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ABSTRACT: The Chevrel phase (CP), characterized by its unique MogXg (X = S, Se, Te) cluster structure, represents a class of
promising materials demonstrating exceptional performance in various applications, including battery cathodes, electrocatalysts, and
superconductors. However, the exploration of new CP derivatives remains challenging due to the inherent lattice destabilization
caused by cation intercalation, particularly evident in selenide and telluride systems. This study reports the successful synthesis of
thermodynamically metastable K;,sMo4Ses (5 ~ 0.37) and the superconducting properties therein. K;,sMo4Se; crystallizes in the
triclinic space group P1 (No. 2), where potassium cations occupy interstitial sites between the MogSeg clusters. Comprehensive
characterization through electrical resistivity, magnetization, and specific heat measurements reveals bulk superconductivity at T, =
8.9 K. Notably, the upper critical field is estimated to be 26.4 T, violating the Pauli paramagnetic limit. Furthermore, low-
temperature specific heat analysis indicates possible multigap superconducting behavior. Our findings not only expand the family of
high-critical-field superconducting CPs but also demonstrate the potential to synthesize novel CP materials through solid-state
reactions at lower temperatures.

B INTRODUCTION

The Chevrel phases (CPs), discovered in the 1970s,' have
attracted significant interest ever since. The CP compounds
were extensively investigated in the 1970s—1980s as excellent
superconductors with high transition temperatures (T, > 14
K) and exceptionally high critical fields (above 60 T).”” A
large number of CPs were identified as superconductors, most storage.

Recent years have witnessed the revival of CPs, with CPs

demonstrating their potential not only as superconductors," ">

but also as electrocatalysts and battery cathodes.'””"”
Applications in fields such as water splitting,'® CO,/0,/N,

72

1720 L . .
reduction, and magnesium ion batteries have positioned

CPs as emerging materials for energy conversion and
21,22

of which were derived from the sulfide CP MoS,. While the
pristine Mo,Sg showed a rather low T, of 1.8 K,* doping (e.g.
MogS4l,, MogSysTe;,),” or intercalation (e.g. PbMogSs,
LaMo,Ss) effectively enhanced T,, reaching as high as 14
K>’ Notably, certain CPs exhibited the coexistence of
superconductivity with long-range magnetic order or electronic
instabilities, suggesting unconventional pairing mechanisms.””
However, following the discovery of cuprate superconduc-
tors,'’ research on the CPs rapidly declined, and the
knowledge of their structural and physical properties was
largely limited.
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The wide applications of CPs arise from their distinctive
pseudomolecular structure and chemical flexibility. The general
formula for CPs is A,MogXs, where X stands for a chalcogen, A
is a metallic atom, and y ranges from 0 to 4 depending on the
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Figure 1. (a) Powder X-ray diffraction pattern of K, ;MoSe; at room temperature.Solid lines indicate the results from Rietveld refinement.Vertical
bars are the Bragg positions for K, sMoSes and MoSe,, respectively. (b) Schematic illustration of the crystal structure of K;,;MoSeg. The site 1
and site 2 cavities are illustrated in yellow and magenta, respectively. High-resolution HAADF-STEM images and the linear scan analysis along the

dotted box of (c-d) K;,sMocSes and (e-f) MogSes, respectively.

type and concentration of A. The crystal structure of CPs
consists of a six-atom octahedral molybdenum cluster bonded
with eight chalcogenide ions, forming MogX; pseudomolecules
(Figure 1b). The metallic cation A is intercalated between
these MogX;g clusters. The crystal structures of CPs belong to
the space groups of R3, PI, or P6;/m.’

While sulfide CPs have been extensively studied, their
selenide and telluride counterparts, particularly in intercalated
forms, face significant synthetic challenges and consequently
remain relatively underexplored. Recent computational and
experimental studies have revealed that the stability of
AMogX; is determined by the competing evolution of two
types of bonds: the ionic bonds between A and MogX; and the
covalent bonds within the MogX; clusters.”””* In general, the
charge transfer from the intercalant A to MogXy stabilizes
AMogX, through the A—X ionicity. But it destabilizes the
MogX; lattice by weakening the Mo—X covalency. The ionic
radius of A also plays a role by introducing bond stressing,
larger A wusually results in structural deformation and
instability.”>*>*® A recent high-throughput study calculated
the decomposition enthalpies of 200,000+ hypothetical CPs,””
revealing the intercalated selenide and telluride CPs to be
relatively unstable compared to their sulfide counterparts. As a
result, synthesizing new ternary selenide and telluride CPs
remains challenging.

