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ABSTRACT: Superconductivity is reported in an endohedral aluminide compound, RuAl,
with T, = 1.21 K. The normalized heat capacity jump at T, AC/yT, = 1.58, confirms bulk
superconductivity. The Ginzburg—Landau parameter of k = 9.5 shows that RuAly is a type-II
superconductor. Electronic structure calculations for RuAlg are explored in comparison to its
structural analogue ReAl (T, = 0.74 K). The stability of the phases is discussed in terms of the
crystal orbital Hamilton population (—COHP) analysis. The difference in T, in the two
materials is caused by the significantly stronger electron—phonon coupling found in RuAl,
which is a result of significantly stronger antibonding interactions. The presence of
superconductivity in yet another compound made of aluminum clusters possibly expands the correlation of critical temperature
and the structure shown for Ga-built clusters.

B INTRODUCTION

One of the still unresolved problems of solid-state sciences is
the design principle for superconductors, especially with high
critical temperatures. The great effort to find universal relations
that can be exploited to truly design superconducting materials
led to a number of mostly empirical guidelines, such as the
famous, semianecdotal Matthias rules.' Empirical relations
between the superconducting critical temperature (T.) and

Figure 1. (a) Unit cell of RuAlg: Ru atoms are shown in brown, Al in

electron count per at.om were altc,o establishefl in several groups blue. RuAl,, clusters share edges along the ¢ direction and corners
of superconductors, including simple metallic elements,” A-15 along the a and b directions. (b) RuAly, cluster with the three
compounds,” as well as Heusler* and high-entropy alloys.’ individual Al sites labeled.

Recently, a group of gallium-rich intermetallic compounds,
ReGa;, Rh,Gay, and MogGa,;, whose crystal structures are
composed of interconnected endohedral Ga clusters, was
found to be a host system for superconductivity with observed
strong correlations between electron count, crystal structure,
and superconducting critical temperature.® In this broad family
of compounds, the crystal and electronic structures can be
described by considering the whole basic cluster, instead of
single atoms, as the main building block.®

Interestingly, while Rh,Gay and Ir,Ga, are superconductors
with T, = 1.9 and 2.2 K, respectively,” the isoelectronic
aluminides T,Al, (T = Co, Rh, Ir) do not show super-
conductivity down to T = 2 K (see ref 8 and Figure S6 in the
Supporting Information (SI)). It is also worth noting that a
subtle difference between the crystal structures of T,Gay and
T,Al, phases exists, the former crystallizing in a non-
centrosymmetric structure variant.”” Aluminide analogues of
the ReGas and MogGay, intermetallics are not known. Received: December 20, 2019 s

In this study, we report superconductivity in RuAlg with T, = ReVifed‘ Apr%l 15, 2020
1.21 K. The crystal structure of RuAl, (Figure 1), reported Published: April 16, 2020
previously in 1968 by Edshammar,'® can be described as a
network of RuAlj, polyhedra sharing edges along the ¢
direction and corners along the a and b directions.

The observation of the superconducting state in RuAlg
supports the hypothesis of a high prevalence of super-
conductivity in the class of endohedral intermetallics. Along
with the recently reported isostructural compound ReAl; (T, =
0.74 K),'"'? RuAls forms one of the branches of the
endohedral superconductor family.

Moreover, we observe a relationship between T, and
nearest-neighbor (NN) antibonding interactions in ReAl,
and RuAlg and postulate that it is caused by their effects on
the phonon structure, which in turn affects the electron—
phonon coupling (EPC). We highlight that the relation
between antibonding population (measured using the crystal
orbital overlap population function, COHP) and super-
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conductivity may be used as a simple guide for predicting
superconductivity in new compounds.

