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Disentangling the intertwined orders in a magnetic

kagome metal
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Intertwined orders appear when multiple orders are strongly interacting, and kagome metals have emerged as
new platforms to explore exotic phases. FeGe has been found to develop a charge density wave (CDW) order
within magnetic phase, suggesting an intricate interplay of the lattice, charge, and spin degrees of freedom. Re-
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cently, postgrowth annealing has been proposed to tune the CDW order from long-range to complete suppres-
sion, offering a tuning knob for the CDW order. Here, by comparing the electronic structures of FeGe subjected to
different annealing conditions and distinct CDW properties, we report spectral evolution associated with the lat-
tice and spin degrees of freedom. We find band evolution linked to a spin density wave (SDW) order present in
both samples with and without CDW order, and another evolution connected to the lattice distortions that onset
with the long-range CDW order and revert with the SDW order. Our results reveal a rare competitive cooperation

of the lattice, spin, and charge in FeGe.

INTRODUCTION

Intertwined orders refer to phenomena often found in correlated
electron systems, where distinct broken symmetry phases driven
by distinct degrees of freedom appear in either a competitive or co-
operative relationship due to the intricate balance of energy scales.
Intertwined orders are often found in the phase diagram of un-
conventional superconductors such as the cuprates and the iron
pnictides (I). For example, in the iron-based superconductors, the
strong intertwinement of the orbital and spin degrees of freedom
leads to two strongly coupled order parameters manifested as the
nematic order and the spin density wave (SDW) order, the suppres-
sion of which leads to superconductivity. In these systems, the pres-
ence of electronic instabilities near the Fermi level (Er) can further
contribute to the interplay of the different degrees of freedom and
lead to exotic phases (2-4).

A recent example of these emergent orders are seen in metallic
kagome lattices (5-20), where the chemical potential resides near
saddle points in the electronic structures or Van Hove singulari-
ties (VHSs). Theoretical models, considering intra- and intersite
Coulomb interactions, predict distinctive charge density wave (CDW)
phases characterized by nonzero angular momentum of a particle-
hole pair (7, 10). This has been further suggested to indicate the exis-
tence of orbital loop currents and nematicity (10, 21), differentiating
the CDW order in this material from ordinary charge ordering. One
system that embodies this prediction is the vanadium-based kagome
lattice AV3Sbs (A = Cs, K, and Rb) (8-20), where CDW order with
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broken time-reversal symmetry (16) and superconductivity have
been reported (9). However, in this system, it is the electronic and
lattice degrees of freedom that drive the ordered phases, as there is
no reported magnetism.

Mn- or Fe-based metallic kagome magnets introduce the mag-
netic degree of freedom to the emergent kagome physics (22). FeGe,
an A-type antiferromagnet whose onset temperature is at 410 K
(23, 24), stands out as a special example among the kagome mag-
nets. Structurally, it has been identified as a fundamental building
block of these kagome magnets based on an advanced kagome effec-
tive Hamiltonian using a d-orbital basis (25). It is also known be-
cause of its unique CDW phase below 110 K (T¢cpw) that appears
in an ordered magnetic phase (26-32). Furthermore, theoretical
frameworks have been established to explain the exotic ground state
of FeGe in broader contexts. In the magnetic phase diagram based
on a Hartree-Fock approach, FeGe is located at the boundary of spa-
tial stripe spin-charge order (29). Consequently, FeGe has garnered
substantial attention, offering a unique platform to study interplay
between the CDW order and magnetism. A dimerization of one-
fourth of the Ge sites have been reported to play a major role in es-
tablishing the CDW order, indicating the importance of the lattice
degree of freedom (33, 34). In addition, recent reports indicate that
postgrowth annealing is highly effective at tuning the CDW order;
namely, the annealing temperature can tune the short-range CDW
order in the as-grown crystals either to a long-range order or com-
pletely suppressed by controlling the redistribution of the lattice dis-
order in the form of Ge vacancies—disrupting Ge dimer and CDW
formation or precipitating them, in turn enabling stoichiometry res-
toration and long-range CDW order (35-40). The postgrowth an-
nealing, therefore, provides a unique tuning knob for understanding
the intricate balance of energy scales that determine the ordered
phases in FeGe.

