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Evidence for unfolded Fermi surfaces in the charge-density-wave state of kagome metal FeGe
revealed by de Haas–van Alphen effect
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The antiferromagnetic kagome lattice compound FeGe has been revealed to host an emergent charge-density-
wave (CDW) state which manifests complex interplay between the spin, charge, and lattice degrees of freedom.
Here, we present a comprehensive study of the de Haas–van Alphen effect by measuring torque magnetometry
under magnetic fields up to 45.2 T to map Fermi surfaces in this unusual CDW state. For a field along the c
direction, we resolve four cyclotron orbits, with the largest one roughly corresponding to the area of the 2×2
folded Brillouin zone. Three smaller orbits are characterized by light effective cyclotron masses in the range
of (0.18–0.30)me. Angle-resolved measurements identify one Fermi surface segment with weak anisotropy.
Combined with band structure calculations, our results suggest that features of unfolded Fermi surfaces are robust
against CDW reconstruction, corroborating the unconventional effect of a short-ranged CDW on the electronic
structure.
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I. INTRODUCTION

Kagome-lattice metals possess a unique electronic band
structure that hosts Dirac points, van Hove singularities
(vHSs), and flat bands; due to the geometrically frustrated
interactions and complex sublattice interference in kagome
lattice, a plethora of exotic quantum phases of matter can
arise from these electronic states [1–5]. Recent experimental
achievements, including the realization of distinct topolog-
ical phases in kagome magnets [6–9] and the observation
of unusual density-wave orders [10,11] together with a
Potts-type electronic nematicity [12–14] in kagome super-
conductors AV3Sb5 (A = K, Rb, Cs), further highlight an
abundance of intriguing physical phenomena in kagome lat-
tice. Most notably, unconventional electronic orders emerging
from kagome lattices frequently invoke intertwinements be-
tween the charge, spin, orbital, and lattice degrees of freedom
[15,16]. Such intertwining orders serve as key ingredients for
understanding the intricate kagome physics.
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Hexagonal FeGe (space group P6/mmm, No. 191) has
recently been revealed as an ideal platform for exploring
the interplays between electronic orders in charge and spin
channels [17–19]. This material crystallizes in a B35 layered
structure composed of alternatively stacking Fe3Ge kagome
planes and Ge2 honeycomb planes [20] [inset of Fig. 1(a)].
At TN � 410 K, it develops a collinear A-type antiferro-
magnetic (AFM) order with Fe spins aligning along the
crystallographic c axis ([0001]) [20,21], which evolves into
a double-cone configuration below ∼60 K [22]. When a
magnetic field (H) is applied along c, a spin-flop transi-
tion occurs at HSF � 7 T at low temperatures (T ), above
which the Fe spins are aligned predominantly within the
kagome plane [21,23]. The latest neutron diffraction, scanning
tunneling microscopy (STM), and angle-resolved photoemis-
sion spectroscopy (ARPES) experiments [17–19] identify the
emergence of a charge-density-wave (CDW) order inside the
AFM phase region at TCDW � 100 K; the CDW order, mani-
fested by a 2×2×2 superlattice, is intimately coupled to the
ordered Fe magnetic moment. As pointed out by up-to-date
theoretical works [24–28], this CDW order is not caused
by conventional electron-phonon coupling; instead, it acts as
a rare example of electron-correlation-driven charge order
which is strongly intertwined with magnetism. Nonetheless,
the exact mechanism responsible for the CDW formation is
still under debate.

For a deeper understanding of the nature of unusual CDW
in kagome metal FeGe, information about the electronic
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FIG. 1. Magnetic-field(H )-dependent magnetic torque τ mea-
sured on a hexagonal FeGe single crystal up to μ0H = 45.2 T;
H was applied approximately parallel to the crystallographic (a) c
axis ([0001]) and (b) in-plane mirror axis ([011̄0]), respectively.
Data were taken at T = 0.34 K. Red and blue colors represent two
separated field-ramping steps for the hybrid magnet (see Sec. I in
the Supplemental Material [29]). Insets present the oscillatory torque
�τ , plotted against the inverse magnetic field 1/μ0H . �τ is obtained
by subtracting a polynomial nonoscillatory part from τ (H ). Upper
inset of (a) shows a schematic illustration of the crystal structure.

