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M Check for updates

The intrinsic frustrated nature of a kagome lattice is amenable to the realiza-
tion of exotic phases of matter, such as quantum spin liquids or spin ices, and
the multiple-q charge density waves (CDW) in the kagome metals. Despite
intense efforts to understand the mechanism driving the electronic modula-
tions, its origin is still unknown and obscured by competing interactions and
intertwined orders. Here, we identify a dimerization-driven 2D hexagonal
charge-diffuse precursor in the antiferromagnetic kagome metal FeGe and
demonstrate that the fraction of dimerized/undimerized states is the relevant
order parameter of the multiple-q CDW of a continuous phase transition. The
pretransitional charge fluctuations with propagation vector q = qy at

Tcow < T < T'(125 K) are anisotropic, hence holding a quasi-long-range bond-
orientational order. The broken translational symmetry emerges from the
anisotropic diffuse precursor, akin to the Ising scenario of antiferromagnetic
triangular lattices. The temperature and momentum dependence of the cri-
tical scattering show parallels to the stacked hexatic B-phases reported in
liquid crystals and transient states of CDWs and highlight the key role of the
topological defect-mediated melting of the CDW in FeGe.

The ground state of strongly degenerated frustrated lattices is a fertile
ground for emergent phenomena driven by competing interactions'’.
For instance, the magnetic ground state and the long-range order of a
frustrated network of spins is often a consequence of a subtle

and disorder®’. In strongly correlated electron systems with a high
degree of frustration, Coulomb repulsion introduces interactions
between spin, charge, and orbital degrees of freedom, providing a
motivation for the study of competing intertwined orders®’.

balance among the second (or higher order) nearest-neighbor
and spatially anisotropic interactions**, spin-orbit coupling’, defects

Of particular interest is the phase transition in 2D triangular
antiferromagnetic lattices'®", where spins are aligned 120° from each
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other in the basal plane, that unveils unconventional correlated diffuse
patterns characteristic of frustrated magnetism'>”, Kosterlitz-
Thouless phases™ or spin ices”. In the charge sector, the Kosterlitz-
Thouless-Halperin-Nelson-Young (KTHNY) theory predicts that a 2D
phase transition is topological®*®, described by the continuous
unbinding of topological defects, and the transition from an ordered
solid to an isotropic liquid is commonly preceded by an intermediate
state characterized by short-range positional but quasi-long-range
bond orientational (BO) order”*.

The kagome lattice, a geometrically frustrated fabric of corner-
sharing triangles?, has recently emerged as a platform to study the
phase transition from an electronic crystal (charge density wave, CDW)
to an isotropic liquid. Due to the particular geometry of the kagome
net that features van Hove (VHS) singularities, Dirac cones, and dis-
persionless flat bands?, theory proposed the appearance of many
body phases, allowing for the observation of anomalous and fractional
Hall effect’?, chiral CDWs*7?° superconductivity’??, loop
currents®>” and heavy fermion physics®™*. At particular filling frac-
tions, the Fermi surface is perfectly nested by a wavevector qy=( 0),
resulting in a 2 x 2 CDW. Examples of multiple-q CDW orders have been
observed in the AV5Sbs**** (A = K, Rb) and ScV¢Sne ** series of the
kagome family. In the weakly correlated AV;Sbs***¢, the first order
phase transition is achieved without phonon softening®’, pointing to a
prominent role of order-disorder scenarios*®*’. In contrast, the ground
state of ScVeSng displays a different lattice landscape, with the collapse
of a high-temperature soft mode at q*=( 1 1)°**' that competes with
the low temperature ordered phase at qcpw=(¢ 1 1)

A different scenario is devised in the antiferromagnetic FeGe,
holding the same lattice symmetry as AVS and SVS. Whereas the latter
are nonmagnetic®, FeGe orders antiferromagnetically (AFM) below
~400 K, with the magnetic moments aligned along the c-axis within
each kagome layer and antiferromagnetically between planes (A-type
antiferromagnetic order)**°. A multiple-q CDW strongly intertwined
with the magnetic order develops below -~ 100 K with propagation
vectors connecting the VHS at M, L and the AFM A points of the BZ,
emphasizing the complex entanglement between charge, spin and

lattice degrees of freedom® . The phase transition does not involve a
phonon collapse at either M or L at T > T¢pw, but a sizable spin-phonon
coupling of the low-energy mode at A°*** and a moderate hardening of
an optical mode below Tcpw at M¥. On the other hand, several angle
resolved photoemission spectroscopy (ARPES) experiments®®®’, not
yet reproduced by density functional theory (DFT), highlighted the
important role of both the orbital dependent saddle points close to the
Fermi level®® and trigonal Ge (Ge, in Fig. 1A) dimerization®****%°_ This
debate has been further fueled by DFT calculations that pointed out a
divergence of the electronic susceptibility, which correlates with the
nesting function, at the K point of the BZ”°. X-ray diffraction reported a
dimerization of Ge; across the CDW”" that is supported by the partial
softening of the flat k, = i plane in the DFT+U calculations®*’, Fur-
thermore, neutron and Raman scattering” found an enhancement of
the crystalline symmetry upon cooling through the CDW transition
and described the phase transition as an interplay between the L and A
order parameters. Recent scanning tunneling microscopy (STM)
experiments locate the CDW in the strong coupling regime’?, where
phase fluctuations destroy the long range charge order and order-
disorder scenarios might play a prominent role. However, following
symmetry arguments, the dimerized scenario is also consistent with
the presence of a primary order parameter at M and L and the nature of
the multiple-q CDW and its dynamics is far from being settled.

