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Kagome materials often host exotic quantum phases, including spin liquids, Chern gap, charge density wave, 

and superconductivity. Existing scanning microscopy studies of the kagome charge order have been limited 

to non-kagome surface layers. Here we tunnel into the kagome lattice of FeGe to uncover features of the 

charge order. Our spectroscopic imaging identifies a 2×2 charge order in the magnetic kagome lattice, 

resembling that discovered in kagome superconductors. Spin-mapping across steps of unit-cell-height 

demonstrates the existence of spin-polarized electrons with an antiferromagnetic stacking order. We further 

uncover the correlation between antiferromagnetism and charge order anisotropy, highlighting the unusual 

magnetic coupling of the charge order. Finally, we detect a pronounced edge state within the charge order 

energy gap, which is robust against the irregular shape fluctuations of the kagome lattice edges. We discuss 

our results with the theoretically considered topological features of the kagome charge order including 

unconventional magnetism and bulk-boundary correspondence.  
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A kagome lattice, made of corner-sharing triangles, is a geometrically frustrated lattice first introduced to quantum 

physics [1] in 1951, while a similar pattern unit has long been used as the star of David in religious ceremony and 

as the Hexagram in alchemy symbols. With the recent advance of quantum materials, it has been demonstrated that 

kagome materials can support a variety of quantum phases, including spin liquids, Chern gap, charge density wave, 

and superconductivity, significantly promoting the diversity of quantum matter in a model lattice setting [1-6]. In 

contrast to other low-temperature phases, the kagome charge order can occur at high temperatures up to 100K 

exhibiting many-body correlations and Berry curvature physics. Recent theories [6-13] have proposed  topological 

features of the kagome charge order, including orbital currents/magnetism, and bulk-boundary correspondence. 

Fundamentally, the charge order driven by the kagome van Hove singularities can induce a nontrivial Berry phase 

and accordingly various Berry phase related quantum effects [14], presenting a rare case of interaction-driven 

quantum topology explored in recent theories [15,16,17]. The many-body interaction not only opens a charge 

density wave gap at EF, but also produces a nontrivial Berry phase that leads to orbital currents/magnetism and a 

topological edge state, as illustrated in Fig. 1(a) [7-13].  

Scanning tunneling microscopy (STM) was among the first experimental techniques to discover the charge order 

in kagome superconductors AV3Sb5 (A=K, Rb, Cs). However, existing STM studies have been focused on the Sb 

honeycomb layers [7,18-26], rather than directly probing the kagome lattice layer. Notably, intriguing kagome 

physics may not be detected on the non-kagome surface layers [4,27,28], and features detected on non-kagome 

layers (such as surface stripe reconstructions) may also not be directly related to the kagome lattice. Therefore, 

tunneling directly into the kagome lattice is essential to probe the intrinsic features of the kagome charge order, and 

is particularly important to solving puzzles regarding different behaviors of the charge order on non-kagome 

surfaces [7, 18-26]. Recently, our combined neutron scattering [29], STM and photoemssion experiments on 

kagome antiferromagnet FeGe unexpectedly detected a superlattice signal around 100K, suggesting it likely to be 

a kagome charge order platform. According to the STM study on CoSn  a cousin material to FeGe  the atomic 

kagome lattice layer can be prepared as the surface termination through cryogenic cleaving [28], offering us an 

unprecedented opportunity to explore the kagome charge order at the microscopic level.  

In this work, single crystals with a size up to 2mm × 2mm are cleaved in situ at 77K in ultra-high vacuum conditions 

and then inserted into the microscope head, already at 4He base temperature (4.2K). Data are taken at 4.2K unless 

otherwise specified. Topographic images in this work are taken with the tunneling junction set-up V = 60mV and 

I = 0.05nA. Tunneling conductance spectra are obtained with an Ir/Pt tip using standard lock-in amplifier techniques 

with a lock-in frequency of 977Hz and a junction set-up of V = 100 ~ 60mV, I = 1nA, and a root mean square 

oscillation voltage of 0.5mV. Tunneling conductance maps are obtained with taking a spectrum at every location 

under a junction set-up of V = 60mV, I = 0.3 ~ 0.1nA, and a root mean square oscillation voltage of 5mV.  