structure with high momentum resolution is urgently needed.
Quantum oscillation study is an unreplaceable tool for this
purpose since it can map the Fermi surface (FS) morphology
with extreme precision. This paper reports on the observa-
tion of the de Haas–van Alphen (dHvA) effect (i.e., quantum
oscillations in magnetization) in the CDW-ordered state of
FeGe. Four dHvA frequencies are resolved with H ‖ c; the
highest one corresponds to an orbit that roughly matches the
area of the folded Brillouin zone (BZ) for the 2×2 superlattice
(i.e., 1/4 of the unfolded BZ). The other three frequencies are
within the range of 440–550 T, indicative of small cyclotron
orbits. The strongest dHvA frequency shows a weak depen-
dence on the tilt angle θ between H and c up to θ ∼ 70◦,
highlighting three-dimensional (3D) character of the under-
lying FS. Moreover, the dHvA frequencies can be reasonably
assigned to the unreconstructed FS structure in the AFM state.
The band folding effect introduced by CDW is thus verified
to be weak. Such a scenario is in accord with the electronic
origin and short-ranged nature of CDW in FeGe.

II. EXPERIMENTAL MEASUREMENTS

Single crystals of hexagonal FeGe were synthesized using
the chemical vapor transport method [17]. Most of the dHvA
measurements were performed on samples from batch “A”
grown in Hefei which exhibit the strongest quantum oscil-
lation signals. In addition, single crystals from batches “B”
and “C” were also studied; these two batches were prepared
in Chongqing and Hefei, respectively. (For details of sample
preparation and characterization, see the Supplemental Mate-
rial [29].) High-field torque magnetometry was measured at
the Chinese High Magnetic Field Laboratory in Hefei. Data
with a fixed magnetic field direction were measured down to
0.34 K in a 3He cryostat placed in a hybrid magnet with the
maximum field of 45.2 T. Magnetic field was first ramped up
in a superconducting magnet coil which provides a maximum
field of 11 T; then current was supplied to a water-cooled re-
sistive magnet coil to give rise to an additional magnetic field
of 34.2 T; the τ -H curves shown in Fig. 1 display these two
field-ramping steps in different colors. Angle-resolved mea-
surements were performed in 4He cryostat (base temperature
T = 1.6 K) placed in a 31 T water-cooled bitter magnet. In
our experimental setup, a FeGe single crystal was attached to
a homebuilt capacitive torque magnetometer that consists of a
beryllium-copper thin-beam cantilever and a fixed metal plate.
Capacitance data were collected using an Andeen-Hagerling
AH2700A digital capacitance bridge. The magnetic torque
was determined from the variation of capacitance during
field sweeps: τ (H ) ∝ �(1/C)(H ); the proportionality factor
is given by the spring constant of the cantilever. Under a high
magnetic field, our technique allows a resolution of �1×10−8

emu for the measurement of magnetic moments.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) display the magnetic torque curves
for a FeGe single crystal measured in a 3He cryostat with
H ‖ c and H ⊥ ac (i.e., along the in-plane mirror axis [011̄0]),
respectively, up to a record-breaking static magnetic field
of 45.2 T supplied by a hybrid magnet. For H ‖ c, a sharp
anomaly appears at μ0HSF = 6.5 T, consistent with the field-
induced spin-flop transition [21,23]. Clear dHvA oscillations
develop in the spin-flop state with a pattern containing
both low-frequency (F ) and high-F components [inset of
Fig. 1(a)]. On the torque curve measured with H ⊥ ac, the
spin-flop transition is absent and weak dHvA wiggles emerge
only above ∼30 T [inset of Fig. 1(b)].

