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The Bi square net, a structural motif in a diverse array of layered compounds, has emerged as a desirable system
for investigating the interplay between strong spin—orbit coupling, reduced dimensionality, and magnetism. We present a
comprehensive study of Y,0,Bi single crystals using high-resolution angle-resolved photoemission spectroscopy (ARPES)
and density functional theory (DFT) calculations to elucidate the intrinsic electronic structure of the Bi square net. Our
findings reveal a pronounced two-dimensional character of the electronic states, with the Bi square net dominating the
low-energy electronic structure. While Y,O,Bi itself exhibits no topological features, DFT calculations on related Bi
square net compounds reveal that the surrounding crystal environment can induce non-trivial topology, as exemplified by
the topological insulator LiBi. This comparative study establishes a crucial benchmark for understanding Bi square net
physics and informs the design of future Bi square net-based quantum materials.
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1. Introduction

The discovery and design of novel quantum materials
are crucial for advancing both fundamental scientific under-
standing and technological innovation.!"*! In recent years,
two-dimensional (2D) materials have emerged as a partic-
ularly promising avenue for exploring novel quantum phe-
nomena. The reduced dimensionality of 2D materials pro-
vides a unique platform for manipulating and enhancing elec-
tronic interactions.>~'*l Among these materials, systems con-
taining nets of heavy elements, particularly bismuth, offer a
rich playground for investigating novel electronic states due to
the strong influence of spin—orbit coupling (SOC).!">-17] The
RE,O,Bi family (RE = rare-earth elements) represents a par-
ticularly intriguing class of materials in this context. These
compounds feature a layered structure in which electrically
conductive Bi square nets are sandwiched between insulating
[RE,O,]* layers. (18,191 Thijg structure effectively isolates the
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Bi square net, making it an ideal system for studying its intrin-
sic properties.

The Bi square net plays a significant role in a variety
Anal-
ogous to the carbon honeycomb lattice in graphene, the Bi

of exotic phenomena observed in related materials.

square net provides a unique environment for the emergence
of novel electronic states. For example, in AMnBi, (A = Sr,
Ca), these nets host highly anisotropic Dirac fermions.?%2!1 In
EuMnBi,, the Bi square net exhibits a fascinating interplay be-
tween magnetism and electronic structure.??! In CeNig gBi»,
the electronic states of the Bi square net are responsible

[23] Recent studies on RE,O,Bi com-

for superconductivity.
pounds have revealed several intriguing properties, includ-
ing the emergence of superconductivity at low temperatures
in compounds with heavy rare-earth elements upon excess
oxygen incorporation.>*-27 Theoretical calculations suggest
that the large SOC in these materials suppresses charge den-

sity wave instabilities, a phenomenon rarely observed in 2D
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(28291 These diverse observations highlight the com-

systems.
plex interplay of factors governing the electronic properties of
Bi nets and their influence on macroscopic material behavior.
Despite these exciting developments, a comprehensive under-
standing of the intrinsic electronic structure of the Bi square
net has remained elusive. The challenge lies in bridging the
gap between idealized theoretical models and the complex re-
ality of real materials. The intricate interplay of structural,
electronic, and magnetic degrees of freedom in these materi-
als often obscures the intrinsic properties of the Bi net itself.

In this study, we address this challenge by conducting
a systematic investigation of Y,0O,Bi single crystals using
high-resolution angle-resolved photoemission spectroscopy
(ARPES) and DFT calculations. Y,0;,Bi, with its rela-
tively simple electronic configuration, allows us to isolate the
electronic contributions from the Bi square net, providing a
“clean” system to study these 2D structures. Our study re-
veals a pronounced two-dimensional character of the Bi square
lattice electronic states, confirming the effectiveness of the
[RE>0,]** layers in electronically decoupling the Bi square
nets. Notably, we observe significant spin—orbit coupling ef-
fects on the band structure, particularly in the vicinity of the
Fermi level. To further explore the influence of the chem-
ical environment on the electronic structure and topological
properties of the Bi square net, we perform DFT calculations
for SrMnBi,, CaMnBi,, LaPdBi,, and LiBi. These calcula-
tions reveal the potential for realizing topological phases in
Bi square net systems, highlighting the importance of the sur-
rounding crystal structure in dictating the electronic proper-
ties. This comparative approach provides a comprehensive
understanding of the Bi square net and its potential for hosting
novel quantum states.

