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We report a type-1I intermetallic superconductor Y;RuyInGe, with a transition temperature (7;) of ~5.8 K,
which is confirmed by zero resistivity, diamagnetic magnetic susceptibility, and specific-heat jump. Single
crystals of Y;Ru4InGe;, were grown from a reactive indium flux. Y;RusInGe,, crystallizes in the tetragonal
space group P4/m and features a [RuyInGe;] polyanionic network with Y atoms located in three different
channels. The upper critical fields of Y;Ru,InGe;, at 0 K are determined to be ~5.3 and 2.4 T along the ¢
axis and the ab plane, respectively. The estimated coherence length along the ¢ axis (~174 A) is much larger
than the estimated mean free path along the ¢ axis (~29 A) in Y;Rus;InGe,,, placing its superconductivity
in the so-called dirty regime. The compound exhibits a large superconducting specific-heat jump VAT% ~ 24,
significantly well above the weak-coupling Barden-Cooper-Schrieffer theoretical value of 1.43 and pointing to a
strong-coupling scenario in Y7Ru4InGe;,. Density-functional-theory calculations show that the density of states
in Y7RuyInGe,, exhibits a broad peak near the Fermi level which mainly derives from Y-4d, Ru-4d, and Ge-4p

states.
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I. INTRODUCTION

In 1911, superconductivity, as a quantum phenomenon,
was first discovered in mercury [1]. Until 1957, the Bardeen-
Cooper-Schrieffer (BCS) theory, based on the framework of
Cooper pair and electron-phonon coupling, had been success-
fully proposed to explain this phenomenon [2]. However, up
to now, there is still no effective theory available to help us
predict superconductivity in a certain material even if it is con-
ventional [3]. Furthermore, different types of mechanisms ap-
pear to exist for different superconducting families [4], such as
unconventional high-T; cuprates [5] and iron-based pnictides
[6], as well as intermetallics (e.g., heavy fermion supercon-
ductor CeCu,Si, [7]), all of which are still under debate [8,9].
Thus, exploring new superconducting materials with atypical
structures is important, as it serves to provide an additional un-
derstanding of the unresolved mechanism of superconductiv-
ity. Intermetallic compounds containing rare-earth, transition-
metal, and germanium elements cover a large phase space.
Electron correlation, bandwidth, and spin-orbit coupling in
those compounds can be tuned across the transition-metal
elements [10]. The interplay between local magnetic moments
and conduction electrons can also be investigated by intro-
ducing 4 f electrons from the rare-earth elements. As a result,
the existence of 4f, d, and p electrons in those compounds
provides a platform to create different orders such as charge
density wave (e.g., R,Ru3Ges, R = Pr, Sm, Dy) [11], itinerant
ferromagnetism from 3d electrons (e.g., RCrGes;, R = La-Nd,
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Sm) [12], and complex magnetism from both 3d and 4f
electrons (e.g., SmMn,Ge;) [13]. There are several interest-
ing superconductors discovered in this phase space too. For
instance, YFe,Ge, with the ThCr,Si,-type structure exhibits
unconventional superconductivity at 1.8 K with a large value
of the Sommerfeld coefficient, indicating significant elec-
tron correlations in this system [14]. The filled skutterudite
PrPt4;Ge;, is a moderately strong-coupling superconductor
at 7.9 K with pointlike nodes in the superconducting gap
function [15,16]. Lus73Ge3_, (T = Co, Rh, Os, Ru) form a
family of superconductors with strong site disorders and low
carrier concentrations [17,18]. A heavy fermion intermetal-
lic CeCu,Ge, exhibits unconventional superconductivity [19]
which is believed to be located around a quantum critical
point [20] where its incommensurate antiferromagnetic order
is continuously suppressed by physical pressure. There are
indeed plenty of areas not yet fully investigated in this phase
space where it is possible to discover new materials including
superconductors.

