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Kagome lattice can host abundant exotic quantum states such as superconductivity and charge
density wave (CDW). Recently, successive orders of A-type antiferromagnetism (AFM), CDW and
canted AFM have been manifested upon cooling in kagome FeGe. However, the mechanism of CDW
and interaction with magnetism remains unclear. Here we investigate the evolution of CDW with
temperature across the canted AFM by single-crystal x-ray diffraction, scanning tunneling microscope
(STM) and resonant elastic x-ray scattering (REXS). For the samples with longer annealing periods,
CDW-induced superlattice reflections become weak after the canted AFM transition, although long-
range CDW order is still detectable by STM and REXS. We explore a long-range CDW order with
suppressed structural modulation. Additionally, occupational modulations of Ge1 in the kagome plane
and displacive modulations of all atoms were extracted. The results confirm Ge dimerization along the
¢ axis and suggest a dynamic transformation between different CDW domains.

Over the past decades, strongly correlated electron systems, in which
Coulomb repulsive interactions between electrons cannot simply be
described as a perturbation, manifest a grand challenge in unfolding the
mechanism that determines their intriguing and intricate properties beyond
the picture of a non-interaction system'™. Complexity is a ubiquitous
characteristic in these systems due to the interactions between different
degrees of freedom involving charge, spin, lattice and orbital, as exemplified
by high-T¢ superconductors’”, colossal-magnetoresistance manganites™’,
heavy Fermion compounds', two-dimensional Moiré systems'"'"* and
organic conductors™". A plethora of novel quantum states such as super-
conductivity, charge/spin density waves'™'®, exciton condensation'” and
Wigner crystallization'® emerge from the extensive parameter space covered
by these degrees of freedom. As a result, strongly correlated electron systems
provide a fertile playground to study the competition and/or intertwine-
ment of such quantum states and further manipulate them by controlling
external parameters such as carrier concentration, temperature and pres-
sure. These researches will assist in establishing an emerging paradigm for
strongly correlated electron systems.

The kagome lattice, a two-dimensional network of corner-shared tri-
angles with geometric frustrations, exhibits the characteristics of flat bands,
van Hove singularities and Dirac dispersion in its electronic structure'. It
can produce strong electron correlations due to the quenching of kinetical
energy by quantum interference from its special geometry, electronic
instability from high density of states as well as topological properties
induced by spin-orbit coupling from a massless band*. Thus, materials with
a kagome lattice serve as an excellent platform to research on interesting
quantum phenomena. For instance, the mineral Herbertsmithite with a
kagome lattice of Cu*" ions is proposed to be the long-sought quantum spin
liquid due to the highly frustrated antiferromagnetic (AFM) interactions’’;
AV;Sbs (A =K, Rb and Cs) with a kagome lattice of V atoms exhibit various
quantum states such as superconductivity with a pair density wave order
(Tc=0.92-2.5K), time-reversal-symmetry-breaking charge density wave
(CDW) (Tcpw =78-103K) and Z, topological states™ while their iso-
structural compound CsCr;Sbs has been unveiled to undergo concurrent
CDW and spin density wave orders (T = 55 K) which can be suppressed to
realize superconductivity under high pressure®. Thus, the investigations of
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Fig. 1 | Reconstructed images of reflections in the
reciprocal space for the annealed sample. a—c (hk2)
planes at 270, 110 and 20 K, respectively. d—f (0kl)
planes at 270, 110 and 20 K, respectively. g-i The
zoomed areas of the diffuse scattering for (hk2)
planes at 270, 110 and 20 K, respectively. Some
reflection indices were given. The data at 270 K are
reproduced from the ref. 26.

kagome materials with significant electron correlations can further shape
the research paradigm in strongly correlated electron systems.

