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ABSTRACT: The kagome metals display an intriguing variety of electronic and ScVeSn, has a
magnetic phases arising from the connectivity of atoms on a kagome lattice. A charge density wave No CDW
growing number of these materials with vanadium—kagome nets host charge— y

density waves (CDWs) at low temperatures, including ScV¢Sns, CsV;Sbs, and L

V;Sb,. Curiously, only the Sc version of the RV(Sns materials with a HfFeGe,-

type structure hosts a CDW (R = Gd—Lu, Y, Sc). In this study, we investigate the J J
role of rare earth size in CDW formation in the RV¢Sns compounds.

Magnetization measurements on our single crystals of (Sc,Lu)VeSns and P
(Sc,Y)V¢Sng establish that the CDW is suppressed by substituting Sc by larger

Lu or Y. Single-crystal X-ray diffraction reveals that compressible Sn—Sn bonds

accommodate the larger rare earth atoms within loosely packed R—Sn—Sn chains

without significantly expanding the lattice. We propose that Sc provides extra room in these chains crucial to CDW formation in
ScVeSng. Our rattling chain model explains why both physical pressure and substitution by larger rare earth atoms hinder CDW
formation despite opposite impacts on lattice size. We emphasize the cooperative effect of pressure and rare earth size by
demonstrating that pressure further suppresses the CDW in a Lu-doped ScV4Sng crystal. Our model not only addresses why a CDW
only forms in the RVSn4 materials with tiny Sc but also advances our understanding of why unusual CDWs form in the kagome
metals.
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Bl INTRODUCTION

A charge—density wave (CDW) is an ordered phase of a
metallic crystal that appears on cooling. It is characterized by
both the localization of some conduction electrons and an
associated atomic displacement, which reduces the transla-
tional symmetry of the lattice."”> CDWs show excellent
tuneability with physical pressure, chemical composition, and
disorder.”™"! In fact, tuning the CDW transition to zero
temperature is a good approach to discover new super-
conductors.”* ™"

Kagome metals have recently attracted significant interest
for their unusual electronic and magnetic properties arising Ic
from kagome sheets of transition metals.”' ™’ A growing p > RV¢Sng
number of these materials display a CDW at low temperatures,
especially when vanadium forms the kagome net. The AV;Sby
materials (A = K, Rb, Cs) host both superconductivity and
curious CDW phases.”> ****™*° V,Sb, likely has a CDW
transition as well.”'

A CDW has also been identified in the vanadium—kagome
metal ScV,Sng below 92 K.°* This is the Sc member of the rare
earth RV¢Sng compounds (R = Sc, Y, and Gd—Lu).>*™>° These
adopt the hexagonal HfFe,Ge, structure type (Figure la)
characterized by V-kagome sheets interleaved between Sn2-
honeycomb and Sn3-honeycomb sheets. Rare earth atoms and

;
R-Sn1-Sn1 ° b

chains

Figure 1. Crystal structure of the RV(Sns compounds. (a) Stacked
vanadium—kagome and Sn2/Sn3-honeycomb sheets along the c-axis.
(b) R—Sn1—Sn1 chains along ¢ fill channels in honeycomb and
kagome nets. Figures generated with VESTA.>®
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Snl atoms form a chain that occupies channels in the
hexagonal holes in the kagome and honeycomb layers, as
illustrated in Figure 1b. These chains of atoms play a pivotal
role in the CDW mode as they displace along the c-axis in the
modulated structure.’>*® Several CDW modes appear to
compete in ScV,Sng®’ demonstrated by the strong CDW
fluctuations observed above the transition temperature®®*®>
with impacts on the electrical transport properties.””

It is important to note that the CDW in ScV¢Sn¢ has a

52,58,59

(lil) wave vector in contrast to that observed in the

333

) 111 111 232540-43,60,61
AV,Sb. materials (-=-or—=-). " Another key
3= 222 224

difference is that the CDW in AV;Sby compounds is
dominated by vanadium displacements perpendicular to the
hexagonal c-axis.”” Numerous investigations of the electronic
structure of ScV¢Sng by photoemission measurements tie the
CDW order to the Sn bands instead of the prominent
vanadium bands.””**”% There is evidence that the CDW
phase has unusual characteristics including anomalous Hall-like
responses”"®” and claims of time reversal symmetry breaking.”®

So far, none of the other RV Sns appear to host CDW
order.””***>%~72 What makes the scandium version special?
One clue is that the CDW in ScV4Sng is suppressed by
pressure and disappears before 2.4 GPa.”’ Maybe the lattice
volume and rare earth size are important.