Molten metal flux enhances the diffusion of refractory
metals and alloys and overcomes activation barriers by dis-
solving them. As a result, low-melting indium is often
used in intermetallic systems as a flux not only to grow
crystals of known phases [21,22] but also to perform ex-
ploratory synthesis [22-24]. Indium can act as a reactive
flux and be incorporated into the product crystals, which
adds another dimension to the phase space. Here we re-
port a superconducting compound Y7RuyInGej, grown in a
reactive In flux with a critical temperature of ~5.8 K as
determined by resistivity, magnetization, and specific-heat
measurements.
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FIG. 1. (a) An image of Y;RusInGe,; crystals on a 1-mm-grid paper under the optical microscope. The longest dimension in the rodlike
crystal is along the ¢ axis, as indicated by the arrow. (b),(c) Crystal structure of Y;RuyInGe;, viewed along and perpendicular to the [001]
direction, respectively. The dashed lines represent the unit cell of the lattice in Y;Ru4InGe;. (d)—(h) Coordination environments of the atoms

Ru, In, Y(1), Y(2), and Y(3), respectively.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. General details

Ruthenium powder (Johnson Matthey, 99.999+%) and
yttrium pieces (Lunex, 99.984+%) were used as received.
Germanium pieces (Plasmaterials, 99.999%) were ground to
a fine powder prior to use. Indium shot (Apache Chemicals,
99.999%) was briefly rinsed with dilute HCI to remove a thin
layer of oxide impurities on the surface. The handling of all
materials was performed in an M-Braun glovebox under an
inert Ar atmosphere (<0.1 ppm H,O and O,).

B. Crystal growth of Y;RuyInGe,,

The atomic ratio Y:Ru:Ge:In=7:4:12:63 was
adopted in the reaction and crystal growth. The reaction mix-
ture consisting of yttrium (0.2929 g, 3.29 mmol), ruthenium
(0.1903 g, 1.88 mmol), germanium (0.4102 g, 5.65 mmol),
and indium flux (3.4037 g, 29.65 mmol) was loaded into an
alumina crucible. Next, the alumina crucible was covered by a
stainless frit and placed in a 15 mm O.D. x 13 mm L.D. fused-
silica tube and flame sealed under a vacuum of <10~* mbar.
In a programmable furnace, the tube was heated to 1000 °C
in 10 h, held at 1000 °C for 12 h, cooled to 500 °C at a rate
of 2 °C/h, where the tube was removed from the furnace and
centrifuged to filter molten In flux. Any remaining In metal
was removed by soaking the product in dilute HCI (1 : 3 H,0),
followed by rinsing with H,O and acetone. Y;Ru4InGe;;
formed as rodlike crystals with dimensions as large as 1 x
1 x 2mm? [Fig. 1(a)]. The yield of Y;Ru4InGe;, from this
crystal growth experiment is ~95% with a small amount of
ternary phase containing Y, Ru, and Ge.

C. Scanning electron microscopy

The microprobe analysis of several crystals was per-
formed with a Hitachi S-4700-1I Scanning Electron Micro-
scope equipped with an energy-dispersive x-ray spectrometer
(EDS). The spectrometer utilizes an XFlash detector 6|60
from Bruker Nano GmbH and data were acquired with a beam
current of 10 nA at 20 kV accelerating potential. Semiquan-
titative analysis by EDS on several crystals gives an average
composition Y7Ru3 67¢1yIng 86(3)Ge11.24), consistent with the
stoichiometric composition of Y;RusInGe;.

D. Single-crystal x-ray diffraction

A single crystal was mounted on the tip of a glass fiber for
x-ray diffraction. Intensity data were collected at 298 K using
w scans on a STOE 2T imaging plate diffraction system which
uses the graphite-monochromatized Mo Ko radiation (A =
0.71073 A) and a 34-cm-diameter imaging plate. Individual
frames were collected at 50 kV and 40 mA with a 4 min
exposure time, and a 0.5° w rotation. X-AREA, X-RED, and
X-SHAPE software packages were used for data collection,
integration, and analytical absorption corrections, respectively
[25]. Structures were solved with the direct methods pro-
gram SHELXS and refined with the full-matrix least-squares
program SHELXL [26]. The final refinements included a
secondary extinction correction. The parameters for data col-
lection and details of the structure refinements are given in
Table I. Atomic coordinates and thermal displacement param-
eters (Ugq) are given in Table S1 of the Supplemental Material
(SM) [27], anisotropic thermal displacement parameters are
given in Table S2 of the SM [27], and selected interatomic
distances are given in Table S3 of the SM [27].

024802-2



SUPERCONDUCTIVITY IN Y;RusInGe,

PHYSICAL REVIEW MATERIALS 3, 024802 (2019)

TABLE 1. Crystallographic data and structure refinement details
from single-crystal x-ray diffraction for Y;RusInGe,;.

