¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Chemical effect on the Van Hove singularity in
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To understand the alkali-metal-dependent material properties of recently discovered AVzSbs (A = K, Rb,
and Cs), we conducted a detailed electronic structure analysis based on first-principles density
functional theory calculations. Contrary to the case of A = K and Rb, the energetic positions of the low-
lying Van Hove singularities are reversed in CsV3Sbs, and the characteristic higher-order Van Hove point
gets closer to the Fermi level. We found that this notable difference can be attributed to the chemical

Received 4th February 2024, effect, apart from structural differences. Due to their different orbital compositions, Van Hove points

Accepted 18th March 2024 show qualitatively different responses to the structure changes. A previously unnoticed highest lying
point can be lowered, locating close to or even below the other ones in response to a reasonable range

of bi- and uni-axial strain. Our results can be useful in better understanding the material-dependent
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1 Introduction

Recently discovered superconducting kagome metals AV;Sbs
(A = K, Rb, and Cs) have attracted wide attention because they
host multiple quantum phases intertwined with each other,
including charge density wave (CDW), superconductivity, and
nematic order." " The CDW instability is commonly observed
in the temperature range below Tcpw~ 78-102 K. Below Tepw,
other types of unconventional breakings of time-reversal'>™"’
and rotational symmetry>”'®>! have been reported as well.
The superconducting phase is stabilized at Tsc~ 1-3 K."*
While these features are common to these metals with some
degree of quantitative differences, distinctive features or mate-
rial dependence have also been clearly observed. For example,
scanning tunneling microscopy (STM) studies have reported a 4
x 1 charge order in CsV;Sb;**?* and RbV;Sbs,"***?* whereas it
is not observed in KV;Sbs.>*'* The CDW modulation pattern
along the c-axis direction varies depending on the type of alkali
metal. To the best of our knowledge, the additional 4¢, mod-
ulation has only been reported in CsV;Sbs.>*° Discrepancies
were also noted between recent nuclear quadrupole resonance
(NQR)*>*' and angle-resolved photoemission spectroscopy
(ARPES) experiments.*** The superconducting phase diagram
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features reported in this family and in realizing experimental control of exotic quantum phases.

as a function of doping appears to be different as well: A
‘second dome’ above 35% Sn doping was reported for A =
Cs,**3% whereas KV;Sbs and RbV;Sb; seem to exhibit a single-
dome superconductivity.**3%3” A qualitative difference in
superconducting gap symmetry was also noticed. Guguchia
et al.*® recently reported that KV;Sb; and RbV;Sbs undergo
the nodal-to-nodeless gap transition as a function of pressure,
but this was not observed for A = Cs.***! In the pressure phase
diagram, Tsc approaches zero below 20-28.8 GPa for KV;Sbs
and RbV;Sbs.** According to Yu et al.,*® on the other hand, the
second superconducting dome for CsV;Sbs persists up to a
hydrostatic pressure of 150 GPa.

For a clearer understanding of this intriguing kagome metal
family, it is therefore important to have detailed material-
specific information as well as further experimental clarifica-
tion of the controversial issues. Here, we note the principal
roles of the Van Hove singularity (VHS) on which many previous
theoretical and experimental studies focused.*** As an impor-
tant intrinsic characteristic of the kagome lattice band, VHS is
considered to be the main source of the wide variety of cascad-
ing instabilities observed in this system. At least there are three
VHSs have been identified in the vicinity of the Fermi level
(Ep).”*>° Apparently, several different phases can emerge out of
VHSs in combination with electronic correlation.** 81723
Furthermore, a detailed electronic structure analysis has
revealed the intriguing nature of VHSs, such as the unexpect-
edly important role of the out-of-plane Sb-p state and the
different energy sequences depending on A.>**®? still, this
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is far from being a clear understanding of the material’s
specific characters.

