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ABSTRACT: All two-dimensional (2D) materials of group IV
elements from Si to Pb are stabilized by carrier doping and
interface bonding from substrates except graphene which can be
free-standing. The involvement of strong hybrid of bonds,
adsorption of exotic atomic species, and the high concentration >
of crystalline defects are often unavoidable, complicating the 0909 gO—g0
measurement of the intrinsic properties. In this work, we report the e»(

discovery of seven kinds of hitherto unreported bulk compounds

(RO),Pb (R = rare earth metals, n = 1,2), which consist of quasi-

2D Pb square nets that are spatially and electronically detached

from the [RO]* blocking layers. The band structures of these compounds near Fermi levels are relatively clean and dominantly
contributed by Pb, resembling the electron-doped free-standing Pb monolayer. The R,O,Pb compounds are metallic at ambient
pressure and become superconductors under high pressures with much enhanced critical fields. In particular, Gd,O,Pb (9.1 py/Gd)
exhibits an interesting bulk response of lattice distortion in conjunction with the emergence of superconductivity and magnetic
anomalies at a critical pressure of 10 GPa. Our findings reveal the unexpected facets of 2D Pb sheets that are considerably different
from their bulk counterparts and provide an alternative route for exploring 2D properties in bulk materials.
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B INTRODUCTION

Since the discovery of graphene, the isolation of materials
down to atomic thickness reveals exotic properties and attracts
continuing enthusiasm. This is typically achieved through
either mechanical exfoliation or atomic epitaxy, known as top-
down or bottom-up strategies, respectively."”” Thus far, only
carbon in group IV elements (C to Pb) can be prepared as
free-standing graphene through exfoliation. All other 2D
monoelements in this group have to be grown on specific

the dimensionality of the bulk material, allowing it to behave as
a clean, 2D superconductor with high carrier mobility and
vanishing interlayer band dispersion. Similar 2D band
structures are also found in layered materials such as
La,CuO, and LaOFeAs,'® in which the bands of the
insulating (La,0,)*" layer do not hybridize with those of the
conducting layer, resulting in a cylinder-like Fermi surface.
Nevertheless, despite the large number of layered group IV
compounds available in databases, such as PbFCl- and

substrates using molecular-beam epitaxy.”~'° The synergy of
hybrid bonding and carrier donation from the substrates plays
a crucial role in stabilizing the 2D structures, which would
otherwise form clusters.""'”> However, due to the strong
bonding at the interface, the electron and phonon bands of the
substrates will intermingle with those of the monolayers.'”'*
The adsorption of exotic atomic species and the presence of
unavoidable defects in these artificial structures will further
complicate the characterization of their intrinsic properties. It
is therefore highly desired to pursue another route to avoid the
influence of the substrate, preferably realizing the 2D electronic
bands in a bulk material.

Such an idea has recently been proposed in a bulk
superlattice BagNb,,S,s, which consists of a superconducting
2H-NbS, layer and a commensurate block layer."> The
presence of sandwiched insulating layers significantly reduces
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ThCr,Si,-type structures, they cannot be considered as 2D
monoelements due to the presence of strong bonds like Pb-Cl,
Pb-F, and Si-Cr. Given these observations, a promising
approach may be designing a new type of layered structure
with alternating insulating layers, such as the [La,0,]*" block,
and planar 2D monoelement layers, which means that
prominent electrons will be simultaneously doped into the
group IV elements.
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Figure 1. Charge-morphology relationship of 2D monoelements and theoretical design of 2D-Pb square nets. (a) Schematic illustration of the
vertical buckling height 6 of 2D monoelements grown on different substrates with varying charge transfer abilities. SS and MS are shorthand
notations for semiconducting and metallic substrates, respectively. (b) Theoretically predicted & of group-IV 2D monoelements.® The vertical bars
represent the experimental range of & for silicene and germanene grown on various substrates.”'® *" (c) Phonon dispersion of free-standing
buckled and planar Pb monolayer, which shows large negative frequencies. (d) Schematic diagram of charge transfer from the insulating layer to the
Pb layer. (e) Phase diagram of the La—O—Pb system. The color shows the magnitude of the enthalpies (E;). The predicted La,O,Pb and LaOPb
are exactly on the convex hull. (f) Energy above hull (Ey;) for designed structures, where E,; = 0 eV/atom, indicates that it is stable in energy. "R”

refers to Y, La, Sm, Gd, and Er.

