and
bands. Since the fitted energy range is relatively small (<80 meV), we took
parabolic form for the eg(k) and e, (k) bare bands. The fitted band structures
of the hybridized $ and v bands in Fig. S9b are in a good agreement with
the measured bands in Fig. S9a. In particular, we show the data and their
fittings near the antinodal region with =15-20 in Fig. S10. As seen from the
original data (Fig. S10a), the second derivative images (Fig. S10b) and the
EDCs at the hybridization momentum kj, (Fig. S10c), the band structures
around the momentum-energy region of the band hybridization between the

£ Bogoliubov back-bending band and the v band exhibit a systematic and
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monotonic variation with the momentum cuts from =20 to §=15. The Bo-
goliubov band hybridization for the momentum Cutl (#=20) is strong and
obvious (topmost panels in Fig. S10(a,b)) which can be well fitted by sim-
ulations (topmost panel in Fig. S10c). The Bogoliubov band hybridization
for the momentum Cut6 (#=15) is nearly invisible (bottom panels in Fig.
S10(a,b)) which can also be well fitted by simulations (bottom panel in Fig.
S10c). Therefore, it is reasonable that the hybridization gap gradually de-
creases from a finite value for #=20 to nearly zero for #=15 although the
relative uncertainty of the extracted hybridization gap gets larger because of
the weak overall signal and the decreasing Bogoliubov band hybridization.
The extracted ¢;, is shown in Fig. 4d and the extracted Ag(k) and A, (k) are

shown in Fig. 4h, named as Apg(k) and Ap,(k), respectively.
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FIG. S1. T, dependence on the number of CuO; planes (n) and on the doping levels
in high temperature cuprate superconductors. (a) Relationship between the maximum 7,
(Tt,maz) and n for the homologous series of cuprates in different systems[1-4]. (b) Unique doping
dependence of T, in Bi2223[5, 6]. Normalized T, as a function of the variation of the c-axis lattice
constant in the annealed Bi2212 and Bi2223 samples which is reproduced from[5]. The uncertainties
are +0.01 A as marked by error bars. Here, the decrease of the c-axis lattice constant corresponds to
the increase of the hole doping level. In Bi2212, T, exhibits a maximum at the optimal doping and
then decreases with increasing doping in the overdoped region. In Bi2223, T, exhibits a maximum
at the optimal doping and then keeps nearly constant with increasing doping in the overdoped

region.
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present ARPES experiments. The measured superconducting transition temperature (1) is
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FIG. S3. Observation of trilayer splitting in the measured band structure of Bi2223
along the nodal direction. (a-b) Band structure measured at 18 K along the nodal direction
(b) and the corresponding MDC at the Fermi level (a). The location of the nodal momentum
cut is marked by the black line in the inset of (a). Both the main bands («, § and ) and the
superstructure bands (SS« and SSf) are observed and marked. (c-d) The corresponding MDC
second derivative image (d) obtained from (b) and the second derivative MDC at the Fermi level
(c). In addition to the band splitting between the (o, 3) and  bands, the band splitting between
the o and § bands is also clearly observed which is more obvious in the superstructure bands and
particularly clear in the second derivative image (d) and second derivative MDC (c). The main
band MDC (black empty circles) in (a) is fitted by taking three Lorentzians that represent three
main bands of a (green line), S (blue line) and ~ (red line). The superstructure band MDC (black
empty circles) in (a) is fitted by taking two Lorentzians that represent two superstructure bands
of SSa (green line) and SSP (blue line). The extracted band splitting between the o and « bands

is 0.075 7 /a while the splitting between the o and S bands is 0.011 7/a.
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FIG. S4. Photoemission spectra (energy distribution curves, EDCs) of Bi2223 along
the three Fermi surface sheets measured at 18 K. (a-c) shows EDCs along the a (a), 5 (b)
and v (c) Fermi surface sheets, respectively. The location of the Fermi momentum is defined by
the angle 6, as shown in the inset of (c¢) where § = 0 corresponds to the (0,7) antinodal region
while 8 = 45 corresponds to the nodal region. The EDC peaks that correspond to a band are
marked by ticks in (a); they are on the shoulders of the EDC peaks of the underlying 8 band. The
EDC peaks that correspond to 8 band are marked by ticks in (b). For the EDCs along the v Fermi
surface, one main peak is observed near the nodal region with 8 = 45 ~ 27 as marked by ticks in
(c). Towards the antinodal region with § = 257~ 15, two EDC peaks are observed due to band