Here, we use x-ray diffraction, diffuse scattering (DS), ARPES, DFT,
and Monte Carlo simulations to solve the symmetry and the electronic
band structure of the low-temperature CDW phase of FeGe and to
reveal a high-temperature quasi-2D hexagonal diffuse precursor loca-
lized along the M - L direction. The dimerization-induced lattice
frustration demonstrates that the fraction of dimers can be considered
as the relevant order parameter of the continuous phase transition. At
intermediate temperature, Tcpw < T < T (125K), we identify a state
where the critical scattering is anisotropic around the M point, show-
ing short-range positional but quasi-long-range bond orientational
order, akin to the stacked hexatic phases observed in lyotropic liquid
crystals’. Our results suggest that the phase transition fits within an
order-disorder scenario captured by the Ising model of triangular
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Fig. 1| X-ray diffraction and analysis of the order parameter. A Normal-state
structure (non-CDW) of FeGe and the spin polarization of the kagome planes.
Orange symbols are the Fe atoms, the blue symbols represent the Ge atoms in the
kagome plane (trigonal Ge;) and the red symbols are the Ge atoms in the honey-
comb layer (Ge,). Arrows stand for the spin-up and spin-down in the Fe sites. B Top
view of the dimerized CDW structure. C Dimerized CDW structure obtained from
the hard x-ray refinement, highlighting the dimerization of the trigonal Ge; (here
Ge,; and Gey; move in opposite ways). The oval shape of Ge,; and Gey; stand for
their average site occupancy. D High symmetry points in the non-magnetic Bril-
louin zone. E Temperature dependence of the c-axis lattice parameter and volume,

Temperature (K) Temperature (K)

V. F Temperature dependence of the a lattice parameter, highlighting the anoma-
lies at T"and Tcpw. G Normalized temperature dependence of a set of CDW
reflections. H Temperature dependence of the internal displacements of the tri-
gonal Ge (Ge,; and Gey,) in the dimerized phase, showing a continuous 2" order-
like transition. The red axis refers to the temperature dependence of the dimer
length (Ge,;-Gey,; distance) in the dimerized phase. I Definition of fraction of dimers
(fd) as the relevant order parameter and its fitting to a mean field power law,
yielding a Tcpw ~ 102 K. The departure from the mean field at T > Tcpyw is a con-
sequence of the charge density fluctuations. The error bars represent the fit
uncertainty.
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Fig. 2 | ARPES and DFT calculations. A Fermi surface map taken with E; = 70 eV
(k. = 0) and s-polarized (s-pol) light at T = 10 K. B A comparative ARPES (blue) and
DFT calculated bulk band structure (red) in CDW phase along '-K -M symmetry
direction (calculated bulk band structures are Gaussian broadened with a broad-
ening parameter of 0.06 eV). The ARPES spectra were taken with 70 eV photon
energy with s-pol light. (‘DC’, ‘VHS’, and ‘FB’ represent the Dirac cone, Van Hove
singularity, and flat band, respectively). C DFT calculated the folded surface band

structure of FeGe along K- I'- K-M with honeycomb surface termination in the
CDW phase. D ARPES experimental geometry with the s-pol and p-pol light vectors.
E M-T'-M valence band spectra taken with 70 eV and p-pol and s-pol light (left and
right panel, respectively). « and 8 stand for surface and bulk bands, respectively
(see text). F Bulk calculated band structure along M- I'-M with CDW phase. G M-T
-M honeycomb surface terminated folded band structure of FeGe in CDW phase.

lattices” and the melting of the CDW is driven by the unbinding of
topological defects, such as dislocation pairs and shear of domain
walls"7%77,