This study targets alkali-metal intercalation into the selenide
CP, namely MogSeg. Despite successful synthesis of the sulfides
AMogS, (A = Li, Na, K, Rb, Cs),”® the only known selenide
counterparts are LiMogSe; and NaMogSeg.””? A recent
theoretical study examined the thermodynamic stability of
various CPs using machine learning techniques, predicting that
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AMogSeg (A = K, Rb, Cs) should also be synthesizable.”” In
2015, Hosono et al. did mention in a review article that they
had synthesized KMo4Seg, in which superconductivity with T,
= 9 K was observed. However, no information about phase
purity or superconducting properties was provided.’' Here we
report the synthesis, crystal structure, and superconducting
properties of K;,sMo¢Seg (6 ~ 0.37). The electrical, magnetic,
and thermal transport measurements reveal bulk super-
conductivity (T, = 8.9 K) in K;,;MogSe; with possible
multigap features.

B EXPERIMENTAL SECTION

Polycrystalline samples of a nominal composition of
K, sMo4Seg were synthesized by a solid-state reaction of K
(99.5%, lump) and MogSes. The MoySe; polycrystals were
prepared by quenching from elemental Mo (99.9%, powder)
and Se (99.999%, shot) heated at 1200 °C for 20 h. The
MogSeg precursor was mixed with stoichiometric K lumps,
placed into alumina crucibles, and subsequently sealed in
tantalum tubes filled with argon under a pressure of 0.05 MPa.
The tantalum tubes were then heated at 420 °C for 20 h. The
obtained precursor was ground thoroughly, cold-pressed into
pellets, placed into alumina crucibles, sealed in tantalum tubes
and heated at 500 °C for 2 days. The samples obtained were
black in color and stable in air for months. The reaction
temperature was carefully set to below 500 °C, because
K,,sMogSe; started to decompose above 600 °C (Figure S2).

Powder X-ray diffraction (XRD) was performed with a
PAN-analytical X-ray diffractometer (Cu-Ka radiation) at
room temperature. Rietveld refinements were performed using
the GSAS package. The as-prepared samples were rather loose.
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A Phenom ProX scanning electron microscope [equipped with
an energy-dispersive X-ray (EDX) spectrometer] was used to
examine the sample morphology and chemical compositions.

Spherical aberration-corrected scanning transmission elec-
tron microscopy (STEM) was performed using high-angle
annular dark-field (HAADF) technique with an ARM-200F
transmission electron microscope. The microscope, operated
at 200 keV and equipped with double spherical aberration
correctors, achieved a probe resolution of 78 pm as defined by
the objective prefield. HAADF images were acquired with
acceptance angles of 90—370 mrad. More details about the
sample synthesis and structural characterization can be found
in the Supporting Information.

To perform the electrical resistivity measurements, the
samples were cold-pressed and annealed at 420 °C and 2 GPa
for an hour. Subsequently, the samples were cut into regular
pellets. Electrical resistivity was measured on these pellets
using a standard four-probe method. The electrical and
thermodynamical properties were measured using a Quantum
Design Physical Property Measurement System (PPMS). The
magnetic measurements were performed on a Quantum
Design Magnetic Property Measurement System (MPMS).

B RESULTS AND DISCUSSION

Figure la shows the XRD pattern of polycrystalline
K;,sMo4Ses. The results of the Rietveld refinement are
summarized in Tables S1 and S2. According to the XRD
refinement, the sample contained ~ 2.3 wt.% of MoSe, as
impurity. Note that the MoSe, impurity was not present in the
Mo4Seg precursor (Figure S1). Therefore, the presence of
MoSe, in the samples should be attributed to the potassium-
related process. K, sMogSeg crystallizes in the space group of
P1 (No. 2). The refined lattice parameters are a = 9.6078(3) A,
b = 9.5876(5) A, ¢ = 12.1303(3) A, @ = 89.959(2)°, B =
90.216(3)°, and y = 119.981(1)°. Compared to pristine
MogSeg (a = b =9.5448 A, c = 11.2095 A),** the only change is
that K ions are intercalated between the MogSeg clusters, which
lowers the symmetry, transforming the space group from R3to
P1 and also leading to the expansion of the lattice. The crystal
structure of K;,sMogSeg is illustrated in Figure 1b.

