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The recently discovered layered Kagome metals of composition AV3Sb5 (A = K, Rb, Cs) 

exhibit a complex interplay among superconductivity, charge density wave order, topologically 

non-trivial electronic band structure and geometrical frustration. Here, we probe the electronic 

band structure underlying these exotic correlated electronic states in CsV3Sb5 with quantum 

oscillation measurements in pulsed fields up to 86 T. The high-field data reveal a sequence of 

magnetic breakdown orbits that allows the construction of a model for the folded Fermi surface of 

CsV3Sb5. The dominant features are large triangular Fermi surface sheets that cover almost half 

the folded Brillouin zone. These sheets have not yet been detected in angle resolved photoemission 

spectroscopy (ARPES) and display pronounced nesting. The Berry phases of the electron orbits 

have been deduced from Landau level fan diagrams near the quantum limit without the need for 

extrapolations, thereby unambiguously establishing the non-trivial topological character of several 

electron bands in this Kagome lattice superconductor.  
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The interplay of superconductivity, charge density wave (CDW) order and non-trivial 

topology of the electronic band structure in the metallic Kagome lattice compounds AV3Sb5 (A = 

K, Rb, Cs) has generated substantial interest in the effects arising from van Hove singularities, 

Dirac crossings, electronic correlations, and geometrical frustration [1-7]. For instance, an unusual 

relationship between the CDW and superconductivity (SC) has been reported via pressure and 

doping studies: mechanical or chemical pressure induces a double-dome shaped superconducting 

phase diagram in CsV3Sb5 [8-13]. If the SC and CDW states compete for the same electrons at the 

Fermi surface [14, 15], suppressing CDW order should enhance Tc, suggesting an unconventional 

SC state in CsV3Sb5. The CDW order in CsV3Sb5 is itself fascinating due to the presence of chiral 

charge order and time-reversal symmetry breaking without local magnetic moments [16-21]. This 

state is believed to give rise to a large anomalous Hall effect [4, 5, 22]. The transition into the 

CDW state is accompanied by an in-plane unit cell doubling [3] and the concomitant folding of 

the Fermi surface and appearance of CDW-induced gaps which mostly affect bands derived from 

vanadium d-orbitals. Furthermore, in the out-of-plane direction, doubling [23, 24] or quadrupling 

[3] of the unit cell have been reported.  

Detailed knowledge of the reconstructed electronic band structure is prerequisite for 

understanding the interplay between different charge orders, flux phases and possible 

unconventional superconductivity in the AV3Sb5 family. While angle resolved photoemission 

spectroscopy (ARPES) has been invaluable in exploring the electronic structure, effects due to 

matrix-elements have largely precluded the visualization of the folded band-structure [25-27]. In 

contrast, quantum oscillations (QOs) are a direct manifestation of the actual Fermi surface 

revealing information on the quasiparticle effective masses, their lifetimes and their topological 

state. Here, we report on quantum oscillations observed in high-quality single crystal CsV3Sb5 in 

pulsed magnetic fields up to 86 T. Twenty-five distinct frequencies ranging from 20 T to 9930 T 

have been identified, with most of the high-frequency bands as new findings. In particular, the 

high-field data yield a sequence of magnetic breakdown orbits that allow us to construct a model 

for the folded Fermi surface. The dominant features are large triangular Fermi surface sheets that 

cover almost half of the folded Brillouin zone (BZ) that have not been seen via ARPES [6, 26]. 

These sheets display pronounced nesting in the folded Fermi surface. Using the Lifshitz-Kosevich 

(LK) formalism [28] we determine effective masses ranging from 0.17m0 to 2.02m0. The Berry 

phases of the electron orbits are deduced from Landau level (LL) fan diagrams.  Due to the very 
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high magnetic field, we can evaluate the phase of quantum oscillations near the quantum limit, 

thereby unambiguously revealing the non-trivial topological character of the β (Fβ = 79 T), the 1 

(F1 = 736 T), and the 2 (F2 = 804 T) bands. The latter two bands are derived from Dirac crossings 

at the K and H points in the BZ respectively, which our results place at 290 meV and 350 meV 

below the Fermi level (EF) while the former is derived from a crossing at the A-point 

(corresponding to the L-point in the unfolded BZ) at 107 meV below the EF.  

