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Unconventional charge density wave in a kagome lattice antiferromagnet FeGe
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FeGe is a kagome material that exhibits both charge density wave (CDW) order and magnetic order. The
CDW order is developed deep inside the A-type antiferromagnetic phase in FeGe, providing a unique platform
to investigate the interplay between CDW and magnetism. However, the driving mechanism of the CDW
phase remains controversial. In this work, we performed high-pressure electrical transport and x-ray diffraction
measurements combined with density-functional theory calculations to investigate the evolution of the CDW
of FeGe under pressure. In contrast to conventional CDW materials, the CDW transition temperature of FeGe
increases with increasing pressure, indicating the unconventional mechanism of CDW in this material. More
interestingly, another possible CDW with a

√
3 × √

3 × 6 superlattice emerges above 20 GPa, which may
be explained by the calculated metastable CDW states under high pressure. These observations exclude the
possibility of Van Hove singularities nesting as a CDW driving force. Our results unveil versatile CDW states
and broaden the study of intertwined electronic states in the magnetic kagome metal FeGe.

DOI: 10.1103/PhysRevResearch.6.033222

I. INTRODUCTION

The corner-shared triangle network geometric characteris-
tics of the two-dimensional (2D) kagome lattice can give rise
to a unique electronic band structure, including a dispersion-
less flat band originating from destructive phase interference,
a topological Dirac band around the K point, and a pair of
Van Hove singularities (VHSs) with logarithmic divergence
located at the M point [1–12]. Rich emergent electronic states
can be realized at select band fillings [1–15]. The flat bands
possess high densities of states, which dramatically enhance
the correlation effects between electrons so that magnetic
order [1–3] can emerge when the flat bands are located near
the Fermi level. When the energy band is filled in the vicinity
of the VHSs, the divergent DOS is preeminently suited for the
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emergence of novel Fermi surface instabilities and induces a
charge density wave (CDW) [4–8], spin density wave (SDW)
[6], and chiral superconductivity [6,7,13] with singular behav-
ior. Moreover, the gapped-out Dirac points confer energy band
nontrivial topological properties [11,14,15].

The kagome materials AV3Sb5 (A = K, Rb, Cs) have
attracted tremendous attention due to the observation of non-
trivial band topology, unconventional charge density wave
(CDW) order, and superconductivity (SC) [16–33]. Time-
reversal symmetry breaking [23,27,34] as well as a giant
anomalous Hall effect [28,35] were observed in the CDW
state without long-range magnetic order, which was asso-
ciated with a possible chiral flux phase [21,23,36]. Further
high-pressure studies revealed unconventional competition
between CDW and superconductivity in CsV3Sb5 [37,38],
broadening the understanding of the intertwined electronic
states. However, the absence of magnetic order in the weakly
electron-correlated AV3Sb5 family limits the understanding
of the interplay between CDW and magnetism. The emer-
gent CDW in magnetic kagome metal FeGe filled the gap in
this regard. B35-type FeGe is a strongly electron-correlated
kagome magnet [39]. It exhibits collinear A-type antiferro-
magnetic (AFM) order below the Néel temperature TN ∼
410 K [40] and becomes a c-axis double-cone AFM structure
below a lower transition temperature TCanting ∼ 60 K [41–46].
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The CDW order was observed deep inside the A-type AFM
phase [39,47–49] around TCDW ∼ 110 K in FeGe. The emer-
gent anomalous Hall effect and significantly enhanced AFM
ordered moment were observed below TCDW, suggesting a
strong coupling between the CDW and AFM order [47].
However, the driving mechanism of the CDW phase and
the interplay between CDW and magnetism remain contro-
versial [39,49–54]. Previous angle-resolved photoemission
spectroscopy (ARPES) measurements found that magnetic
exchange splitting pushes orbital-dependent VHSs near the
Fermi level and proposed that CDW order is driven by nesting
among VHSs [39,47]. However, the absence of CDW order
in other A-type AFM kagome systems such as FeSn [9] sug-
gests a limitation of this scenario. Density-functional theory
(DFT) calculations also indicate that VHSs are close to the
Fermi surface only in a small kz range, which is not dominant
in the nesting function [51]. In addition, the absence of a
negative phonon branch indicates that structural distortions
due to CDW phase transition will not occur in FeGe [49,51].
Recent theoretical calculations show that the energetically
favored 2 × 2 × 2 superstructure in FeGe is stabilized by
strong spin-phonon interactions [49,53]. This behavior is very
different from the nonmagnetic kagome family AV3Sb5, in
which VHSs nesting play an essential role in the CDW tran-
sition and an imaginary phonon appears around the M point
[18,22,23,27,36], indicating an unconventional mechanism in
stabilizing CDW in FeGe. These contradictions hinder the
understanding of the mechanism of CDW formation in the
magnetic kagome metal FeGe, which needs urgent clarifica-
tion using further experiments.