Recently, B35-type FeGe with the kagome lattice of Fe atoms presents a
cascade of quantum orders with successive transitions toward an A-type
AFM order with magnetic moments perpendicular to the kagome plane at
Tn=410K, a 2 x 2 x 2 supercell short-range CDW order at Tcpw = 100 K
and a double-cone AFM spin canting transition at Teuping = 60 K***. The
short-range CDW order in FeGe can be tuned into a long-range order by
post-annealing treatments”*. The rich quantum phenomena such as
CDW and topological edge states have stimulated intensive researches on
this system both theoretically and experimentally”’~*. The major CDW-
induced structural distortion comes from the dimerization of Ge sites
located in the kagome plane along the c axis as supported by x-ray
diffraction”***, angle-resolved photoemission spectroscopy’®’ and DFT
calculations™***. The magnetic moment of Fe shows a slight increase when
it enters the CDW state, indicating a strong coupling between AFM and
CDW orders. Its sizable magnetic moment (mg, = 1.7 pp) for AFM™* in
FeGe puts it in a category of strongly correlated electron systems while
AV ;Sbs are non-magnetic with weak electron correlations'’. CDW might be
susceptible to and even suppressed by a ferromagnetic order as observed in
colossal-magnetoresistance manganites” and Sm(Nd)NiC,”*. As for
FeGe, understanding the interactions between CDW and magnetism will
provide more hints about the mechanism of the novel CDW which is still
under an intensive debate®***>*", CDW fluctuations above Tcpyw and below
T have also been identified by diffuse x-ray scattering signal and the
existence of a tiny fraction of Ge dimerization in FeGe™. However, the
explicit evolution of its CDW order below Tcpw, especially across spin
canting transition, still needs to be unveiled to outline the complete physical
picture for this system.

Here, we investigate detailed structural distortions from the CDW
order with temperature by single-crystal x-ray diffraction (SXRD) and carry
out a (3 4 3)-dimensional commensurate structure refinement analysis in

the framework of superspace on the modulated structure in FeGe. Dynamic
exchange of different CDW domains from two distortion modes along the ¢
axis with temperature is obtained from the structure refinements. Strong
superlattice reflections from structural modulation become much weaker
abruptly below the spin-canting transition while the robustness of CDW
order in FeGe is corroborated by scanning tunneling microscope (STM) and
resonant elastic x-ray scattering (REXS) measurements.

Results and discussions

Superlattice-reflection melting

In order to study more explicitly the evolution of the CDW order with
temperature in FeGe, single-crystal x-ray diffraction was performed at
several temperatures covering the ranges above and below Tcpw as well as
Teanting: Several reconstructed layers in the reciprocal space are shown in
Fig. 1 for 270, 110 and 20 K. Firstly, weak signals from some superlattice
reflections in the ab plane have been already identified at the (hk2) dif-
fraction plane above Tcpyw at 270 K (Fig. 1a, g), indicating the existence of
short-range CDW correlations within ab plane®. However, no diffracting
signal from the doubling of the c axis for the 2 x 2 x 2 CDW can be identified
at 270 K, see the reciprocal images of (0kl) plane at 270 K (Fig. 1d). These
observations suggest that the CDW coherence length along the ¢ axis is
much smaller than that in the ab plane above Tcpyw. Strong superlattice
reflections appear at 110 K below Tcpw, forming a long-range ordered
2 x 2 x2 CDW, see the (hk2) and (Okl) planes in Fig. 1b, e, and h. They can
be indexed by three independent q-vectors: (0.5,0, 0), (-0.5,0.5,0) and (0, 0,
0.5), which are consistent with previous reports™. The behaviors at 80 and
60 K are more or less the same to the case at 110 K, showing strong signals of
superlattice reflections (Fig. SI in Supplementary Information). Surpris-
ingly, the number of observable superlattice peaks decreases significantly at
20K, see Fig. 1c, f, and i. The superlattice reflections related to the in-plane
q-vectors of (0.5, 0, 0) and (-0.5, 0.5, 0) can only be observed at low angles,
see the (hk2) plane in Fig. 1¢, and almost no reflections related to q-vector of
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(0, 0, 0.5) are observed, see the (0kl) plane in Fig. 1f. The intensities of
superlattice reflections at 20 K are indeed much weaker than thatat 110 Kby
doing line cuts in the planes (Fig. S2 in Supplementary Information). The
full width at half maximum (FWHM) at 20 K is also larger than the one at
110 K. The case at 40K is similar to that at 20 K with significantly less
pronounced signals of superlattice reflections (Fig. S1 in Supplementary
Information).

