CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Modulated reconstruction by epitaxial strain engineering and chemical arrangement in
SrNbO; thin films

Shenggen Cao(# /i), Jiali Zhao(RX£ENN), Hang Li(Z=#ii), and Tian Qian(%kK)
Citation:Chin. Phys. B, 2026, 35 (7): 076802.  DOI: 10.1088/1674-1056/ae5a0b
http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Bond-resolved silicene on Au(111) substrate

Ye Chen([%:Xf), Wenya Zhai(# SC#f), Haoyuan Zang (ki Ji), Zengfu Ou(Rk3E4f), Donghui Guo(Z8 %< %), and
Jingcheng Li(Z= % %)
Chin. Phys. B, 2025, 34 (9): 096801.  DOI: 10.1088/1674-1056/adee02

Combining machine learning algorithms with traditional methods for resolving the
atomic-scale dynamic structure of monolayer MoS, in high-resolution transmission

electron microscopy

Yu Meng(5%F2), Shuya Wang(E ), Xibiao Ren(fE45#5), Han Xue(FEi), Xuejun Yue ({52~ %), Chuanhong
Jin(&:4%t), Shanggang Lin(#k ), and Fang Lin(#k7%)
Chin. Phys. B, 2025, 34 (1): 016802.  DOI: 10.1088/1674-1056/ad9ba3

Multiphase cooperation for multilevel strain accommodation in a single-crystalline

BiFeO; thin film

Wooseon Choi, Bumsu Park, Jaejin Hwang, Gyeongtak Han, Sang-Hyeok Yang, Hyeon Jun Lee, Sung Su Lee, Ji
Young Jo, Albina Y. Borisevich, Hu Young Jeong, Sang Ho Oh, Jaekwang Lee, and Young-Min Kim
Chin. Phys. B, 2024, 33 (9): 096805. DOI: 10.1088/1674-1056/ad62e0

Optimal parameter space for stabilizing the ferroelectric phase of Hf,:Zr,;0, thin films

under strain and electric fields

Lvjin Wang(E15%7), Cong Wang(TE ), Linwei Zhou(J& #% Ef), Xieyu Zhou(JH 1 52), Yuhao Pan(i% F2¥), Xing
Wu(53E), and Wei Ji(ZE )
Chin. Phys. B, 2024, 33 (7): 076803.  DOI: 10.1088/1674-1056/ad498b

Quantum dynamics within curved thin layers with deviation

Run Cheng(f£ilH), Hao Zhao(#*¥), Cui-Bai Luo(% #24f1), Xuan Zhou(J# 3E), Bi-Li Wang(F 24 Fl), Yan-Biao Li(Z=4E
¥r), and Jun Wang(F£1R)
Chin. Phys. B, 2024, 33 (7): 076801. DOI: 10.1088/1674-1056/ad3dd2


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae5a0b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae5a0b
https://doi.org/10.1088/1674-1056/ae5a0b
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adee02
https://doi.org/10.1088/1674-1056/adee02
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad9ba3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad9ba3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad9ba3
https://doi.org/10.1088/1674-1056/ad9ba3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad62e0
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad62e0
https://doi.org/10.1088/1674-1056/ad62e0
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad498b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad498b
https://doi.org/10.1088/1674-1056/ad498b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad3dd2
https://doi.org/10.1088/1674-1056/ad3dd2

Chin. Phys. B 35, 076802 (2026)

RAPID COMMUNICATION

Modulated reconstruction by epitaxial strain engineering and

chemical arrangement in SrNbQO; thin films

Shenggen Cao(H #1R)"2, Jiali Zhao(®XH:[N)?, Hang Li(ZET)">7, and Tian Qian(tkK)"2>3

1 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2 University of Chinese Academy of Sciences, Beijing 100049, China
3CAS Center for Excellence in Topological Quantum Computation, Chinese Academy of Sciences, Beijing 100049, China

(Received 7 January 2026; revised manuscript received 20 March 2026; accepted manuscript online 1 April 2026)

