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Exotic quantum order in kagome metals, i.e., quantum materials with a Fermi liquid parent state

of electrons on a kagome lattice, has appeared as a vibrant emerging field of condensed matter
physics. Already in a small kagome material subclass such as vanadium-based compounds AV3Sbs

(A =K, Rb, Cs), the first wave of experimental exploration has brought about manifold evidence for
hitherto largely elusive phenomena such as high-temperature charge ordering with orbital currents,
nematic order, cascades of charge ordering transitions with hierarchies of ordering vectors, and
unconventional superconductivity. We argue that kagome metals promise to be a prototypical ground
for the nonequilibrium analysis of quantum order through time-dependent parameter control and
manipulation. In particular, we propose to investigate the nematic character of kagome quantum order
through light and strain pulses, as well as the nature of time-reversal symmetry breaking and chirality

through properly polarized laser pulses.

Recent advances in nonequilibrium control of matter, and espe-
cially of light-control of materials’ properties, raised high expec-
tations about future technological applications in the field of
ultrafast quantum materials science [1-6]. Besides the potential
technological impact, many experiments pose tantalizing and
challenging theoretical questions, e.g., concerning the meaning
of the free energy landscape usually employed to describe the
dynamics of the order parameter at a photoinduced melting and
the subsequent recovery of the symmetry broken state [7-10] or
the role of dissipation and multi-cycle pulses to dress electronic
states a la Floquet engineering [11]. Finding suitable material
platforms for the realization of these time-dependent studies is
of prime relevance both because they might help answering the
above raised questions and because they might yield important
progress on the subject of control or even the induction of exotic
and unconventional states of matter. In this regard, the recently

discovered kagome metals are particularly promising.

© The Author(s) 2024.

The unusual states observed in the kagome metals include
cascades of charge ordering transitions [12, 13] with broken
time-reversal symmetry [14] and chiral signatures [15, 16], non-
trivial topology [17], nematicity [18-20], and unconventional
superconductivity [21]. The stabilization of these exotic phases
is believed to arise from a subtle interplay between the charge,
the orbital, the spin, the sublattice, and the phononic degrees
of freedom, each of them talking with each other, thanks to the
electron-electron or the electron-phonon interactions, both
of which should be relevant in this experimental platform as
schematically depicted in Fig. 1. The equilibrium phase diagram
of the kagome metals is still strongly debated, with contradic-
tory experimental reports regarding the presence of the above-
mentioned symmetry broken states, suggesting a highly non-
trivial energy landscape for these compounds with metastable
minima almost degenerate with the ground state, the balance
of which can be detuned with small perturbations [22]. For this
reason, kagome metals present a perfect playground for non-

equilibrium physics since one might easily induce metastable
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Figure 1: Intertwined degrees of freedom and corresponding interactions
in the kagome metals: the sublattice, the charge, the orbital, the spin,
and the phononic degrees of freedom conspire to give rise to the
unusual physics of the kagome metals. The continuous yellow (dashed
celeste) double arrows connecting the different degrees of freedom
represent the electron-electron (electron-phonon) interaction.

states by external driving, and it might be possible to learn more
about the equilibrium properties of these materials using out-
of-equilibrium routes.

In particular, we focus on the class of the vanadium-based
kagome metals [24], which hosts the three family members AV
Sbs (A =K, Rb, Cs) [25-27]. The kagome metals find in the kag-
ome lattice displayed in Fig. 2(a) their basic building block since
these three-dimensional materials are made of parallel kagome
layers formed by the vanadium atoms. Already the nearest-
neighbor hopping tight-binding electronic band structure is
extremely intriguing, hosting two Dirac cones (DCs) away from
the Fermi level at the points K and K’ in the Brillouin zone, two
van Hove singularities (VHSs) at each of the three independent
M points, and a flat band (FB) over the entire Brillouin zone
[28], see Fig. 2(b).

