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Kagome van‑der‑Waals  Pd3P2S8 
with flat band
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With the advanced investigations into low‑dimensional systems, it has become essential to find 
materials having interesting lattices that can be exfoliated down to monolayer. One particular 
important structure is a kagome lattice with its potentially diverse and vibrant physics. We report a 
van‑der‑Waals kagome lattice material,  Pd3P2S8, with several unique properties such as an intriguing 
flat band. The flat band is shown to arise from a possible compact‑localized state of all five 4d orbitals 
of Pd. The diamagnetic susceptibility is precisely measured to support the calculated susceptibility 
obtained from the band structure. We further demonstrate that  Pd3P2S8 can be exfoliated down 
to monolayer, which ultimately will allow the possible control of the localized states in this two‑
dimensional kagome lattice using the electric field gating.

Over the past two decades, two-dimensional (2D) van-der-Waals (vdW) materials have played an active role in 
the study of condensed matter  physics1,2. Reducing the spatial dimension not only allows the realization of the 
well-known two-dimensional models like Ising, XY, and Heisenberg models, but also is expected to manifest 
novel quantum phenomena as in twisted bilayer  graphene3. Recently discovered vdW systems with intrinsic mag-
netic  properties4–7: in particular,  TMPS3 (TM = Fe, Ni, Mn)8–10,  CrI3

11,  Fe3GeTe2
12, and  CrGeTe3

13 have provided 
an exciting route to understanding the spin-related nanophysics. Nonetheless, exploring 2D magnetic properties 
is still restricted to few lattice structures, such as triangular or honeycomb structure. Therefore, introducing a 
new lattice into the still relatively limited collection of materials will be extremely beneficial for the studies on 
the 2D magnetic materials and its related fields.

Kagome crystal structure is exceptionally rare among the known vdW materials and yet is related to topics in 
diverse fields of condensed matter physics such as topological  insulators14, the fractional quantum Hall  effect15–17, 
and proposed quantum spin  liquids18–21. The exotic properties of kagome lattice originate from their unique 
structure, a strongly spin-frustrated two-dimensional structure of corner-sharing triangles, as shown in Fig. 1a. 
Another unique feature originating from this frustrated system is a completely flat band, as in Fig. 1b. The flat 
band naturally arises from the destructive interference of electron wave functions. It thus represents the local-
ized electrons of compact localized states (CLSs) in real space, as shown in Fig. 1a. A set of CLSs inducing the 
flat band may superpose with one another without costing any additional energy. The localization of electrons, 
therefore, is naturally expected to increase the correlation  effects22–24, giving rise to unusual phenomena such as 
fractional quantum Hall  effect15,  ferromagnetism25,26, and high  Tc  superconductivity18,27,28, to name only a few. 
Once we have a kagome van-der-Waals material that can be cleaved down to monolayer, it will provide an ideal 
condition for exploring these proposed  properties24–26.

The lack of adequate kagome materials has been a bottleneck despite those many fascinating theoretical pre-
dictions. Thus, most of the experimental realizations have so far been limited to artificial kagome or bulk kagome 
systems, which contain 2D kagome embedded in a three-dimensional  crystal29–36. Indeed, studies on the bulk 
kagome materials, including metallic  kagome31–35,  Herbertsmithite18, and other metal–organic  frameworks36 have 
been the playground for the exploration into several intriguing electric and magnetic properties of the frustrated 
systems and topological states. However, the interlayer interaction of these bulk materials, although weak, is 
likely to mask the very nature of kagome physics and hamper its emergent  phenomena31. A recent discovery 
of bulk materials with isolated kagome layers such as FeSn and CoSn also provides an opportunity to examine 
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the kagome properties using bulk  samples34,35. That being said, obtaining a monolayer kagome remains to be a 
challenge that would offer a fruitful condition. With an isolated kagome layer, one can build nanostructures 
to modify the electronic structure to study the properties that depends on carrier density, the number of layers, 
and the orientation of the  layers3,32,37

.
Here, we report  Pd3P2S8 as a promising candidate to explore ideal 2D kagome physics. The material can pro-

duce a monolayer with the band structures having a very unusual electronic structure of a flat  band38–40, which 
is an exciting property as discussed in other  studies15–17,22–25. Our magnetization measurements are in a good 
agreement with the magnetic susceptibility calculated from the band structure. The nature of the unique flat-
band as well as its robustness down to the monolayer is also discussed.