In this work, we performed high-pressure electrical trans-
port measurements on FeGe single crystals and found that
the CDW transition temperature unexpectedly increases with
increasing pressure, consistent with the decrease in the total
energies of the CDW state with increasing pressure obtained
from DFT+U calculations based on large dimerization of Ge1
sites. In addition, the calculated band structures show that
the VHS at the M point is further pushed away from the
Fermi level under pressure, which excludes the possibility
of the nesting of VHSs as the CDW driver in FeGe. More
interestingly, another possible CDW with a

√
3 × √

3 × 6
superlattice emerges above 20 GPa, which may be explained
by the calculated metastable CDW states under high pres-
sure. Our results exclude the possibility of VHSs nesting as
a CDW driving force, and support the scenario that a CDW
is driven by the delicate balance between magnetic energy
savings and structural energy costs by Ge1 dimerization. Our
findings broaden the study of intertwined electronic states in
the magnetic kagome metal FeGe.

II. METHODS

A. Single-crystal growth, sample annealing,
and characterization

The obtained as-grown single crystals of B35-type FeGe
were synthesized using chemical vapor transport (CVT) [47].
Stoichiometric Fe (99.99%) and Ge powders (99.999%) and
additional iodine as a transport agent were weighed and
mixed. The precursors were loaded into a silicon quartz

tube and sealed under high vacuum. The temperatures of the
feedstock and crystallization regions were set at 600 ◦C and
550 ◦C, respectively, and kept for 2 weeks. The system was
then naturally cooled to room temperature, and millimeter-
sized FeGe single crystals were obtained in the middle of
the quartz tube. The obtained as-grown single crystals were
then sealed into quartz tubes under high vacuum and an-
nealed at 320 ◦C. After being kept at 320 ◦C for 96 h, the
tube was quickly taken out of the furnace and quenched
in water [55,56]. Specific heat and resistivity measurements
at ambient pressure were carried out in a Quantum Design
physical property measurement system (PPMS-9T). Resistiv-
ity was measured by using a standard four-electrode method.
Magnetic susceptibility measurements were performed using
a Quantum Design superconducting quantum interference de-
vice magnetometer (MPMS-5 T).

B. High-pressure measurements

A piston cylinder cell (PCC) was used to generate hydro-
static pressure up to 2.38 GPa for high-pressure electrical
resistivity measurements on S1. Electrical resistivity under
pressure was measured with the standard four-probe method.
Daphne 7373 was used as the pressure transmitting medium,
and the pressure value in the PCC was estimated by the Sn
superconducting transition temperature [57].

A palm-type cubic anvil cell (CAC) was used to generate
hydrostatic pressure up to 14 GPa for high-pressure electrical
resistivity measurements on S2. Three-axis compression to-
gether with the liquid pressure-transmitting medium glycerol
can ensure excellent hydrostatic pressure environments in the
CAC. Electrical resistivity under pressure was measured with
the standard four-probe method. The pressure values inside
the CAC at low temperature were estimated from the pressure-
loading force calibration curve determined by measuring the
superconducting transition temperature of lead (Pb) in CAC
[58].