Quantum oscillation measurements using the tunnel diode oscillator (TDO) technique [29-

31] were performed at the pulsed-field facility in the Toulouse National Intense Magnetic Field 

Laboratory (LNCMI-T) CNRS (see Supplemental Material [32] for more details). Figure 1(a) 

displays the field dependence of the TDO frequency (fTDO) of single crystalline CsV3Sb5 measured 

in magnetic fields applied parallel to the c-axis.  

 

Fig. 1. (a) Field dependence of the TDO frequency (fTDO) of CsV3Sb5 at various temperatures. (b) 

SdH oscillations visible in ΔfTDO after the subtraction of the non-oscillatory part, plotted as a 

function of 1/B. (c) FFT spectrum of data presented in frame (b). Inset: the FFT spectra displaying 

high frequencies. (d) Temperature dependence of the FFT amplitudes for indicated bands. Solid 

lines are fits with thermal damping term of Eq.(S1) [32]. The numbers in the parenthesis in frame 

(c) and (d) denote the field range used for the FFT analysis.  
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The quantum oscillation observed as the oscillatory part of the TDO frequency, ΔfTDO, obtained 

after subtracting a smooth background [32] is plotted as a function of inverse field (1/B) in Fig. 

1(b). A complex spectrum with 25 distinct oscillation frequencies emerges from the fast Fourier 

transformation (FFT) analysis of the data with frequencies ranging from 20 T to 9930 T as shown 

in Fig. 1(c). The very high frequencies exceeding 2700 T are new findings reported here. Table 

S1[32] summarizes all the frequencies shown in Fig. 1(c). 

As the oscillatory TDO signal is a measure of the temperature and field dependence of the 

conductivity, we use the LK formalism for the analysis of Shubnikov-de Haas (SdH) oscillations 

[28, 32-34]. Figure 1(d) displays the temperature dependence of the FFT amplitudes for several 

bands. From fits of the observed temperature dependences to the thermal damping factor (Eq. (S1) 

[32]) we obtain cyclotron effective masses 𝑚𝜂
∗  = 0.19𝑚0, 𝑚𝜉2

∗  = 0.52𝑚0, 𝑚𝜛
∗  = 0.69𝑚0, 𝑚𝜏

∗ = 

1.57 𝑚0, and 𝑚ℜ
∗  = 2.02𝑚0. Data for additional bands are shown in Fig. S3 and in Table S1 [32]. 

In addition to bands with very light masses, already seen in previous studies [3, 35-39], we observe 

‘heavier’ bands with effective masses approaching 2. Such heavier bands are expected as van Hove 

singularities are contributing to the electronic structure near the Fermi energy [6, 40]. 

The 1st BZ of a hexagonal lattice with lattice constant a has an area of 8𝜋2 (√3 𝑎2)⁄  which, 

in the case of CsV3Sb5, is ~1.55 Å-2 corresponding to a quantum oscillation frequency of 16.24 

kT. In the CDW state, the BZ is folded to ¼ of its pristine size, that is, a frequency of about 4060 

T. This implies that all the high frequencies observed in Fig. 1(c) either represent harmonics of 

lower frequency orbits or are caused by magnetic breakdown or quantum interference [28]. 

Magnetic breakdown [28, 41-44] can arise when two extremal orbits on different sheets of the 

Fermi surface are so close (in k-space) that an electron (hole) can tunnel from one orbit to the other 

and continue its trajectory thereby inducing sum and difference frequencies in the spectrum. Their 

collective behavior can be described in a model of coupled networks of semiclassical electron 

trajectories yielding a relation for the oscillatory energy that is similar to the LK formula albeit 

with an additional damping factor characterizing the tunneling events [41, 45]. The prevalence of 

magnetic breakdown is indicated by Dingle plots [28, 46] displaying a clear non-monotonic 

behavior (Fig. S4 [32]). 
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The spectrum in Fig. 1(c) reveals a series of high-frequency orbits, F = 1943 T, F = 4025 

T, FR = 5996 T, FL = 8014 T, and FX = 9930 T that are approximately equally spaced at ~2000 T. 

