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We report a successful synthesis of a high-purity intermetallic germanide YoPd; 25Gep 75, crystallizing in the
disordered variant of the AlB,-type structure. A single-phase sample was obtained via arc-melting by deliberately
tuning the composition out of the ideal 2:1:3 ratio. Specific heat, electrical resistivity and magnetization mea-
surements show that the compound is a weakly-coupled (A e = 0.58) type-II superconductor with a super-

conducting transition at T, = 2.72 K. Additional magnetization measurements conducted under pressure up to
0.55 GPa show suppression of T, at a rate of — 0.17 K/GPa. Electronic structure calculations reveal the deep
similarity between Y;Pd; 25Ges 75 and other AlB,-type germanide superconductors, especially the ordered YGay

phase.

1. Introduction

The discovery of superconductivity in MgB, with a surprisingly high
T. = 39 K [1] was crucial for the technical applications of supercon-
ductors [2-4]. Moreover, MgB, is also known to exhibit a two-band
superconductivity, which is in contrast to its relatively simple crystal
structure (a hexagonal AlB,-type) [5]. This crystal structure can be
represented as parallel honeycomb layers of B atoms, separated by a
triangular Mg sublattice. Substitution of Al and B atoms produces a large
family of binary compounds with REX5 or RET; a stoichiometry, where
RE is a rare earth metal, alkali metal or actinoid, T is a transition metal
and X is a main group element [6]. In the case of ternary RE;TX3 com-
pounds, there are two possible variants of the AlB,-derived structure, i.e.
an ordered and a disordered one, which can be distinguished by the c¢/a
ratio [7]. The disordered nature of this crystal structure favors the for-
mation of a spin glass-like state, which has been observed for many
reported RE3TX3 compounds, e.g. NdoPtGes [8], CepCuGes [9] and
EryNiSig [10]. The members of the RE2TX3 family with a non-magnetic
RE element (Sc, Y, La and Lu) reveal superconducting ground state, e.g.
Y,PtGes (Te = 3.3K) [11], and LayNiGe3 (T, ~ 0.45 K) [12]. It should be
noted that many of the RE;TX3 compounds cannot be synthetized as a
single phase with a nominal 2-1-3 stoichiometry, even when thermal
annealing is employed. There are two known remedies for this problem:

introducing vacancies in the honeycomb layers by modifying the stoi-
chiometry to obtain RE;T;_4X3_y [13-15] or adjusting the composition
of this sublattice in order to synthetize RE;T;,xGes_y compounds
[16-18].

The intermetallic compound Y,PdGes was the first reported member
of RE,TXj3 series revealing superconducting properties [19]. However,
the samples studied by authors of [19] were contaminated with a
parasitic phase, which could affect the experimental results. Despite this
fact, it was a significant contribution to the discussion about the origin of
superconductivity in the isostructural MgB, [20]. Furthermore, YoPdGes
was a promising research subject for the chemical substitution experi-
ments, which in the case of MgB, are limited due to volatility of Mg. An
example of such an experiment was the replacement of Ge atoms with Si
and C in a honeycomb sublattice of YoPdGes, described in ref. [21]. An
arc melting technique was used to obtain intermetallic compounds:
szdGe?,, ngdsi;;, Y2Pd5i2_25C0_75, szdsizc and Y2PdSi1,5C1_5. Analysis
of powder X-ray diffraction (pXRD) data indicated that all of the
investigated samples crystallize in the disordered variant of AlB, aris-
totype, but only Y,PdSiz was found to be single-phase. The physical
properties measurements revealed that the aforementioned compounds
are superconductors (with the exception of Y,PdSi3). The hypothesis of a
correlation between T, and the molar mass of the elements occupying
the honeycomb layers was not confirmed, and instead a dependence on

* Corresponding author at: Faculty of Applied Physics and Mathematics, Gdansk University of Technology, Narutowicza 11/12, 80-233 Gdansk, Poland.