These results are in stark contrast to the reports from other
groups”***>*. They don’t observe a significant decrease of the intensity for
the superlattice reflections from either neutron or x-ray diffractions below
Teanting- We notice that their crystals used for these measurements are either
as-grown or annealed at 593 K for 4 days while the data in our work are
collected from the crystals annealed at 573 K for 10 days. We also observed
similar results from the crystals annealed at 643 K for 10 days. In order to
confirm that annealing periods are also crucial in determining the behavior
below Teanting: We performed low temperature x-ray diffraction on the
crystals annealed at 573 K for 2 and 4 days, shorter periods than that of the
crystal used in Fig. 1. Despite a sharp drop in the magnetic susceptibility and
strong superlattice reflections just below Tcpyw, no significant suppression
of the superlattice reflections below Teuning is identified, see Fig. S3 in
Supplementary Information, consistent with the reports from other
groupsm’z’"’}‘ﬂs.

The weak superlattice reflections originating from short-range CDW
in the as-grown sample #B also vanished when the sample was cooled down
to 20 K (Fig. S4 in Supplementary Information). As for another as-grown
sample #C which does not exhibit long-range CDW order, the intensities of
superlattice peaks do not have a significant reduction at 20 K compared with
the case at 75 K in the CDW state (Figs. S5, S6 in Supplementary Infor-
mation). The melting of superlattice reflections from short-range CDW
order at low temperatures can be somehow avoided in some as-grown
samples and the annealed sample with a shorter period because of the defect
pinning of the structural modulation®, which is why it is not observed in the
original report and other works in FeGe**”, while it always occurs in our
samples annealed for a longer period with a long-range CDW order, sug-
gesting an intrinsic property for a high-quality sample with less disorder. As
a result, the defect levels play an essential role in determining not only the
bulk nature of CDW order but also the structural modulation below Taying.
More future study is needed to elucidate the actual mechanism for this
behavior.

In order to resolve the temperature at which the melting of superlattice
reflections begins, we tracked temperature-dependent integrated intensities

of two superlattice reflections (1.5 -2 2) and (1 -1.5 2) which are normalized
by the main reflection (1 —1 2), see Fig. 2b. Their intensities dropped
suddenly to a small value just below 60 K, close to the spin canting transition
determined by magnetic susceptibility (Fig. 2a), and remained to be a small
value instead of dropping to zero, consistent with the reciprocal images at
20K (Fig. 1c, f and i). When the sample was warmed up across the spin
canting transition to 75 K, the signals of the superlattice peaks returned back
to the condition at 110K (Fig. S7 in Supplementary Information). The
suppression is not due to the radiation damage of the sample during the
measurements but an intrinsic phenomenon. The lattice parameters of a
and ¢ also exhibit a subtle increase below the spin canting transition
(Fig. 2d), pointing to a magnetostriction effect in FeGe". The reentrance of
superlattice-reflection melting below T_outing in FeGe is also supported by
temperature-dependent Raman modes with a RR scattering geometry by
Wau et al.”” and the band shift in the energy distribution curves in ARPES
results by Oh et al.”, both of which exhibit the reentrant behavior, suggesting
a competing scenario between CDW and other electronic orders*"*>***.
Long-range CDW order below spin canting transition survives as shown
below by STM and REXS in spite of the loss of its induced long-range
structural modulation. Indeed, previous DFT calculations on the
2 x 2 %2 supercell with a canted AFM do not favor a centrosymmetric
structure with space group P6/mmm in terms of energy’* while CDW-
induced distorted structure is revealed to be P6/mmm by both experi-
mentally and theoretically’***. We also carried out DFT calculations on the
A-type AFM and simple canted AFM configurations to check their total
energies. We found out that appropriate dimerization of Ge atoms in the
2 x 2 x 2 supercell has a lower energy than the non-dimerization case under
the A-type AFM, consistent with previous calculations™, see Fig. S8a in
Supplementary Information. However, a simple canted AFM does not
change the overall energy landscape for the dimerization process, see
Fig. S8b in Supplementary Information, suggesting that the current calcu-
lations do not confirm the non-dimerization structure below T ynting. One
probable reason is due to the inaccurate description of the low-temperature
canted AFM model which does not fully match the recent neutron dif-
fraction data®. Instead, a possible spin density wave component should be
considered for the low temperature phase™. Another possible reason is the
existing disorder in the sample, which can modify the energy landscapes for
those two structures. However, such a random disorder is difficult to model
for an actual sample’’. More future study is needed to elucidate a scenario of
the competition of CDW and canted AFM in determining the ultimate
underlying crystal structure below Teanting.
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Modulated structure in (3-+3)-dimensional superspace

