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Rare earth (RE) metals exhibit unique mixed-valence behavior due to their 4f electronic configurations. In this study,
we investigate the surface electronic structure and valence-mixing phenomena in samarium (Sm) films using molecular
beam epitaxy (MBE), scanning tunneling microscopy (STM), angle-resolved photoemission spectroscopy (ARPES), and
density functional theory (DFT). A natural moiré superlattice emerges on the Sm film surface as a result of lattice mismatch
between the surface divalent Sm2+ and bulk trivalent Sm3+ layers. ARPES reveals the flat f electron bands corresponding
to Sm3+ and Sm2+ states, particularly demonstrating the partial coexistence of bulk Sm2+ flat bands. The dispersive
s–d electron bands and surface-condition-induced band shifts are observed and analyzed through both STM and ARPES
measurements. Our work provides direct evidence for the formation of a moiré pattern on the surface of Sm films due to
its unique surface valence transition, thus paving the way for a new method to generate moiré superlattices in correlated
4f-electron systems.

Keywords: samarium, mixed valence, angle-resolved photoelectron spectroscopy, scanning tunneling mi-
croscopy
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1. Introduction

Rare earth (RE) materials with 4f electrons are renowned
for their strong electronic correlations, which can give rise to
a variety of intriguing quantum phenomena, including heavy
fermion behavior, magnetic order, mixed valence, unconven-
tional superconductivity, and quantum criticality.[1–8] Due to
the relatively low energy scales, these systems are highly sen-
sitive to external tuning parameters such as doping, pressure,
and magnetic field. In RE materials, the valence is defined as
the number of electrons donated by each RE ion to the 5d–
6s conduction band. Among the lanthanides, most elements
prefer a trivalent (3+) ground state; however, several elements
with near half-filled or fully filled 4f shells (e.g., Eu and Yb)
tend to exhibit divalent (2+) states more readily.[9] For samar-
ium (Sm), due to the relatively small energy difference be-
tween Sm2+ and Sm3+, it often displays mixed-valence be-
havior. Its valence can be tuned between these two states by
applying pressure, adjusting temperature, and chemical dop-
ing, giving rise to a range of intriguing phenomena.[4,10]

Early studies have demonstrated that bulk Sm predom-

inantly exhibits a trivalent (Sm3+) electronic configuration,
whereas its surface atoms are more likely to adopt a divalent
(Sm2+) state. This leads to a pronounced valence transition in
the outermost layer.[11–13] The larger ionic radius of Sm2+ can
result in an incommensurate interface with the compact Sm3+

layers, thereby inducing surface reconstruction and the spon-
taneous formation of a superlattice with large periodicity (or
moiré pattern).[14,15]

Moiré lattices have garnered significant attention in recent
years.[16–19] In a moiré system, the enlarged supercell can lead
to substantial band flattening due to band folding, thereby en-
hancing the effects of even relatively weak electron–electron
interactions. Such correlation effects have been experimen-
tally demonstrated across various moiré systems, where in-
triguing phenomena — ranging from correlated insulators and
fractional Chern insulators to superconductivity — have been
observed.[20–22] Generally, moiré lattices can be realized by
introducing a small twist angle between two layered materi-
als or by stacking structurally similar materials with different
lattice constants; however, these methods often present con-
siderable challenges in terms of fabrication and scalability. In
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contrast, in rare-earth metals with surface valence transitions,
the lattice change associated with the valence transition can in-
duce the formation of a moiré superlattice, offering an attrac-
tive and potentially more accessible platform for investigating
moiré physics in a strongly correlated setting.

However, most prior studies have relied on x-ray pho-
toemission spectroscopy (XPS) or angle-integrated photoe-
mission spectroscopy (PES).[11–13] The precise nature of the
surface valence transition and its impact on the conduction
states remain largely unexplored, particularly in the context
of Sm films exhibiting a well-defined moiré pattern. There-
fore, high-resolution spectroscopic measurements in both real
and momentum space are essential for understanding the char-
acteristics of Sm’s surface valence transition. In this work,
we combine molecular beam epitaxy (MBE), in-situ scanning
tunneling microscopy (STM), in-situ angle-resolved photoe-
mission spectroscopy (ARPES), and density functional theory
(DFT) calculations to address these questions. The moiré pat-
tern resulting from the lattice mismatch between surface Sm2+

and bulk Sm3+ is distinctly observed in STM measurements.
ARPES reveals f electron multiplets originating from both sur-
face Sm2+ and bulk Sm3+ states. Furthermore, a partial bulk
Sm2+ state is found to coexist dynamically with the predom-
inant bulk Sm3+ state. We further analyze the dispersive s–
d electron conduction bands and their shifts induced by sur-
face effects. The combination of these techniques facilitates
a comprehensive examination of both the mixed-valence phe-
nomenon and the distinction between surface and bulk states.

