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Abstract 
We report the observation of superconductivity in single crystalline CaPd2P2 and SrPd2P2 

obtained from Bi- flux. Both CaPd2P2 and SrPd2P2 crystallize in the ThCr2Si2-type structure 

(Space Group I4/mmm) with a short P-P distance. Electrical resistivity and specific heat 

measurements conjointly corroborate bulk superconductivity at Tc ~ 1.0 K with ΔC/γTc = 1.42 

for CaPd2P2, and Tc ~ 0.7 K with ΔC/γTc = 1.47 for SrPd2P2. The electronic structure calculations 

and chemical bonding analysis indicate that Pd-P antibonding interactions primarily dominate 

around the Fermi level and play the critical role in inducing superconductivity. 
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Introduction 
Superconductors are known to carry electricity without any loss. Even after more than a hundred 

years of its discovery, superconductivity remains unpredictable and puzzling. In the framework 

of the Bardeen-Cooper-Schrieffer (BCS) theory [1], electron-phonon coupling induces electron-

electron pairing (Cooper pair) with the opposite spins and crystal momenta. From a chemistry 

perspective, Cooper pairs can be approximately considered as a format of “resonance” between 

the atoms, which host the right kind of charge transfer to induce superconductivity in the system. 

Clear examples of such critical charge-transfer pairs for superconductivity in the periodic table 

are Cu-O and Fe-As in two high Tc superconducting families [2–5]. In addition, Pd- and Pt- 

contained intermetallic superconductors may exhibit some intriguing structure and physical 

properties. For example, SrPt2As2 reveals the coexistence of superconductivity and charge 

density waves [6]. Superconducting SrPt6P2 (Tc = 0.6 K) consists of a unique three dimensional 

network of vertex shared distorted Pt6P trigonal prisms  [7]. UPd2Al3 is a heavy-fermion 

superconductor with Tc ~ 2.0 K and antiferromagnetic transition at ~14.0 K [8].  

Our previous work showed Pt-Bi antibonding interactions might play a key role in 

superconductivity observed in BaPt2Bi2, while Bi-Bi bonds between layers are weak  [9].  This is 

true for many 122-type superconductors. For example, there is negligible P-P bonding between 

adjacent layers in superconducting BaIr2P2, BaRh2P2, or BaNi2P2 [13,14,15,16]. Density of states 

(DOS) calculations indicate that d orbitals in transition metals dominate around Fermi level, 

which play the critical role in their physical properties, especially superconductivity [7,12]. We 

thus choose APd2P2 (A= Ca and Sr) to study the correlation between superconductivity and 

atomic interactions (P-P and Pd-P).  

In this article, we report the single crystal growth, electrical transport and thermodynamic 

measurements probing the superconducting properties and electronic structure calculations of 

APd2P2 (A= Ca and Sr). We show that APd2P2 (A= Ca and Sr) undergoes superconducting 

transition with a critical temperature Tc ~ 1.0 K for A = Ca and 0.7 K for A = Sr. Specific heat 

data confirms bulk superconductivity with weak coupling. The theoretical assessments indicate 

the Pd-P antibonding instead of P-P bonding interactions dominates the Fermi level and 

presumably strongly associated with the superconductivity.  
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 Methods  

The single crystals of CaPd2P2 and SrPd2P2 were grown using the flux method. The elemental Ca 

granules (99.5%, Alfa Aesar), Sr rod (>99%, Alfa Aesar), Pd powder (99.95%, Alfa Aesar), P 

lump (99.999%, BCS) and Bi rod (99.99%, Alfa Aesar) with molar ratio of Ca/Sr : Pd : P : Bi = 

3 : 4 : 4 : 25 were taken in alumina crucibles and sealed in evacuated quartz tubes. The total mass 

of used element was ~ 2 g. The tubes were slowly (60 °C/h) heated up to 600 °C and held at this 

temperature for 5 hours to avoid an explosion of red phosphorus, and then heated up to 1050 °C. 

