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The recently discovered kagome net compounds AV3Sb5 (A = K, Rb, Cs) become superconducting on cooling, in
addition to displaying interesting topological features in the electronic structure. They also exhibit charge density wave
ordering, which manifests as a breathing-mode distortion in the kagome layers. It has been suggested that such ordering
derives from nesting between saddle points on the Fermi surface. In aid of the evolving understanding on this intriguing
materials class, we present calculations of the Fermi surface nesting and the Lindhard susceptibility of CsV3Sb5. The
breathing mode distortions appear to not display a simple link with Fermi surface nesting (FSN) and do not display the
signatures of a Peierls-like transition. The FSN is agnostic to changes along kz and is only mildly impacted by small
shifts of the Fermi level. The results suggesting that FSN is largely independent of specific features in the saddle point.

Compounds with kagome nets have attracted recent at-
tention due to the interesting ground states they can dis-
play. As a consequence of their geometry and depend-
ing on the degree of electron filling, kagome materials are
predicted to host a variety of instabilities associated with
spin liquid states, superconductivity, charge density waves
(CDW), and more.1,2 The recently discovered non-magnetic
kagome metals AV3Sb5 (A = K, Rb, Cs) exhibit charge den-
sity wave and superconducting order and are predicted to host
Z2 topological surface states.3–5 The transitions and function-
alities have been attributed to features in the electronic band
structure, and, more specifically, the saddle point located at
M, which participates in topological band inversion. Phe-
nomenological models have long predicted 2D charge den-
sity waves in kagome metals with 3-fold rotational symme-
try, also known as 3Q phases, due to perfect Fermi surface
nesting (FSN) between M points.6–9 Such a 3Q charge den-
sity wave order has been detected experimentally in all mem-
bers of the AV3Sb5 family.10–16 These results have been sup-
ported by simulations17 demonstrating the instability of the
room temperature structure to 2D breathing mode distortions
q = [1/2,1/2,0], q = [1/2,1/2,1/2] associated with phonon
modes at the M and L points.

Aside from 3Q order, additional CDW distortions have
been observed. Surface probes like scanning tunneling mi-
croscopy observe a unidirectional 4a0 stripe ordering,10 and
bulk X-ray diffraction results to date suggest either 2 or 4-
fold distortions along the c-axis, meaning that the total q-
vector for the bulk charge density wave may be L-type (q =
[1/2,1/2,1/2]) or U-type (q = [1/2,1/2,1/4]).12,13 This c-
axis order may arise due to shift-stacking of the kagome
planes,18 or an in-out variation of the breathing mode12.
While previous theoretical work makes Fermi surface nest-
ing an obvious possible explanation for in-plane 3Q ordering,
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it is unclear whether these additional distortions could be at-
tributed to nesting instabilities.

The crystal and electronic structures of CsV3Sb5 are pre-
sented in Fig. 1. (a) shows the room temperature structure
with perfect un-distorted kagome net. The reciprocal space
Brillouin zone with marked high symmetry points is presented
in 1(b). There are two in-plane breathing mode candidates for
the CsV3Sb5 structure, the Star of David (SoD) and the in-
verse Star of David (ISD) (also known as Tri-Hexagonal12)
distortions, which are illustrated in 1(c) and (d), respectively.
SoD and ISD are M-type distortions with q = [1/2,1/2,0].
(e) presents the electronic band structure of CsV3Sb5 with
the M saddle point region highlighted in green. While mul-
tiple saddle point features are expected in kagome metals and
present in the band structure of CsV3Sb5,19 the CDW instabil-
ity in this compound is most commonly ascribed to the large
flat saddle-point band at ESP

F . Although there is some small
discrepancy between calculations, ab initio simulations gen-
erally place the Fermi level above the saddle point, at EDFT

F .
Several experimental studies employing angle-resolved pho-
toemission spectroscopy have suggested that the true Fermi
level may lie slightly lower, just on or above the saddle point
near ESP

F .4,15,19

Although the Peierls description of nesting-driven distor-
tions often succeeds in 1D materials,20–22 for higher dimen-
sional materials with 2D or 3D connectivity, this model needs
to be extended. One way to understand whether the electron
response can drive a Peierls phase transition is to calculate
the susceptibility, χ(q,ω), for a given electronic configuration
and to use the zero frequency value of the Lindhard response
function, χ0(q,ω = 0).21 Previous work by Johannes and
Mazin23,24 demonstrated that Fermi surface nesting, which
can be determined as divergence in the imaginary part of the
Lindhard susceptibility, χ ′′(q), fails to prescriptively predict
CDWs in a variety of 2D materials. The strongest peaks in
χ ′′(q) often do not correspond to the true CDW q-vector seen
in experiment, and many materials undergo no CDW transi-
tion despite the presence of strong FSN peaks. True elec-
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FIG. 1. Crystal and electronic structure of CsV3Sb5. (a) Room temperature structure with un-distorted kagome nets. (b) reciprocal space
Brillouin zone with high symmetry points labeled. (c) and (d) present two in-plane breathing mode candidates, the Star of David (SoD) and the
inverse Star of David (ISD) distortions. These M-type distortions have q = [1/2,1/2,0]. (e) Presents the electronic band structure of CsV3Sb5,
displaying the Fermi level from DFT calculations, and the previously-observed experimental Fermi level.