In this paper, we perform first-principles electronic structure
calculations based on density functional theory (DFT) together
with a tight-binding analysis. In particular, we focus on the
different VHS structures in three different materials of A = K, Rb,
and Cs. The energetic position and the orbital character of the
four VHSs are examined in a comparative manner. The inverted
sequence of two low-lying VHSs (one of which is known to have a
high-order nature and can possibly enhance the rotational
symmetry-broken charge order*®°**?) is found only in CsV;Sbs.
This notable difference is attributed solely to chemistry rather
than the structural difference. Because of the different orbital
compositions, the four VHSs show qualitatively different
responses to uni- and bi-axial strain. The highest-lying VHS
(named VHS4), which was not previously noticed, can be lowered
enough to be comparable with other VHSs. Our results provide
useful information to help understand the intriguing A-cation
dependence observed in this family and to explore the possible
control of their quantum phases.

2 Computational details

We carried out first-principles DFT calculations using projector
augmented-wave (PAW) method® in the Vienna Ab initio Simula-
tion Package (VASP)."** We used the generalized gradient approxi-
mation (GGA) as parameterized by Perdew, Burke, and Ernzerhof
(PBE) for the exchange—correlation functional® and ‘Grimme’s DFT-
D3’ method in the zero-damping variant® for the van der Waals
correction. Both lattice parameters and internal coordinates were
optimized until the residual forces became less than 1 meV A~*. For
further electronic analysis, we also used the OpenMX®***” package.
For OpenMX pseudo-atomic basis orbitals, we employed s2p2d1 for
K and Rb, s2p2d1f1 for Cs, s3p2d2 for V, and s2p1d2f1 for Sb. The
atomic cutoff radii for the alkali atoms of K, Rb, and Cs were 10.0,
11.0, and 12.0 Bohr, respectively. The radii for V and Sb were chosen
to be 6.0, and 7.0 Bohr, respectively. The 12 x 12 x 6 k-point mesh
and the 400 Ry energy cutoff were used. We used our ‘DFTforge’®®
code to analyze the detailed electronic structure further. The charge
analysis was conducted with the Léwdin transformation.*® Tight-
binding analysis was performed by constructing maximally localized
Wannier functions using the Wannier90 interfaced with
OpenMX.”%”" In addition, our results and conclusions were
double-checked by using ‘HSE (Heyd-Scuseria-Ernzerhof)-06’
exchange-correlation functional.” For this calculation, 6 x 6 x 4
I'-centered k-points and the energy cutoff of 500 eV were used. The
energy criterion was set to 1077 eV. As GGA gives rise to the better
agreement with ARPES data, we present it as our main result.

3 Results and discussion

The crystal structure of AV;Sbs belongs to the P6/mmm space
group (No. 191). As shown in Fig. 1, a V;Sb™ layer contains a V-
kagome net with Sb™™ (in-plane Sb atoms) occupying the vacant
center positions of the V hexagons. Sb°"* (out-of-plane Sb),
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Fig. 1 (a) Top view of kagome metal AV3Sbs (A = K, Rb, and Cs). The yellow,
red, gray, and black spheres represent A, V, Sb°™, and Sb"" atoms, respectively.
The connecting red line shows the V-kagome lattice. (b) Three-dimensional
view of the AV3Sbs crystal structure. The magenta- and cyan-colored arrows
indicate the local x- and z-axes, respectively. (c) The local structure of the
VSbg octahedron where six Sb atoms (Sb°* and Sb™) surround a V atom. The
magenta- and cyan-colored arrows show the same local axes.

forming a honeycomb lattice, is located above and below V;Sb'™.
Alkali metals are interposed between V;Sbs layers so that the
interlayer distance depends on the size of A. Our geometry
optimization gives rise to @ = b = 5.423 A and ¢ = 8.886 A for K,
a=b=5.437 Aand ¢=9.056 A for Rb,and a = b = 5.453 A and ¢ =
9.308 A for Cs. These values are in good agreement with
experiments’ as well as previous calculations.>*>°

