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Coexistence of a charge density wave and superconductivity in the cluster compound K;Mo;5Se 9
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The competition between charge density wave (CDW) and superconductivity is a central theme in condensed-
matter physics with ramifications to correlated electron systems and high-temperature superconductivity. While
the emergence of superconductivity is often observed upon suppressing the CDW transition by tuning the
chemical composition or the external pressure, their coexistence has been reported in only a handful of materials,
with the cuprates being the most prominent example. Here, we demonstrate that both cooperative electronic
phenomena coexist in the cluster compound K,;Mo;5Sejg. The CDW transition sets in at Tepw = 114K,
accompanied by a commensurate periodic modulation of the crystal lattice along the ¢ axis evidenced by electron
diffraction. Bulk type-II superconductivity develops upon further cooling below 7. = 2.8 K. The presence of
similar signatures of CDW ordering in other A;Mo;sSe;9 compounds shows that this electronic instability
may be ubiquitous in these compounds, providing a novel family where the interplay between CDW and
superconductivity may be systematically investigated.

DOI: 10.1103/PhysRevB.101.134521

I. INTRODUCTION

Periodic modulations of conduction electrons, referred to
as a charge density wave (CDW), are often observed in low-
dimensional systems such as quasi-one-dimensional (quasi-
1D) chainlike and 2D layered materials [1-3]. While phonon-
mediated superconductivity is favored by a high density of
states at the Fermi level N(EF), the coupling between the
electronic and lattice degrees of freedom opens a gap at N(Er )
through the appearance of a different structural periodicity at
the Fermi wave vector below the transition temperature Tcpw .
Because of these two antagonistic characteristics, CDW and
superconductivity are widely thought of as being two com-
peting electronic orders [3,4]. In many CDW systems, such
as canonical layered dichalcogenides [1,5], suppressing long-
range CDW order through intercalation, substitution, or exter-
nal pressure often leads to the emergence of superconductivity
[6-9]. In some specific cases, these tuning parameters contin-
uously drive the transition temperature Tepw toward 7 =0
K, marking the onset of a structural quantum critical point
(SQCP) near which superconductivity also develops [10-13].
Because the appearance of unconventional superconductivity
is often furnished by destroying such an ordered phase, the
study of the interplay between these two electronic phenom-
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ena remains a central theme in condensed-matter physics,
reinforced by the recent discovery of CDW order in high-
temperature cuprate superconductors [14—17]. Despite the
discovery of many CDW materials to date, only a handful of
them show the coexistence of CDW and superconductivity un-
der ambient pressure or without manipulation of their chemi-
cal composition [18-26]. In addition to Heusler phases such as
LuPtyIn [10] or the ternary rare-earth dicarbides RNiC, (R =
rare earth) [27-30], the ternary stannides crystallizing with
a YbsRh4Snj3-type structure have recently attracted attention
due to the interplay between CDW and superconductivity and
the possibility to induce a SQCP [11,13,31-33]. Identifying
novel systems supporting both phenomena would provide in-
teresting platforms to systematically investigate their interplay
via various probes, such as external pressure or intentionally
introducing weak disorder by electron irradiation or substi-
tutions [34,35], and may induce SQCP through chemical
substitutions. Furthermore, the coexistence of both electronic
orders in a single material may open the possibility to observe
the Higgs mode in Raman spectra below the superconducting
critical temperature 7;. [36-39].

Mo-based cluster compounds are a large class of materials
that were recently shown to display interesting thermoelectric
properties [40-50]. Their crystal structures are built up by
Mo3,X3,02 (X =S, Se, or Te) cluster units in which the
nuclearity of the Mos, clusters can vary from Mos up to Mosg
[51-53]. Many of them show superconductivity with some

©2020 American Physical Society


https://orcid.org/0000-0002-1248-5354
https://orcid.org/0000-0003-4778-5581
https://orcid.org/0000-0002-8104-4982
https://orcid.org/0000-0003-3803-9931
https://orcid.org/0000-0001-6875-1490
https://orcid.org/0000-0001-8248-3912
https://orcid.org/0000-0002-5857-3421
https://orcid.org/0000-0001-9631-4925
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.134521&domain=pdf&date_stamp=2020-04-29
https://doi.org/10.1103/PhysRevB.101.134521

CHRISTOPHE CANDOLFI et al.

