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ABSTRACT 

Flat bands (FBs), presenting a strongly interacting quantum system, have drawn increasing 

interest recently. However, experimental growth and synthesis of FB materials have been 

challenging and remained elusive for the ideal form of monolayer materials where the FB arises 

from destructive quantum interference as predicted in 2D lattice models. Here, we report 

surface growth of self-assembled monolayer of 2D hydrogen-bond (H-bond) organic 

frameworks (HOFs) of 1,3,5-tris(4-hydroxyphenyl)benzene (THPB) on Au(111) substrate and 

the observation of FB. High-resolution scanning tunneling microscopy/spectroscopy 

(STM/STS) shows mesoscale, highly-ordered and uniform THPB-HOF domains, while angle-

resolved photoemission spectroscopy (ARPES) highlights a FB over the whole Brillouin zone 

(BZ). Density-functional-theory (DFT) calculations and analyses reveal that the observed 

topological FB arises from a hidden electronic breathing-Kagome lattice without atomically 

breathing bonds. Our findings demonstrate that self-assembly of HOFs provides a viable 

approach for synthesis of 2D organic topological materials, paving the way to explore many-

body quantum states of topological FBs. 
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Introduction. A topological FB presents an exotic Bloch state without band dispersion. It 

arises from destructive interference (phase cancelation) of Bloch wave functions, such as 

materials with a Kagome lattice [1-3] or more generally line-graph lattice models [1-9], 

differing from topologically trivial FBs of highly localized atomic orbitals, such as f-orbitals 

[10] and dangling bonds [11], and the FBs resulted from Moiré band folding of twisted bilayer 

graphene [12]. The phase cancelation renders the FB to be topological in both real space 

characterized with compact localized state [3] and momentum space having a singular touching 

point with a dispersive band [4,5]. Also, the completely quenched electron kinetic energy in a 

FB magnifies electron-electron interaction, leading to a range of theoretically predicted many-

body quantum phases, such as fractional quantum Hall effect [7], Wigner crystallization [13], 

ferromagnetism [3,14], superconductivity [15] and excitonic insulator [16]. Recent discovery 

of superconductivity in twisted bilayer graphene has further boosted the interest in FBs [17]. 

On the other hand, various 2D FB-materials have been predicted from first-principles. 

These include 2D metalorganic frameworks (MOFs) [18-21], covalent organic frameworks 

(COFs) [14,22-25], HOF [26] and inorganic 2D materials [27]. Experimentally, FB features 

have been observed in the surface of transition-metal Kagome compounds [28-33], twisted bilayer 

graphene [34], and heterostructure [35], all having a layered structure which contains one atomic 

layer manifesting a 2D FB lattice model, such as Kagome lattice. But in these systems the FB 

is inevitably overlapping with many dispersive bands from other atomic layers. In general, 

experimental realization of topological FBs has been challenging due to lack of FB materials, 

especially elusive in the ideal form of monolayer materials originally proposed based on 2D 

lattice models. To date, there is no monolayer material that has been synthesized to enable direct 

observation of FB. A recent experiment has successfully grown COF monolayers of 

tribromotrioxaazatriangulene and tribromotrioxoazatriangulene on Au(111) substrate [36], 

enabling a clear observation of Dirac bands by ARPES; however, the FB, which was supposed 

to be present with a Kagome sublattice [36], cannot be directly observed because it is located 

~1.0 eV above Fermi level [23]. 
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In this Letter, we report direct observation of FB in a self-assembled monolayer of 2D 

HOF of THPB on Au(111) surface. Formation of mesoscale, uniform domains of THPB are 

seen by STM/STS, whose long-range order and lattice symmetry are further confirmed by low-

energy electron diffraction (LEED). Remarkably, a FB over the whole BZ is observed by 

ARPES. Interestingly, DFT calculations reveal that the FB arises from a hidden electronic 

breathing-Kagome sublattice made of corner benzene rings (CBRs) of THPB, and hence 

topological non-trivial, but atomically all the CBRs locate at the sites of a Kagome lattice 

without breathing bonds. The electronic breathing effect is shown to be caused by different 

inter-CBR hopping mediated by H-bonds versus covalent bonds. Furthermore, the most salient 

features of H-bonds are characterized by high-resolution STM/STS, Raman spectroscopy and 

DFT calculations. 

