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Abstract

The robustness of superconducting transition temperature (T¢) against external pressure in medium
entropy alloy (MEA) and high entropy alloy (HEA) -type compounds has attracted significant interest
with regards to the realization of stable superconducting applications. In this study, we have
synthesized Ge13SnysPbyzTe belonging to MEA-type MTe, where the M site comprises only isovalent
group-14 elements, to depict a critical factor for the robustness of Tc. High-pressure electrical transport
measurements and structural analysis reveal that the high-pressure phase of CsCl-type cubic structure
exhibits the robustness of T¢ against external pressure. Molecular dynamics simulation and density
functional theory calculation suggest that the glassy atomic vibration characteristic mainly contributes
to the appearance of the robustness. This insight accelerates the further development of unique

properties within HEA superconductors and their applications.
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1. INTRODUCTION

High-entropy alloys (HEAS), composed of at least five elements with 5-35 at% in the composition [1-
3], have attracted significant research attention because of their distinct mechanical properties,
including ultrahigh fracture toughness [4-5], remarkable resistance to degradation [6], and so on [7-
9]. These attributes make HEAs promising candidates for innovative applications. The tunability of
charge, spin, and composition degrees of freedom within HEAs enables the design of functionality not
only in mechanical performance but also in physical properties, such as achieving low thermal
conductivity in thermoelectric materials [10], improved ionic conductivity [11], and enhancement of
superconducting properties [12]. The advancement of HEAs paves the path for the creation of high-
functionality materials.

In 2014, Ta-Nb-Zr-Hf-Ti HEA was initially discovered to exhibit superconductivity with a
transition temperature (T¢) of 7.3 K [13]. One of the noteworthy characteristics of HEA
superconductors is the robustness of T against an applying external pressure. While the T¢ of simple
substance Nb demonstrates a decreasing trend under external pressure, the HEA (TaNDb)o.e7(HfZrTi)o.33
maintains an almost constant T¢ up to 190 GPa [14]. This robustness in superconductivity is believed
to be associated with a reduction in Gibbs’s free energy due to the elevated configuration-entropy of
mixing (ASmix), defined as — R i cilnci, where R is the gas constant and c; is the atomic ratio of the
element (i). Nevertheless, the mechanism of the robustness of T¢ in HEA superconductors remains an
unresolved matter. The investigation of the mechanism is significant importance for the design of
stable superconducting applications under compressive stress.

Recently, the concept of HEA superconductor has been successfully expanded to include
“HEA-type compounds” [15]. This extension has led to the development of various HEA-type
compound superconductors, such as NaCl-type metal chalcogenides MCh (M = Ag, In, Ge, Sn, Sb, Bi,
Pb; Ch =S, Se, Te) [16-19], layered systems of REOo sFo.5BiS2[20,21], high-T. cuprates REBa,CusO7-
d (RE: rare-earth elements) [22-24], and van der Waals material (Co, Au)o2(Rh, Ir, Pd, Pt)osTe2 [25].
Among them, medium entropy alloy (MEA) -type compound of Ag13Pb13BiisTe (ASmix = 1.1R) and
HEA-type compound of Ago.2Ino2Sno2Pbo2Bio2Te (ASmix = 1.6R) exhibit the robustness in
superconductivity under external pressure in their high-pressure phase with a CsCl-type cubic
structure [26]. Here, the MEA is defined as the alloy with ASmix between 1.0R and 1.5R [3]. In contrast,
the mother material PbTe (ASmix = 0) and low entropy SnosPbosTe (ASmix = 0.69R) show a decrease
in T¢ under compression due to a reduction in the electronic density of state (DOS) at Fermi energy
(Er). High-pressure X-ray absorption spectroscopy conducted on PbTe and Ago.2INo.2Sno.2Pbo2Bio2Te
reveals that the DOS at Er for MTe are insensitive as ASmix increases [26]. Consequently, the
mechanism behind the robust superconductivity under pressure in MEA- and HEA-type MTe is not
solely comprehensible by considering alterations in the electronic states. Recent molecular dynamics

(MD) simulations and band calculations for HEA-type MTe illuminate a potential mechanism for the
2
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robustness, involving unique electron-phonon coupling in conjunction with glassy atomic vibrations
and blurry electronic band dispersions [27].

However, it remains uncertain whether the glassy phonon state or the blurry electronic
structure is the critical factor for this robustness. This is because of the fact that in the previous studies,
the constituent elements for M in MTe have been from various groups in the periodic table, for instance,
Ag, Pb, and Bi in AguzPb13BisTe (ASmix = 1.1R). Considering their valence states, MTe are basically
composed of M?* and Te? ions such as PbTe, while typical valence states of M site in AgsPbi/sBisTe
are Ag*, Pb?* and Bi®*. In such a case, the substitution of Pb?* with Ag* and Bi** would substantially
influences both electronic and phonon states, and it is difficult to distinguish the possible main origin
of the observed robustness.