The samples were kept for 5 hours and then cooled rapidly down to 900 °C followed by slow 

cooling (-3 °C/h) to 550 °C. The remaining Bi flux was centrifuged at 550 °C and shiny plate-

like single crystals with typical dimensions ~2 × 2 × 0.2 mm3 were obtained. The single crystals 

of CaPd2P2 and SrPd2P2 are stable in the air.  

The crystal structures were examined by a Bruker Apex II single X-ray diffractometer equipped 

with Mo radiation (λKα = 0.71073 Å). The SHELXLTL [13] package was used to solve the 

crystal structure with the full-matrix least-squares method. The samples were further examined 

by powder X-ray diffraction (PXRD) using Rigaku MiniFlex 600 diffractometer with Cu 

Kα1 radiation (λ�=�1.5406�Å). The PXRD patterns were analyzed by means of the LeBail 

method [14] using the FullProf software [15]. The drawings of crystal structure were done using 

VESTA software [16]. 

The electrical resistivity and specific heat measurements were carried out on Quantum Design 

Physical Property Measurement System (PPMS) equipped with dilution refrigerator assembly. 

The resistivity measurements were studied by the standard ac four-probe method, and specific 

heat by means of relaxation method in the temperature range down to 50 mK.  

The Crystal Orbital Hamilton Population (-COHP) were calculated by means of Tight-Binding, 

Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-LMTO-ASA) program using 

Stuttgart code [22–24]. The space was filled with overlapping Wigner-Seitz (WS) spheres in the 

ASA method. The empty spheres were required to 100 % fill up the space, and the overlapping 

in WS spheres was no greater than 16%. The WS radii are 4.034 Å for Sr, 2.889 Å for Pd, and 
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2.378 Å for P in SrPd2P2, and 3.915 Å for Ca, 2.895 Å for Pd, and 2.311 Å for P in CaPd2P2. The 

convergence criterion was set as 0.05 meV [20]. 

Electronic structure calculations were performed with a highly accurate all-electron full potential 

linearized augmented plane-wave (FP-LAPW) method  [21] as implemented in the ELK 

code [22,23]. The exchange and correlation effects were treated using generalized gradient 

approximation (GGA) in the form proposed by Perdew, Wang and Ernzerhof [24]. Spin-orbit 

coupling (SOC) was included as a second variational step, using scalar-relativistic eigenfunctions 

as the basis, after the initial calculation converged to self-consistency. The Monkhorst–Pack 

special k-point scheme  [25] with the mesh 17×17×14 was used in the first Brillouin zone 

sampling, and the value of RKmax parameter was set to 8. For the Fermi surfaces, the irreducible 

Brillouin zone was sampled by 8042 k points to ensure accurate determination of the Fermi 

level [26].  

In order to calculate the vibrational properties of CaPd2P2 and SrPd2P2, we used the plane-wave 

pseudopotential method, through the QUANTUM-ESPRESSO package [27,28]. The electron-

ion interaction was described by using the scalar-relativistic Optimized Norm-Conserving 

Vanderbilt (ONCV) pseudopotentials [29,30]. The calculations for both compounds were made 

with the kinetic energy cutoff of 70 Ry, using the same type of the exchange–correlation 

potential as in the ELK code. The Brillouin zones (BZs) were sampled by using the Monkhorst-

Pack scheme with 8×8×8 zone-centered grid for structure optimization and vibration properties. 

The electronic structure for experimental lattice parameters was checked thoroughly against the 

FP-APW+lo method and was found to be practically identical [31]. Since phonon calculations at 

the experimental lattice constants are likely to result in softer frequencies, and in consequence 

lower the predicted Tc than those calculated for relaxed atomic positions, relaxed structures for 

both compounds were determined within the pseudopotential code[31]. The phonon dynamic 

matrices were computed on a 4×4×4 q-point mesh, and a Fourier interpolation was made to 

obtain phonon frequencies for any chosen q point. The Brillouin zone integration for the 

electron–phonon coupling within Migdal-Eliashberg theory [33–36] was done by using the 

24×24×24 k mesh with Gaussian smearing. 