B MATERIALS AND METHODS

Polycrystalline samples of RuAls were synthesized via an arc-melting
method. Ru (Alfa Aesar, 99.95%) and Al pieces (Alfa Aesar, 99.99%)
were put together on a water-cooled copper hearth with a Zr button
used as an oxygen getter. The sample was turned and remelted several
times to ensure homogeneity. Mass loss during synthesis was lower
than 1%. The sample was then wrapped in thin tantalum foil, put in an
evacuated quartz tube, and annealed at T = 620 °C (~40 °C below
the melting point of Al and Alrich eutectic'®) for 14 days. After
annealing, the ampoule was quenched in water at room temperature.

The powder X-ray diffraction (PXRD) pattern was collected at
room temperature on a crushed sample with a Bruker D8 Focus
diffractometer with Cu Ka radiation. FullProf software'* was used for
the Rietveld refinement of the RuAlg structure. The PXRD pattern of
the annealed sample showed that a RuAls phase was obtained with no
observable amounts of impurity phases.

Single crystals of RuAlg were grown using a self-flux metho
Ru and Al pieces in a molar ratio of 3:97 were put in an alumina
crucible, sealed in an evacuated quartz tube, heated to 1000 °C, slowly
cooled to 670 °C, and subsequently centrifuged to remove the
remaining Al flux. However, they were found to be contaminated with
Al metal. Centrifugation above the melting point of Al (3000 rpm)
and prolonged etching in a sodium hydroxide solution did not remove
all of the elemental Al, which may be present in the form of inclusions
within the crystals, as it was observed, e.g, in Al flux-grown SmBé,17
bulk Al shows a transition to the superconducting state at T, = 1.2 K,
overlapping with the T. of RuAlg. To avoid ambiguity, physical
property measurements were performed only on a polycrystalline
sample that was proven to be free of impurity phases, including Al
(see Figures 2 and S2 in the Supporting Information).

Magnetization measurements were performed with a Quantum
Design MPMS-XL SQUID magnetometer in a temperature range of T
=0.5—2.5 K and in a magnetic field of up to yioH = 100 mT. Electrical
resistivity was measured using a standard four-probe technique'® with
a Quantum Design Physical Property Measurement System (QD
PPMS) in a temperature range of T = 0.4—300 K and in a magnetic
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Figure 2. Rietveld fit (black line) to the room-temperature PXRD
pattern (red dots) of RuAlg. The blue line shows the difference
between calculated and observed intensities. The green color marks
the expected positions of Bragg reflections.
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field of up to poH = 350 mT, with temperatures T < 1.9 K reached
using a He evaporative cooling option.19 A silver epoxy paste was
used to attach platinum electrical contacts to the sample. Heat
capacity measurements employing the standard semiadiabatic pulse
technique®””! were done in the temperature range of 0.2—3 K using
the *He—*He dilution refrigerator option of the QD PPMS.”*~**

To gain insight into the chemical bonding in RuAls and the
analogous ReAl; compound, calculations of the crystal orbital
Hamilton population (—COHP)** were performed within the
density functional theory (DFT) tight-binding linearized muffin-tin
orbital atomic sphere approximation (TB—LMTO—ASA) as
implemented in the Stuttgart code®”*® employing the Perdew—
Wang generalized gradient approximation (GGA) for the exchange-
correlation potential.* Calculations were conducted using a 16 X 16
X 8 k-point mesh and experimental unit cells.

Detailed band structure and electronic density of states (DOS)
calculations were gerformed by means of the DFT with the Perdew—
Burke—Ernzerhof ° GGA utilizing the ELK all-electron full-potential
linearized augmented plane wave plus local orbitals code.*!
Calculations were conducted with spin—orbit coupling (SOC) using
an 8 X 10 X 7 k-mesh.

B RESULTS AND DISCUSSION

The room-temperature powder X-ray diffraction pattern is
presented in Figure 2. All of the Bragg peaks in the PXRD
pattern are indexed with an orthorhombic Cmcm unit cell.

The lattice parameters and atomic positions obtained from
the fit are in good agreement with those reported in the
literature.'” Table 1 presents the details of the RuAlg crystal
structure derived from the Rietveld refinement.