Results

X-ray diffraction

Hexagonal FeGe (P6/mmm, space group No. 191) consists of individual
FeGe kagome layers within the unit cell, with trigonal Ge;, separated by
honeycomb Ge, atoms (Fig. 1A, B)’®. Figure 1E, F show the temperature
dependence of the unit cell parameters obtained from the refinement of
the x-ray diffraction patterns (see Supplementary Note 2). The unit cell
volume shrinks ~-0.2% between 140 and 80 K and identifies two critical
temperatures; T~ 125 K, more clearly visible in the thermal evolution of
in-plane lattice parameter, and the CDW transition at Tcpw ~ 105 K. The
change in volume shows a gradual crossover between two phases and is
mostly driven by the shortening of the c-axis lattice parameter (-0.12%)
(Fig. 1E) that smoothly varies through the transition, while the in-plane
lattice parameters only undergo small structural variations at T" and
Tcpw, Fig. IF. The shortening of the c-axis is consistent with the dimer-
ization of trigonal Ge in the kagome plane, as previously reported on a
basis of magnetic energy saving and x-ray diffraction®**5”,

With further cooling below Tcpw, a multiple-q CDW develops with
propagation vectors qy=@( 00), .=} 0 1) and q,=(00 1). The tem-
perature dependence of several normalized CDW peaks is summarized
in Fig. 1G. The rather linear T-dependence of their intensities down to
80 K evidences that the phase transition cannot be properly identified
as first-order. This growth in intensity following a continuous phase
transition is also consistent with the predominantly second order
character of the transition observed in the specific heat®” (see Sup-
plementary Fig. 1). We have indexed the low-temperature CDW phase
structure within the non-centrosymmetric Pémm space group with a
partial dimerization of the trigonal Ge;, resulting in a disordered
composite final structure - an overlay of dimerized and undimerized

regions”. We also point out that the low-temperature structure can
also be indexed within the high-temperature centrosymmetric space
group P6/mmm with a similar figure of merit (R;) (see Supplementary
Note 2), but non-centrosymmetric space groups were inferred to
explain the double cone magnetic transition at low temperature’. At
T =80K, we find that the dimerized trigonal Ge atoms (labelled as Gey;
and Gey; in Fig. 1C) are lifted ~ + 0.5 A from the kagome plane, Fig. 1H,
in agreement with the DFT calculations®® and previous diffraction
studies®*”’, and a dimerization fraction (the occupancy ratio of Ge; ina
dimerized and undimerized position) of 50%, larger than the pre-
viously reported. Figure 1H displays the dimer length (Ge,; and Gey;
distances between adjacent kagome planes) that smoothly decreases
below Tcpw and reaches a constant value of 2.66 A below 95 K. Fol-
lowing this experimental evidence, we define the fraction of dimers
(fd), given by the occupancy of corresponding Ge; sites, as a relevant
order parameter of the continuous phase transition, Fig. 1. The gra-
dual growth of fd can be fitted to a mean-field behavior, returning a
critical temperature Tcpw ~ 102 K and a long tail of critical fluctuations,
characteristic of a reduced dimensionality. The presence of short-
range charge correlations at T > T¢pyw is reminiscent of the magnetic
critical scattering in Ho thin films undergoing a dimensionality
crossover®’,

ARPES and DFT calculations

Having structurally characterized the FeGe crystals, we now move on
to its electronic structure. In Fig. 2A, we show the Fermi map of FeGe
obtained for k, = O (E; = 70 eV, T = 10 K) that partially covers both the
first and second Brillouin zones. The band structure is in agreement
with the previous experimental reports®*®>¢”*°, showing a hexagonal
Fermi surface typical of the kagome metals’®*". Our first observation is
the sizable photoemission matrix element effects in different
momentum spaces, highlighted by the surface state pocket emerging
at I” of the neighboring BZs (Fig. 2A). The constant energy contours
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have hexagonal symmetry with rounded triangular electron pockets
surrounded by a larger circular hole pocket at each K point of the BZ.
The triangular pockets result in Dirac crossings (DC3) around the
Fermi level, while the circular hole pocket corresponds to van Hove
singularity (VHSI), as labeled in Fig. 2B (see also Supplementary Fig. 3).
The DFT orbital projections of the bands (see Supplementary
Figs. 8 and 9) show that the Fermi surface presents mainly Fe-3d orbital
character and reproduces the quasi-flat bands, VHS, and Dirac points
close to the Fermi level®**>¢*’°, The dimerized trigonal p, orbital of Ge;,
which mainly contributes to the electron pocket at the Brillouin zone
center I' in the normal state, is pushed down -0.5 to -1.0 eV below the
Fermi level in the CDW state (see Supplementary Figs. 10 and 11) and is
not visible in Fermi surface contour.