Results and Discussion 
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Single crystal X-ray diffraction refinement confirms that both compounds crystallize in a 

tetragonal I4/mmm space group. The refinement results including atomic positions, site 

occupancies, and thermal displacements are summarized in Tables S1, S2 and S3 [37]. The 

PXRD patterns for CaPd2P2 and SrPd2P2 refined using LeBail method were shown in Figure 1(a) 

and (b), respectively. The red points and black solid lines represent experimental and calculated 

intensities, respectively. The analysis confirms that CaPd2P2 and SrPd2P2 crystallize in a 

tetragonal unit cell with the space group I4/mmm (#139). All Bragg positions can be indexed in 

I4/mmm space group and elemental Bi (marked as green (Fig. 1(a)) and pink (Fig. 1(b)) vertical 

lines, respectively). The obtained lattice parameters are a = b = 4.1378(9) Å and c = 9.6417(6) Å 

for CaPd2P2 (χ2 = 1.14), and a = b = 4.2338(4) Å and c = 9.6909(2) Å for SrPd2P2 (χ2 = 1.07), 

which are in good agreement with previous report [38].  

The crystal structure of CaPd2P2 is shown in Fig. 1(e). Both CaPd2P2 and SrPd2P2 crystallize in a 

tetragonal I4/mmm space group, and can be understood as the variant of layered ThCr2Si2-type 

structure. For comparison, we also show the structure of BaFe2As2 in Fig. 1(c) and 1(d), which 

exhibit the same tetragonal crystal structure. The iron arsenide layer [Fe2As2]2- is separated by 

Ba2+ ions, and the [As−As] unit is equivalent to [P−P] unit in (Ca,Sr)Pd2P2.  The unit cell of 

CaPd2P2 and SrPd2P2 can be considered as [Pd2P2]2- layer (Figure 1(f)) separated by alkali-earth 

metal cations (Ca2+/Sr2+). The two polyanionic [Pd2P2]2- layers form a cage for Ca2+/Sr2+ ions, 

with the distances d(Ca-P) = 3.1178(7) Å, d(Ca-Pd) = 3.1776(2) Å, d(Sr-P) = 3.1968(7) Å, and 

d(Sr-Pd) = 3.2233(4) Å. The Pd-Pd and Pd-P distances within the layer for CaPd2P2 are 

2.9252(3) Å and 2.4610(9) Å, respectively, and 2.9991(5) Å and 2.4982(1) Å, respectively, for 

SrPd2P2. The shorter Pd-P intralayer distance indicates stronger interaction compared to Pd-Pd, 

which can play a crucial role in stabilizing the crystal structure.  

The temperature dependence of the electrical resistivity (ρ) measured between 50 mK and 300 K 

under zero applied magnetic field is presented in Figure 2(a) and (b) for CaPd2P2 and SrPd2P2, 

respectively.  The metallic behavior (dρ/dT > 0) is observed for both compounds in the whole 

temperature range. Above 2 K, the ρ(T) curves can be described by conventional Bloch-

Grüneisen formula: 

ρ(T) = ρ0 + ߩ஻ீ ൌ ଴ߩ ൅ ஽ሺ௵்Dሻହߠ௘௟ି௣௛ܤ4 ׬ ௫ఱୢ௫ሺୣೣିଵሻ ሺଵି௘షೣሻ೅೭D଴  ,                        (1) 
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where ρ0 is the residual resistivity due to scattering of conduction electrons on lattice impurities, 

�D is the Debye temperature, and Bel-ph is a coefficient representing scattering strength of 

electrons with acoustic phonons. The estimated values obtained from the fits are: ρ0 = 23.48(3) 

μΩ cm, Bel-ph = 0.24(1) μΩ cm K-1, �D = 232(1) K for CaPd2P2, and ρ0 = 67.79(4) μΩ cm, Bel-ph 

= 0.39(1) μΩ cm K-1, �D = 185(1) K for SrPd2P2 (see Table 3). The residual resistivity ratio 

RRR = ρ(300 K)/ρ(2 K) is equal to 4 and 2.6 for CaPd2P2 and SrPd2P2, respectively. All obtained 

values are similar with previous report for CaPd2As2 and SrPd2As2 [39]. Below 2 K, the 

resistivity quickly drops to zero, suggesting the superconducting transition in both compounds.  