Here, we present a systematic study of the temperature-dependent
electronic structures of FeGe annealed under 320°C (FG320) and
560°C (FG560), with long-range CDW order present in FG320
and absent in FG560. We first provide clear spectral contrast be-
tween the long-range CDW order in FG320 and the absence of such
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in FG560 in the form of CDW gap formation on the VHS-forming
band dispersion. We find a band evolution indicative of an SDW
order that is present in both compounds, with a higher transition
temperature, Tspw, in FG320 in the presence of long-range CDW
order. Unexpectedly, we find the CDW gap to be enhanced below
Tspw. In addition, we observe a distinct band evolution that onsets
at Tcpw and is reversed at the lower Tspy in FG320, which can only
be ascribed to an electronic response to the Ge dimerization in the
lattice at Tcpw that is subsequently reverted at Tspw. Taking all ob-
servations together, we reveal an intricate interplay of the lattice,
charge, and spin degrees of freedom tuned by postgrowth annealing:
The Ge dimerization and associated lattice distortions are initially
necessary for the formation of the CDW order. However, at a lower
temperature within the CDW order, an SDW order disrupts the
strong coupling of the Ge dimerization and the CDW order, results
in the reversal of the electronic response to the lattice distortion,
and further enhances the CDW order. Our observations, together,
reveal a highly unusual intertwinement of the lattice, spin, and
charge degrees of freedom: The Ge dimerization (lattice) and the
SDW formation (spin) each appear to be strongly coupled to the
CDW order yet compete with each other to stabilize and accom-
pany the long-range CDW order. This highly unusual “competitive
cooperation” of the three distinct degrees of freedom is quite rare
among correlated materials and reveals very close energy scales
that lead to the highly tunable nature of the ground states of this
kagome magnet.

RESULTS

Characterizations for annealed FeGe crystals

As shown in Fig. 1A, the crystal structure of kagome FeGe consists
of alternating Fe kagome layer and Ge honeycomb layer along the ¢
axis. In accordance with previous reports, we annealed our crystals
at either 320° or 560°C for 96 hours for inducing long-range CDW
order in the former and suppressing CDW order in the latter, which
we label as FG320 and FG560, respectively. The effects on the phases
in FG320 and FG560 are presented in Fig. 1B, consistent with previ-
ous reports (35, 36). Both FG320 and FG560 have similar Ty of 410 K.
Our magnetic susceptibility measurements on the two types of crys-
tals show the sharp CDW order in FG320 and the lack of this anom-
aly in FG560, as presented in Fig. 1C, similar to previous reports
showing high sensitivity to annealing conditions (36, 37, 39, 40). In
addition, a magnetic transition also appears in FG320 within the
CDW-ordered phase. Previously, this transition was interpreted as
a spincanting transition and denoted in the literature as Tcanting.
However, recent inelastic neutron scattering experiments have dem-
onstrated that spin canting of local moments cannot be the cor-
rect magnetic ground state associated with this transition. Instead,
the magnetic order must be an itinerant SDW order that onsets at
this transition (31, 40). Hence, we label this transition as Tspw in-
stead of Teanting throughout the manuscript. As will be discussed later
and also demonstrated by recent neutron scattering measurements
(40), such a temperature scale is also observed for FG560, albeit at a
lower temperature.

