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We investigate the electronic structure of the new family of kagome metals AV3Sbs (A = K, Rb,
Cs) using first-principles calculations. We analyze systematically the evolution of the van Hove
singularities (vHss) across the entire family upon applied pressure and hole doping, specifically
focusing on the two vHss closer to the Fermi energy. With pressure, these two saddle points shift
away from the Fermi level. At the same time, the Fermi surface undergoes a large reconstruction
with respect to the Sb bands while the V bands remain largely unchanged, pointing to the relevant
role of the Sb atoms in the electronic structure of these materials. Upon hole doping, we find the
opposite trend, where the saddle points move closer to the Fermi level for increasing dopings. All
in all, we show how pressure and doping are indeed two mechanisms that can be used to tune the
location of the two vHss closer to the Fermi level and can be exploited to tune different Fermi surface

instabilities and associated orders.

I. INTRODUCTION

The kagome lattice, with its corner-sharing trian-
gles, represents an ideal playground to give rise to ex-
otic phenomena! *: from charge density wave formation
(CDW)5 2 to Weyl and Dirac semimetals'® 2, and un-
conventional superconductivity” *'3. These phenomena
arise from the inherent features of the electronic struc-
ture of the kagome lattice: flat bands across the Brillouin
zone, Dirac crossings appearing at the corner (K), and
van Hove singularities (vHss) at the edge (M).

Recently, a new family of nonmagnetic kagome metals
with chemical formula AV3Sbs (A= K, Rb, Cs) have been
discovered!'®. Their crystal structure has P6/mmm sym-
metry displaying V3Sbs slabs (with ideal kagome nets
of V ions) and alternating A layers, as shown in Fig 1.
All three systems exhibit a Zsy topological band struc-
ture, superconductivity with a maximum transition tem-
perature T, ~ 0.9 — 2.5 K, and CDW formation below
Tcepw ~ 78 — 103 K'® 7. This series of discoveries has
triggered an immense amount of experimental’®*! and
theoretical work?? 48, AV3Sbs materials display all the
hallmarks of a kagome metal with nearly flat bands, lin-
ear crossings at K, and vHss at M'4 1647 Earlier theo-
retical models on the kagome lattice predicted that both
density wave order and superconductivity can arise at
the vHs filling fractions”™®. Based on this, the role of the
multiple vHss in the vicinity of the Fermi level in AV3Sbs
has been deemed to be particularly crucial for the emer-
gence (and competition) of the different Fermi surface
instabilities*446:4749-57 A5 such, these materials repre-
sent an ideal platform to access and tune different orders
via mechanisms like carrier doping or external pressure.

Hole doping, achieved through selective oxidation of
exfoliated thin flakes, has indeed been shown to have a
notable effect on both superconductivity and CDW order
in the Cs variant®. A superconducting dome is obtained
as a function of doping content with a maximum T, = 4.7
K, significantly enhanced compared with the bulk. Pres-
sure effects have recently been studied experimentally in
all three compounds?3:3456:58-61 = Two superconducting

(a)

FIG. 1. (a) Crystal structure of AV3Sbs where the blue, pink,
and grey spheres denote V, Sb, and A atoms, respectively.
There are two inequivalent Sb atoms in the unit cell: Sbi,
which sits in the plane of the vanadium kagome net and Sbouyt
which sits above and below the kagome plane. (b) Crystal
structure in the ab plane showing the vanadium kagome net.