To confirm the superconducting transition, the resistivity is further measured under the 

application of magnetic field. Figure 2(c) and (d) present ρ(T) measured at indicated magnetic 

fields down to 50 mK for CaPd2P2 and SrPd2P2, respectively. Note that, for CaPd2P2, ρ(T) starts 

to drop below 1.7 K accompanied with a much sharper drop below ~1.0 K. The higher-

temperature drop is gradually suppressed upon the application of magnetic field. We recall that 

α-PdBi2 undergoes superconducting transition at 1.7 K [40,41]. Even it was not detected by 

powder X-ray diffraction, the small amount of α-PdBi2 may be responsible for the anomaly at 1.7 

K. Above 500 Oe, only one transition remains, which corresponds to the superconducting 

transition of CaPd2P2. At zero field, Tc ~ 1.0 K. For SrPd2P2, the resistivity drops to zero at Tc ~ 

0.7 K. Upon the application of magnetic field, the transition temperature Tc is pushed to lower 

temperatures, consistent with the superconducting transition.  

The upper critical field (Hc2) versus temperature for CaPd2P2 and SrPd2P2 is presented in Figure 

2(e) and (f), respectively. The superconducting temperature (Tc(H)), defined as the temperature 

at which the resistivity dropped by 50% from the normal state, was estimated for each applied 

magnetic field.  The data were fitted using the BCS formula:  ܪ௖ଶሺܶሻ ൌ ௖ଶሺ0ሻܪ  ൤1 െ ቀ ்்೎ቁଶ ൨.                                                     (2) 

The obtained parameters are Hc2(0) = 935 Oe, Tc = 0.95 K for CaPd2P2, and Hc2(0) = 625 Oe, Tc 

= 0.71 K for SrPd2P2. From the Ginzburg-Landau formula:  

௅ீߦ ൌ ට ஍బଶగு೎మሺ଴ሻ ,                                                             (3) 



7 
 

where Φ0 = h/2e is the quantum magnetic flux, one can estimate the Ginzburg−Landau coherence 

length ீߦ௅ = 592 and 724 nm for CaPd2P2 and SrPd2P2, respectively. 

To prove that observed superconductivity is the bulk property of CaPd2P2 and SrPd2P2, specific 

heat measurements are carried out for both compounds. The temperature dependence of the 

specific heat in the range of 0.5 – 300 K is presented in Figure 3(a) and (b) for CaPd2P2 and 

SrPd2P2, respectively. Note that, at high temperatures, C reaches the value expected for Dulong-

Petit law: 3nR = 124.65 J mol-1 K-1, where R is the gas constant and n is the number of atoms per 

formula unit (n = 5 for APd2P2). To identify the anomaly associated with superconductivity, low-

temperature specific heat is plotted in Figure 3(c) and (d) as C/T versus T for CaPd2P2 and 

SrPd2P2, respectively. For each compound, there is a λ-shape jump, indicating a true phase 

transition. An equal-area construction (see the red solid lines in Figure 3(c-d)) is done to 

determine the critical temperatures: Tc = 1.0 K and 0.7 K for CaPd2P2 and SrPd2P2, respectively.  

This is consistent with Tc values obtained from the electrical resistivity.  