Interestingly, excess electron doping should, in principle,
facilitate the formation of 2D-monoelement layers. As shown
in Figure lab, the vertical buckling height (§) in 2D
monoelements is determined by the ratio of sp® and sp’
hybridization. With the content of sp3 increases, the material
tends to become more buckled, as is the case with the
transition from graphene to stanene.” The buckling degree of
the Pb monolayer is expected to be particularly high. These
monolayers adopt a buckled structure to reduce the formation
energy by sharing electrons when the charge transfer from the
substrate is insufficient. This is supported by the fact that Jg;/a,
(5GE/AU) = 0.71 (0.47) A is smaller than 5Si/MoSz (5Ge/MOSZ) =

1.90 (0.86) A, which agrees with the expectation that more
electrons should be transferred from the metallic substrate
(MS) than the semiconducting substrate (SS).>'*7?! There-
fore, extra electron doping from the insulating layer may serve
as a perfect match to stabilize the desired 2D monoelement. In
this study, we chose 2D Pb squares as the counter block due to
the metallic behavior at high temperatures and super-
conductivity below 7.19 K in the bulk, as well as its large
spin-orbit coupling strength, which may hold promise for
exotic physics. It has also been reported that the Pb monolayer
grown on the Si(111) substrate shows superconductivity, but
the interface phonon mode is found to significantly influence
the electron—phonon coupling constant.”

By employing the principle of lattice matching and electron
doping, we have successfully designed and synthesized seven
kinds of layered compounds (RO),Pb (R = rare earth metals).
The Pb square lattices are either planar (n = 2) or buckled (n =
1), depending on the electron charge transfer from their

adjacent layers. We verified that planar Pb layers are spatially
and electronically detached from their adjacent RO layers and
can be considered the “bulk equivalent” of 2D Pb. Additionally,
external pressure drives metallic R,O,Pb into superconductors.
Particularly, Gd,O,Pb demonstrates an intriguing lattice
distortion at a critical pressure of 10 GPa, which coincides
with the emergence of superconductivity and magnetic
anomaly. The proposed structure design strategy can also be
applied to the formation of monoelement layers for Si, Ge, Sn,
and even their nearby elements in group III and group V. The
(La,0,)** layer can also be replaced by other alternatives. A
wide swath of unexplored material realm is waiting to be
discovered.

B EXPERIMENTAL SECTION

Synthesis. Polycrystalline samples of (RO),Pb (R = rare earth
metals, n = 1,2) were synthesized by conventional solid-state reaction.
The powders of R,O;, R, and Pb were weighted as the stoichiometric
ratio, thoroughly ground, and pelleted under a pressure of 50 MPa in
an argon-filled glove box. The pellet was loaded into an Al,Oj; crucible
and sealed into an evacuated silica tube, which was heated up to 1270
K and kept at that temperature for 24 h.

Characterization. The powder X-ray diffraction (PXRD) pattern
of the obtained sample was collected at room temperature using a
Panalytical diffractometer with Cu K, (4 = 1.5408 A) radiation.
Rietveld refinement of the PXRD patterns was performed using
Fullprof software suites.”® The resistivity (R) and dc magnetic
susceptibility (y) were measured using the physical property
measurement system (PPMS, Quantum Design). The Hall signal
was acquired using an AC resistance bridge setup.

In-Situ High-Pressure Measurements. In-situ high-pressure
electrical transport of Gd,O,Pb, La,O,Pb, Er,0O,Pb, and LaOPb
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Figure 2. Crystal structures of (RO),Pb. (a) and (b) X-ray diffraction patterns and Rietveld refinements of La,O,Pb and LaOPb, respectively, with
insets displaying their crystal structures. (c—e) Evolution of lattice parameters for both layered structures as the ionic radius varies.

