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Nature of order-disorder charge-density-wave phase transition in kagome metal RbV;Sbs
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Using first-principles density-functional theory calculations and free energy analysis, we demonstrate that for
RbV;Sbs, the long-range 2x2x?2 charge density wave (CDW) is condensed from the disordered 2x2 charge
orders at Tcpw, indicating an order-disorder nature of CDW phase transition. It is revealed that the dynamic
fluctuations of four degenerate 2 x 2 charge orders exist above Tcpw, giving rise to a configurational entropy. Our
free energy analysis predicts the first-order transition with a release of entropy at Tcpw ~ 95 K, consistent with
the measured specific heat data showing the presence of a sharp peak across the phase transition. Furthermore,
we identify that the CDW fluctuations above Tcpw occur through a thermal reaction with the concerted V-V bond
breakages and formations of V trimers and hexamers, corroborated by the experimental evidence of strong CDW
fluctuations extending to higher than ~1.7 x Tepw. The present results not only shed light on the nature of the
first-order, order-disorder CDW phase transition in AV3Sbs but also have broader implications for understanding
the disorder-induced collapse of long-range CDW order in other kagome metals such as ScV¢Sneg and FeGe.
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I. INTRODUCTION

The two-dimensional (2D) kagome lattice, made of corner-
sharing triangles, has attracted significant interest in con-
densed matter physics because it provides an ideal platform to
investigate novel quantum phenomena including geometrical
frustration, nontrivial topological states, and strong electron
correlations [1-3]. Specifically, a family of V-based kagome
metals AV3Sbs (A = K, Rb, Cs) consisting of three-atom-thick
Sb-V;3Sb-Sb and one-atom-thick A layers [see Fig. 1(a)] has
been observed to exhibit a variety of exotic quantum states
such as unconventional charge density waves (CDWs), elec-
tronic nematicity, anomalous Hall effect without long-range
magnetic orders, and superconductivity [4—10]. The electronic
structure of AV3Sbs compounds shows the saddle points of
linearly dispersive Dirac bands at three inequivalent M points
of the Brillouin zone near the Fermi level Er. Consequently,
the Fermi surface nesting (FSN) of such van Hove singu-
larities (VHSs) was proposed to be a driving mechanism of
the CDW formation through an electronic instability aris-
ing from a diverged susceptibility [8,11-14]. However, other
mechanisms based on phonon softening [15] arising from
momentum-dependent electron-phonon coupling [16-22] or
Jahn-Teller-like distortion [23] have also been proposed [24].

Earlier scanning tunneling microscopy  [12,13],
angle-resolved photoemission spectroscopy [8], and optical
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spectroscopy [14] studies proposed the FSN scenario of
the saddle point-derived VHSs at the M point, which can be
readily derived from the band structure of an ideal 2D kagome
lattice with s orbital [11]. However, this scenario has been
questionable because the Fermi surface of the pristine phase
of bulk CsV3Sbs, obtained using density-functional theory
(DFT) calculations, hardly produces a dominant peak of
electronic susceptibility at the M point [23,26]. Meanwhile,
although the calculated phonon spectrum of the pristine phase
of AV3Sbs exhibits soft modes at the M and L points with
imaginary frequencies [27,28], inelastic x-ray, neutron, and
Raman scattering experiments [29] have shown no evidence
of the anomaly of the low energy acoustic phonon dispersion
across the CDW phase transition, indicating the absence of
the Kohn anomaly. Therefore, the FSN and phonon softening
scenarios for the CDW phase transition in AV3;Sbs have
conflicts between existing experimental and theoretical
studies.