Experimental growth and structural characterization.  Instead of realizing FB-lattices using 

MOFs [14-17] and COFs [9,18,19] widely predicted by theory, we take a different approach to 

grow the less studied HOF, since H-bonds are weaker but more flexible than the organo-metallic 

and covalent bonds, in an attempt to assemble large-scale monolayer structures of high 

uniformity. We use THPB as a model molecule which are deposited onto Au(111) substrate at 

room temperature (see Methods in Supplemental Material (SM) [37] for sample preparation). 

The H-bond assisted self-assembly turns out to be very successful as evidenced in Fig. 1. We 

note that although synthesis and STM imaging of THPB-HOF has been reported before [58,59], 

those structures are mostly nanometer-sized islands, preventing them from ARPES 

measurement. 

Figure 1a and 1b show large-scale STM images of 2D crystalline domains of THPB 

monolayer film at a coverage of 0.75 ML, where THPB molecules aggregate into a triangle 

lattice with long-range order. In Fig. 1b, the crystalline orientations of Au[11̅0] and [112̅] are 

determined by visualizing the well-known herringbone reconstruction of Au(111) surface [60]. 

Domain walls are observed with adjacent domains being mirror-symmetric with each other (Fig. 

S1 in SM [37]). The THPB-HOF lattices have been grown successfully over the entire substrate 
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surface and remain intact across surface steps (see Fig. 1a and 1b). 

High-resolution STM image (Fig. 1c) distinguishes each individual THPB molecule 

consisting of three bright protrusions from three CBRs, and reveals the self-assembled trigonal 

THPB lattice having a lattice constant of 14.6±0.2 Å. A schematic lattice model is drawn in Fig. 

1d. The THPB molecules aggregate via formation of three H-bonds, rotated by 120° with each 

other, between the hydroxyl groups at the corner of THPB. The orientation of THPB-HOF 

lattice is determined whose lattice vectors a1 (a2) are aligned ~20º from the close-packed [11̅0] 

direction of Au surface (see also Fig. S1c). Consequently, the BZ of HOF lattice and of Au(111) 

surface rotate away from each other by ~20º, as shown in Fig. 1e; the former is also ~5 times 

smaller than the latter. These relations are used for analyzing their respective ARPES spectra 

later. 

The long-range order of THPB-HOF lattice is further confirmed by LEED, displaying 

diffraction spots from a periodic superstructure (Fig. 1g). It confirms the HOF domains are 

aligned in the same orientation, with a trigonal lattice rotated by 20° from that of the Au(111) 

surface (Fig. 1f). The lattice constant of HOF is extracted to be ~1.5 nm from LEED, in very 

good agreement with STM. These findings demonstrate that epitaxial growth of 2D HOFs 

offers a viable approach to synthesize organic 2D materials, especially monolayer HOFs with 

desirable electronic properties, such as the FB as demonstrated below.  

ARPES observation of flat band.  Importantly, the mesoscale size and mono-orientation of 

2D THPB-HOF has enabled characterization of its band structure by ARPES, which has been 

used to investigate band structure of other organic systems [61-63]. As a reference, the ARPES 

of bare Au(111) surface was measured first (Fig. 2a). The well-known Shockley surface states 

with a parabolic valley at -0.5 eV are observed. In addition, the parabolic Au surface sp band 

having the bottom of valley at ~ -3.6 eV and some bulk bands lying at the lower energies are 

also visible, in agreement with previous reports [64,65]. The d band of Au locates below −3.8 

eV.  