Results
We prepared the samples following the recipes summarized in Method (see Supplementary Fig. S1 online). To 
check the structure, we carried out both powder and single-crystal X-ray diffraction experiments to confirm 
that  Pd3P2S8 forms in the space group of P-3m1 (see Fig. 1, and Supplementary Figs. S2, and S3 online)41,42. 
Afterward, we undertook the susceptibility measurement to find that it exhibits a sizeable diamagnetic response 
below the room temperature, as shown in Fig. 2a,b43 (see also Supplementary Fig. S4). The diamagnetic behavior 
is maintained down to the lowest measured temperature. There is a small upturn at much lower temperatures 
in the data, which is likely to come from the paramagnetic signals of the sample holder and adhesives used. 
Other than that, there is no hint of any phase transition down to 2 K, giving no reason to suspect any structural 
or magnetic phase transition over the temperature range of interest. The absence of structural transition can 
also be verified through heat capacity measurement (see Supplementary Fig. S2 online), which implies that the 
undistorted kagome lattice is well protected over the temperature range of 2 to 300 K.

The material shows large diamagnetic signals due to the square-planar local structure around Pd ions. There 
is a small but apparent anisotropic behavior in the susceptibility. The susceptibility is 2.03 ± 0.38 × 10–4 emu/mol 
for the applied field perpendicular to the ab plane ( χ⊥ ) and 1.75 ± 0.52 × 10–4 emu/mol for the parallel field ( χ‖ ). 
The magnetic anisotropy of the sample is estimated to be about χ⊥/χ‖ = 1.18 ± 0.59. We note that this molar 

Figure 1.  (a) Planar view of the lattice structure of  Pd3P2S8. The palladium ions form a two-dimensional 
kagome lattice. (b) The kagome lattice is a geometrically frustrated system and has an inherent flat band 
structure. The flat band corresponds to a compact localized state known to host correlation effects that introduce 
topological states. (c) Structure of  Pd3P2S8 viewed in the ac plane. The structure is slightly tilted to show the 
configuration of the 2D kagome structure within the plane. The monolayer of the material is illustrated.
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susceptibility is similar to bismuth and carbon structures, which exhibit large diamagnetic  signals44–46. Based 
on its insulating property, the diamagnetism of the material should not originate from the dynamics of the con-
ducting charge carriers. Instead, the diamagnetic signals can attribute to the valence electrons of palladium ions 
which has planar local structure. The susceptibility is in accordance with the value calculated from the electronic 
band structure, as discussed later.

The optical transmittance measurements are also carried out to examine the electronic structures of  Pd3P2S8. 
From the transmittance measurements, we can extract the absorption coefficient and estimate the value of the 
fundamental bandgap using the Tauc plot method. From the measurement, we expect the fundamental bandgap 
to be about 2 eV, as shown in Fig. 2c47,48. These basic characterizations of  Pd3P2S8 are consistent with the electronic 
band structures that will be presented below.

We examined the band structure of bulk and monolayer  Pd3P2S8 from first-principles calculations using a 
density functional theory (DFT) to find the unique electronic properties of this ideal 2D vdW kagome system. 
The effect of the vdW interactions is reflected in our calculated band structures by employing the experimentally 
measured lattice parameters. One should note that the vdW functionals used in DFT calculations are usually 
added to the total energy functional but do not alter the calculated electronic band structure. And the electrons 
are all paired, so the calculated electronic band structures have no spin labels. The calculated fundamental gap 
values are determined to be 1.78 and 1.40 eV for monolayer and bulk, respectively. The underestimation of the 
gap value due to the local approximations for the exchange–correlation interaction is estimated to be about 
10%. Regardless of the exchange–correlation functionals adopted, the energy bands obtained from the calcula-
tions are very flat, as shown in Fig. 3 and Supplementary Fig. S5 online. The flat band has a significant density 
of states (DOS) from the Pd d-orbitals of the 2D kagome lattice, whose energy is located right below the top 
valence bands. The Pd-dominant flat band over the whole reciprocal space remains to be robust for the accepted 
U value of ~ 1.5 eV for Pd atoms, which is a reasonable value according to previous  studies49. As a further check 
of the validity of our calculated band structures, we were also able to extract the magnetic susceptibility using the 
obtained electronic band  structures50–52. The calculated diamagnetic susceptibilities are = χ⊥2.38 × 10–4 and χ‖ = 
2.00 × 10–4 emu/mol, respectively, when the field is perpendicular and parallel to the ab plane. The corresponding 
anisotropy ratio is χ⊥/χ‖ = 1.19. These values are in good agreement with the experimental results.