tronic instability is represented instead by peaks in the real
part of the susceptibility, χ ′(q). A FSN-driven CDW distor-
tion, argue Johannes and Mazin, can only be attributed to a
simple Peierls-like origin if a strong Fermi surface nesting
peak at the experimental q-vector in χ ′′ carries over to a sim-
ilar peak at the same location in χ ′(q).24 This method was
demonstrated to clarify the distortion mechanism in NbSe2, a
quasi-2D hexagonal metal with charge density wave (TCDW ≈
35 K25) and superconducting (Tc ≈ 7.2 K26) transitions and
striking behavioral similarity to quasi-2D hexagonal CsV3Sb5
(TCDW = 94 K, Tc = 2.5 K4); while the NbSe2 χ ′′(q) calcu-
lation produces a peak at q = [1/3,1/3,0], the χ ′ calcula-
tion generates a completely separate peak that reproduces the
experimentally-observed q-vector at [1/3,0,0].23

Given the significant volume of qualitative discussion sur-
rounding Fermi surface nesting in the AV3Sb5 system at
present,12,16,18,19,27–29 here we offer explicit FSN and Lind-
hard response calculations on CsV3Sb5 to determine whether
the CDW can be attributed to a clear Peierls-like nesting
mechanism.

We used the Wien2k full potential code30 with the Perdew-
Burke-Ernzerhof (PBE)31 approximation to the exchange cor-
relation functional. The spin-orbit interaction was accounted
for using the second variational principle, as implemented
in the code. We used the structure relaxed with the VASP
code32,33 where a van-der-Waals correction was added to bet-
ter approximate the distance between the 2D planes (We em-
ployed the PBE functional31 with D3 correction34; all param-
eters were identical to Ref.4. a and c unit cell parameters were

5.45 Å and 9.35 Å, respectively). We used a dense k-mesh of
20×20×9 for the self-consistent calculation and then a denser
mesh of 50×50×12 for calculation of the Fermi surface and
the real and imaginary parts of the Lindhard function, taken in
both cases in the limit that the frequency goes to zero23,24.

Our results are summarized in Fig 2. Fig 2 (a) presents
χ ′′(q) calculated for EF = EDFT

F . The largest peaks corre-
spond to the perfect self nesting at q = [0,0], q = [1,0], etc.
and provide no real information. The additional peaks form
a complex pattern of ridges. At the M-points, with q-vectors
[1/2,0.0], [1/2,1/2], [0.0,1/2], there is indeed a peak in the
nesting function. One such q-vector is indicated with a red
arrow. However, this peak is not isolated, but instead part of a
larger triangular ridge pattern that runs along the Γ−M lines.
These triangular nesting ridges have a finer grained striped
texture, with up to three parallel nesting lines. A near circu-
lar nesting pattern rings the largest trivial peaks. All of these
nesting features are similar for the kz = 0 and kz = 1/2 planes.
In (b), the Γ−M nesting ridges are shown to carry over to the
real part, χ ′(q). The circular ridges also have increased inten-
sity in χ ′(q). In fact, the highest intensity peaks of χ ′(q) are
associated with the circular ridges and do not occur at M-like
q vectors. We also performed Lindhard susceptibility calcu-
lations with the saddle point shifted to the Fermi level. The
imaginary part and the real part of those calculations at dif-
ferent kz values are presented in Fig. 2 (c) and (d), respec-
tively. Although the relative peak heights vary when adjusting
Fermi level, there is no major qualitative difference between
the Lindhard calculations.
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FIG. 2. Fermi surface nesting and Lindhard response function in CsV3Sb5. The imaginary and the real part of the Lindhard susceptibility
function at different kz for the DFT Fermi level electronic structure is presented in (a) and (b), respectively. The imaginary and the real part at
the saddle point (SP) energy level are presented in (c) and (d).