We have grown 2D THPB-HOFs from ~0.5 monolayer (ML) to nearly-full coverage on 
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Au(111) surface with their long-range order all confirmed by STM and LEED. Figure 2b shows 

the ARPES measured from one of the 0.5 ML samples, along the KAu-Г-KAu direction of the 

Au(111) BZ. Remarkably, a FB is seen at the energy of -2.62 eV (see also the second-derivative 

intensity plot in the middle panel). The Au Shockley surface state is no longer visible upon 

molecular coverage, while its sp surface bands and bulk d bands become weaker. The FB gives 

rise to a distinct peak in the density of state (DOS) (right) which is absent in the DOS of bare 

Au (Fig. 2a). Considering Au-HOF forming a metal-semiconductor heterojunction and 

assuming the Fermi level of Au is aligned with the mid-gap position of HOF, the position of FB 

at -2.62 eV sets a lower limit for the bandgap of HOF to be 5.24 eV (see band diagram in Fig. 

S2 [37]). The other DOS peaks in the right panel of Fig. 2b, e.g. -3.9 eV, are aligned well with the 

top/bottom of some parabolic bands from Au sp and bulk states. 

  To confirm the FB exists in the whole 2D BZ, we conducted also low-temperature 

ARPES measurement at 12 K on a sample of nearly-full coverage of THPB-HOF. The constant-

energy contour (CEC) at -2.67 eV is shown in Fig. 3a, which signifies the presence of the 

circular Au sp band appearing near the BZ boundary. Furthermore, to reveal the truly flatness 

of FB, three line-cuts are taken along momentum paths of Γ-KHOF, Γ-KAu and MHOF-Γ-MHOF, as 

indicated by yellow dashed lines in Fig. 3a. The cut 1 (Fig. 3b) and 2 (Fig. 3c) are taken with 

the energies from -2.2 to -3.4 eV. Both intensity (left) and second-derivative (right) plots of cut 

1 and 2, show a FB (band 1) at -2.62 eV, indicating it touches with a weakly dispersive band 

(band 2) at the point, as the theory would predict (dashed lines). There is also a parabolic Au 

surface sp band intersects with these two HOF bands. Two entangled bands can be distinguished 

more clearly in the spectrum of cut 3 (Fig. 3d), and interestingly, a third strongly dispersive 

band shows up below the above-mentioned two bands. This third band is further confirmed by 

the energy distribution curves (EDC) measured from -0.39 to 0.39 Å-1 (Fig. 3e). By 

deconvoluting these three bands, the FB energy is resolved at -2.57 eV, slightly different from 

its apparent position of -2.62 eV in Fig. 2b. Overall, the band dispersions are clearer in Fig. 3d 

than those in Fig. 3b and 3c, partly because the cut 3 is outside the circular Au sp band at the 

BZ boundary (Fig. 3a), so that the Au sp band sits above without overlapping with the FB. More 
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line-cut spectra are available in Fig. S3 [37]. 

Topological FBs from a hidden breathing-Kagome sublattice. The THPB-HOF has an 

apparent triangle lattice, as shown in Fig. 1d, which is not expected to host FB. To reveal the 

origin of the observed FB, we have performed DFT calculations. The optimized lattice structure 

and the calculated band structure are shown in Fig. 4a and 4b, respectively. The THPB-HOF is 

a semiconductor having a FB below the Fermi level as the VBM (Fig. 4b), consistent with the 

experiment (Fig. 2b and S2 [37]). We note that the calculated gap of ~ 3.0 eV from local-

density-approximation (LDA) is corrected to ~4.0 eV by Heyd-Scuseria-Ernzerhof (HSE) 

functional, which is still ~ 1.0 eV smaller than the experimental value in Fig. 2b. This is 

reasonable considering there could be some charge transfer from Au surface to HOF to shift the 

Fermi level of HOF above its mid-gap position and the HSE gap may still be an underestimation 

[66]. We also did calculation using van der Waals functional (DFT-D2) to better treat H-bonds, 

which did not show significant difference. 

Figure 4b shows that the FB touches with a dispersive band below, as observed. A 

checkerboard lattice could have such a two-band configuration [67], but the THPB-HOF lattice 

does not have a square lattice symmetry. So, also the lower lying dispersive band, observed in 

ARPES as well (band 3 in Fig. 3d), has to be considered in the analysis. This led us to realize 

that it resembles the typical three-bands structure of a breathing-Kagome lattice, consistent with 

the trigonal lattice symmetry of HOF [68]. However, a closer inspection of lattice structure (Fig. 