For further details, the presence of kagome nature in bulk and monolayer  Pd3P2S8 can be assessed by examin-
ing the band touching at the high-symmetric k points. For an ideal kagome lattice, the flat band is expected to 

Figure 2.  (a) Field sweep and (b) temperature sweep measurement data are presented for the 
fields perpendicular and parallel to the ab plane. The anisotropy of the diamagnetic susceptibility is displayed 
with the value of 1.18 on average. (open diamond—parallel field; filled circle—perpendicular field). (c) Bandgap 
estimated from the transmittance data. The estimated fundamental bandgap is about 2 eV using the Tauc plot 
method. (open diamond—(αhν)1/2 ; open circle—(αhν)2 ) α is the absorption coefficient.
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touch a dispersive band at the Ŵ point. This band touching at the Ŵ point is the crucial factor of the undisturbed 
2D kagome system. The degeneracy at the Ŵ point of kagome systems is protected unless there are significant 
perturbations or  disorders22,23. From the projected density of states (PDOS) at the Ŵ point of the top valence 
band (TVB), the dominant Pd 4d character is confirmed. This band touching can be seen in the band structures 
of  Pd3P2S8, confirming the kagome nature.

Finally, the striking flatness of the top valence band (TVB) exists over a wide range of the reciprocal space, 
especially in the monolayer case. The extreme flatness of TVB can originate from two possible sources; one is 
a small electron hopping parameter between the atomic sites, and another is the CLS originated from a frus-
trated kagome structure. However, the large dispersion of the other bands touching the flat band at the Ŵ point 
does not support the small-hopping scenario. Thus, the extremely localized electron states representing the flat 
TVB suggest the presence of the unique nature of kagome lattice, which is the CLS. To rigorously confirm the 
CLS nature of the flat TVB, we analyzed the wavefunctions of the kagome model as obtained from our DFT 
 calculation53. Figure 4 shows the contribution of Pd d orbitals at each site of the kagome lattice to the TVB and 
the phase of each orbital. Figure 4d plots the total contribution of each site to the flat TVB of DFT calculations 
(see also Supplementary Fig. S6 online). The contribution of each site shows similar trend with those of the ideal 
kagome model throughout the entire Brillouin zone of the Bloch wavevector (see the left column of Fig. 4). In 
addition, the total contribution of atomic orbitals to the flat TVB is as substantial as 60%. Our first-principles 
band calculations and the following model calculations of the ideal kagome structure are also in good agreement 
with each other regarding the phase difference among the orbitals forming the kagome lattice (see Fig. 4f–j). 
These results are strong evidence reinforcing our view that the flat TVB originates from the kagome structure.

Furthermore, considering that the Pd-dominant flat band is related to the diamagnetic response of the sam-
ple, the estimation of an ‘effective’ carrier effective mass over the entire Brillouin zone rather than at a specific 
wavevector were undertaken. We estimated the ‘effective’ mass, assuming a parabolic function for the energy in 
terms of the wavevector along each direction in momentum space. The ‘effective’ carrier mass of the bulk along 
G-K direction is 74.12  me, and 5.65  me along G-A: where  me is the intrinsic mass of the free electron.

Moreover, we note that the flat region in the momentum space is wider for monolayer, as shown in Fig. 3. 
The reduced flatness in the band structure of bulk  Pd3P2S8 can be understood similarly as mentioned in the 

Figure 3.  DFT calculation results for (a) the monolayer and (b) bulk crystal. Notably, the top valence 
band becomes flat as the crystal is exfoliated into monolayer, as shown in (a), due to the weaker interlayer 
interactions. The projected density of states (PDOS) of palladium is dominant at the flat band.