Despite the fact that the band structure of the kagome met-
als is actually much more complicated than the one of the sin-
gle orbital kagome lattice, still one can recognize several of the
main features identified above in the ab initio electronic band
structure. In the pristine high-temperature phase, polarization-
dependent angle-resolved photoemission spectroscopy (ARPES)
[29] and density functional theory calculations [23, 30] find that
most of the states near the Fermi level come from the d orbitals
of the vanadium atoms, which form VHSs, DCs, and almost FB
at low-energies, see Fig. 2(c).

At T, ~ 90K, an unconventional charge order (CO)

with in-plane reconstruction has been measured for the three

©The Author(s) 2024.
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Figure 2: Kagome lattice, tight-binding, and ab initio dispersion relations
of the kagome metals: (a) the kagome lattice with its hexagonal Wigner—
Seitz cell and the three sublattices a, b, and c. The vectors Rjand R, are
the unit vectors. (b) Band dispersion of the kagome lattice as obtained
from a tight-binding Hamiltonian with nearest-neighbor hopping
(hopping strength t = 1). The inset shows the first Brillouin zone and
the path along which the energy dispersion is shown. The Dirac cone
(DC), the upper and the lower van Hove singularities (VHSs), and the flat
band (FB) are highlighted in color. (c) Dispersion relation (vertical axis

in eV) obtained from ab initio simulations for CsV3Sbs, adapted from
[23]. The color blue indicates that the corresponding band has mainly

a contribution coming from the d vanadium orbitals, while the orange
(green) bands have mainly a contribution coming from the in-(out-)
of-plane antimony atoms. Several of the features marked in (b) can be
recognized in (c). The lower panel shows a zoom of the region near the
M and the K points, where several VHSs and DCs are present near the
Fermi level.

compounds together with the onset of an anomalous Hall effect
[17, 31, 32]. The CO might have an out-of-plane component,
but the precise form of it remains controversial [15, 33-36].
Much of the interest concerning the CO phase comes from the
experimental reports of time-reversal symmetry (TRS) break-
ing without any signatures of local magnetic moments [14, 17,
25, 31, 37], which might be explained by the presence of orbital
currents [38], in a way similar to what is found theoretically
for the honeycomb (Lieb) lattice in the Haldane [39] (Varma
[40]) model. The actual presence of TRS breaking remains con-
troversial [41], with contradictory experimental findings which
observed a broken TRS even above the onset of the CO [20], in a
region where just the fluctuations of the lower temperature CO
are observed [42-44].

At Them ~ 30 — 50K, several experiments report the transi-
tion to a nematic state where each kagome layer might have a
lower rotational symmetry than the one of the lattice [19, 33]. In
a comparable temperature range, the onset of a one-dimensional
CO that simultaneously breaks the rotational and the discrete
translational symmetries of the higher energy CO has been
observed in some experiments [12, 16, 33, 45, 46]. In contrast,
other experiments do not find any transition at Tyem [47, 48],
suggesting that both the nematic and the one-dimensional COs

might be stabilized by tiny perturbations such as small magnetic
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fields or small strains [22]. Nevertheless, whether these phases
are stabilized by purely electronic interactions or by the strong
electron-phonon coupling remain controversial [49-51].

By further lowering the temperature below Ty ~ 1K, a
superconducting state which might inherit the unconven-
tional properties of the higher temperature phases is stabilized
[52-56]. An inspection of the temperature vs pressure/doping
phase diagram shows the presence of a double-dome supercon-
ductivity [13, 57-62], with experimental evidence of different
properties of this phase in the two domes [61].

Various experimental threads have been pursued thus far to
study kagome materials under nonequilibrium conditions, or to
achieve time-dependent control specifically. Beyond the control
aspect, nonequilibrium probes might be useful to gain informa-
tion on some equilibrium properties of this class of compounds,
such as their collective modes and the leading contribution to
the mechanism that drives the CO.