3.1 Electronic structure

The important common features of the three alkali metal
variants in terms of their electronic structure include the
electron-like Fermi pocket at I', multiple VHSs at M, and Dirac
crossing at K point, which has been scrutinized in a previous
first-principles calculation and angle-resolved photoemission
spectroscopy (ARPES)*?%3475673:74, gee Fig. 2(a-c). Of particu-
lar interest among them are the VHSs, as they are deemed to be
responsible for the multiple ordered phases cascading with
lowering temperature.**™*® For convenience, we took CsV;Sbs as
a reference and indexed the four VHSs in the increasing order
of their energy; VHS1, VHS2, VHS3, and VHS4 (see Fig. 2(c)). As
shown in Fig. 2(a-c), VHS1 and VHS2 are commonly located
below Eg, whereas VHS3 and VHS4 are above. In the literature,
the highest-lying VHS4 has been on the periphery of attention,
as it is located far away from Er.

To analyze the orbital characters of the VHSs, we chose a
local axis coordinate considering the geometry of the VSbg
octahedron;*® see Fig. 1(c). Each orbital component is repre-
sented by different colors in Fig. 2. VHS1 and VHS2 are
composed mainly of V-d,;,, and V-d,,, respectively, with their

This journal is © the Owner Societies 2024
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Fig. 2 (a)-(f) The orbital-projected band structures of (a) and (d) KV3Sbs, (b) and (e) RbV3Sbs, and (c) and (f) CsV3zSbs. The shaded region around M in (a)—(c)

is highlighted (d)—(f). The Fermi level is set to zero. The dark orange, purple, green, blue, and red colors represent the orbital characters of Sb-p, V-dz,2_,2, V-
dy2_y2, V-dyzy,» and V-d,,, sequentially. The orbital projection was performed based on the local coordinates for all three kagome metals as shown in
Fig. 1(c). The arrows indicate the location of four Van Hove singularities at M point. The labeling of each VHS follows the energetic sequence in CsV3Sbs.

weights more than 60% for all three cases of K, Rb, and Cs (see
Table 1). The contribution from Sb®*-p at VHS1 and VHS2 is
relatively small; less than 5%. For VHS3 and VHS4, on the other
hand, the Sb°"-p contribution is sizable, as partly discussed in
a previous study of A = Cs.>® For A = Cs, the Sb®"p portion is
about 30% at VHS3 and VHS4. For A = K (Rb), it is 26% (28%)
and 23% (30%) at VHS3 and VHS4, respectively.

Another important point is the relative position of VHS1 and
VHS2 depending on A. Let us first note that, in A = K and Rb
(Fig. 2(a) and (b)), VHS2 is lower in energy than VHS1, whereas
their positions are reversed in CsV;Sbs. This was noted by
Labollita and Botana.> In fact, VHS2 gradually moves upward
from —132 meV for K to —108 and —62 meV for Rb and Cs. On
the contrary, VHS1 shows a decreasing trend; Eyys; = —90,
—104, and —126 meV for K, Rb, and Cs, respectively. In KV;Sbs

and RbV;Sbs, Evys, is lower than Eyys,, and as a result, VHS1 is
located closer to Eg, which is not the case for Cs.

It is noted that the ‘higher-order’ nature of VHS2 has been
highlighted in previous studies.’®***%7>7¢ The faster diver-
gence of its density of states and the weaker Fermi surface
nesting were presumed to be important for, e.g.,, nematic
charge order and nodal superconductivity.’>””~”® Thus, the
closer location in CsV;Sbs to the Fermi energy can possibly
be related to the observed difference in characteristics from
those of KV;Sbs and RbV;Sbs.

3.2 Chemical effect

To elucidate the underlying origin of this intriguing material
dependence of VHSs, it is important to examine the effects
coming from chemistry and structure. Fig. 3 summarizes the

Table1 The calculated orbital portions of the four VHSs in AV3Sbs (A = K, Rb, and Cs). The orbital projections were performed with atomic radii of Ry =
6.0, Rsp = 7.0, R = 10.0, Rgp = 11.0, and Rcs = 12.0 Bohr. The other orbital portions not shown here are approximately 30-35%