Although a commensurate structure with a2 x 2 x 2 supercell can be refined
by a regular space group, the superspace group method provides a concise
way to concentrate on the structural distortion from CDW because the
refinement is performed by adding additional q-vector-dependent har-
monic functions to the average structure of the original unit cell such that the
most significant distortion of the modulated structure can be easily
grasped””’. There are three independent g-vectors as mentioned above to
index all the superlattice reflections in FeGe, suggesting a (3+3)-dimen-
sional modulated structure. The results with occupancy modulations as well

as the displacements of all the atoms for 110 K are presented as an example
in the main text (Figs. 3 and 4) and the information of interatomic distances
are also given in Supplementary Information (Figs. S9, and 10).

Since commensurate modulated structures only contain segmental
points of the whole modulated functions, we made line cuts with the con-
tinuable variable t and kept the other two variables u and v as possible fixed
values to present the modulation amplitudes, see Figs. 3 and 4. There are
large occupational modulations for Gel_1 (between 0.063 and 0.98) and
Gel_2 (between 0.93 and 0.0051) under u = 0 and v = 0.25 due to the partial
dimerization of Gel atoms, see Fig. 3a. For an ideal case with one single
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Fig. 5 | The scanning tunneling microscope (STM)
measurement results for annealed crystal of FeGe.
a Topographic image of STM and b its corre-
sponding Fourier transform at 4.7 K in FeGe. The
normalized intensities of different q-vector super-
lattice reflections are marked by the numbers.

¢ Differential conductance dI/dV map taken at
Fermi level at 4.7 K and d its corresponding Fourier
transform. The Bragg and charge density wave
(CDW) peaks were marked with black and red
(blue) circles, respectively. The q-vectors for all the
CDW peaks are also labeled by blue and red arrows.
The normalized intensities of different q-vector
CDW peaks are marked by the numbers. The chir-
ality of the CDW is marked by the yellow arrows.
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CDW domain, the occupancy should be either 0 or 1 in the commensurate
cuts of the modulation functions. This causes 1/4 of Gel atoms located in the
kagome plane to form a dimer with Ge-Ge distances modulated from 2.67 to
541 A along the ¢ axis. However, different CDW domains with a possible
phase shift along three doubled axes can coexist due to possible crystal
defects acting as the domain walls, which leads to structural disorder in the
refinement on the diffracted intensity from all the COW domains. As for
u =0 or 0.5 and v =0.75, the occupation modulations of Gel_2 atoms are
small, see Fig. 3b, indicating that the volume of other domains for the
dimerization along the ¢ axis with a m phase shift is quite small at 110 K.
The average occupancy fraction for the Gel_1 atom without under-
going the dimerization process below Tcpw and above Tyying keeps almost
the ideal value of 0.75 (Fig. 2¢) for a 2 x 2 x 2 CDW supercell where 1/4 of
the Ge atoms in the kagome plane exhibit the dimerization®**, corro-
borating an almost bulk nature of the CDW ordering. The average occu-
pancy of the Gel_2 atom related to the distortion mode 1 (defined below)
decreases with temperatures below Tcpyw while that related to the distortion
mode 2 (defined below) increases, suggesting a dynamic volume transfor-
mation between domains with temperature (Fig. 2c). Above Tcpyw, the
volumes contributing these two modes are equal but small. The displacive
modulations for Gel_1 and Gel_2 atoms are only along the z (the same to ¢)
axis (Fig. 3¢, d). There are no occupational or displacive modulations for
Gel_1 and Gel_2 atoms with u = 0.5 because the generated atoms along the
t direction are symmetry-related by a sixfold rotation along the ¢ axis. The
displacive modulations of Gel_1 for v =0.25 and 0.75 are also symmetry-
related by a mirror perpendicular to the ¢ axis. As for Ge2 atoms, the
displacive modulations are in the ab plane with opposite directions for
v=0.25 and 0.75, indicating a 7 phase shift between neighboring Ge hon-
eycomb planes (Fig. 4a, b). The Ge2 atoms generated by the high superspace
cut (¢, u,v) =(0.5,0.5,0.25) or (0.5, 0.5, 0.75) are located in a high-symmetry
position with a fixed coordinate, corresponding to the zero displacement in
Fig. 4b. The dominant displacements of Fe are along the ¢ axis while its in-
plane displacements in all the commensurate cuts are tiny but non-zero
(dx=0.00072 A, dy =0.00149 A for the cut with the smaller value) (Fig, 4c,