It should be noted that for the intercalated Chevrel phases
(A, MogSg or A, MogSey), there are three inequivalent sites for
the guest cation A. Large cations, such as the alkali- or
lanthanide-metal elements, prefer to take the hexahedral cavity
between eight MogSe; clusters (site 1 in Figure 1b). While
smaller cations like Fe, Co, or Ni tend to take site 1 but off-
center. Site 2 (the channel sites between two neighboring
Mo,Se; clusters) is mostly occupied by compounds with x >
1.° The XRD refinement results in Table S2 showed that the K
cations almost fully occupied site 1, while a small portion of K
partially (~ 42%) took site 2, resulting in the formation of
K,,sMo4Ses (6~0.37). The chemical composition was
confirmed by the energy-dispersive X-ray (EDX) and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis (see the Supporting Information). The X-
ray photoelectron spectroscopy (XPS) measurements (Figure
S4) suggested the existence of K* cations together with the
MogSeg clusters.

We carefully examined the phase stability of K;,sMosSeg by
tuning the potassium concentration (5) and the annealing
temperatures. It was found that for nominal 6 < 0.2, an
inadequate K content prevented the precursor MogSes from
reacting completely. On the other hand, an excessive K content

(6 > 0.6) or higher temperatures (> 600 °C) led to
decomposition, yielding KMo;Se; and MoSe, (Figures S2
and S3). These results suggested that our synthetic condition
(nominal § = 0.4, annealing at 500 °C) was optimal.

The crystal structure was further confirmed by the high-
angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM). Figure lc,d demonstrate the
HAADF-STEM image and the linear scan of K;,sMo4Seg. The
corresponding images of Mo4Seg are shown in Figure le,f. The
MogSeg clusters are clearly visible in these images. The K
cations are less obvious but still discernible. In particular, the
linear scan of K;,;Mo4Seg shows clear intensity peaks between
the MogSeg clusters, which are not observed in pristine
MogSeg. These HAADF-STEM images provide compelling
evidence that K cations occupy both site 1 and site 2,
consistent with the XRD refinement. The results for
K;,sMosSeg also align with the empirical occupation
preference mentioned above.

Notably, the partial occupation of site 2 represents a rare
configuration in alkali-metal-intercalated CPs, despite previous
density functional theory (DFT) predictions indicating the
thermodynamic accessibility of both sites for KMogSes.””
Given the established correlation between bond valence sum
(BVS) and structural stability in CPs,»****** we quantitatively
evaluated the K bond valence (V) in K, sMoSeg using the
bond lengths of K—Se (see Supporting Information for
computational details). The calculated Vi values are 1.39—
1.47 at site 1 versus 11.97—13.64 at site 2, both significantly
exceeding the formal oxidation state of K*, which means that
the K—Se bonds are extremely stressed, especially for those in
site 2.2%%° As a result, K,,sMo,Seg is destabilized by the
mismatching between K cations and the MogSe; framework.

Comparative BVS analysis of the chalcogenide analogues
further illuminates this structure—stability relationship: In
thermodynamically stable KMogSs (Vi = 1.08), the near-ideal
valence matching enables stability up to 1200 °C.**
Conversely, metastable KMogsTe; (Vi = 7.66), synthesized
via low-temperature (450 °C) reaction,”” exhibits similarly
anomalous valence states and decomposition behavior
(forming KMo;Te; and MoTe, upon heating) resembling
that of K, sMogSeg. These findings collectively suggest that the
intrinsic lattice instability of intercalated selenide/telluride CPs
manifests through their unreasonably high BVS values.