PHYSICAL REVIEW B 101, 134521 (2020)

FIG. 1. Left panel: View of the hexagonal crystal structure of K;Mo;sSe;o (space group R3c, No. 167, Z =6, a = 9.7093 A, and ¢ =
58.1385 A at 300 K) along the a axis showing the spatial arrangement of the MosSe;; clusters interconnected by smaller MogSeg clusters. The
K atoms are shown in light blue. The structure refinement details and crystallographic parameters determined by single-crystal x-ray diffraction
at 300 K are given in Tables S1 and S2, respectively, in the Supplemental Material [61]. Right panel: Crystal structure projected along the ¢
axis. In both panels, the hexagonal unit cell is represented by the black solid lines.

rare examples of the emergence of superconductivity within
the antiferromagnetic state or of ferromagnetic reentrant
superconductivity (the so-called Jaccarino-Peter effect) in the
Chevrel phases LnMogSg (Ln = Tb, Dy, Er) and HoMogSs,
respectively [54-57]. The low dimensionality of the crystal
structure of some of these compounds makes them prone to
various structural or electronic instabilities, and hence they are
a fertile area for searching for novel materials experiencing
symmetry-breaking density wave transitions.

Among the numerous families of Mo-based cluster com-
pounds known to date, the compounds A;Mo;5Sejq (A = Li,
K, Na, Rb, Ba, Sn, In, Pb, or T1) have been shown to become
superconducting with a critical temperature 7, of up to 2.8 K
that depends on the nature of the A atoms [58,59]. Here, we
consider the K;Mo;5Sej9 compound and demonstrate that the
previously reported superconducting state emerging at 7, =
2.8 K [59] coexists with a CDW transition that sets in upon
cooling below Tepw = 114 K. The CDW transition is ac-
companied by a weak commensurate modulation that doubles
the ¢ axis of the room-temperature hexagonal crystal lattice
shown in Fig. 1. Preliminary low-temperature measurements
performed on other A;Mo;5Se |9 compounds (A = In, Rb, TI)

further indicate that the coexistence of superconductivity and
CDW may be commonly observed in this family. Due to the
large variety of A atoms that can be accommodated by this
crystal structure, the A;Mo;5Se;g family is a novel intriguing
system in which the interplay between these two electronic
orders can be systematically investigated.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

All the elements and precursors were handled in an argon-
filled glovebox to avoid contamination by oxygen and mois-
ture. Prior to use, Mo powders were reduced under H, flowing
gas at 1000 °C during 10 h to eliminate possible traces of
oxygen. MoSe;, K,MogSes, and Mo were used in powder
form as starting materials for the solid-state syntheses. MoSe,
was prepared by direct reaction of stoichiometric quantities
of the elements in an evacuated, sealed silica tube, heated
to 700 °C and maintained at this temperature for two days.
KyMogSes was synthesized by a two-step process. As a
first step, In,MogSeq was prepared from a stoichiometric
mixture of InSe, MoSe,, and Mo at 1000 °C for 36 h in an
evacuated, sealed silica tube. The second step consisted of
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an ion-exchange reaction of In,MogSegq with KCl at 800 °C.
Powders of InyMogSeg and KCI were mixed in a 1:2.5 ratio
before being cold-pressed into cylindrical pellets. The pellets
were subsequently sealed under vacuum in a long silica tube.
The end of the tube containing the pellet was placed in a
furnace, leaving about 5 cm of the other end out of the furnace.
The furnace was heated at 800 °C for 48 h. After reaction,
white crystals of InCl were observed at the cold end of the
tube. All starting reagents were determined to be monophasic
according to their powder x-ray diffraction patterns. Phase-
pure polycrystalline samples of K;Mo;5Se;9 were finally
prepared from stoichiometric quantities of K,MogSes, Mo,
and MoSe; heated at 1300 °C during 40 h in a Mo crucible,
sealed under a low pressure of argon using an arc-welding
system. The obtained ingot was ground into fine powders
that were subsequently consolidated by hot uniaxial pressing
under vacuum (about 10~2 mbar). To this end, the powders
were introduced into a graphite die (@ 12 mm), previously
coated with boron nitride. The consolidation process was
realized at 1300 °C under a uniaxial pressure of 85 MPa with a
dwell time of 2 h. The density of the consolidated cylindrical
pellet, determined from the weight and geometric dimensions,
was calculated to be around 98% of the theoretical density
from crystallographic data.