Comparisons of electronic structures between

FG320 and FG560

Now, we compare the electronic structures of FG320 and FG560 as
measured by angle-resolved photoemission spectroscopy (ARPES).
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Annealing — Quenching

A As-grown i

560°C Suppressed CDW

- (FG560)

Long-range CDW

; FG320
{28eto08) 96 hours ( >
a
B TS DV T( >DW TN
cbw Non-CDW :
FG320 e » i | PM
¢ - T (K)
1 60 Non-CDW 410!
FG560 ! !
! AFM « PM
Tsow
C
6] pOH.=O.1 T
[0
o
(*]
= 5_
g TCDE’V
00 }
"o 44 Tepw ! Suppressed
= : CDW
~ Long-range
= 3 CDW
0 50 100 150 200 250 300
T (K)

Fig. 1. Characterizations for long-range and suppressed CDW order. (A) Crystal
structure of FeGe from top and side perspectives. Postannealing conditions for
achieving long-range (FG320) or suppressed (FG560) CDW order are shown. (B) Sche-
matic illustration for the distinct phases in FG320 and FG560 as a function of tempera-
ture. PM, paramagnetic phase. (C) Magnetic susceptibility with field perpendicular
to the (001) direction.

Since the valence band is dominated by the Fe 3d orbitals forming
a layered kagome network, we use the surface Brillouin zone (BZ)
notations for simplicity, as shown in Fig. 2A. An empirical sche-
matic of the valence band is presented in Fig. 2B, where we use the
notations of VHSI and VHS2 to label the VHSs of dominantly
dxz,yz/dxy orbitals and d,./d,, orbitals, respectively, in accordance
with previous work (28). Note that these band dispersions are like-
ly bulk states, as they are observed regardless of surface termina-
tion after cleavage. We first directly compare the measured Fermi
surfaces (FSs) of FG320 and FG560 both above and below Tcpw.
The top half of Fig. 2C shows the FSs of FG320, while the bottom
half shows the FSs of FG560. The left half of Fig. 2C shows the FSs
measured below Tcpw at 80 K on the two samples, while the right
half shows the measurement at 150 K above Tcpw. All measure-
ments were carried out under identical photon energy and polar-
ization. First, at 150 K, the FSs of FG320 and FG560 appear to be
very similar. Of the four quadrants, only the top left quadrant is
obtained in a phase with long-range CDW order. Comparing these
data with the others, we identify two main distinctions. First, the
spectral intensity between K and M (marked by an orange rectangle)
is suppressed in the CDW state, while it is noticeable in all other
states. This is consistent with the suppression of spectral weight
due to the opening of a CDW gap on the VHSs at M. Second, we
observe a change in the appearance of the circular FS near the T
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Fig. 2. Comparison of electronic structures between FG320 and FG560 below and above Tcpw. (A) Brillouin zone and locations of high-symmetry points of FeGe.
Surface-projected Brillouin zone is also depicted. (B) Schematic band dispersions for FeGe. (C) FS maps obtained from FG320 (top) and FG560 (bottom) at 80 K (<Tcpw;
left) and 150 K (>Tcpw; right), as plotted in the four quadrants. Orange and green arrows/boxes mark distinct features when comparing CDW-ordered and normal phases.

(D) A side-by-side comparison of band dispersions along the K-M-K between FG320 and FG560 at 80 K. (E) Similar comparison at 150 K. (F) Same plot as (D) with guides
for the eye to trace VHS1 and VHS2 band dispersions. MDC at E is overlaid showing peak locations of Eg-crossing band dispersions. We mark peak locations with green
bars and differentiate extra bands in the CDW phase with orange bars. (G) Same plot as (F) but for 150 K. Note that no extra band crossing at Eg is observed. All measure-

ments are taken with 69-eV photons.

point, which is reproduced by bulk density functional theory cal-
culations in the pristine (non-CDW) case and in the CDW phase by
a recent work assuming a disordered distribution of Ge dimers
(38, 41). This is more apparent in the second BZ (I';) due to less
suppression by photoemission matrix elements. Noticeably, the cir-
cular pocket is separated from the broad spectral intensity only in
the CDW phase. We infer that it may come from orbital-dependent
band shifts. Note that the FSs in the non-CDW phase are invari-
ant under different postannealing conditions, implying that the
suppression of the CDW order is intrinsic and not due to sample
quality variation.