In this study, we synthesize Ge13Sn13PbysTe (ASmix = 1.1R), where all the elements in the M
site belong to the same group with isovalent 2*. Here, we observe the occurrence of pressure-induced
superconductivity at high pressures. Remarkably, Ge13Sny3sPbyzTe exhibits a similar robustness in T¢
against pressure as the case of AQusPbysBiysTe and Ago.2lno.2Sno2Pbo2Bio2Te. Through MD
simulation and first-principles calculations, Ge1sSn13PbysTe exhibits broadened vibration spectrum
without the presence of blurry electronic band dispersion. Our results imply that the origin of
robustness in MEA- and HEA-type MTe is attributed to the presence of glassy phonon states in a
crystal structure with enhanced ASmix.

2. Materials and methods

Polycrystalline samples of Ge13SnysPbisTe (ASmix = 1.1R) were prepared employing a high-pressure
annealing method. Starting materials of Ge powder, Sn grains, Pb grains, and Te chips were put into
an evacuated quartz tube in the stoichiometric compositions of Ge1/sSnisPbisTe. The sealed ampoule
was heated at 800°C for 15 hours, followed by furnace cooling. The obtained precursors were ground
into powders and pelletized into 5 mm diameter, and loaded into a hexagonal BN cell for the high-
pressure annealing in a cubic-anvil-type 180-ton press to obtain NaCl-type structure. The annealing
conditions of pressure, temperature, and period are 3 GPa, 500°C, and 30 min, respectively. Powder
X-ray diffraction (XRD) at ambient pressure was performed on a Miniflex600 (RIGAKU)
diffractometer equipped with a CuKa radiation (1 = 1.5418 A) by the #-20 method. Rietveld
refinement was conducted for obtained XRD pattern using RIETAN-FP software [28] to estimate the
lattice constant. The crystal structure image was drawn using VESTA software [29].

The crystal structure in the obtained sample under high pressure was investigated through XRD
measurements in a diamond anvil cell (DAC). These measurements were carried out utilizing
synchrotron radiation at the AR-NE1A beamline of the Photon Factory (PF) situated at the High
Energy Accelerator Research Organization (KEK). The X-ray beam was monochromatized to an

energy of 30 keV (1 = 0.4175 A) and introduced to the sample in the DAC through a collimator with
3
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50 um diameter. The XRD patterns obtained were subsequently integrated into a one-dimensional
profile using IPAnalyzer [30], and the lattice constants were determined using PDIndexer [30]. High-
pressure electrical transport measurements were executed within the DAC, employing a diamond
electrode [31-33], and were carried out in the physical property measurement system (PPMS, Quantum
Design). The sample itself and cubic BN powders were used as pressure-transmitting medium for
XRD analysis and electrical measurement, respectively. The pressure in DAC was estimated by ruby
fluorescence method [34] using an inVia Raman Microscope (RENISHAW).

The vibrations of atoms in MTe were investigated for MTe with NaCl-type structure using
MD simulations by using the Ewald summation method. Particles i and j interact via the Lennard-
Jones (LJ) and Coulomb potentials.
mi; = ¥ F(ry),
F(r;) = —0Uy/or; + Fy,

o:\ 12 i\
=) - ()
Fy = kq;q;rij/7s5,
where rij is the center-to-center displacement vector from particle j to i, rjj is its absolute value, m is
the mass common to all the particles, ¢ is the coefficient for LJ potential, and oij= (ci + 6j)/2, where oi
is the size of particle i, k is the Coulomb constant, and g is the charge of particle i. The length of the
particles was normalized by the ionic diameter of Te? (o1e = 4.42 A). The particle sizes of Ag, Bi, Ge,
Sn, and Pb are 0.520, 0.466, 0.330, 0.421, and 0.538, respectively. Here, the atomic mass m = 127.6
g/mol and interatomic interaction ¢ = 295 kg J are assumed to be constant to elucidate the role of size
and charge dispersity. We randomly arranged 6912 cation particles and 6912 Te? particles in a cubic
structure. In one direction, the number of unit cells was 12. The same values as in Ref. [27] were used
for the cutoff length and Ewald parameters. We calculate the vibrational density of state (VDOS) using
the Fourier transformation of the velocity autocorrelation function. Details of the calculations were
described in Ref. [27]. Here we note that NaCl-type structure is stable since this simulation contains
no defects. However, we consider that VDOS in NaCl-type structure is similar to that in CsCl-type
structure since both structures are cubic [27].