Focusing on the k, = O plane, in Fig. 2B, E, we plot the energy-
momentum band dispersion of FeGe along I'-K-M and I'-M high sym-
metry directions, respectively. In Fig. 2B (left panel), three different
Dirac crossings (DC1, DC2, and DC3) are identified and located at
-0.05, -0.15, and -0.65 eV below the Fermi level at the corner of the
BZ. The measured Dirac velocity for DC1 is vpc; = 2.7 x 10° m/s, which is
comparable to AV;Sbs®. A flat band at -0.12 eV below the Fermi level
appears along the K-M direction (FB1), consistent with the AFM spin
majority band reported by DFT calculations®®. Another flattish band
behavior was observed around the I' point along the I'-K symmetry
direction, -0.28 eV below Eg (FB2), assumed to be responsible for the
correlated electronic properties in FeGe®. In Fig. 2E, a comparative
ARPES spectrum taken with p-polarized (p-pol, left panel) and s-
polarized (s-pol, right panel) light along I'-M high symmetry direction
is shown for k, = O plane. The U-shaped band around T is visible for p-
pol light, indicating an in-plane orbital contribution to the band
structure. Additionally, the ‘A’ shaped band observed at M the point,
0.1 eV below Eg (Fig. 2E, right panel) is visible for s-pol light and is
attributed to the dy, and d,, orbitals (see Supplementary Fig. 10).
Along the I'-M direction, two VHS were identified at M close to the
Fermi level, more clearly visible along the K-M-K direction using cir-
cularly polarized light (see Supplementary Fig. 3). Overall, the kagome
features are consistent with the previous ARPES experiments but its
comparison with the ab-initio DFT simulations had relied on individual
renormalization factors of the electronic band dispersion®**°, which
were not explained or derived by DFT calculations.

Aided with the P6mm symmetry of the CDW state, Fig. 2 (Sup-
plementary Figs. 3 and 4) compares the energy dispersion of FeGe
bands for k, = O plane with the DFT calculations considering the bulk
(Fig. 2 (B right panel) and F) and folded CDW surface bands (Fig. 2C, G)
with honeycomb termination along the I'-K-M and I'-M high symmetry
directions, respectively. From Fig. 2, we observe that the ARPES band
structure of FeGe is an admixture of the bulk and surface states.
Without any adjustable parameter nor the inclusion of the Hubbard
term (U), the band dispersion along the I'-K-M direction agrees with the
DFT simulations, both in electron velocity and bandwidth, resulting in
Dirac crossings (DC1) mainly derived from the d,, — d,._,. orbitals of
Fe (Fig. 2 B, Supplementary Figs. 10 and 13). The V-shaped band
observed at -1 eV binding energy at I', matched by a CDW bulk band,
originates mainly from the p, orbitals of trigonal Ge; that hybridize
with the d,,—d,, orbitals of Fe and is dragged down from-0.5to-1eVin
the CDW phase (8 band in Fig. 2E and F). Furthermore, the U-shaped
band at -0.28 eV at T is attributed to CDW honeycomb surface folded
bands (dy. — dy, orbitals of Fe) with contribution from the CDW bulk
bands (dy,—dy, orbital character of Fe) on k, = 1t plane after folding, i.e.,
folded from L (4 0 1) (a band in Fig. 2E) (see also Supplementary
Figs. 5 and 10). Therefore, surface U-shaped bands can also be seen as
k,-projected bulk bands with some surface reconstructions. Moreover,
the ‘A’ shaped band 0.1 eV below Er observed at M, Fig. 2E, is a result of
a combination of bulk (close to I') and surface bands (close to M). The
larger agreement between the experimental and ab-initio band struc-
ture and the complete orbital description of the kagome bands,

without the need for any renormalization factor, downplay the corre-
lation effects to describe the electronic band structure of FeGe.

Diffuse scattering and Monte Carlo simulations

With the crystal and electronic structure of CDW-FeGe solved in detail,
we now pay attention to the role of the M, L, and A high symmetry points
of the BZ in the formation of the charge density wave. In particular, we
aim to search for diffuse signals at T > Tcpw that are characteristic
fingerprints of local (short-range) pretransitional fluctuations of a CDW
phase transition, crucial to identify the leading instabilities®.

First, let us focus on the (h O 1) plane of the kagome lattice, whose
temperature dependence diffuse map is displayed in Fig. 3A. Clear
diffuse clouds, already visible at room temperature (RT), are present at
h+Jand I+ for hand l integer. The diffuse scattering (DS) develops
sizable intensity around the | = 2 region of the reciprocal space, with a
rod-like diffuse intensity along the M-L direction (yellow ellipses in
Fig. 3A), resulting in a stack of nearly uncorrelated kagome layers and a
very short-range 2 x 2 order. The diffuse intensities are strongly
modulated along the I-direction, due to the negative correlation of the
atomic displacements along the c-axis, presumably associated with the
Ge; dimerization. The diffuse precursor is nearly temperature inde-
pendent upon cooling down to T =125 K. Below T, the spectral weight
starts to accumulate at the L point, namely at ¢ 0 3) and ¢ 0 3), and
smoothly increases, diverging at 105 K, in agreement with the transi-
tion temperature observed by x-ray diffraction in Fig. 1F. The diffuse
precursor is completely absent in the in-plane polarized AFM FeSn®*
(see Supplementary Fig. 27), demonstrating that the origin of the
correlated rod-like diffuse signals is a result of the dimerization-driven
short-range charge fluctuations arising from the out-of-plane AFM-
coupled spins in a triangular lattice.