The oscillatory magnetic torque [�τ ; insets of Figs. 1(a)
and 1(b)] incorporates all the crucial information for a dHvA
study. Within the framework of 3D Lifshitz-Kosevich (LK)
theory [45],

�τ = A0B3/2
∑

i
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]
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Here A0 is a constant and the two sums run over band in-
dices i and oscillation harmonics p, respectively; Si is the
extremal momentum-space area of the ith FS (according to the
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FIG. 2. (a) Fast Fourier transform (FFT) spectra of the dHvA
data for H ‖ c measured at varying temperatures from 0.34 to 18 K.
The FFT windows used for resolving the low-F (below 850 T) and
high-F (above 3500 T) components are 12–44.65 T and 32–44.65 T,
respectively; FFTs in the two frequency ranges are shown in different
amplitude scales. Inset: the FFT spectra for H ⊥ ac configuration.
(b), (c) T dependence of FFT peak amplitudes for oscillation fre-
quencies shown in (a). Solid lines are fits to the thermal damping
factor RT in the Lifshitz-Kosevich (LK) formula [45].

Onsager relation, Fi = h̄
2πe Si), k‖ is the momentum component

parallel to H , RT , RD, and RS are the thermal, Dingle, and
spin-splitting damping factors, respectively, and �i is the total
phase of quantum oscillation. Due to the small magnetization
M of AFM FeGe (Fig. S2 in [29]), we have the magnetic
induction B ≈ μ0H .

We first look into the dHvA frequencies by performing
fast-Fourier transform (FFT) on the �τ (1/μ0H ) curves. As
shown in Fig. 2(a), for H ‖ c, four fundamental frequencies
can be resolved: Fα = 445 T, Fβ = 478 T, Fγ = 546 T, and
Fδ = 4515 T. The FFT peak of Fα is the strongest, suggesting
that branch α dominates the dHvA spectrum. The observation
of the frequency component Fδ is of particular interest, since
the corresponding orbit area reaches �23.6% of the in-plane
first BZ for the unreconstructed unit cell (∼19130 T, taking
the lattice constant a = 4.985 Å [18]). In other words, this
extremal orbit has an area roughly equal to the reconstructed
BZ in the scenario of 2×2 in-plane CDW modulation. For
H ⊥ ac, the dHvA oscillation waveform is characterized by a
single frequency, Fε = 687 T [inset of Fig. 2(a)]. This branch
stems from a closed orbit lying in a plane parallel to the
interlayer (c) direction. No higher harmonics (p > 1) are
discernible for any of these frequencies.

The T -dependent amplitudes of dHvA oscillations (i.e.,
heights of FFT peaks) are fitted to the damping factor
RT in the LK model [Eq. (1)]: RT = X/ sinh(X ), where

X = 14.69 (m∗/me)T/B, m∗ is the effective cyclotron mass,
and me the free electron mass [45]. The fitting results are
presented in Figs. 2(b) and 2(c). Light cyclotron masses
are revealed for dHvA branches α (m∗ = 0.20 ± 0.01me), β

(m∗ = 0.18 ± 0.01me), and γ (m∗ = 0.30 ± 0.03me). As for
the high-F component δ and the vertically extended cyclotron
orbit ε, the values of m∗ are fitted to be 0.74 ± 0.03 and
0.97 ± 0.05me, respectively. Considering the predominant Fe
3d orbital character of conduction electrons in FeGe [24,26],
the absence of remarkable quasiparticle mass enhancement
points towards a weak correlation effect for the detected elec-
tronic bands [46]. Analysis of the Dingle damping factor RD in
Eq. (1) (Fig. S4 in [29]) provides information of the scattering
rate: RD = exp[−14.69(m∗/me)(TD/B)]; the “Dingle temper-
ature” TD = h̄(2πkBτQP)−1 (τQP is the quasiparticle scattering
time and kB is the Boltzmann constant) [45]. Using a single-
component approximation, we obtain TD = (10 ± 3) K for
branch α (Fig. S4 in [29]), which converts to τQP = (1.2 ±
0.3)×10−13 s. For the dHvA main branch α (F = 445 T,
m∗ = 0.20me), the Fermi velocity vF = h̄kF /m∗ (the Fermi
vector kF = [2eF/h̄]1/2) is calculated to be 6.7×105 m/s; the
quasiparticle mean free path of this band is thus given by
lQP = vF τQP = (80 ± 20) nm.

