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Magnetism in AV;Sbs (A = Cs, Rb, K): Complex landscape of dynamical magnetic textures
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We have investigated the dynamical magnetic properties of the V-based kagome stibnite compounds by com-
bining the ab initio-extracted magnetic parameters of a spin-Hamiltonian, like inter-site exchange parameters,
magnetocrystalline anisotropy and site projected magnetic moments, with full-fledged simulations of atomistic
spin- dynamics. Our calculations reveal that, in addition to a ferromagnetic order along the [001] direction, the
system hosts a complex landscape of magnetic configurations comprised of commensurate and incommensurate
spin spirals along the [010] direction. The presence of such chiral magnetic textures may be the key toward
solving the mystery about the origin of the experimentally observed inherent breaking of the Cg rotational,

mirror, and the time-reversal symmetry.

DOI: 10.1103/PhysRevB.108.174413

For the V-based kagome stibnites, AV3;Sbs (A = Cs, Rb,
K), a complete picture of the origin of the experimentally
observed spontaneously broken time-reversal as well as Cg
rotational symmetries and their respective interplay with the
underlying magnetic structure is missing. This lacuna has
proliferated into wide variations of inconclusive explanations
toward the experimental results like muon spin-rotation (1 SR)
or the anomalous Hall effect (AHE) [1,2]. In the zero-field
uSR spectra, the depolarization function of single crystals
of these materials deviate from the standard Gaussian Kubo-
Toyabe behavior, for which the possible reasons may be (a)
an inhomogeneous distribution of the nuclear moments, (b)
the presence of an electric field gradient due to a chiral charge
order (CO), or (c) a contribution of purely electronic origin
emanating from the chiral distribution of the spin moments
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[1]. Below the CO transition and at high field, the significant
increase of the rate of spin relaxation of muons and the en-
hanced spread of the internal fields are suggested to be the
experimental signatures of a broken time-reversal symmetry
enrooted to their electronic attributes [1]. In the same vein, the
experimentally observed giant AHE for this series exhibits an
anomalous Hall ratio, which is an order of magnitude higher
than that of intrinsic magnetic systems like body-centered cu-
bic Fe [3]. The nature of the AHE is proposed to be of extrinsic
type related to the spin fluctuations across the triangular V
clusters leading to an enhanced skew scattering [2]. Currently
proposed microscopic mechanisms behind the nature of the
uSR spectra, the giant AHE, and their interconnection with
the broken Cg rotational- and time-reversal symmetries are
far from conclusive, suggesting a wide variety of reasons,
viz., the presence of orbital current, electron nematicity, or
a 2 x 2 charge modulation producing chiral charge density
waves [1-3]. The effects of spin-density wave, complex spin
texture, and dynamical magnetic ground states on the CO and
the broken symmetries therein are yet to get analyzed.

In the recent literature, there are controversies regard-
ing the presence of broken time-reversal symmetry in the
first member of this kagome superconducting series, viz.,
CsV3Sbs. Saykin et al. [4] have used high-resolution polar
Kerr effect measurements to demonstrate an absence of any
observable Kerr effect in CsV3Sbs, which poses a question

Published by the American Physical Society
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mark against the presence of spontaneous breaking of time-
reversal symmetry in this compound. On the other hand, albeit
being centrosymmetric, this system reveals chiral transport
behavior via second harmonic generation under an in-plane
applied magnetic field [5], implying an inherently broken mir-
ror symmetry. Such an occurrence of electronic magnetochiral
anisotropy is prominent <35 K and thereby indicates interplay
of time-reversal symmetry breaking and electronic chirality in
CsV3Sbs below this transition temperature.