Table 1. Crystallographic Data for RuAl; Obtained from the
Rietveld Fit to the PXRD Pattern”

space group Cmem (# 63)
Pearson symbol 0828
unit cell parameters (A)
a= 7.48502(1)
b= 6.55652(1)
= 8.97105(1)
cell volume (A3) 440.402(1)
molar weight (g/mol) 262.96
number of formula units per cell—Z 4
density (calculated) (g/cm?) 3.97
figures of merit
R, (%) 12.1
R, (%) 9.81
Ry (%) 6.77
Ve 2.10
atom x y z B (A?)
Al(1) 03196(1) 0 0 1.11(2)
Al(2) 0 0.1412(1)  0.1000(1)  1.62(2)
Al(3) 03207(1)  02942(1)  1/4 1.02(2)
Ru 0 04620(1)  1/4 0.44(1)

“Numbers given in parentheses are statistical uncertainties of the least
significant digits. The R factors given are the conventional Rietveld R
factors (background-corrected) calculated only for points with Bragg
contributions.>**

The zero-field-cooled (ZFC) and field-cooled (FC) dc
magnetic susceptibilities are shown in Figure 3a. The onset of
the transition to the superconducting state is visible in both
ZFC and FC plots at T, = 1.25 K. This temperature is defined
as the temperature where the extrapolation of the steepest
slope of (T) intersects the extrapolation of the normal state

https://dx.doi.org/10.1021/acs.chemmater.9b05277
Chem. Mater. 2020, 32, 3805—3812
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Figure 3. (a) Temperature-dependent ZFC and FC magnetization at
an applied field of yoH = 2.5 mT, showing the transition to a perfectly
diamagnetic Meissner state below T = 125 K. The volume
susceptibility yy is corrected for the demagnetization factor derived
from My vs H measurement (see (b,c)). Field-dependent magnet-
ization below the T, (inset to (a)) shows that RuAly is a type-II
superconductor. (b) Field-dependent magnetization curves measured
at different temperatures below T'.. The black solid line is a linear fit in
the low field limit. (c) Method of estimating the lower critical field,
Hy. (d) Lower critical field H;*(0) estimation.

susceptibility to lower temperatures.’* After correction for the
diamagnetic factor (discussed below), the magnitude of the
saturated ZFC diamagnetic signal is close to the value of —1/
47(1 — N) consistent with a full Meissner state (perfect
diamagnetism), indicative of a complete transition to the
superconducting state. The much smaller FC diamagnetic
signal originates from the strong magnetic flux pinning present
in the polycrystalline sample.

The volume magnetization vs magnetic field M,(H) plot
measured at various temperatures below T, is shown in the
inset of Figure 3b. Assuming that a perfect diamagnet has a
linear response to the magnetic field, the M, vs H plot
constructed at the lowest temperature (0.5 K) was fitted with a
linear function (Mg, = aH + b). The value of the
demagnetization factor (N) is then estimated using the

equation —a = and is equal to N = 0.33. The

1
47(1 = N)
demagnetization factor accounts for a sample shape-dependent
distortion of the magnetic field inside and around a sample.”
To plot the (M, — Mj,) vs H graph in Figure 3¢, the linear fit
to the initial magnetization slope was constructed. The fields in
which deviations from a linear response to the magnetic field
are visible (marked with the black dashed line in Figure 3c)
were taken as lower critical fields H.,*. The H4* values
derived for different temperatures were plotted vs temperature
in Figure 3d and fitted with the equation uoH.*(T) =
UoH*(0)[1 — (T/T)?].° The value of critical field
extrapolated to T = 0 K using the fitted function is
UoH,*(0) = 3.60(7) mT. This value has to be corrected for
the demagnetization factor, yielding y,H(0) = 5.4(1) mT.
The critical temperature estimated from the fitting of the
model to the data T, = 1.21(1) K is close to the value obtained
from dc magnetization measurement. The full magnetization
loop collected at a temperature of T = 0.5 K, below the
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superconducting transition, is shown in the inset of Figure 3a.
The shape of the M(H) loop suggests that RuAly is a type-1I
superconductor.’”*’