Single crystals of K;Mo;sSej9 were grown by heating a
polycrystalline sample at 1750 °C for 1 h, cooled to 1000 °C
at 100°Ch~!, and finally furnace-cooled to room tempera-
ture. Cuboid-shaped single crystals of typical dimensions of
~300 x 200 x 200 um?® with gray metallic luster could be
isolated.

The purity of the polycrystalline sample was checked by
room-temperature powder x-ray diffraction (PXRD) using
a Bruker D8 Advance (CuKq; radiation, A = 1.54056 A)
diffractometer. Additional PXRD measurements were per-
formed at 100 K using an Xpert Pro MPD diffractometer
(CuKa; radiation, A = 1.540561&, and Cu Ko, radiation,
A = 1.54439 A, ratio Koy /Koy = 0.5).

The crystal structure of single crystals was verified by
XRD at 300 K and further measured down to 100 K on a
Bruker APEX-II diffractometer equipped with a CCD detector
using Mo Ko radiation (A = 0.71073 A). The structure solu-
tion was determined by direct methods and refined by full-
matrix least-squares techniques with the SIR97 and SHELX-
2013 software, respectively, implemented through the WINGX
program package [60]. Details of structure refinements and
refined crystallographic parameters are given in Tables S1 and
S2, respectively, in the Supplemental Material [61].

For transmission electron microscopy experiments, a thin
slice was prepared from a grown single crystal of K;MojsSeig
by the dual focused ion beam (FIB)—scanning electron micro-
scope system using the in situ lift-out technique. At 300 K,
scanning TEM (STEM) measurements in high-angle annular
dark-field (HAADF), annular bright-field (ABF), and high-
resolution TEM (HRTEM) modes were carried out on a JEOL
ARM 200F-cold FEG microscope operating at 200 keV. This
system is equipped with a spherical aberration (Cs) probe
and image correctors. In situ cooling TEM experiments were
performed using a double-tilt liquid-nitrogen-cooling TEM
sample holder (Gatan Inc., USA), which can reach temper-
atures of about 100 K. The sample was slowly cooled down to

the lowest temperature, and the experiments were conducted
after a significant waiting time in the absence of the electron
beam to achieve thermal equilibrium. Selected area electron
diffraction (SAED) and HRTEM images were collected at
about 100 K along various zone axes.

Measurements of the transport properties were performed
on samples cut from the consolidated polycrystalline pellet
using a diamond-wire saw. At low temperatures (2-300 K),
a Quantum Design Physical Property Measurement System
(PPMS) was used to measure simultaneously the temperature
dependence of the electrical resistivity, thermopower, and
thermal conductivity with the thermal transport option (TTO).
For this measurement, four copper leads were mounted on the
samples using a silver-containing conductive epoxy.

Specific-heat measurements under zero magnetic field
were performed in the temperature range 0.35-4 K using the
3He option of the PPMS system. A small polycrystalline piece
of approximately 20 mg was glued with a tiny amount of
Apiezon N grease to ensure a good thermal contact between
the sample and the platform of the specific-heat puck. Further
measurements with magnetic-field sweeps from O up to 3 T
were performed. For all measurements, the contribution of
the grease has been systematically measured under the same
magnetic fields prior to gluing the sample.

Magnetic property measurements were carried out between
2 and 300 K using a Magnetic Property Measurement Sys-
tem (MPMS) Superconducting Quantum Interference Device
(SQUID) magnetometer. The magnetic susceptibility y was
determined from the slope of the magnetization curves, x =
oM /duoH for magnetic fields puoH — 0, measured as a
function of temperature. These measurements were performed
on a piece of the polycrystalline bar-shaped sample used for
TTO measurements of approximately 90 mg. The sample was
loaded in a gelatin capsule that was mounted in a plastic
straw. Further M (uoH) curves were measured below 3 K to
determine the lower and upper critical fields H,, and H,,
respectively. Zero-field-cooled (ZFC) susceptibility data were
collected below 10 K with an applied field of 10 Oe. The ZFC
data have been corrected for a demagnetization factor N =
0.456 estimated using the formula derived in Ref. [62] for a
rectangular cuboid shape.