A diamond anvil cell (DAC) made from Be-Cu alloy was
used to generate pressure exceeding 14 GPa for high-pressure
electrical transport measurements. Two opposite diamond
anvils with 300 µm culet and a c-BN gasket with a sample
chamber with a diameter of 120 µm were used to generate
pressure up to 48 and 29.8 GPa on S3 and S4, respectively.
For S5, we used two opposite diamond anvils with a 500
µm culet and a 200 µm diameter sample chamber to generate
pressure up to 15.2 GPa. Daphne 7373 was used as the pres-
sure transmitting medium. We performed electrical transport
measurements in a van der Pauw method using four Pt wires
that were adhered to the FeGe samples. The pressure was
applied and calibrated by using the ruby fluorescence shift
[59] at room temperature. High-pressure electrical transport
measurements were carried out in a refrigerator system (He-
lioxVT, Oxford Instruments).

High-pressure magnetic susceptibility measurements were
performed in a miniature PCC using a superconducting quan-
tum interference device (SQUID) magnetometer (MPMS-5 T,
Quantum Design).

High-pressure synchrotron x-ray diffraction (XRD) was
carried out at room temperature at beamline BL15U1 of
the Shanghai synchrotron radiation facility (SSRF) with a
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FIG. 1. (a) Pristine phase of B35-type FeGe crystallizes in a hexagonal structure with a space group of P6/mmm. Fe atoms (yellow balls)
form two-dimensional kagome nets, with Ge1 atoms (purple balls) occupying the hexagonal centers where out-of-plane Ge2 atoms (cyan balls)
form honeycomb lattices above and below the Fe triangular centers. (b) Top view of the crystal structure. (c) Temperature-dependent in-plane
magnetic susceptibilities for a FeGe sample annealed at 320 ◦C measured under different applied magnetic fields. (d) Temperature-dependent
specific heat data for the FeGe sample. A nearly divergent specific heat jump occurs near TCDW, suggesting a typical first-order phase transition.
(e), (f) Temperature-dependent in-plane resistivity and its derivative for the FeGe sample measured at ambient pressure. (g), (h) Temperature
dependences of resistivity and its derivative for sample S1 measured in PCC under various pressures up to 2.38 GPa. (i), (j) Temperature
dependences of resistivity and its derivative for sample S2 measured in CAC under various pressures up to 14 GPa. The curves in (g)–(j) were
shifted vertically for clarity.

wavelength of λ = 0.6199 Å. A symmetric diamond anvil cell
with a pair of 300 µm culet size anvils was used to generate
pressure. A 110 µm diameter hole was drilled from the Re
gasket as the sample chamber, and Daphne 7373 oil was
loaded as a pressure transmitting medium. The pressure was
calibrated by using ruby spectroscopy at room temperature.
GSAS II [60] was used to refine the data using the Rietveld
method.

C. DFT + U calculations

DFT + U calculations were performed using the Vi-
enna ab initio simulation package (VASP) [61], with the
generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzerhof variety [62] as the exchange-correlation
potential. We apply the simplified approach introduced by
Dudarev et al. (LDAUTYPE = 2) [63]. The lattice parame-
ters a and c are relaxed in the non-CDW states by applying
the desired pressure via the key word PSTRESS. The A-type
AFM configuration is used in all the calculations. The internal
atomic positions of the CDW superstructure are relaxed until
the force is less than 0.001 eV/Å for each atom. The energy
cutoff is set to 500 eV. �-centered K-point grids of 8 × 8 ×
10, 9 × 9 × 10, and 9 × 9 × 3 are used for the 2 × 2 × 2,√

3 × √
3 × 2, and

√
3 × √

3 × 6 CDW superstructures, re-

spectively. The frozen phonon method combined with the
PHONOPY package [64] is used to calculate the phonon spectra.

