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ABSTRACT: Endohedral cluster superconductors are an emerg-
ing field, where simple electron counting rules govern the phase
stability and transition temperature. Nontrivial microscopic
properties of the superconducting state, including strong
electron—phonon coupling and multigap superconductivity, raise
fundamental interest in studying these materials. Herein,
Mo,Gayg35(1)S062(1)y M0sGayeSe, Mo,GayTe, and Mo,Ga,,Sb
endohedral cluster compounds were synthesized in the form of
bulk polycrystalline samples and single crystals. Together with the
recently reported Mo,Ga,,;_, sSn,, these compounds belong to the
new Mo,Ga,, structure type with notable functionality: all the
discovered representatives show superconducting properties. The
observed critical temperatures of 5.1, 3.3, 4.6, and 6.6 K for the S-,
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Se-, Te-, and Sb-containing compounds, respectively, correlate well with the experimental values of the Sommerfeld coeflicient. An
emerging role of the electron—phonon coupling may be responsible for the enhancement of critical temperature in the case of

Mo,Ga,,Sh.

ntermetallic compounds composed of metals from different

blocks of the periodic table provide a rich source of
functional materials. The functionality can be inherent in a
family of compounds with a common structural motif. For
example, IrIn;- and Ir;Ge,-type compounds represent two
structural families showing a large number of narrow-gap
semiconductors' > with promising thermoelectric proper-
ties.” Interestingly, semiconducting properties appear at a
particular number of valence electrons, 17 € for the IrInj-type
compounds and 55 ¢ for the Ir;Ge, structure type. Within the
family of Nowotny chimney ladder compounds, semiconduct-
ing intermetallics are found with a valence electron count of
VEC = 14.” Herein, higher manganese silicides attract interest
because of high thermoelectric performance.” Functionality is
even more pronounced in the family of Heusler compounds,
which consists of binary, ternary, and quaternary intermetallics
with the common cubic structural motif.” In this family,
narrow-gap semiconductors yield efficient thermoelectric
materials.'”"! In addition to normal semiconductors, there
are zero-gap semiconducting Heusler compounds, in which
strong spin—orbit coupling leads to band inversion in the
electronic structure.” For those zero-gap semiconductors,
which contain rare earth metals, multifunctional behavior was
reported including induced antiferromagnetism in GdPtBi and
ErPtBi,'* heavy-fermion behavior in YbPtBi,"> and super-
conductivity in LaPtBi'* and YPtBi."

Intermetallic families, such as Irlns;-type phases, both
Nowotny chimney ladders and Heusler compounds, exhibit
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inherent functionality, which depends on the number of
valence electrons. Semiconducting properties at the particular
values of VEC are associated with the stable electronic
configurations, such as an 8-electron configuration in the main
group MgAgAs-type compounds'® and an 18-electron
configuration in the transition-metal-based intermetallics.'”~"?
At the same time, superconductivity is usually found in the
metallic state with the increased number of valence electrons,
when the Fermi level is shifted to the conduction band and
high density of states is realized at the Fermi energy. This
scheme was proposed to describe the physical properties of the
endohedral Ga cluster compounds, where a number of
superconductors, including MogGay,,””?" MogGay,,” >
ReGas,”* Rh,Gao,”® and Ir,Gay,” exhibit a peculiar depend-
ence of the critical temperature on the valence electron count.

Recently, we reported on the new endohedral cluster
superconductor Mo,Ga,,_,_sSn, with T, = 5.85 K.*® Here,
we further extend the Mo,Ga,, structure type by synthesizing
the M04Ga20_38(1)80,62(1),27 Mo,Ga,,Se, Mo,Ga,,Te, and
Mo,Ga,,Sb compounds and explore their physical properties.
Our study reveals that superconductivity is inherently present
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in the Mo,Ga,-based compounds giving rise to a new
intermetallic family of superconducting materials.

The Mo,Ga,,;-based compounds, namely,
Mo,Gagg35(1)S0.62(1) (1), Mo,GaySe (2), Mo,GayTe (3),
and Mo,Gay,Sb (4), can be synthesized in the form of bulk
polycrystalline samples or submillimeter-size single crystals
(see Supporting Information for more details). In the first case,
annealing of the elements taken in the Mo,Ga,,_.E,
proportions is used, where E = S, Se, Te, Sb. (2), (3), and
(4) can be synthesized exactly from the stoichiometric
mixtures, while in the case of E = S, the x = 0.5 and x =
0.7 starting compositions yield phase-pure samples (see Table
S1 of Supporting Information). The crystal growth can be
performed using the joint flux technique.28 For example, the
Mo(Ga,_,Te,)s, sample with the joint excess of Ga and Te can
be annealed at a high temperature of 1000 °C and slowly
cooled down, yielding large bulky crystals of GaTe and small
needle-like single crystals of (3) for y = 0.0S.