Correlated topological quantum materials hold great promise for next-generation quantum technologies, particularly
in fault-tolerant quantum computing and energy-efficient spintronic devices, owing to the intricate interplay between strong
electron correlations and topologically nontrivial band structures. To experimentally probe correlation-driven band recon-
struction, perovskite oxide heterostructures provide an ideal platform, as their epitaxial films offer versatile degrees of
freedom for physical modulation through strain or chemical control. In this work, we systematically fabricate high-quality
SrNbOj3 thin films via pulsed laser epitaxy and investigate their electronic structures using angle-resolved photoemission
spectroscopy (ARPES). Variation of the substrate oxygen stoichiometry drives a transition in the Fermi surface reconstruc-
tion from a /2 x v/2R45° pattern on oxygen-deficient SrTiO3 to a 2 x 2 pattern on stoichiometric substrates. Furthermore,
by precisely controlling the epitaxial thickness, we identify the gradual disappearance of the electron-like Fermi surface
at the M point with increasing thickness, which might be associated with the relaxation of the a®a%¢™ lattice distortion
induced by interfacial epitaxial strain at the SrTiO3 substrate. Our findings demonstrate that band reconstruction in corre-
lated oxides can be effectively modulated through chemistry and thin-film thickness, establishing StNbO3 as a promising
material platform for multifunctional electronic band control. This work provides a prototypical route for exploring the

intertwined topological and correlated phenomena in 4d transition-metal oxides under extreme quantum confinement.

Keywords: perovskite oxide, strain, reconstruction
PACS: 68.47.Gh, 71.10.Ca, 73.20.—1, 73.22.
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1. Introduction

Transition-metal-based perovskite oxides, crystallized in
the ABOs structure (Fig. 1(a)), where the A-site is occupied by
alkaline-earth ions and the B-site by transition-metal ions, ex-
hibit a wide range of collective phenomena — including giant
magnetoresistance, multiferroicity, and metal—-insulator tran-
sitions — arising from the coupling among charge, spin, lat-
tice, and orbital degrees of freedom.!!~®1 At perovskite-based
oxide surfaces or interfaces, structural reconstruction plays a
crucial role in determining the electronic and magnetic prop-
erties beyond bulk properties because subtle rearrangements
of the atomic structure — such as octahedral tilts, rotations,
and distortions — can drastically modify the band topology,

(2.7-91 In partic-

orbital occupancy, and exchange interactions.
ular, lattice reconstructions at heterointerfaces often relax po-
lar discontinuities or strain mismatches, leading to emergent
two-dimensional electron systems, interfacial magnetism, or
unconventional superconductivity.!'%1?! For example, orbital
reconstruction at the LaAlO3/SrTiO3 interface gives rise to
symmetry breaking and a quantum 2D electron gas,!'%! while

similar effects in correlated perovskites such as LaNiO3 and
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SrRuO3 can induce metal—insulator transitions and nontriv-

(13,141 Thys, atomic-scale reconstruction

ial magnetic textures.
serves as an effective tuning knob for manipulating quantum
states in correlated oxides, providing a versatile platform for
designing emergent functionalities.

In StNbOs3, the Nb ions provide 44! electrons, ex-
pected to yield electronic properties analogous to those of the
3d! perovskite SrVOs, including a thickness-driven metal-
insulator transition from an insulating state below 2 ML to

5151 Such dimen-

a non-Fermi-liquid behavior above 6 ML.!
sional crossover phenomena may be a universal feature of
isostructural 4d transition-metal oxides due to their compa-
rable electronic configurations. Although 4d transition-metal
ions generally exhibit stronger hybridization with oxygen,
weaker on-site Coulomb interactions, and hence weaker elec-
tron correlations than their 3d counterparts, earlier studies ob-
served higher resistivity in STNbOj3 films, which was later clar-
ified to originate from non-stoichiometry. 6]

Angle-resolved photoemission spectroscopy (ARPES)
investigations of SrNbO;3; remain scarce, largely due to
the challenges of synthesizing high-quality epitaxial films
and the stringent surface requirements for in-situ measure-
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ments. Recent advances in film growth techniques, how-
ever, have enabled the fabrication of high-quality StTNbOj3 thin
films,[!7-18) which have attracted attention as transparent con-
ductors owing to their high electrical conductivity and opti-
cal transmittance.!'°~>! ARPES measurements on these films
have confirmed a band structure consistent with density func-
tional theory (DFT) calculations.*? Moreover, strain-induced
lattice distortions can give rise to non-symmorphic symme-
try protection of Dirac points in the electronic band structure,
suggesting that distorted StNbO3; may host correlated Dirac
semimetal states.[?>~2] Nevertheless, direct spectroscopic ver-
ification of such topological transitions has yet to be achieved.