III. RESULTS AND DISCUSSION

The pristine phase of B35-type FeGe crystallizes in a
hexagonal structure with a space group of P6/mmm. Each
Fe3Ge plane has a two-dimensional kagome net of Fe atoms,
with Ge1 atoms occupying the hexagonal centers where out-
of-plane Ge2 atoms form honeycomb lattices above and below
the Fe triangular centers. The Fe3Ge kagome layers and hon-
eycomb Ge layers are stacked alternately along the c axis, as
shown in Figs. 1(a) and 1(b). The CDW order in FeGe can
be tuned by the annealing method. Neutron diffraction and
scanning tunneling microscopy experiments revealed that the
as-grown FeGe samples exhibit a short-range 2 × 2 × 2 CDW
with a typical coherence length of 2–4 nm [47,48,56], and no
obvious anomalies at the CDW transition can be detected in
resistivity measurements [47]. In contrast, a long-range 2 ×
2 × 2 CDW [55,56] was observed in the annealed samples, in
which the correlation length is enhanced 10 times compared
to the as-grown FeGe samples, along with a sharp specific
heat jump and pronounced resistive kink appearing at the
CDW transition temperature TCDW [55,56,65]. Several XRD
experiments have revealed that the superlattice reflections
associated with the CDW order can be represented by three
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FIG. 2. (a) Temperature dependence of resistance under various pressures. (b), (c) Hall resistivity ρxy as a function of a magnetic field
measured at 1.6 K under different pressures. (d) The evolution of RRR and carrier density ne under pressure, which suggests that an anomalous
transition appears at approximately 20 GPa. (e) Phase diagram with pressure for annealed FeGe.

independent q-vectors: (0.5, 0, 0), (–0.5, 0.5, 0), and (0, 0,
0.5) [47,49,65]. In order to facilitate the observation of CDW
evolution under high pressure using resistivity measurements,
we chose annealed samples with long-range CDW order for
our experiments. We first checked the bulk physical properties
of annealed FeGe at ambient pressure by using magnetiza-
tion, heat capacity, and electrical transport measurements.
Figure 1(c) shows the temperature-dependent in-plane mag-
netic susceptibilities under different applied magnetic fields
for the FeGe sample. A sharp drop appears at approximately
110 K, indicating a long-range CDW transition [47]. In ad-
dition, a steplike feature near 60 K can be clearly observed,
which corresponds to a change in the magnetic structure from
a collinear A-type antiferromagnetic order to a double-cone
antiferromagnetic structure [55]. This feature weakens with
increasing magnetic field and becomes invisible at μ0H =
3 T. As shown in Fig. S1 in the Supplemental Material [66]
and Fig. 1(d), a hysteresis loop on the magnetic susceptibility
and a nearly divergent specific heat jump can be observed near
TCDW, suggesting a typical first-order phase transition. The
in-plane resistivity shows a monotonic drop with decreasing
temperature and exhibits a distinct kinklike anomaly at TCDW,
as well as a sharp peak in the derivative of the resistivity, as
shown in Figs. 1(e) and 1(f).

To investigate the evolution of the CDW state at high pres-
sure, we systematically performed resistivity measurements
on FeGe single crystals under pressure. Figures 1(g) and 1(h)
show the temperature dependence of resistivity ρ(T ) and its
derivative dρ(T )/dT of sample S1 measured with a piston
cylinder cell (PCC) under various pressures up to 2.38 GPa.
The kinklike anomaly in ρ(T) due to the CDW transition and

the corresponding sharp peak in dρ(T )/dT gradually move
to higher temperatures with increasing pressure. By using a
palm-type cubic anvil cell (CAC), higher-pressure resistance
data were measured on sample S2 up to 14 GPa, which are
shown in Fig. 1(i). The peak feature in dρ(T )/dT moves to
higher temperatures and weakens gradually with increasing
pressure, as shown in Fig. 1(f). In order to rule out that the
weakening of this CDW transition and the increase of the
residual resistivity ratio (RRR) may be caused by the grad-
ual development of defects or disorders in the crystal with
increasing pressure, we also measured the resistivity after
decompressing to 5 GPa, which is shown in Fig. S3 [66]. We
can clearly see that the peak in dρ(T )/dT due to the CDW
transition recovers sharply after decompression, and the RRR
value as well as the CDW transition temperature also match
the values obtained from the compression process. These re-
sults suggest that the weakening of CDW with pressure is
an intrinsic behavior of the sample and the CDW transition
temperature can be increased from 110 K at ambient pres-
sure to approximately 168 K around 14 GPa (TCDW = 174 k,
P = 15.2 GPa for S4; see Fig. S5 [66]), which is strikingly
different from that of other conventional CDW materials.