4a) finds a perfect Kagome lattice with two identical size of triangles within the unit cell; while 

a breathing-Kagome lattice has two triangles of different size, as if one breathes outward and 

the other inward (Fig. 4c) [68]. To resolve this inconsistency, we plot the charge density of the 

designated three bands overlaid on the lattice in Fig. 4a, which are mainly contributed by C and 

O pz orbitals (Fig. S6 [37]). Then, we uncovered that a sublattice of effectively breathing-

Kagome type is formed by three CBRs of THPB molecules via two different inter-CBR hopping, 

namely the H-bonds mediated by O/H atoms versus the covalent bonds mediated by the center 

benzene ring in THPB. Consequently, an interesting scenario of “a breathing-Kagome lattice 
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without breathing” is materialized, with the effect of breathing achieved electronically by 

different lattice hopping strength via H-bond (tH) and covalent bond (tC) for the same bond 

length, as indicated in Fig. 4a and illustrated in Fig. 4c. 

To further confirm the above identification of FB, we have fit the three DFT-LDA bands 

of interest with a tight-binding (TB) breathing-Kagome lattice Hamiltonian, as shown in Fig. 

4d. One sees that the TB bands (red dotted lines) agree well with the DFT bands (blue solid 

lines) using two fitting parameters of tH = 0.05 eV and tC = 0.26 eV, and the former is much 

smaller than the latter indicating a strong electronic breathing effect. The fact that the 

experimentally observed FB is flat over the whole BZ with a singular touching point with a 

dispersive band indicates it is topological nontrivial [4,5]. In contrast, trivial FB of localized 

molecular orbitals is usually not flat over the whole BZ and/or isolated without a singular band 

touching point. This is further supported by a good agreement between the observed bands with 

theoretical bands whose topological properties are directly calculated. Using the TB model, we 

calculated the compact localized state and noncontractible loop state in real space to illustrate 

nontrivial FB topology, which is also confirmed by calculation of topological invariant in k-

space (Fig. S6 [37]). Moreover, we made Wannier fitting of the DFT-LDA bands (cyan dotted 

lines in Fig. 4d), and simulated the ARPES spectra (see Methods and Fig. S7 [37]). The Wannier 

band dispersions along three paths, Γ to KHOF, Γ to KAu and MHOF-ΓHOF-MHOF are calculated as 

black dashed lines overlaid on the experimental spectra in Fig. 3b-3d, respectively. Note that 

we used DFT-LDA results for fitting the three breathing-Kagome bands because their band 

dispersions agree better than HSE bands with experiments after aligning the positions of FB. 

Qualitatively, either LDA or HSE bands confirm the origin of FB from a breathing-Kagome 

lattice.   

Further experimental evidence of H-bond and breathing Kagome lattice. To better resolve 

the H-bond, we performed differential conductance (dI/dV) mapping along with STM imaging, 

to visualize the local charge DOS. Figure 4e and 4f shows the topographic STM image and the 

dI/dV image, respectively. One sees that the local DOS of covalent C-C bonds bridging the 
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CBRs within a THBP molecule is much higher than that of H-bonds bridging the CBRs in 

between the THBP molecules. This again indicates that the sublattice of all CBRs forms an 

effective breathing-Kagome hopping pattern, as the intra-THBP CBR-CBR hopping (tC in Fig. 

4f) via covalent bonds is much stronger than the inter-THBP CBR-CBR hopping (tH in Fig. 4f) 

via H-bonds, although the intra-THBP CBR-CBR distance (dC = 7.4 Å) is about the same as 

the inter-THBP CBR-CBR distance (dH = 7.2 Å), as show in Fig. 4e. This confirms an electronic 

breathing-Kagome lattice without atomic breathing bonds. Additional evidence for H-bonds is 

collected from in-situ Raman spectroscopic measurement (Fig. S4 [37]), supported by DFT 

phonon calculations (Fig. S9 [37]).  