Density functional theory (DFT) calculations were carried
out using the WIEN2K program package [63]. The gener-
alized gradient approximation (GGA) exchange-correlation
functional within the parametrization of Perdew, Burke, and
Ernzerhof (PBE) was used for calculations [64]. A plane-wave
cutoff corresponding to Ryt Kmax = 7 was used with the radial
wave functions inside the nonoverlapping muffin-tin spheres
surrounding the atoms expanding up to /;,,x = 12. The charge
density was Fourier-expanded up to the reciprocal vector
Gmax = 14 A~!. Total energy convergence was achieved with
respect to the Brillouin zone (BZ) integration using a mesh
of 500 k-points. We used 3000 k-points in the BZ to compute
the electronic band structure and Fermi surface. Views of the
Fermi surface were obtained using the software XCRYSDEN
[65]. The dispersion curves were shifted so that the Fermi
level Ep lies at O eV. Because spin-orbit coupling (SOC)
hardly modifies the electronic band structure of K;Mo;5Seg
(see Fig. S1 in the Supplemental Material [61]), SOC was not
taken into account.
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FIG. 2. Experimental signatures of the charge-density-wave order in K,Mo;5Se;9 observed in the temperature dependence of the
(a) electrical resistivity p, (b) magnetization M, (c) specific heat C,, and (d) thermopower «. The crossing solid black lines show how the
transition temperature Tcpw was determined. In panel (b), the small hump seen around 50 K is presumably due to a small concentration of

oxygen trapped in the measurement system.

III. RESULTS

Clear experimental evidence for a CDW transition in
K;Moi5Se)q is provided by the temperature dependence of the
electrical resistivity p(7") shown in Fig. 2(a). Upon cooling, a
metallic-like dependence prevails down to about 115 K where
an upturn in po(7) can be observed, followed by a broad
maximum. These two characteristics are typical signatures of
a CDW transition with an onset temperature of Tcpw = 114K
[10]. Below the broad maximum, p(7") decreases upon further
cooling to 3 K.

The anomaly seen in p(7") leads to corresponding signa-
tures in the magnetic susceptibility x (T), specific heat C,(T'),

and thermopower o (7T') [Figs. 2(b)-2(d)]. Above Tcpw, x(T)
is practically temperature-independent as expected in a non-
magnetic metal. The positive values measured are due to
the Pauli susceptibility yp of the conduction electrons that
outweighs the diamagnetic yq4i; and Van Vleck xyy contribu-
tions. A drop in x (T") is observed as the temperature decreases
and passes through Tepw. The decrease in the y values is
consistent with a gap opening in the electronic density of
states at the Fermi level. However, the fact that the x(7')
values remain positive below Tcpw implies that xp is still
the main contribution indicating only a partial gapping. These
conclusions are further corroborated by the evolution of the
thermopower [Fig. 2(d)], which represents a sensitive probe
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T > TCDW

(d)

T < TCDW

FIG. 3. (a) HRTEM image obtained on single-crystalline K;Mo,5Se o taken along the [1010] zone axis at 300 K. Inset: electron diffraction
pattern of the HRTEM image. (b) HAADF-STEM image taken along the [1010] zone axis at 300 K. The sublattice of Mo atoms, shown in
dark blue, is overlaid. The inset shows the inverse fast-Fourier transform (IFFT) of the HAADF-STEM image. Electron diffraction patterns
taken along the [1010] zone axis (c) at 300 K and (d) below the transition temperature Tcpw = 114 K. The additional Bragg reflections due to
the structural modulation below Tcpw are clearly observed along c*, as shown by the vertical black arrows.

of changes in the Fermi surface. The linear variation upon
cooling, characteristic of a diffusive regime in a metallic com-
pound, shows a sharp increase at Tcpw and peaks near 70 K
before decreasing down to the lowest temperature measured.
The CDW transition is not accompanied by a change in the
dominant carrier type, which remains holelike over the entire
temperature range. The slight but visible increase in & below
Tcpw 18 consistent with a decrease in the hole concentration
as a result of the partial gapping at N(ef).