E-mail address: tomasz.klimczuk@pg.edu.pl (T. Klimczuk).

https://doi.org/10.1016/j.jallcom.2023.172712

Received 31 July 2023; Received in revised form 25 October 2023; Accepted 29 October 2023

Available online 31 October 2023

0925-8388/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tomasz.klimczuk@pg.edu.pl
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2023.172712
https://doi.org/10.1016/j.jallcom.2023.172712
https://doi.org/10.1016/j.jallcom.2023.172712
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2023.172712&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A\ MOST

H. Swigtek et al.

the parameter a was observed [21].

The increase of the lattice parameter a in the AlB,-type structure
causes a shrinkage of the c lattice parameter and consequently an in-
crease in the strength of the interactions between the neighboring RE
layers. It is consistent with the results presented in [22] about the
interplay between Debye temperature and the electron-phonon coupling
constant in the YoPdGes ,Siy series. The lattice parameter a increases
with Si concentration, while the lattice constant ¢ decreases. A corre-
lation between the honeycomb sublattice contraction and a decrease in
T. is observed, which may be a result of a variation in the
electron-phonon coupling. The influence of substitution of Pd by Pt in
the YoPdGes compound was studied by K.K. Iyer and E.V. Sampathku-
maran [23]. It was found that increasing the Pd concentration causes an
increase in the lattice parameter a and a decrease in c, while the volume
of the unit cell remains almost constant. This phenomenon is in accor-
dance with the empirical Vegard’s law [24], which means that the
hexagonal layers behave similarly to a solid solution. Replacement of Pd
atoms by Pt resulted in a decrease in T, possibly due to changing
chemical pressure effects caused by the difference in atomic radius be-
tween Pt and Pd [25,26].

In this paper we report the successful synthesis of a chemically pure
intermetallic compound Y,PdGes. A single-phase material can be ob-
tained by deliberately varying the ratio of Pd to Ge, resulting in a
nominal stoichiometry of YoPd; 25Gey 75. The paper describes a detailed
characterization of its crystal structure and the results of physical
properties including magnetization, specific heat and electrical re-
sistivity measurements. For the first time, the results of magnetization
measurements carried out under pressure are presented and discussed.

2. Materials and methods

A series of polycrystalline samples of YoPd; xGes_x (x = 0 — 0.35)
intermetallic compounds were obtained by the arc melting technique
from appropriate amounts of high-purity constituent elements, i.e. Y
(99.9%, Onyxmet), Pd (99.5%, Alfa Aesar) and Ge (99.999%, Alfa
Aesar). The synthesis procedure was performed in an inert atmosphere
(Zr-gettered high purity Ar) employing the arc furnace MAM-1 GmbH
Edmund Biihler. In order to improve the homogeneity of the samples,
ingots were flipped and re-melted several times. The final alloying level
of the synthetized materials was close to the assumed composition,
which was confirmed by negligible mass losses during the melting
process (~0.5%). No further thermal treatment was performed due to
secondary RET,Ge; phase appearing as a result of prolonged annealing,
as previously observed for TboPdGes [16]. The phase purity was checked
by powder X-ray diffraction (pXRD), using Bruker D2Phaser diffrac-
tometer equipped with XE-T detector (Cu-Ka radiation). Structural pa-
rameters of studied samples were obtained by Rietveld analysis of the
gathered pXRD data carried out with Jana2006 software [27]. The
samples were also examined by energy-dispersive X-ray spectroscopy
(EDX) using a scanning electron microscope FEI Quanta FEG 250 to
confirm their chemical composition. Magnetic properties were investi-
gated using a Quantum Design Physical Property Measurement System
(PPMS) with a vibrating sample magnetometer (VSM) option. The DC
magnetization measurements were carried out in both zero field cooling
(ZFC) and field cooling (FC) modes in a temperature range 2-300 K at
different applied magnetic fields. Heat capacity data was collected using
a standard thermal relaxation technique, with and without an external
magnetic field. The electrical resistivity measurements were performed
using a four probe technique with an applied current of 5 mA. Electrical
contacts were made by spot-welding platinum wires (¢ = 50 pm) on the
polished surface of the samples. This method provides excellent elec-
trical contact quality with contact resistance below the value measur-
able by a typical ohmmeter (less than 0.5 Q). High pressure
magnetization measurements were performed using a piston-cylinder
type copper-beryllium bronze cell (HMD, Japan) compatible with the
PPMS VSM option. The Daphne 7373 (Idemitsu, Japan) oil was used as a
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pressure transmitting medium. The sample was packed together with a
small piece (~2 mg) of high purity lead wire which was employed as a
manometer. The cell pressure was calculated based on the pressure co-
efficient of the critical temperature for Pb from ref [28].