domes arise upon applied pressure with enhanced T s and
no sign of a structural phase transition®6°861. A recent
study on the Cs variant® revealed a highly anisotropic
compression due to the fast reduction of the CsSb dis-
tances and suppression of Cs rattling motion. This pre-
vents the Sb displacements required to stabilize the CDW
state. These examples reflect the degree of tunability of
these kagome materials upon carrier concentration and
applied pressure, whose effects in the electronic structure
remain to be investigated for the entire AV3Sbs family.
In this paper, using first-principles calculations, we re-
visit the electronic structure of AV3Sbs (A= K, Rb, Cs)
and study its evolution upon applied pressure and hole
doping in a systematic manner, with special focus on
the two vHss closer to the Fermi level. Even though
the known AV3Sbs compounds are remarkably similar to
each other, we find that the electronic structure of the
Cs compound varies significantly with respect to the K
and Rb materials. Upon applying external pressure, the
Fermi surface of these materials undergoes a large re-
construction with respect to the Sb bands while the V
bands remain essentially unchanged. Moreover, we find
that the two saddle points move away from the Fermi
energy in a linear fashion. Upon hole doping, we find the
opposite trend, where the vHss move closer to the Fermi
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FIG. 2. Electronic structure of AV3Sbs. Top: DFT band structures for A = K, Rb, Cs compounds (left to right) with fatbands
indicating the V-d, Sbin-p, and Sbout-p characters. Middle: Zoomed-in band structures around the M point highlighting the
four vHss near er. Bottom: Corresponding Fermi surfaces for A = K, Rb, Cs compounds (left to right). In the left panel, the
Brillouin zone is indicated in red and the high symmetry points for k., = 0 are labelled. Additionally, in the bottom right panel
the Fermi surface pockets described in the text are labelled following a similar notation to that in Ref. 19.

level when increasing the doping level. Overall, we show
how pressure and doping are indeed two mechanisms that
can be used to tune the two vHss closer to the Fermi en-
ergy and can be exploited to tune different Fermi surface
instabilities and associated orders33:35,

II. METHODOLOGY

Density-functional theory (DFT)-based calculations
were performed using the all-electron, full poten-
tial code WIEN2K based on the augmented plane
wave plus local orbital (APW+lo) basis set®.  For
the exchange-correlation functional, the Perdew-Burke-
Ernzerhof (PBE) implementation of the generalized gra-
dient approximation (GGA) was chosen®. Muffin-tin

radii of 2.50 a.u. for A (K, Rb, Cs) and V, and 2.43 a.u.
for Sb were used, as well as a basis set cutoff RK ., = 7.
All calculations presented in our manuscript have been
run in the nonmagnetic state.

Due to the variability in the position of the vHss with
respect to the Fermi level across previous electronic struc-
ture calculations!'* 16244148 we have carefully checked
the convergence of our calculations with respect to the
size of the k-mesh. Very fine k-meshes (~ 10* grid points
in the full Brillouin zone) are needed to achieve conver-
gence (see Appendix A1 for more details). This high-
lights the importance of a proper convergence of DFT
calculations with respect to the number of k-points in
metallic systems like the ones we are dealing with here.
Therefore, we used a very dense 38x38x20 k-grid for
integration in the irreducible Brillouin zone for our cal-



culations.

We have also used maximally-localized Wannier func-
tions (MLWFs) to further investigate the electronic struc-
ture of the AV3Sby family. To obtain the MLWFs, we
employed WANNIER90%? and WIEN2WANNIER®®. Using
the V-d, Sbi,-p, and Sb,-p orbitals for our initial pro-
jections, we obtained well-localized (albeit not unique)
Wannier functions that correctly reproduce the band
structure and orbital character (see Appendix B for more
details).

The crystal structures at ambient pressure for the
AV3Sbs compounds were optimized using GGA-PBE (we
used the experimental lattice constants and relaxed only
the internal coordinates that match precisely the exper-
imentally reported ones as shown in Ref. 14). To simu-
late hole doping, we employed the the same (experimen-
tal) structural parameters and used the virtual crystal
approximation (VCA). This technique involves replacing
each atom of a certain type in the unit cell with a ficti-
tious element with a non-integer atomic number. For hole
doping on the A site we replaced Zn with Zp — x. For
the calculations investigating pressure effects, we used
the Vienna ab-initio Simulation Package (VASP)% for
the structural relaxations (both lattice parameters and
internal coordinates) using projector augmented wave
pseudopotentials®” with the GGA-PBE version of the
exchange-correlation functional®®. For our plane-wave
basis set, we used an energy cutoff of 300 eV for A = Cs,
Rb and 350 eV for A = K. The same dense 38 x38x20 k-
grid was used for the integration in the irreducible Bril-
louin zone. We performed additional structural relax-
ations without symmetry constraints and find no struc-
tural phase transition upon applying pressure in these
systems, which is in agreement with experiments®®6!.
With the optimized structures under applied external
pressure, we performed electronic structure calculations
using the WIEN2K code with the previously mentioned
settings for consistency. Additionally, we have confirmed
that relativistic effects (inclusion of spin-orbit coupling)
do not alter the location of the saddle points at ambi-
ent and applied pressures (see Appendix A3 for more
details).