The anomalies seen in the magnetic and transport coef-
ficients are not marked by a sudden, steplike variation sug-
gesting a second-order phase transition in the present case.
Although unusual for this type of transition, which is usually
first-order, the second-order nature of the present CDW is
not unprecedented and has been observed, for instance, in the
ternary Ce;RhsSnj3 [33] or in the Lu(Pt;_,Pd,),In alloys for
which similar temperature dependences of p and y have been
reported [10]. Measurements of x performed on cooling and
warming across Tcpw did not reveal any hysteretic behavior
to within experimental uncertainty, further suggestive of a

second-order transition (Fig. S2 in the Supplemental Material
[61]).

One important characteristic of the present CDW transition
is the absence of a well-defined peak in the specific heat
at Tcpw, should it be measured upon cooling or warming
[Fig. 2(c)]. In the present case, the C, values plateau from
114 down to 110 K, the temperature at which C,(T') de-
creases again upon cooling. In contrast, most of the CDW
systems studied so far display a large specific-heat jump
at Tepw associated with a non-negligible entropy variation
across the transition [10,66,67]. Such a common behavior has
been observed for both first-order and second-order CDW
transitions and is therefore rather tied to the periodic lattice
distortion that accompanies the CDW [10,66,67]. The absence
of a significant anomaly in C,(T') suggests that the CDW
in K;Mo;s5Se9 is not strongly coupled, synonymous with a
small amplitude of the lattice distortion.

The presence of a modification of the crystal lattice accom-
panying the CDW transition in K;MojsSe;g has been directly
observed by electron diffraction (Fig. 3). While the room-
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FIG. 4. Experimental signatures of bulk superconductivity in K;Mo;sSe 9 observed in the temperature dependence of (a) the electrical
resistivity p, (b) the specific heat C,, and (c) the magnetic susceptibility x. The drop in p and x combined with the lambda-type anomaly in
C, demonstrates that bulk superconductivity develops below 7. = 2.8 K. The superconducting transition temperature 7, was determined as the
end point of the resistivity transition, that is, when p reaches zero. The specific-heat data were measured down to 0.35 K and under applied
magnetic fields of 1, 2, and 3 T. The zero-field-cooled (ZFC) temperature-dependent volume magnetic susceptibility x was measured under
an applied field of 10 Oe. The data were corrected for a demagnetization factor N = 0.456 determined from the shape and geometry of the
sample measured and the formula derived for a cuboid-shaped sample in Ref. [62].

temperature STEM images [Figs. 3(a) and 3(b)] are consistent
with the hexagonal crystal structure of K;Mo;s5Seo, electron
diffraction images, taken along the [1010] zone axis (equiv-
alent to the [0110] zone axis in the present case) at 300 K
[Fig. 3(c)] and below Tcpw [Fig. 3(d)], show that additional
satellite reflections appear in addition to the main Bragg
reflections. The superlattice reflections appear solely along the
[0001] direction corresponding to a modulation of the crystal

structure along the ¢ axis. The absence of modulation along
the a axis is further demonstrated by the image taken along
the [1230] zone axis (Fig. S3 in Supplemental Material [61]),
which does not evidence the presence of satellite reflections
along the [2110] direction. Within the accuracy of these
measurements, the spacing between the main and satellite re-
flections leads to an integer modulation vector Gecpw = 0.5¢*
indicative of a modulation commensurate with the crystal
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lattice. These measurements further suggest that the modu-
lated structure retains a hexagonal symmetry, which is sup-
ported by electron diffraction images showing reflections in
the first-order Laue zone (Fig. S4 in the Supplemental Mate-
rial [61]), for which the shift observed between the zero-order
and the first-order Laue zones is consistent with the symme-
tries of the R3¢ space group observed above Tcpw. Thus,
this lattice distortion contrasts with the rhombohedral-to-
monoclinic or rhombohedral-to-triclinic distortions observed
at low temperatures in some Chevrel phases, which are often
of a first-order nature and result in a strong hysteric behavior
of the transport properties around the transition temperature
[68—-75]. Because the modulation of the basic unit cell of
K;MoisSeyy is weak, leaving fingerprints neither in low-
temperature laboratory single-crystal x-ray diffraction nor in
powder x-ray diffraction, and due to the large number of atoms
in the low-temperature unit cell (432 atoms, that is, twice as
high as at room temperature), further synchrotron diffraction
experiments on a single crystal will be necessary to ascertain
the superspace group and develop a detailed structural model
of the modulated structure.