d) which has not been captured experimentally”® before due to the limited
accuracy. There is a mirror symmetry related to the Fe kagome planes
located at v=0.25 and 0.75.

The Fe-Fe distances in the kagome planes are modulated from 2.48 to
2.50 A (Fig. S9 in Supplementary Information) while Ge-Ge distances in the
honeycomb planes are modulated from 2.80 to 2.96 A (Fig. S10 in Sup-
plementary Information) at 110 K, which are much smaller than the Ge-Ge
dimerization modulation along the ¢ axis (Fig. S11 in Supplementary
Information). The modulated structure at 80 K is similar to 110 K with
reduced displacement amplitudes (Figs. S12, 13 in Supplementary
Information).

The superlattice reflections at 20 and 40 K are too weak to perform a
reliable (3+3)-dimensional modulation refinement. Instead, the periodic
average structure was refined, while disregarding any superlattice reflection
(Tables S13, S14 in Supplementary Information). The average occupancy of
Gel_1 is around 0.954 and 0.940 at 20 and 40 K, respectively, significantly
higher than 0.75 at 60-110 K and close to 0.951 at 270 K, proving a reentrant
short-range structural modulation (Fig. 2c). The average occupancy of
Gel_lisaround 0.837 at 20 K for the as-grown sample #C and shows almost
no difference compared to the value at 75 K, indicating a possible pinning of
modulated structure with little change in the intensities of superlattice
reflections (Figs. S4, S5 in Supplementary Information).

CDW with suppressed structural modulation

Since no obvious anomaly has been identified in resistivity and the elec-
tronic structure does not exhibit significant reconstructions but a band shift
across the spin canting transition in FeGe’*****”, CDW probably survives,
although the long-range modulated structure is suppressed. To further
confirm such a scenario, STM measurements probing the electronic states
directly near to Fermi level below Tcaning Was carried out. The topographic
image mainly reflecting the distribution of atoms, i.e., the lattice structure,
shows no obvious sign of 2 x 2 supercell in a large area at 4.7 K (Fig. 5a), as
also evidenced by its Fourier transform with extremely weak 2 x 2 super-
lattice peaks (Fig. 5b). This is consistent with the melting of superlattice
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reflections in the x-ray diffraction below Teaning. However, the difference
conductance dI/dV map mainly reflecting the density of states at Fermi level
on the exactly same region as the tomographic image exhibits a pattern with
a larger periodicity (Fig. 5¢), which is clearly demonstrated by the Fourier
transform with 2x2 charge modulation of in-plane triple-q vectors
(Fig. 5d). Even higher-order q-vectors with interferences among them have
been observed (Fig. 5d), further proving that the 2 x 2 charge modulation at
4.7 K below Teaneing is quite strong and robust. The intensity distribution of
the peaks from three different q-vectors forms a possible chirality, breaking
the sixfold rotation symmetry although the refined crystal structure still
remains such a symmetry. The weak superlattice peaks in Fig. 5b might
come from (1) the contribution of charge modulation since the data of
tomography will inevitably convolute both the atomic structure and its
density of states or (2) trapped regimes with 2 x 2 structural modulation.
Our results are not contradictory to an STM study by Chen et al. in which
strong 2 x 2 charge modulation in the dI/dV map is identified while much
weaker 2 x 2 superlattice intensity signal from Fourier transform of the
tomographic image is observed”. The weak superlattice in their study is due
to either the possible pinning effects of structural modulation as also the case
in our annealed samples below Tcapiing OF the convolution from the strong
modulation of electronic density of states in the dI/dV. Besides, the bias
voltage (60 meV) in our tomographic measurement here is much smaller
than them (200 meV), which will include less contribution of the electronic
density of states.