III. RESULTS
A. Electronic structure of AV3Sbs; (A = K, Rb, Cs)

In Fig. 2, we summarize the nonmagnetic electronic
structure of AV3Sbs (A = K, Rb, Cs) showing the cor-
responding band structures and Fermi surfaces. Bands
originating from the vanadium kagome net, as well as
several bands of pure Sb-5p origin can be observed in
the vicinity of the Fermi level (er). Importantly, there
are four vHss at the M point around the Fermi energy
(labelled as vHs1-4 in Fig. 2), in agreement with previ-
ous work' 1659 The orbital content of vHsl is mostly
V-dy2_y2, d;2, and dg, in character, whereas the other

three vHss are dominated by V-d,, and d,. orbitals (see
Appendix A2 Fig. 6). We note that there is a sizable
k. dispersion in the DFT bands (compare the bandstruc-
ture along the I'"M-K vs. A-L-H directions). We focus
here on the role of two vHss closer to the Fermi energy,
that are located at the M point (vHsl and vHs2). The
location of these two singularities varies as the A cation is
changed. We find that the flatter vHs1 (with d.2, dy2_2,
dyy character) is located at —0.13 eV, —0.10 eV, and
—0.05 eV for K, Rb, and Cs, respectively. In turn, vHs2
(with dg., dy. character) is located at —0.06 eV, —0.08
eV, and —0.1 eV. For the K and Rb compounds, vHs2 is
located closer to er than vHsl, whereas their positions
are reversed in the Cs compound.

Given that the different types of vHss around the Fermi
level are likely responsible for the various Fermi surface
instabilities in this family of materials®" 3, an under-
standing of the interplay between the fermiology and the
nearby vHss becomes important. As shown in Fig. 2, the
fermiology of all three AV3Sbs compounds exhibits many
similar features. There are three distinct Fermi surface
sheets in all cases: (i) a circular pocket around I' formed
by Sbin-p, orbitals, (ii) a hexagonal pocket with domi-
nant V-dg,, V-d,2_,2, and V-d,» character, and (iii) two
triangular pockets composed of V-d./d,. orbitals (see
Ref. 19 for more details). The (iii) triangular pocket
(in proximity to vHs2) features a pronounced Fermi sur-
face nesting so that it likely participates in the instability
that causes CDW order®:5357. In turn, the (ii) hexago-
nal pocket (in proximity to vHs1) has much weaker Fermi
surface nesting. While the Fermi surfaces of the K, Rb,
and Cs-based materials are qualitatively similar, there
are subtle differences in the fermiology of the Cs com-
pound compared to the K and Rb ones, which arise from
the relative locations of vHsl and vHs2. In the Cs com-
pound, vHs1 lies closer to the Fermi energy than vHs2, as
mentioned above, which alters the dispersion of these two
bands near the Fermi energy, affecting the volume and
shape of the dg,, dy2_,2,d,> and d /d,.-related pockets.
For all three compounds, we find excellent qualitative
agreement with the Fermi surfaces from recent ARPES
measurements that show the same dominant pockets
and evolution with the A cation!®19:49-51,53 = Addition-
ally, our the orbital content of our calculated bands are
in good agreement with polarization-dependent ARPES

measurements®!.