Upon further cooling below Tcpw, superconductivity
emerges with a critical temperature 7, of 2.8 K as revealed
by the drop of p(T) to zero [Fig. 4(a)]. This T, value is in
agreement with an early study on this compound, which had
reported a critical temperature of 2.45 K [59]. The bulk nature
of the superconducting transition is further confirmed by
measurements of the specific heat and magnetic susceptibility
[Figs. 4(b) and 4(c), respectively]. The clear mean-field-type
anomaly observed in the C,,(T')/T data at 2.6 K, as determined
by an isentropic construction, is consistent with the transition
temperature observed in p(7'). Further evidence for a bulk
phenomenon is provided by the x(7') data, which show a
Meissner effect of nearly 100% indicating a full supercon-
ducting volume fraction.

A more detailed characterization of the superconduct-
ing state has been carried out by C, measurements under
magnetic fields woH ranging between O and 3 T. As ex-
pected, applying an external magnetic field tends to shift
down T,. The normal-state specific heat has been analyzed
via the conventional Fermi-liquid relation C, = yT + BT3,
where yT represents the contribution of the free charge
carriers and BT denotes the phonon contribution. A fit of
the data plotted as C,(T)/T versus T? yields a Sommer-
feld coefficient ¥ = 63mJmol 'K~2. After subtraction of
the phonon contribution, the superconducting energy gap
A(0) was estimated from a plot on a logarithmic scale of
the electronic contribution to the specific heat C/y T, ver-
sus T./T. The comparison of this curve to the Bardeen-
Cooper-Schrieffer (BCS) formula predicting C¢(T') below T,
Ca/yT. = 8.5 exp[—0.82A(0)/kpT], where kg is the Boltz-
mann constant, yields an energy gap of 0.40 meV corre-
sponding to a ratio 2A(0)/kgT. = 3.64, that is, very close
to the weak-coupling BCS value of 3.53. Further assuming
a phonon-mediated pairing mechanism, the electron-phonon
coupling constant A._pp can be inferred from the McMillan

relation T, = Q—DGXp[A —LOMI A ) 1 [76]. With the De-
P

1.45 —ph— W (110627,
bye temperature 6p = 183 K determined from the 8 param-

eter [6p = (%)1/ 3 with R the gas constant and N the

TABLE 1. Summary of superconducting parameters of
K2M0|5S619.
Parameter K>Mo;5Se o
T. 28K
1oH:2(0) 29T
oH.1(0) 12mT
oH:(0) 106 mT
EaL 110 A
AL 2000 A
KGL 18
y 63 mJ mol~'K—2
A(0) 0.40 meV
2A(0)/kpT. 3.064
Ae—ph 0.61
Op 183 K

number of atoms per formula unit], and assuming a Coulomb
repulsion parameter p* of 0.13 as commonly used in the
literature, a coupling constant A,_p of 0.61 is obtained, plac-
ing this compound among the weak-to-intermediate-coupled
superconductors.