The crystal structure of (3), which is representative for the
title Mo,Ga,,-based compounds, is shown in Figure 1 (see

Figure 1. Crystal structure of Mo,Ga,,Te showing the unit cell and
principal polyhedra. Mo atoms are drawn in red, Ga in blue, and Te in

grey.

Supporting Information, Tables S2—S10 for complete
structural information). In the structure adopting the I4/m
space group, Mo atoms are embedded inside the peculiar
Mo@Ga, clusters, which can be viewed as a junction of a one
half of a cube with one half of an icosahedron. The Mo@Ga,
clusters share their triangular faces with the Te@Gay,
cuboctahedron centered at the (0; 0; 0) position, such that
eight Mo@Ga,, clusters surround one Te@Ga,, cuboctahe-
dron. The cuboctahedron is significantly distorted such that Te
atoms have four short (2.9 A) and eight long (3.3 A) contacts
with Ga atoms (full list of interatomic distances is given in
Supporting Information, Table S7). Thus, the actual
coordination polyhedron of Te can be viewed as a square of
Ga atoms. In the case of (1), (2), and (3), the (0; 0; 0)
position may contain statistically mixed Ga and chalcogens,
when the composition deviates from the stoichiometric one;
moreover, in the case of (1) only off-stoichiometric
compositions can be synthesized in agreement with the
previous report.27 On the contrary, (4) demonstrates a much
narrower compositional range. In fact, only the stoichiometric
composition of Mo,Ga,Sb with the (0; 0; 0) position fully
occupied by the Sb atoms can be isolated.

In the (1)—(4) series, the a parameter of the tetragonal unit
cell elongates with the increase of the atomic number of E, but
the ¢ parameter does not show such monotonic behavior (see
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Supporting Information, Table S2). For the Mo,Ga,;-based
compounds, the molar volume can be calculated using volume
increments of the constituents.””*® This simple approach
apparently results in the significant overestimation of the molar
volume. However, the experimental values of V demonstrate
linear behavior versus V. (Figure 2) indicating that the unit
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Figure 2. (Left axis) Experimental vs calculated molar volume and
(right axis) the ¢/a unit cell parameter ratio for the Mo,Ga,,-based
compounds.

cell volume grows monotonously with the increase of E
element atomic size. Moreover, the c/a ratio remains constant
across the studied series, and the recently discovered
isomorphous Mo,Ga,,_,_;Sn, compound shows a similar
value of ¢/a = 0.42°° Thus, five representatives of the
Mo,Ga,,-based family, including the E = S, Se, Te, Sb, and Sn
compounds, compose the new intermetallic structure type.
This structure type can be further combined with those of
MoyGasz, and MogGay, establishing a rich family of Mo-based
endohedral cluster compounds because all the structures are
built upon the same Mo@Ga, clusters.

The Mo,Ga, -based compounds possess similar electronic
structures (see Supporting Information for more details). The
valence orbitals of the E element (E = S, Se, Te, Sb) contribute
to the electronic states on top of the valence band, where flat
atomic-like electronic bands appear below relative energies of
—1.5 eV for (1)—(3) and below —1 eV for (4). The electronic
structures of the Mo,Ga,,-based compounds depend signifi-
cantly on the nature of the E element. When going from (1)
and (2) to (3), and then to (4), electronic states on top of the
valence band become flatter and form the peak substructure
(see Supporting Information, Figure S2). The valence and
conduction bands are separated by the dip of the density of
states, and the Fermi level is situated in the conduction band
ensuring the metallic behavior (Figure 3). The bottom of the
conduction band is formed by the 4d states of Mo and 4p
states of Ga atoms. Thus, the electronic properties of the
Mo,Ga,,-based compounds originate primarily from the
mixing of Mo and Ga states with only negligible contribution
from the E element. In each case, the high density of states at
the Fermi energy is realized yielding the calculated
Sommerfeld coefficient, y},,, larger than 15 mJ mol™ K2