Density functional theory (DFT) calculations of the electronic
structure of YoPd; _xGes_x and its Ni- and Pt- bearing analogues were
performed using the Korringa-Kohn-Rostocker (KKR) method within the
Atomic Sphere Approximation (ASA) and employing the Coherent Po-
tential Approximation (CPA) to address the atomic disorder. Calcula-
tions were done using the Munich SPR-KKR 8.6 code [29,59] and the
xband 6.3 graphical user interface. The Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE GGA)[30] of the
exchange-correlation potential was used.

3. Results and discussion

The purity of all the samples was checked by the powder x-ray
diffraction (pXRD) analysis. The sample with the YyPd;2s5Ges s
composition was selected for further characterization as it did not
contain the parasitic 1:2:2 phase that was present in the other samples.
The EDX analysis of the sample showed that the composition of the
pellet (34:21:45) is within an error of the nominal composition. The
pXRD pattern is presented in Fig. 1. The hexagonal P6/mmm structure
type was refined by the Rietveld refinement of the pXRD pattern with
the lattice parameters a = 4.2217 (1) Aandc = 3.9340(1) A. There are
two structural studies of the “YoPdGes” reported in the literature. For the
isotypical YoPdGes alloy Majumdar, et al. obtained a = 4.192 &, ¢ =
4.000 A [19]. For the samples with the nominal compositions
YoPd; 5Geg 5 and YoPdg gGes o the refined parameters are: a = 4.270 Ac
= 3.803 A and a = 4.146 A, ¢ = 4.031 A, respectively [31]. It is
important to note that the diffraction patterns reported in [19] and [31]
show significant amounts of a secondary phase, whereas the sample
studied here, with a nominal stoichiometry of Y5Pd; 25Ges 75, is chem-
ically pure. Despite these differences, there is a clear tendency for the a
parameter to increase and the ¢ parameter to decrease with increasing
Pd/Ge ratio — see Table 1.

The pXRD pattern reveals an anisotropic broadening and unusual
asymmetries of the diffraction reflections, similar to those observed in
the other related RoTGes compounds [16-18]. Many of the pXRD re-
flections were smeared towards higher angles, which was opposite to the
asymmetry, caused by the instrumental profiles of the diffractometers. It
was therefore necessary to describe these features using anisotropic
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Fig. 1. Rietveld refinement using powder XRD data for alloy Y,Pd; »5Ges 75 in
space group P6/mmm with split left/right profile and anisotropic size/
strain broadening.
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Table 1

Reported lattice parameters for different Y,Pd; ,Ges_y.
Nominal stoichiometry Pd/Ge a(A) c(A) Ref.
Y,Pdy sGes 2 0.25 4.146 4.031 [31]
Y,PdGe; 0.33 4.192 4.000 [19]
Y-,Pd; 25Ges 75 0.45 4.2217 3.934 this work
Y,Pd; sGeo s 0.6 4.270 3.803 [31]

size/strain broadening and split left/right profile parameters. Several
possible supercells and distorted unit cells were tested and a conven-
tional hexagonal unit cell was preferred, its symmetry being checked by
the Superflip program [32]. The final Rietveld refinement also consid-
ered the surface roughness, preferred orientation and isotropic thermal
displacement parameters of the atoms. Taking into account the rela-
tively small differences between the atomic numbers (and thus the X-ray
scattering factor) of Y, Pd, and Ge, the site occupation factors for the
mixed Pd/Ge 2d site were fixed to the nominal values (0.3125 and
0.6875, respectively) and the isotropic displacement parameters of Pd
and Ge were constrained to be equal. Further details of the crystal
structure analysis are given in Supplementary Information.

