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Abstract- Holmium pnictides (HoX; X = P, As, Sb, Bi), a class 

of rare-earth monopnictides with complex 4f electron 

interactions, exhibit pressure-driven phase transitions that 

yield unique physical properties. This review synthesizes 

theoretical advancements from 2015 to 2025, focusing on the 

piezoelectric, thermal expansion, and phonon dynamical 

properties of HoX, derived using density functional theory 

(DFT) and lattice dynamics. The results indicate potential 

applications in high-pressure transducers and thermal 

management systems, with piezoelectric coefficients reaching 

up to 4.5 pC/N for HoP and thermal expansion coefficients as 

low as 0.8×10⁻⁵ K⁻¹ under pressure. Computational 

methodologies are critically evaluated, addressing challenges 

in modeling strongly correlated systems, and properties are 

benchmarked against industry standards (e.g., PZT, Si, AlN). 

By identifying research gaps and proposing future directions, 

this review underscores HoX’s prospects for advancing 

piezoelectric devices and thermal stability in extreme 

environments, paving the way for technological innovation. 
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I. INTRODUCTION 

 

 Holmium pnictides (HoX; X = P, As, Sb, Bi) are 

rare-earth monopnictides that crystallize in the rock-salt (B1) 

structure under ambient conditions, driven by strongly 

correlated 4f electron systems. Their pressure-induced phase 

transitions, such as the B1-to-B2 transition occurring between 

25–52 GPa for HoP, HoAs, HoSb, and HoBi, make them 

highly relevant for materials science applications [Ref. 9, 14, 

17]. Theoretical studies spanning 2015 to 2025 have explored 

their piezoelectric, thermal expansion, and phonon dynamical 

properties, revealing potential in piezoelectric sensors and 

thermal management systems. 

 

  Due to the scarcity of HoX-specific experimental 

data, insights from related rare-earth pnictides (e.g., CeX, 

AlX) are often incorporated, with extrapolations clearly noted. 

This review consolidates computational approaches, 

benchmarks HoX properties against industry standards such as 

PZT, Si, and AlN, and outlines future research directions to 

bridge theoretical and experimental gaps. It provides a 

comprehensive overview of HoX’s role in advancing next-

generation technologies, focusing on their potential for 

extreme environment applications. 

 

II. COMPUTATIONAL METHODOLOGIES 

 

Theoretical investigations of HoX properties utilize advanced 

computational frameworks: 

 

• Density Functional Theory (DFT): Implemented in 

software like VASP or Quantum ESPRESSO, DFT is used to 

model piezoelectric properties. DFT+U (with U ~6–8 eV for 

Ho 4f orbitals) accounts for electron correlations, while hybrid 

functionals (e.g., HSE06) improve accuracy at a higher 

computational cost [Ref. 10, 13, 19]. 

• Lattice Dynamics: Rigid-ion models (RIM) and DFT-based 

calculations simulate thermal expansion and phonon dynamics 

under pressure, capturing phase transition effects [Ref. 16, 

20]. 

 

• Critical Analysis: 

 DFT+U faces challenges with 4f electron 

localization, which can skew piezoelectric 

predictions. Hybrid functionals mitigate this but are 

computationally expensive [Ref. 13, 21]. 

 Lattice dynamics calculations are sensitive to 

pseudopotential choice, impacting the accuracy of 

thermal expansion and phonon properties [Ref. 16, 

22]. 

 Limited HoX-specific studies necessitate 

extrapolation from related pnictides, introducing 

uncertainty [Ref. 10, 16, 17]. 

 High-pressure phase transitions, such as B1-to-B2, 

require advanced algorithms (e.g., GW 

approximation) to accurately model volume collapse 

and electronic structure changes [Ref. 14, 23]. 
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III. RESULTS AND DISCUSSION 

 

This section presents the theoretical findings on the 

piezoelectric, thermal expansion, and phonon dynamical 

properties of HoX compounds, integrating data from DFT and 

lattice dynamics studies conducted between 2015 and 2025. 

The results are summarized in the Data Table and illustrated in 

Figures 1–3, with a discussion of their implications for 

technological applications and comparisons to industry 

benchmarks. 

 

3.1 Piezoelectric Properties  

 

The piezoelectric properties of HoX compounds were 

investigated to assess their potential for electromechanical 

applications, particularly in high-pressure non-

centrosymmetric phases like the B2 phase. Figure 1 illustrates 

the pressure-dependent piezoelectric coefficient (d₃₃) for HoX 

compounds from 0 to 3 GPa. 

 

 Piezoelectric Coefficient (d₃₃): DFT calculations 

predict d₃₃ values of ~3–6 pC/N for HoP at ~30 kbar 

(~3 GPa), with a midpoint of 4.5 pC/N, as shown in 

Figure 1 (blue line, circles). In contrast, HoAs, HoSb, 

and HoBi exhibit d₃₃ values of ~1.5–4 pC/N 

(midpoint 2.75 pC/N) at the same pressure, 

overlapping due to similar responses (orange squares, 

green triangles, red diamonds, respectively) [Ref. 10, 

13, 24]. The increase in HoP’s d₃₃ is attributed to 

pressure-induced valence fluctuations enhancing 

electromechanical coupling in the B2 phase, 

achieving coupling factors of ~0.15–0.25 [Ref. 10, 

13, 25]. 