We now investigate further differences as the A cation
changes (K, Rb, Cs) focusing on the degree of two-
dimensionality (2D) of the electronic structure. To this
end, we calculate hopping integrals from maximally lo-
calized Wannier functions (see Appendix B for further
details). Table I shows all of the relevant hopping in-
tegrals obtained between the V-d, Shi,-p, and Sbgyut-p
orbitals. While there are sizeable out-of-plane hoppings
from the kagome net to out-of-plane Sb atoms, we find
that the majority of the hoppings are in-plane, point-
ing to the 2D-like character of the electronic structure of
these materials. The most relevant hopping integrals in
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FIG. 3. Evolution upon applied pressure of (a) the c/a ratio
with linear fits to the low and high pressure regimes and (b)
the position of vHsl and vHs2 relative to er in AV3Sbs (A=
K, Rb, Cs).

the K and Rb compounds are identical, both in terms of
the involved orbitals and the size of the derived hoppings.
For the Cs compound, there are fewer sizeable hoppings
and the relevant hopping channels are different relative
to the K and Rb compounds. Importantly, we find that
the Cs compound exhibits fewer out-of-plane hoppings
indicating that the Cs material is more 2D-like than the
other two compounds. Given that the symmetry of the
crystal structure of these materials is identical and that
the position of the A states in the electronic structure
does not get altered as A changes (see Appendix A 2 Fig.
7), the slightly different bond angles and bond lengths
between neighboring V, Shy,, and Sbyy; atoms in the Cs
compound could be at the origin of these differences. Our
findings are in agreement with resistivity measurements
that suggest that, even though all of these kagome mate-
rials are 2D metals, the Cs compound is more 2D-like!'®
as it displays the largest transport anisotropy.

B. Effects of pressure

We now study the effects of applied pressure (up to
20 GPa) in the electronic structure of AV3Sby (A = K,
Rb, Cs). We note that there is no experimental evi-
dence of a structural phase transition upon pressures up
to ~ 40 GPa’6:°8° 61 in these materials. We have verified

this by relaxing the crystal structure without symmetry
constraints and find the structure maintains its original
symmetries and space group. The pressure evolution of
the crystal structure parameters for AV3Sbs (A = K, Rb,
Cs) is summarized in Fig. 3(a) and in Appendix C Fig.
10. The in-plane lattice parameter changes linearly and
only slightly (~ 3% reduction at 20 GPa), while the out-
of-plane lattice parameter exhibits a much larger overall
change (~ 15% reduction at 20 GPa), with a low (< 8.5
GPa) and high (= 8.5 GPa) pressure regime where the
out-of-plane lattice parameter changes at different rates.
The c/a ratio is systematically reduced under pressure in
all systems by approximately the same amount (see Fig.
3(a)). Applying pressure only has a minor effect on the
nearest-neighbor V-Sb distance (for both in- and out-of-
plane Sb atoms), while there is a much larger change in
the A-Sboyt distance (see Appendix C Fig. 10). Im-
portantly, the evolution of the A-Shg,; distance with
pressure compared to the V-V, V-Sb;,, V-Sby, bond
length evolution agrees with experimental data for the
Cs compound®®. This scenario supports the picture that
the V3Sby slabs are a rigid structural unit that is weakly
coupled to the interstitial A layers®.

We focus next on tracking the change in energy (rela-
tive to the Fermi level) of the saddle points closer to it
(vHsl and vHs2). The shift that these vHss experience
under external pressure is shown in Fig. 3(b). In all
three materials, both of these saddle points move away
from the Fermi level (in a linear fashion) upon applied
pressure. In addition to the two vHss, it is important
to track the changes in the band structures. The evo-
lution of the band structures with applied pressure (see
Appendix C Fig. 11) reveals that the V bands are only
slightly broadened, whereas the Sb bands undergo ma-
jor changes. Specifically, the Sby,t- and Sbiy,-p, bands
between I' and A change drastically: the Sbg,; band
that peaks at ~ —1 eV at A at ambient pressure, gradu-
ally shifts up in energy, rising above ep between 10 and
15 GPa. This reconstruction of the bands around the
Fermi level can be understood from the displacement of
the Sboys atoms described above. These results suggest
that while the kagome bands (with their associated vHss)
are an important electronic structure ingredient in the
AV3Sby family, the role of the Sb-5p states cannot be
disregarded, particularly upon applying pressure.