In this paper, we investigate the impact of rare earth size on
CDW formation in RV¢Sny4 materials by isovalent substitution
of Lu and Y into ScV¢Sns. We synthesized single crystals of
(Sci—,Lu,)VeSng and (Sc;_,Y,)V¢Sns and determined the
CDW transition temperature with magnetization measure-
ments. We find that the CDW phase is suppressed in both
cases without significant impact on the lattice size. Detailed
crystallography reveals that larger R atoms are accommodated
by extra room between the Snl and Snl atoms along the c-axis
(Figure la).

We propose that this space in the loose R—Sn1—Sn1 chains
is crucial for the CDW formation in ScV4Sng Our rattling
chain model explains why the CDW is suppressed by pressure
as well as by doping with larger rare earth atoms despite their
opposite impacts on lattice volume. We test our model by
confirming that pressure reduces the CDW transition temper-
ature in a sample where the instability is already suppressed by
Lu doping. This study answers why only the Sc version of the
RVSng kagome metals hosts CDW order; the small Sc atoms
provide extra room for R—Sn1—Sn1 chains to rattle and permit
the CDW displacements. In addition, this system exhibits a
deviation from the usual correspondence between chemical
and physical pressure.

B EXPERIMENTAL SECTION

Crystal Growth. Crystals of (Sc,Lu)VSng and (Sc,Y)V¢Sng were
grown from a Sn-rich melt following Arachchige et al.>” Distilled
scandium pieces (Alfa Aesar 99.9%), distilled Lutetium pieces (Alfa
Aesar 99.9%), yttrium pieces (Alfa Aesar 99.9%), 3 mm pieces of
vanadium slugs (Alfa Aesar 99.8%), and tin shot (Alfa Aesar 99.99+
%) were added to 2 or 5 mL alumina Canfield crucible sets.”* An
atomic ratio of Sc/Lu/V/Sn or Sc/Y/V/Sn = (1 — r)/r/6/60 was
used for all growths. The crucibles were sealed in silica ampules filled
with about 0.2 atm argon. These were heated in a box furnace to 1150
°C over 12 h and held for 15 h to dissolve as much vanadium as
possible. Crystals were grown during a 300 h slow cool to 780 °C.
The ampules were then removed from the furnace, inverted into a

centrifuge, and spun rapidly to fling the remaining liquid away from
the crystals.

These growths yielded hard, light-gray metallic hexagonal crystals
on crucible walls and vanadium pieces. Mirror-like basal, prismatic,
and pyramidal facets are common. The Sc- and Lu-rich crystals were
0.3 and 3 mm in size and tend to be blocky with some Sn inclusions.
The most Y-rich crystals formed flatter hexagonal plates.

Characterization. Powder X-ray diffraction (XRD) was carried
out using a Bruker D2 Phaser with a Cu Ka source and Ni filter for
phase identification and to determine lattice parameters.

Single-crystal X-ray diffraction measurements at room temperature
were carried out using a Rigaku XtaLAB PRO diffractometer. Data
collection and integration were done using the Rigaku Oxford
Diffraction CrysAlis Pro software” and the structural refinement was
performed using a SHELXTL package.”*”” Refined structures and .cif
files of LuV,Sng and YV4Sng can be found in the Supporting
Information.

Energy-dispersive spectroscopy (EDS) was performed to estimate
the ratios of the rare earth elements. Crystals were mounted in
Crystalbond and polished flat. EDS was carried out with a Zeiss EVO
scanning electron microscope at 20 keV.

Magnetization measurements were carried out using a Quantum
Design Magnetic Property Measurement System 3 with the Vibrating
Sample Magnetometer (VSM) option. Crystals were etched in an
aqueous 10 wt % HClI solution for 12—36 h to remove surface Sn and
then attached to a fused silica paddle with GE varnish. All
measurements presented were measured with the field perpendicular
to the hexagonal c-axis. The fraction of superconducting Sn in each
sample was estimated by a 10 Oe zero-field-cooled measurement
through the transition. Estimated $-Sn fractions ranged from 0.5—7
vol %.

To check for superconductivity, resistance measurements down to
0.12 K were performed using the Adiabatic Demagnetization
Refrigerator (ADR) option in the Quantum Design Physical Property
Measurement System using silver paste and platinum wire contacts.
ADR resistivity measurements revealed no evidence of super-
conductivity down to at least 150 mK in Lu-doped ScV4Sng samples.
These results are presented in the Supporting Information.