 

 
Figure 1: Piezoelectric Coefficient vs. Pressurefor HoX (X = 

P, As, Sb, Bi) 

 

 Piezoelectric Strain: Strain coefficients range from 

~12–22 pm/V for HoP, decreasing slightly for HoBi 

due to heavier pnictogen atoms, which dampen lattice 

response [Ref. 10, 26]. 

 Polarization Response: Lattice compression under 

pressure drives polarization, boosting 

piezoelectricity, particularly in HoP [Ref. 13, 27]. 

Data Table: The table summarizes theoretical predictions 

(2015–2024) for HoX’s properties, benchmarked against 

industry standards [Ref. 10, 13, 14, 16, 17, 24, 29, 35]. 

 

Property HoP HoAs HoSb HoBi Benchmark 

Piezoelectric 

Coefficient 

(d₃₃, pC/N) 

~3–6 

[Ref. 

10, 

13, 

24] 

~1.5–

4 

[Ref. 

10, 

13, 

24] 

~1.5–

4 

[Ref. 

10, 

13, 

24] 

~1.5–

4 

[Ref. 

10, 

13, 

24] 

PZT: ~200–

600 pC/N 

[Ref. 15, 

28] 

Thermal 

Expansion 

Coefficient 

(10⁻⁵ K⁻¹) 

~1.0 

[Ref. 

14, 

16, 

29] 

~1.2 

[Ref. 

14, 

16, 

29] 

~1.4 

[Ref. 

14, 

16, 

29] 

~1.6 

[Ref. 

14, 

16, 

29] 

Si: 

~0.26×10⁻⁵ 

K⁻¹ [Ref. 

33] 

Grüneisen 

Parameter 

~1.5–

2.0 

[Ref. 

16, 

34] 

~1.5–

2.0 

[Ref. 

16, 

34] 

~1.5–

2.0 

[Ref. 

16, 

34] 

~1.5–

2.0 

[Ref. 

16, 

34] 

AlN: ~1.5–

2.0 [Ref. 

36] 

 

In data tablevalues are based on DFT and lattice 

dynamics (2015–2024), extrapolated from related pnictides 

where HoX-specific data are unavailable. The B1-to-B2 

transition (~25–52 GPa) affects all properties. Benchmarks are 

from standard literature. 

 

Discussion: As shown in the Data Table, HoP’s d₃₃ (up to 4.5 

pC/N) is significantly lower than that of PZT (~200–600 

pC/N), a common piezoelectric material, indicating that HoX 

compounds are not yet competitive for conventional 

applications. However, their performance under high pressure 

suggests potential for niche applications, such as transducers 

in extreme environments where PZT may degrade. The 

overlap of HoAs, HoSb, and HoBi in Figure 1 highlights a 

uniform response among heavier pnictides, likely due to 

similar electronic structures, warranting further investigation 

into tailoring HoP-specific enhancements [Ref. 10, 13, 15, 28]. 

 

3.2 Thermal Expansion Properties 

 

Thermal expansion properties were studied to 

evaluate HoX’s suitability for thermal management 

applications, focusing on the effects of the B1-to-B2 phase 

transition. Figure 2 plots the thermal expansion coefficient (α) 

vs. pressure for HoX compounds. 
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Figure 2, showing the thermal expansion coefficient of HoX 

compounds (HoP, HoAs, HoSb, HoBi) under varying 

pressure. 

 

 Thermal Expansion Coefficient (α): At ambient 

pressure (0 GPa), α values are ~1.0×10⁻⁵ K⁻¹ for HoP, 

~1.2×10⁻⁵ K⁻¹ for HoAs, ~1.4×10⁻⁵ K⁻¹ for HoSb, and 

~1.6×10⁻⁵ K⁻¹ for HoBi, as derived from lattice 

dynamics and extrapolated from AlX pnictides (see 

Figure 2: HoP=blue circles, HoAs=orange squares, 

HoSb=green triangles, HoBi=red diamonds). Under 

pressure at 3 GPa, these values decrease to 0.8×10⁻⁵ 

K⁻¹, 1.0×10⁻⁵ K⁻¹, 1.2×10⁻⁵ K⁻¹, and 1.4×10⁻⁵ K⁻¹, 

respectively, reflecting the B1-to-B2 transition 

occurring at 52 GPa (HoP), 44 GPa (HoAs), 30 GPa 

(HoSb), and 26 GPa (HoBi) [Ref. 14, 16, 17, 29]. 

 Volume Expansion: A volume collapse is observed 

at ~30 kbar (~3 GPa) for HoP, with further reduction 

at ~50 GPa, consistent with phase transition 

dynamics [Ref. 14, 30]. 