Next, we present a side-by-side comparison of band dispersions
measured along the K-M-K high-symmetry cuts. Figure 2 (D and
E) shows raw ARPES intensity plots at 80 and 150 K from FG320
(left half in each plot) and FG560 (right half in each plot). Figure 2
(F and G) shows the same data but overlaid with the corresponding
momentum distribution curves (MDCs) at Er and guidelines using
annotations from Fig. 2B. Again, very little difference is observed on
the band dispersions of the two samples at 150 K, but additional
bands from band folding are observed in the 80-K data for FG320.
This is further supported by peaks found in the MDCs (pink and
orange bars) in the CDW phase in addition to those found in the
non-CDW phase (black bars) (Fig. 2F). These additional band dis-
persions are also shown by dashed lines and pink arrows.
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CDW gap

We further differentiate FG320 and FG560 directly by examining
the CDW gap as a function of temperature. For FG320, from the
side-by-side comparison of the dispersions along the K-M-K at 15
and 150 K, spectral weight near Eg is suppressed between K and M
in the CDW phase, consistent with the observation on the FS maps.
More details can be observed from the temperature dependence of
the energy distribution curves (EDCs) at two different Fermi mo-
menta, kyys and ko, defined as the momenta where the bands cor-
responding to VHS1 and VHS3 cross Ep. The Fermi-Dirac (FD)
distribution function has been divided from all the EDCs. As the
location of both ky and kyys vary with temperature (to be discussed
in the following section), the EDC at each temperature is taken after
precisely determining the momentum of the band crossing at each
temperature. From the temperature dependence of FD-divided EDCs
at kyys (Fig. 3, B and C), indications of a gap opening below Tcpw
can be identified as both changes in the slopes near Ep (black ar-
rows) and the presence of dips in the intensity, both disappearing
near Tcpyw. In contrast, the EDCs at k = ko show peaks at Eg for all
temperatures, demonstrating the absence of a CDW gap. Both ob-
servations of the presence and absence of the CDW gap at kyys and
ko, respectively, are consistent with momentum-dependent CDW
gap opening characterized in the as-grown FeGe. The temperature
evolution of the CDW gap can also be visualized from symmetrized
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Fig. 3. CDW gap in FG320 and FG560. (A) A side-by-side comparison of band dispersions from FG320 along the K-M-K taken at 15 K (left) and 150 K (right). Two repre-
sentative Fermi momenta are annotated as kyps and k. (B) EDCs at various temperatures obtained at kyys as marked in (A). We divided out the FD distributions from all
the EDCs, revealing a dip feature near E¢ below Tcpw (=110 K). Arrows point at where the dashed guidelines cross, which indicates a slope change in the EDCs as the CDW
gap opens. (C) Same plot as (B) obtained at ko. Contrary to (B), we observe peaks at Er at all temperatures. (D) Stacked plots of symmetrized EDCs at kyps. The white region
shows where spectral intensity is suppressed, corresponding to the CDW gap region. (E to H) Analogous plots to (A) to (D) from FG560. Note that CDW gap is not as evident
as itis in FG320. Smaller white region in (H) than that in (D) is from suppressed CDW order. All measurements are taken with 69-eV photons.

EDCs at kyys (Fig. 3D), which show suppressed intensity at E that
closes around Tcpw = 110 K. We note that to capture the subtle gap
opening effect, we used the continuous ramping method of taking
measurements while very slowly ramping the sample temperature.
This method is effective at capturing subtle spectral changes and
identifying phase transitions. We note that the CDW gap is only ob-
served on selected bands with a gap size of 20 meV, while most band
crossings remain gapless. Hence, it remains to be seen the expected
effect of such a momentum-dependent gap by optical spectroscopy
in the corresponding energy range, which is from the joint density
of states over the entire BZ (34, 42).