We also performed high-pressure electrical transport mea-
surements on sample S3 up to 48 GPa, as shown in Fig. 2.
Figure 2(a) displays the temperature dependence of the resis-
tance under various pressures. The resistance exhibits metallic
behavior over the entire pressure range from 1.7 to 48 GPa,
and the residual resistivity increases with increasing pressure.
We plot the residual resistivity ratio (RRR) as a function of
pressure, as shown in Fig. 2(d). It can be clearly seen that
RRR monotonically decreases when the pressure increases
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FIG. 3. (a) Powder XRD patterns of FeGe under various pressures up to 40.4 GPa. (b) Partial enlargement of the XRD patterns in the
dashed box. All the peaks can be well indexed by using the

√
3 × √

3 × 6 superlattice above 20 GPa. (c) Pressure dependence of the lattice
parameters a and c. (d) Pressure dependence of the volume per formula unit (V/Z). For comparison with the low-pressure phase, a and c in the
high-pressure phase are rescaled by 1/

√
3 and 1/6, respectively. Weak slope changes are observed in a, c, and V/Z around 20 GPa.

and undergoes a slope change around 20 GPa. Such behavior
is reproducible in sample S5, as shown in Fig. S8(c) [66]. Fig-
ures 2(b) and 2(c) display the Hall resistivity ρxy as a function
of a magnetic field at different pressures measured at 1.6 K.
At P ∼ 1.7 GPa, ρxy shows linear behavior at a low magnetic
field, and both the value and the slope of ρxy suddenly change
at the spin-flop transition field Hsf , as indicated by the red
arrows in Fig. 2(b), which is similar to the results at ambient
pressure. The Hsf at 1.7 GPa is decreased to 4.4 T compared to
7 T at ambient pressure, yet the CDW transition temperature
is increased.

As the pressure increases, ρxy becomes completely linear
over the whole magnetic field range, and the slope increases
with increasing pressure. Upon further increasing the pressure
beyond 21 GPa, ρxy gradually deviates from the linear behav-
ior, and the slope of the high-field ρxy gradually decreases
with increasing pressure, as shown in Fig. 2(c). Low-field
nonlinear behavior becomes progressively more pronounced
with increasing pressure, as shown in Fig. S7 [66]. The
derived pressure-dependent carrier density ne is plotted in
Fig. 2(d). The ne first decreases with increasing pressure and
then increases monotonically above 20 GPa. All of the above
electrical transport results indicate that a phase transition may
occur at approximately 20 GPa.

To further clarify the origin of the phase transition at ap-
proximately 20 GPa, we investigate the structural evolution at
high pressure. We performed high-pressure x-ray diffraction
(XRD) measurements on FeGe up to 40.4 GPa as shown
in Fig. 3. The XRD patterns collected at different pressures
are displayed in Fig. 3(a). The low-pressure XRD patterns
can be well fitted using the hexagonal P6/mmm space group
of the ambient pressure structure, and selected Rietveld fit-

ting results are shown in Figs. S9(a)–S9(c) [66]. When the
pressure is increased above 20 GPa, new weak diffraction
peaks appear in the XRD patterns. As shown in Fig. 3(b),
all these observed peaks can be indexed very well using the√

3 × √
3 × 6 superlattice. The derived pressure dependence

of the lattice parameters a, c and the volume per formula unit
V/Z are shown in Figs. 3(c) and 3(d), respectively. We can
observe a weak slope change in the normalized a, c and V/Z
around 20 GPa, which corresponds to a possible CDW that
appears at this pressure. These results indicate that a possible
CDW with

√
3 × √

3 × 6 spatial modulation appears at room
temperature. Having collected all the data, we can map out the
high-pressure phase diagram of FeGe, as shown in Fig. 2(e).