Since STM is a surface-sensitive technique, the detected charge
modulation could be a surface phenomenon only. To further confirm the
bulk nature of the CDW below Tc,ning in FeGe, we performed the REXS
measurements with a photon energy of around 11keV which will
penetrate through the sample. Figure 6 shows temperature-dependent
intensity of the peak with a moment transfer q = (2.5 0 1). Its intensity is
close to zero at 120 K above Tcpyw and begins to rise at around 110 K
corresponding to the CDW transition. As expected, it starts to drop at
around 60K due to the suppression of the structural modulation as
shown above. The intensity remains finite at 20 K as demonstrated by the
K-scan of the peak at different temperatures in Fig. 6b. The two neigh-
boring shoulders near the main peak are due to small portion of slightly
misaligned intergrown crystals. Such a signal comes from the contribu-
tion of charge modulation of valence electrons even though long-range
structural modulation is suppressed. To further verify that the CDW is
indeed long-range ordered below Tening temperature-dependent
FWHM of the same peak q=(2.5 0 1) in a K-scan mode can be
extracted by a Gaussian fit, see Fig. 6¢c. The value of FWHM is
0.0023 r.l.u. (reciprocal lattice unit) at 100 K when entering the long-
ranged CDW state and shows a steady decrease below 100 K with almost
no change during the spin canting transition. The value of FWHM is
0.00215 r.L.u. at Teynging and is 0.0021 r.Lu. at 25 K. However, the esti-
mated FWHM has a significant increase for the residual superlattice
peaks observed by x-ray diffraction (Fig. S2). This suggests that the long-

range CDW persists while the long-range structural modulation is sup-
pressed, consistent with the recent STM** and ARPES results™”".

Temperature-dependent phase diagram

Based on the above results, the cascades of quantum states and their crystal
structures with temperature for annealed FeGe crystals are summarized in
Fig. 7 where the arrow from left to right indicates a gradual decrease of
temperatures. The short-range CDW order inferred from short-range
structural modulation starts to be present below Tiy=410K (see the
refinement results at 400 K in Tables S15-16 in Supplementary Informa-
tion), and grows into a long-range CDW order accompanied by a long-
range structural modulation of 2 x 2 x 2 supercell below Tcpw =110 K.
Interestingly, the long-range structural modulation is suppressed into a
short-ranged one but the long-range CDW order still survives when the
A-type AFM along the ¢ axis transforms into a double-cone canted AFM
below Teaneing Suggesting the competition between these two types of order
in determining the actual structure. 270, 110 and 20 K are used as three
typical temperatures to represent three different regimes in FeGe. The
crystal structure for long-range structural modulation at 110 K exhibits a
dominant Gel_1 dimerization with a displacement of 0.72 A along the c axis
and subtle structural distortions on the Fe kagome and Ge honeycomb
(Kekulé pattern) planes. One fourth of the total Gel_1 sites in the kagome
plane form the dimerization in the 2 x 2 x 2 supercell at 110 K. At 270 and
20K, a tiny fraction of Gel_1 dimerization does not lead to a long-range
2 x 2 x 2 supercell but shows short-range structural modulation as reflected
by disorder in the average crystal structure. Only 0.046 and 0.048 of the total
Gel_Ll sites exhibit the dimerization process at 270 and 20 K, respectively,
which are far from 0.25 in a long-range structural modulation. The space
group P6/mmm is the best option to describe the crystal structure regardless
of short-range or long-range structural modulations. There is also a possi-
bility that CDW-induced long-range structural modulation still exists below
Teanting but its amplitude is too weak to be detected by the current syn-
chrotron radiation source. Our data do not underpin any lower-symmetry
models such as monoclinic or orthorhombic symmetry as observed in a
recent study on FeGe", probably because those lattice distortions are too
weak to be detected with the current resolution of the equipment or the
samples used in our work are distinct from theirs in terms of defect levels.