2. Experiment and results
Figure 1(a) presents a schematic representation of the

lattice structure of bulk Sm, characterized by a nine-layer
close-packed arrangement. Each layer of Sm(001) ex-
hibits a triangular lattice with an in-plane lattice constant
of 0.363 nm, while the interlayer spacing between adja-
cent layers is 0.291 nm. The side and top views illustrate
that the lattices in different layers are stacked in an alter-
nating sequence, designated as SmA, SmB, and SmC. The
MBE growth process began with the preparation of a bilayer
graphene substrate, which was achieved by annealing an Si-
terminated 6H-SiC(0001) substrate at 1300 ◦C for 30 minutes
under ultra-high-vacuum (UHV) conditions (4× 10−10 Torr,
1 Torr = 1.33322×102 Pa). The quality of the resulting epitax-
ial graphene layer was evaluated using reflection high-energy
electron diffraction (RHEED), which also served as the foun-
dation for the subsequent epitaxial growth of Sm films. Subse-
quently, 2-unit-cell-thick Sm films (equivalent to 18 monolay-
ers) were epitaxially deposited under conditions of a deposi-
tion rate of 0.914 Å/min and an Sm source temperature main-
tained at 540 ◦C. Both film thickness and deposition rate were

precisely controlled using an in-situ quartz crystal microbal-
ance (QCM). The substrate was maintained at room tempera-
ture during the film deposition process. Upon completion of
the thin film growth, the samples were annealed at 150 ◦C for
5 minutes to enhance both film quality and surface flatness.
Figure 1(b) displays the RHEED pattern for Sm along the Γ –
M direction. The presence of sharp streaks, whose in-plane
lattice constant is consistent with bulk Sm, confirms the high
surface quality attained in these Sm films.

The sample was subsequently transferred in-situ to the
STM head for measurement at liquid nitrogen temperature
(77 K). Figure 1(c) displays a large-scale STM topographic
image acquired with a bias voltage of Vb = 1 V and a set-
point tunneling current of It = 200 pA. Triangular terraces
with periodic lattices are observable; however, the surface is
rough with multiple terraces at varying heights. The sam-
ple was then transferred to the preparation chamber at room
temperature, re-annealed at 150 ◦C for 5 minutes, and sub-
sequently returned to the low-temperature STM head for fur-
ther measurements. As shown in Fig. 1(d), the surface mor-
phology becomes relatively smoother following this annealing
process. Two line-cuts across the steps depicted in Fig. 1(d)
have been selected, and the corresponding step heights are ex-
tracted as shown in Fig. 1(e). The top panel (along the red
cut in panel (d)) corresponds to the height of a single Sm lat-
tice layer, while the bottom panel (along the light blue cut in
panel (d)) represents two unit cells comprising 18 layers of the
Sm lattice (with graphene located beneath this step). The sur-
face was predominantly covered by Sm layers with a height
of 2 unit cells (u.c.), consistent with the overall thickness esti-
mated by the QCM.

Figure 1(f) presents a topographic image of a small flat
surface, revealing a clearly defined periodic triangular lattice.
The real-space lattice exhibits a period that is significantly
larger than the atomic scale, suggesting the possibility of sur-
face reconstruction. The Fourier transform of Fig. 1(f), shown
in the top right corner, allows for the precise determination
of the superlattice period as 1.916 nm. In a previous STM
study,[15] a similar reconstruction was observed, with its pe-
riod being approximately 4.5 times that of the surface atomic
lattice. The lack of atomic resolution in our experiment may
be attributed to the tip treatment, where an extremely sharp
tip was intentionally avoided to ensure accurate spectroscopic
measurements. The RHEED pattern also displays prominent
superstructure peaks. Figure 1(b) depicts the intensity pro-
file along a horizontal line-cut across the RHEED streaks, en-
abling the extraction of both the distance between two primary
peaks (λ2) and the distance between primary and secondary
peaks (λ1). Based on the calculated value of λ2/λ1, the period
of the surface superstructure along this direction is determined
to be approximately 4.35 times that of the atomic periodicity.
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Fig. 1. (a) Crystal structure of bulk Sm. The side view and top view sketches are presented in the upper and lower panels, respectively. (b) Top:
RHEED pattern of an Sm film for electron beam along the Γ –M direction. Bottom: RHEED line-cut along the yellow dashed box. (c)–(d) Large-scale
topography (Vb = 1 V, It = 200 pA) of the Sm film after annealing at 150 ◦C and after re-annealing (d). (e) Height profiles corresponding to the colored
arrowed lines indicated in panel (d). (f) Topography of a region exhibiting a flat surface. The inset displays the Fourier transformation results. All STM
measurements were conducted at liquid nitrogen temperature (77 K).