The properties of the CO stabilized below T, were analyzed
by using coherent phonon spectroscopy [63], finding a simulta-
neous condensation of three optical phonons in this phase, one
related to an M-point instability and the other two coming from
L-point instabilities. This result suggests a three-dimensional
character of the CO with 2 x 2 x 2 reconstruction, in agreement
with some theoretical analysis [64]. Interestingly, the experiment
shows a transition to a metastable hidden state when the pump
pulse hits the sample starting from a temperature close to T,
related to a long (jus) recovery time of the original value of the
reflectivity. This observation might be explained by a weak first-
order character of the phase transition which suggests phase
coexistence, in agreement with some experimental reports [33,
65-67]. Nevertheless, further analysis is required to better char-
acterize the properties of the metastable state and to confirm this
interpretation. By employing similar experimental techniques,
the possibility to photoinduce a nonthermal modulation of the
CO that can persist for nanoseconds was shown for CsV3Sbs
even far below the equilibrium critical temperature T, [68].
By performing time-dependent density functional theory simu-
lations, it was concluded that the nonthermal modulation of
the CO comes from the optical tuning of the energy resonance
between the band fermiology and the VHS present in the sys-
tem [68].

Additionally, the photoinduced melting and the subsequent
recovery of the CO of CsV3Sbs was recently studied by means of
femtosecond time-resolved ARPES [69]. This way, information
regarding the amplitude component of the collective modes can
be obtained, posing a lower boundary to the fastest time-scale
for the lattice reconstruction. From the analysis of the experi-

mental data, it was concluded that a structural rather than an

©The Author(s) 2024.

electronic mechanism is at the origin of the formation of the
CO. With the same experimental technique, the dynamics of
the band structure of CsV3Sbs after a laser excitation was stud-
ied [70]. They observe a sudden shift of the VHSs toward the
Fermi level, followed by a decay that takes place in ~ 0.2ps that
happens together with an oscillation synchronous with a pho-
non mode at 1.3THz. This lattice vibration, which is typically
measured just in the CO phase, is observed even above T,
suggesting the potential presence of CO fluctuations in this tem-
perature regime, not in disagreement with other experimental
findings [42-44]. The experimental report supports the presence
of strong electron—phonon coupling in CsV3Sbs, as well as the
possibility to tune the position of the VHS near the Fermi level
at the ultrafast time-scale.

Another experiment has instead focused on the time-
dependent changes in the superlattice peaks of the CO of CsV3
Sbs induced by a light pulse, monitored by time-resolved x-ray
diffraction measurements. Interestingly, the coexistence of two
distinct 2 x 2 x 2 CO competing with each other is found.
One of the two COs is more resistant than the other to photo-
excitation, and it grows at the expenses of the other after the
arrival of a pump. This experiment shows how nonequilibrium
routes might be used to actually simplify the complex phase
competitions among states which are strongly intertwined in
equilibrium [3, 4].

Recently, also the first out-of-equilibrium analysis of RbV3
Sbs has been conducted [71]. By using a laser-coupled scan-
ning tunneling microscopy, a reversible switching of the rela-
tive intensity of the CO peaks, a property that is related to the
chirality of the state, was shown employing linearly polarized
light [15, 72, 73]. A similar control over the intensity of the CO
peaks was reported with magnetic fields, which requires the TRS
breaking of the state. The chirality of the state, so far, has been
experimentally detected only when the three independent 2 x 2
peaks have a different intensity. This can happen in two different
cases, where one does not necessarily exclude the other: either
because a nematic transition has occurred, leading to a breaking
of the rotational part of the point group symmetry of the lattice,
or because the one-dimensional1 x 4 CO is stabilized. In the lat-
ter case, two new peaks corresponding to this additional transla-
tional symmetry breaking appear in diffraction measurements.
Besides giving rise to these peaks, the onset of thel x 4 CO also
affects the relative intensity of the 2 x 2 diffraction peaks. In
particular, it is experimentally observed [71] that the 2 x 2 peaks
that lay in the same reciprocal space direction as the1 x 4 ones
become larger than the others, which, instead, display a very
similar, even if not equal, intensity. All in all, this study shows
time-dependent control over the intensity of the subdominant
2 x 2 CO peaks by suitable linearly polarized light pulses. Inter-
estingly, the same control over the relative intensities of the two
CO peaks cannot be achieved with circularly polarized light.
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The works discussed above pave the way toward the time-
dependent control of the properties of the vanadium-based
kagome metals. For instance, it would be interesting to explore
the time-dependent control of the TRS of the state in an experi-
mental setup where nematicity or the1 x 4 CO are absent, and
to understand whether a circularly polarized pulse can induce
chirality in the state, the control of which seems not allowed in
the presence of thel x 4 CO. Also studying the time-dependent
manipulation of nematicity seems a tantalizing perspective and,
to the best of our knowledge, would constitute the first realiza-
tion of this kind of time-dependent control of this state of mat-
ter. In the next section, we provide a perspective on how these
two time-dependent manipulation schemes might be achieved