To investigate the anisotropy of FSs, we mounted the ca-
pacitive magnetometer on a rotation stage and measured the
angle-resolved magnetic torque in a 31 T water-cooled Bit-
ter magnet. As H is rotated away from the c direction, the
anomaly at HSF becomes broadened and is smeared out above
θ ∼ 20◦; with further increasing θ , τ evolves into a monotonic
function of H [Fig. 3(a); see Fig. S5 in [29] for additional
angle-resolved data]. Within a small angular range of a few
degrees around θ = 15◦, a wide hysteresis loop appears on
τ (H ), which may reflect the formation of magnetic domains
with different canted spin components. dHvA oscillations on
τ show up till θ � 70◦ [Fig. 3(b)] and are absent for higher
angles. We point out that, up to θ ∼ 80◦, the profile of τ (H )
can be satisfyingly fitted to an AFM model with a spin-flop
field HSF � 6–8 T (see Sec. II in the Supplemental Material
[29]). Therefore, the dHvA signals are developed in a high-H
spin-flop state.

Because of the lower maximum field of the Bitter mag-
net, only one dHvA frequency can be unequivocally resolved
in our rotation experiments [Fig. 3(c)]. We assign it to the
strongest main peak Fα [Fig. 2(a)]. As plotted in Fig. 3(d),
Fα has a nonmonotonic but weak angular dependence with
its value varying between 440 and 540 T up to θ ∼ 70◦,
above which it suddenly disappears. LK fit at θ = 25.5◦ yields
m∗ = 0.28 ± 0.01me [inset of Fig. 3(d)]. These results, to-
gether with the observation of orbit ε with H ⊥ ac [Fig. 1(b)],
imply strong 3D character of FS morphology in the layered
compound FeGe.

By performing first-principles calculations based on the
density functional theory (DFT), we obtained the FS struc-
tures for both the pristine AFM [Fig. S8(b) [29]] and CDW
phases of FeGe (for details, see Sec. IV of the Supplemental
Material [29]). Extremal orbit areas were extracted and com-
pared with the experimental results. As shown in Fig. 4(a), all
dHvA branches measured with H ‖ c can be accounted for in
the unreconstructed band structure calculated for the pristine
phase, which is quite unusual for a CDW-ordered material.
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FIG. 3. (a) Magnetic torque τ (H ) of FeGe at various angles
θ , measured with H rotated in the ac plane (inset sketch). Solid
and dashed lines are upsweep and downsweep curves, respectively.
(b) Oscillatory torque �τ for different θ . (c) The FFT spectra of the
dHvA data shown in (b); the single FFT peak is indexed as Fα . In
(b) and (c), data at several θ are multiplied by a factor for clearance.
(d) Angular dependence of Fα measured in various samples. Green
dashed line is a simulation given by a hypothetical FS plotted in
Fig. 4(d). Inset: T dependence of dHvA amplitude measured at
θ = 25.5◦. Solid line is the LK fit.

The dominant α component is assigned to a local maximum
(kz = 0.59π ) on a FS centered at the K point in BZ, whereas
the highest frequency Fδ stems from a large FS sheet that is
also around K [Figs. 4(b) and 4(c); see also Figs. S9 and S10
in [29]]. ε is likely to be associated with a “neck” connecting
adjacent BZs [Fig. S10(d) [29]]. The weak θ dependence of Fα

may indicate a more isotropic segment on the corresponding
FS pocket compared with the DFT-calculated one, implying
that the real FS pocket is possibly more dumbbell shaped
[Fig. 4(d); see also Fig. S11 [29]]. Such deformation with a
reduction of kF in the basal plane potentially reflects the im-
pact of CDW modulation and is indeed consistent with recent
ARPES results [44]. Nevertheless, DFT calculations based on
the 2×2×2 CDW order reported in Ref. [17] cannot reproduce
the observed dHvA frequencies [Fig. 4(e); see also Fig. S12(b)
in [29]]. We note that additional symmetry limitations have
been proposed for the CDW-ordered state [25,27] and these
models are to be tested against our dHvA data.