Temperature (K) 298(2)
Wavelength (A) 0.71073
Formula weight 2012.55
Crystal system tetragonal
Space group P4/m
a(A) 10.5348(15)
¢ (A) 4.2239(8)
Volume (A”) 468.78(13)
Z 1
oc(g/cm?) 7.129
w(mm™) 44.552
F(000) 882
Crystal size (mm?) 0.430 x 0.053 x 0.045
6 range for data collection (deg) 3.87 to 34.99
Index ranges —17<h<17
—17<k< 14
-6<1<5
Reflections collected 7272
Independent reflections 1147[R;n = 0.0391]
Completeness to 6 = 34.99° 99.7%
Data/restraints/parameters 1147/0/40
GOF 1.225
Final R indices [>20 (])]* Ry,s = 0.0192
WRyps = 0.0412
R indices (all data)? R.; = 0.0205
wR,; = 0.0415

R =Y R = R/ IF wR = {Z[w(|F,|* — [F[*)*]/
Sw(FH2  and  cale w = 1/[0%(F,?) + (0.0184 x P)* +
(0.4154 x P)] where P = (F,2 + 2F.%)/3.

E. Powder x-ray diffraction

Phase purity of the products was confirmed by powder
x-ray diffraction. The samples were finely ground and
mounted on a flat Si-base sample holder. Data was collected
on a PANalytical X’pert Pro diffractometer with a Ni-filtered
Cu Ko source, operating at 45 kV and 40 mA under a
continuous scanning method in the angular range 15-85° 26
in steps of 0.0167°.

F. Magnetic susceptibility

Magnetic susceptibility measurements were carried out
in a commercial magnetic property measurement system
(MPMS3, Quantum Design). One small rodlike crystal was
mounted on the quartz sample holder by a negligible amount
of GE varnish. Magnetic fields were applied along and per-
pendicular to the rod direction. A small magnetic field (H =
100e) was applied to measure the superconducting volume
fraction. The demagnetization factor of the measured crystal
(Fig. S1 in the SM [27]) was estimated as an ideal ellipsoid
[28], which may lead to around 10% error in calculating the
superconducting volume fraction. Magnetic fields were also
calibrated by considering the demagnetization factor of the
sample geometry in the field-dependent magnetization data at
2 K.
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FIG. 2. (a) Temperature dependence of resistivity of
Y;RuInGey, with the current (I = 1 mA) applied along the ¢
axis. The inset shows the contacts for resistivity measurements.
(b) Temperature dependence of resistivity of Y;RusInGei,
across the superconducting transition under different currents. (c)
Temperature dependence of the resistivity of Y;RuyInGey, across
the superconducting transition with varying magnetic fields from O
to 2.1 T in 0.1 T steps. The magnetic fields are along the ab plane
and the applied current is 0.3 mA. (d) Resistivity of Y;RuuInGe;,
from 6 to 20 K and its power-law fit (green dashed line).

G. Transport properties

Transport-property measurements were done in a com-
mercial physical property measurement system (DynaCool,
Quantum Design). Crystals were polished into a regular rod
shape before the measurements. The resistivity and Hall
coefficient were measured by a four-probe method where
gold wires were attached to the polished crystal by Dupont
4929N silver paste. The Hall coefficient was estimated by
scanning the magnetic field from negative to positive values
and subtracting the magnetoresistance component. The su-
perconducting transition temperature is suppressed to a lower
temperature when the applied current is increased to 1 mA,
likely due to self-heating; see Fig. 2(b). Decreasing the current
below 0.3 mA does not change the superconducting transition
but increases the noise level, so we chose 0.3 mA for all
further measurements of the transition. A current of 1 mA was
applied to measure the resistivity of the sample over the whole
temperature range of 2-300 K.

H. Specific heat

The ac specific-heat measurements were performed by a
membrane-based (silicon nitride) ac nanocalorimeter [29,30].
One crystal with approximate dimensions 50 x 50 x 10 um?
was mounted onto the membrane with Apiezon grease and
subsequently cooled down in vacuum. Measurements were
carried out with a Synktex MCL1-540 multichannel lock-
in system using operating frequencies ~1 Hz. Specific-heat
data were also collected in the DynaCool system by using
a thermal relaxation method. Several Y;Ru4InGe;, crystals
with a total mass of 9.5 mg were mounted on the sample stage.
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N grease was used to improve the thermal coupling between
the crystals and the stage. Specific-heat data from these two
different methods agree well with each other (Fig. S5 in the
SM [27]).