polycrystalline samples were measured in a physical property
measurement system (PPMS, Quantum Design). In-situ high-pressure
experiments were conducted using a diamond anvil cell (DAC) with a
culet diameter of 300 ym. The electrical transport properties were
measured using the four-wire method. To apply pressure, cubic boron
nitride (cBN) powders were utilized as both the pressure medium and
insulating material. The R,0,Pb sample, with dimensions of
approximately 100 gm X 100 ym X 10 um, was carefully positioned
within the boron nitride hole. Four platinum (Pt) wires, each with a
diameter of 20 um, were then attached to the surface of the sample.
The pressure was measured using the ruby fluorescence method at
room temperature each time before and after the measurement. In
situ high-P synchrotron powder XRD experiments were performed at
the 4W2 station of the Beijing Synchrotron Radiation Facility (BSRF)
with a wavelength of 0.6199 A (20 keV) and a spot size of 35 ym X
12 pm. Silicone oil was used as the pressure-transmitting medium in
synchrotron measurements, and the pressure was applied through a
continuous pneumatic pressurization system.

Theoretical Calculations. First-principles calculations were
performed with the Vienna ab-initio simulation package (VASP).”*
We adopted the generalized gradient approximation (GGA) in the
form of the Perdew—Burke—Ernzerhof (PBE)*® for the exchange-
correlation potentials. The projector augmented-wave (PAW)
pseudopotentials were used with a plane wave energy 440 eV.
5s75p55d'6s%, 25*2p*, and 6p*6s> electron configurations were treated
as valence electrons for La, O, and Pb, respectively. A Monkhost—
Pack®® Brillouin zone sampling grid with a resolution of 0.02 X 277 A~}
was applied. Atomic positions and lattice parameters were relaxed
until all the forces on the ions were less than 1072 eV/A. The Fermi
surface was visualized by the Fermisurfer package.”’”

B RESULTS AND DISCUSSION

We first check the phonon dispersion of the free-standing 2D
Pb lattices with either planar or buckled geometry shown in
Figure lc. The large negative frequencies indicate that the
detached Pb planes cannot survive on their own. According to
the gradual increase in interatomic distances from C—C of 1.42
A to Sn-Sn of 2.83 A, the Pb—Pb distance should be larger
than 3.1 A. Therefore, by setting the Pb—Pb distance at 3.1—
4.1 A and utilizing [La,0,]*" as a charge compensator (Figure

17437

1d), we constructed two types of layered structures: LaOPb
with a buckled Pb layer and La,O,Pb with planar ones. Both
lattices are commensurate stacking of [La,0,]*" and Pb layers,
while the buckled one can be considered as a V2 X 2
superstructure of the planar one. Figure le shows the ternary
phase diagram of La—O—Pb, which is obtained by a convex
hull analysis of their formation enthalpies (details can be found
in the Supporting Information). Both LaOPb and La,O,Pb lie
on the convex hull in the phase diagram, demonstrating their
thermodynamical stability. Moreover, our phonon calculations
show no imaginary frequencies, indicating the lattice-dynamic
stability of these layered structures (Figure S1).

Buoyed by the results above, we build a workflow to search
other bulk structures consisting of Pb square lattice and ionic
insulating layers. By utilizing the in-house-charged building
block database,*® we first look for insulating layers with a
lattice mismatch less than 5%. Then, we assemble them with
planar/buckled Pb monolayer to form a layered structure,
which yields 15 candidates. The corresponding configurations
are shown in Figure S2. Finally, their thermodynamic stabilities
are estimated by convex hull analysis of their formation
enthalpies. We find that the lanthanide oxides are energetically
stable with Ey; = 0 meV/atom, as summarized in Figure 1f.

Next, we used the conventional solid-state method to
synthesize five types of R,0,Pb (R =Y, La, Sm, Gd, and Er),
representing a range of rare earth elements of different sizes,
and two types of ROPb (R = La and Nd) as a proof of the
concept. The XRD pattern and crystal structure of La,O,Pb
are depicted in Figure 2a, and the diffractions of other
materials are included in the Supporting Information Figure
S3. Table S1 summarizes the Rietveld refinement results,
which show that Pb occupies the Wyckoff position 2a in all
cases, resulting in a planar Pb square. In contrast, the LaOPb
material exhibits a buckled Pb structure (Figure 2b) due to
insufficient charge transfer from the adjacent [La,0,]** layer,
as discussed in the Introduction. The evolution of the lattice
parameters for both systems with the variation of cation radius
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is summarized in Figure 2c—e, following the canonical
Vegard’s law.