The two-dimensional (2D) kagome lattice with nearest-
neighbor (NN) antiferromagnetic (AFM) exchange interac-
tions (J) is a well-known archetype of inherently frustrated
systems, where it is impossible to optimize all exchange
interactions. Here, after including diverse NN interactions,
a panoply of degenerate magnetic ground states may arise,
where the out-of-plane AFM or ferrimagnetic order competes
with the coplanar 120° structures with uniform or stag-
gered chirality [6,7]. Depending on the temperature (7), their
magnetic ground states encompass three different regimes,
viz., (i) a spin-diffusive paramagnetic regime (7 > |J|), (ii)
an intermediate cooperative regime leading to a spin-liquid
arrangement (0.001|J| < T < |J|), and (iii) an ultralow tem-
perature coplanar regime (7" < 0.001|J|). The first crossover
at T ~ J may have a finite local spin correlation without any
long-range order (LRO), and for the second one at T ~ 1072/,
the entropic selection favors a coplanar order with anisotropic
dynamics [8—11]. For the coplanar configuration, thermal or
quantum fluctuations resolve the ground-state degeneracy af-
ter stabilizing a LRO in the order-by-disorder process [11],
the most common of which is the 120° spin texture. With
increasing temperature, such chiral LRO is intervened after
generation of weathervane defects, leading to the rotational
staggering of spins around the local spin axis [6].

The series AV3Sbs, as suggested from their complex mag-
netic spectral functions [12], is an itinerant-electron system
with a correlated electronic structure. The low-energy mag-
netic excitations of such systems can be evaluated via a
multiscale approach upon satisfaction of three conditions,
viz., (1) the magnetic configurational energy dependence can
be mapped onto a generalized Heisenberg model Hamiltonian
H=— Zi# ej?‘J:f)]‘.ﬁef, a, B = x,y, z, with the unit vector e;
designating the local spin direction at the ith site, (2) the
exchange tensor ff;ﬂ can be calculated from first principles,
and (3) the ground-state many-electron systems rely on the
adiabatic approximations, with decoupled faster process of
intersite electronic hopping from the slower moving magnetic
excitations or frozen magnons [13]. In our prior study on
this system [12], the fully relativistic exchange tensor was re-
ported using the Lichtenstein-Katnelson-Antropov-Gubanov
(LKAG) formalism coupled to the dynamical mean field
theory (DMFT) [14-20]. The tensor possesses terms like
the symmetric-isotropic Heisenberg (J;;), antisymmetric and
anisotropic Dzyaloshinskii-Moriya (DM), and symmetric-
anisotropic Heisenberg interactions (I'). The DM and I'
interactions are calculated by using relations like ij =
%(Jzi.y — J?;C), I = %(fl? + fl’jx) and analogous ones for the
x and y components. Figure 1 presents the plots of the inter-
site exchange interactions for various shells of NN V-based
stibnites extracted with an FM interlayer interaction. The

negative values of J;; correspond to an AFM coupling. A
closer scrutiny of this figure reveals that the magnetic inter-
actions in this system are composed of various competing
mechanisms. For the first NN shell, the J;; values are roughly
two orders of magnitude larger than the D;; and I';; values.
However, from the next-NN shell, the anisotropic interactions
D;; and I';; become comparable with J;;. Such a competing
environment of complex magnetic interactions can be a fertile
ground for obtaining chiral magnetic ground states. It may
also be mentioned in passing that, for metallic and Mott insu-
lating kagome systems, chiral magnetism may indeed appear
from a very simple correlated Hamiltonian [21,22]. Moreover,
at the same NN distances, the flipping sign of D;; implies a
signature of the chiral magnetic textures as per the Moriya
rule.

To obtain inversion asymmetric chiral environments with
significant D;; and I';;, systems were artificially designed us-
ing metallic multilayers like Mn/Cr/W[110] or Pd-Fe/Ir[111]
involving components of high spin-orbit coupling (SOC)
[23-26]. Recently, such spiral magnetic textures have gained
attention by virtue of their additional capability to explore
the topological spin transport via skyrmions [25,26] for spin-
torque devices [27-29]. Here, the limitations introduced by
the instabilities like Walker breakdown on the mobility of the
domain walls can be escaped by reaching the supermagnonic
regime [28-32]. A sustained search for such chiral magnetic
systems constitutes an active area of research. In this paper,
we demonstrate that the V-based stibnite kagome system, with
the presence of local moments and a balanced competition
between the intersite exchanges and SOC, constitutes a breed-
ing ground for long-period, inhomogeneous chiral magnetic
superstructures.