The charge precursor also localizes at the M point below -125 K,
following the same temperature dependence as at the L point. The DS
down to 105 K, fitted to a Lorentzian function, returns a value of the out-
of-plane correlation length of less than one unit cell for both M and L.
Remarkably, no DS is detected at (0 O 1) (A point in the BZ) from RT
down to Tcpw. Following the Ge; dimerization and the spin-phonon
coupling mechanisms reported experimentally and theoretically***® as
the main driving force for the CDW formation, the absence of any pre-
transitional scattering at the A point of the BZ seems to contradict those
scenarios. On general grounds, one would expect an enhancement of
the charge density correlation function driven by a progressive
magnetostriction-driven dimerization of the kagome planes that even-
tually collapses in a superlattice reflection at Tcpw, as observed experi-
mentally in spin-Peierls compounds®**®. With further cooling, CDWs
with propagation vectors (0 02) (A), ¢ 0 0) (M) and ( 01) (L) appear at
Teow =105 K with an in- (out-of) plane correlation lengths of A=40+3 A
(40+3A),M=43+2A 41+2A)andL=40+3 A (38 + 2 A), respectively,
in good agreement with the values reported in the literature’.

Next, we investigate the temperature dependence diffuse maps in
the (h k 2) plane in Fig. 3B that shows even richer diffuse features (see
Supplementary Fig. 20 for the (h k 3) plane). At RT and down to ~125K,
distinctive DS holding a 6-fold symmetry emerges in the form of a
hexagonal diffuse pattern with a diameter of a’ ~ 0.72 A™, surrounding
the Bragg reflections. The diffuse intensity does not vary either with
the azimuthal angle or from ring to ring but with I. Besides, the inde-
pendence of the diffuseness with (hk) for any | indicates a highly
ordered crystalline structure. This structured DS in momentum space
is a hallmark of the strong geometric frustration of a triangular
lattice'>", arising from the out-of-plane AFM-coupled kagome planes,
hence imaging a fabric of emergent dimerized/non-dimerized clusters
in the normal state.

Between 125 K and Tcpw, an anisotropic diffuse signal starts to
condense at the M point of the BZ ( 0 0) together with a strong
dependence of the hexagonal diffuse intensity in the (hk2) plane,
characteristic of occupational (or substitutional) disorder (dimerized-
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Fig. 3 | Diffuse scattering and Monte Carlo modeling. A (h O I) Diffuse maps at
different temperatures. The yellow ellipse at 300 K highlights the DS along the M-L
direction and demonstrates the uncorrelated charge scattering between kagome
layers. No charge precursor is detected at the A point. B (h k 2) Diffuse maps as a
function of temperature. The red hexagon underlines the 2D hexagonal shape of
the DS. At 115 K, the anisotropic charge scattering concentrates at the M points
(blue ellipse). C, D Zoom-in of the hexagonal DS at 293 K and 150 K. E (h k 3) diffuse
maps. The absence of scattering enclosed in between the yellow circumferences is a
result of the small in-plane Fe displacements. F Temperature dependence of the DS

4
432-101234
h

as a function of temperature obtained from the integration of a region of interest
(ROI) defined as red circles in (A). Inset, zoom-in of the DS between the temperature
interval 105 K < T < 125 K. G Schematics of the model used for the MC simulations.
¢;; describe the interaction energies taken into account in the Ising Hamiltonian. c4
stands for the out-of-plane nearest-neighbor interaction. H Real-space configura-
tion of the average structure of the Ge; included in the MC simulation. I, J (h k 2) and
(h 0 1) DS maps obtained from MC, respectively, indexed according to the room
temperature disordered unit cell.

non dimerized states), rather than driven by atomic vibrations, whose
scattering goes to zero at low q (see Supplementary Note 7). With
further cooling, the anisotropic diffuse signal smoothly grows in
intensity down to 105 K, thus preserving the C4-symmetry of the lat-
tice, in agreement with the x-ray diffraction data. Focusing on half
integer values of |, the (h k 2) plane in Fig. 3E, also reveals a honeycomb
diffuse pattern, whose intensity strongly varies with the azimuthal
angle and q (see Supplementary Fig. 20 for the (hk 3) and (hk 3) cuts),
presumably driven by the small in-plane displacements of the Fe
atoms®. Some quasi-circular hexagonal shape of the DS is still present
below Tcpw, hence differentiating from Brazovskii scenario reported
in isotropic systems®, skyrmion lattices®®, and hole doped cuprates®’.