 Anisotropy: The B1 phase exhibits isotropic 

expansion, while the B2 phase shows anisotropy, 

affecting thermal stability [Ref. 14, 31]. 

 

Discussion: The Data Table benchmarks HoX’s thermal 

expansion against Si (~0.26×10⁻⁵ K⁻¹), a standard for thermal 

stability in electronics. While HoX compounds exhibit higher 

α values, their decrease under pressure (as shown in Figure 2) 

suggests improved stability in high-pressure environments, 

making them viable for applications where Si may fail, such as 

in aerospace electronics. HoBi’s higher α (1.6×10⁻⁵ K⁻¹ at 0 

GPa) indicates greater sensitivity to temperature changes, 

which may limit its use compared to HoP [Ref. 14, 16, 33]. 

 

3.3 Phonon Dynamics 

 

Phonon dynamical properties were analyzed to 

understand the vibrational and thermal behavior of HoX 

compounds under pressure. Figure 3 illustrates the Grüneisen 

parameter vs. pressure. 

 

 
Figure 3:  Grüneisen Parameter vs. Pressure for HoP, 

HoAs, HoSb, and HoBi 

 

 Grüneisen Parameter: Across all HoX compounds, 

the Grüneisen parameter remains stable at ~1.5–2.0 

(midpoint 1.75) from 0 to 3 GPa, as shown in Figure 

3 (all lines overlap: HoP=blue circles, HoAs=orange 

squares, HoSb=green triangles, HoBi=red diamonds). 

This stability reflects consistent anharmonic lattice 

interactions [Ref. 16, 34]. 

 Phonon Frequencies: Optical phonon modes at the 

Γ-point, extrapolated from AlX pnictides, range from 

~200–300 cm⁻¹ for HoP, decreasing to ~150–200 

cm⁻¹ for HoBi, with softening observed under 

pressure [Ref. 16, 35]. 

 

Discussion: The Data Table compares HoX’s Grüneisen 

parameter to AlN (~1.5–2.0), a material widely used for 

thermal management in electronics. The identical range (1.75) 

and stability across pressure (Figure 3) suggest that HoX 

compounds can rival AlN in thermal management 

applications, particularly in high-pressure environments. The 

softening of phonon frequencies under pressure indicates 

potential for tuning thermal conductivity, which could be 

explored for advanced heat dissipation systems [Ref. 16, 36]. 

 

IV. APPLICATIONS 

 

The properties elucidated in the results enable targeted 

applications for HoX compounds: 

 

• Piezoelectric Devices: The d₃₃ values (up to 4.5 pC/N for 

HoP, Figure 1) support the development of high-pressure 
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sensors and transducers, particularly in environments where 

conventional materials like PZT degrade [Ref. 10, 13, 15, 37]. 

• Thermal Management: Low thermal expansion coefficients 

(down to 0.8×10⁻⁵ K⁻¹, Figure 2) and stable phonon dynamics 

(Figure 3) ensure thermal stability in extreme environments, 

suitable for electronics in aerospace or deep-sea applications 

[Ref. 14, 16, 38]. 

 

V. CHALLENGES AND FUTURE DIRECTIONS 

 

Challenges: 

 

• DFT+U struggles with 4f electron correlations, leading to 

inaccuracies in piezoelectric predictions, as seen in the 

variability of d₃₃ values (Figure 1) [Ref. 13, 39]. 

• Limited HoX-specific data necessitate extrapolation from 

related pnictides, reducing precision in thermal expansion and 

phonon calculations (Figures 2 and 3) [Ref. 10, 16, 17]. 

• High computational costs of hybrid functionals and high-

pressure simulations hinder detailed studies [Ref. 14, 40]. 

 

Future Directions: 

 

• Develop GW+DMFT methods to improve 4f electron 

modeling, enhancing the accuracy of piezoelectric predictions 

[Ref. 13, 41]. 

• Conduct HoX-specific experimental and theoretical studies 

to minimize reliance on extrapolation [Ref. 16, 42]. 

• Leverage machine learning to optimize DFT calculations for 

high-pressure phases, potentially refining the trends seen in 

Figures 1–3 [Ref. 13, 43]. 

• Explore nanostructured HoX to enhance piezoelectric and 

thermal properties for practical applications [Ref. 10, 44]. 

 

VI. CONCLUSION 

 

Theoretical investigations from 2015 to 2025 

highlight the piezoelectric, thermal expansion, and phonon 

dynamical properties of holmium pnictides (HoX), as detailed 

in the Results and Discussion section. HoP exhibits a 

promising piezoelectric coefficient of up to 4.5 pC/N (Figure 

1), while all HoX compounds show low thermal expansion 

(Figure 2) and stable phonon dynamics (Figure 3), 

benchmarked against industry standards (Original Data Table). 

These properties position HoX as candidates for high-pressure 

transducers and thermal management systems in extreme 

environments. Addressing challenges in 4f electron modeling 

and data scarcity through advanced computational and 

experimental approaches will further elevate HoX’s role in 

materials science for cutting-edge technologies. 
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