While the choice of lanthanide in R,0,Pb covers the entire
range of rare earth elements, we find that ROPb can only be
acquired for lanthanides with large atomic radii, from La to Nd.
Our attempts to synthesize SmOPD only resulted in a mixture
of Sm,O,Pb and Pb. This can be explained by the fact that
electron doping of a lazered material will expand its ab-plane
and shrink the c-axis.”””" As shown in Figure 2c, the predicted
value of the a-axis for SmOPb is 4.05 A, which is too narrow to
accommodate the buckled Pb layer (ROPb can be viewed as a
J2 X /2 reconstruction of R,0,Pb), but falls within the
range of R,O,Pb (3.75 A < a < 4.05 A) for the formation of a
planar Pb lattice. The phase transformation of ROPb to
R,0,Pb for small rare earth elements is therefore driven by the
synergistic effect of charge transfer and lattice mismatch.

After confirming the existence of R,O,Pb and ROPb in the
experiment, we resort to density functional theory (DFT)
functional calculations to clarify the 2D nature of electronic
structures. Here, we take La,O,Pb as an example for it contains
no f valence electrons. Figure 3a shows the Fermi surface of
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Figure 3. 2D nature in the electronic structure of La,O,Pb. (a) Fermi
surface of top (up panel) and side (bottom panel) view, (b) (020)
slice of electron localization function (ELF) and (c) band structure
for La,O,Pb. (d) Band structure of Pb monolayers, which is obtained
by merely removing [La,0,]*” layers in La,0,Pb. The colors in the
band structures indicate the contribution from p, + p, and p, of Pb,
and the yellow shadow shows the comparable region between the two
bands. The spin-orbit coupling (SOC) is included in these
calculations.

La,O,Pb. It is composed of two quasi-square columns around
I and M with low dispersion along the z direction, implying a
two-dimensional electronic behavior in the xy plane. Our
density of states calculation shows that Pb-p states contribute
most around the Fermi level (Figure S4). Besides, the electron
localization function (ELF) shows that there is no obvious

covalent bonding between Pb and [La,0,]* layers, referring
to ionic bonding between them in nature (Figure 3b). This
confirms that the 2D Pb is spatially detached from its adjacent
(La,0,)** layers. To further reveal the influence of [La,0,]*”
layers on the electronic structures, we calculated the electronic
structure (Figure 3d) of Pb monolayers by simply removing
[La,0,]*" layers. Compared with the band structure of
La,O,Pb shown in Figure 3¢, we find that the bands
contributed by Pb layers are almost unchanged, despite the
energy shift due to charge doping and band degeneration at
several K points because of the high symmetry. The
independent feature of the band structure proves that
[LaZO ]2+ serves as an electron compensator. Moreover, the
states of Pb-p, have lower dispersion than those of Pb-p,/p,,
because of its weak interaction with [La,0,]*" layer along the z
direction. A similar phenomenon occurs in LaOPb, where
buckled Pb layer determines the whole electronic property of
the system, and [La,0,]** provides carriers (Figure S5). These
results indicate that the Pb square lattice almost keeps the 2D
character as in the monolayer form.

Having established the electronic 2D nature in these bulk
materials, we further investigated the transport properties of
the planar and buckled Pb squares. Both families of materials,
R,0,Pb and ROPb, are metals at ambient pressure (as shown
in Figure S6). The Hall measurements of Gd,0,Pb show a
hole carrier concentration of approximately 1 X 10** cm™ in
the entire temperature range (Figure S7), which is much
smaller than that of bulk Pb (5 X 10** cm™)*' and in line with
the hole pocket at the I' point seen in Figure 3c.

Under external pressure, we find that R,0,Pb compounds
are successfully driven into superconductors; meanwhile, no
evidence of superconductivity is observed in the ROPb series
synthesized and pressed using the same procedure. The
observed superconductivity cannot be attributed to trace
impurities such as Pb that are beyond the detection limit of X-
ray diffraction. This is because the T, of Pb would quickly get
suppressed from its ambient pressure value of 7.2—2.4 K at 12
GPa.>> We also noticed that large excitation currents can result
in residual resistance (Figure S8), but it does not have a
significant influence on the onset transition temperature. While
La,0,Pb exhibits a higher T. of 6.9 K (Figure S9), we
performed a detailed investigation on Gd,O,Pb because Gd
has an unsaturated magnetic moment of 9.1 y3/Gd and anti-
ferromagnetic (AFM) transition temperature Ty of 12 K, as
shown in Figure 4a.