Visualizing the hexagonal DS as a composite of binary disorders
that try to pack in a triangular lattice of Pémm symmetry®, the sub-
stitutional disorder can be modeled by a triangular Ising antiferro-
magnet lattice. To fully understand the 3D diffuse pattern, we have
carried out Monte Carlo (MC) simulations to achieve a microscopic
realization of a large 2 x 2 x 2 unit cell (see Supplementary Note 8),
starting from a negative nearest neighbour correlation and assuming
that the Ge; at (0.5 0 z), (0.5 0.5 z) and (0 0.5 z) are disordered. In the
MC simulation, dimerized and non-dimerized Ge; were modeled
according to the Ising Hamiltonian:

H= Y oo+ Y 00

<i,j>:NN <i,j>:NNN ( 1)
+ Y GOt Y o0+ Y hoi+E,
<i,j>4NN <i,j > :z—NN i

- where ci;,3 are in-plane nearest-neighbour (NN), next nearest-
neighbour (NNN) and 4th-NN coupling, ¢, is z-directional NN coupling,
h is the magnetic field and Eg is a constant. ¢ is a ‘spin’ value (-/+)1

representing dimerized and non-dimerized Ge;, respectively. The DS
simulations for the (hk2) and (h O1) planes are displayed in Fig. 3I-J,
nicely matching the experimental diffuse maps. Furthermore, the 3D
model also reproduces the Bragg nodes at the A point of the BZ as a
result of the doubling of the unit cell (see Supplementary Fig. 30). The
high degree of frustration that emerges upon cooling and the absence
of DS at the A point indicates that the dynamics of the CDW in FeGe is
of order-disorder type and further confirms that the fraction of
dimerized states can be considered as the relevant order parameter.
We note that our model (Eq. (1)) is derived from ab initio studies of the
dimerization energetics, and not just fitted to the data. This is a distinct
new method, presented in Supplementary Note 8, which allows a
further check on the consistency of our results.

Anisotropic DS and quasi-long-range BO order

Focusing on the intermediate phase between T'(125 K) > T > T¢pw, the
DS at the M point develops a sizable anisotropic peak broadening,
see Fig. 4A, B, not observed at the L point. The diffuse profile at 125K
was fitted to a Lorentzian lineshape” ** and its correlation length
extends to 5 A along q; (I-M-T direction, radial peak width) and less
than one unit cell along q; (K-M-K direction, azimuthal peak width)
directions, respectively, indicating a short-range positional but
quasi-long-range bond orientational order of the sixfold director.
This anisotropic scattering is characteristic of the melting of the
CDW by topological defects that appear due to thermal fluctuations
in the 2D kagome plane, akin to the stacked hexatics observed in
multilayer smectic B phases of liquid crystals®*®. The temperature
dependence of the peak widths (Fig. 4D) follows a mean field beha-
vior, while the peak width ratio (q/q,) (Fig. 4E), which is propor-
tional to the mean dislocation distance, approaches to -1 at Tcpw, as
expected in proximity to a broken translational symmetry state. It is
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Fig. 4 | Anisotropic DS and quasi-long-range BO order. A DS map around the
(112) Bragg peak at T =115 K. B T= 95 K. C Profile of the diffuse signal along the I'-M-
I (parallel to qu, qy, radial direction) and the K-M-K (perpendicular to qu, q,,
azimuthal directions). D Temperature dependence of the DS peak width, q, and q.
The solid line is fitting to a critical power law. E Temperature dependence of the
peak width ratio, q,/q_.. The faded line is a guide to the eye. F Sketch illustrating the
bond orientational order parameter ¥(r;) defined by the Eq. (2). G Simulated DS of
a single-q CDW in a triangular lattice with the experimental peak width at 95 K.

H Fourier Transform (FT) of the simulated single-q DS of (G). The melting of the
CDW s driven by dislocation unbinding (green circles) and shear (black boxes). 1 FT

of the experimental triple-q CDW of FeGe at 95 K, showing a real space recon-
struction of the charge density. The charge density map was discretized by the
Voronoi tessellation to find the neighbor statistics of the kagome lattice (see
Supplementary Note 9). J The bond-order correlation function, G¢(r) shows a
constant value ~1at 7=95K, as expected in the solid phase, and an algebraic decay
at 95 K < T < Tepw, that locates the solid to hexatic transition. Solid lines are fits of
the upper envelopes of the data to an algebraic decay - r%. A universal critical value
of ng — 1 (grey line) is predicted by the KTHNY theory on approaching the hexatic
to the liquid phase. The error bars represent the fit uncertainty.

also worth noting that some anisotropy is still present below Tcpw,
suggesting a coexistence of regions with short and long-range
translational order®. This hints at the fragility of the low-temperature
CDW state in FeGe’?, further supported by the drastic reduction of
the anisotropy of DS in annealed crystals (see Supplementary
Figs. 20 and 22)°*”". In Fig. 4G, we simulate the DS in the reciprocal
space for the anisotropic broadening of the single-q diffuse signal
observed experimentally. The anisotropic spatial profile of the qu
charge scattering is consistent with the melting of the CDW by
defects (dislocations in the green-dashed circles) and shear (black
boxes) in Fig. 4H with a reduced coherence of the 1D chain. However,
when the CDW peak broadens parallel to qy, the real space maps
describe a relative phase change along the 1D domain walls (see
Supplementary Fig. 31), akin to the formation topological defects in
transition metal dichalcogenides and superconductors®*5719,