Meanwhile, recent diffuse scattering (DS) and inelas-
tic x-ray scattering (IXS) experiments [30] for RbV;Sbs
and CsV3Sbs reported that (i) the phonon fluctuations of
3D 2x2x2 CDW are identified above Tcpw (~104 K for
RbV;Sbs and ~94 K for CsV;Sbs) while they are sup-
pressed to form a long-range 2x2x2 CDW order below
Tepw and (ii) the intensity of the quasielastic central peak
of IXS follows the DS intensity across the CDW phase
transition, indicating an order-disorder type without phonon
softening. Furthermore, heat capacity, electrical, and thermal
transport measurements [31] of AV3Sbs also demonstrated
the development of short-range CDW fluctuations above
Tepw. Specifically, for CsV3Sbs, the disordered phase with
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FIG. 1. (a) Crystal structure of the pristine phase of RbV;Sbs,
together with Brillouin zone. Here, Q;, Q», and Q3 represent vectors
connecting different M points. The SD kagome structure composed
of three one-dimensional V-dimer chains D;, D,, and D; is dis-
played in (b), where the arrows indicate the direction of V-atom
displacements and the dashed line represents the 2x2 unit cell. The
patterns of V-kagome lattice in four degenerate 2x2x 1 ISD config-
urations are drawn in (c) and the ;r-shifted 2x2x2 ISD structure is
drawn in (d).

CDW fluctuations extends up to ~160 K, equivalent to
~1.7 x Tepw [32]. This experimental evidence of the order-
disorder-type CDW phase transition at Tcpw contrasts with
the FSN and phonon softening scenarios accompanying dis-
placive structural transformations from the pristine phase
[11,18-22,33-36]. However, the nature of the observed order-
disorder CDW phase transition in AV3Sbs is yet to be
explored.

In this Letter, we explore the atomic-scale understanding
of the order-disorder CDW phase transition in RbV3Sbs using
first-principles DFT calculations and free energy analysis.
For T > Tcpw, the disorder phase is characterized by the
dynamic fluctuations between four degenerate 2x2 charge
orders, which occur through a thermal reaction with the
consecutive bond-breaking and bond-making processes of V
trimers and hexamers. However, as temperature lowers toward
Tepw, such CDW fluctuations are suppressed and replaced by
the long-range 2x2x2 CDW phase with a release of entropy,
indicating a first-order, order-disorder CDW phase transition.
By comparing the Helmholtz free energies of the order and
disorder CDW phases, we predict Tepw as ~95 K, close to the
experimental Tcpw = 104 K. Our findings provide an explana-
tion for the recently observed order-disorder transition in the
CDW phase of AV3Sbs [30-32], with broader implications for
such CDW phase transitions reported in other kagome metals
like ScVgSng [37-39] and FeGe [40].

II. CALCULATIONAL METHODS

Our first-principles DFT calculations were performed
using the Vienna ab initio simulation package with

the projector-augmented wave method [41-43]. For
the exchange-correlation energy, we employed the
generalized-gradient approximation functional of Perdew-
Burke-Ernzerhof [44]. The plane wave basis was employed
with a kinetic energy cutoff of 500 eV, and the k-space
integration was done with 6x6x8 and 6 x6x4 meshes for the
2x2x1 and 2x2x2 phases, respectively. For the electronic
(phononic) density of states (DOS) calculations of the 2x2x 1
and 2x2x2 phases, we used dense 18x 18x24 (64 x64 x64)
and 18x18x12 (36x36x36) k meshes, respectively, which
give sufficiently converged results. All atoms were allowed
to relax along the calculated forces until all the residual
force components were less than 0.0001 eV /A. The phonon
dispersions were calculated using the finite displacement
method implemented in the phonopy software [45,46]. The
energy barrier along the transition pathway between two
degenerated 2x2x1 phases is calculated using the nudged
elastic band method [47,48].