The center of the reconstructed superlattice is character-
ized by a dark spot, surrounded by a bright hexagon, which
aligns with earlier findings reported in the literature.[15] The
amplitude of modulation observed in the topography is ap-
proximately 20 pm in our experiment. This reconstruction can
be modeled as a moiré pattern arising from a lattice mismatch
between the surface divalent Sm2+ lattice and the underlying
bulk trivalent Sm3+ lattice.[15] We note that RE metals can be
viewed as a lattice of RE ions with a specific valence (corre-
sponding to the number of conduction electrons that are do-
nated to the Fermi sea), which coexists with the itinerant con-
duction electrons. Each dark spot corresponds to a depressed
surface atom of divalent Sm2+, occurring when it is directly
positioned above a trivalent Sm3+ atom in the layer beneath.
Typically, bulk Sm exists predominantly in its trivalent state
(Sm3+). However, on the surface, Sm tends to adopt a diva-
lent state (Sm2+) due to a reduction in coordination number
and the effects of lattice termination. The atomic radius of
divalent Sm2+ is larger than that of its trivalent counterpart
(Sm3+). Regardless of stacking order, these two incommensu-
rate layers exhibiting lattice mismatch lead to the formation of
a moiré superlattice. In our experiment, with a lattice constant
of 0.363 nm for bulk Sm3+, we observe that the periodicity
of 1.916 nm corresponds to an average spacing involving 5.28
trivalent Sm3+ atoms interspersed between two neighboring
surface dark spots. The moiré periodicity induced by this lat-
tice mismatch suggests an average presence of 4.28 divalent

surface Sm2+ atoms located between two dark spots, which
is approximately consistent with the periodicity observed in
RHEED. Therefore, the STM findings reveal that the atomic
radius of surface Sm expands by approximately 23% com-
pared to bulk trivalent Sm3+.

We concentrated on a small, flat region characterized by
the topography depicted in Fig. 2(a) (Vb = 1 V, It = 200 pA).
The STM tip was positioned at the center of a dark spot within
this topography (indicated by the blue dot). A differential con-
ductance (dI/dV ) spectrum was subsequently acquired within
the bias range of ±600 mV and is presented in Fig. 2(b). For
the dI/dV spectrum measurement, a standard lock-in tech-
nique was employed, utilizing a voltage modulation of 10 mV
and a frequency of 991.2 Hz. For comparison, an additional
dI/dV spectrum was measured at the location of a bright spot
(indicated by the red dot) and is also presented in Fig. 2(b).
The most prominent feature observed in both spectra is a broad
peak that extends from zero bias (the Fermi level) to a positive
bias of 600 mV (above the Fermi level). Notably, there is a
slight shift in the peak center, moving from 380 mV for the
bright spot to 320 mV for the dark spot.

To gain a deeper understanding of the experimental
bands near the Fermi level, we performed first-principles
calculations using the Vienna Ab-initio Simulation Package
(VASP).[23] The Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional[24] was employed within the framework
of the projector-augmented wave (PAW) method.[25] We uti-
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lized the “Sm 3” pseudopotential in our calculation, which as-
sumes a 4f5 configuration for Sm with 4f electrons treated as
core electrons (hence not part of the band structure). Due to
technical limitations, both the 4f electrons and the structure of
the moiré surface were omitted from our band calculation. Ad-
ditional details regarding the DFT calculations are provided in
Appendix A.
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Fig. 2. (a) Topography of a small flat region (Vb = 1 V, It = 200 pA).
(b) The two dI/dV spectra measured at the corresponding points in-
dicated in panel (a). These spectra were collected using the standard
lock-in technique with a voltage modulation of 10 mV and a frequency
of 991.2 Hz. (c) Calculated projected density of states (DOS) near the
Fermi level for Sm. The Sm 4f electrons are not taken into account in
the calculation.