I. Electronic structure calculation

Density-functional-theory (DFT) calculations were per-
formed using the CRYSTAL package [31,32] with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional. Pseudopotentials were employed to replace the 28 core
electrons in each of Y, Ru, In, and Ge atoms [33,34]. The
simulation was performed on the 24-atom primary unit cell.
An 18 x 18 x 18 Monkhorst-Pack k-point grid was used to
obtain a well-converged sampling of the first Brillouin zone.

III. RESULTS AND DISCUSSION

A. Synthetic route

Our initial attempt with a 4:5:10 (Y:Ru:Ge) ratio in a
large excess of In (Y:In ~ 1:10) at 1000 °C showed the
formation of a quaternary phase, Y7RuyInGe), (around 50%
yield), in a form of black needle crystals along with black
prismatic crystals of Y,Ru3Ges [35] and minor phases of
Ru,Ges; and YRu,Ge;. The appearance of a large quantity
of impurity phases as indicated by powder x-ray diffraction
is mainly due to the off-stoichiometry of Y, Ru, and Ge
compared to the target compound Y7Ru4InGe); in the initial
composition. In this reaction, In not only serves as a flux, but
is also incorporated into the structure to define the quaternary
product. In order to increase the yield of the target phase
Y7RusInGe,, we modified the reaction by keeping the ratio
of Y:Ru:Ge the same as the target phase and only chang-
ing the In flux ratio. For example, three different ratios of
Y:Ru:Ge:In=7:4:12:7x (x =7, 9, 19) can produce
the quaternary phase Y;RuyInGe,, but yields and crystal
sizes can vary. The fraction of x = 19 gave the lowest yields
(~5%) of Y7RuyInGey,, while x = 9 seems to be optimal in
producing the largest crystals at the highest yield (~95%) of
the target compound Y7Ru4InGe;;. All Y;RusInGe,, crystals
used for physical property measurements in this paper are
from the same batch with x = 9. Generally, due to the similar
chemical nature, rare-earth compounds including yttrium tend
to form a series of isostructural analogs across the series
as, for example, in R4Ru;InGe,s (R = La, Ce, Pr, Nd, etc.)
[36]. To our surprise, our attempts to synthesize isostructural
compounds in R7RuyInGe;, (R = Tb, Dy, Ho, Er, Tm, Yb,
and Lu) by replacing Y with other rare-earth elements were
unsuccessful.

B. Crystal structure

Y7RuyInGe, crystallizes with the Dy;CosInGe;-
structure type [37] in space group P4/m of the tetragonal
system. Other phases reported with this rare structure
type are Dy;Co4InGejy, Ho7Co4InGeyy, Yb;Co4InGeys,
and Yb;NigInGe;, [37,38]. There are eight independent
crystallographic sites in the structure of Y;RusInGej,, with
three atomic positions for each Y and Ge atom, and one
for each Ru and In atom (Table S1 of the SM [27]). They

are in the Wyckoff symmetries 4/m for Y(2) and In, 2/m
for Y(3), and m for Y(1), Ru, Ge(1), Ge(2), and Ge(3) with
full occupancies, which ends up with the refined formula
Y7RU.4II’1G612.

The structure of Y7Ru4InGe, can be viewed as a dense
three-dimensional [RuyInGe;;] polyanionic network with Y
atoms occupied inside three different types of channels. The
[RusInGej,] network is composed of pentagonal, hexagonal,
and octagonal columns and the Y atoms are located inside
each column, as shown in Figs. 1(b) and I(c). The five-
membered rings are formed by two Ge(l) atoms, and each
one of Ru, In, and Ge(2) atoms. The six-membered rings
consist of two Ge(1)-Ge(2) dimers with intervening Ru atoms.
The Ge(1)-Ge(2) bond length is 2.5420(6) A, which can be
considered a single bond. For comparison, a typical single
bond length, as found in the modified diamond structure of
elemental Ge, is ~2.45 A [39], while a double bond length
is ~2.3 A [40]. The eight-membered rings are composed of
alternating Ru and Ge(2) atoms. Note that another smaller
tetragonal channel consisting of Ge(3) atoms is penetrated
into the octagonal channel via Ru-Ge(3) bonding. The Y(1)
atoms are found in the cavities of the pentagonal columns,
the Y(2) atoms are located in the centers of the octagons,
and the Y(3) atoms are situated in the voids of the hexagonal
channels. Due to the channel structure in Y;Ru4InGej,, the
crystal morphology is rodlike with the ¢ axis along the rod
direction.