Two single crystals of (Sc,_,Lu,)VsSns and one LuV,Sng crystal
were measured concurrently in the same piston-cylinder pressure cell.
Contacts were made between the platinum wire and the samples using
Epotek H20E silver epoxy, which was cured at 135 °C for 30 min.
Daphne 7575 was used as a pressure medium,”® and the value of the
pressure was calibrated using the fluorescence of a small ruby chip
located near the crystals.”” The pressure was recorded at room
temperature and again at low temperature by comparing it with the
values of fluorescence peaks from a ruby sample at ambient pressure.
Resistance measurements were made for each sample using a
Lakeshore 372 resistance bridge with a 3708 preamp/scanner. The
pressure cell was loaded into a Quantum Design Physical Property
Measurement System (PPMS) for temperature control with about S0
Torr of helium exchange gas in the sample chamber. All measure-
ments were done with a cooling and warming rate of 0.5 K min™". A
calibrated Cernox thermometer was fixed on the outside of the
pressure cell next to the copper sample wires to accurately determine
the temperature of the measured crystals.

B RESULTS AND DISCUSSION

Lattice Trends. Figure 2 presents the evolution of the
lattice parameters as Y and Lu are doped into ScV4Sng. a and ¢
vary continuously across both series, indicating that a complete
solid solutions exists. a increases linearly across with 0.52 and
0.88% expansion to LuV¢Sngs and YV,Sng, respectively. The ¢
parameter increases weakly with Y doping (0.10%) and subtly
decreases for the Lu series (—0.02%). Ionic radii provide an
imperfect proxy of the size of the R atoms in RVSn,. The radii
of S, Lu**, and Y** are quoted as 0.87, 0.977, and 1.019 A at
8-coordinated sites in oxide materials.”” Considering that the
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Lu and Y ions are 12 and 17% larger than Sc, it is surprising
that the changes in the c lattice parameter are so weak across
the substitution series. This suggests that some other aspect of
the structure is setting the lattice size.

Magnetization. Next, we will explore how Lu and Y
substitution impacts the CDW in ScV¢Sng. Figure 3 presents
the normalized magnetization curves for selected Lu- and Y-
doped samples. The magnitude of the susceptibility at room
temperature is comparable for all samples measured, ranging
from 7.5-9.0 X 1077 emu g~ Oe'™ (6.2—8.2 X 10~° cm*(mol
atom)™") consistent with Pauli paramagnetism.”’ The CDW
transition in ScV¢Sng manifests as a sharp drop of susceptibility
on cooling through the first-order transition.”” This signature
begins at 94 K (black) and shifts to lower temperatures with
increasing Lu or Y content. At the same time, the size of the
drop decreases. The broadening of the transition step is likely
due to the chemical inhomogeneity observed by EDS.

Phase Diagrams. Figure 4ab summarizes suppression of
the CDW phase with Lu and Y substitution extracted from
magnetization. Tcpyw falls smoothly and then discontinuously
around a critical doping (x &~ 0.13 and y & 0.07), where we
lose the step-like signature. This is not the usual behavior we
expect for a quantum critical point where the transition
temperature is smoothly reduced to 0 K.** Instead, our CDW
transition is first order, so the phase can disappear more
abruptly. It is possible that the transition has broadened so it is
no longer visible as in MgCo6Ge6y83 but the reduction in
symmetry by a CDW requires a transition. No new transitions
are observed with higher values of x and y.

It is important to note that less Y is required to destroy the
CDW than Lu. This might arise from yttrium’s larger size.
Figure 4c shows that the trend of Tcpyy versus the average R**
ionic radius has similar behavior for the Lu and Y series. The
Lu and Y are also heavier atoms than Sc (174.97, 88.906, and
44.956 g mol ™, respectively). Rare earth mass could be playing
a role in suppressing the CDW as proposed by Hu et al.*® We

(Sc1.,Y,)VeShg
Hic

0 50 100 150 200 250 300
Temperature (K)

0.6

Figure 3. Normalized magnetization vs temperature curves for
selected Lu- and Y-doped ScVSny crystals. All curves presented were
measured on warming after cooling in zero magnetic field.

suggest that this is less important than size because Lu is
heavier than Y, yet we observe that less Y is needed to
destabilize the CDW.

Suppression of a CDW can lead to superconductivity. ADR
resistivity measurements revealed no evidence of super-
conductivity down to at least 150 mK in Lu-doped samples
with x = 0.157 + 0.017 and 0.180 =+ 0.019, as well as Y-doped
samples with y = 0.055 + 0.010 and 0.087 + 0.012 (see the
Supporting Information).