FeGe has a hexagonal structure (space group P6/mmm) with lattice constants a = 5.0 Å and c = 4.0 Å. It consists of 

a Fe3Ge kagome layer and a Ge2 honeycomb layer with alternating stacking [Fig. 1(b)]. Pioneering studies [30] 

have established it as a kagome antiferromagnet with a Neel transition over 400K. The spins of Fe kagome lattice 

are ordered predominantly along the c-axis, while a weak spin canting has been observed at low temperatures [30]. 

The cryogenic cleaving of 11 systems produces both the honeycomb lattice and kagome lattice layers as the natural 

terminations [Fig. 1(b)]. Figure 1(c) shows a case of a half-unit-cell step with a step height of 2.0Å, revealing both 

Ge2 honeycomb layer and Fe3Ge kagome layer. In this work, we focus on the kagome lattice, as shown in Fig. 1(d), 

and its inset. Similar to the cases in CoSn [28], and Fe3Sn2 [27,31], the individual atoms in the honeycomb layer 

can be well resolved, while the individual kagome atoms are often not easy to be resolved in the STM experiment. 

We further perform spectroscopic imaging on the kagome lattice, focusing on the Fermi-level electronic structure. 

The Fourier transform of the dI/dV map in Fig. 1(e) and its inset demonstrates the 2×2 vector peaks from the charge 

order in addition to the Bragg peaks of the lattice. The 2×2 vector peaks are consistent with the wave vector of bulk 

charge order obtained in our neutron study of FeGe. The three pairs of 2×2 vector peaks feature different intensities 
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as shown in Fig. 1(f), resembling the chiral charge order reported in the defect-free Sb surfaces in AV3Sb5. Counting 

from the highest to the lowest intensity vector peak pairs, we define an anticlockwise chirality [7,19,20,24] for this 

atomic region. At EF, we also detected an energy gap with a size around 50meV [Fig. 1(g)]. Across this energy gap, 

a partial real-space charge density reversal is observed through spectroscopic imaging [Fig. 1(h) inset], as expected 

for a charge density wave order [7,34]. This gap disappears above the charge ordering temperature that is around 

100K, together with the disappearance of the 2×2 vector peaks in the spectroscopic map data, as shown in Fig. 1(h) 

and its inset. These spectroscopic data sets establish the existence of charge order in the magnetic kagome lattice of 

FeGe.  

An outstanding question is whether our observed charge order can be topological as proposed in several related 

theories [6-13]. STM can be used to examine the nontrivial consequences of topological phases. Theoretical 

treatment of chiral charge order often considers a winding phase (tied to its chirality) between the three sets of order 

parameters associated with three symmetry-related ordering vectors. This phase difference of the triple order 

parameters leads to orbital currents with a nontrivial Berry phase [Fig. 1(a)][6-13]. The associated Berry curvature 

field introduces a weak orbital magnetization with its direction tied to the chirality. Meanwhile, the proposed 

topological charge order can feature a bulk-boundary correspondence with edge states inside the bulk gap. 

Specifically, in the case of the antiferromagnet FeGe, one can expect that the weak orbital magnetization of the 

topological charge order can be polarized by the strong antiferromagnetic spin order, resulting in a chirality-

switching charge order between adjacent kagome layers that our tunneling experiments can directly reveal.   

To explore the interplay between charge order and dominant spin order in the kagome lattice, we perform spin-

polarized tunneling. While spin-polarized tunneling signals have been detected in kagome ferromagnet [35,36], 

spin-polarized tunneling measurements are lacking for kagome antiferromagnets. One of the three ways for 

preparing magnetic probes is to dip the nonmagnetic tip into magnetic materials [37]. We find that progressively 

dipping the Pt/Ir tip into the magnetic kagome layer can effectively produce a magnetic tip. With this magnetic tip, 

we study a nearby region composed of kagome surfaces with unit-cell-height steps [Fig. 2(a)]. The spin-flip field 

for FeGe is known [29] to exceed 10T, beyond our instrumental capability, and thus we can safely determine that 

our low magnetic field only flips the spin of the magnetic tip. Figure 2(b) shows dI/dV maps taken at EF for the 

same nano-region in Fig. 2(a) with the tip spin polarized in the up direction (upper panel) and down direction (down 

panel), respectively. In the upper panel, terraces ②④⑥ have a stronger intensity, while in the lower panel, terraces 