Measurements of the field dependence of the magneti-
zation M performed at 2 K (Fig. S5 in the Supplemental
Material [61]) give estimates of the lower poH,; and upper
woH, critical fields of 4 mT and 0.6 T, respectively. In
conventional superconductors, the BCS theory predicts that
woH,> should exhibit a temperature dependence following the
law woHq &~ woHo(0)[1 — (T/Tc)2]. This expression gives
an upper critical field at 0 K, woH~(0), of approximately
2.9 T. Using a similar expression for the lower critical field
yields an estimate for woH.(0) of 12 mT. Note that the
critical field values should be taken only as estimates of the
actual values due to the strongly anisotropic crystal structure
of K,Mojs5Se9, which likely gives rise to anisotropic critical
fields. Thus, the polycrystalline nature of the sample used
herein only yields average values of woH,|, oHe, oH:1(0)
and puoH(0). Nevertheless, considering these values as rea-
sonable approximations of the actual values, the coherence
length &g, and the penetration depth Agp are estimated to be
110 and 2000 A using the two Ginzburg-Landau formulas
H(0) = ®o/27&% and H.(0) = 42‘:2}L ln%, respectively,
where & is the Planck constant, e is the elemental charge,
and &y = h/2e is the quantum flux. From these values, the
Ginzburg-Landau parameter «g., = AgL/ &L is equal to 18,
which further confirms the classification of K;Mo;5Se 9 as
a type-II superconductor. The thermodynamic critical field
oH:(0) can be obtained from the above-mentioned values
using the relation H,1H,», = H Inkgy, yielding an estimate of
106 mT. All the superconducting parameters determined for
K>Mo5Se;9 are summarized in Table I.

IV. DISCUSSION

One important question raised by these results is the
underlying physical mechanism driving the CDW ordering.
While Fermi surface nesting has long been considered the
driving force dictating the CDW wave vector gcpw and the
corresponding lattice distortion [77,78], a growing body of
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Energy(eV)

FIG. 5. (a) Magnification around the Fermi level Er of the electronic dispersion curves of K;Mo;sSeyq, calculated along high-symmetry
directions in the Brillouin zone. In these calculations, spin-orbit coupling was not taken into account. The four bands crossing Er are shown
as solid blue and orange curves and dotted black and green curves. (b) Perspective views and projection along the ¢* axis of the Fermi surface
sheets of K,Mo;s5Seq, calculated without spin-orbit coupling, shown separately for the four bands crossed by the Fermi level. The Fermi
surface comprises holelike cylinders centered at the zone center (two first top panels), small electronlike pockets (middle panel), and an
electronlike “monster” (penultimate panel). The total Fermi surface is shown in the last bottom panel.

evidence acquired over the last few years suggests that this
simple scenario fails in most of the known CDW systems
[78-81]. This failure led to a recently proposed new classi-
fication scheme of CDW with the momentum dependence of
the electron-phonon coupling matrix playing a central role in
determining the main traits of the CDW order [82].

To shed light on the possible origin of the CDW in
K;Mo5Se 9, we computed the electronic band structure and
Fermi surface using density functional calculations [Fig. 5(a)
and Fig. S6 in the Supplemental Material [61]]. The Fermi
level, hosted by the valence bands, crosses four distinct
electronic bands giving rise to a complex Fermi surface,
represented in Fig. 5(b). The Fermi surface is comprised of
a holelike cylinder at the zone center I' surrounded by a sec-
ond distorted holelike cylinder, small electronlike elongated
ellipsoids near the M and L points, and a large electronlike
surface (sometimes referred to as a “monster” in the litera-
ture; see, e.g., Refs. [83,84]) spanning most of the Brillouin
zone. While 2D-like Fermi surfaces are often considered as
favoring Fermi surface nesting, no significant portions of the
present Fermi surface seem to be clearly connected through
the experimentally observed wave vector gcpw, as would be
expected within a nesting scenario. Hence, these results do not
seem to confirm a clear, dominant Fermi surface nesting at

the observed wave vector suggesting that K;Mo,s5Se 9 may be
another example of system in which the CDW is driven by g-
dependent electron-phonon coupling. Further direct measure-
ments of the phonon dispersions and their linewidths across
Tepw by inelastic x-ray scattering will be important to better
understand the origin of the CDW transition in K;Mos5Se;s.
The coexistence of CDW and superconductivity reported
herein is likely not limited to K;Mo;5Se 9 but may also be ob-
served in other AMo;5Se;9 compounds for various A atoms.
A comparison of low-temperature measurements performed
on the A = Rb, In, and Tl compounds (Fig. S7 in the Sup-
plemental Material [61]) shows that they all exhibit a similar
CDW signature between 100 and 150 K suggesting that CDW
may be ubiquitous in this family of compounds. Interestingly,
combined with the T, reported for several A;Mo;sSej9 com-
pounds (Table II) [58], these results show that both Tcpw
and T, are not equivalent and depend on the nature of the A
atoms. Although the highest 7, values seem to be obtained
for the lightest elements, the absence of superconductivity in
the Na compound suggests a more complex dependence of
T. with the nature of the A atoms. Furthermore, the presence
of a more strongly coupled CDW transition may naturally
explain the absence of superconductivity in some of these
compounds. Substitutions or application of high pressure may
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TABLE II. Superconducting temperature 7, and possible charge-
density-wave temperature Tepw of the A,MosSe9 (A = K, Rb, T,
and In) compounds reported herein (see Fig. S7 in the Supplemental
Material [61]) and gathered in Ref. [58] (A = Li, Na, Sn, and Pb).
No transport property measurements have been reported to date for
these four last compounds. The symbol / corresponds to properties
that have not yet been measured.