The temperature-dependent resistivity (p) of K;,sMogSe; is
shown in Figure 2b. The superconducting transition can be
identified at 8.9 K (T.°), while zero resistivity is achieved
below 7.5 K (T.*°). Upon lowering the temperature, the
normal-state p(T) first increases and then decreases, forming a
hump at around 150 K. This is likely due to the existence of
MoSe, impurity (Figure 1a), which is semiconducting below
300 K.*°

The superconducting transition was confirmed in the DC
magnetic susceptibility (47y) measurements, as shown in
Figure 2a. Diamagnetic signals below 8.9 K indicate the
superconducting transition, consistent with the p(T) results.
The superconducting shielding fraction determined from the
zero-field-cooling (ZFC) data is ~ 67% at 2.0 K, further
validating the bulk nature of superconductivity. Compared to
the parent compound MogSeg,”” T. is elevated from 6.3 to 8.9
K. The field-cooling (FC) signals are weaker than the ZFC
ones, suggesting the flux pinning effect in K;,;MosSeg, which is
typical for a type-II superconductor.
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Figure 2. (a) Temperature dependence of DC magnetic susceptibility
(4my) of K ,sMocSeg below 12 K. (b) Temperature dependence of
resistivity (p) of K;,sMo¢Ses under zero magnetic field. Inset shows
the superconducting transition on p(T).

Figure 3a shows the evolution of the superconducting
transition in p(T) under various magnetic fields (H). As H
increases, the superconducting transition is gradually sup-
pressed to lower temperatures. T.°™*" as a function of H is
summarized in Figure 3b. Notably, T.°* under a magnetic
field of 9 T is still as high as 6.1 K, with T*™ = 42 K,
indicating that the upper critical field (H,) for K;,sMo4Ses is
relatively high. Indeed, after fitting the H-T data with the
Ginzburg—Landau (G—L) formula:

1-(T/T)
1+ (T/T) (1)

we obtain poH,(0) = 264 T, which is beyond the Pauli
paramagnetic limit (poHp,y = 1.86X T. = 16.6 T). While
exceptionally high upper critical fields [poH,(0) > 100 T]
have been well-documented in sulfide CP superconductors
(e.g. PbMogSy),*® selenide CPs generally exhibit more limited
critical fields that often fall below Hp,,;. For example, pristine
MogSes (T, = 6.3 K) shows poH,(0) = 11.0 T, remaining
within Hp,.>” To date, only rare-earth-intercalated derivatives
(e.g. La/Pr intercalated MogSeg) have been shown to surpass
this limit.”” PFurthermore, cation intercalation in selenide
systems can demonstrate a suppression effect, as evidenced by
PbMogSe; exhibiting reduced both T, (4.1 K) and y,H,(0)
(4.6 T) compared to its parent compound.'” The relatively
high H,,(0) in K, ,sMocSes offers an opportunity in the high-
field application in the future. We further estimate the G—L
coherence length (&) to be 3.53 nm by

#yH(0) = ®,/(273) (@, is the flux quantum). The
superconducting parameters of K;,;MosSes are summarized
in Table 1.

ch( T) = ch(O)

7. (K)

Figure 3. (a) Superconducting transition on the resistivity (p) of
K,,sMo4Seg under magnetic fields up to 9 T. (b) T.°*" as a function
of the magnetic field. The red dash line shows the Ginzburg—Landau
(G-L) fit to the data.

Table 1. Superconducting and Thermodynamic Parameters
of K;,sMo4Seq

Parameter (unit) Value
T.om (K) 8.9
T2 (K) 7.5
HoH(0) (T) 264
£qu (nm) 3.53
7 (mJ mol™" K72) 69.75
B (mJ mol™ K™*) 2.11
O (K) 242
Aep 0.85
A, (meV) 2.04
A, (meV) 0.65
AC/y T. 152

To further investigate the superconductivity, the specific
heat (C,) of K;,sMoSeg was measured. As presented in Figure
4a, CP(pT) under zero magnetic field displays an anomaly
around 8.5 K, validating the bulk superconductivity. The
superconducting transition temperature from C,(T)is con-
sistent with the results from p(T) and 47r)((TS. Under a
magnetic field of 9 T, the superconducting transition is
suppressed to ~ 6 K yet still discernible.