Chemical vs Physical Pressure. To simplify our under-
standing of the evolution of phase transitions, we often
consider that chemical and mechanical pressure have the same
impact on the electronic and lattice subsystems. If the lattice
volume has a strong impact on the stability of a phase, then we
might expect the transition temperature to rise as we expand
the lattice with doping (negative chemical pressure) and fall as
we compress the lattice mechanically or through doping.

This correspondence between chemical and physical
pressure is epitomized by the CDW and superconducting 3—
4—13 Remeika phases. Specifically, the (Sr,Ca);Ir,Sn;; and
(Sr,Ca);Rh,Sn,; substitution series (chemical pressure) exhibit
common evolution of the CDW and superconducting critical
temperatures with physical pressure.'”"’

Our investigation of the CDW evolution in isovalently
doped ScV4Sng reveals behavior that deviates from the
chemical—physical pressure picture. We observe that the
Tcpw decreases with negative chemical pressure as we
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0.87 0.88 0.89 0.90 materials determined by single-crystal XRD. To begin, note

Average R radius (A)

Figure 4. Evolution of T¢pw with Lu and Y doping of ScVSng. (a, b)
Charge density wave temperature (Tcpy) vs composition. Horizontal
error bars represent standard deviations of Lu/(Sc + Lu) and Y/(Sc +
Y) determined by EDS. Vertical bars represent the estimated
transition width of the transition based on the drop in the M(T)
measurements (Supporting Information). Light and dark symbols
represent the transition observed on warming and cooling,
respectively. (c) Tcpw vs average ionic radius of the R atoms.*

substitute in the larger Lu and Y atoms (Figure 4). Zhang et al.
reveal that physical pressure also reduces Tcpw.  The
observation that CDW in ScV¢Sng is suppressed in both
cases suggests that a new model is needed to explain this
behavior.

Let us begin by looking at how the rare earth atom size
actually impacts the lattice. Figure § illustrates how the c and a
lattice parameters of RV4Sng compounds depend on R at room
temperature. First, observe that most of the lattice parameters
of RVSn, compounds (gray points) lie on a linear trend
(dashed line) with the smaller, late rare earth atoms with
smaller ¢ and a. Sc is the smallest rare earth atom. If only the R
size matters, we might expect the lattice parameters of ScV4Sng
(dark green star) to lie on the lower left side of this trend. This
is not the case. It has a smaller a but a comparable ¢ to that of
the Lu compound (purple star). Obviously, the lattice size is
not simply controlled by the size of the rare earth atom. Our
doping series emphasizes this anomalous lattice evolution in
Figure S (small blue and purple symbols) as the lattice
parameters interpolate between the end members.

that larger rare earth atoms produce a larger R—Snl bond
distance (blue), but the ¢ lattice parameter (black, plotted as

(é)) increases far more slowly. This requires that the Sn1—Snl
distance must decrease (red). In other words, larger rare earth
atoms compress the Sn1—Snl bond with little impact on the
unit cell height. Apparently, there is extra room in the R—Sn1—
Snl chain to accommodate larger atoms.

Rattling Chain Model. What is setting the size of c if the
R—Sn1—Snl chains do not? We propose that the stack of V-
kagome and Sn2/Sn3-honeycomb sheets do. Start by
considering the RV Sns as two subsystems: R—Snl—Snl
chains filling tubes in a superstructure of stacked V-kagome
and Sn-honeycomb sheets (illustrated in Figure 1b). Figure 7
depicts a cut along the (110) plane, presenting the sections of
V and Sn sheets as colored rectangles.

ScV¢Sng and LuV,Sng have nearly identical ¢ values
suggesting that the stacked Sn and V sheets are setting ¢ and
small Sc atoms leave the channels underfilled (Figure 7b). This
facilitates low-energy rattling displacements of Snl and R
atoms. This rattling is evident in the atomic displacement
parameters (ADPs) from our single-crystal XRD refinements
(Supporting Information). The c-axis displacement parameters,
Us;, for the R and Snl atoms are twice as large in ScV¢Sng than
those in the Lu or Y compounds. We illustrate this difference
in the inset of Figure 6 by depicting the 95% displacement
ellipsoids for the R and Snl atoms. The Sc and Snl atoms in
the first column show taller ellipsoids, representing larger
position deviations in this direction. This reflects the strong
CDW fluctuation observed in ScV¢Sng by inelastic and diffuse
X-ray scattering.‘%’sg’59
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Sn1 chains. (d) Replacing Sc with larger Lu compresses the R—Sn1—
Snl chain and removes the room for the atoms to rattle.