According to the BCS theory, the specific heat jump (ΔC/γTc) is expected to be 1.43 in the weak-

coupling limit. Here, γ is the electronic specific heat in the normal state, which can be estimated 

from low-temperature specific heat above Tc. Figure 3(e) and (f) show C/T versus T2 for CaPd2P2 

and Sr2Pd2P2, respectively. The data can be fitted using C/T = γ + βT2, where the second term 

describes the lattice contribution to the specific heat with β related to the Debye temperature by 

the formula:  

஽ߠ ൌ ටଵଶగర௡ோହఉయ                                                                            ሺ4ሻ                 

The parameters obtained from the fits are: γ = 6.2(2) mJ mol-1 K-2, �D = 278(1) K for CaPd2P2 

and γ = 6.13(2) mJ mol-1 K-2, �D = 302(1) K for SrPd2P2. Thus, ΔC/γTc is ~ 1.42 for CaPd2P2 and 

1.47 for SrPd2P2. The significant discrepancy between Debye temperatures obtained from 

specific heat and electrical resistivity data may be caused by different contribution of phonon 

branches to thermodynamic and transport phenomena. Similar behavior was observed in other 

superconductors, such as ScGa3 and YPd2Si2 [42,43].  

Using the obtained (�D) values from low temperature capacity, and critical temperatures, the 

electron-phonon coupling constant (λel-ph) can be calculated using the inverted McMillan 

formula [44]:  
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௘௟ି௣௛ߣ ൌ ଵ.଴ସାఓכ ୪୬ቀ ౸ವభ.రఱ೅೎ቁሺଵି଴.଺ଶఓכሻ௟ ୬ቀ ೭ವభ.రఱ೅೎ቁିଵ.଴ସ                                                     (5) 

The Coulomb repulsion constant μ* (which represents the strength of the screened Coulomb 

repulsion between the electrons in a Cooper pair) is considered as 0.13, the value of λel-ph was 

estimated at 0.46 and 0.42 for CaPd2P2 and SrPd2P2, respectively. This suggests that electron-

phonon coupling is stronger in former than latter. In addition, the density of states (DOS) at the 

Fermi energy level [N(EF)] can be calculated using the formula: ܰሺܧிሻ ൌ ଷఊగమ௞ಳమ ൫ଵାఒ೐೗ష೛೓൯                                                           (6) 

Where kB is the Boltzmann constant. The obtained value of N(EF) is 1.74 states/eV/f.u. and 1.77 

states/eV/f.u. for CaPd2P2 and SrPd2P2, respectively. These values are slightly smaller than that 

reported previously [39].  

For better understanding the relationship between chemical bonding and physical properties of 

CaPd2P2 and SrPd2P2, we calculated DOS and crystal orbital Hamilton population (-COHP). 

Figure 5(a) and (b) represent the obtained DOS and –COHP curves for CaPd2P2 and Figure 4(c) 

and (d) for SrPd2P2. For both compounds, Pd overlaps with P states near the Fermi energy, 

making main contribution to DOS. Pd-P and Pd-Pd bonding interactions are dominating below -

3eV in –COHP curves, which indicates strong hybridization between Pd and P orbits are 

important for stabilizing the phase. Above -3eV, the atomic interactions are dominated by Pd-Pd 

and Pd-P antibonding, while alkali-earth metals form the bonding interactions with Pd and P. 

Around Fermi levels, the Pd-P and Pd-Pd interactions are primary. The strong antibonding 

interactions related to the electronic instability likely lead to structural distortion, magnetic 

ordering, even charge density waves (CDWs). The influence of antibonding interaction for 

superconducting properties were previously reported for several intermetallic compound such as 

SrSnP, BaPt2Bi2, or NbRuB [9,45,46]. For (Ca,Sr)Pd2P2, the antibonding interaction may impact 

superconductivity as well. 

The calculated values of the density of states at the Fermi energy ܰ(ܨܧ) with SOC are 1.85 

states/eV/f.u and 1.89 states/eV/f.u , which are in very good accordance with the experimental 

values of 1.74 states/eV/f.u. and 1.77 states/eV/f.u. for CaPd2P2 and SrPd2P2, respectively. 
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The electronic band dispersion without and with SOC along various symmetry directions in the 

Brillouin zone of body centered tetragonal lattice for CaPd2P2 and SrPd2P2 are shown in Figure 5 

(a) and (b), respectively. Both compounds have a metallic character with two highly dispersive 

bands crossing the Fermi level along the Γ3-Z, Γ-Z, Γ-Γ1, and Γ1-Γ2 symmetry directions.  