The ground-state magnetic properties of complex mag-
netic systems are derived after constructing a classical
atomistic spin model, where the bilinear effective Hamil-
tonian can be written as H,!, = —J;;e;-e; —D;e; x e; —
el e—« Zk:i,j (e - e,ﬁ)2 [27,33,34]. Here, ¢; and e; are nor-
malized atomic spin moments at the atomic sites i and j, and
e, is the easy axis along the arbitrary unit vector r. The four
different terms of this Hamiltonian represent the energies cor-
responding to the isotropic Heisenberg interaction (J), the DM
interaction (DM), the symmetric-anisotropic exchange inter-
action (I"), and the magnetocrystalline anisotropy (K) [24].

In a periodic lattice, the most general solution of this model
generates a homogeneous spin spiral, where the angle between
the resultant spin moments of two adjacent neighbors are
constant throughout the spiral [35]. The atomic-site (i) spin
moments of such a spin spiral can be mapped onto a unit
circle with 1 < i < N, with N being the number of atomic
spins in a spiral, the pitch of which can be defined as A = Na,
with a being the lattice constant. The chirality of the spiral
is dependent on the clockwise (negative) or anticlockwise
(positive) directionality of the mapping. Naturally, the DM
interaction has a significant role in determining the chirality
of the spiral [23-26].

The simultaneous presence of SOC and large number
of magnetic atoms render the first-principles treatment of
a long-pitched spin spiral computationally taxing [7,29].
Therefore, for chiral magnetic systems [24,36], a continuum
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FIG. 1. The intersite exchange parameters as a function of nearest-neighbor (NN) distances in local coordinate system:

Distance (A) Distance (A)

Jij, Dij, and I';; for

ijs

(a)—(c) CsV;Sbs, (d)—(f) RbV;Sbs, and (g)—(k) KV;Sbs. Note that, for some NN distances, we have different strengths of the interactions in
different directions, implying anisotropy in the directional distribution of the interactions. The difference in color at the bar plot signifies the
difference of the strength of various magnetic exchange interactions at a particular value of NN distance.

micromagnetic model is defined, where the energy of the spin
spiral is written in terms of the local magnetization vector
m as E[m] =1 [{dx[2; )’ + 2 - (m x m) +m’xm].
Here, A, D, and « are the spin-stiffness constant, the effective
DM vector, and the anisotropy tensor, respectively, while 1h is
the gradient of the magnetization. For a generalized spin spiral
with a wave vector (, this magnetic moment m at a given
atomic position R,, can be written in the tensor format as

$infy cos(¢ng + V)
m,, = my | Sinf,sin(@ny + Ye)

cosby,

the cone and phase angles, respectively. The azimuthal angle
corresponding to the local magnetic moment can be calculated
as @ue = q - Ryy. Such spiral magnetic ground states can be
either commensurate or incommensurate with the underlying
lattice, the solution of which can be obtained by following
Petit’s method [37], using a series of effective coordinate

[5,24]. Here, 6, and y, are

transformations of the local spins into a ferromagnetic (FM)
order [37,38].

For the present kagome series, the atomistic descriptions
of the spin moments can be used to construct the spin model
because of its sufficiently localized electronic densities around
the atomic sites and the invariance of the resultant atomic spin
moments with respect to their orientations. The chiral ground
states can be obtained by dynamically solving the atomistic
model where, at every magnetic site, around the direction of
the classical spin, the dynamics of the small fluctuations of
the spins are calculated following the implementations in the
UppASD software [34].