①③⑤⑦ reveal a more prominent intensity. The intensity contrast and contrast reversal systematically provide 

key evidence for spin-polarized tunneling. Figure 2(c) compares the dI/dV signals for terraces ④ and ⑤ as 

sweeping c-axis magnetic field from -1T to +1T. A switch of their signals for positive and negative fields is obtained, 

and further indicates that the saturation field of the magnetic tip is around 0.4T. Our data sets suggest that the 

kagome lattice has strong spin-polarized states at EF and the adjacent kagome layers have states with opposite 

dominant spin polarizations, which are fully consistent with the expected bulk antiferromagnetic spin order along 

the c-axis.  

With the demonstration of antiferromagnetism of FeGe and the spin-resolving capability of our magnetic probe, we 

further characterize the magnetic features of the charge order. We zoom into the boxed area for terraces ④ and ⑤ 

and measure additional atomic-scale dI/dV maps with the tip spin polarized to opposite directions. We subtract the 

two maps taken with opposite tip polarizations to obtain the magnetic contrast map in Figs. 2(d) and (f) after 

carefully aligning their atomic positions. Both magnetic contrast maps show 2×2 modulations, as further evidenced 

by their Fourier transform in Figs. 2(e) and (g). While both magnetic contrast maps show 2×2 charge order, we find 

their chirality is evidently opposite to each other [Figs. 2(e) and (g)], thus defining an antichiral charge order. 

Theoretical proposals [6-13] of topological charge order often indicate (Berry curvature induced) weak orbital 

magnetism [38-40] whose direction is tied to the chirality of the underlying order parameter and the orbital 

magnetization moment can couple to either an external or internal magnetic field. In AV3Sb5, the applied magnetic 
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field can switch the chirality of the charge order. In contrast, in FeGe, the strong staggered internal magnetic field 

can cause switching of the chirality between different kagome layers. Such a magnetic coupling of the charge order 

is consistent with our neutron scattering observation [29] of additional enhancement of the magnetic moment just 

below the charge ordering temperature. In addition, the chirality switch of the charge order is similarly evidenced 

by using a nonmagnetic tip to image a unit cell step [Fig. 2(h)], further confirming our spin-polarized tunneling 

results. 

Besides the orbital magnetism, theoretical studies [6-13] of the charge order also suggest the existence of boundary 

modes resulting from a topological charge order bulk gap. The bulk-boundary correspondence is a key concept in 

quantum topology [41]. In a topological material, the nontrivial bulk gap features gapless boundary states. Through 

extensive scanning searching, we can obtain unit-cell-height kagome step edges, as shown in Fig. 3(a). 

Spectroscopic imaging at EF with a nonmagnetic tip at zero-field clearly demonstrates pronounced edge states for 

all these edges. The edge state is rather robust in that it is observed almost independently of the irregular shape of 

the edges, pointing to a protection mechanism. We do not detect edge states for energies outside the charge order 

gap, as demonstrated in the series of dI/dV mapping data in Fig. 3(b). The high-resolution dI/dV spectrum taken at 

the edge in Fig. 3(c) confirms the emergence of states only inside the charge order gap. We further show the spatial 

decay of the edge state towards the kagome lattice in Fig. 3(d). An exponential fitting of the decay curve estimates 

the characteristic decay length of 2.1nm. We also confirm that the edge state disappears above the charge ordering 

temperature, as shown in Fig. 3(e). Crucially, the emergence of robust edge states within the kagome lattice charge 

order gap is consistent with the bulk-boundary correspondence expected for a topological charge order proposed in 

several theoretical works [6-13]. Compared with the topological edge states [4,42-46] seen in other metallic systems, 

the edge states in FeGe uniquely emerge at the EF. The emergence of Fermi-level edge states implies the charge-

order-driven anomalous transverse transports, which is consistent with our observation of large anomalous Hall 

effect just below the charge ordering temperature [29] when giant magnetic fields are applied to overcome 

antiferromagnetism along the c-axis. Taken together with the magnetic coupling of the charge order supported by 

the spin-chirality correlation within each kagome layer, our tunneling work provides microscopic experimental data 

consistent with the orbital magnetism and bulk-boundary correspondence for the charge order in kagome magnet 

FeGe. 
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Figures 

 