Figure 4.  The contributions of (a) dz2 orbital, (b) suitable linear combinations of dxz and dyz orbitals, and 
(c) appropriate linear combinations of dx2-y2 and dxy orbitals at each Pd site to the flat TVB. (d) is the total 
contribution for all d orbitals. A small dip at the M point indicates the hybridization between d orbitals and 
lower band. Even in the presence of orbital hybridizations, as large as 60% of the flat band comprises the atomic 
d orbital of Pd. One can see that the projected contributions are very similar to those of (e) ideal kagome model. 
Each atomic site is indicated by color. (f–i) shows the phase of each orbital. Here, we set the phase of the dz2 
orbital at Pd3 to zero. (j) demonstrates the corresponding phases of the kagome model. The phase obtained from 
our first-principles calculations and those obtained from the model calculation are almost identical.
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recent work of  Fe3Sn2
31; the interlayer interaction is likely to interfere with the flat band nature and diminish the 

character. Therefore, it is likely that the difference between the projected density of states near the TVB of the 
bulk and monolayer  Pd3P2S8 is due to the interlayer interaction.

As an experimental demonstration, we produce monolayer by the mechanical exfoliation method, as shown 
in Fig. 5. According to our experience, the cleavage energy of  Pd3P2S8 seems to be comparable to other S-based 
magnetic van-der-Waals materials, like  NiPS3

9. We note that the stability of the material was previously con-
firmed by theoretical works using the phonon spectrum and ab-initio molecular dynamics  calculation38. In this 
work, we have carried out extensive tests of stability under several conditions. According to our observation, it is 
stable in the air and shows no sign of degradation under several conditions for 25 h (see Supplementary Fig. S7 
online). The availability of the monolayer sample opens up the possibility of examining the flat band physics in 
the 2D limit by gating experiments.

Discussion. Materials having the kagome lattice have attracted significant interest in the field of condensed 
matter physics, particularly for its magnetic properties. This geometrically frustrated structure may host exotic 
spin liquid of phase which electronic version is the flat band in the electronic  structure54. In this report, we 
have demonstrated the first ideal kagome vdW material,  Pd3P2S8, with transition metal core ions that has strong 
spin–orbit coupling effect. By comprehensive experimental studies, we have confirmed the ideal kagome lattice 
remaining intact down to the lowest measured temperature and checked the fundamental physical properties 
that coincide with the theoretical calculations. By carrying out first-principles calculations, we have found that 
it also possesses an anomalously flat band at the top of the valence band, which originates from the destructive 
interference of the kagome lattice. The flat band with possible CLS can host strong electron correlations and give 
rise to other novel phenomena. The flatness is more extensive in the form of a monolayer as verified by first-
principle calculations. The kagome flat band is located near the Fermi level, making it very attractive to modulate 
the filling portion of the flat band on a real 2D limit by gating  experiments55,56. With the potential topological 
states and emergent magnetism that may be exhibited in the system,  Pd3P2S8 will be an attractive platform to 
address the low-dimensional kagome physics.

Methods
Crystal synthesis. The synthesis of the crystal was done by the chemical vapor transport method with 
iodine as a transport agent. There were two methods reportedly used to synthesize the crystals. The first method 
was to use the atomic ratio of 3:2:8 for the Pd, P, and S, respectively. The ingredients (in total 1 g), iodine (0.05 g), 
and additional sulfur (0.05 g) were ground, mixed, and then sealed in a 20-cm-long quartz tube under a vacuum 
of lower  10–3 torr. Then the quartz tube was placed in a two-zone furnace. Zone 1 was heated to 720 °C for 6 h 

Figure 5.  Optical microscope image and AFM scanned image of the flake on 285 nm  SiO2. Additional layers 
are also seen in the AFM image, forming steps. The yellow line crosses the boundary of the monolayer, and the 
height difference is about 1.25 nm, as indicated in the figure. The slight bump at the boundary indicates the tape 
residue on the sample.
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and held there for 72 h, while Zone 2 was kept at 690 °C. Subsequently, Zone 1 was cooled to 400 °C for 48 h and 
maintained there for 6 h; Zone 2 followed the same procedure with the target temperature of 350 °C. Finally, 
Zone 1(2) was cooled to 150 (120) °C for 6 h before turning to natural cooling to room temperature. The second 
method is almost identical to the one previously used by Zhang et al.57.