Between Γ-X-P-Γ3 and Γ-Γ2, valence and conduction bands are well separated from each other. 

As expected, overall both dispersion curves are very similar. However, some small differences 

due to the energy shift and distinctions in lattice parameters can be noticed, for example, near 

high symmetry points. In order to check how the inclusion of SOC influences the electronic 

structure, further self-consistent calculations were done with a term σ · L added to the second-

variational Hamiltonian.  As can be regarded from Figure 6 (a) and (b), the effect of introducing 

SOC is very small, marginally lifting degeneracy in the band structure (for example, along Γ-Z 

direction), and not radically changings near Fermi level are observed in both compounds. Far 

from EF most of the bands are also nearly unchanged except a few gaps increase owing to a 

reduction of symmetry [47].  

In both compounds, the calculations show that two bands cross the Fermi level, leading to nearly 

indistinguishable Fermi surface sheets, shown in Figure 5 (c) and (d). The first sheet has a 

truncated disk-like shape centered at the Z point, with additional 4 arms touching the edges of 

the Brillouin zone. The second sheet consists of a quasi-two-dimensional warped cylinder 

centered at the G-point with 4 widen arms along X direction. These two FS shape largely 

resemble topology of other ThCr2Si2-type superconductors such as LaPd2As2  [48], CaPd2As2 

and SrPd2As2 [49].  

In general, according to the McMillan-Hopfield parameters for the superconductivity, the 

electron-phonon coupling constant may be expressed by [36,50,51]:  ߣ௘௟ି௣௛ ൌ ேሺாಷሻழூమவெழఠమவ                                                (7) 

where M is the atomic mass, ൏ ߱ଶ ൐ is the average of squared phonon frequencies, which can 

be also approximated as ൏ ߱ଶ ൐ൌ ஽ଶ߆ 0.5 ,  and  ൏ ଶܫ ൐  is the Fermi surface average of squared 

electron-phonon coupling interaction. Along with the above equation, the value of electron-

phonon coupling constant  ߣ௘௟ି௣௛  decreases rapidly with increasing phonon frequency and the 

mass of the atoms. Since calculated and experimental values of N(EF) for both compounds are 

comparable, and assuming that (i) Pd and P phonon oscillations are particularly important for 
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superconductivity in considered phases and (ii) both compounds have Fermi surfaces with 

similar topology, one can assume that slightly different values of Debye temperatures determine 

slightly inequality between ߣ௘௟ି௣௛ of 0.47  and 0.44 for CaPd2P2 and SrPd2P2, respectively.  

The phonon energy dispersion curves along the high-symmetry directions of the Brillouin zone 

with the optimized crystal structure, together with the calculated total density of states as a 

function of energy, are presented in Figure 6. We do not find any imaginary phonon frequency in 

the whole tetragonal Brillouin zone for both compounds. This feature supports the dynamical 

stability of CaPd2P2 and SrPd2P2 in this structure type. 

The overall both phonon spectrums can be divided into four separate energy regions. The low-

frequency region ranges from 0 to 4.1 THz (CaPd2P2) and to 4.5 THz (SrPd2P2), the second to 

6.0 THZ (CaPd2P2) and 6.3 THZ (SrPd2P2), whereas  third middle frequency region falls   in the 

range from 6.0 THz to 8.6 THz (CaPd2P2) and 6.3 THz to 8.9 THz (SrPd2P2). Finally, the highest 

maxima in the phonon DOSs are in noticeably shifted in the fourth energy range, e.g. between 

12.1 – 12.4 THz, and 9.9 to 11 Thz, for CaPd2P2 and SrPd2P2, respectively. In consequence, both 

full phonon spectrums are lengthened than those for CaPd2As2 (7.1 THz) and SrPd2As2 (6.6 

THz); however, their whole energy spectra ranges are  comparable to the energy ranges  of the 

isostructural ternary phosphides BaM2P2 (M = Ni, Rh, and Ir) with the same structure type [52]. 