Measurements of electrical resistivity confirm metallic
behavior of the Mo,Ga,;-based compounds at temperatures
above 10 K (detailed description of physical properties,
including magnetic susceptibility, magnetization, electrical
resistivity, and heat capacity, is given in the Supporting
Information). In the same temperature range, small and
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E-E, (eV)

Figure 3. Electronic structure of Mo,GayTe in the vicinity of the
Fermi energy. Contribution of the Mo 4d states is shown in red, Ga
4p in blue, and Te Sp in black.

negative values of magnetic susceptibility indicate weak
diamagnetic behavior. At low temperatures, the Mo,Ga,,-
based compounds demonstrate superconducting properties
with the critical temperatures of T, = 5.1 K, 3.3 K, 4.6 K, and
6.6 K in a zero magnetic field for (1)—(4), respectively (Figure
4). The bulk type-II superconductivity is confirmed by

1.0 )i

g
\S:_ 05 1
—0— Mo,Gaz 35(1)So.62(1)
—0— Mo,Ga,,Se
Mo,Ga,,Te
—0— Mo,Ga,,Sb
0.0 : : ; . T : .
2 3 4 5 6 7 8 9 10
T(K)
104 ’FMOaGaM 1
Mo,Ga,,-based
Mo Ga
8 16 MogGay, compounds 1
- O 4
X
= 6 5 o 1
Ny 1: Mo,G S a 1
+ Mo,Gaz 38(1)90.62(1) o) 313
4] 2: Mo,GaySe i
3: Mo,Ga,,Te o 2
4: Mo,Ga,,Sbh
5 J
5: Mo,Gag 67(1)SN ges(s)
22 214 216 218 220 222 224 226

VEC (& per Mo atom)

Figure 4. (Top) Low-temperature resistivity of the Mo,Ga,,-based
compounds in the zero magnetic field. (Bottom) Critical temperature
of the Mo-based endohedral cluster superconductors as a function of
valence electron count. Blue squares mark the superconductors with a
= apcs and red squares—the strong coupling superconductors with o
> Qpcs:

resistivity, magnetization, and heat capacity measurements.
Heat capacity measured in the superconducting and normal
states was used to calculate the electronic contribution as AC,/
T=C/T(ueH =0T) — C/T(uoH = 3 T), which was analyzed
within the Bardeen—Cooper—Schrieffer (BCS) theory and the
derived a-model.*** In the case of (1)—(3), the electronic
specific heat is well described within the BCS theory with o =
A(0)/(kgT,) = 1.764, where 2A(0) is the full superconducting
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gap, while for (4) the data indicate a slight enhancement of
up to 1.825 (see Supporting Information, Figures S3—S6).
Main parameters, including critical temperature in the zero
magnetic field (T.), normalized specific heat jump (AC./
(ynT.)), Debye temperature (®p), Ginzburg—Landau param-
eter (k), and experimental (yy) and calculated (p,.)
Sommerfeld coefficients, describing the superconducting state
and electronic properties of the Mo,Ga,;-based compounds
are shown in Table 1.

The superconducting coherence length £ can be estimated
from the measured upper critical field p,H,(0) using the
Ginzburg—Landau relation: poH,(0) = ®y/(27E), where ®,
hc/(2e) is the flux quantum. The Ginzburg—Landau
parameter k = A/, where A is the magnetic field penetration
depth, was calculated as k = 1/\/2;40HC2(0)//40HC(0). The
Ginzburg—Landau parameter of k > 1/4/2 clearly indicates the
type-1II superconductivity for (1)—(4). Accordingly, the upper
critical field at zero temperature pi,H,(0) is much larger than
the lower critical field pyH.(0), and the thermodynamic
critical field calculated as poH_(0) = 1.382aT y"/? within the a-
model® shows intermediate values (Table 1).

The parameters listed in Table 1 raise an interesting
question: what trends can be proposed to explain the evolution
of critical temperature in this series of isomorphous
compounds. Taking into account the metallic behavior in the
normal state and the good match of the electronic specific heat
with the BCS predictions, the nature of the superconducting
state in the family of Mo,Ga,,-based superconductors should
be closely connected with the electronic properties at the
Fermi surface. Notably, the normal-state Sommerfeld coef-
ficient, yy, is larger than the calculated one, y;,., because of the
electron—phonon coupling. The electron—phonon coupling
constant 4., can be calculated using the equation: yn/Vpare = 1
+ A Clearly, the 4, values indicate moderate or strong
electron—phonon coupling in (1)—(4) (Table 1). The normal-
state Sommerfeld coeflicient is proportional to the electronic
density of states at the Fermi energy. Accordingly, the critical
temperature correlates well with yy for the title compounds,
except Mo,Ga,,Sb, for which the enhanced value of T, is
observed. This enhancement is in line with the increased value
of a seen in the electronic specific heat and may be due to the
increased role of the electron—phonon coupling. Strong
electron—phonon coupling in the superconducting state was
reported for Mo,Gay,_,_sSn,”® with T, = 5.85 K, MosGay, >
(8.2 K)-, and MogGay,,”" (9.8 K)-related superconductors.

