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The recently reported AV3Sbs (A = K, Rb, Cs) family of kagome metals are candidates for un-
conventional superconductivity and chiral charge density wave (CDW) order; both potentially arise
from nested saddle points in their band structures close to the Fermi energy. Here we use chemical
substitution to introduce holes into CsV3Sbs and unveil an unconventional coupling of the CDW and
superconducting states. Specifically, we generate a phase diagram for CsV3Sbs_,Sn, that illustrates
the impact of hole-doping the system and lifting the nearest vHs toward and above Er. Supercon-
ductivity exhibits a non-monotonic evolution with the introduction of holes, resulting in two “domes”
peaked at 3.6K and 4.1K and the rapid suppression of three-dimensional CDW order. The evolution
of CDW and superconducting order is compared with the evolution of the electronic band structure
of CsV3Sbs_,Sn,, where the complete suppression of superconductivity seemingly coincides with an
electron-like band comprised of Sb p. orbitals pushed above Er.

Kagome metals naturally support electronic structures
that host Dirac points, flat bands, and saddle points,
leading to electronic instabilities associated with diver-
gences in the density of states at the Fermi level. A wide
array of instabilities have been predicted, ranging from
bond density wave order [1, 2] to charge fractionaliza-
tion [3, 4], charge density waves (CDW) [5], and su-
perconductivity (SC) [1, 6]. As a result, the interplay
between competing electronic instabilities can often be
tuned via small changes in the band filling. For example,
band fillings near 5/4 electrons per band [1, 7-10] can
populate nested van Hove singularities (vHs) that drive
CDW order, and, in some limits, unconventional super-
conductivity.

The recently discovered class of AV3Sbs (A: K, Rb,
Cs) kagome metals [11] are potential realizations of this
physical mechanism with each member exhibiting exper-
imental signatures associated with CDW order [12-17]
followed by the low temperature onset and coexistence
of superconductivity [14, 15, 18]. Upon applying hydro-
static pressure, the CDW instability in AV3Sbs is coupled
to superconductivity in a seemingly unconventional fash-
ion [19, 20], and the impact of the pressure-modified
band structure on the interplay between the two states
remains an open area of study. In particular, understand-
ing the relative roles of the vHs comprised of V d-orbital
states near the M-points and the electron-like band com-
prised of Sb-states at the I'-point within the CDW and SC
mechanisms is essential to developing a microscopic pic-
ture of how the two transitions are coupled.

Carrier doping is an appealing means of tuning these
features relative to the Fermi level and probing the cou-
pling of the CDW and SC states. Shifting the relative po-
sitions of the vHs and I" pocket relative to Fr and prob-
ing the evolution and interplay of the CDW and SC phase

transitions can provide insights into the origins of each
state. A recent study on oxidized thin flakes of CsV3Sbs,
for instance, shows that hole-doping on the Cs site can
enhance T while also suppressing CDW order [21]. In
addition, DFT calculations show that hole-doping drives
the vHs in the opposite direction relative to Er than that
expected via external hydrostatic pressure [22]. Given
that an unusual coupling between SC and CDW states
was observed under variable pressure [20], a systematic
study of hole-doping effects stands to provide an impor-
tant experimental window into understanding this un-
conventional coupling.

Here the effect of hole-doping on the CDW and SC
states in CsV3Sbs_,Sn, with 0 < x < 1.5 is presented.
Hole-doping is achieved via substitution of Sn onto the
Sb sites, and, because Sn and Sb are very similar in
size, this drives negligible coincident steric effects in the
band structure. As holes are introduced, the CDW state
is rapidly suppressed, and three-dimensional CDW order
vanishes near = 0.06. In parallel, SC is enhanced and
reaches a maximum 7-=3.6K at z = 0.03 within the
CDW state before decreasing as the CDW is fully sup-
pressed. Continued hole-doping beyond the suppression
of CDW order results in a second maximum in 7o =4.1K
at x = 0.35 prior to bulk SC weakening and vanishing
beyond x = 0.5. Density functional theory (DFT) cal-
culations and nuclear quadrupolar resonance measure-
ments establish a strong preference for Sn to occupy Sb
sites within the kagome plane, and DFT models predict
that Sn substitution on this site lifts the Sb p, electron-
like band at I" above Er coincident with the vanishing
of bulk SC. Furthermore, only small changes in the ener-
gies of the vHs are predicted for doping levels sufficient
to suppress signatures of CDW order, suggesting the im-
portance of Sb-states in the stabilization of both phases.
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FIG. 1. (a) CsV3Sbs_,Sn, crystallizes in the parent CsV3Sbs
(P6/mmm) structure. Sn can substitute on either the Sb1l or
Sb2 sublattices, and at low doping we establish a preference
for the Sb site in the V kagome plane. (b-c) Sn integration into
CsV3Sbs_,Sn, causes the c/a ratio to steadily decrease until
the termination of solid solubility at x = 1. (d) For samples
with concentrations above EDS sensitivity threshold, nominal
Sn tracks measured Sn. Error bars are shown unless they are
smaller than associated point size. The different colors corre-
spond to sample composition and are consistent throughout the
figures.