Figure 2(c) presents the calculated projected density of
states (DOS) near the Fermi level for Sm. As shown in
Fig. 2(c), it is evident that the DOS for conduction electrons is
predominantly attributed to Sm 5d electrons close to the Fermi
level. A pronounced peak around 350 mV can be observed,
aligning with features noted in dI/dV spectra. In contrast,
certain features below the Fermi level are absent from the STM
spectra. A detailed analysis of the band structure indicates that
this peak at 350 mV corresponds to the bottom of several elec-
tronic pockets situated above the Fermi level; meanwhile, the
DOS below the Fermi level is associated with 5d hole pockets
as further demonstrated in Fig. 4(b). Due to an unknown ori-
gin, the hole pocket bands are not detected in STM measure-
ments, which is indicative of a small tunneling matrix element.
When the tip is positioned at the center of the moiré pattern,
a lower apparent height indicates closer proximity to the un-
derlying bulk state, which is associated with a preference for

trivalent behavior and thereby enhances the contributions from
5d conduction electrons. Consequently, this results in a shift
of the Fermi level towards higher energy, consistent with the
60-mV downward shift observed for the 5d peak, as shown in
Fig. 2(b).

In a separate UHV system, an Sm film with a thick-
ness of two unit cells was grown under a similar recipe. The
sample was then transferred in-situ to the ARPES chamber
for electronic structure measurements (∼ 6 K). Figure 3(a)
presents ARPES results over a broad energy range obtained
using 40.8-eV photon energy (He II), which effectively probes
the 4f states. The energy distribution curve (EDC) depicted
in Fig. 3(b) was derived by integrating the entire spectrum.
In Fig. 3(a), the three strongest non-dispersive flat bands are
distinctly observed at −0.9 eV, −1.7 eV, and −5.2 eV, re-
spectively. These bands correspond to the three prominent
peaks identified in the EDC shown in Fig. 3(b). In addi-
tion, two weak flat bands (or corresponding peaks) are ob-
served around −4.0 eV, and another two weak flat bands
(or corresponding peaks) appear below −7.0 eV. These fea-
tures can be directly attributed to localized 4f electrons within
ionic cores, which accounts for their relative absence in STM
measurements.[26–29] The flat bands extending from the Fermi
level down to −4.5 eV are ascribed to the Sm2+ at surface,
corresponding to the 4f5 final state (resulting from ionization
of one electron from the 4f6 configuration). Below this energy
range, contributions from the bulk Sm3+ state (4f4 final state)
dominate, with 4f multiplets corresponding to Sm3+ ranging
from −10.0 eV to −4.5 eV. The energy difference between
the Sm2+ and Sm3+ states reflects strong correlation effects
among 4f electrons, which requires a large Coulomb energy
when an extra electron is incorporated into the system. For
the Sm2+ components, three faint peaks are discernible near
the Fermi level as indicated by three black vertical lines in
Fig. 3(b). The origins of these faint peaks will be revisited in
the subsequent discussion.
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Fig. 3. (a) Wide-range photoemission data taken by He II photons
(40.8 eV) and (b) corresponding energy distribution curve (EDC) of
an Sm thin film. The ARPES measurements were conducted at approxi-
mately 6 K. The multiple flat bands observed from−4.5 eV to−10.0 eV
correspond to the 4f bands associated with trivalent Sm, whereas the flat
bands extending from the Fermi level (EF) to −4.5 eV are attributed to
the 4f bands of divalent Sm.
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We observe several dispersive bands below the Fermi
level. To gain a more comprehensive understanding of the
band dispersion characteristics in Sm, high-resolution scans
were conducted in the vicinity of the Fermi level. Here the
intense 4f electronic signal at −0.9 eV overwhelms the weak
conduction electron bands near the Fermi level, regardless of
whether He I (21.2 eV) or He II (40.8 eV) photon energies
are employed. Within the measured momentum range, both
photon energy conditions exhibit similar dispersion behaviors,
suggesting a quasi-two-dimensional nature of the Sm bands.
Given that He II photon energy reveals clearer dispersion fea-
tures near the Fermi level, subsequent analyses primarily focus
on the He II spectra.