To further characterize the superconducting transition of
RuAlg, electrical resistivity measurements were performed in
the temperature range of T = 0.4—300 K, presented in Figure
4a. At temperatures above T, RuAlg shows typical metallic
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Figure 4. (a) Electrical resistivity of RuAl, at zero applied magnetic
field, showing typical metallic behavior at high temperatures and a
drop to zero below T,; the inset shows the SC transition being
suppressed by the applied magnetic field. (b) Dependence of the
upper critical field H., on temperature. (c) Pronounced heat capacity
anomaly at T, confirming the bulk nature of the SC transition; the
electronic heat capacity coefficient y and Debye temperature are
shown.

behavior, with a residual resistivity ratio RRR = p3,0/py = 4,
falling in the range typical for polycrystalline samples,”**** and
residual resistivity p, = 0.038 mQ cm.

The inset of Figure 4a presents the shift of superconducting
transition toward lower temperatures with an applied magnetic
field. The midpoints of the transitions gathered in this
measurement were used to determine the upper critical
shown in Figure 4b. The data were fitted with the formula
proposed by Micnas et al.:** pH,, (T) = poH,, (0)[1 — (T/
T.)*?1%? and gave the value pH,(0) = 426(7) mT, which
will be used in further calculations.

Using the value of yyH,(0) obtained from the fit and
assuming that H, is purely due to orbital effects, the coherence
length &g can be estimated from the equation H, (0) = ¢/
27Eg, (where ¢by = h/2e is the quantum of magnetic flux)**
and is equal to g = 27.7(2) nm.

Heat capacity measurements on a RuAls sample were
performed to confirm the bulk nature of its superconductivity.
Figure 4c shows the transition to the superconducting state of
RuAly without the applied magnetic field. A sharp anomaly
confirms the bulk superconductivity. An equal-area entropy
construction (solid black lines) was used to extract the
transition temperature and the value of the specific heat jump.
The superconducting critical temperature was determined to
be T, = 1.21 K, and the specific heat jump is AC,/T = 10.3 m]
mol ™' K72 Figure 4d shows the heat capacity of RuAly as the
Cp/ T vs T? plot, fitted above the T, using the formula of the
low-temperature expansion of the Debye heat capacity model:

https://dx.doi.org/10.1021/acs.chemmater.9b05277
Chem. Mater. 2020, 32, 3805—3812
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C/T=y+ BT, where yT and BT° are the electronlc and
phonon heat capacity contrlbutlons, respectively.”” The fit
yields y = 6.5(1) mJ mol™* K™% and 8 = 0.14(1) mJ mol™* K™*,
The Debye temperature is then calculated using B via the
relation

[127*nR
N

where 7 is the number of atoms per formula unit (n = 7) and R
is the gas constant. The resulting Debye temperature is ©p =
458(12) K. Taking the obtained y, the normalized jump in
specific heat equals AC/yT, = 1.58, which is above the lower
limit (1.43) predicted for weak coupling superconductors by
the BCS theory, suggesting a bulk transition to the super-
conducting state.

To exclude the possibility that the superconducting
transition is caused by an elemental Al impurity (T. = 1.2
K), the heat capacity sample was ground after the measure-
ment and a PXRD pattern was collected. The results (Figure
S2 in the Supporting Information) show no observable amount
of Al, confirming the bulk superconductivity of RuAl.

An alternative way of estimating the upper critical field of
BCS superconductor is via the relation

H(0) =

D=

I r where A is a coeflicient taking the

value of 0.69 or 0.73 for the dirty or clean limit, respectively."’
Taking T, = 1.21 K and the slope of the yH,(T) data (Figure
4b) du,H,/dT = —0.426 T/K, the calculation gives values of
HoH, = 360 and 380 mT for the dirty and clean limits,
respectively.