Powder samples of CsV3Sbs_,Sn, for 0 < z < 1 in
6-7 g batches were synthesized using a combination of
ball milling and high-temperature sintering [23]. Struc-
tural analysis was performed via synchrotron powder x-
ray data acquired at Argonne National Laboratory (APS,
11-BM) and on a Panalytical Empyrean laboratory x-ray
powder diffractometer. A Hitachi TM4000Plus scanning
electron microscope (SEM) was used to perform energy—
dispersive x-ray spectroscopy (EDS). Magnetization data
were collected in a Quantum Design Magnetic Prop-

erty Measurement System (MPMS) and electrical resis-
tivity data were collected in a Quantum Design Physical
Property Measurement System (PPMS). DFT calculations
were performed within the Vienna ab initio Simulation
Package (VASP) [24, 25], and room temperature '2'Sb
zero-field NQR measurements were performed using a
custom NMR spectrometer. Further details are avail-
able in the Supplemental Material accompanying this
manuscript [23], which include references [26-34].

At room temperature, CsV3Sbs_,Sn, with 0 < x <
1 all adopt the same hexagonal P6/mmm structure as
CsV3Sbs with an ideal kagome network of V atoms,
shown in Fig. 1(a). For 0 < z < 1, polycrystalline sam-
ples were found to be single phase, while a secondary
phase appears for z = 1.5, indicating the termination of
the solid solution. Pawley fits of powder diffraction data
were used to determine changes to the unit cell as a func-
tion of Sn content. Figures 1(b-c) show the normalized
¢/a ratio and the cell volume as a function of Sn con-
tent. With increasing Sn, a increases and c¢ decreases in
near perfect compensation, yielding a cell volume which
is virtually independent of Sn content. Small fluctuations
in volume of less than 0.16% can be explained by un-
certainties in chemical composition and in the structural
refinement.

The linear trend in ¢/a is reminiscent of a Vegard’s
Law-type trend, suggesting that Sn is incorporated into
the parent structure as a solid solution up to approxi-
mately « = 1, at which point the ¢/a ratio plateaus.
Figure 1(d) indicates that the measured Sn content (via
EDS) tracks the nominal Sn content. While Rietveld re-
finements of x-ray data confirm that powders are single
phase, poor scattering contrast between Sb and Sn im-
pedes the ability to refine whether Sn is uniformly dis-
tributed on both the Sb1 and Sb2 sites, or whether there
is preferential occupation of a particular sublattice. DFT
calculations suggest a preference ~ 10 meV/atom for Sn
to substitute preferentially on the Sb1 (in the kagome
plane) and nuclear quadropole resonance (NQR) mea-
surements (discussed later) confirm that Sn atoms pref-
erentially occupy this site [23].