Conclusion

The CDW-induced long-range structural modulation below Tcpyy is sup-
pressed in annealed crystals of FeGe when it enters a canted AFM state in
which only short-range structural modulation exists but long-range CDW
order survives. The suppression of superlattice reflections from structural
modulation in the as-grown samples depends on the condition of each
crystal, suggesting that defects in crystals might pin the CDW-induced
structural modulation as observed in a recent low-temperature scanning-
TEM study®. Structure refinements in a (343)-dimensional superspace
unveiled that the dominant distortions for the CDW-induced modulated
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arrows, respectively. d—f The crystal structure models viewed along the ¢ axis at 270,
110 K and 20 K, respectively. AFM, SRCDW, LRCDW and SM are abbreviated from
antiferromagnetism, short-range charge density wave, long-range charge density
wave and structural modulation, respectively.

structure are displacements along the ¢ axis of Gel atoms located in the Fe
kagome planes, while the other atoms have much smaller displacements.
The extremely tiny in-plane displacement for all the Fe atoms in the kagome
plane is also obtained from such refinements. Domains with two different
dimerization modes in the CDW state above Tanging change their volume
ratios with temperature, indicating a dynamic transformation between
them. Our work demonstrated a possible state with coexistence of CDW and
canted AFM orders but without long-range structural modulation in stark
contrast to a common CDW order with a significant periodic lattice dis-
tortion accompanied™, which can serve as a canonical example to study the
intricate interactions between charge, spin and lattice in strongly correlated
electron systems.

Methods

Single crystal growth and physical property measurements
Single crystals of B35-type FeGe were synthesized by using the same pro-
cedures as in ref. 26. The evacuated silica tube containing Fe and Ge powder
as well as the transporting agent I, was put in a two-zone furnace where the
hot and cold zones were set to 873 K and 823 K, respectively. The growth
period is around 12 days and the as-grown sample was quenched in the
water. The crystals presenting long-range CDW order were annealed at 573
or 643 K for 10 days. Crystals are also annealed at 573 K for 2 or 4 days for a
comparison. The temperature-dependent magnetic susceptibility was
measured under H 1 ¢ (yoH =1 T), using a commercial superconducting
quantum interferometer (MPMS3, Quantum Design). The crystal mea-
sured by x-ray diffraction exhibits a CDW transition at around 113 Kand a
spin canting transition at around 60 K (Fig. 2a). The detailed physical
property measurement for as-grown sample #B and #C as well as the
annealing sample have been reported by us before and can be traced back in
ref. 26. STM measurements about the tomographic image and its corre-
sponding dI/dV map on the cleaved surface of FeGe were performed by
adopting the same procedure as in ref. 24.

Single crystal x-ray diffraction and structural refinement
SXRD at Mo-K, radiation was performed on a Bruker D8 Venture dif-
fractometer. The mounted crystal (the batch annealed at 643 K) was

heated up to 400 K under the N, gas flow. SXRD with synchrotron
radiation was measured at the EH2 station of beamline P24 of PETRA-III
at DESY in Germany. Pilatus CdTe 1 M detector was used to collect the
signal of the diffracted x-rays with a wavelength of 0.5 A. The detailed
measurement procedures and strategies can be found in ref. 26. Complete
datasets for structural refinements were collected successively at 270, 150,
110, 80, 60, 40, 20, 75 and 90 K. Continuous scans of 940 frames with an
interval of 0.1° were performed during the cooling process at a rate of
1 K/min. The rotation speed of the goniometer head is 1°/s. The tem-
perature for each data set was chosen to be the endpoint of the scan. Data
reductions, including integration and absorption correction for a com-
plete dataset were performed by the software package Evall5” and
SADABS™. The reconstructed reflection images in the reciprocal space
and the integration of reflections for the temperature-dependent fast scan
were completed by the software CrysAlis™ (CrysAlis Pro Version
171.40.67a, Rigaku Oxford Diffraction).