We proceed to investigate the structural evolution of
Gd,O,Pb up to 25 GPa using synchrotron diffractions. Figure
4b depicts the evolution of low-angle diffraction peaks,
specifically 103 and 110, as the external pressure is varied.
The corresponding raw data and full-range contour plot can be
found in Figure S10. The red and cyan lines in Figure 4b serve
as visual guides, from which we have two intriguing discoveries.
First, distinct noncontinuous kinks are observed at around 10
GPa, resulting in changes in slope for both peaks. Second,
there is an abrupt change in peak intensity, indicated by the
coloration in Figure 4b. Figure 4c presents a summary of the
pressure-dependent lattice constants for the a and ¢ axes,
confirming the results observed in Figure 4b. While the
Gd,0,Pb compound maintains the I4/mmm space group
above and below the critical pressure, notable changes in lattice
parameters suggest a first-order phase transition. Specifically,
the c-axis contracts while the a-axis elongates at 10 GPa.
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Figure 4. Lattice distortion, magnetic anomaly, and superconductivity in pressurized Gd,O,Pb. (a) Temperature-dependent magnetic susceptibility
and the fitting results of Gd,0,Pb at ambient pressure. (b) Color contour of the synchrotron diffractions 103 and 110 with varying external
pressure. The full angle plot and their raw data can be found in Figure S9. (c) Extracted lattice constant of a and ¢ axes with the variation of external
pressure. (d) Normalized resistance of Gd,0,Pb as a function of applied external pressure. Inset shows the extrapolation of the upper critical field
to zero temperature, resulting in an H, of 8 T. (e) Normalized resistivity of Gd,O,Pb with the applied external pressure in the temperature range

8—20 K. (f) Phase diagram of Gd,O,Pb.

Table 1. Crystallographic Parameters and Properties of (RO),Pb

R,0,Pb (I4/mmm)

ROPb (P4/nmm)

R La Sm Gd
a (A) 4.0176 (1) 3.8727 (2) 3.8384 (1)
¢ (A) 14.2248 (4) 13.7910 (8) 13.7420 (6)
V(A% 229.60 (2) 206.84 (3) 20247 (2)
Pb—Pb(A) 4.0176 (1) 3.8727 (2) 3.8384 (1)
Ambient* M M M (AFM)
high P SC (69 K) AFM + SC (4.5 K)

HY, 88 T 80T

c

Y Er La Nd
3.7862 (1) 3.7588 (1) 4.1639 (1) 4.0983 (4)
13.4932 (4) 13.4422 (5) 8.2565 (3) 8.0198 (9)
193.43 (1) 189.91 (1) 143.15 (1) 134.71 (3)
3.7862 (1) 3.7588 (1) 3.718 (3) 3.636 (3)
M M M M

SC (3.6 K) M
58T

This structural change coincides with the emergence of
superconductivity. Figure 4d illustrates a superconducting
transition at 12 GPa, with the highest onset T reaching 4.8 K.
The typical I-V curve of Gd,O,Pb at 1.8 K can be found in
Figure S11, confirming the emergence of superconductivity.
Below 10 GPa, no signs of superconductivity are observed.
This behavior is reminiscent of the phenomenon of interlayer
collapsing-induced superconductivity observed in materials
such as FePSe; " Additionally, T. is gradually suppressed by
an external field (Figure S12) with a linearly extrapolated
upper critical magnetic field (H%) of 8 T, which is two orders
of magnitude higher than that of bulk Pb. The linear H,—T,
relationship (inset of Figure 4d) has also been observed in
other 2D superconductors.”>*> At a moderate temperature
range, the resistivity shows a kink at 12 K, which is due to
reduced electron scattering and coincides with the AFM
transition. We therefore traced this kink under various external
pressures (Figure 4e). By summarizing all the data in Figure 4f,
we observed an intriguing anomalous hump in the Ty at
around 10 GPa. An intuitive explanation for this phenomenon
lies in the reinforcement of interlayer interactions, which

promotes antiferromagnetism and triggers the onset of
superconductivity.