The Ru atoms are in square pyramidal geometry and
coordinated by five Ge atoms [Fig. 1(d)]. The Ru-Ge bond
distances of 2.4026(4)—2.5246(5) A are within the range of
those found in binary Ru,Ge; [2.384(6)—2.664(6) A] [41].
Each In atom, located at the center of the four adjoining
pentagonal channels, possesses a coordination with four Ge(1)
atoms at an interatomic distance of 2.9368(5) A forming a
square plane with additional eight Y(1) atoms located above
and below the Ge(1) plane [Fig. 1(e)]. Within a radius of 3.5
A, the coordination numbers of Y(1), Y(2), and Y(3) are 11,
16, and 14, respectively [Figs. 1(f)-1(h)].

C. Superconductivity

The temperature dependence of the resistivity of
Y7RuyInGe, along the ¢ axis shows metallic behavior
above 6 K [Fig. 2(a)]. The resistivity at room temperature is
~0.079 mS2 cm. There is a sharp superconducting transition
(T;) at ~5.8 K and zero resistivity is reached at ~5.6 K with
a 0.3 mA current applied [Fig. 2(b)]. Applying a magnetic
field along the ab plane [Fig. 2(c)] suppresses the transition to
lower temperatures and broadens the transitions, particularly
for fields larger than 1.3 T, which is most likely due to
thermally activated flux motion [42]. Fields larger than 2.1 T
suppress the transition below the measurable temperature
limit (<1.8 K) of our instrument. The upper critical fields
along the ab plane based on 90% of normal-state resistivity
values are summarized below [Fig. 3(d)]. The normal-state
resistivity from 6 to 20 K [Fig. 2(d)] can be well described by
the relation po+ AT?, indicating that electron-electron
scattering dominates just above the superconducting
transition [43]. The data fitting by the above formula gives
0o =0.026mQcm and A =62 x 107°mQcm/K?. The
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FIG. 3. (a) Temperature dependence of magnetic susceptibility
of Y;RuyInGe;, crystal under zero-field-cooled (ZFC) and field-
cooled (FC) conditions below 10 K. The magnetic field was 10 Oe
applied along the ¢ axis. Inset shows field-dependent magnetization
from 0 to 100 Oe at 2 K where real magnetic fields were calculated by
taking the demagnetization factor. (b),(c) Temperature dependence of
magnetic moments of Y;RuuInGey, below 7 K in a ZFC procedure
under various magnetic fields in the range of 10 Oe-2 T applied along
and perpendicular to the ¢ axis, respectively. The superconducting
transition temperatures are extracted from the intersection of two
straight lines below and above the transition. (d) Anisotropic upper
critical fields extracted from resistivity and magnetization. The tem-
peratures where the normal-state resistivity drops to 90% are used
as the superconducting transitions under different fields. The blue
dashed lines are the Werthamer-Helfand-Hohenberg (WHH) formula
extraction.

residual resistance ratio (RRR = p3gok/p00) of this compound
is only ~3, indicating the presence of a considerable number
of defects in the sample.