Discussion

The results presented here bring important information for the
understanding of the multiple-q CDW transition in FeGe and in
kagome metals in general. First of all, within both the equally
plausible low-temperature centrosymmetric P6/mmm and non-
centrosymmetric Pé6mm space groups, we can reach a better
description of the band structure at the DFT level without either the
assumption of renormalization factors or the Hubbard term, U, in
DFT. This has important consequences for the lattice dynamics
calculations and puts constraints on the U values used to soften a
rather flat phonon mode in the k, = 1 plane®. It appears that the
electronic structure of FeGe is less correlated than previously
assumed, despite the strong intertwining of charge and spin orders.
Indeed, the comprehensive description of the band structure must

rely on the precise treatment of dimerized/undimerized crystal
structure and the AFM within the DFT framework®707986101,

Moreover, we have identified a quasi-2D hexagonal diffuse scat-
tering along the M-L line of the BZ at high temperatures that evolves
towards a localized charge precursor at M and L points at low tem-
peratures. Although, in principle, this would discard charge fluctua-
tions at A as the leading instability and the driving force of the CDW,
the strong geometric frustration of the triangular lattice introduced by
the dimer formation actually causes the DS at M and L points,
demonstrating an order-disorder transformation that follows a con-
tinuous phase transition. Nevertheless, we point out that the order-
disorder scenario in FeGe differs from the AV;Sbs, where the phase
transition is achieved by the freezing, without softening, of a trans-
verse phonon mode**°, More importantly, the short-range charge
fluctuations are also reminiscent of a fragile metastable CDW phase or
some glassiness that would explain the extreme sensitivity to external
perturbations’ and the effect of annealing®’.

On the other hand, although the profile and correlation length of
the diffuse spots demonstrate the presence of phase fluctuations,
bearing a strong resemblance to critical scattering due to the melting
of dislocation pairs and shear, we caution about setting the phase
transition within the KTHNY theory. The continuous topological
melting via unbinding of defect-pairs is predicted to occur in
2-dimensional systems'®, thus, the precise character of the phase
transition requires a topological analysis of the real space charge
density. This is further justified since FeGe is a 3D system, although the
FeGe; kagome plane is purely 2D, and the melting should occur as a
single, first-order transition.

Within the KTHNY theory"”, the bond orientational (BO) order
parameter is parametrized by a local ordering field describing
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orientation between neighboring sites:
1

W (r)=-—Y e, 2

6(1) Nk; I @

- where Ny represents the maxima of the charge density distribution
(equivalent to the number of particles in a colloidal system) around a
reference point located at position r, and 6y; defines the angle the k-
bond, Fig. 4F. The bond-order correlation function G«(r) is defined as:

1 & .
Go(n)= 7D We(r)We(r)), 3)

r<ij>

- where N, is the charge density at a distance r. The KTHNY theory
states that Gg(r) decays algebraically in the hexatic phase,
G¢(r) < r~", indicating quasi-long-range bond order, and exponen-
tially in the liquid phase, G,4(r) o« e /%, where & is the orientational
correlation length.

Figure 41 shows the Fourier transform (FT) of the correspond-
ing structure factor S(q) at T =95 K®°%* The FT, representing the
real space distribution of the charge density, is further discretized
by performing a Voronoi tessellation (see Supplementary Note 9).
As displayed in Fig. 4J, Ge(r) is close to 1 at 95 K, and its upper
envelope can be fitted to a constant, as expected in the solid phase.
Increasing the temperature results in a faster algebraic decay,
demonstrating the quasi-long-range orientational order up to 101K
that would define the solid-to-hexatic transition, but, nevertheless,
does not follow with an exponential decay, as the KTHNY theory
predicts on approaching the liquid phase. This is a consequence of
the Voronoi construction that does not capture in detail the charge
density discretization in real space at T > 105 K and prevents the
extraction of the Frank’s constant, K,, that describes the effective
stiffness of the BO field, and a comprehensive analysis of the BO
order parameter.

In conclusion, we have carried out a comprehensive experi-
mental survey to show that the CDW in the antiferromagnetic FeGe
is of order-disorder type that fits within the Ising model of a trian-
gular lattice. The order-disorder transformation is a direct con-
sequence of the strong frustration introduced by the dimerization
of the trigonal Ge; on the kagome plane that double the unit cell
along a, b and c directions of the crystal. Moreover, we observe an
anisotropic diffuse signal for temperatures T > Tcpw, characteristic
of the melting of the CDW by topological defects that resemble the
hexatic B phases in liquid crystals and TMDs**?%?°, Microscopically,
the anisotropic DS could be a consequence of the fragility of the
CDW or driven by the small in-plane Fe displacements, as inferred
by x-ray diffraction®® and infrared spectroscopy'®. Although our
correlation analysis is consistent with a quasi-long-range bond
orientational order at T < Tcpw, it cannot guarantee that FeGe fits
within the KTHNY theory. However, it opens new perspectives to
look at the melting of the charge modulations in kagome lattices
and the possibility of studying them in detail in the 2D limit'*® with
more advanced diffraction techniques.