in the kagome metals.

On a lattice, nematicity constitutes a breaking of the rotational
part of the point group symmetry of the lattice by the Fermi
liquid formed by the electrons without any additional translation
symmetry breaking, i.e., the nematic instability isa q = 0 sym-
metry breaking. This symmetry breaking has been extensively
studied for the iron-based superconductors, where some of the
compounds belonging to this class show the onset of a nematic
state in the proximity of a spin density wave (SDW) dome in
the doping versus temperature phase diagram [74]. The origin
of this unconventional state might be related to the strong spin
fluctuations expected in the proximity of the SDW [75] which
are argued to drive unconventional superconductivity in these
compounds [76, 77]. The lattice of the iron-based supercon-
ductors is characterized by a C4 rotational symmetry, and the
nematic phase reduces it to C,. Since there are two independ-
ent ways to move from Cy4 to C,, the nematic order parameter
breaks an Ising Z, symmetry.

In the kagome metals, each kagome plane is characterized by
a Cg rotational symmetry, and the nematic phase which is found
below Tpem reduces it to C,. As a consequence, the nematic
order parameter belongs to the two-dimensional E; irreducible
representation, i.e., the nematic order parameter has two com-
ponents N* = (Nj, N,) differently from the case of a lattice with
point group symmetry Dyj,. Furthermore, the nematic order
breaks a Potts Z3 symmetry related to the three independent
directions of the kagome lattice [51]. The effective free energy
for the nematic order of the kagome metals can be derived [51,

78] or obtained from symmetry arguments, leading to

o
F= N o2 o+ P
2 3 4
where oy, is the temperature-dependent quadratic coefficient, y,
the cubic, and B, the quartic one. Assuming the system is not
chiral and that it does not break the TRS, the potential in Eq. (1)

©The Author(s) 2024.

fully characterizes the properties of the nematic CO. One can
imagine a full-optical control of nematicity by considering a
two-pulse experimental setup, where the first unpolarized pulse
drastically suppresses the nematic order, while the second lin-
early polarized pulse guides the recovery of the order parameter
in one of the three minima of the equilibrium free energy, simi-
larly to what was proposed in the case of orbital ordering [79,
80] or for the control of chiral unconventional superconductivity
[81, 82]. Given the separation of the energy scales between the
CO (T¢o ~ 90K) and the nematic state (Tpem ~ 30 — 50K), it
should be possible to suppress the latter without significantly
altering the former.

When a coupling to a stress field o', = (0%, 0g,,) is added,
the free energy obtained by integrating out the elastic deforma-
tions €, = (€g,,, €E,,) gets the additional contributions:

gz

Fo=Fn— =N -
n n 4CEZ

L (5 5 2 2
2 <g1UEZ,1+gzUEZ,z>
CE,
()

-2 (gmaz,] N1 + g20%,, Nz>,
2cE,

where g is the magnitude of the nematoelastic coupling, g1 (g2)
is the coupling constant between o%, | (0%, ,) and €, | (€E,,) and
CE, is the E; element of the stiffness matrix. The direct coupling
between the strain and the nematic order parameter in Eq. (2)
suggests that one might control or even induce nematicity with
a suitable action of the strain fields, extending the applicability
of strain engineering. This is not surprising: The strain induces a
change in the lattice through the elastic deformations which, in
turn, are also coupled to the electronic nematic order parameter.
The nonequilibrium generalization of this way of controlling
collective excitations and orders in materials is in its infancy
[83-86]. To provide an example of the usage of this kind of
control technique, the combination of optical and strain pulses
has been used to control the insulator-to-metal transition in
vanadium dioxide [87].