III. RESULTS AND DISCUSSION

It has been well established that the CDW order of AV3Sbs
accompanies the lattice distortion of V kagome layer with
a 2x2 periodicity, forming the so-called Star-of-David (SD)
or inverse Star-of-David (ISD) structure [27]. As shown in
Fig. 1(b), the SD structure is constructed by the combination
of three 2x 1 1D V-dimer chains Dy, D,, and D3 along the Q,,
Q>, and Q3 directions, respectively. Here, if these dimerized
charge bond orders D, D,, and D3 flip the directions of the
displacements of V atoms, SD turns into ISD which has a
periodic arrangement of V atoms in triangles and hexagons
[see Fig. 1(c)]. We note that there are four translationally
equivalent ISD configurations with shifting one pristine lattice
constant along the Q;, Q», and Q3 directions. These 2x2 SD
and ISD charge orders can be stacked along the c¢ axis to
form a certain 3D CDW order [13,49,50]. There have been
proposed different-type 3D CDW orders in AV3Sbs [49,50],
such as m-shifted ISD between neighboring kagome layers
[see Fig. 1(d)] and mixed SD and ISD. For CsV3Sbs, x-ray
diffraction studies [50] reported the observation of diverse 3D
CDW phases with the 2x2x2 or 2x2x4 unit cell. The exper-
imental observations of multiple 3D CDW phases in CsV3Sbs
under specific growth conditions [49] may be attributed to
weak interlayer interactions, likely arising from the larger size
of intercalated Cs atoms. In contrast, compelling experimental
evidence [12,49] supports the presence of a single 2x2x2
CDW phase with a m-shifted ISD structure in KV3Sbs and
RbV;Sbs [see Fig. 1(d)]. This suggests that stronger interlayer
interactions in KV3Sbs and RbV3;Sbs compared to CsV3Sbs
play a crucial role in determining the single 3D CDW or-
der observed in these materials. Consequently, RbV;Sbs is
selected for investigating the nature of the observed [30-32]
order-disorder CDW phase transition at Tcpy .

To determine the order-disorder CDW phase transition
between m-shifted ISD (hereafter, designated m7-ISD) and
disordered ISD (designated d-ISD) in RbV;Sbs, we calcu-
late their Helmholtz free energies F' = E + E,j, - T'S where
E.ip represents vibrational energy and S includes three dif-
ferent types of entropy such as vibrational entropy Syip,
electronic entropy S|, and configurational entropy Sc.,. Here,
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FIG. 2. Calculated (a) phonon spectra and (b) electronic band
structures of the 2 x 2 x 1 ISD and 2 x 2 x 2 mw-shifted ISD struc-
tures, together with the corresponding DOS: see Fig. S2 for the
phonon spectrum and electronic band structure of each structure. M’
and K’ represent the M and K points of the 2 x 2 Brillouin zone,
respectively.

d-ISD constitutes a random stacking of four possible ISD
configurations [see Fig. 1(c)] between neighboring kagome
layers. It is noted that there are four degenerate 2x2x 1 ISD
configurations which can be represented by (i, 87, §3) =
6,8, 98), (8,-6,-8), (-6,8,-6), and (-8,-8,8) with § > O [see
Fig. 1(c)]. For each 2x2x1 ISD configuration, the V-atom
displacements Ad; of D; (i = 1, 2, 3) in each unit cell R; can
be described as Ad;(R;) = §; cos(Q;-R;). Considering that
the disordered phase of AV3Sbs above Tcpw was observed
to exhibit strong CDW fluctuations [30-32], we treat d-ISD
with fast dynamic fluctuations between the four degenerate
ISD configurations in each kagome layer, as discussed below.
Therefore, the time-averaged structure of d-ISD can be simu-
lated using the 2x2x 1 ISD structure with the same stacking
of ISD along the c axis. Based on this simulation of d-ISD, we
will demonstrate that the thermodynamic feature of the order-
disorder CDW phase transition is well captured to properly
predict Tepw in RbV3Sbs.