Figure 4(a) presents the high-resolution ARPES spectrum
measured along the Γ –M direction. In proximity to the Fermi
surface, the electronic structure reveals three flat bands located
at 0 eV, −0.17 eV, and −0.32 eV, alongside three hole-like
bands designated as α , β , and γ . The three flat bands near the
Fermi level are also indicated by three short vertical lines in
Fig. 3(b). By comparing the 4f spectra from Sm-based com-
pounds in the literature,[26] we can assign these three flat bands
as the 6H5/2, 6H7/2, and 6H9/2 multiplets of the 4f5 state. Their
intensity is small because the bulk Sm2+ component in Sm is
weak. By contrast, the intense peaks at −0.9 eV and −1.7 eV
can be assigned to 6H and 6F states for the surface Sm2+ — its
strong intensity proves that the Sm on the top layer is mainly
2+. Due to a distinct chemical environment, it is anticipated
that the surface 6H state will shift to lower energy compared
to its bulk counterpart,[26,30–32] leading to the observed peak
at −0.9 eV. Concurrently, a bulk 6F state may be embedded
within this peak at −0.9 eV. The surface 6F state shifts fur-
ther down in energy, resulting in a peak at −1.7 eV. Conse-
quently, we assign the two distinct peaks observed at −0.9 eV
and −1.7 eV to the surface 6H and 6F states, respectively,
as illustrated in Fig. 3(b). The two weak flat bands located
around −4.0 eV correspond to the 6P multiplets.[30] The flat
band observed at−5.2 eV can be attributed to the 5I peak aris-
ing from the bulk Sm3+ state, while the two weak flat bands
below −7.0 eV are assigned to the 5F and 5G multiplets.[30]

Despite the surface reconstruction confirming the coexis-
tence of surface Sm2+ and bulk Sm3+ states, a residual contri-
bution from bulk Sm2+ (green arrows in Fig. 4(a)) can be iden-
tified in ARPES measurements. The bulk Sm2+ signal is very
weak because bulk Sm is mostly in Sm3+ with a very small
Sm2+ contribution, and the bulk Sm is buried beneath the top
layer. The coexistence of bulk Sm2+ and Sm3+ exhibits rapid
dynamic variations over time, resulting in a slight deviation
of the bulk valence from 3+. Therefore, we have a unique
scenario of a surface moiré pattern in Sm driven by the surface
valence change, distinct from a purely structural change in pre-
viously reported moiré systems. In SmB6, the strong Sm2+

component in bulk leads to strong valence mixing and hy-
bridization between 4f and conduction electrons.[33–35] Con-
versely, in metallic Sm, the predominance of the bulk Sm3+

state leads to weaker hybridization between 4f and conduction
bands (Fig. 4(b)).
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Fig. 4. (a) Band structure near the Fermi level taken by He II photons
(40.8 eV) and (b) comparisons with first-principles calculations at kz = 0.
Here the flat bands near EF in panel (a) (marked by green arrows) are Sm 4f
bands, which are not taken into account in the calculation of panel (b).

In the DFT calculations, the primitive unit cell of Sm
(rhombohedral structure) was employed for the computations,
and the band structure was projected onto the (001) direction
of the conventional hexagonal unit cell. Notably, the calcula-
tions predict only two hole-like bands near the Γ point for all
kz planes along the Γ –M direction (Appendix A and Fig. A1);
however, our experiments identify three bands (α , β , γ). Both
the β and γ bands exhibit stronger intensities compared to the
weaker α band. A possible explanation for this phenomenon
is that modifications to the surface valence induce doping ef-
fects in the conduction bands of the outermost Sm atoms, re-
sulting in a relative band shift with respect to the bulk states.
The strong experimental signals corresponding to the β and γ

bands may be attributed to these shifted surface states, whereas
the weaker α and a hidden β ′ band could correspond to the two
bulk state bands. The hidden β ′ band may overlap with β and
is therefore indistinguishable from it. Future high-resolution
measurements and a more detailed comparison with calcula-
tions may further clarify the origin of the bands.[36]