Via the same method, we can examine the temperature evolution
of the possible CDW gap in FG560, where no clear long-range CDW
characteristic is observed in the magnetic susceptibility measure-
ment. Contrary to FG320, the band dispersions at 15 and 150 K in
FG560 show no obvious differences in the spectral intensity at Ep
between K and M (Fig. 3E). FD-divided EDCs at kyps and ko shown

Ohetal, Sci. Adv. 11, eadt2195 (2025) 2 July 2025

in Fig. 3 (F and G) provide noticeable differences from those of
FG320. Signatures of the CDW gaps in Fig. 3F are almost absent
except for small dip-like features below 35 K. All the EDCs shown
in Fig. 3G show peaks at Ep and similar temperature dependence
with that shown in Fig. 3C. In the symmetrized EDC spectral image
shown in Fig. 3H, we identify a smaller white region than that for
FG320, indicating much weaker CDW nature in FG560. We pro-
pose that this weak spectral weight suppression for a limited tem-
perature window may be from fluctuating short-range CDW order.
A detailed comparison of the EDCs for the two types of samples is
also provided in the Supplementary Materials.

Temperature evolution of the electronic structures
Now, we compare the temperature dependence of the band disper-
sions of FG320 and FG560. The temperature-dependent disper-

sions measured along the K-M-K high-symmetry cut are shown for
FG320 in Fig. 4A. Here, in addition to VHS1 and VHS2, we also
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Fig. 4. Band dispersions at representative temperatures and their evolutions in FG320 and FG560. (A) High-symmetry cuts along the K-M-K at representative tem-

peratures from FG320. Tspw and Tcpw are indicated. MDC (gray dashed line) and EDC (black arrow at k, = K) are locations where we take a stack MDCs shown in (C) and
two stacks of EDCs in (D). (B) Schematics showing how band dispersions evolve as a function of temperature. Notable energy and momentum locations are pointed by
colored arrows. Phase indicator bar is put together above the schematics, matching the horizontal temperature scale. (C) A stacked MDC at E, showing nonmonotonic
temperature evolutions of Fermi momenta across Tspw (=60 K) and Tcpw (=110 K). (D) A stacked EDC at R, which presents the band shift across Tcpw and a reverted be-
havior at Tspw. (E) Phase indicator whose temperature axis is aligned with (C) and (D). (F to I) Analogous plots to (B) to (E) from FG560. (J) High-symmetry cuts along Mand
K at representative temperatures from FG560. All measurements are taken with 47- eV photons.
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label VHS3, which is driven by d,. orbital. The changes across tem-
perature can be better visualized by the spectral images made from
the temperature dependence of the MDC taken at Ey (Fig. 4C) and
the EDC taken at the K point (Fig. 4D). We emphasize again that
these measurements were taken by the ramping method of continu-
ous data acquisition while very slowly ramping the sample tempera-
ture, which is an effective method for tracking subtle spectral
changes as a function of temperature. The most prominent feature
captured by these images is the Dirac band that crosses Ey at K, with
ko as the Fermi momentum shown in the MDC stack and the Dirac
point shown in the EDC stack. Notably, as temperature is lowered
across Tcpw, ko shifts toward K captured by the MDC image, con-
sistent with an upshift of this band in energy also seen by the EDC
image. This shift is reversed when temperature is lowered across
Tspw- In a previous ARPES report on an annealed FeGe, this shift is
observed across Tcpw and was interpreted to be a manifestation of
the lattice changes associated with the Ge dimerization based on
density functional theory calculations (38). In addition, below Tsp,
a monotonic energy shift as a function of temperature is observed,
which is due to the increase in the total magnetic moment at the
onset of the SDW order as will be discussed later (28). We summa-
rize the band evolution with the schematic in Fig. 4B, which in-
cludes the CDW gap formation on the VHS1-forming band below
Tcpw and the back bending of the VHS2-forming band and its shift
across Tspw and Tcpw.

In comparison, we show the exact same measurements on FG560,
where the temperature evolution can be visualized via the MDC and
EDC stacks (Fig. 4, G to J). VHS2 has only one band near Eg, imply-
ing that back bending and doubling of VHS2 are absent in FG560.
The VHS2-forming band dispersion becomes broad and fades above
Tspw in FG560. In contrast to FG320, the Dirac band shift at K be-
tween Tspw and Tcpw is not observed in FG560. No noticeable
change occurs above Tspw = 45 K, indicating that the lack of a long-
range CDW order in FG560 is not due to the mixing of regions with
CDW and regions without CDW nor due to low spectral quality
from a bad cleavage but a demonstration of a lack of long-range or-
dering. Below Tspw, a small monotonic energy shift is again ob-
served, also because of the onset of the SDW order as will be
discussed later. In Fig. 4F, we summarize the changes in the disper-

sions along the K-M-K for FG560.