Such a sequence could arise due to higher harmonics of the -orbit, magnetic breakdown orbits or 

quantum interference involving multiple copies of the -orbit. Higher harmonics have effective 

masses that are enhanced by the harmonic order over that of the fundamental, whereas the effective 

mass of breakdown orbits (between like carriers) and quantum interferences equals the sum and 

difference of the involved masses, respectively [44, 47, 48]. Experimentally, we find that the 

effective masses of the high-frequency orbits F, F and FR scale approximately as multiples (see 

Table S1[32] and above) thus ruling quantum interference out as the mechanism of high-frequency 

orbits. Our data indicate that the successive frequencies correspond to the addition of a unit to the 

orbit that is robust in very high fields and that occupies close to half the folded BZ. While the 

details of the reconstructed Fermi surface are currently not well established [37], the high-field 

behavior yields additional constraints and allows construction of a model that captures the 

observed behavior, as shown in Fig. 2 (also see Fig. S5 [32]). The schematic (Fig. 2(a)) suggests 

that the triangular orbit (shown in magenta) centered on the H-point and spanned by three A-points 

labeled 1, 2, 4 is the most likely the building block for the high-frequency orbits (see Fig. 2(b)), 

and we identify it with F.  

The experimental frequencies are systematically larger than expected for a harmonic, n × 

F. The -orbit has a frequency of 4025 T which is very close to the full folded BZ, labeled 1, 2, 

3, 4 in Fig. 2(a), see also Fig. S6 (a) [32].  This orbit can arise through magnetic breakdown near 

two A-points (2, 4) as depicted in Fig. 2(a), implying that this orbit has an area of two triangular 

-orbits plus the area of the narrow lamella centered on L between two close magenta sheets, the 

area of which we estimate to be ~100 T, even though the details of the Fermi surface (FS) near the 

L-point are uncertain. The 120-degree turns in the -orbit at locations 2 and 4 trace the orbit of the 

pristine FS and are therefore natural to arise during breakdown (Fig. 2(c)). Following this scheme, 

we identify the R-orbit (5996 T) with three triangular plaquettes (Fig. S6 (b)), the L-orbit (8014 

T) with four and a line at FX = 9930 T with five triangular plaquettes. Thus, our high-field 

observations reveal a remarkable network of reconstructed Fermi surface sheets that displays a 

high degree of nesting. As shown in Fig. 2(a), the Fermi velocity is essentially uni-directional over 

extended sections of the Fermi surface which is expected to yield characteristic signatures in 
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magneto-transport [49] and thermodynamic properties such as the temperature dependence of the 

upper critical field or of the penetration depth. While DFT calculations indicate that the  -band 

persists at the H, K and L points, near the M-point it is gapped [6, 7, 36]. Detailed angular 

dependent studies in high fields will be required to establish the three-dimensional structure of the 

reconstructed Fermi surface. 

 

Fig. 2. (a) Schematic of the 22 folded Fermi surface of CsV3Sb5 for kz = ±π/c in repeated zones. 

The crosses indicate likely breakdown junctions between the 2 and  orbits. (b) Enlarged 

schematic highlighting the 2 and  orbits. (c) Enlarged schematic showing details around the A-

point as indicated by the dashed lines. For clarity, 2-orbits are not included, and the yellow sheet 

is drawn at reduced size as compared to (a). The locations of breakdown are indicated as dashed 

lines. The arrows indicate the semi-classical trajectories of the carriers.  