Our findings are in agreement with the recently re-
ported anisotropic compression in the Cs compound
(with similar ¢/a trends to those we report) due to the
fast shrinkage of the CsSb distances and suppression of
Cs rattling motion®”. We show here that this response
can be extended to the K and Rb materials as well. Our
results are also consistent with experimental data both
in the context of superconductivity and CDW order. In
the experimental temperature vs. pressure phase dia-
gram, there are two superconducting domes for all three
compounds®®:®!. For the Cs compound, the termination
of the first superconducting dome corresponds to a kink
in the c/a ratio at ~ 8 GPa®. From our calculated lat-



() (b)
—0— VHs1 (eV)
0.0 ©— VHs2 (eV)
lo ° o
0.1
ol L L L |
0.0 0.2
g [ —@— VHs1 (eV)
3 0.0 B ©— VHs2 (eV)
[ L
w lo /8\0
) R °
l L L L | L L
0.0 0.2
| —@— vHs1 (eV)
0.0 W
L o
-0.1fe ° °
| L L |
0.0 0.2
X

FIG. 4. Evolution upon hole doping (z) within VCA of the
(a) band structures and (b) position of vHsl and vHs2 with
respect to e in AV3Sbs (A= K, Rb, Cs).

tice parameters, we correctly capture a kink at the in-
tersection between the low and high pressure regimes at
~ 7.8, 7.9, and 8.0 GPa for A = K, Rb, and Cs, re-
spectively (see Fig. 3(a)). Furthermore, we capture the
correct trend of the first superconducting dome termi-
nating at higher pressure when increasing the A cation
size8:60:61 " The CDW state is suppressed at ~ 1 — 2
GPa in all materials®»°%%%,  This suppression can be
understood from the rapid decrease in the A-Sbgy,; dis-
tance that makes the electronic structure more disper-
sive along the c-axis, weakening the nesting vector for
the CDW order®*56:59  Given that the K and Rb com-
pounds display a larger c-axis dispersion already at ambi-
ent pressure (see their larger out-of-plane hoppings, high-
lighted in the previous section), this scenario also sup-
ports the earlier suppression of CDW order upon applied
pressure in these compounds when compared to their Cs
counterpart33:56:58,59,

C. Effects of hole doping

Another knob that can be used to tune the position of
the vHss in the AV3Sbs family is doping. Experimentally,
charge modulation in bulk samples of AV3Sbs through
chemical doping has not been realized. However, it has
recently been shown for the Rb and Cs counterparts that
doping in thin film form is possible via selective oxidation
of exfoliated thin flakes?3%°: controlling the thickness of
the flakes, the carrier concentration can be modulated
and hole doping has been effectively achieved. To study

the effects of hole doping theoretically, we employ the
virtual crystal approximation (VCA) (see Sec. II). We
study a large range of dopings from z = 0.0 — 0.3 to
capture general trends in the electronic structure within
VCA.

From the band structures in Fig. 4(a), we find that
doping in AV3Sbs (A = K, Rb, Cs) is highly orbitally-
selective rather than giving rise to a simple rigid-band
shift, in agreement with recent experimental data on
hole-doped Rb and Cs compounds?®°°. The holes mainly
dope the bands at T' (with dominant Sb;,-p, character)
and the bands at M involved in vHsl of dg,, dy2_,2, and
d,2 character. Notably, the bands associated with vHsl
experience much larger shifts with doping compared to
those associated with vHs2. This orbital-selective doping
further highlights the important role that the Sb states
play in this family of kagome metals.