The realization of such a strain pulse might take place in sev-
eral ways [88], and this should allow a time-dependent coupling
to the nematic order parameter in kagome metals. Depending
on the relative amplitude between the pulse intensity and the
energy barrier the system has to overcome to switch minima in
the nematic free energy landscape Eq. (2), the strain pulse might
be enough to induce this transition in the system, see Fig. 3(a),
or not. In the latter case, a more suitable control choice might be
to first apply an optical pump with the aim of transiently heating
the material, i.e., to partially melt the nematic order, and subse-
quently then to apply the strain pulse. In analogy with what has
been predicted for orbital ordered systems [80], the switching
from one minimum to the other might become easier in this sec-
ond case because of the transient excitation of the fluctuations of

the order parameter. Indeed, since fluctuations already play an
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Figure3: Time-dependent control of nematicity: nematic free energy
landscape as a function of the two components of the nematic order
parameter Nyand N, (wn, = —1.3, %, = 0.5and B = 0.8). The color map
goes from bright red to azure and finally to green by moving from low

to high values of the potential. (a) Putative path for the switch of the
nematic order by the action of a strain pulse. (b) Putative path for the
switch of nematic order including the action of a light pulse that partially
melts the order parameter combined with the action of the strain pulse
that guides the recovery toward a different minimum.

important role in equilibrium for the kagome metals, they might
be even more relevant out-of-equilibrium, leading to a transient
renormalization of the energy landscape that makes the switch-
ing easier, see the scheme shown in Fig. 3(b) [80, 89]. This way,
one might achieve a time-dependent control of nematicity in
the kagome metals. We further stress the relevance of the two
components of the nematic order parameter for the realization
of the two time-dependent protocols sketched in Fig. 3, which
would not be possible to realize with an Ising-like single com-

ponent order parameter like in pnictides.

Time-dependent control of chirality
and of time-reversal symmetry

Chirality is a property displayed by systems that cannot be
mapped to themselves by a combination of rotations and trans-
lations after the action of a mirror symmetry. Several experi-
mental studies found a significant chiral transport in structurally
chiral materials, which are, nevertheless, difficult to be exter-
nally controlled and switched. Recent advancements have shown
that it is possible to photoinduce a chiral state in the structurally
achiral (although antiferro-chiral) compound boron phosphate
by the excitation of specific phonon displacements that increase
and reduce the magnitude of the two chiral domains [90]. In
the kagome metal CsV3Sbs, which is structurally achiral and
centrosymmetric, chiral transport has been measured via sec-
ond-harmonic generation with in-plane magnetic fields below
~ 35K. Particularly, a change of the chirality from left to right
handed can be induced by changing the sign of the out-of-plane
magnetic field [16, 91]. These two recent advancements put the
kagome metals at the forefront for the realization of chiralitronic
devices [92, 93], which puts forth the vision of being able to
control this property on the ultrafast time-scale.

© The Author(s) 2024.

The TRS is instead the discrete symmetry that maps one
state to its partner in which, however, the time is flowing
backwards. In the case of a state with orbital currents, it would
correspond to the configuration with all the currents flow-
ing in the opposite direction. Generally speaking, TRS and
chirality are independent symmetry breaking, and both are
characterized by a discrete Z, Ising variable.