Figure 4 summarizes critical temperatures of the Mo-based
endohedral cluster superconductors with the strong and weak
coupling regimes shown in red and blue colors, respectively,
according to the results obtained from the a-model. Clearly,
the strongly coupled superconductors exhibit higher critical
temperatures. Within the isoelectronic compounds (2) and
(3), the critical temperature is suppressed by the chemical
pressure because Se has a smaller covalent radius than Te.
Thus, higher values of T, can be expected for the super-
conductors containing elements with higher values of Z.
Moreover, the critical temperature is governed by the valence
electron count: it increases reaching the value of T. = 9.8 K for
MogGay,;, when the number of valence electrons decreases.
Here, the Mo,Ga,,-based solid solutions are useful in the study
of relations between VEC and T.. In the case of (1)—(3),
limited solid solutions are formed because of the mixed
occupancy of the (0; 0; 0) position by Ga and chalcogens (see
Supporting Information, Table S1). These solid solutions
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Table 1. Parameters of the Superconducting and Normal States of the Mo,Ga,;-Based Compounds

M04G320A38(1)SOA52(1)
T, [K] 5.1
#oH(0) [mT] 1100(30)
HoH1(0) [Oe] 48(2)
2A(0) [meV], a 1.6, a = apcg
AC./(rTo) 1.43
6y [K] 294
#oH:(0) [Oe] 479
K, £ [nm], A [nm] 16.3, 17, 277
v [mJ mol™ K2 39.0
Yoare [mJ mol™" K] 16.8
A 1.3

ep

Mo, Ga,,Se Mo,Ga,,Te Mo,Ga,,Sb
3.3 4.6 6.6

132(9) 251(7) 693(8)
46(10) 74(4) 69(1)

1.0, a = apcs 14, a = apcs 2.1, a = 1.825
1.43 1.43 1.53

281 278 287

257 440 660

3.6, 50, 180 4.0, 36, 144 74,22, 163
27.0 41.2 42.3

16.3 19.7 19.1

0.7 1.1 12

possess variable VEC in the range between 22.125 and 22.5 ¢
per Mo atom, for which a detailed trend of T, can be
established. Such trends can be further used for the deliberate
synthesis of new endohedral cluster superconductors with the
enhanced functional characteristics.

In conclusion, the family of Mo,Ga,,-based superconductors
now encompasses five representatives. Mo,Ga,g35(1)S0.62(1)
Mo,Ga,Se, Mo,Ga,Te, and Mo,GaySb prepared in this
study crystallize in the common structure type, in which S, Se,
Te, and Sb atoms center the cuboctahedral position. In the
MogGay;- and MogGay,-related superconductors, this position
is centered by the Ga atoms. On the one hand, the Mo—Ga
framework demonstrates the special stability giving rise to at
least seven superconducting compounds. On the other hand, it
supports various chemical substitutions: the cuboctahedral
position can be occupied by Ga atoms or by more
electronegative elements, such as Sb or chalcogens. It is
interesting to check if this position could be occupied by
electropositive elements, such as alkaline-earth metals, capable
of donating their valence electrons directly to the Mo—Ga
framework and thus changing the critical temperature. Such
substitutions can further extend the family of Mo,Ga,,-based
superconductors providing new intermetallic compounds with
functional properties.