The zero-field electrical resistivity p(T) for YoPd; 25Geg 75 in the full
temperature range 1.8 — 310 K is shown in a main panel of Fig. 2. As the
temperature is lowered, the resistivity decreases (dp/dT > 0) as expected
for metallic materials, although the temperature dependence is mar-
ginal. The calculated residual resistivity ratio (RRR = p(300 K)/ po) is
close to 1.1. A low value of RRR is due to the polycrystalline nature of
the sample and the expected structural disorder (site Pd/Ge mixing) in
Y2Pd1 25Ges 7.

In the low temperature region a sharp drop in resistivity is observed,
associated with the onset of superconductivity. The critical temperature
T, determined as a midpoint of the transition, is equal to 3.27 K. This
value is slightly higher than that previously reported for the stoichio-
metric composition YoPdGes, where T, = 3 K [20] and is very close to
the 3.3 K reported for Y,PtGes [11]. Just above the superconducting
transition a slight upturn of p(T) is observed. This feature has not been
previously reported for the AlB,-type ternary germanide family mem-
bers. However, the presence of a resistivity peak close to the transition
temperature is a common feature for inhomogeneous materials and has
previously been observed for Pra_xCexCuO4[33], Nda_xCexCuOy4_y[34]
and TaP [35]. The inset shows the isothermal magnetic field dependence
of the resistivity, with the p(poH) data collected at 2 K. The upper critical
field at this temperature is estimated to be poHc2 = 1.3 T (see two solid
lines).
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Fig. 2. Zero-field temperature dependence of resistivity. Inset: field-dependent
resistivity measured at 2 K, with the line intersection marking the estimated
upper critical field poHc2(2 K) = 1.3 T.
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The superconducting transition has also been analyzed in a range of
applied magnetic fields (poH). Fig. 3 presents temperature dependent
p(T) for poH = 0 — 0.8 T. Increasing the magnetic field shifts the tran-
sition to lower temperatures. The transition also broadens considerably,
from AT = 0.25 K for the zero-field measurement to around AT = 0.85 K
when the highest field (0.8 T) is applied. A close-up of the p(T) anomaly
is shown in the lower panel. The anomaly is magnetic field dependent,
and the size of the peak appears to decrease with higher magnetic fields.
In addition, for the lowest fields, as the temperature is lowered, we
observe first a slight dip, followed by a sharp upturn, leading directly
afterwards to the superconducting transition. This part of the anomaly is
no longer observed for fields above poH = 20 mT and is of unknown
origin. For the magnetic fields above 0.8 T, the superconducting tran-
sition is fully suppressed.

The upper critical field values poHc2(T) were estimated as the mid-
points of the p(T) transitions under different fields and are plotted in
Fig. 4. The data were fitted using the formula proposed by Micnas et al.

3/273/2
[36]: He2(T) = He2(0) {1 - (%) } , which has previously been used

for superconductors exhibiting positive curvature of H¢y(T) near T, [37,
38], including another AlB,-type ternary compound BaCu,Sis_x [39].
The fit gives poHc2(0) = 2.94(5) T. A blue star indicates the additional
point estimated from the T =2 K isothermal p(H) measurement (see
inset of Fig. 2).