This combination of circular and triangular ridges in the
Lindhard function matches the pattern previously observed in
experimental quasi-particle interference measurements10 and
can be explained in terms of the Fermi surface geometry. Fig.
3 presents the Fermi surfaces calculated for both (a) EDFT

F and
(b) ESP

F . In both cases, the Fermi surface topography is qual-
itatively similar, with a central circular Fermi surface pocket
surrounded with hexagonal and triangular pockets. The cen-
tral pocket, which derives mainly from antimony p states,
nests with the larger hexagonal pocket to generate the cen-
tral circular patterns in the Lindhard function. The remaining
triangular and hexagonal pockets, which have primary V d
contributions, have strong 2D nesting of linear segments all
along the Γ−M direction, indicated by green lines. The M-
point of this nesting is indicated with a red arrow. By contrast,
the saddle-point nesting, indicated in (b), results in very small
overlap and therefore does not strongly affect the overall Lind-
hard function.

These results allow us to make a number of statements
about Fermi surface nesting-driven instabilities in CsV3Sb5
and other AV3Sb5 kagome family members (which have vir-
tually indistinguishable electronic structure). First, the peaks
at the M-point in the nesting function and real part of sus-
ceptibility are not uniquely strong, instead they are part of
ridges along Γ−M. This indicates that they do not drive the
electronic instability, though some contribution is not out of
the question. When considering the real part of the Lindhard
function, the Γ−M ridges have intensity similar to or less than
the central circular ridge that arises due to nesting of the cen-
tral pocket of the Fermi surface, which originates primarily
from the Sb p, with the somewhat larger hexagonal pocket.

Second, Fermi surface nesting is kz agnostic. Despite small
changes in the magnitude of the peaks, the χ ′′(q) and χ ′(q)
maps are qualitatively identical at kz = 0 and kz = 1/2 for all
calculations. This is true not just for high symmetry planes;
e.g., the results for kz = 1/4 are also similar. It is there-
fore difficult to argue that either the 2-fold or 4-fold c-axial
distortions seen in experiment could be uniquely favored by
electronic structure instability. Finally, because the Lindhard
function is not altered appreciably with changing Fermi level
and/or at different kz value (the M saddle point is at kz = 0),
the kagome saddle point appears to be irrelevant to the total
nesting. In fact, the Lindhard intensity does not even favor
V kagome intrinsic instability related to outer pockets of the
Fermi surface over instability involving the central circular an-
timony pocket.

Zhu et al.22 proposed a classification of CDWs into three
different types based on the mechanism behind their for-
mation. Within this scheme, type-I CDWs follow the
Peierls picture—wherein the transition is driven by FSN,
whereas type-II CDWs are associated with q-dependent elec-
tron–phonon coupling, and type-III covers correlated systems
with charge modulations such as cuprates in which neither
FSN nor electron-phonon coupling appear to explain the tran-
sition. Overall, our results support the view that the charge
density waves in CsV3Sb5 do not derive from a unique in-
stability in the electronic structure and cannot be categorized
as type-I Peierls-like distortions. Electron-phonon coupling
has been identified as the main driver of structural instabil-
ity in NbSe2

23,35 and is a likely explanation of the observed
ordering in the AV3Sb5 family as well. While new exper-
iments indicate that the phonon transitions in CsV3Sb5

36,37
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FIG. 3. Fermi surfaces and origins of nesting. Fermi surfaces are
presented at (a) EDFT

F (b) ESP
F . The circular FSN ridges derive from

nesting between central circular and hexagonal pockets. The Γ−M
FSN ridges derive from strong nesting and linear overlap of the trian-
gular and hexagonal regions, highlighted in green. The main M-type
FSN vector is highlighted in red for both Fermi level choices, while
the weak saddle point nesting at the M-point is indicated in orange
in (b). The Figure illustrates that they are multiple type of M-like
nesting that we could have in this Fermi surface, and the dominant
M-type nesting is not the one between the M saddle points (M point
nesting which showed by the orange dashed arrow is not the domi-
nant nesting). The saddle point shows up in Fermiology as extremely
2-D rectangles oriented such the nesting is weak (if even existed).

may be more complex than the phonon softening previously
observed in NbSe2, electron phonon-coupling effects may ex-
plain the strong influence of chemical doping on the CDW
in this compound38,39. Although we have demonstrated that
the M saddle point does not play a major role in Fermi sur-
face nesting, the peak in the density of states associated with
the saddle-point, a van Hove singularity, may still play an es-
sential role in the CDW transition. Van Hove singularities
have long been known to contribute to anomalies in the elastic
properties40 and phonon spectra41 of metals and the proximity
of van Hove singularities to the Fermi level can still govern the
magnitude of phonon hardening or softening even in systems
where the CDW q vector can be derived from Fermi surface

nesting42.
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