2. Experimental and calculation methods

High-quality Y,O;Bi single crystals were synthesized via
a self-flux technique. Elemental reagents were combined in
an atomic ratio of SrCO3:Y:Bi = 1:10:50. The reagents were
placed in an Al,O3 crucible and sealed within an evacuated
silica ampule. The samples were heated to 1100 °C at a rate
of 150 °C/h, held for 50 hours, then cooled to 700 °C at a rate
of 2 °C/h.

Synchrotron-based ARPES measurements were per-
formed at beamline BL13U of the National Synchrotron
Radiation Laboratory (NSRL) and beamline BLO3U of the
Shanghai Synchrotron Radiation Facility (SSRF). Samples
were cleaved in-situ under ultra-high vacuum better than 5 x
10~ Torr to ensure clean sample surfaces. Data acquisition
was performed using a Scienta DA30-L electron energy ana-
lyzer, with a total energy resolution of 15 meV and an angular
resolution of 0.2°. All ARPES data presented in this work
were acquired using horizontally polarized light, which was

empirically determined to provide optimal photoemission in-
tensity for the relevant band features.

The bulk electronic structure calculations were performed
in the framework of density functional theory (DFT) using
the projector augmented wave method 3% as implemented in
the Vienna ab initio simulation package.>!! The generalized
gradient approximation of the Perdew—Burke—Ernzerhof type
was adopted for the exchange—correlation functional. The cut-
off energy was set to 450 eV and the Brillouin zone integra-
tion was performed on a Monkhorst—Pack k-point mesh of
8 x 8 x5 for Y,0,Bi, 11 x 11 x 5 for CaMnBi, and LaPdBi5,
and 7 x 7 x 7 for StMnBi,. The spin—orbit coupling effect
was included in the first-principles calculations. The topo-
logical quantum chemistry (TQC) and magnetic topological
quantum chemistry (MTQC) analyses were performed using
the vasp2trace!3?! and Mvasp2trace*3! codes through the Bil-
bao crystallographic server.

3. Results and discussion

Y,0,Bi crystallizes into a body-centered tetragonal
structure (I4/mmm, No. 139) as illustrated in Fig. 1(a). The
crystal structure consists of alternating layers of [Y,0,]?" and
Bi%>~, with the Bi atoms forming a square lattice within each
Bi layer. These [Y,0,]* layers, with their formal positive
charge, donate electrons to the Bi layers, effectively acting as
charge reservoirs and influencing the electronic structure of the
Bi square net. To clarify the nature of the interlayer bonding,
we investigate the possibility of hybridization between Y and
Bi atoms. The calculated shortest Y-Bi distance is 3.58 A, sig-
nificantly larger than typical covalent bond lengths in related
compounds. This weak interaction is confirmed by electron lo-
calization function (ELF) calculations, as shown in Fig. 1(b),
which reveal a clear ionic character with no significant cova-
lent bonding path between the Y and Bi atoms. Furthermore,
orbital-resolved band structure calculations confirm that the Y-
d and Bi-p derived bands remain distinct and do not hybridize
near the Fermi level. The layered structure promotes two-
dimensional electronic behavior. Figure 1(c) shows the XRD
pattern obtained from a platelike single crystal. All peaks can
be indexed as (00/) reflections. Figure 1(d) illustrates the core-
level photoemission spectrum, highlighting the characteristic
Bi 5d3; and 5ds/, peaks, accompanied by the bulk Brillouin
zone of Y,0,Bi with clearly labeled high-symmetry points in-
tegrated into the image.