Based on recent quantum oscillation measurements and band-structure calculations [36], 

we identify the triangular sheet centered on the H-point (presented in green, Fig. 2(b)) with the 2 

orbit having a frequency of 804 T. Accordingly, 1 (736 T) represents the corresponding triangular 

sheet centered on the K-point (kz=0). A carrier can tunnel from the -orbit to the 2-orbit at the 

point of smallest separation on the LH-line marked by crosses in Fig. 2(a), complete the 2-orbit, 

tunnel back to  at the same point and complete the -orbit resulting in a sum frequency of F+F2 
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of 2743 T which is close to the observed frequency of F = 2753 T. Furthermore, the measured 

effective mass of 1.13𝑚0 is close to the expected value of 1.21𝑚0.  Similarly, the ∂-orbit with a 

measured frequency of F∂ = 4827 T results from the same breakdown mechanism between the  

and the 2-orbits with an expected frequency of 4829 T.  

In addition to a complete 2-orbit, the carrier can tunnel back to the -orbit at the next 

point of proximity after completing 1/3 of the 2 orbit or at the following point of close proximity 

after completing 2/3 of the 2 orbit. These trajectories will generate quantum oscillation 

frequencies of 2/3 F+1/3 F2 = 1547 T and of 1/3 F+2/3 F2 = 1172 T, respectively, in very good 

agreement with the observed frequencies F = 1550 T and F1 = 1170 T. The corresponding 

measured effective masses of 0.86𝑚0  and 0.54𝑚0  appear in reasonable agreement with the 

expected values of 0.66𝑚0 and 0.57𝑚0. Near the L-point of the reconstructed BZ, sections of the 

triangular-shaped 2-orbits are almost parallel, resulting in a pronounced nesting with a nesting 

vector amounting to approximately 20% of the CDW vector (see Fig. S5(c) [32]). The 𝐹𝛽~79 T 

frequency, accompanied by a small effective mass of 0.17𝑚0   ([32]) has been observed 

consistently in all previous works [3, 4, 35-39]. These parameters are close to those reported for a 

small prolate ellipsoid shaped FS near the L point in the pristine BZ [36] which, upon 

reconstruction, appears at the A-point of the folded zone (small red circle in Fig. 2). The star-

shaped orbit near the zone center arises from intersecting and gapping of the magenta sheets, see 

Fig. 2(c). We identify this orbit with F motivated by its small size and the fact that it has the same 

effective mass as the -orbit. This orbit is an electron orbit. Our data did not enable the 

identification of the circular electron orbits centered on A and derived from Sb pz-states (shown 

in yellow in Fig. 2). A likely cause is the large number of breakdown junctions, 24, encountered 

on these orbits making them difficult to observe in quantum oscillations. Furthermore, some bands 

in Fig. 1(c) remain un-assigned, most notably ϑ, Λ, and the 1-2 pair which has the same splitting, 

68 T, as 1 and 2.  Possibly, these frequencies are associated with the 3D-structure of the Fermi 

surface, orbits in the kz = 0 plane and c-axis reconstruction [50]. The complete indexing and the 

explanation of the apparent grouping in the observed oscillations frequencies requires a systematic 

determination of the 3D Fermi surface of CsV3Sb5.  
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Following the LK formalism, the phase of the oscillatory conductivity at a given frequency 

reveals the Berry phase, that is, the topological state of the orbit in question. The oscillatory 

component of ΔfTDO for a given frequency is isolated via a filtering process [51]. Figure 3(a) shows 

ΔfTDO versus B−1 for the β-band isolated by using a band-pass filter (60-100 T). The Landau fan 

diagram is constructed by assigning the SdH oscillation minima to N, the LL index and maxima to 

N +1/2 [33]. As shown in Fig. 3(b), N(B-1) can be fitted as N = 0.40 + F/B yielding a frequency of 

Fβ = 85.43 T, in good agreement with that obtained from the FFT spectra (Fig. 1(c)). This implies 

that the filtering process to isolate the β-orbit preserves the original signal. The intercept of this 

linear equation gives the Berry phase as (𝛷𝐵
𝛽

/2π) + δ = 0.40. This band has previously been 

identified as a prolate electron ellipsoid [36], thus δ = -1/8 [52]. With this consideration, 𝛷𝐵
𝛽

~ π, a 

non-trivial Berry phase [53]. As the charge carriers reach the first LL (near the quantum limit) at 

86 T for the β band, we can determine the intercept in the LL plot without extrapolation from high 

LL indices thus unambiguously establishing the non-trivial topology of the  band. The non-trivial 

Berry phase accompanied by a small effective mass confirms the underlying non-trivial topology 

predicted by DFT calculations [2, 3, 36].  