In Fig. 4(b), we track the relative position of the two
vHss closer to ep (vHsl and vHs2) upon hole doping.
Across all materials, we find the opposite overall trend
to the pressure case as the saddle points shift closer to
the Fermi level with increasing doping levels. Given that
the doping is orbitally-selective, vHsl is more sensitive
to dopants than vHs2, as mentioned above. In the K
compound, the vHss converge to nearly the same lo-
cation at the highest doping, with vHs1 shifting up in
energy significantly when compared to vHs2. Through-
out all the previous sections, the K and Rb compounds
have been shown to display an electronic structure that is
practically identical, but upon doping we find a slightly
different trend in the shifts of the two vHss. For the
K compound, vHs2 remains essentially stationary, while
vHsl rapidly climbs in energy with doping. In the Rb
compound, vHs2 also remains essentially stationary at
low dopings, however, at high dopings the vHss cross.
This makes vHsl now closer to the Fermi energy than
vHs2, which would bring the fermiology of the Rb com-
pound upon doping closer to the fermiology to the Cs
compound. Finally, for the Cs compound, we find that
vHs1 actually crosses the Fermi level and sits above it at
the highest doping level considered, while vHs2 gradually
shifts up in energy but with a much shallower slope. In all
compounds, vHs1 moves closer to the Fermi level relative
to vHs2. Since vHsl1 has a weak nesting vector this trend
in the electronic structure matches the suppression of the
CDW transition temperature upon doping?®°°. Addi-
tionally, for the Cs compound, we observe that the total
density of states (DOS) at the Fermi level gradually in-
creases with doping up to z = 0.2 (see Appendix C Fig.
12). This increase in the DOS matches the increase in
the superconducting critical temperature observed with
doping in Ref. 55. Overall, hole doping seems to be an
effective way to shift vHsl and vHs2 in AV3Sbs towards
the Fermi level, and we anticipate that it should have a
larger effect in tuning vHsl1.



IV. SUMMARY

We have used first-principles calculations to investi-
gate the nonmagnetic electronic structure of the AV3Sbs
(A= K, Rb, Cs) family and tracked the evolution of the
two vHss closer to the Fermi energy upon applied pres-
sure and hole doping. When applying external pressure,
the two vHss move away from the Fermi level and the
Fermi surface undergoes a large reconstruction with re-
spect to the Sb bands. This finding points to the role
the Sb-5p states play in the interesting physics exhibited
by these materials. Upon hole doping, we find the oppo-
site trend as the two vHss move closer to the Fermi level
with increasing doping. Furthermore, doping is highly
orbitally-selective. Overall, applied pressure and doping
seem to be two effective mechanisms to tune the vHss

closer to the Fermi level, whose role has been deemed to
be crucial for the emergence of the different Fermi surface
instabilities in the AV3Sbs family.

Note added. After completion of this work, hole-doping
of the Cs compound with Ti-dopants (Cs(V1_,;Ti;)3Sbs)
was experimentally achieved®®. The ARPES data in this
work reveals the same upward shift of the vHss at M with
doping that we predict from our VCA calculations.
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Appendix A: Further details on the electronic structure calculations of AV3;Sbs
1. Convergence criteria of the DFT calculations

Due to the variability in the position of the vHss with respect to the Fermi level across previous electronic structure
calculations!'# 16:2441:48 " we carefully check the convergence of the Fermi energy (ep) with respect to the size of the
k-mesh. Because these systems are metallic with many bands crossing the Fermi level, a proper k-mesh is essential
for accurately describing the electronic structure and, more importantly, the location of the vHss which are crucial
to understanding the physics of these materials. In Fig. 5, we plot Aep (where the converged Fermi energy is taken
as a reference) versus the number of k-points used in our k-grid. The inset in Fig. 5 shows that the convergence of
the Fermi energy to four decimal places occurs when the number of k-points is on the order of 10% points in the full
Brillouin zone. We have performed all of our electronic structure calculations throughout using this very dense mesh.