Fig 1. (a) Many-body interaction (red springs) driven topology in kagome lattice (red spheres). The interaction not 

only opens a charge density wave gap at EF, but also produces a nontrivial Berry phase (red circular arrows) that 

leads to orbital currents/magnetism (thick red arrows) and a topological edge state (yellow ring). The light and dark 

red ellipsoid represent unoccupied and occupied electronic states, respectively. (b) Crystal structure of FeGe. The 

low temperature magnetic structure is an approximate A-type antiferromagnet. (c) Topographic image of a half unit 

cell step consisting of Ge and FeGe layers, and the zoom-in Ge layer marked with the honeycomb lattice (blue 

lines). (d) Topographic image of the kagome lattice layer of FeGe, and the zoomed-in image marked with the 

kagome lattice (red lines). (e) dI/dV map taken at EF for the same kagome lattice region, and its Fourier transform 

identifying the 2×2 vector peaks. (f) Energy distribution of the three pairs of 2×2 vector peak intensities. Counting 

from the highest to the lowest intensity vector peak pairs, we define an anticlockwise chirality. (g) dI/dV spectrum 

taken on the kagome lattice, showing an energy gap. The insets show two tunneling current maps for the same 

region taken below and above this energy gap. We also mark the kagome lattice as black lines. The center of this 

marked kagome lattice shows a reversal of intensity for these two maps, consistent with a charge order. (h) 

Temperature dependence of tunneling spectrum showing the disappearance of energy gap at 104K, which is just 

above the charge ordering temperature. The inset shows the Fourier transform data of a dI/dV map taken at EF at 

104K, showing the disappearance of 2×2 vector peaks.  
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Fig 2. (a) Topographic image of kagome terraces with unit cell steps (upper panel) and their height profile (lower 

panel). A magnetic tip is used to obtain the data, and the kagome lattices are expected to couple 

antiferromagnetically along the c-axis. (b) dI/dV maps taken at EF for the region in a with tip spin polarized in up 

(upper panel) and down (lower panel) directions. (c) dI/dV signal at EF for kagome terrace ④ and ⑤ as a function 

of c-axis magnetic field sweeping. The lower inset shows the schetch illustrating spin configurations for the tip and 

sample at different magnetic fields. The upper inset shows the dI/dV data for kagome terrace ④ and ⑤ with 

B=+1T. (d) High-resolution dI/dV magnetic contrast data for terrace ④. The data is taken at the orange box region 

in (b), and obtained through subtracting +1T map with -1T map data. The white lines mark the 2×2 charge order. 

(e) Fourier transform of (d) showing 2×2 vector peaks. The right panel displays the intensity of the 2×2 vector peaks 

along the Bragg spot direction, from which we determine the clockwise chirality. (f) High-resolution dI/dV 

magnetic contrast data for terrace ⑤. The data is taken at the red box region in (b), and obtained through subtracting 

-1T map with +1T map data. (g) Fourier transform of (f) showing 2×2 vector peaks. The right panel displays the 

intensity of the 2×2 vector peaks along Bragg spot direction, from which we determine anticlockwise chirality. (h) 

Confirmation of the chirality switch with a nonmagnetic tip at zero field. The lower layer shows kagome lattices 

with a unit cell step. The middle layer shows dI/dV maps taken at EF for the two terraces. The upper layer shows 
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the 2×2 vector peaks obtained by Fourier transforming the respective map data, from which we determine the 

opposite chirality for the two terraces. 

 

 

Fig 3. (a) dI/dV map taken at EF (upper layer) for unit cell kagome step edges (lower layer), showing the robust 

edge states. (b) dI/dV maps taken for the same region at energies outside (upper and lower panels) and within 

(middle panels) the charge order energy gap. The kagome edge state appears only at the energies within the charge 

order energy gap. (c) dI/dV spectra taken at the kagome lattice and step edge, respectively. The step edge data shows 

the emergence of states within the charge order energy gap. (d) Spatial decay of the edge state. The decay can be 

fitted with an exponential function with a characteristic decay length of 2.1nm. (e) Topographic image of a unit cell 

kagome step edge (left) and its corresponding dI/dV map at Fermi energy taken at 104K, showing the disappearance 

of edge state above the charge ordering temperature that is around 100K. 

 

 