Intertwined order parameters
We now summarize the temperature dependence of the electronic
structure observed on the two types of postannealed FeGe. First,
we plot the CDW gap as a function of temperature extracted using
the Dynes function (43) (fitting details are in the Supplementary
Materials) as shown in Fig. 5A. As demonstrated in the earlier sec-
tion, we identify the onset of the CDW phase in FG320 to be
around 110 K, which is consistent with the magnetic susceptibility
result in Fig. 1C. When the temperature decreases from Tcpw, the
CDW gap size reaches 15 meV and then shows an additional in-
creasing behavior below Tspw. For FG560, we observe a similar
increasing behavior below 45 K. The fitted results are consistent
with the behavior observed directly from symmetrized raw data
in Fig. 3 (D and H).

Next, we plot the shift of the Dirac band at the K point captured
by the shift of the Fermi momentum ko (Figs. 5B). Noticeably, for
FG320, there is a region showing an abrupt onset at Tcpw and its
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Fig. 5. Summary for the temperature dependence of the electronic structure
and intertwined orders. (A) CDW gap as a function of temperature measured on
FG320 (orange markers) and FG560 (green markers) fitted with the Dynes function
(see the Supplementary Materials for details). We mark out regions via the distinct
behaviors of the gap as discussed in the main text. (B) Shift of the Fermi momen-
tum ko as a function of temperature measured for FG320 (orange markers) and
FG560 (green markers). (C) Distinct regions marked in (A) and (B) from FG320 (top)
and FG560 (bottom) are marked with phase indicators (middle) as confirmed by
neutron diffraction (26) and Raman measurement (32).

reversal at Tspw. Such abrupt shift and reversal are absent for FG560.
As temperature further decreases, both FG320 and FG560 show a
monotonic increasing behavior below Tspyw.

On the basis of the two observables presented above for the two
types of samples, we discuss the implications. First, the abrupt shift
of the Dirac band at Tcpw in FG320 has been identified to be due
to the electronic response to the abrupt lattice change associated
with the Ge dimerization according to density functional theory
calculations performed for the fully refined crystal structure and not
to CDW gap opening (38). The subsequent abrupt reversal at Tspy,
therefore, suggests that the electronic response to the lattice distor-
tion is reverted at the onset of the SDW order. This is consistent with
a recent x-ray diffraction report showing the disappearance of the
lattice dimerization at Tspw (39). Note that the abrupt change of kg
is related to the response of the lattice change but not a direct order
parameter of the electronic CDW order as evidenced by a compari-
son between a topographic image and a dI/dV map (39). Second,
both annealed crystals exhibit a monotonic shift of the band onset-
ting below Tspyw. Since the only common phase for the two samples
is the SDW order at low temperatures, this must be an electronic
response to the SDW order. This band shift is incompatible with the
interpretation of this low-temperature magnetic transition as a cant-
ing transition, as a simple rotation of local moments has minimal
effect on the electronic structure. We confirm this with density func-
tional theory calculations provided in the Supplementary Materials.
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Instead, band shift is naturally compatible with an SDW order of
itinerant origin. As the bands near Ep are the spin-minority states
from the A-type antiferromagnetic (AFM) order (28), an upward
shift of the bands would suggest an increase in the total magnetic
moment. Recently, neutron scattering experiments have revealed
that the ordered magnetic moment associated with the A-type AFM
order remains constant over this temperature range below Tcpw for
FG320 (40). However, the onset of the SDW order in FG320 adds an
increase in the total magnetic moment below Tspyw, which is consis-
tent with our understanding that the band shift must be associated
with the SDW order, as additional exchange splitting would push
the spin-minority bands up in energy. The similar monotonic shift
of the bands in both FG320 and FG560 suggests that the SDW order
is common between the two annealed crystals, albeit onsetting at a
lower temperature in FG560 without the long-range CDW order.
Here, we note that the Tspyw as detected by neutron diffraction is, in
general, associated with the kink feature in the magnetic susceptibil-
ity in annealed crystals (Fig. 1C). It is also highly dependent on the
annealing condition, typically lower in crystals without a CDW or-
der (40). Third, we note that the CDW gap in FG320 is enhanced
below Tspw. Even in FG560, the onset of the SDW order seems to
result in observable suppression of the spectral weight on the VHS
bands at Ep. We interpret this as an enhancement of short-range
CDW fluctuations stabilized by the SDW order. In conclusion, the
reversed ko shift indicates that the change in the lattice degree of
freedom across Tcpw is reversed across Tspw; meanwhile, the
charge degree of freedom still monotonically evolves.