Structure analysis. We carried out the structure analysis by measuring both powder and single-crystal 
samples using two diffractometers. A high-resolution powder diffraction experiment was performed using a 
commercial powder diffractometer, D8 discover (Bruker), with wavelengths �Kα of 1.540590 and 1.544310 Å 
( Kα1 and Kα2 , respectively) and XtaLAB P200 (Rigaku) with Mo source ( �Kα = 0.710747 Å) was used to identify 
the structure of the single-crystals. Both results support that our samples form in the space group of P-3m1.

Magnetization measurement. The magnetic susceptibility was measured with a commercial magnetom-
eter (MPMS 3). About 2 ~ 10 mg of samples were used in each measurement and were attached to a quartz sam-
ple rod with GE varnish. For the thin samples, a slide cover glass was cut and used for the support. Diamagnetic 
signals of GE varnish were separately measured to be compared with the signals from the sample. For some 
measurement sets with the thin glass support, the background signals were subtracted off from the raw data to 
obtain the pure sample signals and to ensure that the significant signals were from the sample alone. The sub-
traction was done using the SquidLab software suite, which was developed to improve the fidelity of the signals 
during this  project43. The magnetization was measured in two ways: the field sweeping at a specific temperature 
and the temperature sweeping with a particular applied field. The temperature sweepings were conducted with 
an applied field of 1 T, and the field sweepings were conducted at several different temperatures of 2, 50, 100, 
150, 200, 250, and 300 K.

Optical measurement. The optical measurements were carried out at 300 K on a grating spectrophotom-
eter (Cary 5000, Agilent) over the spectral range of 190 to 2000 nm (0.62 to 6.5 eV) at a resolution of 1 nm with 
a spectral bandwidth of 2 nm. The absorption coefficient α was extracted from the transmittance T using Beer’s 
law ( α = − lnT/d) where d is the thickness. The single-crystal samples were thinned down by mechanical exfolia-
tion and were fixed by using Kapton tape on Cu sample holders with an aperture of 0.5 mm diameter.

Monolayer exfoliation. The monolayer exfoliation was done onto a  SiO2/Si substrate. We used 285 nm 
thickness  SiO2 after comparing the optical visibility with other  substrates58. The substrate was cut to approxi-
mately 1 × 1  cm2 and was sonicated in isopropanol for 5 min. After blow-drying the substrate, it underwent 
oxygen plasma treatment with a flow rate of 100 sccm and 300 mT for 10 min to clean the  surface59. Then the 
sample was exfoliated by one-sided tape before being placed onto the substrate. When necessary, the tape was 
very gently rubbed with a cotton swab after being attached to the substrate to eliminate any air bubbles and 
wrinkles. It was placed on the glass slide for annealing at 85 °C for 1 min, after which the substrate was rapidly 
cooled with a small amount of acetone sprayed to the back of the glass. The tape was very slowly peeled off from 
the substrate leaving only a tiny tape residue behind.

Theoretical calculations. The electronic band structure and projected densities of states were calculated 
using DFT as implemented in the Quantum-ESPRESSO  package60,61. Ion–electron interactions were described 
by the optimized norm-conserving Vanderbilt  pseudopotentials62,63, and the exchange–correlation energies were 
approximated using the Perdew, Burke, Ernzerhof  functional64. We performed simulations on the monolayers by 
setting the interlayer distance to 15 Å. We used 8 × 8 × 8 k-point mesh for the bulk crystal and a 12 × 12 × 1 mesh 
for the monolayer and set the kinetic energy cutoff to 100 Ry. The atomic positions were optimized while fixing 
the lattice constants to the measured  one65.

Data availability
Scientific Reports requires the inclusion of a data availability statement with all submitted manuscripts, as this 
journal requires authors to make available materials, data, and associated protocols to readers.
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