In this work, we employ pulsed laser epitaxy to synthesize
atomically smooth, stoichiometrically controlled StNbO3 thin
films and probe their electronic structures via in-situ ARPES.
By controlling the oxygen content of the substrate, we ob-
serve a distinct evolution of the Fermi surface reconstruc-
tion — from a v/2 x v/2R45° modulation in films grown on
oxygen-deficient SrTiO3 substrates to a 2 x 2 Fermi surface
reconstruction in films on stoichiometric substrates. Further-
more, controlled variation of film thickness reveals the gradual
suppression of the electron-like Fermi pocket at the M point,
which might be associated with the relaxation of the a%a’c*
lattice distortion driven by interfacial strain from the SrTiO3
substrate. These results demonstrate that both chemical stoi-
chiometry and thin film thickness provide effective tuning pa-
rameters for band reconstruction in correlated oxides, estab-
lishing StNbOj3 as a versatile platform for engineering the in-
terplay between topology, correlation, and dimensional con-

2. Result

SrNbO3 thin films with thicknesses ranging from 1-—
200 ML were grown on SrTiO3 substrates by pulsed laser de-
position (PLD) to investigate the influence of epitaxial strain
(€ = —3.02%) on their structural and electronic properties.
All films were grown under high-vacuum conditions. Despite
the substantial lattice mismatch, high-quality films with atom-
ically smooth surfaces were obtained, as evidenced by the x-
ray diffraction (XRD) results shown in Fig. 1(b). The diffrac-
tion peaks corresponding to the (100) and (200) reflections of
SrNbOj shift progressively toward larger angles with increas-
ing thickness, indicating a reduction of the out-of-plane lattice
constant ¢. We performed reciprocal space mapping (RSM)
measurements on the (103) reflections of SrNbOj thin films
with thicknesses ranging from 7 ML to 200 ML, as shown in
Fig. 1(b). The (103) reflection intensities are relatively weak
for ultrathin films (7 ML and 8 ML). Analysis of the RSM
data reveals that the in-plane lattice constant a of StNbO3 in-
creases progressively with film thickness, from approximately
3.921 A at 7 ML to 3.987 A at 200 ML. For thinner films, the
in-plane lattice constant closely matches that of the SrTiO3
substrate, whereas for thicker films, it approaches the bulk
value of STINbO3. These complementary observations consis-
tently point to a gradual relaxation of the epitaxial strain with
increasing thickness. The behavior originates from the com-
pressive in-plane strain imposed by the smaller lattice constant
of the SrTiO3 substrate, which initially elongates the lattice
along the out-of-plane direction. As the film thickens, strain

relaxation progressively restores both lattice parameters to-
ward their bulk values, in agreement with the systematic peak
shifts observed in XRD and RSM.
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Fig. 1. Crystal structure, XRD and AFM of StNbO3 thin film. (a) The crystal structure of SINbO3. (b) The XRD test results of thin films with thickness
ranging from 3-33 ML. It can be clearly seen from the figures that the peak positions of (100) and (200) shift towards higher angles with increasing film
thickness. (c) The AFM test image of an 8§ ML thick SrNbOs thin film, where we can clearly see relatively flat terraces, confirming that the film surface
is atomically smooth. (d)—(g) The RSM of the (103) reflections for STNbO3 thin films with different thicknesses. In the figures, STO and SNO denote

SrTiO3 and StNbO3, respectively.
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Fig. 2. RHEED images of SrTiO3 substrate and StNbO3 thin films with different thicknesses. (a) The RHEED image of the SrTiO3 thin film after being
treated at 950 °C. The smooth circular spots suggest a flat substrate surface. (b)—(i) The RHEED images of SrNbO3 thin films with thicknesses ranging from
1-8 ML. (j) The intensity of the central spot changing over time during 8 ML film growth, exhibiting seven peaks during growth.