B METHODS

Synthesis. Mo,Gay35(1)S0.62(1)) M04GaySe, Mo,GayTe, and
Mo,Gay,Sb compounds were synthesized using the standard ampule
technique. Elemental Mo (powder, 4N), Ga (pieces, SN), S (powder,
4N), Se (granules, SN), Te (powder, SN), and Sb (powder, SN) were
mixed according to the compositions of Mo,Ga,,_E, (E = S, Se, Te,
Sb; x = 0.25, 0.5, 0.75, 1, and 1.25) and placed inside silica ampules,
which were evacuated to a residual pressure of 5 X 107> mbar and
flame sealed. For annealing, the programmable laboratory furnaces
were used. In the case of E = Se, Te, and Sb, the samples were
annealed at 600 °C for 7 days, cooled to room temperature in the
shut-off furnace, finely ground, annealed at 600 °C for another S days,
and quenched into cold water. In the case of E = §, the samples were
annealed at 700 °C for S days, finely ground, annealed for another 5
days at 700 °C, and cooled to room temperature in the shut-off
furnace. Single crystals of Mo,Ga,,Te were synthesized using the joint
flux of Ga and Te. The sample with the composition of MoGa,; sTe, s
and the total mass of 2 g was annealed at 1000 °C for 48 h and cooled
to 400 °C at a rate of 5°/h. Excess of Ga metal was removed by
centrifugation at room temperature, and the sample was subsequently
treated with 2 M HCI for 24 h, washed with distilled water and
acetone, and dried.

Characterization Techniques. Powder X-ray diffraction patterns
were collected on a Malvern PANalytical X'Pert 3 Powder
diffractometer equipped with a Cu X-ray source (CuKa radiation, 1
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= 1.5418 A) and Medipix PIXcel'® detector. Rietveld refinements
were performed in the Jana2006 program.” Data collection and
refinement details are shown in Table S2 of Supporting Information.
The refined parameters of atomic positions are presented in Tables
S3—S6 for E = S, Se, Te, and Sb, respectively. Selected interatomic
distances are given in Table S7. Single-crystal X-ray diffraction
measurements were performed on a Bruker D8 Venture diffrac-
tometer equipped with a Mo X-ray source (Mo Ka radiation, graphite
monochromator, 4 = 0.71073 A) and Photon 100 CMOS detector.
Absorption correction was performed numerically using indexed faces
of the selected single crystal. Crystal structure refinements were
performed within the full-matrix anisotropic approximation against |
F?| using the SHELXL-2018 program.** Details of data collection and
refinement against the single-crystal X-ray diffraction data for
Mo,Ga,oTe are presented in Table S8 of Supporting Information.
The refined parameters of atomic positions are listed in Tables S9 and
S10.

Electronic Structure Calculations. Structural parameters
obtained from the Rietveld refinements against the powder X-ray
diffraction data were used for calculations of electronic structures. In
the case of E = S, the Ga$S site was populated solely by S atoms.
Calculations were performed within the framework of density
functional theory using the full-potential local-orbital minimum
basis band-structure FPLO code®® (version 14.00-47). In the scalar
relativistic regime, local density apg)roximation was used to treat the
exchange and correlation energy.” Integrations were performed by
the improved tetrahedron method”” on a grid of 16 X 16 X 16 k-
points in the first Brillouin zone.

Physical Properties. Magnetization measurements were per-
formed using a Magnetic Properties Measurement System (MPMS-
XLS SQUID, Quantum Design) on powder samples enclosed in a
polyethylene film. The diamagnetic contribution from the sample
holder was corrected by measuring the reference pelletized samples.
Measurements were conducted in the zero-field cooling (zfc) and field
cooling (fc) conditions at temperatures between 1.8 and 10 K in a
magnetic field of 10 Oe. Additionally, magnetization was measured in
the zfc conditions at different temperatures by sweeping the magnetic
field from 0 to S T. The normal-state magnetic susceptibility was
measured in the fc conditions at temperatures between 10 and 300 K
in 0.5 and 2 T magnetic fields. Heat capacity measurements were
performed using a relaxation-type calorimeter of the heat capacity
option of a physical property measurement system (PPMS, Quantum
Design) on pelletized samples. The long-pulse technique was
employed,®® according to which a heat pulses of 30% temperature
rise and 37 measurement time were used, where 7 is the first-order
relaxation time constant. Measurements were performed by raising
the temperature from 1.8 to 30 K in 0 and 3 T magnetic fields. The
dual-slope analysis of the heat capacity data was performed in the
PPMS MultiVu program (Quantum Design). Electrical resistance was
measured by the standard four-probe technique using the resistivity
option of PPMS (Quantum Design). For measurements, rectangular-
shaped pellets with typical dimensions of 8 X 3 X 2 mm® were
prepared by pressing the powder samples at room temperature at an
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external pressure of 4 kbar. Electrical contacts were made by attaching
100 pm Cu wires to the pellets using silver-containing epoxy resin.
Measurements were performed at temperatures between 1.8 and 300
K in a zero magnetic field.
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