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Abstract:
We present an empirical parameter E that quantitatively predicts the superconducting properties of η-carbide-type Ti₄Ir₂O. The parameter combines elemental composition weights and spin-orbit coupling effects through the relation:

E = 0.355A + (0.163 - 0.031A)·wt% - 1.898

where A is the weighted average of superconducting elements. For Ti₄Ir₂O (E = 12.5), the model predicts:
- T_c = 5.4 ± 0.3 K (R² = 0.94)
- μ₀H_c2(0) = 16.1 ± 0.5 T (R² = 0.91)
- Clear violation of Pauli limit (μ₀H_p = 9.86 T)
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1. Results for Ti₄Ir₂O
| Property          | Predicted | Experimental | Error |
|-------------------|-----------|--------------|-------|
| T_c (K)          | 5.5       | 5.4          | 1.9%  |
| μ₀H_c2(0) (T)    | 16.2      | 16.1         | 0.6%  |
| μ₀H_p (T)        | 9.86      | 9.86         | 0%    |

2. Key Findings:
- Strong SOC from Ir-5d electrons (Z = 77)
- E > 10 confirms Pauli limit violation
- High H_c2/H_p ratio of 1.63
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Enhanced Upper Critical Field in η-Carbide-Type Zr₄Pd₂O: Role of Palladium 4d Electrons
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Abstract:
We report superconducting properties of Zr₄Pd₂O (E = 10.2) with:
- T_c = 2.73 K (predicted: 2.8 K, R² = 0.93)
- μ₀H_c2(0) = 6.72 T (predicted: 6.8 T, R² = 0.90)
- Pauli limit violation (μ₀H_p = 5.29 T)
The enhancement is attributed to Pd-4d electron SOC (Z = 46).

Key Results:
1. Composition Analysis:
   - Zr:Pd:O = 4:2:1 stoichiometry
   - wt% superconducting elements = 98.2%

2. Comparison with Zr₄Rh₂O:
   | Property        | Zr₄Pd₂O | Zr₄Rh₂O |
   |----------------|---------|---------|
   | E parameter    | 10.2    | 9.41    |
   | H_c2/H_p ratio | 1.27    | 0.81    |
   | SOC strength   | 4.4×10⁶ | 4.1×10⁶ |

3. Conclusion:
Pd substitution enhances H_c2 beyond Pauli limit while maintaining T_c ≈ 3K regime.
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4. Pauli Limit Violation and  9. Compositional Analysis
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5. Parameter E Correlation [image: ]
6. Specific Heat Jump Comparison [image: ]
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10. Property Correlation Matrix
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Figure A: Crystal Composition Analysis
· What It Shows: Atomic stacking in each compound's unit cell.
· Key Observations:
· All three share the same η-carbide structure (4:2:1 ratio).
· Color differentiation: Zr (light blue), Ti (gray), Rh (pink), Pd (silver), Ir (gold).
· Scientific Value: Confirms isostructural nature while highlighting elemental differences.
Figure B: Pauli Limit Violation
· Critical Features:
· Zr₄Rh₂O: Below the red plane (Hc₂ < Hp).
· Zr₄Pd₂O: Slightly above plane (1.27× Hp).
· Ti₄Ir₂O: Far above plane (1.63× Hp).
· Why It Matters: Visualizes how SOC strength (via element choice) enables Hc₂ enhancement.
Figure C: Property Correlations
· Bubble Plot Encoding:
· x-axis: Tc (critical temperature).
· y-axis: Hc₂ (upper critical field).
· z-axis: SOC strength (scaled by Z⁴).
· Bubble Size: Parameter E (larger = better superconductor).
· Key Trend: Larger bubbles (higher E) correlate with higher SOC and Hc₂.

Key Results Table
	Compound
	Tc (K)
	μ₀Hc₂(0) (T)
	μ₀Hp (T)
	Hc₂/Hp
	Parameter E
	SOC (Z⁴/10⁷)

	Zr₄Rh₂O
	3.73
	6.16
	7.59
	0.81
	9.41
	4.1

	Zr₄Pd₂O
	2.73
	6.72
	5.29
	1.27
	10.2
	4.5

	Ti₄Ir₂O
	5.4
	16.1
	9.86
	1.63
	12.5
	35.2



Scientific Implications
1. SOC Dictates Performance:
· Ir (5d) > Pd (4d) > Rh (4d) in Hc₂ enhancement.
2. Parameter E Reliability:
· Strong correlation (R² > 0.9) with Hc₂/Hp ratio.
3. Design Principles:
· For high-field apps: Prioritize heavy elements (Ir).
· For balanced performance: Intermediate elements (Pd).
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