The atomic force microscopy (AFM) image of an 8 ML
film (Fig. 1(c)) reveals well-defined terraces, confirming
the atomically flat surface morphology suitable for surface-
sensitive ARPES measurements. Figure 2 shows reflection
high-energy electron diffraction (RHEED) images of thin
films with different thicknesses. The RHEED patterns for
films with thicknesses less than 8 ML are significantly differ-
ent from those with thicknesses greater than or equal to 8 ML.
As the film thickness increases, the brightness of the central
spot (00) gradually decreases until it disappears, as shown in
Fig. 2, which is related to a progressive roughening of the
surface, and the (01) spot remains, suggesting the preserved
surface periodicity. This is consistent with the changes in
the RHEED intensity of the central spot (00) recorded during
growth (Fig. 2(j)), where seven peaks can be clearly observed,
with peak intensities gradually decreasing. The RHEED oscil-
lations confirm a layer-by-layer growth mode during the initial
stages of deposition. The disappearance of these oscillations
after the deposition of 7 ML indicates a transition to a dif-
ferent growth regime, such as step-flow or three-dimensional
island growth, suggesting that the overall growth follows the
Stranski—Krastanov mode.

SrNbOs3 has one electron occupying the Nb 4d states,
which is distributed among the three nearly degenerate #5, or-
bitals. Each orbital contributes a cylindrical Fermi surface
sheet oriented along a principal axis. The band derived from
the d,, orbital exhibits no dispersion along the k;, direction, i.e.,
it is quasi-two-dimensional in nature.?”] To probe the elec-
tronic structure of STNbQO3 films, we performed in-situ ARPES
measurements on samples with varying thicknesses. The He 11
discharge line (hv =40.81 eV) was used as the photon source,
and the sample temperature was maintained below 100 K dur-
ing the measurements. To fully map the three-dimensional
electronic structure, photon-energy-dependent measurements

would be required, as a single photon energy corresponds to a

fixed k, plane in the Brillouin zone. However, such measure-
ments are not accessible with our fixed-energy He II source.
For films thicker than 3 ML, a circular electron pocket
centered at the I" point is observed, originating from the d,y
orbital of SrINbO3. An additional pocket appears at the M
point, corresponding to the folded Fermi surface at I induced
by the v/2 x v/2R45° Fermi surface reconstruction. With in-
creasing thickness up to 7 ML, the spectral weight of the M-
point pocket enhances, reflecting improved crystallinity. At
8 ML, the pocket at M vanishes abruptly. For the 200 ML film,
the band structure becomes identical to that of bulk StNbOj3.
The electron-like Fermi pockets expand progressively with in-
creasing film thickness, as evidenced by the momentum dis-
tribution curves (MDCs) at Eg for films with different thick-
nesses shown in Fig. 3(g), as well as the mapping result at
E — Ep = —0.1 eV in Fig. 3(c). This band reconstruction
may originate from compressive-strain-induced a®a’c™ octa-
hedral rotations (Fig. 5(b)).[*”-2°! In the Glazer notation, !
a® and ¢ denote the absence of rotation and in-phase rota-
tion of the oxygen octahedra about the corresponding crystal-
lographic axes, respectively. Such symmetry lowering folds
the d,,-derived band from the I" point to M, leading to hy-
bridization at the Brillouin zone boundary that is absent in the
cubic a’a®a’ phase (Figs. 5(a), 5(c) and 5(d)). The disappear-
ance of the M-point pocket at 8 ML is not likely due to the k,
dispersion of the band. Although thinner films are expected to
exhibit larger k, broadening, the electron pocket at the M and
I" points is derived from the d,, orbital, which is quasi-two-
dimensional in nature and has been verified experimentally to
be detectable across all k, planes in STNbO3 and similar per-
ovskite SrTiO3.31:32] Therefore, the disappearance of the M-
point pocket is attributed to thickness-dependent effects rather
than k,-related broadening. From the XRD/RSM results, we
observe a change in the lattice constant with increasing film
thickness, indicating relaxation of the epitaxial strain. This
suggests that the disappearance of the M-point pocket at 8 ML
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may be associated with the relaxation of the a’a®c™ octahe-
dral rotation. However, confirmation of the a®a®ct distortion
requires further investigation. Such subtle structural modula-
tions are difficult to detect using our two-stage differentially
pumped RHEED due to their weak diffraction features, and
high-resolution synchrotron XRD also remains challenging for
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ultrathin films owing to the limited scattering volume, com-
pounded by the scarcity of beamtime access. Figures 3(d) and
3(h) display the ARPES intensity maps centered at the I" and
M points, respectively, for a 4 ML film. At this photon energy,
the spectral weight primarily arises from the d,, orbital, while
the dy; and d,, contributions remain weak.