For the CPs, the complicated phonon spectra usually lead to
a complex behavior of C,(T).”***” This originates from the
unique crystal structure and the rattling guest cations. As a
result, C,(T) cannot be described by a simple polynomial
Debye model. Alternatively, we use a Debye—Einstein model,
similar to the approach in the reference.'” We first extract the
sommerfeld parameter (y) by extrapolating the normal-state
data at 9 T. Then C,(T) is fitted with
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Figure 4. (a) Temperature dependence of specific heat ( CP) of
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Electronic contribution to C, under zero magnetic field. Solid lines are
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=y + T + 3RS
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in which the first two terms are standard Debye model, while
the third term represents the contribution of an Einstein mode.
From eq 2, we obtained y = 69.75 mJ mol™ K2, # = 2.11 m]
mol™' K™%, and Oy = 46 K. Accordingly, the Debye
temperature (@) is estimated to be 242 K using the formula

O, = (1271'4NR/5ﬂ)1/3 (where N is the number of atoms per
formula, and R is the ideal gas constant). These values are
comparable to those in LaMo4Sg (¥ = 69.45 mJ mol™* K2, and
Op =220 K).* Compared to the pristine MogSeg (y = 47.18 m]
mol™' K72, and ®p, = 191 K),”* the intercalation of K increases
both y and Op,. In other words, the introduction of K enhances
the density of states at the Fermi level and stiffens the lattice
through the charge transfer and ionic bonding between K and
the MogSeg framework.

Subsequently, we estimate the electron—phonon coupling
strength (4p) with*

s 1.04 + p*In(®p/1.45T.)
P (1 - 0.624™)In(O,/1.45T.) — 1.04 3)

By setting the Coulomb screening parameter p* = 0.13, a
typical value for intermetallic compounds, we get A, =
0.85,indicating medium to strong electron—phonon coupling
in K;,sMogSeg.

The electronic contribution of CP(T), namely C,(T), is
obtained by subtracting the phonon parts from the zero-field
data. The result is shown in Figure 4b. The conservation of
entropy in the superconducting state reconfirms that the
determination of y is accurate. In addition, the normalized

specific heat change at the superconducting transition AC,/yT,
= 1.52, larger than the BCS weak coupling ratio 1.43. C.(T) in
the sugerconducting state was fitted with the one-gap a-
model."" However, the low temperature data significantly
deviate from the fitting, implying a possible multigap behavior.
We note that multiple gaps were previously observed in CP
superconductors such as PbMogSg and SnMogSg.*> Therefore,
we fit C(T) with the two-gap model:

C(T) = Ach[xe—Al/kBT + (1 = x)e/hT] @

where A, and A, correspond to two independent super-
conducting gaps. The result of the fitting is shown in Figure 4b
with the fitting parameters: A; = 2.04 meV (93%) and A, =
0.65 meV (7%). These gap values, as well as the gap ratios, are
comparable to those in PbMogSs (A; = 3.1 meV, A, = 1.4
meV) and AgMogSs (A, = 1.6 meV, A, = 0.7 meV).' "
The observed violation of the Pauli paramagnetic limit
coupled with multigap characteristics strongly suggests
unconventional superconducting pairing mechanism in
K, ,sMosSeg. To elucidate the multiband superconductivity
nature, advanced spectroscopic characterization [e.g., scanning
tunneling spectroscopy (STS), muon spin rotation/relaxation
(uSR)] on high-quality single crystals are critically required.

B CONCLUSIONS

In summary, we demonstrate the successful synthesis of
potassium-intercalated Chevrel phase K;,sMoSeg (6 ~ 0.37)
by the solid-state reaction. Combined XRD and STEM
analyses identify a triclinic structure (space group PI) with
K cations predominantly occupying the hexahedral cavities
between the MogSes clusters and partially residing in
octahedral channels. Bulk superconductivity with T, = 8.9 K
and pH,(0) = 26.4 T is comprehensively confirmed by the
resistivity, magnetization, and specific heat measurements,
while the low-temperature CP(T) data reveal signatures of
multigap superconductivity. Notably, the multigap features and
the violation of the Pauli paramagnetic limit by H,(0) strongly
indicate unconventional superconductivity. Moreover,
K,,sMogSeg represents an exceptional case among CPs where
alkali-metal cations occupy octahedral interstitial sites.
K,,sMog¢Seg is metastable and decomposes above 600 °C.
The BVS calculations suggested that the thermodynamic
instability could arise from the extremely stressed K—Se bonds.
Our work highlights the critical role of reaction temperature in
stabilizing selenide CPs, providing a synthetic pathway for
exploring novel Chevrel phases through kinetically controlled
low-temperature synthesis.
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