Conclusion. We demonstrate successful growth of self-assembled mesoscale, highly-ordered 

and uniform monolayer THPB-HOF films, which has enabled observation of a topological FB. 

DFT calculations reveal the FB to be originated from a hidden electronic breathing-Kagome 

lattice without atomic breathing bonds. Our findings pave the way to future realization of 2D 

topological and FB materials by the demonstrated approach of self-assembly of HOFs, for 

which a wide range of molecular precursors and substrates can be explored. 
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Fig. 1. (a) and (b) Large-scale topographic STM images (It = 200 pA, Vb = -0.5 V). The 

orientation of HOF is determined whose lattice vector is aligned ~10º away from the Au-[112̅] 
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direction. (c) Close-up STM image showing a trigonal lattice with a lattice constant of 14.6±0.2 

Å, averaged from line profiles. The dashed hexagon marks the unit cell of Au lattice showing 

the close-packed [11̅0] direction which has a 20° angle with the THPB-HOF lattice vectors. 

(d) Schematic lattice model indicating three H-bonds in between THPB. (e) The relationship 

between the BZ of Au(111) surface and of HOF. (f) and (g) LEED patterns of clean and HOF-

covered Au(111) surface taken at the energies of 100 eV and 25 eV, respectively. Their 

reciprocal lattices are marked with white dashed hexagons. 

 

 

Fig. 2. (a) The photoemission intensity plot of EB-kx cut along the KAu-Г-KAu direction at ky=0 

(left) and the integrated DOS from ARPES (right), taken from the bare Au(111) surface. KAu is 

the K point of Au(111) surface BZ. (b) The ARPES spectra (left), the second-derivative plot 

(middle), and the integrated DOS from the ARPES showing a peak at the FB energy of -2.62 

eV (right), taken along Γ-KAu direction from a 0.5-monolayer THPB film. 
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Fig.3. (a) The CEC measured at -2.67 eV and 12 K. The states of Au sp bands is clearly visible 

near the BZ boundary (half circle). The yellow dashed lines indicate three line-cuts taken for 

ARPES measurements in (b) - (d). (b) High-resolution ARPES (left) and second-derivative 

(right) plots measured at 12 K from cut 1 along the Γ-KHOF direction as marked in (a). (c) Same 

Commented [FL1]: This figure may not fit in one-

column anymore. I suggest to place (a) and (e) 

parallel on top, then (b),(c) and (d) at bottom, 

to fit. 
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as (b) for cut 2 along Γ-Kau. (d) Same as (b) for cut 3 along MHOF-ΓHOF-MHOF. KHOF, ΓHOF and 

MHOF are special k-points in the BZ of THPB-HOF. The dashed black lines are the DFT-LDA-

Wannier bands superimposed on the experimental spectra. (e) The EDC of (d). The blue/black 

dotted lines denote the peak positions obtained by Gaussian fitting, representing band 1, 2 and 

3. The FB (band 1) locates at -2.57 eV. 

 

 

Fig. 4. (a) The optimized lattice structure ovelaid with partial charge density derived from the 

top three valence bands belonging to the breathing-Kagome lattice formed by CBRs of THPB. 

The brown/orange, red and pink balls represent C, O and H atoms, respectively. The charge 



18 

 

density is plotted using an isosurface of 0.002 eV/Å3. (b) The LDA band structure (blue dashed 

lines) with a gap corrected by HSE functional (black solid lines). (c) Illustration of an electronic 

breathing-Kagome lattice formed by different hopping strength of tH via H-bonds vs. tC via 

covalent bonds (see also Fig. 4a), as if there were breathing bonds of different lengths. (d) The 

fit of the top three DFT valence bands (blue solid lines) by the TB breathing-Kagome lattice 

model (red dotted lines) and Wannier bases (cyan dotted lines). (e) Topographic STM image 

and (f) differential conductance (dI/dV) mapping taken simutaniously at +600 meV, using VB= 

-200 mV, IT= 300 pA and a bias modulation of 5 mV. 