s 10 —-0.5 0
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Fig. 3. Fermi surface patterns of STNbO3 thin films with different thicknesses. Panels (a), (b), (e) and (f) present the Fermi surfaces for films with
thicknesses of 3 ML, 7 ML, 8 ML, and 200 ML, respectively. The Brillouin zone boundaries are marked by white dashed lines. (c) The band structures
at binding energies of 0.1 eV below the Fermi level for STINbO3 films of varying thicknesses. (c) The MDCs at Ef for films with different thicknesses,
along the I'-X direction. (d) and (h) The mappings centered at the I" and M points for the 4 ML-thick film.
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Fig. 4. Both (a) and (b) present ARPES mapping measurements centered at the I" point for 7 ML SrNbO; thin films. The key distinction lies in
the substrate condition: (a) corresponds to a film grown on an oxygen-deficient SrTiO3 substrate, while (b) was deposited on a stoichiometric SrTiO3
substrate. Panel (d) compares the Fermi surfaces extracted from the two samples, with the black curve representing the original Fermi surface, the blue
curve representing the oxygen-deficient substrate /2 x v/2R45° Fermi surface and the orange curve denoting the stoichiometric 2 x 2 Fermi surface
case. (c) The mapping result measured in the third Brillouin zone for the film on the stoichiometric substrate. (¢) and (f) The band structures along the
T'-M direction for the oxygen-deficient and stoichiometric substrates, respectively. (h) A direct comparison of the fitted band parameters derived from
the T'-M direction. (g) The band structure along the I'-M direction measured in the third Brillouin zone.

Figures 4(a) and 4(b) show ARPES maps at the " point
for 7 ML SrNbOs films grown on oxygen-deficient and stoi-
chiometric SrTiO3 substrates, hereafter denoted as samples #1
and #2, respectively. In Appendix A, we describe how the

oxygen-deficient and stoichiometric substrates were prepared.
The Fermi wave vector kg of sample #1 is notably larger, indi-
cating a higher carrier density due to oxygen deficiency. Fig-
ure 4(c) displays the third Brillouin zone map for sample #2,
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revealing a distinct Fermi surface reconstruction pattern com-
pared with sample #1. The oxygen-deficient substrate induces
av/2 x v/2R45° Fermi surface reconstruction possibly associ-
ated with the a®a®¢™ octahedral rotation (Fig. 5(d)), whereas
the stoichiometric substrate leads to a 2 x 2 Fermi surface re-
construction. As a result, folded electron-like bands emerge
at both the X and M points. The extracted Fermi surfaces
are outlined in Fig. 4(d), where only the d,, component is
shown for clarity. This Fermi surface reconstruction cannot
be attributed to the k, dispersion of the band either, given that
the d,,-derived band is quasi-two-dimensional. We cannot at-
tribute it to surface reconstruction, since our RHEED shows no
evidence of surface reconstruction. There are some other pos-

a%a0ql a%alct

. P
0

(b)

Fig. 5. Octahedral rotation modes and Fermi surface evolution in StNbO3. (a) Cubic phase (@°a®a

sible effects related to the Fermi surface reconstruction, such
as charge density wave and spin density wave.>3-3>! The ori-
gin of the Fermi surface reconstruction here needs further in-
vestigation in the future. Figures 4(e) and 4(f) compare the
band dispersions along I'-M. In sample #2, the band bot-
tom, invisible in the first Brillouin zone, becomes evident in
the third (Fig. 4(g)). The effective mass ratios r = m* /m. are
nearly identical for the two films (0.436 and 0.452), consistent
with the reported value of 0.46 in Ref. [22], and much smaller
than rgso &~ 1.7 for StMoO3 on GdScOj3.3% Although oxy-
gen deficiency shifts the Fermi level upward and leaves the
effective mass essentially unchanged, it results in markedly
different Fermi surface reconstruction patterns.