Several experiments have found a broken TRS at the onset
of the 2 x 2 CO. The relation between the broken TRS and the
2 x 2 CO is rooted in the nature of the CO of the vanadium-
based kagome metals, which is likely a charge bond order
(CBO) with three independent intersite order parameters A,
A, and A3[94-96] that start having an imaginary component
that breaks the TRS as soon as they become finite [97]. How-
ever, imaginary values of the three order parameters do not
necessarily lead to a chiral state [78, 98]. The observation of a
chiral response only at low temperatures (below ~ 35K) might
suggest a correlation between this property and the onset of
the one-dimensional 1 x 4 CO [16] or of nematicity [15].
Since the presence of the 1 x 4 CO also leads to asymmetric
2 x 2 peaks as for the nematic state, chirality sets in, generally
speaking, when the three order parameters that characterize
the 2 x 2 CO start having a different amplitude or a different
phase. Indeed, in this case, it is possible to properly define
a clock- or anticlockwise counting direction going from the
lowest to the highest peaks of the Fourier transform in scan-
ning tunneling microscopy maps [15].

In equilibrium, the TRS breaking and the chirality of the
state are disentangled one from the other, i.e., in general, one
does not imply the other. However, a suitable perturbation of
the system might entangle the two symmetry breakings. This
is the case for a circularly polarized light pulse, which simul-
taneously breaks the TRS and it has a defined handedness.
The action of a pulse of this kind starting from the 2 x 2 CO
above ~ 35K, i.e., in the temperature-window in which the
state breaks only the translational symmetry of the pristine
lattice and the TRS, might lead to a change over the distribu-
tion of the imaginary part of the CBO [78], putatively leading
to the transient stabilization of a metastable state. Moreover,
the chirality of the pulse might induce the same property in
the material over which the pulse is shone on, see Fig. 4. This
way, it might be possible to disentangle by means of nonequi-
librium driving the intertwining between chirality and nema-
ticity/1 x 4 CO observed in equilibrium. In a similar spirit
of Floquet engineering already employed for graphene [99],
one might even try to induce unconventional (topological)
states different from the equilibrium counterpart by shining
a circularly polarized pulse over the kagome metals above
T o, allowing us to verify the theoretical predictions that have
been made so far for the Floquet driving of the kagome lattice
[100-103].
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Figure 4: Chirality induced by circularly polarized light: scheme for the putative light-induction of chirality in the 2 x 2 CO state of the kagome metals
by a circularly polarized pulse with given handedness. Orange and azure sites (bonds) represent higher and lower occupations (bond strength),
respectively. The arrows on the bonds show the direction of the current on that bond. On the left, the three dashed lines show the mirror planes of the
initial non-chiral configuration. On the right, a chiral state is induced by the light pulse of given handedness (blue hand). By changing the handedness
of the circular pulse (red hand), a chiral state with opposite chirality is reached.

As outlined in the previous sections of this perspective article,
the kagome metals, and especially the vanadium-based 135 fam-
ily, have established themselves as a very promising platform to
study the competition between several unconventional states
such as a CO with broken time-reversal symmetry without local
magnetic moments, nematicity, a chiral state putatively related to
nematicity or to the onset of a one-dimensional CO and uncon-
ventional superconductivity. First, additional experimental stud-
ies are required to clarify the equilibrium phase diagram of these
materials, which is still intensely discussed. This task might be
complicated by the likely high-sensitivity of the kagome metals,
and especially of CsV3Sbs, to external perturbations [22]. This
feature suggests a rather rich energy landscape for these systems,
which makes them perfect experimental platforms for studying
the nonequilibrium control of their properties, as hinted at by
recent experiments [71].

We have outlined the possibility to control the nematic
order parameter in a Ginzburg-Landau framework, thanks to
the combined action of light and strain pulses. Moreover, we
have stressed the relevance of Floquet driving either to dis-
entangle chirality and nematicity/the one-dimensional charge
order out-of-equilibrium or to induce a nontrivial topologi-
cal state different from its equilibrium counterpart. Some of
these ideas might be applied, mutatis mutandis, also to other
classes of kagome metals such as the 135 titanium-based fam-
ily, which does not show any CO but only nematicity and a

putative unconventional superconducting state [104, 105].

©The Author(s) 2024.
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