As V-dyy V-dee e sb™-p
Unit (%) VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4
KV;Sbs 0.00 3.21 0.00 0.00 0.00 64.72  0.00 0.00 0.00 0.00 1.31 31.88 0.00 0.00 4.96 0.00
RbV;Sbs  0.00 2.84 0.00 0.00 0.00 64.49  0.00 0.00 0.00 0.00 0.77 32.82 0.00 0.00 5.45 0.00
CsV;Sbs 0.00 2.50 0.00 0.00 0.00 64.05 0.00 0.00 0.00 0.00 0.26 34.62 0.00 0.00 6.19 0.00
A_p V'dxz/yz V'dszz—r2 Sbout_p
Unit(%) VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4
KV;Sbs 0.00 0.00 1.13 0.00 74.80 0.01 30.22  0.00 0.00 0.92 0.00 0.00 5.07 3.77 26.69 30.46
RbV;Sbs  0.00 0.00 1.09 0.00 74.77  0.01 29.31 0.00 0.00 1.23 0.00 0.00 4.89 4.25 27.99 30.77
CsV;Sbs 0.00 0.00 1.82 0.00 74.59 0.01 28.17 0.00 0.00 1.95 0.00 0.00 4.89 5.42 28.94 29.64
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 11715-11721 | 11717
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calculated results of VHS positions with the fixed atomic
structures. Fig. 3(a—c) correspond to the structures optimized
with A = K, Rb, and Cs, respectively. In each structure, we
performed three different calculations, with the insertion of A =
K, Rb, and Cs. It was noted that VHS1 moves downward in its
energy as the alkali ion gets heavier (with the fixed geometry;
see blue lines), whereas VHS2 goes upward (red lines). In the
case of A = K structure (Fig. 3(a)), for instance, VHS1 was found
at —90, —110, and —145 meV with A-site substitution of K, Rb,
and Cs, respectively. VHS2 was at —132, —119, and —78 meV for
K, Rb, and Cs, respectively. This feature is commonly observed
in all three structural cases, as presented in Fig. 3(b) and (c).
Interestingly, with A = Cs, the relative positions of VHS1 and
VHS2 were always found to be reversed; namely, Evis: < Evusz
regardless of the structure. It is, therefore, solely attributed to
the ‘chemical effect’ of the alkali metals on the energetics of the
VHSs.*°

This finding was partly supported by our tight-binding
analysis. Our parameterization based on maximally localized
Wannier functions gives rise to the A-site s-orbital on-site
energies of —1.325, —1.209, and —1.003 eV, respectively, for
KV;Sbs, RbV;Sbs, and CsV;Sbs. This is consistent with the
increasing trend observed for VHS2, which has the non-
negligible portion of A-s contribution (see Table 1). The same
was also true for VHS3 and A-p whose on-site energies were
found to be 0.301, 0.537, and 0.758 eV for A = K, Rb, and Cs,
respectively. Although the chemical effect of A cation cannot
wholly be captured by two tight-binding parameters, and the
real band dispersion is quite complicated near Ey, it provides
useful information.

Given that VHS(s) in the vicinity of Ey is the key to inducing
multiple quantum phases in this family,>*””""° the character-
istic features of CsV;Sbs distinctive from KV;Sbs and RbV;Sbs
can possibly be related to its VHS energetics. It is also note-
worthy that VHS2 is the only one presumed to be higher-order
in nature.*®”° A detailed and systematic further study focusing
on this relation could be a useful future direction.

-®- VHS1 -e- VHS2 -4- VHS3 VHS4
KV3Sb5 RbV3Sb5 CSV3Sb5
(a) structure (b) structure (c) structure
300
% 200
£ - e
N 100 .—---' o .____'_,_—v
>
[} 0
I.ICJ ry ®
- *o-____. __--® O - ®-—__g-"""
100 .——-’:."~~-. 0—"’*‘~~~. & - <o
—-200
K Rb Cs K Rb Cs K Rb Cs
Fig. 3 (a)—(c) The calculated VHS positions in the fixed crystal structures.