(&)
o
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FIG. 5. Convergence of the Fermi energy (er) with respect to the number of k-points used in our grid. Here, Aep =

er — ™" The inset highlights the convergence of the Fermi energy using a very dense mesh with more than 10* grid

points

2. Orbital content and density of states

In Fig. 6, we further decompose the fatband representation of the band structures shown in Fig. 2 into individual
V-d and Sb-p orbitals. The top row shows the entire d-manifold, where the weight of the color around the band
indicates the dominant orbital character of that band. We find that the bands comprising vHsl are mainly dg,,
dg2_y2, and d,» character, while the bands comprising vHs2 are of d,. and d,. character. The bottom row breaks
down the p orbitals for both Sby, and Sby;. To show that the A states do not play a role in the low energy physics
of these systems, we plot the atom-resolved density of states (DOS) for all three compounds around the Fermi level
in Fig. 7. We find that the A states (depicted in yellow) are essentially stagnant around the Fermi level, while the V
states are dominant exhibiting a very large DOS characteristic of the vHss near the Fermi level.

3. Spin-orbit coupling effects

Figure 8 compares the band structures for CsV3Sbs at ambient pressure and at 20 GPa with (red) and without
(black) spin-orbit coupling (SOC) included (in our GGA-PBE calculations). We find that SOC does alter some of the
Sb-p bands, and it also opens a small gap at the Dirac point near K, but it does not alter the location of the saddle
points that we have tracked throughout our study (vHsl and vHs2). Our results with SOC included are in agreement
with previous work??.

Appendix B: Wannier functions and hopping integrals

We analyze the local properties of the electronic structure of AV3Sbs using MLWFs for all three compounds. In
Fig. 9, we have summarized the Wannier fits and some relevant Wannier functions. The agreement between the band
structures obtained from the Wannier function interpolation and those derived from the DFT calculations is excellent,
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FIG. 6. Nonmagnetic band structures with fatband representation for all of the relevant orbitals for AV3Sbs (A = K, Rb, Cs)
with A = K (left), A = Rb (middle) and A = Cs (right). Top: V-3d orbitals. Bottom: Sbi,- and Sbout-p orbitals.
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FIG. 7. Atom-resolved density of states (DOS) for AV3Sbs (A = K, Rb, Cs).

indicating a faithful (though not unique) transformation to Wannier functions. The fatband representation of our
Wannier dispersion shows the orbital character of these bands describes d-like orbitals coming from the vanadium
atoms and p-like orbitals coming from the antimony atoms, in analogy to the DFT bands. To investigate the degree
of two-dimensionality of the electronic structure of these systems, we calculate hopping integrals from our Wannier
functions and analyze the dominant hopping channels. We have summarized the largest hopping integrals in Table 1.
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FIG. 8. Nonmagnetic band structures for CsVsSbs at 0 GPa (left) and 20 GPa (right) without SOC (black) and with SOC
(red) effects included.
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FIG. 9. Summary of the wannierization for AV3Sbs. Here, we have taken A = Cs as an example. The fits of the other two
materials are essentially identical. Top: DFT bands (black) compared to the Wannier function interpolation (light purple) along
the high-symmetry path in the Brillouin zone. Bottom: Real-space representation of selected Wannier functions corresponding
to the d orbitals on the vanadium sites.

We have used the notation
(balH|d5) = 13, (B1)

where ¢, and ¢ correspond to the Wannier function «, 3 € [d, p™, p°**] with o # /3 in our table and H denotes the
Wannier Hamiltonian. t2 denotes the hopping integral describing the exchange from a to 3.

Appendix C: Electronic structure upon applied pressure and doping

Pressure. In Fig. 10(a), we plot the change in lattice parameters and nearest-neighbor distances with applied
pressure for all three AV3Sbs compounds. As discussed in the main text, we find that the in-plane lattice parameter
changes linearly with a maximum change of ~ 3% at the highest pressure. However, the out-of-plane lattice parameter
exhibits a low (< 8.5 GPa) and high (2 8.5 GPa) pressure regime where the lattice parameter changes at different
rates with a much higher overall change of ~ 15% at the highest pressure calculated. From this data, we can calculate
the ratio ¢/a, which has been shown to exhibit a kink near the termination of the first superconducting dome for the
Cs compound®. In the main text, we show that this kink exists in the K and Rb compounds as well and qualitatively
matches the termination of the superconducting dome in these materials.