The superconducting London penetration depth A can be

% 1n %L The estimated
4mé b
value of penetration depth for RuAls is Ag, = 265 nm. The
Ginzburg—Landau parameter is calculated as k = A (0)/
£6.(0) = 9.5. This value is significantly higher than 1/4/2, and
the Ginzburg—Landau theory classifies RuAls as a type-II
superconductor, in contrast to type-I ReAls. The upper and
lower critical fields can be linked to the thermodynamic critical
field via the Ginzburg—Landau parameter: H,,H,, = H, In **
and gives the value of yyH. = 32 mT.

All superconducting parameters are summarized in Table 2
and compared to results reported for ReAlg in ref 11.

The band structures and DOS of RuAl; and ReAl; are shown
in Figure 5. DOS projections show that in both cases, the
majority of DOS(E) is contributed by Al s and p orbitals, with
the majority of Ru/Re d contribution lying well below the Eg.
As shown in Figure S4 in the Supporting Information, the
effects of SOC on the band structure of RuAl; were found to
be negligible, while for ReAls, only minor differences were
found between results calculated with and without SOC within
1 eV from the Fermi level. This is consistent with the fact that
DOS around Eg is mostly contributed by Al s and p states.
Since SOC has only negligible effects on the electronic
structure, calculations of COHP using the scalar-relativistic
TB—LMTO—ASA code can be considered reliable.

Surprisingly, the DOS(Eg) of both compounds was found to
be very similar (<3% difference) even though T, differs by a
factor of ~1.6 and the y electronic heat capacity coeflicient is
30—40% lower in ReAls than in RuAls. The value of y is
proportional to DOS(Ep) but is also renormalized by
electron—phonon interactions: y = y. (1 + lel_Ph), where

estimated from the formula H; =

Table 2. Summary of Normal and Superconducting State
Parameters for RuAl; Compared to ReAls. Unless Marked
with Asterisk, Values for the Latter are Taken from ref 11

parameter RuAlg ReAlg
T, (K) 121 0.74
HoH(0) (mT) 5.4(1)
#eHe(0) (mT) 426(7)
#oH.(0) (mT) 32 44-50
e (nm) 27.7
AL (nm) 265
K 9.5
y (mJ mol™! K72) 6.5(1) 3.9-4.7
0, (K) 458(12) ~400
AC,/yT, 1.58 1.37-1.42
DOS(Eg) (states/eV/fu.) 1.57 1.53%
Yeate (m] mol™" K7%) 3.70 3.60%
Adtph 0.81 0.08—0.31%
RUAl,
@ ©
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Figure S. Band structure [(a), (c)] and density of states [(b), (d)]
plots for RuAl;, and ReAls as obtained from the full-potential
linearized augmented plane wave plus local orbital (FP-LAPW + LO)
calculations. DOS in a wider energy range is shown in Figure S3 in the
SL

Yele = 7/3 kg>DOS(E) is the value obtained from DOS
calculations and 4, is the dimensionless EPC coefficient.
One can estimate the value of the EPC coefficient via the

relation 4,_y, = ~— — 1. This yields 44, ~ 0.81 for RuAl

cale

el-p
and 0.08—0.31 for ReAl,, suggesting that the difference in T in
the two materials is caused by a significantly weaker EPC
found in the latter.

In a simple form of the empirical McMillan formula,™ T. is
linearly proportional to the Debye temperature

3808 https://dx.doi.org/10.1021/acs.chemmater.9b05277
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where p* is the Coulomb pseudopotential parameter. Its value
is equal to 0.1 in the case of nearly free electron metals and in
cases the value of u* is assumed to be around 0.13; therefore,
such a number is used for further estimations. The ®p, value of
RuAly is only about 13% higher than that of ReAl and cannot
completely account for the increased T of the former. This
suggests that the difference in T in the two materials is caused
primarily by the difference in the EPC strengths, which in turn
is affected strongly by the phonon spectrum.