The calculated phonon spectra and electronic band struc-
tures of the 2x2x 1 ISD and 2x2x2 m-shifted ISD structures
are displayed in Figs. 2(a) and 2(b), respectively. We find
that the latter ISD is more stable than the former ISD by
AE = Ed—ISD - En—ISD = 4.75 meV per formula unit (fll)
Using phonon dispersion curves, we estimate Ey;, as

1 1
Eyip, = E hewgy |:— + i|, ()
o 2 exp(fiogy/ksT) — 1
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FIG. 3. Calculated (a) ASyip, ASel, AScon, (b) T ASyin, T ASe,
T AScon, and AE,;, as a function of 7. The AF vs T curves without
and with inclusion of T'AS,,, are plotted in (c) and (d), respec-
tively, where the components of AE + AE,;, and TAS are also
displayed.

where q and N represent the wave vector and band index
of phonon modes, respectively. S,i, is evaluated from the
phononic DOS gy (€):

Sy = — 3 / (g (Il ()]

— [1 + nge(e)lIn[1 + nge(e)gpm(e)de,  (2)

where ngg(€) is the Bose-Einstein population of a state of
energy € at T. Meanwhile, S is given by

Se1 = —kB/(nFD(G)ln[nFD(G)]

+ [1 = npp(e)ln[1 — npp(e)Dgale)de,  (3)

where g (€) is the electronic DOS and ngp(€) is the Fermi-
Dirac distribution function.

Figure 3(a) displays AS.i, = Syib,a—1sD - Svib,z—1sp and
ASel = Sel,a—1SD - Sel.z—1sp as a function of temperature. We
find that d-ISD has larger S, values than mw-ISD, thereby
leading to an increase in T AS,y with increasing T [see
Fig. 3(b)]. Similarly, d-ISD having a relatively higher g.|(Er)
[see Fig. 2(d)] also shows larger S values than 7-ISD. How-
ever, due to the smaller magnitude of AS, than ASy;,, T ASe
increases slowly with respect to T [see Fig. 3(b)]. As shown
in Fig. 3(b), AE\i, = Evib.a—1sD - Evib.r—1sp 1s negative, indi-
cating that d-ISD has lower vibrational energy than m-ISD.
To manifest the significant role of Sco, in the order-disorder
CDW phase transition, we calculate AF' = AE + AEy, -
T(ASyip + ASe) without including T ASq,. As shown in
Fig. 3(c), AF' remains positive even up to 200 K, indicating
the absence of the order-disorder transition from 7-ISD to
d-ISD. We will show later that the inclusion of T AS.,, in AF
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FIG. 4. Calculated energy profile along the transition pathway
between two degenerate 2x2x 1 ISD configurations. The V kagome
geometries of the intial, intermediate /; and I, transition, and final
states are drawn. The numbers represent V-V bond lengths in A.

is essential for the prediction of an order-disorder CDW phase
transition at close to the experimental Tcpw .

To unveil the atomic-scale processes of CDW fluctua-
tions above Tcpw, we calculate the energy profile along the
transition pathway between two degenerate 2x2x 1 ISD con-
figurations by using the nudged elastic-band method [47,48].
The calculated energy profile is displayed in Fig. 4, together
with the V kagome geometries of the intial, intermediate (1),
transition, and final states. We find that the transition state
is higher in energy than the initial or final 2x2x1 ISD by
4.98 meV/f.u., yielding an energy barrier E, = 4.98 meV. As
shown in Fig. 4, the initial or final state has the V-V bond
lengths d = 2.596 and 2.683 A for V trimers and hexamers,
respectively. Along the transition pathway, the longer V-V
bonds of V hexamers are partially broken in the /; state and
subsequently new V-trimers are formed in the final state (see
Fig. 4). Simultaneously, the bond breaking of V trimers occurs
in the I, state and finally new V hexamers are formed in the
final state. These variations of the V-V bonds indicate that
CDW fluctuations occur via the concerted V-V bond break-
ages and formations of V trimers and hexamers, with a shift of
one pristine lattice constant along the Q;, Q,, or Q3 direction
[see Fig. 1(c)].