In order to further confirm the bulk nature of superconduc-
tivity in Y7Ru4InGe;,, magnetic susceptibility measurements
were performed below 10 K in both zero-field-cooled and
field-cooled conditions [Fig. 3(a)]. There is a sharp diamag-
netic transition at ~5.8 K, consistent with the transition in
the resistivity above. The magnetic shielding volume frac-
tion (~1.2) at 2 K exceeds 1, which is most likely due to
the underestimation of the demagnetization factor from the
irregular sample shape (Fig. S1 in the SM [27]). The magnetic
repulsion volume is ~30%, proving the bulk nature of super-
conductivity and rather weak vortex pinning in Y7Ru4InGe,;.
The field dependence of the magnetization at 2 K shows
type-II superconductivity in Y7RuyInGe, [Fig. 3(a) inset].
The lower critical field H;; along the ¢ axis at 2 K is ~33 Oe,
which was extracted where the magnetization starts to deviate
from linear field dependence. The magnetic susceptibility of
Y;RuyInGe, shows weak temperature dependence with an
upturn at low temperatures, indicating Pauli paramagnetism
with some paramagnetic impurities or defects in the sample
(Fig. S2 in the SM [27]). The superconducting transition of
Y7;RuyInGe; moves to lower temperatures when the mag-
netic fields increase [Figs. 3(b) and 3(c)]. The upper critical
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FIG. 4. (a) Electronic band structure of Y;Ru,InGe;, with high
symmetric points labeled on the right panel. (b) Total density of states
and projected ones from different atomic orbitals in Y;Ru4InGe;;.

fields based on resistivity and magnetization are summarized
in Fig. 3(d).

The temperature dependence of the upper critical fields
is linear near T, ~ 5.8K with slopes yo%|r_7 of —1.35
and —0.62 T/K for the ¢ axis and the ab plane, respec-
tively. The Werthamer-Helfand-Hohenberg (WHH) formula
0.693MOZ—7 |77, was used to estimate oH:»(0) at 0 K where
only orbital breaking effects are considered in the dirty limit
[44]. The poH»(0) along the ¢ axis and the ab plane were
calculated to be ~5.3 and 2.4 T, respectively. These values
are much smaller than the Pauli paramagnetic limits (1.84T; ~
10.7T) in a BCS weak-coupling case [45,46], indicating that
destroying the spin components of the Cooper pairs under
magnetic fields is not the dominant pair-breaking effect in
Y7Ru4InGe,. The WHH curves mainly capture the measured
upper critical fields with small deviations at low temperatures

[Fig. 3(d)]. The anisotropic ratio y = z‘}b((g)) in Y7,RuyInGe,
2

is ~2.2. According to the formula y = (";1—;*’1)1/ 2, where m,
and m are the effective masses of electrons in the ab plane
and along the ¢ axis [47], respectively, the effective mass

rr"n:f is calculated to be 4.8. This result is qualitatively
consistent with the DFT calculations on this compound; see
Fig. 4(a). The bands around the Fermi level along the path
I'-Z are much more dispersive than the ones along the paths in
the plane such as I'-X, indicating a smaller effective mass m;
along the I'-Z direction. Based on the anisotropic Ginzburg-
Laudau framework, superconducting coherence lengths can
be extracted from the following two equations:

ratio

o)

_— 1
2775(1[150 ( )

C0) = —20_ | jab(0) =
C 27_[ 517 C
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where @) = 2.07 x 1075 Wb is the magnetic quantum flux,
and &, and &, are the superconducting coherence length in the
ab plane and c axis [47]. The superconducting coherence &,
and &, at 0 K in Y;Ru4InGe;, were estimated to be 78.8 and
174 A, respectively. The anisotropy shown above is consistent
with the tetragonal channel-like structure in Y;Ru4InGey,
where conductivity along the shorter ¢ axis is expected to
be higher than in the ab plane. Further accurate quantitative
analysis on the anisotropy of resistivity in this material needs
to be performed in the future.

The band structure of Y;RusInGe |, shows that more than
one electronic band crosses the Fermi level. Y-4d, Ru-4d,
and Ge-4p orbital electrons dominate the density of states
(DOS) at the Fermi level, while the In-5p ones almost have
no contribution; see Fig. 4(b). The total DOS of Y;Ru4InGe ),
at the Fermi level is located around a broad peak of ~15.5
states/eV/fu. This may provide enough electron-phonon cou-
pling to drive this compound into a superconducting state
similar to the case in the A15 compound [48]. The main
charge carriers in Y7RuyInGey; at 10 K are electrons (based
on Hall measurements of Fig. S3 in the SM [27]) with a
concentration of 6.92 x 10?> cm~* with no sign of a multi-
band behavior. Assuming this carrier concentration and a
spherical Fermi surface, the mean free path [.(0) along the
c axis at 0 K in Y7;Ru4InGe, is ~29 A, which is smaller
than the coherence length obtained above, proving that the
superconductivity of Y;7Ru4InGey; is in the so-called dirty
regime [49]. The superconducting transition temperature of
Y7RusInGe; remains almost the same for different samples
with different RRR values; see another sample in Fig. S4 in
the SM [27]. Such insensitivity of superconductivity to defects
or disorder in Y7RuyInGe, crystals indicates a fully gapped
superconducting pairing wave function [50] consistent with
specific-heat measurements described below.