The (3+3)-dimensional commensurate modulated structures were
refined using the software Jana2020°"** and assigning the commensurate
sections ty, Uy and v, for the three independent vectors q; = (0.5, 0, 0),
q>=(-0.5,0.5, 0) and q3 = (0, 0, 0.5), respectively. According to the table
of all the possible superspace groups™, those with a Laue group of P6/
mmm as the high temperature phase were considered first. The small
values of R;,, for both satellite and main reflections corroborates the
appropriate point symmetry for the reflections. P6/mmm(a;,0,0)0000(-
a1,01,0)0000(0,0,y2)0000 is the only plausible choice based on the sys-
tematic extinction condition of the reflections and the q-vectors. The
initial phases (o, ug, vo) for three independent q-vectors determine the
real structure for a commensurate modulated structure™, which is an
important step for the refinement. In order to preserve the sixfold
rotation symmetry in the 2 x 2 x 2 supercell, the values of t, and u,
should be zero. We varied the values of v, in the range (0, 0.5) and found
out that vy = 0.25 gave the best R values for the refinement, see Table S1.
The regular space group in the 2 x 2 x 2 supercell for the commensurate
sections (tg, ug, Vo) = (0, 0, 0.25) is P6/mmm, consistent with the recent
report at 80 K*. The relative phases (¢, u) for lattice translation opera-
tions in the ab plane are illustrated in Fig. S14 in Supplementary
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Information. Both displacive and occupational modulation harmonic
functions were added for specific combinations of q-vectors, see Sup-
plementary Note 1 in Supplementary Information. The occupancy
restrictions of Gel_1 (in the Fe kagome plane) and Gel_2 (out of the Fe
kagome plane) atoms were also applied to match the mutually exclusive
occupancy of these two sites in a real structure. The refinement results for
110, 80, 40, 20 and 400 K are summarized in Tables S1-S16 of Supple-
mentary Information.

Resonant elastic x-ray scattering (REXS)

REXS experiments were performed at the BLO2U2 surface diffraction
beamline of the Shanghai Synchrotron Radiation Facility (SSRF) with a
high-precision six-circle diffractometer. The sample surface size was
1 x 1 mm? and the x-ray beam spot size is 160 x 80 um* (FWHM). The
incident photon energy was set to the Ge K-edge resonance energy of
11.133 keV, determined from the fluorescence measurements on the sam-
ples. The diffraction signals were collected by an Eiger 500 K pixel detector.
The sample temperature was controlled using a helium closed-cycle cryo-
stat. The FWHM of the peak is estimated by a Gaussian function fit after
ignoring the shoulder signal from slightly misaligned crystals.

Density functional theory (DFT) calculations

Electronic structure calculations were performed within the density func-
tional theory framework with projector-augmented wave potentials®*®,
using the Vienna ab initio simulation package™®”. The
Perdew-Burke-Ernzerhof parameterization of the generalized gradient
approximation was employed to consider exchange-correlation effects*’. An
energy cutoff of 400 eV was set for the plane wave basis set,anda 6 x 6 x 8 I-
centered k-point mesh was used for Brillouin zone sampling for the
2x2x2 superstructures. The spin-orbit coupling was included self-
consistently to incorporate relativistic effects in the calculations. In the
case of collinear antiferromagnetic configuration, an out-of-plane A-type
spin arrangement was considered for the Fe atoms”. The canted config-
uration was modelled by introducing a rotation of the spins by a small
degree with respect to the z-axis.

Data availability

All the data are available upon request from the corresponding authors.
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