This expansion in the frequency range can be regarded as an effect of the substitution of heavier 

As atoms with the lighter P atoms and the comparatively smaller unit cell volume of the 

(Ca,Sr)Pd2P2 compounds. 

In the first phonon energy region, the highest-frequency acoustic phonon branch disperses up to 

around 2.8 THz and 2.5 THz at two-third distance along  Γ-Z direction for CaPd2P2 and SrPd2P2, 

respectively, where it nearly touches one of the low-frequency optical phonon branches. In 

SrPd2P2, the two lowest optical phonon branches are downshifted in this energy region, with the 

visible increase of their curvature. In a consequence, a gap along edges of the BZ completely 

disappears and there is significant overlap between the acoustic and optical branches. 

In the second region, for both compounds, the two lower-frequency branches are degenerate at G 

point, whereas the other two are fully separated along all the directions in the BZ. In turn, in the 

third region, four branches are doubly degenerate only in the vicinity of the G point. These two 

fully separated bands in third region create a high peak in phonon DOS around 4.2 and 4.8 THz 
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for CaPd2P2 and SrPd2P2, respectively. Close inspection of the atomic masses of Ca and Sr 

allows us to understand this difference between the two compounds, in the fully analogy to 

phonon band dispersion for CaPd2As2 and SrPd2As2. Finally, both fourth highest regions include 

only one optical mode which slightly disperses. Like what was noticed in SrPd2As2 and 

SrPd2As2, here we can assume that the contributions to the highest frequency region are mostly 

due to contribution of lighter P atoms.  

The calculated Eliashberg function α2F(߱) and average electron-phonon coupling constant ߣ௘௟ି௣௛  are shown in Figure 7. These yield electron–phonon coupling constants ߣ௘௟ି௣௛ of 0.46 

and 0.44 for CaPd2P2 and SrPd2P2, respectively, in ideal agreement with the presented 

experimental data.   

In both compounds, the contributions of the first, third and fourth frequency regions contribute 

approximately 90% of the total ߣ௘௟ି௣௛for both compounds. Therefore, the presented results of 

phonon calculations allow us to conclude, that Pd and P phonon branches are mostly dominated 

the superconductivity in CaPd2P2 and SrPd2P2. This result is fully expected by the electronic 

DOS calculations because Pd and P states dominate the electronic states close to the Fermi level.  

Finally, the superconducting critical temperature can be calculated using the Allen-Dynes 

formula [53]:  

௖ܶ ൌ ன೗೚೒ଵ.ଶ exp ൤ ିଵ.଴ସ൫ଵାఒ೐೗ష೛೓൯ఒ೐೗ష೛೓ሺଵି଴.଺ଶµכሻିµכ൨                                               (8) 

where the logarithmically averaged phonon frequency ߱௟௢௚ takes the form: 

ω௟௢௚=exp ൤ ଶఒ೐೗ష೛೓ ׬ ௗனன αଶܨሺωሻlogω൨                                               (9) 

Using calculated λel-ph = 0.46, and ߱௟௢௚ = 165.06 cm-1, and choosing adjustable parameter μ* = 

0.12 (values between 0.1 and 0.15 are considered as physically reasonable), a Tc of 0.96 K is 

obtained for CaPd2P2, which agrees remarkably well with the experimental value of 1.00 K. For 

SrPd2P2, λel-ph = 0.44, and ߱௟௢௚ = 160.20 cm-1, this gives a Tc of 0.72, which is again perfectly in 

accordance with the experimental value of 0.7 K. 
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Conclusion 
The new superconductors CaPd2P2 and SrPd2P2 have been successfully synthesized from the Bi -

flux. The crystal structure and phase purity have been confirmed by XRD measurements. A 

combination of resistivity and heat capacity measurements unambiguously shows that CaPd2P2 

and SrPd2P2 are bulk superconductors with Tc ~1.0 and 0.7 K, respectively. The electronic and 

phonon structures were calculated by first-principles methods. The electronic structure analysis 

of CaPd2P2 and SrPd2P2 illustrates that the Pd-P antibonding interactions are key to the 

superconductivity. The work presented here indicates the critical charge-transfer pairs can be a 

useful design paradigm for new superconductors.   
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FIGURES 