Compound T. (K) Tepw (K)
K2M0|5SC]9 2.8 114
szMOlsselg / 125
In2M015S€19 1.4 140
TI,Mo5Seo <2 140
Li2M015Selg 2.6 /
N82M015S619 <0.5 /
Sn,Mo;5Seg <0.5 /
Pb2M015Selg <0.5 /

be used as external parameters to tip the balance toward
superconductivity by suppressing the CDW, thereby possibly
driving the electronic system toward a QCP.

Finally, the large anisotropic thermal displacement param-
eters of the K atoms (see Table S2 in the Supplemental Mate-
rial [61]), and more generally of the A atoms, add another de-
gree of complexity in this family of compounds. As observed
in several cagelike compounds, large vibration amplitudes are
associated with low-energy optical modes in the phonon spec-
trum, which are believed to be the key ingredient that limits
the propagation of acoustic phonons. Meanwhile, the presence
of these localized, often anharmonic, modes may also play
a role in determining the superconducting transition temper-
ature [85-88]. These so-called rattling modes may strongly
couple with the conduction electrons contributing to enhance
the electron-phonon coupling constant A._pn and hence 7.
This effect has been discussed in several families of cagelike
compounds or in compounds where the rattling atoms reside
in tunnels, similarly to the A;Mo;5Se;9 compounds [85-88].
In these studies, the anharmonic character of the low-lying
optical modes was found to correlate with 7, indicating that
highly anharmonic modes tend to reinforce superconductivity.
In A;Mo;5Se 9, the low-energy modes associated with the dy-
namics of the A atoms might therefore contribute to strengthen
the electron-phonon coupling, partially counterbalancing the
removal of electronic states at the Fermi level upon cross-

ing the CDW transition. Because calculations of the phonon
spectra are challenging due to the large number of atoms in
the unit cell above Tepw, and a fortiori below Tepw, inelastic
neutron or x-ray scattering experiments would be worthwhile
to determine and compare the degree of anharmonicity of the
dynamics of the A atoms in these compounds and possibly
unveil a correlation between this characteristic and 7.

V. CONCLUSION

Low-temperature physical property measurements com-
bined with electron diffraction revealed the coexistence of
CDW and superconductivity in the Mo-based cluster com-
pound K;MosSeyy. Electron diffraction performed below
and above Tcpw = 114K evidenced a weak commensurate
modulation along the ¢ axis of the crystal structure, which
is not observable either by laboratory PXRD or by single-
crystal XRD. The characterization of the superconducting
state that develops below T, = 2.8 K indicates that this com-
pound can be classified as a weak-to-intermediate-coupled
type-II superconductor. Electronic band structure calculations
suggest that K;Mo;5Se o provides another example of a CDW
system in which the transition is probably not driven by Fermi
surface nesting but is more likely due to the g-dependence
of the electron-phonon coupling. The similarities between
the transport properties measured in K;Mo;5Se;9 and those
observed in other A;Mo;s5Sej9 compounds strongly suggest
that the coexistence of a CDW state and superconductivity
may be commonly observed in this family of compounds. Fu-
ture systematic studies will be important to better understand
their interplay and ascertain the physical origin of the CDW
transition. In this respect, the chemical tuning afforded by this
family and the application of external pressure or the intro-
duction of weak structural disorder will be important tools for
tipping the balance between CDW and superconductivity in
these compounds.
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