Methods
Single crystals of FeGe were grown by the chemical vapor transport
method using iodine as a transport agent. High-purity Fe and Ge
powders were mixed together with a molar ratio of Fe:Ge = 1:1. The
mixture and iodine (-10 mg/cm?) were loaded into a quartz tube and
vacuum sealed. The tube was placed in a two-zone furnace, AT=
620-560 °C'°,

Single crystal diffraction was carried out at the Swiss-Norwegian
beamline (SNBL) BMOI1, European Synchrotron Radiation Facility
(ESRF), with incident energy E; = 20 keV and a Pilatus 2 M detector'”’.

The raw data were processed with SNBL toolbox and CrysAlis Pro
software. The refinements were carried out with SHELXL2018/1 using
SHELXLE as the GUI. Single crystal diffuse scattering was performed at
the ID28 beamline at ESRF with E;=17.8 keV and a Dectris PILATUS3 1M
X area detector. We use the CrysAlis software package for the orien-
tation matrix refinement and the ID28 software ProjectN for the
reconstruction of the reciprocal space maps and plotted in Albula. The
components (h k [) of the scattering vector are expressed in reciprocal
lattice units (r.L.u.), (h k1)= ha* + kb* + Ic*, where a*, b*, and c* are the
reciprocal lattice vectors.

Hard x-ray resonant scattering experiments at the Fe-K edge (E;=
7.115 keV) were performed at the beamline 4ID-D of the Advanced
Photon Source at Argonne National Laboratory.

Angle Resolved Photoemission spectroscopy experiments
(ARPES) were performed at the LOREA beamline (MBS electron ana-
lyzer, base pressure of 107, angular resolution of 0.2°, energy reso-
lution 10 meV) of ALBA and APE-LE beamline (DA30 electron analyzer,
base pressure of 10™° mbar, angular resolution of 0.2°, energy reso-
lution 10 meV) of ELETTRA research facilities.

The first-principle calculations in this work use the Vienna ab
initio Simulation Package (VASP)'%*'? with generalized gradient
approximation of Perdew-Burke-Ernzerhof (PBE) exchange-
correlation potential™. A 8 x 8 x 8 (5 x 5 x 5) k-mesh for non-CDW
(CDW) phase and an energy cutoff of 500 eV are used. The maxi-
mally localized Wannier functions are obtained using
WANNIER90™™, A local coordinate system at the kagome site is
adopted in order to decompose d orbitals when construct MLWFs,
the same as the one used in Ref. 62. The Wannier tight-binding
models are symmetrized using Wannhr symm in WannierTools"s.
The unfolding of CDW bands is performed using VaspBandUnfold-
ing package™'. The Fermi surface is computed using
WannierTools"® and visualized using Fermisurfer'.

Monte Carlo (MC) simulations were performed to generate
real-space realizations of possible atomic configurations that could
be used to model the observed diffuse scattering. The average FeGe
unit cell at 80 K, solved from the single crystal diffraction experi-
ments on BMOI, was taken and expanded to a 32 x 32 x 32 supercell
with all trigonal Ge atoms set to be non-dimerized (represented in
the simulation as the Ising variable, o = + 1). A small number (-5%) of
the Ge was randomly converted to dimers (represented with o =-1).
In each MC move, an Ising variable was randomly inverted, and the
moves were accepted or rejected following the Metropolis condi-
tion with the Hamiltonian expressed in eq.(1) and the MC tem-
perature set to 80 K. Four key interactions between neighboring
Ising variables were considered: the nearest neighbor (NN), next
nearest neighbor (NNN), and the third nearest neighbors (3NN) in
the ab-plane (¢, ¢,, and c3, respectively), and the NN along the c-
axis, ¢;. The parameter & is a magnetic consideration that accounts
for the overall proportion of dimerized Ge in the model. The
numerical values for ¢;, ¢, €3, ¢4, h and Eg were derived from DFT
calculations. Five MC simulations were run in this way, all starting
from different randomized configurations to try to minimize the
possibility of getting stuck in a local energy minimum. Each simu-
lation was run until the energy converged, and then the resulting
atomic configuration was used as input to the program Scatty'?,
which calculates the average diffuse scattering from all given
simulations. The small in-plane displacement of the Fe atoms is not
included in the MC simulations, hence, the DS does not reproduce
the absence of diffuse intensity within the dashed-yellow area
in Fig. 3E.

Data availability
The scattering, ARPES, DS, and IXS data generated in this study can be
accessed from https://doi.org/10.6084/m9.figshare.c.7731683.v1.
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