hybridization, as marked by triangles and squares in (c).
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FIG. S6. Simulated band structures of Bi2223 by considering the interlayer hopping
tio only. (a) Simulated band structures along different momentum cuts from nodal to antinodal
regions. The location of momentum cuts is shown in (c¢) by black lines. (b) The measured band
structures of Bi2223 along the same eleven momentum cuts. These are the EDC second-derivative
images. (c¢) The simulated Fermi surface sheets, « (green line), # (blue line) and v (red line),
that are in good agreement with the measured Fermi surface. The location of momentum cuts
are marked and the Fermi surface angle 6 is defined. (d) Momentum dependent t;, used in the
simulation. It has a form of tj, = tip0 + tio1[cos(kza) — cos(kya)]?/4 with t;p0=21.9meV and

751‘01 =94.8 meV.
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FIG. S7. Simulated band structures along a momentum cut in the normal and super-
conducting states of Bi2223 by considering the individual effect of interlayer hopping,
superconducting gap and interlayer pairing. (a) shows the bare bands of the inner plane
(IP) and outer plane (OP) while (b-d) show three bands that are produced after the introduction
of the interlayer couplings: t;, only, t,, only and both ¢;, and %,,, respectively, in the normal state.
The location of the momentum cut is shown in (q) as a black line. (e-h) show the band structures
in the superconducting state obtained from (a-d) after the superconducting gaps A;, and A,, are
introduced to the inner plane and outer plane, respectively. (i-1) show the band structures in the
superconducting state obtained from (e-h) when the interlayer pairing between the inner and outer
planes, Ao, is added. (m-p) show the band structures in the superconducting state obtained from
(e-h) when the interlayer pairing between the outer planes, A,,, is added. (q) Fermi surface of
Bi2223 and the location of the momentum cut. (r) A typical band structure measured along the

same momentum cut with § = 28°. It is the EDC second-derivative image.
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FIG. S8. The effect of the interlayer pairing A,, on the gap structure of Bi2223. (a) A

typical band structure measured along the momentum cut with § = 18°. It is the EDC second-

derivative image. The o and 8 bands show different gap size. (b) Simulated band structure along

the same momentum cut without considering A,,. In this case, the gap size between the o and

bands is small which is not consistent with the measured result in (a). (c¢) Simulated band structure

along the same momentum cut by considering A,,. In this case, the gap size between the o and

bands becomes obviously different which becomes consistent with the measured result in (a).
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FIG. S9. Fitting of the band hybridization between the 5 Bogoliubov band and the «
band in Bi2223. (a) Band structures measured along ten typical momentum cuts. The location
of the momentum cuts is marked by black lines in (c). These are EDC second derivative images
which can show the band hybridization between the 8 and v bands more clearly. (b) Fitted band
structures along the same ten momentum cuts as in (a) by considering the band hybridization of

the 5 and 7 bands. (c) Fermi surface of Bi2223 and the location of the momentum cuts.
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FIG. S10. Momentum dependent evolution of the band hybridization between the
8 Bogoliubov band and the 7 band in Bi2223 near the antinodal region. (a) Band
structures measured along six momentum cuts. The location of the momentum cuts is marked by
black lines in (e). (b) Corresponding EDC second derivative images obtained from (a). (c) Fitted
band structures along the same six momentum cuts as in (a) and (b) by considering the band
hybridization of the 8 and v bands. (d) EDCs at the hybridization momentum obtained from (a).
The position of the hybridization momentum (k) is marked by the vertical dashed line in (a,b,c).
The hybridization gap forms at k;, due to the Bogoliubov band hybridization, giving rise to two
branches of bands at the hybridization momentum. The features in EDCs corresponding to the
lower branch are marked by red ticks while those corresponding to the upper branch are marked

by blue ticks. (e) Fermi surface of Bi2223 and the location of the momentum cuts.
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