The temperature dependence of the specific heat C,(T), in the full
temperature range T = 1.9 — 300 K in zero magnetic field, is presented in
Fig. 5. At room temperature C, reaches the expected Dulong-Petit limit,
determined as 3nR = 150 J mol! K, where the number of atoms per
formula unit n = 6 and the gas constant R = 8.31 J mol! K. Fig. 6
shows a closer look at the low temperature region, below 5 K. The C,
data were collected under the applied magnetic field of ppH = 0.9 T,
which exceeds the upper critical field for YoPd; 25Ges 7s. The plot is
presented as C,/T vs T2 to show the low-T Debye relation (Cpp ~T3). The
experimental points were fitted in the temperature range of T = 2.3 —
4.2 K using the formula Cp/T =y + BT2, where the former term is the
Sommerfeld coefficient related to the electronic contribution to the heat
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Fig. 3. Change of resistivity in the low-temperature region with applied mag-
netic fields in the range of 0-0.8 T (0, 5 mT, 10 mT, 20 mT, 60 mT, 0.1 T, 0.2 T,
0.3T, 0.4T, 0.5T, 0.6 T, 0.8 T). Lower panel: a close-up of resistivity peaks
preceding the onset of superconductivity.
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Fig. 4. Temperature dependence of the upper critical field determined from
resistivity measurements (marked with black circles) and the point estimated
from p(poH) measurement (marked with a blue star).
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Fig. 5. Zero-field specific heat in the full temperature range.

capacity (yT) and the latter term represents the phonon specific
component (BT3). The fit yielded the values y = 5.0(5) mJ mol™ K2 and
B =1.09(4) mJ mol! K* Knowing the value of the p coefficient, the
Debye temperature can be calculated using the relationship:

127nR\ '*
%:<5ﬁ)'

The calculation resulted in 0p = 220(3) K. Both the Sommerfeld
coefficient and the Debye temperature are significantly higher than
those reported for the stoichiometric YoPdGes, where y = 2.5 mJ mol!
K2 and 6p = 130 K [20].

The specific heat jump at the transition temperature in zero magnetic
field is presented in Fig. 7 as Cp/T vs T. The superconducting transition
estimated by this method is T, = 2.7 K and is about 0.5 K lower than the
value obtained from the resistivity measurement, likely due to compo-
sitional and structural inhomogeneity leading to the occurrence of
filamentary superconducting paths, e.g. at grain boundaries [40]. The
transition is relatively broad, which may be due to structural disorder or
thermal strain in the sample. In addition to Pd-Ge atomic mixing, we
have previously observed that RoPd; xGes_x compounds often exhibit
significant anisotropic broadening, which may be due to the presence of
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= 0.9 T. The red line corresponds to a linear fit used to determine electronic
and phonon contributions to specific heat.
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Fig. 7. The specific heat anomaly presented as C,/T vs T in zero-field. The red
lines represent the equal-entropy construction used to determine the normal-
ized specific heat jump.

stacking faults [16-18]. However, it is worth noting that such a broad
transition was also observed in the isostructural compound YGay, for
which no significant atomic disorder was found [41].

Knowing the Sommerfeld parameter and using the equal entropy
construction (marked with red lines), the normalized specific heat jump
was determined to be AC,/yT. = 1.38. The value is very close to the 1.43
predicted by BCS theory for weakly coupled superconductors.

The critical temperature and the calculated Debye temperature can
be used to calculate the electron-phonon coupling parameter A, ac-
cording to the inverted McMillan formula [42].

1.04 + u*In(6),/1.45T,)
(1 —0.62u")In(0/1.45T,) — 1.04

/Ie—p =

where p * is the Coulomb pseudopotential parameter, which typically
takes a value in the range 0.10-0.15. Using p * = 0.13, T, = 2.7 Kand 6p
= 220 K, the value A., = 0.58 was obtained, indicating weak coupling.
Having calculated this parameter and using the previously obtained
value of the Sommerfeld coefficient y, the non-interacting density of
states at the Fermi level DOS(Eg) could be calculated according to the
formula:
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3y
DOS(Er) = 11+ e_yp)

where kg is the Boltzmann constant. It was estimated to be DOS(Eg)
— 1.33 states eV'! per formula unit (f.u.).