DISCUSSION

From our systematic comparison of the temperature evolution of
FG320 and FG560, we come to two key conclusions. First, we dis-
cuss the effect of annealing. From our comparison of FG320 and
FG560 in the A-type AFM phase above 110 K, the electronic struc-
tures of the two crystals are largely identical. This can be best seen
in the FS comparison in Fig. 2B and the dispersion comparison
in Fig. 2D for 150 K. Comparing the peak width in the MDC at Ep,
the peaks are slightly broader in FG560, indicating that the subtle
difference may be due to a slightly larger amount of disorder in
FG560, as suggested from a previous report (35, 37). In addition, the
nearly identical location of the VHSs in the two types of crystals
indicates that the VHSs being near Ep by itself is not a sufficient
condition for driving the CDW order. The amount of disorder may
also play a role. Here, we would like to note that a previous ARPES
work concluded that FS nesting does not exist in FeGe based on the
autocorrelation of a single FS mapped under one photon polariza-
tion (38). We would like to caution that the photoemission matrix
elements associated with a particular polarization suppress intensity
from orbitals of certain symmetries. Hence, the electronic structure
including the FS measured under one particular polarization is
incomplete. As has already been demonstrated by previous work
(28), the FSs measured under different polarizations reveal different
VHS-associated bands. Hence, the analysis for nesting based on au-
tocorrelation of the measured FS strongly depends on the polariza-
tion and is only conclusive when all features are observed. With that
said, what we observe here is that although the VHSs are near the Eg
here in both types of annealed samples, they are likely not the driv-
ing force behind the CDW order in FeGe because long-range order
is absent in FG560. As neither the magnetic order nor the electronic
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structure appears to be strongly tuned by the annealing conditions,
this leaves the degree of the lattice disorder to be the most likely key
in the annealing process.

Second, from the above analysis of the temperature-dependent
evolution of the electronic structure, we reveal an intricate relation-
ship of the lattice, charge, and spin degrees of freedom in FeGe. From
FG320, we see that the Ge dimerization is strongly tied to the onset of
the CDW order as the gap at kypg and the Dirac band shift occur si-
multaneously. In FG560, both are absent. First-principles calculations
have demonstrated that the magnetic energy that is gained by the lat-
tice distortion from both the Ge dimerization and the sequential in-
plane distortions can overcome the energy cost of the lattice distortion
and hence stabilize the 2 X 2 CDW order (33). This would be consis-
tent with our observation of the simultaneous onset of the CDW gap
and the band shift. However, the unexpected finding is that this
strong coupling between the lattice and charge is abruptly disrupted
when the SDW order onsets, as observed in the persistence of the
CDW gap while the band shift representing the lattice distortion is
suddenly reversed at Tspw in FG320. This suggests that the SDW
order appears to replace the lattice distortion in stabilizing the CDW
order below Tspyw. This reversal of lattice distortion is quite uncom-
mon and is usually accompanied by the onset of another electronic
order to account for the entropy. Another example is the hole-doped
iron pnictide superconductors, where the lattice exhibits a C4 to C,
and back to C, rotational symmetry as a function of temperature
(44, 45). In that situation, the re-entrant higher-symmetry phase at
low temperature is due to the onset of a C4 double-Q SDW order. In
the case of FeGe, Raman spectroscopy has reported a lattice symme-
try reversal below Tspw (32). Here, our observation of the onset of the
band shift indicates that the SDW order must provide the additional
energy saving that overcomes the energy cost of the lattice distortion.
Moreover, our observations suggest that the SDW order can stabilize
or enhance the CDW order with minimal effect of the Ge dimeriza-
tion on the electronic structure, as has been seen below Tspw in
FG320 and the gap opening below Tspw in FG560. This is also consis-
tent with the observation that as a function of annealing temperature,
the trend of Tspyw follows the trend of the enhancement of the CDW
order. FG320 with the long-range CDW order at the highest transi-
tion temperature also exhibits the highest Tspw (36). Hence, the
Ge dimerization and the SDW order are strongly coupled to the ap-
pearance of the CDW order in FeGe. This cooperation between the
lattice, spin, and electronic degrees of freedom in kagome FeGe may
hold the key to the tunability of the CDW order in this kagome metal.