To clarify the origin of the unconventional TCDW vs P
behavior and pressure-induced possible CDW in FeGe, we
performed theoretical calculations. Our DFT calculations are
all based on the A-type magnetic configuration. Therefore,
we first checked that the A-type AFM is still the most stable
magnetic state under pressure in the Supplemental Material,
Sec. VIII [66]. The lattice parameters a and c relaxed by
DFT + U calculations at U = 0.2 eV under pressure are
shown in Fig. S15 [66]. The calculated total energies, ECDW −
Enon-CDW, for various CDW states with respect to the non-
CDW states, as functions of pressure P, are shown in Fig. 4(e).
We consider four different CDW superstructures: (1) The
2 × 2 × 2 CDW ground state with large dimerization of 1/4
Ge1 sites along the c axis at ambient pressure [Fig. 4(a)]
[49,53]; (2) the

√
3 × √

3 × 2 CDW superstructure with large
dimerization of 1/3 of Ge1 sites [Fig. 4(b)] [53]; (3) the√

3 × √
3 × 6 CDW superstructure (space group P-6m2) with

large dimerization of 1/3 of the Ge1 sites, but the in-plane
coordinates of the dimerized Ge1-sites are (0, 0), (1/3, 1/3),
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(d) Two possible

√
3 × √

3 × 6 metastable CDW superstructures built on the
√

3 × √
3 × 2 superstructure with different in-plane coordinates

(x, y) of the dimerized Ge1 sites (dark blue) in different bilayers. (0, 0), (1/3, 1/3), (0, 0) in (c), and (0,0), (1/3, 1/3), (2/3, 2/3) in (d) for the
first, second, and third bilayers, respectively. The small distortions of other sites are not shown here. (e) The DFT + U calculated total energies,
ECDW − Enon-CDW, for various CDW superstructures with respect to the non-CDW states as functions of pressure. Dashed and solid curves are
for U = 0 and U = 0.2 eV, respectively. (f) The total energies of the 2 × 2 × 2 CDW superstructure, �E = E (d ) − E (d = 0), as functions of
the Ge1-dimerization strength d = d1 − d2 at P = 0, 5.5, 12.3 GPa, for nonmagnetic (NM) and antiferromagnetic (AFM) states, respectively.
d = 0 means non-CDW state and the CDW states occur around d = 1.25 Å. (g) The energy difference of the AFM and NM states shown in
(f), �EAFM − �ENM, as functions of Ge1-dimerization strength d , which measures the magnetic exchange energies.

(0, 0) for the first, second, and third bilayers of kagome planes
[Fig. 4(c)]; (4) the

√
3 × √

3 × 6 CDW superstructure (space
group R-3m) with large dimerization of 1/3 of Ge1 sites, but
the corresponding in-plane coordinates of the dimerized Ge1
sites are (0, 0), (1/3, 1/3), (2/3, 2/3) [Fig. 4(d)]. At P = 0
and U = 0, the 2 × 2 × 2 CDW state is slightly higher in
energy than the non-CDW state. It becomes the ground state
after including a small U ∼ 0.2 eV, which is reasonable
since FeGe is a strongly correlated AFM metal and the spin
polarization is sensitive to the U value. The key finding is that
the total energies of the CDW states decrease with increasing
pressure, indicating an increase in the CDW transition tem-
perature, which agrees with our experimental observations.
Remarkably, the

√
3 × √

3 × 2 CDW superstructure becomes
the ground state at higher pressure (> 12 GPa). We also found
that

√
3 × √

3 × 6 (P-6m2) and
√

3 × √
3 × 6 (R-3m) be-

come lower in energy than the 2 × 2 × 2 CDW state at high

pressure, indicating that they are metastable CDW states and
could be stabilized under high pressure, which is consistent
with our experimental observations. We use the P-6m2 space
group to fit the XRD pattern measured at 36.2 GPa; all these
observed peaks can be well fitted as shown in Fig. S9(d) [66].
It should be noted that the double-cone magnetic structure
will not destroy the CDW state, and it only further reduces
the symmetry of the CDW superstructure. Furthermore, the
pressure-enhanced CDW state is very robust even in the pres-
ence of defects, as we discuss in the Supplemental Material,
Sec. VIII [66].