The analysis of —-COHP (Figure 6) shows that in RuAl,, the
peak in DOS near Eg derives from antibonding NN Ru—Al and

44 | ——Ru-Al (sum)4-
\| —— AL-AI (sum)
—— Al1-Al2
24 AI1-A3 L
Al2-Al2
Al2-AI3
—— AI3-AI3

Re-Al (sum)4
——— Al-Al (sum)

E-E, (eV)

i

(@) (b)
-44 RUAl +ReAl;

-COHP -COHP

Figure 6. Crystal orbital Hamilton populations (—COHP) for RuAlg
(a) and ReAl4 (b) as obtained from TB—LMTO—ASA calculations.

Al—Al interactions (with the strongest contribution of Al,—Al,
in the latter case). The occupation of antibonding states is a
driving force for instability toward either a crystal or electronic
structure distortion. The latter may be manifested by an onset
of itinerant ferromagnetism**™** or superconductivity.*~>* In
the case of RuAly, no structural transition is seen down to 2 K,
as evidenced by heat capacity measurements (shown in Figure
S1 in the Supporting Information) and thus, the electronic
“strain” due to the antibonding electron population is reduced
by opening a superconducting gap.

Out of all of the Al—Al pairs, the —COHP for Al,—Al, shows
the strongest antibonding interaction (Figure 6a). This results
from the close contact between Al, atoms within the “void”
and the RuAl;, polyhedra seen in the [001] direction. Al,
atoms form an infinite zigzag chain parallel to the ¢ axis with
alternating distances of d; = 2.58 and d,= 2.69 A. Such
apparently empty space is also seen in the PdGas-type
structure, in which it was found to be a region of high
electron density due to intracluster bonding.”*

Even though the unit cell parameters of RuAl are smaller
than those of ReAly, the Al,—Al, distance is found to be shorter
in the latter (d; = 2.57, d, = 2.65 A). This highlights the effect
of bond weakening by additional electrons occupying
antibonding states.

In ReAl,, the Re—Al states around E; are of a bonding
nature, but weak antibonding interactions between NN Al
atoms are also observed. Since the DOS(E;) of both
compounds is almost the same, one can postulate that stronger
antibonding interactions in RuAls are, at least partially,
responsible for the enhanced T, through their influence on
the EPC.

This suggests a way to further increase the T, by electron
doping RuAly (partial Rh or Ir substitution for Ru)—while a
small amount of dopant is expected to enhance T, a larger
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amount will inevitably result in the destabilization of the crystal
structure. This is in agreement with the fact that no MnAlg-
type phase is known to exist in the Rh—Al system, the most Al-
rich intermetal in the system being the endohedral cluster
compound Rh,Aly>> COHP calculations for hypothetical
“RhAl,” show much stronger antibonding interactions (Figure
7a) and a DOS(E) peak (Figure 7b) near Ep both in
agreement with the instability of the structure.

4-(a) "RhAIS" g (b)
= Rh-Al (sum)
Al-Al (sum)
2] RuAl, |
Ru-Al (sum)
s Al-Al (sum)
CA
w0
w
4 N
24
-4
-'2 '1 0 }I é 00 25 50 75
-COHP DOS (states/eV/f.u.)

Figure 7. (a) COHP curves for a hypothetical RhAl; compound
compared to RuAl,. (b) DOS for RhAl, calculated within the TB—
LMTO—ASA approximation showing a DOS peak near Eg.

The presence of antibonding population results in a decrease
in the bond strength and thus phonon mode softening. Allen
and Cohen*® discussed the positive correlation between mode
softening and increased superconducting T in rocksalt-type
transition-metal carbides, such as HfC (T, < 0.02 K) and TaC
(T. ~ 11 K). In HfC, the Fermi level lies in the Hf—C bonding
region (see Supporting Information Figure S4 for —COHP
curves) and the additional electrons in TaC populate
antibonding orbitals, leading to the decrease in the bonding
strength. In our system, the effect on T, is more subtle, yet it is
still the likely reason for the enhanced transition temperature
of RuAls compared to ReAlg

Figure 8 shows the MnAl-type crystal structure compared
to other Al-rich binary phases of group 6—9 transition metals

CN =9 CN = 10
7x corner 4x corner CN =12
1x edge 2x edge

no sharing

Co,Alg
RhyAl;  MnAlg MoAl, 5
IAl,  ReAlg RuAlg WA,
Il 1 1 1
T T T T >
2 RORR kS
S

VEC (e/TM atom)

Figure 8. Comparison of the crystal structures of Al-rich intermetallic
compounds of group 6—9 transition metals (TMs).