3. Conclusion
In conclusion, we present a comprehensive spectroscopic

investigation of Sm films with a valence transition at the sur-
face. A triangular moiré superlattice forms on the surface
of the Sm film due to lattice mismatch between the surface
Sm2+ layer (expanded by 23% relative to bulk Sm3+) and the
subsurface Sm3+ layer. In addition to the flat bands associ-
ated with bulk Sm3+ and surface Sm2+, ARPES also identifies
flat bands originating from localized 4f5 states of bulk Sm2+.
The surface Sm2+ state exhibits a core-level shift of approxi-
mately 0.9 eV relative to the bulk Sm2+ state. These multiple
flat bands arise from multiplet configurations corresponding
to different final 4f5 states. Dispersive conduction bands near
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the Fermi level and their spectroscopic shifts are systemati-
cally investigated using both STM and ARPES measurements.
Further investigation may require the utilization of advanced
synchrotron radiation light sources with nano-ARPES to sys-
tematically explore potential flat bands within the folded mini
Brillouin zone.[37,38] Our combined STM and ARPES study
provides a compelling case that interfacial moiré systems can
be created by surface valence transitions in rare-earth systems,
which are quite common in these systems. Our work therefore
opens up new opportunities to search for moiré superlattices
in 4f-electron systems and other correlated systems.

Appendix A: Details of DFT calculations

All DFT calculations were carried out using VASP within
the PBE generalized-gradient approximation and the PAW
framework. Samarium was modeled using the “Sm 3” pseu-

dopotential, in which the 4f electrons are treated as core
states. This choice focuses on the conduction bands near the
Fermi level (EF), which are predominantly composed of Sm-
5d states, while the localized 4f multiplets are investigated
through experimental analysis.

Self-consistent and DOS calculations employed the prim-
itive rhombohedral bulk cell with lattice parameters a = b =

c = 8.991722 Å and α = β = γ = 23.278233◦. A Monkhorst–
Pack grid of 6× 6× 6 and a plane-wave cutoff energy of
550 eV were used. For comparison with ARPES measured
on the (001) plane of the conventional hexagonal cell (a = b =

3.6281 Å, c = 26.233 Å, α = β = 90◦, γ = 120◦), the band
dispersions from the primitive cell were projected onto the Γ –
M direction of the hexagonal (001) plane. To investigate the
potential out-of-plane dispersion, we analyzed the Γ –M bands
across multiple kz values ranging from 0 to π , with increments
of 0.1π , as illustrated in Fig. A1.
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Fig. A1. The kz-resolved DFT band structures near EF of Sm along Γ –M direction.

Acknowledgements

Project supported by the National Key Research and De-

velopment Program of China (Grant Nos. 2022YFA1403202

and 2022YFA1402200), the National Natural Science Foun-

dation of China (Grant Nos. 12174331 and 12274369), and

the Zhejiang Provincial Natural Science Foundation of China

(Grant No. LZ25A040003).

References
[1] Coleman P 2007 Heavy Fermions: Electrons at the Edge of Mag-

netism, Handbook of Magnetism and Advanced Magnetic Materials,
eds. Kronmüller H and Parkin S, Vol. 1: Fundamentals and Theory
(Chichester: Wiley) pp. 1–54

[2] Gegenwart P, Si Q and Steglich F 2008 Nat. Phys. 4 186
[3] Kirchner S, Paschen S, Chen Q, Wirth S, Feng D, Thompson J D and

Si Q 2020 Rev. Mod. Phys. 92 011002
[4] Varma C M 1976 Rev. Mod. Phys. 48 219
[5] Lawrence J M, Riseborough P S and Parks R D 1981 Rep. Prog. Phys.

44 1
[6] Riseborough P S and Lawrence J M 2016 Rep. Prog. Phys. 79 084501

067103-6

https://doi.org/10.1002/9780470022184.hmm105
https://doi.org/10.1002/9780470022184.hmm105
https://doi.org/10.1002/9780470022184.hmm105
https://doi.org/10.1002/9780470022184.hmm105
http://dx.doi.org/10.1038/nphys892
http://dx.doi.org/10.1103/RevModPhys.92.011002
http://dx.doi.org/10.1103/RevModPhys.48.219
http://dx.doi.org/10.1088/0034-4885/44/1/001
http://dx.doi.org/10.1088/0034-4885/44/1/001
http://dx.doi.org/10.1088/0034-4885/79/8/084501


Chin. Phys. B 35, 067103 (2026)

[7] Chen Q Y, Xu D F, Niu X H, Jiang J, Peng R, Xu H C, Wen C H P,
Ding Z F, Huang K, Shu L, Zhang Y J, Lee H, Strocov V N, Shi M,
Bisti F, Schmitt T, Huang Y B, Dudin P, Lai X C, Kirchner S, Yuan H
Q and Feng D L 2017 Phys. Rev. B 96 045107

[8] Yuan Y H, Duan Y X, Rusz J, Zhang C, Song J J, Wu Q Y, Sassa Y,
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