The ac specific-heat measurements were carried out on
a small sample to investigate the thermodynamic properties
of this superconductor. Specific-heat data of Y;RuyInGe,;
under zero field show a sharp transition at ~5.8 K, further
confirming the bulk nature of superconductivity [Fig. 5(a)].
When a magnetic field uoH = 5T is applied along the ¢ axis,
the superconducting transition of Y;RusInGe;, was totally
suppressed above 1.8 K, consistent with the superconducting
phase boundary shown in Fig. 5. The normal-state specific
heat was described by the following equation:

G = VET+,BT3+8T5» (2)

where y,T is the electron contribution and SBT3 + 8T°
are the phonon contributions [51]. By fitting the 5 T
specific-heat data above 3 K (normal-state curve), we obtained
the following parameters: Y, = 43(1)mJ K~2 mol-fu~!,
B = 3.55(1)mJ K~*mol-fu~!, and 8 =7.48(1) x
103 mJ K °mol-fu~! (fu stands for one formula unit).
The Debye temperature ® of Y;Ru4InGe;, was estimated
to be 236(1) K using the formula (%)m, where N
is the number of atoms in one formula unit, R is the gas
constant, and 8 is the coefficient of T3 in the contribution
of phonons. The electron specific heat of Y;RusInGe;
was extracted from the total specific heat by subtracting
the phonon contribution [Fig. 5(b)]. The thermodynamic

’La) T T T T
‘73 0.25¢ T N 5.8 K1
NI Y.Ru,InGe,, -
o 0.20f 7
£
N L 4
¢ 0.15
-
~— 0.10 5T .
~ L - - - - -Normal state fit {
'/ HIl ¢ 1
40 50
ACIyT ~2.4]
~ HIl ¢ A
~~
Q 0.00 I ) . . . Exponenltial fitl ]

0 2 4 6 8
T(K)

FIG. 5. (a) Specific heat over temperature Cyoei/T vs T2 mea-
sured by the ac specific-heat method. A magnetic field uoH =5T
was applied along the ¢ axis. The blue dashed line represents the
normal state of Y;Ru,InGe,. (b) Electron specific heat over temper-
ature C,/T vs T after the subtraction of the phonon contribution. The
blue dashed line represents the fitted normal-state electronic specific
heat. The green dashed line is an exponential decay fit below 2.5 K.

superconducting transition temperature 7, was determined
to be 5.6 K by adopting the entropy-conservation criterion,
consistent with the zero-resistance temperature shown above.
The dimensionless specific-heat jump VA—(T: is ~2.4, much
larger than the weak-coupling BCS theoretical value of 1.43,
indicating a strong-coupling scenario in Y7Ru4InGe),, which
is similar to the superconductors Pb (~2.77) [52], Nb3Sn
(~2.5) [53], and K,Cr3As; (~2.4) [54]. The electronic
specific heat of Y;Ru4InGej, under zero applied field
below 2.5 K can be well described by an exponential
law a*e_fz%) [A(0) is the superconducting gap and kg is
the Boltzmann constant] [55] [see Fig. 5(b)], indicating a
fully gapped system with an almost constant energy gap
value A(0) = 1.09(1)meV at low temperatures. The gap
value is larger than the BCS one of 0.88 meV based on
the formula 1.764 kg7, in the weak-coupling limit [47],
consistent with the strong-coupling scenario in Y;RusInGe;.
Assuming an exponential behavior at low temperatures, the
superconducting-state electronic entropy Ses is still ~10%
larger than the normal-state electronic entropy Se,; see Fig. 6.
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FIG. 6. Temperature dependence of superconducting-state (dark
yellow line) and normal-state (orange dash line) electronic entropy
in Y;RusInGey,.

The upturn of the normal-state electronic specific heat of
Y;RuInGe; (measured in 5 T) at low temperatures can
account for this mismatch. The origin of the upturn could be
attributed to several causes such as extrinsic paramagnetic
impurities or an inadequate description of the phonon
contribution. A Schottky anomaly can be excluded as this
normal-state upturn is field independent.