Using the Arrhenius equation [51], we estimate the transi-
tion rate R = v exp(—kf—”T) between two degenerate 2x2x 1
ISD configurations. Here, we adopt the attempt frequency
v with the average frequency (~6.6 THz) of V-derived
phonon modes in the 2x2x1 ISD (see Fig. S1 in the Sup-
plemental Material [52]). With E;, = 4.98 meV along the
transition pathway (see Fig. 4), we obtain R = 4.08x 10'? s~!
at 120 K, indicating strong CDW fluctuations with a charac-
teristic lifetime of 0.17 ps [53]. Interestingly, this fluctuating
CDW lifetime is comparable with that (0.5 ps) measured
by ultrafast spectroscopy in cuprates [55]. Based on the
thermally activated dynamic fluctuations among the four de-
generate configurations, each containing four formula units,
we consider configurational entropy, Scon = kgln(4)/4 = 0.03
meV K~! per formula unit. This leads to a significant vari-
ation in T AS.,, concerning 7', as depicted in Fig. 3(b). As
shown in Fig. 3(d), AF = AE + AEyj, - T(ASvip + ASe +
AScon) becomes zero at ~95 K, with AEy;, =-0.71 meV/f.u.,
T ASyip = 0.81 meV/fu., TAS = 0.38 meV/fu., T AScon
= 2.85 meV /f.u. Therefore, above a temperature of ~95 K,
d-ISD is thermodynamically more stable than 7-ISD. How-
ever, below ~95 K, n-ISD emerges due to the suppression

of CDW fluctuations between the four degenerate 2 x 2 ISD
charge orders in each kagome layer. It is remarkable that such
a theoretically predicted Tcpw is close to the experimental
value of ~104 K [56], implying that the thermodynamic quan-
tities of the disordered phase above Tcpw would be properly
predicted from our simulations of d-ISD. We note that, since
the magnitude of T AS.on is much larger than those of T ASyip
and T AS, [see Fig. 3(b)], the configurational entropy plays a
crucial role in inducing the order-disorder CDW phase transi-
tion in RbV3Sbs [30].

Recently, DS and IXS experiments [30] for RbV;Sbs
and CsV3Sbs observed the existence of an order-disorder
CDW phase transition at Tcpw, where the high-temperature
disorder phase was suppressed and replaced by the long-range
2x2x2 CDW order without phonon softening. Specifically,
the analysis of DS and IXS spectra [30] with temperature
identified the frozen phonon fluctuations of the 2x2x2
CDW order above Tcpw, consistent with strong CDW
fluctuations observed by an x-ray diffraction experiment
[32]. Furthermore, the specific heat measurements [31,32]
of AV;Sbs showed the presence of a sharp peak at
Tcpw, which represents a first-order phase transition
with a release of entropy. These experimental evidences
of a first-order, order-disorder CDW phase transition
are supported by our prediction of the disorder-induced
collapse of long-range CDW order with accompanying
an emergence of configurational entropy. According to
recent polarization- and temperature-dependent Raman
measurements [57] for CsV3Sbs, a first-order structural phase
transition was also observed to occur at ~65 K below Tcpw.
This additional order-disorder transition in CsV3;Sbs was
interpreted as a stacking order-disorder phase transition due
to the stacking fault along the ¢ axis, where a competition be-
tween the 2x2x2 and 2x2x4 CDW phases is present below
Tepw [30]. However, such a stacking disorder state should be
absent in RbV3Sbs which has only the 2x2x2 CDW phase
with a -shifted ISD structure [12,49] [see Fig. 1(d)].

IV. CONCLUSION

Based on first-principles DFT calculations and free energy
analysis, we have investigated the nature of the observed
order-disorder CDW phase transition in RbV3Sbs. It is re-
vealed that above Tcpw, the dynamic fluctuations between
the four degenerate 2x2 ISD charge orders in each kagome
layer occur via the concerted reaction processes involving the
V-V bond breakages and formations of V trimers and hexam-
ers. The resultant emergence of configurational entropy plays
a crucial role in driving the order-disorder phase transition
in RbV;Sbs. It is important to note that the observed first-
order, order-disorder CDW phase transition is distinct from
the second-order, displacive transition scenario based on the
FSN-driven Peierls-like electronic instability [11,33-36] and
phonon softening [18-22], which reflects a phase transition
from the pristine phase. The present results have significant
implications for understanding the recently reported order-
disorder CDW phase transition in other Kagome metals, such
as ScVeSng [37-39] and FeGe [40].
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