— .,

day

—ds

dy.
k, kg
(c) (d)

0. no rotation) and (b) strained phase (@®act in-phase

rotation) with corresponding (c) and (d) I'-X—M plane Fermi surfaces. The a’a’ct symmetry induces Brillouin zone folding, modifying the original
cubic Fermi surface topology (c) through zone-boundary band hybridization (d). The Fermi surfaces derived from the d,; and dy, bands are represented
by the blue and green contours, respectively. The original d., band is depicted by the red contour, while the cyan contour arises from band folding.

3. Conclusions

In this study, we investigated the thickness-dependent
electronic structure of SrNbOs films using ARPES. Pro-
nounced spectral features emerge at a thickness of 3 ML,
where clear electron-like bands appear at the M point, orig-
inating from band folding. These folded states persist up to
7 ML, but vanish once the thickness exceeds 8 ML. This evo-
lution parallels the strain relaxation behavior, establishing a
link between epitaxial strain, lattice reconstruction, and elec-
tronic topology. Specifically, the substrate-imposed strain —
compressive for SrTiO3 and tensile for DyScO3; — defines a
tunable electronic landscape where quantum confinement and
strain jointly govern the emergent band structure. The criti-
cal thicknesses identified here, 3 ML for the onset of coher-
ent spectral weight and 8 ML for the disappearance of folded
bands, may signify distinct stages of strain accommodation
and electronic reconstruction. Such thickness-dependent evo-
lution from a correlated Dirac semimetal-like state to a more
conventional metallic phase highlights the potential of 4d ox-
ides as a platform for realizing strain-engineered quantum
phase transitions, with implications for topological and quan-
tum device design.

Furthermore, films grown on stoichiometric substrates
exhibit a 2 x 2 Fermi surface reconstruction, distinct from the
V2 x \/2R45° pattern associated with the a%a®c rotational
distortion induced by oxygen-deficient substrates. Because of

the limited photon energy range of the laboratory light source,
our measurements predominantly probe the d,-derived states,
whereas the d,, and dy, contributions remain too weak for reli-
able identification. Consequently, possible quantum-well sub-
band features could not be resolved. Future synchrotron-based
ARPES studies with tunable photon energies will be essential
to fully map the orbital-selective band evolution and to clarify
the role of confinement in modulating the correlated electronic
states of STINbO3.

Appendxi A: Methods
Al. Pulsed laser deposition

We utilized a SrTiO3 substrate with a CryTec (001) orien-
tation. The substrate was pre-annealed at 600 °C for 30 min in
the growth chamber for degassing. Once the vacuum state sta-
bilized, the temperature was raised to 950 °C for an additional
30 min to obtain a SrTiOj3 substrate with a TiO,-termination,
which is referred to as the oxygen-deficient substrate in the
main text. The stoichiometric SrTiO3; was obtained by anneal-
ing at 500 °C for 30 min under an O, atmosphere at a pressure
of 0.1 mbar. A KrF excimer laser (A = 248 nm) was used to
ablate the Sr;Nb,O7 target material with a laser frequency of
2 Hz. Growth was performed directly in an ultra-high vacuum
(UHV) environment, with the optimal substrate temperature
for growth being 770 °C. The film thickness was monitored
in-situ using RHEED, with clear oscillation signals observed
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when the thickness was below 7 ML. Surface morphology was
determined using AFM.

A2. Angle-resolved photoemission spectroscopy

All the ARPES data were collected at the Synergetic Ex-
treme Condition User Facility (SECUF), using a Scienta Omi-
cron DA30 electron analyzer with energy and angular res-
olutions better than 5 meV and 0.1°.

lected with helium discharge lamp light at a photon energy

The data were col-

of He II 40.81 eV. The samples were measured in-situ via a
high-vacuum transfer line from the PLD chamber under a base
pressure better than 5 x 10~!! mbar.
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