To further characterize the superconducting properties, dc volume
magnetic susceptibility (yy = My/H) was measured in zero field-cooled
(ZFC) and field-cooled (FC) modes, in the temperature range of 1.9 -5 K,
under an applied magnetic field of 10 Oe. Fig. 8 shows the volume
magnetic susceptibility yy as a function of temperature.

The strong diamagnetic signal and the divergence of the ZFC and FC
curves below 3 K further confirm superconductivity. The data have been
corrected for the demagnetization effect according to the —4ny, = 15
relation, with a demagnetization factor N = 0.16 estimated from sub-
sequent isothermal measurements. At the lowest temperatures the ZFC
curve approaches the value of — 1, indicating an almost 100% shielding
fraction. The small Meissner fraction in the FC data is expected for
polycrystalline materials. The T, determined from this measurement, as
the intersection of the extrapolated normal state data with the line
defined by the maximum slope of the y, ZFC curve [43], is 2.87 K, in
agreement with the value obtained from the specific heat results.

In order to determine the lower critical field H¢1(0), a series of
isothermal low field magnetization measurements were carried out, for
the temperatures ranging from T = 1.9 to T = 2.8 K (below T.) - see the
inset of Fig. 8. For each temperature, a magnetic field value corre-
sponding to the point of deviation from the initial linear behavior of the
Mv(H) curve was determined. The points obtained are plotted in the
main panel of Fig. 9, with an additional zero field point obtained from
the resistivity measurement. The data were then fitted using the

formula:
2
- (5) } |
T£

The value obtained was equal to 23(1) Oe, and when corrected for
the demagnetization factor yielded H.1(0) = 27 Oe. This result is an
order of magnitude lower than that reported for Y,PdGes, where
Hc1(1.7 K) = 400 Oe [20], and is closer to the H¢1(1.8 K) = 50 Oe ob-
tained for YoPtGes [11].

Knowing both the H¢; and Hcp values, two other important super-
conducting parameters can be estimated. The coherence length &g, can
be calculated from the Ginzburg-Landau formula Hcy = ¢o/2n §%L,
where @ is the quantum flux. Using poH2(0) = 2.94 T gives EgL(0)
=106 A. Next, the superconducting penetration depth Ag, can be

Hﬁl (1) = Hjl (0)

0 4
. Y,Pd, 55Ge, 75
0.2 i
IS
© 28K
=} 0 g
E -0.4 Ag ©600000 ©0000 00 0O 00 OO OO0 Of i
L
Z 06 g
\S -1
=
&
< -0.8 4 B
.20
=14 H=10 Oe
T T T T T T
2 25 3 3.5 4 4.5
T (K)

Fig. 8. Zero-field-cooled (ZFC) and field-cooled (FC) volume magnetic sus-
ceptibility measured at 10 Oe. Inset: field-dependent magnetization curves
collected at various temperatures (1.9 K, 2 K, 2.4 K, 2.6 K and 2.8 K).
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determined from magnetization

obtained from the relation:

= ¢°2 In @
4”’-}'GL EGL

cl

The calculations yield two possible solutions to this equation, AgL(0)
— 4820 A and Agr(0) =182 A. However, the latter result leads to an
unreasonably low value of the Ginzburg-Landau parameter calculated as
KGL = AgL/EgL, equal to 1.7. On the other hand, Ag1(0) = 4820 A gives
KgL = 45> >1/ \/ 2, firmly indicating type-II superconductivity, in line
with the observed M(H) curves shown in the inset of Fig. 8. Thus, the
values Ag (0) = 4820 A and kgL = 45 are accepted as more probable.
Having kappa we can calculate the thermodynamic critical field using
the equation H H,, = Hflmc, obtaining a value of 46 mT. The H, can

also be estimated according to the relation ’%2(0) = // (Cn — Cs¢)/T dT,
using the difference of the specific heat data collected for the zero field
and the normal state (0.9 T). The value estimated by this method is 23
mT, giving an order of magnitude consistent with the previously ob-
tained result and confirming the validity of chosen Agp.