Superconductivity has previously been reported in a Pb
monolayer grown on the Si(111) substrate, with its T,
increasing as the atom areal density of Pb increases.”” The
T.s of the Pb monolayer is found to be 1.83 and 1.52 K for Pb
densities of 10.44 and 9.40 Pb atoms nm™? respectively.””
Linearly extrapolating these results, we estimate that the T, of
our La,O,Pb sample at ambient pressure would be 0.57 K
using the lattice parameter a* of the squared Pb lattice (0.16
nm? per Pb, namely, 6.25 Pb atoms nm™>). Note that this is a
rough estimate and does not take into account the significant
contribution of the substrate phonons of Si(111) to the
electron—phonon coupling in the Pb monolayer.” It is
recently discovered that the isolated CuO, plane from
Bi,Sr,CaCu,Og,s segregated by the insulating Bi,Sr,Ca,Oq
layer, shows almost identical superconductivity to its bulk
form.***” Measurements down to ultra-low temperature may
reveal more characteristics of their ground states at ambient
pressure. Nevertheless, the emergence of T at high pressure
with a much-enhanced H,, is distinct from their 3D-Pb
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counterpart, suggesting a different pairing mechanism in the
reduced dimensionality.

It is uncommon for superconductivity to coexist with
magnetic ordering,”*~*' as superconductivity typically emerges
when the AFM is completely suppressed. The current
understanding of the evolution of superconductivity and
magnetization under external pressure is primarily based on
electrical transport measurements, while the characterization
through pressure magnetometry is lacking. Further inves-
tigations are highly desired to elucidate the bulk signal of
superconductivity and unravel the intricate interplay with
magnetization. From Figure 4f, it is evident that the T exhibits
an opposite trend to the increasing Ty, indicating a
competition between superconductivity and magnetic ordering
in Gd,O,Pb. This coexistence and competition between
superconductivity and magnetic ordering, though uncommon,
have been reported in several other layered superconductors
such as RbEuFe4As4'42 Eu, ;Ce, sBiS,F,*’ and
Nd, ¢sCeysCuO,* In these materials, the magnetic layers
are spatially separated from the superconducting layers, similar
to the case of Gd,O,Pb. Further experimental investigations
and theoretical calculations are highly warranted to delve into
this captivating coexistence regime.

The compounds synthesized in this work are summarized in
Table 1, representing only a small portion of the potential
candidates of monolayers sandwiched between insulating
layers. At the outset, it is worth noting that the synthesis of
other two-dimensional monoelements, such as Si, Ge, and Sn,
as well as other p-block elements or even d-block metals, is
possible using the method described here,” """ and has
the potential to yield a wide range of new material categories
with unique properties. By carefully controlling the charge
donation from the [La,0,]** layer through the substitution of
divalent alkali-earth elements, it is possible to precisely adjust
the buckling height and thereby alter the transport properties
of the underlying 2D-Pb square net. It is worth noting that the
mere stacking of two separate sublattices, with one being
conducting and the other being insulating, does not guarantee
the formation of a perfect 2D Fermi surface. This can be
exemplified by the well-known compound LaOFeAs, where the
presence of band dispersion along the z direction is clearly
observed.'”*” The design of heterostructures with alternating
planar and buckled two-dimensional layers is also a promising
direction for future research. The next challenge is to grow
single crystals of these layered structures, which would allow
for the study of their anisotropic transport properties, carrier
mobility, and various spectroscopy measurements.

B CONCLUSIONS

In conclusion, we report the design and discovery of seven new
kinds of layered structures consisting of alternating layers of
2D Pb and insulating blocks. These materials stand out from
other layered compounds by their planar or buckled square Pb
nets, which are spatially and electronically separate from each
other. The prominent charge transfer from its adjacent rare-
earth oxide layers plays a vital role in stabilizing the
sandwiched Pb layers and dictating the morphology of the
2D structures. The realization of superconductivity in the
layered R,0,Pb family and its coexistence with magnetic
ordering highlight the uniqueness of synthesized compounds,
which provide an alternative route to explore the fairyland of
2D phenomena.
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