MATERIALS AND METHODS

Single-crystal synthesis and postannealing

Single crystals of FeGe were synthesized following the reported rec-
ipe using chemical vapor transport (26, 28). We chose 560° and
320°C as the annealing temperatures for our postgrowth annealing
protocols, same as the previous reports (36). The as-grown crystals
were sealed in an evacuated quartz tube and placed in a box furnace
and set the temperature to 320°C (FG320). After maintaining this
temperature for 96 hours, subsequently, the quartz tube was prompt-
ly removed from the furnace and quenched in tap water to room
temperature. The same process was repeated for annealing the as-
grown FeGe single crystals at 560°C (FG560). The resulting an-
nealed crystals maintain their original lustrous appearance, showing
no discernible surface changes due to the annealing process.

7 of 9

GZ0Z ‘€0 AInC uo A1SIBAIUN 301y e 610°30Us 195" MMM/ SA1Y Lo} papeouUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

Magnetic susceptibility measurement

The magnetization as a function of temperature and field was mea-
sured using a Quantum Design DynaCool Physical Properties Mea-
surement System (PPMS-9T) over the temperature range from 2 to
300 K and under 0.1-T magnetic field. Postannealed FG320 and
FG560 single crystals were separately mounted on PPMS sample
holders, having the crystallographic c axis perpendicular to the 0.1-T
field. The orientation of the crystal was determined by standard
Laue techniques before mounting to PPMS sample holder.

Angle-resolved photoemission spectroscopy

ARPES measurements were carried out at BL5-2 of the Stanford
Synchrotron Radiation Lightsource with a DA30 electron analyzer.
Postannealed FeGe single crystals were cleaved to have normal sur-
faces face the (001) direction in ultrahigh vacuum environment
with a base pressure better than 5 x 107"! torr. We identified two
different types of termination layer, as our previous study did, and
focused on the Ge termination to trace the features from the CDW
order more evidently (28). Energy and angular resolutions were bet-
ter than 10 meV and 0.1°, respectively. We adapted beam spot small-
er than 50 pm by 50 pm. Ep is corrected by a measurement of
freshly deposited gold near crystals, and both are electrically con-
nected, guaranteeing to have the same Ep.

Density functional theory

Electronic structures of FeGe are calculated using density functional
theory as implemented in the Vienna Ab initio Simulation Package
(46). The crystal structure of FeGe is fully relaxed under the AFM
configuration until the maximal remaining force is smaller than
1 meV/A. Spin-orbit coupling is not considered in structure relax-
ation. The Perdew-Burke-Ernzerhof-type generalized gradient ap-
proximation (47) mimics the electron-electron exchange interaction
throughout. The energy cutoft for the plane wave basis set is 350 eV.
Brillouin zones of the AFM and spin-canting phases are sampled
with a k mesh of 12 X 12 x 8. Band structures are obtained with the
spin-orbit coupling.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S6
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