Undoped CsV;3Sbs single crystals have a superconduct-
ing Tc=2.5K [14, 21] and a charge density wave tran-
sition temperature 7*=94K [13, 16] that drives a struc-
tural distortion into a 2 x 2 x x4 enlarged unit cell; one
containing layers of kagome nets distorted into both star-
of-David and tri-hexagonal structures [13, 35, 36]. Poly-
crystalline samples show identical transition tempera-
tures, although both transitions are broader compared to
single crystals [14]. This is largely due to powders being
very sensitive to exact synthesis conditions and strain ef-
fects [23]. Pure CsV3Sbs powder synthesized here has an
onset T of 2.70K and a midpoint 7 of 2.07 K. As Sn is
added within the matrix, Figure 2(a) shows the evolution
of superconductivity, focusing on two different doping
regimes (x = 0 to 0.03 and x = 0.1 to 0.35). All super-
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FIG. 2. (a) The superconducting Tc measured under a field of H = 50Oe shows a systematic shift to higher temperature in the
compositions leading to the two T¢ maximums. The superconducting fraction is normalized to account for errors in mass and
packing fraction so all data have a minimum of —1, the theoretical minimum. (b) dM/dT for compositions z < 0.06 show a
decrease in CDW T, and this transition disappears for greater Sn compositions. (c) Resistivity data also show this enhancement
in T¢, and the low-T', normal state resistivity for = 0.35 is about 4 times higher than z = 0.03.
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FIG. 3. Hole-doping phase diagram for CsV3Sbs_,Sn,. The
double-dome structure is clearly evident, as is the depression
of the CDW ordering temperature. 7¢ shows two maxima at
x = 0.03 and at x = 0.35 and the CDW state disappears by x
= 0.06. We note that the first Tc maximum occurs while the
CDW is still present, and the CDW vanishes once T¢ is already
declining again = > 0.03. For « > 0.65, the volume fraction of
superconductivity decreases and the onset T¢s are represented
with open circles.

conducting samples show 47y, ~ —1 in magnetization.
Fractions slightly exceeding unity are attributed to errors
in the packing density, and data are normalized to —1 for
ease of comparison. The effect of Sn on T becomes im-
mediately apparent: as the Sn content is increased to x
= 0.03, T¢ increases to a local maxima of 3.6 K. T then

decreases with continued hole-doping, followed by a sec-
ond superconducting dome appearing shortly thereafter
with a maximum 7¢ = 4.1K at x=0.35. Superconduc-
tivity assumes only a partial volume fraction for x > 0.5,
and the SC state completely disappears by = 0.85. An
exhaustive set of susceptibility measurements is provided
in the supplemental information [23].

The evolution of CDW order upon hole-doping can be
monitored via the inflection point in magnetization that
appears at the CDW onset. Using the peak in dM/dT
as a metric for the onset of three-dimensional CDW or-
der, Fig.2(b) shows that light hole substitution causes
the CDW transition to rapidly broaden and shift to lower
temperatures. Undoped, the peak in dM/dT is 98.01K
and this peak decreases to less than 80K at x=0.04. For
x > 0.05, signatures of the CDW transition in magneti-
zation cannot be resolved, although it is possible that a
highly broadened CDW anomaly smoothly continues its
rapid suppression with higher Sn doping. Despite the
ambiguity in the precise position of CDW phase bound-
ary near £=0.05, the superconducting and CDW states
clearly coexist at the first maximum of the first supercon-
ducting dome (x = 0.03). This is distinct from the sec-
ond maximum in T at higher Sn content (z = 0.35),
which occurs far beyond the apparent suppression of
CDW order. Future work studying single crystals will be
required to fully map if the suppression of the CDW state
is a first or second order phase boundary and to fully ex-
plore whether CDW order is becoming short-ranged at
larger Sn-doping levels.

Figure 2(c) shows electrical resistivity measurements
performed on samples at both peak T values (xz =0.03
and x =0.35). Zero-resistivity conditions agree well with
the T obtained via magnetization measurements, and
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FIG. 4. (a) DFT calculations for CsV3Sbs highlighting the allowable range of Fermi levels under the rigid band approximation
for substitution of one Sn atom per formula unit. (b) Calculation of the band structure of CsV3Sb,Sn where one Sn has been
substituted within the kagome plane. Here the majority of the electronic structure is preserved with the exception of the I" pocket,
where the occupied Sb band is replaced with an unoccupied Sn band above Er. (c) Calculation of the band structure of CsV3Sb4Sn
where one Sn has been substituted at a Sb site outside of the kagome plane (OKP). A strong reconstruction of many bands can be

observed, in particular near K, H, and K-T.

the CDW onset temperature is further marked for the
sample with x = 0.03. The resistance immediately prior
to the onset of SC increases quite dramatically upon Sn
substitution, from 50 uQ2-cm (xz = 0), to 250 uQ-cm (x =
0.03, first T¢ peak), to 800 uf2-cm (x = 0.35, second T
peak), and the temperature dependence of the resistiv-
ity, particularly near the CDW temperature, changes dra-
matically with Sn doping. As a summary, Figure 3 plots
a phase diagram showing the effect of Sn-substitution
on both SC and CDW orders. A two-dome structure is
immediately evident in T, as is the relatively rapid sup-
pression of CDW order with the introduction of Sn.