FIG. 4. (a) dHvA frequencies for the H ‖ c configuration ex-
tracted from the FS maps calculated for the unreconstructed (pristine)
structure, plotted against kz. Experimental values are denoted by ver-
tical dashed lines. Red and purple symbols represent the calculated
orbit areas that match experimental results, while the gray symbols
are absent in our dHvA data. (b) FS contours in the planes of kz =
0, 0.59π , and 0.64π ; colored circles are extremal orbits resolved by
dHvA measurements. (c) DFT-calculated FS structure in the spin-
flop AFM state for the pristine phase. The vertical coordinate axis on
the right side shows the value of kz for the first BZ. (d) An expanded
view of the electronic pocket around K . The red dumbbell lobe is
an illustration of a hypothetical FS pocket which can describe the
angle-dependent dHvA frequencies presented in Fig. 3(d). (e) Same
as (a) but calculated for the 2×2×2 CDW-reconstructed phase [17]
[see Fig. S8(d) in [29]].

The absence of CDW-reconstructed orbits can be attributed
to two reasons. (i) The weak CDW distortion results in small
spectral weights for the folded bands; consequently, the hy-
bridization gap between the intersecting folded and original
bands are small, allowing magnetic breakdown recovering
the unreconstructed orbits at low H [47]. (ii) Due to a small
CDW correlation length ξ (compared with lQP), the electron
cannot effectively “see” the translational symmetry breaking
caused by superlattice formation during their cyclotron mo-
tion [48]. It has been pointed out that a very short ξ severely
reduces the quantum oscillation amplitude by introducing an
additional damping factor RCDW, which gives an exponential
decay with increasing ratio of the cyclotron radius rc to ξ

[49]. Intriguingly, ξ in hexagonal FeGe can be controlled by
changing growth and annealing conditions [29,30]. The dHvA
effect is completely absent in samples with a very short ξ of
2–4 nm [37] (batch “C”, Fig. S7 [29]), verifying the damping
effect from RCDW [50]. Unexpectedly, in the FeGe samples
(batch “B”, grown in Chongqing) with long-range CDW (ξ >

100 nm as revealed by STM [32]), dHvA oscillations are
invisible at low θ and can only be resolved in a narrow
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angular range of ∼55–71◦ (Fig. S7 [29]). Possible explana-
tions include the limitation of lQP from sources other than ξ

(e.g., point defects) and/or enhanced scattering in the long-
ranged CDW state at special k points on the reconstructed
orbits that interrupts the cyclotron motion [29,38,51].

The dHvA effect in kagome lattice FeGe provides an inter-
esting contrast to the unique quantum oscillations observed in
cuprate high-temperature superconductors [52–56], wherein
short-ranged CDW is also revealed [with ξ ranging from a
few to several tens of nanometers; for instance, YBa2Cu3O6+x

[52–54] and HgBa2CuO4+δ [55,56] with (ξ, lQP) = (∼30 nm,
16–17 nm), and (2 nm, 8.5 nm), respectively], yet the oscilla-
tions originate from CDW-reconstructed FSs. As for FeGe,
we propose that the length scales lQP, rc, and ξ in our batch
“A” samples establish a unique parameter window in which
RCDW is sufficiently large for observing dHvA, yet ξ is not
long enough to bring out the reconstructed orbits [57]; both in-
crease and further decrease of ξ appear to be detrimental to the
electron orbiting process. Further investigations concerning
the underlying microscopic mechanism would grant insights
into the nature of the electronic system in compounds possess-
ing unusual CDW orders, e.g., cuprates, CsV3Sb5 [58,59], and
Ta4Pd3Te16 [60].

In summary, we unveil the dHvA effect in kagome metal
FeGe using torque magnetometry under intense magnetic
fields. The dHvA oscillations, observed with both in-plane
and out-of-plane field orientations, provide crucial infor-
mation of the fermiology in the CDW ordered state. The
identified cyclotron orbits have light masses and a comparison

with the DFT-calculated bands assigns them to the strongly
3D FSs in the unreconstructed band structure. The folded
bands introduced by CDW modulation are not observed; the
effect of reconstruction is only reflected by a putative de-
formation of one initial FS. Such phenomena imply that the
emergent charge order in FeGe, which intertwines strongly
with magnetism, has a presumably weak and unconventional
impact on the FS morphology—probably due to its limited
correlation length. Our results add to the abundance of pecu-
liar physical properties associated with the short-ranged CDW
order arising from electron correlations.
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