To evaluate the electronic band structure of CsCl-type MTe, density functional theory (DFT)
calculations using the Korringa-Kohn-Rostoker Green’s function method was performed in the
AkaiKKR package [35]. A coherent potential approximation was used to deal the disordered structure
[36]. For the calculation, the generalized gradient approximation parameterized by Perdew-Burke-
Ernzerhof [37] was adapted, and spin-orbit coupling was included. The k-mesh of 13x13x13 was set,
and the width of the energy contour for complex integration was set to 1.5 Ry. The reliability of DFT

calculations was checked by the calculation of electronic structure in PbTe using WIEN2k [38].
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3. Results and discussion
Figure 1 (a) presents a powder XRD pattern for the obtained Ge1/3Sn13Pb1sTe, along with the result
from Rietveld refinement. The green bars correspond to the peak positions of the determined crystal
structure, and the blue spectrum represents the differential curve in fitting. The analysis elucidates that
the sample crystallizes with a NaCl-type cubic structure (Fm-3m) devoid of any impurity phase. The
derived lattice parameters is a = 6.24887 A with a reliability factor of Rup = 5.753%. Notably, the
value of a is close to that of PbTe under high pressure of 5.9 GPa (6.2492 A), where PbTe undergoes
an insulator-to-metal transition above 2 GPa [26]. This similarity can be attributed to the chemical
compression effect arising from the substitution of Pb with Ge and Sn, both of which have smaller
atomic radius.

Figure 1 (b) shows a temperature (T) dependence of resistivity (p) in Ge1sSnysPbisTe at
ambient pressure. The p-T curve in the low-temperature region is well-fitted with the Bloch-Gruneisen

equation, as described by following equation [39],

T\5 (0o/T ¥

o0palz) | e
where po Is the residual resistance, A is a characteristic constant, dp is the Debye temperature. The
parameters are determined as po = 1.493(4) mQcm, A = 1.12(2), and #p = 125(1) K, as shown in the
inset. The well-fitted p-T curve indicates that Ge13SnysPb1sTe exhibits metallic transport nature. The
0o is comparable with that of pristine PbTe [40]. In fig. 1 (c), the Hall resistivity of Ge13Sny3PbysTe
is plotted as a function of the applied magnetic field at ambient pressure to confirm carrier
concentration. The carrier concentration has been estimated from the slope of Hall resistivity versus
magnetic field, using the formula pn = (1/ned)H, where pn is the Hall resistivity, n is the number of
carriers, e is the elementary charge, H is the magnetic field and d is the sample thickness. The pH curve
displays a positive slope, indicating a p-type characteristic with a carrier concentration of 1.0x10%
cm3. This carrier concentration significantly exceeds the typical value found in pristine PbTe, which
are on the order of 10'® cm™ [41] with an insulating nature. The elevated carrier concentration in
Ge13Sny3PbysTe is consistent with the metallic p-T behavior and is likely a result of the chemical
compression effect.
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FIG. 1. (a) XRD patterns with Cu Ka radiation (1 = 1.5418 A) of obtained Ge13Sn13PbasTe with
the fitting result of Rietveld refinement. The green bars and blue spectrum indicate a peak
position of the determined structure and a differential curve for the fitting. (b) Temperature
dependence of resistivity in Ge1sSnisPbisTe. The inset shows a result for the Bloch-Gruneisen

fitting. (c) Hall resistivity as a function of magnetic field at 1.8 K in Ge13SnwsPbusTe.

Figure 2 (a) shows a temperature-dependent resistance (R) of Ge1/3Sn13Pb13Te under pressures
up to 21.1 GPa. Throughout all pressure regions, a metallic R-T curve is consistently observed. The R
value at 300 K continuously increases with pressure up to 8.2 GPa, after which it tends to a decreasing
trend with further compression, as indicated in the inset. Notably, the R-T curve exhibits a sharp drop
at 20.1 GPa and reaches zero at 1.8 K at 21.1 GPa. This drastic change in R-T curve indicates the
emergence of pressure-induced superconductivity in Ge1zSn1sPbisTe. As the pressure increases, the
R value at 300 K decreases until 30 GPa and then shows a saturating trend, as presented in fig. 2 (b).
The T¢ demonstrates a monotonous increase as a function of pressure, reaching a plateau at 30.1 GPa,
where it remains nearly constant at 5.5 K. This behavior is quite similar to other HEA-type MTe
compounds [26,27].