The spin-spin correlation functions and their
Fourier transform, alias the dynamical structure
factor, also accessible experimentally by inelastic
neutron scattering, can be calculated as S(g,w) =

27+N > explig(ri — rj)] J%, drexp(—twt)(ee;(t)), where
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FIG. 2. The dynamical structure factors S(gq, @) plotted along the high-symmetry paths: (a), (e), and (i) the resultant total; (b), (f), and (j)
S, projected; (c), (g), and (1) S, projected; and (d), (h), and (1) S, projected S(g, ) for CsV3Sbs, RbV3Sbs, and KV;3Sbs, respectively. The
dynamical spin correlations shown in the figure are those around the magnetic excitation energy minimum at the K point.

r; is the position vector of the magnetic atoms, and e; is the
local spin vector. For the incommensurate spin structures,
in addition to w(qg), the magnon dispersion also constitutes
modes like w(g £ Q), and the corresponding correlations
S(g, w) and S(q = Q, w) describe rigid rotations on the
ordering plane and the canting with respect to the same
plane, respectively [38], where Q is the ordering wave
vector.

Figures 2(a)-2(i) represent the spin-component projected
dynamical structure factors S(g, w) calculated for the g values
along the high-symmetry paths for CsV3;Sbs (CVS), RbV3Sbs
(RVS), and KV3Sbs (KVS), respectively, after considering the
full Hamiltonian. The highest values of the spin correlations
are obtained along the adiabatic magnon dispersion lines,
which in Fig. 2 are represented by the transition in color
from green to blue in the adjacent color scale. The kagome
system in its unit cell possesses 3 V atoms, and in the full
noncollinear manner, the three possible magnetic orientations
should give rise to nine modes. However, along the I'-A
direction, the out-of-plane magnon dispersions are triply de-
generate. In addition, the x and y components of the structure
factor show the minimum of the energy dispersion at the K
point rather than the I' point, indicating that their magnetic
ground state collapses into a spin-spiral state. This state is
shown in Figs. 3(a)-3(c) and is analyzed in more detail below.
The x and y components of S(g, @) have significant values of
the magnon gap at the I' point. The z component and thus the
total dynamical structure factor display a much smaller value

of the gap. The reason behind this gap is the high value of the
magnetocrystalline anisotropy, amounting to 0.29, 0.22, and
0.28 mRy per V atom for CVS, RVS, and KVS, respectively,
as per the DFT + DMFT + SOC calculations. The derived
anisotropy parameters indicate that all three systems display a
uniaxial, out-of-plane easy-axis pattern of spin orientations.
The spin textures of the dynamically obtained magnetic
ground states after solving the full Hamiltonian with all J,
DM, I', and K terms are plotted in Figs. 3(a)-3(c). The cor-
responding spin arrangements in the star-of-David kagome
pattern are plotted in Figs. 3(d)-3(f) with the magnetization
densities in Figs. 3(g)-3(i). The color scale of Fig. 3 represents
the values of the normalized out-of-plane (z) projections of
the spins. This figure evidences that the dynamical magnetic
ground states of CVS and RVS are similar, manifesting a su-
perposition of three types of underlying magnetic orders, viz.,
a FM arrangement along the [001] direction and two spin-
spiral configurations, viz., one commensurate and the other
incommensurate spin-spiral arrangements along [010]. The
pitches corresponding to the commensurate and incommensu-
rate spin spirals are calculated to be 3a and 1.5a, respectively,
with a being the lattice parameter. The ground-state spin
texture of KVS, as seen in Fig. 3(c), consists of additional
complexities, viz., a superposition of (i) FM order along
[001], (ii)) one commensurate spin spiral along [010], and
(iii) two more interpenetrating commensurate spirals along
[010]. The pitches of all these spirals are 3a. In Figs. S1 and
S2 in the Supplemental Material (SM) [39], the calculations
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FIG. 3. (a)—(c) The three-dimensional (3D) view of the dynamical ground-state spin textures obtained from the J 4+ K + I" + DM
Hamiltonian, (d)—(f) spin configurations on the star of David of the kagome lattice, and (g)—(i) the corresponding magnetization densities

for CVS, RVS, and KVS, respectively. The color bars associated with

the spin textures indicate the projection of the magnetization along the z

direction. The magnetic textures correspond to the minimum of magnetic excitation energy at the zone-center (I" point).