Figures 1(e) and 1(f) present the calculated electronic
band structure of Y,0,Bi without and with SOC, respectively.
Given the presence of the heavy element Bi, SOC plays a sig-
nificant role in shaping the electronic structure. In the absence
of SOC (Fig. 1(e)), the Bi 6p,/6p, and 6p, orbitals contribute
to distinct bands. However, when SOC is included (Fig. 1(f)),
the band structure undergoes substantial modification due to
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hybridization of the 6p,/6p, and 6p orbitals. This hybridiza-
tion leads to the opening of band gaps on the order of hundreds
of meV, particularly evident between —1.0 eV and —2.0 eV,
indicating strong SOC-induced orbital mixing. It is impor-
tant to note that, as YO, Bi possesses inversion symmetry, the
bands remain spin-degenerate throughout the Brillouin zone.
The observed splitting is therefore a result of lifted orbital de-
generacy due to SOC, rather than a spin-splitting effect. No-
tably, as a result of SOC, a considerable number of 6p./6p,
electronic states shift downward toward the Fermi level (Ef) at

the center of the Brillouin zone. This shift leads to a significant
increase in the density of states (DOS) near the Fermi level,
which is crucial for the electronic transport behavior of the
Bi square net. Thus, the SOC-induced band splitting and hy-
bridization are essential for understanding the electronic prop-
erties in the vicinity of the Fermi level. The bands around
Ef are primarily derived from the Bi 6p,/6p, orbitals, which
reside within the Bi square net plane, reinforcing the two-

dimensional character of the electronic states.
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Fig. 1. Crystal structure, Brillouin zone, and characterization of Y,0,Bi. (a) Schematic crystal structure of Y,O,Bi, highlighting the Bi square
net. (b) Calculated electron localization function (ELF) on the (110) plane. (c) Single-crystal x-ray diffraction pattern of Y,0O,Bi showing (00/)
reflections. (d) Core-level photoemission spectrum showing the characteristic Bi 5d peaks. The inset shows the bulk Brillouin zone of Y,0,Bi
with labeled high-symmetry points. Calculated band structure of Y,O,Bi along high-symmetry directions without SOC (e) and with SOC (f),
respectively. (g) DFT-calculated band structure of a monolayer Bi square net with SOC.

It is worth noting that this is significantly different from
the Bi square net monolayer structure. The electronic structure
of the Bi square net in Y,0;Bi exhibits profound differences
from that of an isolated, neutral Bi square net monolayer, de-
spite their structural similarities, as illustrated in Figs. 1(f) and
1(g). These differences arise primarily from two dominant ef-
fects. First, the Bi-derived bands in Y,0,Bi undergo a signif-
icant downward energy shift compared to those in the mono-
layer. This shift results from substantial charge transfer from
the insulating [Y20,]>* layers to the Bi square net, effectively
rendering the Bi square net in Y,O,Bi a heavily electron-
doped system. Consequently, the Fermi level is shifted deep
into the conduction bands. Second, SOC manifests differently
in the two systems. While the strong SOC of Bi atoms governs
the band structure in both cases, its effects are modulated by

the local environment. In the three-dimensional (3D) Y,0;Bi
crystal, the Bi atoms experience a distinct crystalline potential
and local symmetry compared to those in an isolated mono-
layer in a vacuum. This altered environment modifies the band
dispersions and the magnitude of SOC-induced energy split-
ting. As a result, the pronounced band splitting in Y,0O,Bi
arises from a combination of intrinsic SOC and the specific
3D crystal field, rather than an enhancement of the SOC con-
stant itself.

DFT-calculated three-
The Fermi surface

Figure 2(a) illustrates the
dimensional Fermi surface of Y,O,Bi.
is characterized by two columns (denoted as o and f8) cen-
tered around M and I', respectively, exhibiting weak dis-
persion along the z-axis. This suggests predominantly two-

dimensional electronic behavior within the xy plane. Fig-
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ures 2(b) and 2(c) show the Fermi surface maps measured by
ARPES using photon energies of 50 eV and 70 eV, respec-
tively. The minimal change in the Fermi surface topology
between these two photon energies strongly suggests the 2D
nature of the electronic states in Y,O;Bi. First-principles cal-
culations of the cleavage energy confirm that the energetically
most favorable cleavage occurs between the Bi and [Y,0,]3"
The

excellent agreement between the experimental and calcu-

layers, naturally resulting in a Bi-terminated surface.

lated Fermi surfaces for the Bi-terminated surface (Fig. 2(d))
strongly indicates that the ARPES measurements predomi-

(a) (b)

nantly probe the electronic structure of the Bi square net. This
further suggests that the Bi square net plays a dominant role in
determining the low-energy electronic properties of Y,0,Bi.
The weak photon-energy dependence of the electronic states
near E, illustrated in Fig. 2(e), indicates minimal k, disper-
sion, further supporting their 2D character. This is consistent
with the DFT calculations, which show that these states are
primarily derived from the Bi 6p./6p, orbitals that lie within
the plane of the Bi square net. For comparison, slab calcula-
tions were also performed for Y termination, Bi termination,
and bulk projection, as shown in Figs. 2(f)-2(h).