(TMs). In each case, the total valence electron count (VEC)
per TM atom is higher than 18, which_su% ests that significant
direct Al—Al bonding is present.’”’~> The decreasing
coordination number of TM with increasing group number
can be, at least partially, rationalized in terms of atomic
contraction along the d series of the periodic table: a higher
number of neighbors is expected around a larger atom. This

phenomenon is also likely responsible for the lack of Ga
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analogues of ReAlg and RuAly as the atomic and covalent radii
of Ga are larger than those of AL°*"'

B CONCLUSIONS

We have studied the superconductivity of RuAly. Resistivity,
magnetic susceptibility, and heat capacity measurements show
superconducting behavior with T, = 1.21 K. RuAlgs with 26
electrons per transition metal places itself on the rightmost part
of the T, vs e~ per transition metal diagram of endohedral
superconductors.” While there is recent evidence that the
VEC-T. behavior extends further to the low VEC region
(RegGa;95Zn,, , Was reported to remain metallic at least down
to T = 1.8 K°*), the low-temperature (T < 2 K) physical
properties of PdGag (VEC = 25) and M,Al, (M = Co, Rh, Ir)
(VEC = 22.5) are not reported, and we cannot draw a
conclusion whether RuAly and, more generally, Al-based
endohedral compounds family follow the trend observed for
the gallide endohedral superconductors. An interesting
question is whether the COHP analysis can explain the
difference between isostructural VgGa,; (no SC transition
down to 2 K) and MogGay, (T, = 9.8 K).® Unfortunately, due
to very large unit cells (48 atoms in the primitive cell), we were
not able to perform such calculations. Further investigation of
Al-built endohedral cluster superconductors is needed to fully
outline the appearance of the diagram for T. of such
compounds.

Interestingly, according to the Topological Materials Data-
base and Materiae,”®”" RuAlg is a candidate topological
material, making it a possibly useful system to study the
interplay between superconductivity and topology.

Superconductivity is often observed at the edge of a
structural transition, such as a charge density wave distortion.
A classic example is elemental tellurium, which crystallizes in a
trigonal @-Se structure, which can be derived from the simple
cubic a-Po structure via a Peierls distortion.”” The distortion
can be rationalized in terms of reduction of strong antibonding
interactions present in the case of Te in the a-Po-type
structure.”’” If, however, the distortion is suppressed by the
application of high pressure, Te becomes metallic and shows
superconductivity with T, ~ 7.5 K.°® Note that while the high-
pressure structure of Te is body-centered cubic instead of
simple cubic, the strong antibonding Te—Te interactions are
still present.®”

This competition between the structural distortion and
superconductivity is observed in various other systems (e.g.,
TiSe,”’) and in general can be seen as stemming from two
competing phenomena induced by the strong EPC: T, is
enhanced by an increase of EPC, but only to the point where a
strong EPC destabilizes the original structure, resulting in
more strongly bonded one with lower DOS(E;) and
suppressed T.

The correlation between T, and the antibonding population,
as observed in RuAls and ReAly, can be used as a simple rule
that helps to search for superconductor candidates. In fact, a
correlation between antibonding population and superconduc-
tivity has been reported for other, chemically distinct systems:
NbRuB>? and SrSnP,™ for example, and also, e.g., in ThCr,Si,-
type KNi,S, and KNi,Se, compounds.”’ ™" This criterion is
useful for the initial screening of superconductor candidates, as
it is based only on the crystal structure and the results of
relatively simple electronic structural calculations and does not
require computationally demanding phonon structure calcu-
lations.
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