Assuming that superconductivity in Y7RusInGe, orig-
inates only from electron-phonon coupling, the coupling
strength Ay, can be estimated from the McMillan formula
[56],

* ®
- 1.04 4+ p*In (1.45TC) 3

T (1-0.62p7)In (125) — 1.04°

where p* is the Coulomb coupling parameter empirically
assigned to 0.13. Ay in Y7RuyInGey, was estimated to be
0.73, indicating a moderate coupling strength (BCS weak-
coupling case: Apy, < 1; strong-coupling case: Apy, > 1). The
inaccurate estimate of Ay, from this formula, compared to
the significantly large specific-heat jump, may come from the
small value of u* where Ay, will increase to 1 if u* is chosen
to be 0.23. The electron-phonon coupling strength can also
be estimated from the experimental specific-heat coefficient
y. and the DFT-predicted DOS (15.5 states/eV/fu) by the
following formula [56]:

2

Ve = 2= N(E)1 + gn), @)

3kj

where N(E) is the bare DOS from DFT calculations. Ay
is calculated to be 0.18, indicating a rather weak-coupling
case in Y7;RusInGej,. The discrepancy between the strong-
coupling scenario from specific-heat jump and moderate- or
weak-coupling electron-phonon coupling estimated from the
Debye temperature and electronic specific-heat coefficient
suggests an unconventional nature of the electronic properties
which requires further detailed investigations of this mate-
rial by directly estimating Ap, by tunneling measurements
[57]. By subtracting the Curie-Weiss tail from the measured
magnetic susceptibility at low temperature, we obtained the

TABLE II. Summary of the superconducting parameters of
Y;RuwInGe,. T. is the superconducting transition temperature;
noHS(0) and ,u,OHC"Zb(O) are the upper critical fields along the ¢ axis
and the ab plane at 0 K, respectively; HS (2 K) is the lower critical
field at 2 K; y(0) is the anisotropic ratio of upper critical fields at
0 K; £.(0) and &,,(0) are the estimated coherence lengths along the
¢ axis and the ab plane at 0 K, respectively; /.(0) is the electron
mean free path along the c axis; ® is the Debye temperature; y, is
the electronic specific-heat coefficient; i—% is the specific-heat jump;
A(O0) is the superconducting gap from the fitting of specific-heat data
at low temperatures; N(E) is the bare density of states at the Fermi
level from DFT calculations; x is the temperature-independent Pauli

paramagnetic susceptibility; and R,, is the Wilson ratio.

T, 58K
o2y, —135TK"!
o, —0.62TK"!
1oHS(0) 53T

1oH(0) 24T

H(2K) 33 Oe

7(0) 2.2

£.(0) 174 A

Ear(0) 78.8 A

1.(0) 29 A

® 236 K

Ve 43mJK~?mol — fu™!
ac 2.4

o 4.36

N(E) 15.5stateseV~! fu~!

X 8.8 x 10~* emumol — fu™!
R, L5

temperature-independent magnetic susceptibility x = 8.8 x
10~* emu/mol-fu. The Wilson ratio R,, a value reflecting
electron-electron correlations in a material, was calculated by
the following equation [58]:

ki

=5 &)
3UoLEYe

where pp is the Bohr magneton. The obtained Wilson ratio
is around 1.5, which should be close to 1 in a noninteracting
Fermi-liquid system [58]. All the superconducting parameters
of Y7RuyInGe;, are summarized in Table II.

IV. CONCLUSION

The quaternary phase Y7Ru4InGe;, exhibits superconduc-
tivity with a transition temperature of ~5.8 K. Y;Ru4InGe ),
shows an anisotropy of 2.2 in the upper critical fields, consis-
tent with the channel-like building blocks in the structure. The
large superconducting specific-heat jump % (~2.4) points
to a strong-coupling scenario in this superconductor. DFT
calculations show a broad peak in the density of states around
the Fermi level, which may account for the superconduc-
tivity probably induced by electron-phonon coupling in this
material. Exploration of this intermetallic system with other
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rare-earth and transition-metal elements that may reveal
isostructural or modified structures could result in new ma-
terials exhibiting similar quantum states such as superconduc-
tivity and magnetism. Finally, it is also interesting to dope this
material with rare-earth elements to introduce 4 f electrons to
study the evolution of superconductivity in this system.
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