These are precisely the displacements that are most
prominent in ScVSng’s CDW phase. The small symbols in
Figure 6 are the bond lengths in the refined CDW structure of
ScViSng from Arachchige et al.”” The Sc—Sn1 bonds shrink a

little (small blue dots) within the Sn1—Sc—Snl trimers
highlighted by Pokharel et al.’° The Sc—Sn bonding within
these units appears unaltered by the CDW based on orbital
contributions to bands at the Fermi surface.®®

In contrast, the Sn1—Snl bonds are modified more
dramatically (small red dots). Two Sn1—Sn1 distances shorten
by 4.5 and 6.9%, while the final third of bonds grow by 9.7%.
These Snl—Snl bonds are key features of CDW and modify
the Snl p, orbital states.’®*%%>

We propose that the CDW instability needs extra space in
R—Sn1—S8n1 chains for the modulations of Sn1—Sn1 distances
observed in the CDW. If the column is packed too tightly by
larger R atoms or physical pressure, the displacements are
penalized.

Next, we will examine how we might expect modifications of
ScVeSng to impact the loose chains of R—Sn1—Snl atoms and
the CDW these facilitate. Applying pressure suppresses Tcpw
to 0 K by 2.4 GPa.”” Pressure compresses the stack of V and
Sn sheets (Figure 7c). This constrains the chain of atoms,
which shortens the Sn1—Sn1 bonds. The CDW is penalized as
the extra room in the chain is removed.

Doping ScVSng with Lu and Y quickly kills the CDW. In
this case, introducing larger atoms fills up the extra room in the
R—Sn1—Snl chains (Figure 7d), compressing the Sn1—Snl
bonds and suppressing the CDW instability. This explains not
only why Lu and Y doping both suppresse the CDW but also
why no CDW transition is observed in RV¢Sny with R bigger
than Sc.

This rattling chain mechanism is distinct from the familiar
correspondence between chemical and physical pressure. The
CDW in ScV¢Sng is suppressed by both lattice compression
(physical pressure) and expansion by Lu/Y doping. Our model
predicts that pressure and doping by larger rare earth atoms
should cooperate to reduce T¢py.

Cooperative Effects of Pressure and Lu Doping. We
test this prediction by monitoring the evolution of the
transition temperature with pressure in a crystal where
the CDW is already partly suppressed by Lu doping. Figure
8 presents the resistance versus temperature of
(Scgg44lg056) VeSng at a series of pressures. Near atmospheric
pressure (black), the CDW transition is observed as a
hysteretic drop in resistance on cooling at roughly 64 K
This drop-like feature decreases in temperature as pressure is
increased until it changes character to a jump up on cooling for
the highest two pressures (observed in pure ScV4Sns under
pressure too’”). Applying pressure compresses the V—Sn stack
around the already compacted R—Sn1—Snl chain in the Lu-
doped sample, further penalizing the CDW displacements.
This observation discredits the possibility that ScV¢Sng has an
optimal lattice volume for CDW formation. In that case,
applying pressure to the Lu-doped sample should restabilize
the CDW and increase Tpy, but this is not what we observe
(see the Supporting Information).

B CONCLUSIONS

In conclusion, we explored how rare earth size impacts CDW
formation in the RVSng family. Magnetization measurements
on single crystals of (Sc,Lu)V¢Sng and (Sc,Y)V,Sn, revealed
that the CDW transition temperature is reduced with
increasing Lu and Y content. X-ray diffraction reveals
enlightening lattice and bond-length trends. These observa-
tions and the evolution of the CDW under pressure motivate
us to propose a rattling chain model for CDW formation in the
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Figure 8. Pressure suppresses CDW in Lu-doped ScV¢Sne (a)
Resistivity vs temperature plots for (Sco44Ltg0s5)VeSng at increasing
pressures, p. Resistivity was measured with the current perpendicular
to the c-axis. The pressures at low and high temperatures are listed on
the right. The inset shows the pressure dependence of Tcpw. (b)
Derivative of p(T) highlighting maxima (squares) and minima
(circles) used to define Tcpy-

RVSng compounds. We assert that a CDW is only observed in
the Sc version of the RV¢Sng compounds because the small Sc
atom provides space for Sc and Snl atoms to rattle and permit
the Sn1—Snl bond-length modulation observed in the low-
temperature CDW phase. This model explains why both
physical pressure and substitution of Sc by larger rare earth
atoms suppress the CDW order. This is a curious variation to
the common corresponding effects of chemical and physical
pressure on phase stability. In addition to explaining why
ScVeSng is special, our observations and model provide an
important leap forward in our understanding of CDWs in the
intriguing kagome metals.
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