The CsV3Sby lattice supports nearly 1/5 of the total Sb
being replaced by Sn. To give a rough sense of the range
over which Fr can be tuned, Figure 4(a) shows the elec-
tronic structure of pure CsV3Sbs along with the range of
Fermi levels achievable with a loss of 1 electron per unit
cell (gray shaded region). In a rigid band shift approxi-
mation, substitution of Sn should allow Er to be tuned
across multiple vHs and Dirac points near the M- and
K-points, respectively. However, reconstruction of the
bands associated with the Sb orbitals and orbital selec-
tive doping effects are expected, and Figure 4(c) shows
one hypothetical structure with Sn substituted on the
Sb2 sublattice (out of the kagome plane). Here, in ad-
dition to the expected shift of the Fermi level (note the
position of the M-point vHs crossing now ~ 0.2 eV above
EF), a significant reconstruction is also resolved around
the K, L, and H points. Notably, the electron-like band at
T is preserved in this = 1 structure. Alternatively, if Sn
substitution instead occupies the Sb1 sublattice within
the kagome plane, the overall electronic structure rela-
tive to CsV3Sbs is largely preserved and mimics a rigid

band shift model, with the important exception of the
Sb-derived I'-pocket, which vanishes and is replaced with
an electron-like Sn-band far above Er. Colorized orbital
contributions to the band structure structures shown in
Fig. 4 are presented in the supplemental information
[23].

To clarify the impact of Sn-doping on the band struc-
ture, NQR measurements were performed and estab-
lish that Sn preferentially occupies the Sb1 sites in the
kagome plane [23]. This is consistent with DFT calcu-
lations that show a small energy preference for Sn oc-
cupying the Sb1 site. With this doping-site established,
supercell calculations at fractional in-plane Sb substitu-
tion were performed and show that, as Sn content is in-
creased, the electron-like band at I lifts above Er near
2 = 0.5 in tandem with the disappearance of bulk super-
conductivity [23]. This suggests that superconductivity
in CsV3Sby in-part relies on the Sb p,-derived orbitals,
and aligns with results of earlier pressure studies [37].

At smaller Sn-doping levels, the observation of an in-
termediate peak in T demonstrates a complex interplay
between the Sb-states at I" and the V d-states driving the
CDW order. Supercell calculations show a rather mild
shift in the M-point vHs from roughly —0.072 eV below
Er for x=0 to —0.047 eV for x=0.33 and —0.042 eV for
2=0.5, prior to shifting 0.083 eV above Er in z=1. The
small shift in the expected energies of the vHs toward Fr
under mild z=0.05 substitution fails to explain the rapid
suppression of the CDW state at this doping, suggesting
a complicated balance of energy scales underpinning the
CDW state. This is consistent with the rapid suppression
of the CDW state under hydrostatic pressure [19, 20];
however the two SC domes apparent under hole-doping



seem distinct from those realized under pressure. Super-
conductivity in crystals nominally doped between the SC
domes retains a sharp transition [23], unlike the weak
SC observed in pressure studies. Further work explor-
ing the distinctions between pressure (pushing vHs away
from EF) and hole-doping (pulling vHs toward EFr) is
required to fully explore the parallels between the hole-
doping and pressure-driven phase diagrams.

Hole-doping realized via chemical substitution of Sn
into CsV3Sbs results in a complex electronic phase dia-
gram featuring two SC domes — one that coexists with
CDW order and a second that appears following the sup-
pression of the CDW state. Unconventional superconduc-
tivity has been predicted for fillings slightly away from
the vHs [8]. The peak in T prior to the suppression
of CDW order and the subsequent, second peak in T
following the complete suppression of the CDW state
motivates deeper theoretical studies into how the Sb p,
states intertwine with both CDW order SC in these ma-
terials. Our results demonstrate that small changes in
the electronic structure achieved through carrier doping
can have dramatic impacts on SC and CDW orders in
CsV3Sbs and provide a elegant chemical means to tune
the competition between these states in the new AV3Sbs;
class of kagome superconductors.
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