of the pitches are explained. In Figs. 4(a)—4(c), the ground-
state commensurate and incommensurate spin-spiral textures
are displayed after dynamically solving the full Hamiltonian.
Here, the adjacent noncollinear atomistic spins are oriented
at an angle of 120° with respect to each other, and thus, the
magnetic ground state constitutes a three-dimensional (3D)
120° spin configuration. In Fig. S3 in the SM [39], the 3D
120° spin configurations are illustrated. To demonstrate the
importance of the complete Hamiltonian in achieving the
ground state, we have presented the spin-spiral textures by
solving the spin Hamiltonian with several combinations, viz.,
only J [Figs. 4(d)—4(f)], J + K [Figs. 4(g)-4(i)], and J 4+ T
[Figs. 4(j)-4(1)]. The corresponding dynamical structure fac-
tors S(q, w) with the detailed spin textures are plotted in Figs.
S4-S9 in the SM [39].

A detailed observation of Fig. 4 evinces that, albeit the
pitches and the overall types of the spin spirals remain the
same for all three systems for all combinations, the 3D 120°
spin configurations are stabilized only with the complete
Hamiltonian. All these spin-dynamical ground states are sim-
ulated at an ultralow temperature of 0.001 K. With increasing
temperature, we have investigated the evolution of the spin
textures in Fig 5, where the temperature-induced increase
of configurational entropy leads to a prominent presence of
weathervane defects [39]. However, the spin-spiral textures
remain intact up to 5 K, which is higher than the supercon-
ducting critical temperature T of this series.

Presence of such chiral magnetic states at finite temper-
atures may impart an important impact toward the analysis
of the experimental observation of electronic magnetochiral
anisotropic effects in CVS, where there is a sudden onset
of unusually large chiral transport with lowering of temper-
ature <35K [5]. For such a centrosymmetric system, the
mirror symmetries are experimentally observed to be inher-
ently broken by the itinerant carriers in the correlated phases.
Although, for CVS, the presence of time-reversal symmetry
breaking is under scrutiny after the absence of any polar
Kerr signal, as observed by Saykin et al. [4], the presence
of other spontaneously broken symmetries cannot be ruled
out. Occurrence of chiral magnetism and spin-spiral ground
states in this series can be a potential reason behind the experi-
mentally observed broken symmetries. It should also be noted
that the structural instability and the respective distortion is
quite weak, and there are disputes and debates accompanied
with the yet undetermined low-temperature crystal structure
[40-43]. Thus, the presence of such an inherent chiral dy-
namical magnetic structure in the kagome system may provide
an answer to the simultaneous and spontaneous occurrence of
time-reversal, mirror, and Cg rotational symmetry breaking in
the CO and SC phases.

In conclusion, for the first part of this comprehensive study
of the V-based kagome stibnites [10], we addressed the effects
of the formation of the local moments at the V sites in the
kagome series AV3Sbs (A = Cs, Rb, K) on their CO and
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superconductivity [10]. In this second part, we have inves-
tigated the dynamical magnetic ground state of the system.
The underlying arrangement of the spin-magnetic moments
reveals that, in addition to the FM LRO along the [001]
direction, there are complex landscapes of spin-spiral config-
urations in the [010] direction, consisting of commensurate
and incommensurate chiral magnetic textures. The presence
of such chiral magnetic textures has the capability of spon-
taneously breaking the time-reversal, mirror, or Cg rotational
symmetry and thus may provide a valid explanation to the
experimental findings. In addition, the theoretically derived
dynamical structure factors support the presence of complex,
collective magnetic excitations within the system, which may
be validated by future experimental studies. Thus, our thor-
ough analysis of the dynamical aspects of the magnetism for
the V-based kagome stibnites can be helpful in providing an
explanation to the existing experimental queries and may also
provide a motivation for future experimental studies.
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