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1. Real-space mapping and Fermi surface analysis of different regions on the

UD95K-Bi2223 sample surface.

Supplementary Figure 1 presents real-space mappings and Fermi surface analyses of
various regions on the UD95K-Bi2223 sample surface. In Supplementary Fig. 1la, the entire
sample surface is scanned, and the Fermi surface is measured at each spatial location. Three
representative regions, outlined in yellow rectangles, are shown in expanded views in Sup-
plementary Fig. 1b—d. Four selected spots, highlighted by blue rectangles, exhibit Fermi
surfaces shown in Supplementary Fig. le-h, corresponding to regions with one, two, and
three Fermi surface sheets, respectively. Specifically, Supplementary Fig. le shows a single
sheet, Supplementary Fig. 1f shows two sheets, and Supplementary Fig. 1gh show three
sheets. Supplementary Fig. 1i-1 display high-statistics Fermi surface mappings of the same

four spots shown in Supplementary Fig. le-h.

2. Momentum-dependent band structures measured in region 2 (5-layer) of the
UD30K-Bi2223 sample at 15 K and photoemission spectra and energy gaps along
the TP, Fermi pocket.

Supplementary Figure 3a shows band structures along seven momentum cuts in region
2 (5-layer) of the UD30K-Bi2223 sample, extending from the nodal direction (Cut 1) to the
(m,0)—(0,7) direction (Cut 7) around the (7/2,7/2) point. The positions of these cuts are
indicated by black lines in Supplementary Fig. 3c. For clarity, the corresponding second-
derivative EDC images are presented in Supplementary Fig. 3b, with the observed IP;
bands marked by red arrows in both panels. Supplementary Fig. 3d displays EDCs along
the IP; Fermi pocket, with Fermi momenta represented by the angle 6, as defined in the
inset of Supplementary Fig. 3f. Symmetrized EDCs derived from these spectra are shown
in Supplementary Fig. 3e, and the momentum-dependent energy gaps, extracted from the

symmetrized EDCs, are plotted versus 6 in Supplementary Fig. 3f.
3. Simulations of Fermi pockets and band structures in multilayer cuprates.
The formation of Fermi pockets is effectively captured by the mean-field ~U model[1-5].

For a single CuO; plane at half filling, the two-dimensional Hubbard Hamiltonian reads|[1,
2, 5]
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where t, ' and t” denote nearest-, second-nearest- and third-nearest-neighbor hoppings,
respectively, and U represents the on-site Coulomb repulsion. Fourier transforming to mo-

mentum space yields
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where € represents the bare dispersion of the single CuOs plane. It is well known that at
half filling, the 2D Hubbard model has an antiferromagnetic ground state. At large U, in
the mean-field (MF) approach[2], Eq. 2 takes the form

, /
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where Ay is the mean-field gap and Q) = (7, 7) is the antiferromagnetic wave vector. The

Hamiltonian can also be expressed as

PRl B IV (4)
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The bare dispersion ¢y, is described by the tight binding model:
e, = —2t[cos(kya) + cos(kya)] — 4t' cos(kya)cos(kya) — 2t"[cos(2k,a) + cos(2k,a)] — . (5)
and

eprq = — 2t[cos((kya + 7)) + cos((kya + 7))] — 4t'cos((kya + m))cos((kya + 7))
— 2t"[cos(2(kya + 7)) + cos(2(kya + 7))] — p (6)

The observed IPy and IP; Fermi pockets and momentum-dependent band structures are
fitted based on the Hamiltonian (Eq. 4). The fitted parameters are shown in Fig. 4f.

ARPES measures the single particle spectral function A(k,w):

Iarpes = Io - A(k,w) - f(w,T) (7)



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)

Ak, w) = — = Im[G(k, w)] (8)

/0

The Green’s function is obtained from the Hamiltonian:

Gk,w) = (w—2(kw)— H)! 9)
where (k,w) is the electron self-energy.

Y(k,w) =Y (k,w) +iX"(k,w) (10)

Y/ (k,w) and X" (k,w) are the real part and imaginary part of ¥(k,w), respectively. We sim-
ulate the spectrum with self-energy of the marginal Fermi liquid to describe the interaction

between the electrons.

S (k,w) = AVw? + (wkgT)? + T (11)

We ignor the real part of the self-energy and use the tight binding model in Eq. 5 to describe
the band dispersion.

The 1Py and IP; Fermi pockets and their band structures are simulated using the fitted
parameters. Supplementary Fig. 4 shows a simulated Fermi pocket and band structures
and their comparison with the measured ones. Supplementary Fig. 5 shows the spectral
weight distribution along the simulated Fermi pocket which is the same as the one shown
in Supplementary Fig. 4. They indicate that the simulated results are in good agreement

with the experimental ones.



Supplementary Table 1. Summary of the IPjand IP; Fermi pockets observed in different

regions of various Bi2223 samples.