05 1.0-1.0-05 0 0.5

@® Bi—termination

4

E—FEy (eV)

1.0 -1.0 -0.5 0 1.0 -1.0 -0.5 0 0.5 1.0
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NSh

\‘9" \‘\\;
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Fig. 2. Two-dimensional nature of the electronic structure of Y,0,Bi. (a) DFT-calculated three-dimensional Fermi surface. (b)-(c) ARPES-
measured Fermi surfaces at photon energies of 50 eV (b) and 70 eV (c), respectively. (d) Calculated Fermi surface for the Bi-terminated surface.
(e) ARPES-measured band dispersions along M—I"-M at varying photon energies. Slab calculations for Y termination (f), Bi termination (g),

and bulk projection (h), respectively.

Figure 3 compares the experimental ARPES results with
calculations based on the surface Green’s function method.
ARPES intensity plots along the high-symmetry directions M-
I'-M, X-I'-X, and M-X-M are shown in Figs. 3(a)-3(c), re-
spectively. Within the ARPES spectra, we identify two distinct
sets of bands: highly dispersive bands (o, 3, {, and 17) and less
dispersive bands (y and 8). A comparison of ARPES measure-
ments with DFT calculations demonstrates that the observed
highly dispersive bands (o, B8, {, and n7) are in excellent agree-

ment with the calculated results for the bulk (Figs. 3(d)-3(f))
and the Bi-terminated surface (Figs. 3(g)-3(i)). In contrast,
calculations for the Y-terminated surface reveal numerous sur-
face states crossing Ef, a finding that significantly deviates
from the band dispersion measured by ARPES (Figs. 3(j)—
3(1)). The experimentally determined Ef is observed to be
shifted upward by approximately 0.2 eV relative to the DFT
calculations. This upward shift in the ARPES data suggests
extra electron doping of the Bi square net, with [Y,0,]%" serv-
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ing as an electron compensator.'**! The less dispersive bands
v and O observed in the ARPES data are absent in the DFT
calculations. Given that the primary Bi square net bands are
clearly resolved, the most plausible origin of the ill-defined
Y and 6 bands is extrinsic states. It is important to consider
the nature of the cleaved surface. The cleavage energy calcu-
lations indicate that the weakest bond is between the Bi and
[Y20,]** layers (as shown in Fig. S1). Consequently, the
cleavage process is expected to yield two complementary sur-
faces: one Bi-terminated and the other Y-terminated. While
the excellent agreement between the main experimental bands
(a, B, §, and 1) and the calculations for the Bi-terminated
surface confirms that this is the dominant termination probed
in the experiment, it remains plausible that minority domains
of the Y-terminated surface also exist on the sample. Given

that the less dispersive ¥ and 0 bands are not captured by cal-
culations for the ideal Bi-terminated surface, we conclude that
they are extrinsic in origin. A plausible explanation is that
these features arise from surface imperfections, such as do-
mains of the Y-terminated surface, defects such as Bi vacan-
cies, or residual fragments from the cleavage process on either
surface type. A definitive identification of the origin of these
weak features would require further studies with microscopic
surface probes.