 
Figure 1. Main panel: Powder diffraction pattern of (a) CaPd2P2 and (b) SrPd2P2. The red points, 
black solid line and blue solid line represent experimental data (Iobs), the calculated LeBail 
refinement (Icalc) and the difference between calculated and observed intensities (Iobs – Icalc), 
respectively. The vertical bars mark the expected Bragg positions. Inset: The picture of obtained 
single crystals of (a) CaPd2P2 and (b) SrPd2P2. The crystal structure relation between BaFe2As2 
and CaPd2P2. Crystal structure along crystallographic a – axis for BaFe2As2 (c), and CaPd2P2 (e) 
with marked using a dashed line [As − As] (c), and [P − P] (e) units. The single layer of 
[Fe2As2]2- (d), and [Pd2B2]2- (f). The crystal structure data for BaFe2As2 comes from 
reference [54]. 

  



16 
 

Figure 2. The temperature dependence of resistivity measured under zero magnetic field for (a) 

CaPd2P2 and (b) SrPd2P2. The red solid line represents the fit discussed in the text. The low 

temperature dependence of electrical resistivity measured under transverse applied magnetic 

field for (c) CaPd2P2 and (d) SrPd2P2. The upper critical field (Hc2) versus temperature for (e) 

CaPd2P2 and (f) SrPd2P2. The red solid line represent fit discussed in the text.  
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Figure 3. Main panel: The specific heat versus temperature measured in the range from 0.5 to 

300 K for (a) CaPd2P2 and (b) SrPd2P2. The temperature dependence of C/T measured at zero 

applied magnetic field for (c) CaPd2P2 and (d) SrPd2P2. The solid red lines outline an equal-area 

entropy construction. The low temperature range data plotted as C/T vs T2 for (e) CaPd2P2 and 

(f) SrPd2P2. The red solid line represent fit discussed in the text. 

 



18 
 

Figure 4. Crystal Orbital Hamilton Population (-COHP) for CaPd2P2 (a) and SrPd2P2 (c) and 
calculated total and partial DOS of CaPd2P2 (b) and SrPd2P2 (d). The Fermi energy level is 
represented by a dashed line. 
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Figure 5. Calculated electronic band structure along selected high symmetry directions in the 

bcc Brillouin (a, b) with (red lines) and without spin-orbit coupling. Corresponding Fermi 

surface sheets (c,d) of CaPd2As2 and SrPd2P2 with spin-orbit coupling.   
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Figure 6. Phonon dispersion curves (a,b) along high symmetry directions in the Brillouin zone 

and density of states (c,d) at the optimized lattice parameters of  CaPd2P2 and SrPd2As2. 
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Figure 7. Calculated isotropic Eliashberg spectral function α2F(ω) (solid line) and integrated 

electron-phonon coupling strength λ (red line) of CaPd2As2 and SrPd2P2 superconductors at the 

optimized lattice parameters. 
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TABLES 

Table 1. Normal and superconductivity parameters of CaPd2P2 and SrPd2P2. 

Parameter Units CaPd2P2 SrPd2P2 

ρ0 μΩ cm 23.48(3) 67.79(4) 

Bel-ph μΩ cm K-1 0.24(1) 0.39(1) 

�D [ρ(T)] K 232(1) 185(1) 

γ mJ mol-1 K-2 6.2(2) 6.13(2) 

�D [Cp] K 278(1) 302(1) 

Tc K 1.0 0.7 

ΔC/ γTc - 1.40 1.42 

λel-ph - 0.46 0.42 

N(EF) States/eV/f.u. 1.74 1.77 

Hc2(0) Oe 935  625  ீߦ௅ nm 592 724 

 

 

 

 

 

 

 