 

Fig. 3. (a) ΔfTDO of the β band plotted as a function of inverse magnetic field (B-1). (b) Landau fan 

diagram constructed from the SdH oscillations in frame (a). (c)-(d) Similar data for the -band. 

The solid lines in frames (b) and (d) are linear fits of the data.  
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Similarly, the LL fan diagrams constructed for the γ-orbit (Fig. 3(c)-(d)) and η-orbit (Fig. 

S7(a) [32]) yield intercepts of ~0.2 and ~0, respectively. Thus, these two orbits have trivial 

topology. Even though very high frequency bands (e.g., τ and R) can be isolated with filtering 

hence enabling the construction of the LL fan diagrams, determining the Berry phase for those 

bands requires an extrapolation from high LL indices (Fig. S7(g-h) [32]). In addition, magnetic 

breakdown can induce additional phase shifts [28, 41-43] inducing uncertainty in the determination 

of the Berry phase. Nevertheless, as demonstrated in Fig. S7(d-h), the LL fan diagrams for the ω, 

κ-, τ- and R-orbits display the intercepts of ~0, ~0.5, ~0 and 0.5 respectively and the linear fits 

yield frequencies in good agreement with the spectral analysis. Furthermore, we verified that the 

extrapolations do not depend on the field range (Fig. S7) demonstrating that there are no field-

induced changes in the electron-orbits at high fields. For the 1 and 2 bands, we obtain Berry 

phases of ~1.32 and 1.14 (shown in Fig. S7(c, d)) identifying these bands as non-trivial, 

consistent with them being derived from Dirac crossings at the K and H points respectively. Using 

the linear relativistic Dirac dispersion, given as 𝐸 − 𝐸𝐷 =  ℏ𝑣𝐷𝑘, and an area of the orbit assumed 

to be circular, we obtain the location of the Dirac crossing, EF-ED, and the Dirac velocity, vD, in 

terms of measured quantities as 𝑣𝐷 =  √2𝑒ℏ𝐹 𝑚∗⁄  and 𝐸𝐹 − 𝐸𝐷 =  2𝑒ℏ𝐹 𝑚∗⁄ , yielding v ~ 

2.9×105 m/s and 3.5×105 m/s, and EF-ED ~287 meV and 353 meV for the 1 and 2 bands, 

respectively. A similar analysis yields EF-ED ~107 meV for the -band. These estimates for the 

location of the Dirac crossings are in good agreement with band structure calculations and ARPES 

results [6, 7, 36, 54, 55]. 

In summary, we discovered sequences of high field breakdown orbits on the reconstructed 

Fermi surface of CsV3Sb5 in pulsed magnetic fields up to 86 T. These results enable the 

construction of a consistent model for the folded Fermi surface. The dominant features are large 

triangular Fermi surface sheets that cover almost half of the folded Brillouin zone and are absent 

in ARPES measurements.  A series of QO frequencies can be understood as arising from 

breakdown orbits encompassing multiples of the triangular sheets. Using the LK formalism, we 

determined effective masses ranging from 0.17m0 to 2.02m0, and from LL fan diagrams, deduced 

the Berry phases of the electron orbits.  The very high magnetic field enabled us to evaluate the 

phase of quantum oscillations near the quantum limit without the need for extrapolations, thereby 

unambiguously revealing the non-trivial topological character of the β (Fβ = 79 T) band, and of 
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the 1 (F1 = 736 T) and 2 (F2 = 804 T) bands.  The latter two bands are derived from Dirac 

crossings at the K and H points, respectively. A reconstructed Fermi surface containing extended 

almost flat sections should yield characteristic signatures in magneto-transport and thermodynamic 

properties such as the temperature dependence of the upper critical field or of the penetration depth.  
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