The optimized (a) KV3Sbs, (b) RbVsSbs, and (c) CsVsSbs structures were
used with different A element substitutions. The Fermi level is set to zero
for all cases. The blue, red, brown, and orange colors represent VHSI1,
VHS2, VHS3, and VHS4, sequentially.
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3.3 Structural effect

The structure effect on the VHS positions can also be seen in
Fig. 3(a—c). Let us consider the case of A = K, for example. The
energy location of VHS2 becomes higher in the optimized
structure with a heavier alkali-metal; Eyys, = —132, —120, and
—106 meV in the optimized structure of KV;Sbs, RbV;Sbs, and
CsV;Sbs, respectively. The increasing feature is also observed in
VHS1. On the other hand, the behavior of VHS3 and VHS4 is the
opposite; namely, their energies get lower in the geometry
optimized with heavier alkali atoms. The downward shifting
of VHS4 is significantly greater, and indeed, the Sb®"*p portion
is greatest in VHS4. For detailed quantitative information on
the orbital components in each VHS, see Table 1. Further
analysis based on maximally localized Wannier functions also
showed that the tight-binding hopping parameter between V-
d,2_y2 and Sb°"*p exhibits sizable dependence on the corres-
ponding structural change.

3.4 Tuning the energy levels of VHSs by strain

The above result motivated us to investigate the possible use of
strain to control the VHS positions. Fig. 4(a-c) show the
calculated VHSs in response to the c-lattice parameter change.
While this uniaxial strain effect is relatively weak for VHS1 and
VHS2, VHS3 and VHS4 were significantly affected, and both
gradually shifted down toward Er as the c¢ lattice parameter
increased. While this result is consistent with a previous study
by Consiglio et al.,>® our analysis provides additional informa-
tion and insight, especially for VHS4. Taking KV;Sbs as an
example, VHS4 is located at +288 meV at zero strain, and it
decreases to ~+244 meV at +3% tensile strain (see Fig. 4(a)). On
the other hand, VHS1 and VHS2 are originally located at —90
meV and —132 meV, respectively, and they move to —101 meV
and —132 meV at +3% strain. Once again, this notably different
response between the two lower (VHS1 and VHS2) and higher
energy VHSs (VHS3 and VHS4) is attributed to the different
orbital characters involved in their formation; see Table 1.
Further control may be feasible by employing biaxial strain.
Fig. 4(d-f) shows that a qualitatively different response in VHS
positions can be obtained with biaxial strain. From compres-
sive to tensile strain (along the a and b-axis), VHS1, VHS2, and
VHS3 moved toward the higher energy, whereas the VHS4
position got lower, just as in the uniaxial case. The response
of VHS3 is so sizable that its relative position to VHS4 is
eventually reversed under a large tensile strain limit in RbV;Sbs
and CsV;Sbs; see Fig. 4(e) and (f).

4 Conclusions

In summary, we investigated the alkali-metal-dependent elec-
tronic structure of AV;Sbs (A = K, Rb, and Cs) to understand the
previously reported intriguing material dependence. Our calcu-
lation results show that the energetic positions of low-lying Van
Hove singularities in CsV;Sbs are distinctive from those of A = K
and Rb, and the characteristic higher-order Van Hove point is
located closer to Eg. Detailed electronic analyses revealed that

This journal is © the Owner Societies 2024
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Fig. 4 (a)—(c) The energetic positions of four VHSs in AV3Sbs (A = K, Rb,
and Cs) in response to compressive (negative sign) and tensile (positive
sign) strain up to £3% along c-axis. (d)—(f) The calculated positions of the
VHSs under biaxial compressive and tensile strains along the a—b axis. The
blue, red, brown, and dark orange colors represent VHS1, VHS2, VHS3, and
VHS4, respectively. The Fermi energy is set to be zero.

this notable difference can be attributed to chemical effects
apart from structures. Additionally, the different orbital com-
positions lead the four VHSs to exhibit qualitatively different
responses to strain. In particular, the highest-lying VHS4 can be
lowered enough to be comparable with other VHSs. This
distinct response of VHS4 to strain demonstrates the useful
potential for strain engineering of these materials. Our findings
provide valuable insights into understanding the A-cation
dependence observed in experiments and shed new light on
understanding recent experiments and approaches to control-
ling the intertwined quantum phases in this material family.
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