The magnetization measurements were also carried out under a
range of applied pressures, up to 0.55 GPa. The inset of Fig. 10 shows the
collected magnetization curves at the temperatures surrounding the
superconducting transition. The slight discrepancy between the critical

3.12 T T T T T T T
0
314 Y,Pd, 55Ge, 75 .
3.08 B
° atm. pressure
—_ 0.07 GPa
N 0.2GPa
~  3.06 - > 0.389 GPa —
F‘Q 0.55 GPa
34
3.04 B
3.02 A ATr =—0.17 X e
Ap
34 i
T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

p (GPa)

Fig. 10. Pressure dependence of critical temperature at 5 Oe. The red line
represents a linear fit. Inset: temperature-dependent magnetization curves.
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temperature values obtained from the magnetization curves at ambient
pressure, with and without the use of the pressure cell, is due to the fact
that the measurements were performed at 5 and 10 Oe respectively.

As the pressure is increased, the transition moves towards lower
temperature. The T, values, determined in the same way as yy(T) in the
previous section, are presented in the main panel of Fig. 10. A linear fit
of the collected data points gives a rate of change of dT./dp = —0.17 K/
GPa. The pressure coefficient is similar to that reported for SrAlSi
crystallizing in an AlBj-related structure (dT./dp = —0.12 K/GPa) [44,
45] and twice lower than that reported for the Heusler-type supercon-
ductors, e.g. dT./dp = —0.23 K/GPa for MgPd,Sb [46].

A complete set of the characteristic parameters for YoPd; 25Ges 75 is
summarized in Table 2.

The results of the electronic structure calculations are shown in
Figs. 11 and 12. The electronic density of states (DOS) at the Fermi level
Er is not significantly affected by tuning the Pd:Ge ratio from
1:3-1.25:2.75 (Fig. 11(a)). The calculated DOS(Eg) = 1.37 states/eV/f.
u. is in good agreement with the non-interacting value estimated using
the Sommerfeld coefficient and the electron-phonon coupling coeffi-
cient (see Table 2).

The DOS of the isostructural superconductors YGay, Y,NiGes, and
YoPtGes (Fig. 11(b,c,d,), respectively) shows a similar peak above the Eg,
which is mainly contributed by the Y d states. The position of a peak
below the E varies between the Ni-, Pd-, and Pt-bearing analogues. Only
in the case of Y;NiGes (Fig. 11(c)) is the Ni d orbital contribution
dominant over Y and Ge.

Fig. 12 shows the Bloch spectral function (BSF) for Y,Pd; 25Ges 75
and its analogues. The BSF can be used to study the band structure of a
disordered solid, for which the Bloch eigenstates are not well defined
due to the broken periodicity [47]. A striking similarity of the Bloch
spectral function of YoPd; 25Gez 75 and the band structure of the ordered
isostructural YGay can be rationalized by considering the valence elec-
tron count (VEC) and the electronic DOS (Fig. 11(a) and (b)). YGay
consists of 3 + 2:3 =9 valence electrons per cell. The unit cell of
YoPd; 25Gey 75 contains only ' of the formula unit, resulting in VEC
= (2-3 +1.25-0 + 2.75-4)/2 = 8.5 electrons/cell. Pd atoms are assumed
to contribute 0 valence atoms due to the fact that the Pd contribution to
the DOS (Fig. 11 (a) is almost completely contained between E = —6 and
— 1 eV, consistent with Pd d'° closed shell configuration. The ordered
YGa, and the disordered Y5Pd; 55Ges 75 are thus almost isoelectronic
(completely isoelectronic for the 1:3 Pd:Ge ratio). YoPd; 25Gez 75 is thus
produced by “diluting” the Ge sublattice of the hypothetical “YGey”
compound (VEC = 11) to reduce the number of electrons and stabilize
the AlB,-type structure. The reported crystal structure of YGe; is of the
a-ThSi; type, which is generally more stable than AlB; for higher elec-
tron counts, as discussed by Zheng and Hoffmann [48]. The same picture
holds for YoPtGes (= YPty5Gejs) and YoNiGes (= YNigsGep s), both
being “diluted” variants of “YGey”.