CDW was also observed in other kagome metals. For in-
stance, an exotic time-reversal symmetry breaking 2 × 2 ×
2 CDW has been discovered in AV3Sb5 (A = K, Rb, Cs)
and is believed to originate from the nesting between VHSs
near the Fermi level [17,19,21,23,24,27,67,68]. A

√
3 × √

3
CDW was also observed in the kagome metal ScV6Sn6,
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which is associated with strong electron-phonon couplings.
Regardless of whether it originated from the nesting of VHSs
or strong electron-phonon couplings [69–75], the CDW is
rapidly suppressed with increasing pressure [37,38,76]. Our
high-pressure electrical transport measurements revealed that
the CDW in kagome magnet FeGe is gradually enhanced with
increasing pressure, which is distinctly different from that of
other CDW kagome materials. Since it is suggested that the
nesting of VHSs at M points may play important roles in
driving the CDW states in kagome systems, such as AV3Sb5

(A = K, Rb, Cs), we check how the VHSs in FeGe evolve
under pressure. Figure S16 in the Suppplemental Material
[66] shows the calculated band structures of the non-CDW
states of FeGe at U = 0.2 eV for P = 0 and 9.3 GPa, re-
spectively. We found that the VHS at the M point is further
pushed away from the Fermi level under pressure, as shown
in the dashed rectangle in Fig. S16 [66]. Considering that
TCDW is enhanced by pressure, this excludes the possibility
of the nesting of VHSs as the CDW driver in FeGe. On the
contrary, this result is consistent with the decrease in the total
energies of the CDW state with increasing pressure obtained
from our DFT + U calculations based on the large dimeriza-
tion of Ge1 sites. Previous theoretical calculations proposed
that the CDW driving force in FeGe is a delicate balance
between magnetic energy savings and structural energy costs
by Ge1 dimerization [53]. Applying pressure will affect both
the structural and magnetic energies, which may further re-
duce the total energies of the CDW states. As shown by the
dashed curves in Fig. 4(f), the energies of the nonmagnetic
(NM) states decrease with increasing pressure at fixed Ge1-
dimerization strength d (∼ 1.25 Å), indicating it will cost less
structural distortion energy by Ge1 dimerization in the lattice
with a reduced c axis under pressure. Meanwhile, as shown
in Fig. 4(g), the magnetic exchange energies increase with
increasing pressure at fixed d (∼ 1.25 Å), since the pressure
tends to weaken the magnetism. This leads to less magnetic
energy savings by Ge1 dimerization at high pressure. As
shown by the solid curves in Fig. 4(f), the net effect is a
further reduction of the total energy of the CDW state under
pressure. Therefore, our experiments support such a scenario
[53]. As shown in Fig. S17 [66], the phonon spectra of FeGe is
still harmonically stable under high pressure, which indicates
that the possible

√
3 × √

3 × 6 CDW state is not primarily
driven by electron-phonon coupling; instead, it is still driven
by saving magnetic energy, same as the 2 × 2 × 2 CDW state
at ambient pressure.

Moreover, we found that the spin-flop transition field Hsf

decreases with increasing pressure and is accompanied by
an enhancement of CDW. The increase of CDW transition
temperature under pressure is accompanied by the decrease
of Hsf , which is similar to the variation of CDW transition

temperature vs Hsf observed in different annealed samples
at ambient pressure [55], and it can be well explained by
the scenario mentioned above. The enhancement of CDW
modulation under pressure leads to increased dimerization of
Ge1 sites in the Fe3Ge layers along the c axis, which weakens
the spin anisotropy energy that aligns the c-axis moment,
resulting in a decrease in Hsf .

Another key finding in this work is that the pressure-
induced possible CDW emerges above 20 GPa, which agrees
with the calculated metastable CDW states under high pres-
sure. The pressure-induced CDW is rather rare. Previous
experiments claim the pressure-induced CDW in the non-
magnetic material SnSe2 [77] and 1T -VSe2 [78], which is
attributed to strong Fermi surface nesting or electron-phonon
coupling. However, in our case, such CDW state is driven by
magnetic energy savings, which also confirms that the various
emergent CDW states in FeGe are driven by the delicate bal-
ance between magnetic energy savings and structural energy
costs by Ge1 dimerization.
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