Bi2223 Sample |Number of Fermi| Number of Doping Major Axis Minor Axis Maxmium Gap
Sample | Region Surface Sheets |CuO, Planes, n| Pocket Name |Level (%) |Length u (7/a)|Length u (7/a)|u/v| Ay (meV)
UD30K-R1 3 5 UD30K-R1-L5-1P0 1.97 0.10 0.06 1.84 0
UD30K UD30K-R2-L5-IP0 | 0.74 0.07 0.04 1.82 0
UD30K-R2 3 5
UD30K-R2-L5-1P1 2.00 0.11 0.06 1.83 12
UD95K-R1-L6-1P0 1.03 0.07 0.04 1.62 0
UD95K-R1 3 6
UD95K-R1-L6-1P1 5.12 0.18 0.09 2.01 12
UD95K
UD95K-R2-L5-1P0 2.28 0.12 0.06 1.90 0
UD95K-R2 3 5
UD95K-R2-L5-1P1 5.52 0.19 0.09 2.09 13
OP111K-R1-L8-I1P0 1.73 0.10 0.06 1.72 0
OP111K-R1 4 8
OP111K-R1-L8-IP1 6.34 0.20 0.10 1.89 30
OP111K-R2-L6-1P0 2.56 0.12 0.07 1.68 0
OP111K-R2 3 [§
OP111K-R2-L6-IP1 8.78 0.23 0.12 1.92 33
OP111K
OP111K-R3-L7-1P0 3.45 0.15 0.07 2.05 0
OP111K-R3 4 7
OP111K-R3-L7-1P1 6.83 0.21 0.10 2.00 21
OP111K-R4-L5-1P0 3.70 0.15 0.08 1.99 0
OP111K-R4 5 5
OP111K-R4-L5-1P1 7.43 0.22 0.11 1.98 33




Supplementary Fig. 1. Real-space mapping and Fermi surface analysis of various regions

on the UD95K-Bi2223 sample surface. a, Real-space scan of the entire sample surface with the
Fermi surface measured at each location. b-d, Expanded views of the three regions outlined by yel-
low rectangles in a. e, Fermi surface at the spot highlighted by a blue rectangle in b, showing a sin-
gle sheet. f, Fermi surface at the spot highlighted by a blue rectangle in d, showing two sheets. g,
Fermi surface at the spot highlighted by a blue rectangle in ¢, showing three sheets. h, Fermi sur-
face at the spot highlighted by a blue rectangle in b, also showing three sheets. i-1, Highstatistics

Fermi surface mappings corresponding to e—h.
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Supplementary Fig. 2. Nodal band structures and spectral weight distribution for
the measured Fermi pockets. a-g, Band structures measured along the nodal cut (lower
panels) and the corresponding MDCs at the Fermi level (upper panels). The location of the
momentum cut is shown in the inset of h as a green line. The observed 1Py and IP; bands
are marked by blue and red arrows, respectively. The corresponding MDC peaks are fitted by
Lorentzians and each peak area of the IPy and IP; bands can be obtained. To see the weak
signal on the right side more clearly, the right side of the MDCs and the corresponding fitted
Lorentzians are rescaled by a factor. h, Ratio of right-to-left MDC spectral weights for various
doping levels. Along the nodal direction (zero gap), left (LO/L1) and right (RO/R1) vertices of the
IPy/IP; pockets are compared; blue and red circles denote RO/L0O and R1/L1 ratios, respec-
tively. Layer numbers for each data point are indicated. The error bars reflect the uncertainty

in determining the spectral weight.
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Supplementary Fig. 3. Band structures of Fermi pockets measured in region 2 (5-
layer) of the UD30K-Bi2223 sample at 15 K and momentum-dependent
photoemission spectra and energy gaps along the IP; Fermi pocket. a, Band struc-
tures measured along different momentum cuts. The location of the momentum cuts is shown
in ¢ as black lines. The observed IP; bands are marked by red arrows. b, Corresponding EDC
second-derivative images from a. c, Fermi surface mapping with the momentum cuts marked.
d, EDCs along the IP; Fermi pocket. The position of the Fermi momenta is represented by the
angle 6 as defined in the inset of f. e, Symmetrized EDCs from d. f, Momentum-dependent
energy gaps along the IP; Fermi pocket plotted as a function of the angle . The energy gaps
are obtained from symmetrized EDCs in e. The error bars reflect the uncertainty in determining

the gap size.
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Supplementary Fig. 4. Comparison of simulated and measured Fermi pockets and
band structures. a, Fermi pockets measured in region 1 (6-layer) of the UD95K-Bi2223 sam-
ple at 15 K with the IPy Fermi pocket marked. b-d, Band structures measured along different
momentum cuts. The location of the momentum cuts is shown in a as black lines. The observed
1Py bands are marked by red arrows. e, Simulated IPy Fermi pocket using the mean-field t-U
model with ¢ = 0.32eV, ¢’ = —0.063eV, t” = 0.031e¢V, Ayp = 0.68eV, and p = —0.5662¢V.
f-h, Simulated 1Py band structures along different momentum cuts. The location of the mo-
mentum cuts is shown in e as black lines which is the same as those in a.
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Supplementary Fig. 5. Spectral weight distribution along the simulated Fermi
pocket. a, Simulated Fermi pocket by using the mean-field ¢-U model with ¢=0.32 eV, t'=-
0.063 eV, t”"=0.031eV, Ayp=0.68e¢V and p=-0.5662¢eV. It is the same as the one shown in Fig.
S4. b, MDCs at the Fermi level along different momentum cuts crossing the (7/2, 7/2) point.
The momentum cuts are represented by the angle 6 which is defined in the inset of d. ¢, EDCs
along the simulated Fermi pocket. The position of the Fermi momentum is represented by the
angle 0. d, Spectral weight distribution along the simulated Fermi pocket. The spectral weight
is obtained by two ways. One is to get MDC peak area from b (plotted as pink squares). The
other is to get the EDC peak area from the EDCs in ¢ (purple circles). The EDC spectral
weight distribution basically follows the a + b cosé relation with a=0.50 and b=0.17 (purple
line). Inset: definition of # and labeling of minor-axis vertices L0 (0°, 360°) and RO (180°).
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