In fig. 2 (c), XRD patterns of GezSny3PbazTe at various pressures up to 37 GPa are displayed.
At 1.0 GPa, the observed pattern is indexed as a NaCl-type cubic structure, identical to the ambient
structure. The peaks with minor intensity gradually appear above 5 GPa, leading to a complete
transformation of the NaCl-type structure into the GeS-type structure at 9.0 GPa. Above 31.0 GPa, the
CsCl-type cubic structure gradually becomes predominant. The phase diagram, depicting the pressure-
dependent volume for each structure, is illustrated in fig. 2 (d). This pathway of structural phase
transition is similar to that of other HEA-type MTe [26,27], including pristine PbTe [42]. Although
the stabilized region of the intermediate GeS-type structure is more extended in Ge1zSnyzPbisTe

compared to other MTe compounds, the underlying reason remains uncertain at present.
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FIG. 2. Results of high-pressure experiments in Ge1sSn1sPbasTe. (a) Temperature dependence
of resistance under various pressures from 4.1 to 21.1 GPa and (b) 20.1 to 33.5 GPa. The inset
in (a) shows the pressure dependence of resistance at 300 K. (c) XRD patterns under various

pressures. (d) Pressure dependence of volume in each structure.

Figure 3 presents a comparison of the pressure-dependent T¢ in PbTe (ASmix = 0) [26],
AQ13Pb13Bi1sTe (ASmix = 1.1R) [26], and Ge1zSn1zPbisTe (ASmix = 1.1R). Pristine PbTe shows a
drastic decline in T above 15 GPa, with a rate of dT./dP = —0.24 K/GPa, due to a reduction of
electronic DOS at Er under pressure. In contrast, AgusPb13BiysTe exhibits a notably suppressed
decreasing rate of T¢, with dT¢/dP = —0.052 K/GPa. This suppression, namely, robust T against
pressure is considered to be related to the glassy atomic vibrations or blurry electronic structures [27].
Interestingly, Ge1sSn1zPb1sTe, where all constituent elements in the M site belong to the same group
with a valence state of 2*, also displays a robust T¢ with a decreasing rate of dT¢/dP = —0.016 K/GPa.
This decreasing rate is comparable to those of AguzPb13BiysTe, and Ago.2Ino.2Sno2Pbo2Bio2Te. It
indicates that the robustness of T against pressure is primarily a result of the increased ASmix and

independent of the valence state of the elements within the M site.
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FIG. 3. Comparison of the pressure-dependent Tc in PbTe (ASmix = 0), Agu3Pb13BiwsTe (ASmix =
1.1R), and Ge3Sn1;3Pb1sTe (ASmix = 1.1R). The data of PbTe and Ag13Pb13BiwsTe are referred

from ref [26]. The dashed lines are guides for the eye.

According to the previous reports, one possible scenario for the robustness of T. against
pressure involves the presence of glassy vibrational characteristics and/or blurry electronic structures
[27]. MD simulations for atomic vibrations and DFT calculations for electronic states are conducted
to delve into the mechanism behind the robust Tc. Figure 4 (a) shows the VDOS for PbTe,
Ag13Pb13BisTe, and Ge1zSnysPbysTe calculated for the NaCl-type crystal structure. The VDOS
peaks attributed to atomic vibrations exhibit a flattened profile in Ag1sPb13BiyzTe compared to PbTe.
This broadening in the spectrum implies the presence of various vibrational modes in the material
without a distinct characteristic vibration mode. The broadened VDOS is indicative of a glassy
vibrational characteristic, which contributes to the robustness of Tc. The VDOS spectrum for
Ge13Sny3PbysTe shares a similar flat feature with AguzPbysBiysTe. The emergence of the glassy
vibrational characteristic is attributed to an enhancement in ASmix, regardless of the valence states in
the M site. Figure 4 (b) presents an electronic band structure for Ge1/zSn1sPbi1sTe in CsCl-type crystal
structure with a=3.5A. The band structure exhibits slight blurriness, indicating the presence of
localized splitting of electronic states. In contrast, the degree of blurriness is more pronounced in
Ag13Pb13BiysTe [27]. The shape of the band structure in Ge1sSnisPbysTe is close to that of PbTe
rather than Agu3Pb13BiysTe. The results of MD simulation and DFT calculation collectively suggest
that the primary contributor to the emergence of robust T against external pressure in MEA- and HEA-

type MTe is the presence of broadened vibrational characteristic due to the enhancement of ASmix.
8
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IV. CONCLUSIONS

In this study, we synthesize Ge13Sn13Pb1sTe belonging to MEA-type MTe family with ASmix = 1.1R,
and subsequently observe the emergence of pressure-induced superconductivity. The high-pressure
phase of the CsCl-type cubic structure shows almost constant pressure-dependent T¢, namely, the
appearance of the robustness of T¢ against external pressure. Based on the MD simulations and DFT
calculations, it was turned out that the robust T persists in Ge1sSn13PbysTe where the broadened
VDOS exists without the blurry electronic band dispersions. Our current study implies that the unique
phonon state due to the enhancement of ASmix plays a crucial role to induce the robust T¢ in MEA- and
HEA-type MTe. This insight holds significant importance for advancing our understanding of the
mechanisms behind the robustness of T. and in developing stable superconducting applications under

compressive stress.
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