Table 2
Superconducting and normal-state parameters for YoPd; 25Ges 7s.

Parameter Unit Y2Pd; 25Ges 75
T, K 2.72
HoHc1(0) mT 2.7
HoHe2(0) T 2.94(5)
HoHc(0) mT 46

hesp - 0.58
€cL(0) 10\ 106
AcL(0) A 4820
KGL - 45

Y mJ mol™ K2 5.0(5)
B mJ mol? K* 1.09(4)
0p K 220(3)
ACy/Te - 1.38
DOS(Ex) eV fu.? 1.34
RRR - 1.1
dT./dp K/GPa -0.17

Journal of Alloys and Compounds 971 (2024) 172712

—x=0
x=0.25
B Y
I Pd
I Ge

—— YGa,

. Y
B Ga

@)

YZPd1+xGe3-x
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Fig. 11. Density of electronic states (DOS) calculated for YoPd; xGes x (x =0
and 0.25; panel (a)), YGa, (b), Y2NiGes (c), and Y,PtGes (d). Altering the Pd:Ge
ratio from 1:3-1.25:2.75 does not significantly affect the DOS around the
Fermi level.

Quite often superconductivity arises at the verge of a structural
distortion or charge density wave transition (see e.g. Refs. [49-52]).In a
conventional superconductor the driving force behind the formation of
Cooper pairs (necessary for the occurrence of superconductivity) is the
interaction between electrons and atomic oscillations - electron-phonon
coupling. However, the coupling between electronic and atomic motion
is also responsible for the so-called softening of phonon modes, a hall-
mark of proximal structural distortion. In several systems, phonon
structure calculations revealed the significant contribution of soft modes
to the total electron-phonon coupling strength [53-57]. In case of
YoPd; 25Ges 75 one can argue that the «d'0-dilution” of the Ge honey-
comb sublattice of the hypothetical parent “YGe,” allows to prevent a
AlB;, to o-ThSiy structural transition, however the tendency towards
instability is not completely removed and results in an electron-phonon
coupling strong enough to result in superconductivity. We recently
discussed a similar behavior in RbBiy and CsBiy compounds, in which
the distortion is prevented by strong relativistic effects, but the phonon
structure shows softened modes that contribute significantly to the
coupling strength [58].

4. Summary

A polycrystalline sample of a YoPd; 25Ges 75 intermetallic compound
was synthesized via arc-melting technique. pXRD analysis confirms that
the sample is single-phase. The electrical resistivity, heat capacity, and
magnetic susceptibility measurements confirm bulk superconductivity
with a T, = 2.7 K. The compound is shown to be a weakly-coupled type-
1T superconductor, with A .., = 0.58 and AC/yT. = 1.38. A decrease of T,
is observed when increasing pressure is applied to the sample with a
magnitude similar to observed in the related SrAlSi superconductor. DFT
calculations reveal that electronic structure of YoPd; 25Gesy 75 bears a
close resemblance to the isostructural YGay superconductor and the
former compound can be considered a “Pd-diluted YGey” system, in
which addition of the closed shell Pd d'* atoms tunes the valence
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Fig. 12. Bloch spectral function (BSF) for (a,b) YPd; 25Ges 75, (¢) YoNiGes, (d) YoPtGes. Panel (b) shows the band structure of YGa, overlaid on BSF to highlight the
similarity of electronic structures of the two compounds, especially around and above the Fermi level.

electron count to stabilize the AlB,-type structure, while retaining a
sizable electron-phonon coupling responsible for the emergence of su-
perconductivity. The superconducting Ni- and Pt-bearing analogues
were also found to show similar electronic structure.
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