Concerning changes in the nearest-neighbor distances, we find that applying pressure (even up to 20 GPa) only
has a minor effect on the nearest-neighbor distances between the V and Sb atoms (both in- and out-of-plane) (see
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KV3Sbs RbV3Sb5 CsV3Sbs

< zy|H|d1y> 0.62 < ry|H|dry> 0.63 < zy|H|p > —0.69
(day | Hpy") 0.69 (duy|H|py") 0.70 (d zzlﬁ\p ) 0.62
(d zzl’Hlp ) 0.62 (d zz|H|p ) 0.63 (dy2_ 2 |H|py") 0.80
(dp2_y2 [HIp?) 0.80 (dy2_ 2| H|pi) 0.80 (d zylﬂlp ) —0.79
(d zyIHIp‘"> 0.80 (d zylﬂlp ) 0.80 (dy2_ 2| HIPY") —0.93
(d mlﬂlp 0.62 (d mlﬂlp"‘> 0.63 (d yzlﬂlp"‘“) —0.73
(dyp2_ 2| H|py") —0.93 (dy2 2 |H|Pi) —0.93 (dp2 2 | H[P2") 0.55
< y2|H|pOUt> 0.73 < yZ|H‘p0ut> 0.73 <d 2|H|pout> 0.59
(dy2_py2 | H[P2") 0.54 (dp2 2 | H[P") 0.55 (| H[p2™) 0.58
(d, 2|H\p"“t> 0.58 (d, 2|7-L|p°“t> 0.58

(PO | H|pS™) —0.84 (PO | H|po™*) —0.84

(p O“t\Hlp"“W —1.41 (p O“EI’H\pc’“W —1.41

(PP H|p2™®) 0.58 (| H[p™) 0.58

TABLE I. Relevant hopping integrals (in eV) obtained from maximally-localized Wannier functions®® for AV3Sbs (A =K, Rb,
Cs). For each material, the first column provides the matrix element between the Wannier functions (¢ and ¢g) of the form
(¢a|H|pp), where a # B and H is the Wannier Hamiltonian. The second column gives the corresponding hopping integral.
The hoppings Wlth the largest magnitude are denoted in red. The table is organized in the following order: d-d, d-p™, d-p°"*,
and p-p, where p™ (p°*") refers to p orbitals on the Sbiy (Sbout) sites.

Fig. 10(b)). In contrast, there is a much more dramatic change (nearly 0.5 A at 20 GPa) in the A-Shyy; distance.
This scenario supports that the V3Sbs slabs are rigid structural layers that are only weakly coupled to the interstitial
A cations. The evolution of the A-Sb,,; distance compared to all other nearest-neighbor bond lengths agrees with
experimental data for the Cs compound®®, and we show here that these trends can be extended to the K and Rb
compounds.

In Fig. 11, we provide the evolution of the band dispersions around the Fermi level with applied external pressure.
The V-d bands remain essentially the same as the applied pressure is increased. The vHss change relative to the
Fermi level, but the dispersions and orbital content of the V-d bands remain essentially unaffected. In contrast, the
Sb-p bands experience a major reconstruction.

Doping. Fig. 12 shows the total density of states (DOS) at and around the ep for the Cs compound upon hole
doping. The increase in total DOS with doping (up to z = 0.2) matches the increase in the superconducting critical
temperature observed with hole doping in Ref. 55. The decrease in total DOS at x = 0.3 corresponds to the large
DOS associated with vHs1 shifting above the Fermi level.
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FIG. 10. Evolution upon applied pressure of (a) a and c lattice parameters (relative to their ambient pressure values ao and
o), and (b) interatomic distances between V-V, V-Sbin, V-Sbout, and A-Sbeys atoms (in units of A)
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FIG. 11. Evolution of the band structure under pressure for AV3Sbs: A = K (top), A = Rb (middle), and A = Cs (bottom).
The band character for V-d, Sbiy-p, and Sboyut-p is also shown.
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respect to the doping level ().
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