The electronic structure of the Bi square net has been
the subject of intense research, particularly regarding the pos-
sibility of hosting Dirac-like dispersions, as suggested by
earlier theoretical studies on materials such as CaMnBi, and
StMnBi,."?% These materials incorporate Bi square nets as a
structural motif. However, ARPES measurements and band

(a) (b) (c)
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Fig. 3. ARPES measurements along high-symmetry lines compared with calculated band structures. ARPES-measured band dispersions along
M-I'-M (a), X-I'-X (b), and M—X-M (c), respectively. DFT calculations employing the surface Green’s function method yield the band
dispersions for the bulk (d)—(f), Bi-terminated surface (g)—(i), and Y-terminated surface (j)—(1), respectively. The red dashed lines indicate the

experimental Eg.
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Fig. 4. DFT-calculated band structures of selected compounds containing Bi square nets. (a) StMnBi, (magnetic space group I4’/m'm'm,
No. 139.536), featuring 54 valence electrons. (b) CaMnBi, (magnetic space group P4’ /n'm'm, No. 129.416), featuring 50 valence electrons.
(c) LaPdBi; (space group P4/nmm, No. 129), featuring 62 valence electrons. (d) LiBi (space group P4/mmm, No. 123), featuring 6 valence

electrons; the black dashed box indicates the band inversion.

calculations for Y,0,Bi demonstrate that a pristine Bi square
net does not inherently possess topological band features. The
presence of Mn and its magnetic ordering, along with the spe-
cific structural symmetries introduced by other elements, can
significantly alter the electronic structure of the Bi square net
compared to that in Y,O,Bi, potentially leading to the emer-
gence of topological phases.

To investigate the influence of the surrounding crystal en-
vironment on the potential topological properties of the Bi
square net, we performed DFT calculations and topological
analyses for four materials containing Bi square nets, as illus-
trated in Fig. 4. We employed TQC and MTQC methods to
analyze their topological properties. Our analysis reveals that
three of these structures (SrMnBi,, CaMnBi,, and LaPdBi;
(Figs. 4(a)—4(c))) exhibit trivial topological properties, despite
the presence of prominent linearly dispersing bands reminis-
cent of Dirac cones. Previous studies suggested the presence
of topological electronic states in these materials. [20-21,35:30]
However, the present analysis indicates that these earlier con-
clusions require revision. These Dirac-like band dispersions,
while interesting, do not necessarily indicate non-trivial topol-
ogy. Specifically, the bands lying below the Fermi level can be
represented as linear combinations of elementary band repre-
sentations, indicating a lack of non-trivial topological charac-
teristics.

Interestingly, calculations for LiBi (Fig. 4(d)), which also
features a Bi square net, identify it as a topological insulator

with a non-trivial Z; = 3 symmetry indicator.*” This topolog-
ical classification suggests the presence of protected surface
states. This non-trivial topology is driven by hybridization
between Li and Bi orbitals. As the orbital-projected calcu-
lations in Fig. 4(d) explicitly show, a band inversion occurs at
the I" point, where bands of Li-s and Bi-p character are in-
verted. This hybridization-driven band inversion, highlighted
by the dashed box, is the origin of the topological insulator
state. This finding highlights the crucial role of the surround-
ing crystal environment and interlayer interactions in shaping
the electronic structure and topological properties of materi-
als containing Bi square nets. Further investigation, including
ARPES measurements on LiBi, would be valuable for experi-
mentally verifying the predicted topological properties. More-
over, exploring other materials with modified Bi square net en-
vironments, such as through chemical substitution or strain en-
gineering, could provide further insights into the factors gov-
erning the emergence of topological phases in these systems.
A systematic study correlating the crystal structure, electronic
structure, and topological properties across a wider range of
Bi square net-based materials would be highly beneficial for
advancing our understanding of these intriguing systems.

4. Conclusion

Our combined ARPES and DFT study of Y,0,Bi single
crystals reveals the quasi-two-dimensional nature of the elec-
tronic structure, dominated by the Bi square net. The excel-
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lent agreement between the ARPES-measured Fermi surface
and the calculated Fermi surface for the Bi-terminated surface
highlights the dominant role of the Bi square net in determin-
ing the low-energy electronic properties. Spin—orbit coupling
leads to a significant band splitting and hybridization of the
Bi 6p orbitals, and drastically enhances the density of states
near the Fermi level. While Y,O,Bi itself is topologically triv-
ial, the analysis of related Bi square net compounds demon-
strates that the surrounding crystal environment can induce
non-trivial topology. Specifically, while StMnBi;, CaMnBi5,
and LaPdBi, were found to be topologically trivial, LiBi ex-
hibits the characteristics of a topological insulator.
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