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Abstract  

Titanium exhibits high affinity to hydrogen and the Ti-H compounds are thermodynamically 

stable. We introduced the Ti elements in the P-H compounds to deal with the 

thermodynamic-instability issue of the P-H compounds. In this work, ternary hydrogen-rich 

compounds TiPHn (n = 1-8) were studied and calculated using the density function theory 

(DFT) method. The results showed that the TiPH4 and TiPH8 had high superconducting 

critical temperatures (Tc) as well as better stability. Among TiPHn (n = 1-8), the TiPH and 

TiPH4 were most stable at 50-200 and 250-300 GPa, respectively. For the R-3m-TiPH4 

structure, the predicted Tc’s are 52 and 62 K at 100 and 250 GPa, respectiely, and its larger 

Young's modulus suggested that it might be potentially synthetized in experiment. 
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1. Introduction 

    It has been proposed, based on the Bardeen Cooper Schrieffer (BCS) theory[1], 

that highly compressed solid hydrogen[2] and hydrogen-rich compounds[3] can possess 

high superconducting transition temperatures (Tc) due to the high vibration 

frequencies of hydrogen atoms in these materials. Recently, experimental studies on 

H2S, PH3 and LaH10
[4-6], and many theoretical studies on H3S, YH10, LaH10, CaH6, 

SiH4, and B2H6
[7-11], etc. have demonstrated the superconductivity in these H-rich 

materials under high pressure.  

The theoretical and experimental results indicated that many binary H-rich 

materials at high pressure such as H3S[7], YH10
[8], LaH10

[8], CaH6
[9], SiH4

[10] and 

MgH6
[12], etc. exhibit high Tc. One of the representative examples is H2S/H3S, for 

which the experimental reported Tc is 203 K at 155 GPa and it was also suggested that 

the high Tc may be resulted from the decomposed product H3S.[5] Before this 

experiment, the theoretical study had predicted that the H3S Im-3m structure had a Tc 

as high as 191-204 K at 200 GPa.[7] Also, the theoretical study showed that H2S could 

only be stable below 43 GPa, and when the pressure is above 43 GPa the most stable 

structure is the H3S Im-3m phase until 300 GPa, indicating that H2S would 

decompose into H3S plus S above 43 GPa.[7] For yttrium hydrides, it was theoretically 

predicted that YH6 has a very high Tc of 251-264 K at 120 GPa,[13] and YH10, had a 

very high Tc of 305-326 K at 250 GPa.[8] LaH10 had a very high Tc of 274-286 K at 

210 GPa.[8] In addition, MgH6 and CaH6 were theoretically predicted to have very 

high Tc of ~260 K at 300 GPa,[12] and 200-235 K at 150 GPa,[9] respectively. 
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For the SiH4 compounds mentioned above, it was found to decompose at room 

temperature above 50 GPa and can react with other metals from the diamond anvil 

cell to form compounds including PtH.[14] This conclusion was also confirmed 

theoretically that the Tc of PtH is in good agreement with the experimental data of 

Tc.[15-16] GeH4 was theoretically predicted to achieve superconductivity at 20 GPa 

with a Tc of 40 K.[17-18] Moreover, actinide-based hydrides have also attracted much 

attention, e.g., the superconductivity of ThH10 was theoretically studied and the 

predicted Tc was 194 K at 100 GPa.[19] 

There are a few studies on ternary hydride superconductors, e.g., Fe2SH3 was 

theoretically predicted to be stable at 100 GPa, with a very small Tc of only ~ 0.3 K at 

173 GPa.[20] Besides, theoretical predictions showed that Ba(AuH2)2 and Sr(AuH2)2 

were stable at 1 atm and had the Tc of 30 and 10 K, respectively.[21] The theoretical 

study on MgSiH6, showed that it has a Tc of ~ 63 K at 250 GPa.[22] Recently, Fan et al. 

studied theoretically the superconductivity of H3SxP1-x, H3PxS1-x and H3ClxS1-x at 200 

GPa using virtual crystal approximation (VCA), and found that the Tc (197 K) of 

H3P0.15S0.085, was the highest.[23] Also, it was found in the experiment that the Tc in the 

hydrogen rich BaReH9 was ~7 K at above 100 GPa.[24]  

For phosphorous compounds, a systematic theoretical study on PHn (n = 1-6)  

showed that the Tc of the monoclinic phase C2/m of PH3 reached about 100 K at 200 

GPa, and two C2/m and I4/mmm structures of PH2 had Tc of about 76 and 70 K, 

respectively, at 200 GPa.[25-27] Meanwhile, the Tc of PH3 was reported experimentally 

to be 103 K at 207 GPa.[4] However, the P-H compounds are unstable and exhibit a 
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tendency of decomposition to P and H2 at high pressures.[25] In recent experimental 

studies, the presence of the Ti-H compounds were reported, and the Tc of TiH2.74 was 

predicted to be 4 K.[28] Although the Ti-H compounds did not have high Tc, they can 

be stabilized at normal pressure, because Ti has a very high affinity to hydrogen, 

acting as a typical hydride forming agent. As a result, the titanium hydride had brittle 

phases, and hydrogen embrittlement can lead to premature failure of titanium 

alloys.[28] The Ti-H compounds have high stability, but relatively low Tc. On the other 

hand, as mentioned above, the P-H compounds had been experimentally shown to 

have high Tc, but they were thermodynamically unstable, which affects the 

applicability of the P-H superconductors, thus in our study, Ti was introduced to the 

P-H systems, the high affinity of Ti to H would bring better stability of the Ti-P-H 

compounds.  

2. Computational details  

The low-enthalpy structures of TiPHn (n = 1-8) at high pressure were searched by 

genetic algorithm (GA)[29-31] combined with structural optimizations using density 

functional theory (DFT). Perdew-Burke-Ernzerh (PBE) exchange-correlation energy 

functional[32-33] and ultrasoft pseudopotentials, implemented in the CASTEP code[34] 

are employed. It had been shown that the GA search is very successful in predicting 

crystalline structures.[35-39] The GA search of low-enthalpy structures of TiPHn (n = 

1-8) were performed at 200 GPa, with a GA pool containing 80 candidate structures. 

Then the low-enthalpy structures from the GA search were re-optimized with high 

precision at the pressure range 50 - 300 GPa, with a 800 eV for the kinetic energy 



 

  5  

cutoff for plane wave basis and a Monkhorst-Pack k-point sampling resolution of 2π × 

0.03 Å−1.  

The phonon spectra and electron-phonon coupling (EPC) parameters were 

calculated using the Quantum-Espresso (QE)[40] code with the DFT-PBE method and 

ultrasoft pseudopotentials. In QE,[40] we re-optimized structures with an energy cutoff 

of 816 eV and k meshes of 16×16×16, 16×16×4, 12×12×8, 16×16×4, 12×12×4, 

12×16×8, 12×20×12, and 12×16×8 for TiPH1, TiPH2, TiPH3, TiPH4, TiPH5, TiPH6, 

TiPH7, TiPH8, respectively. For TiPH4, the phonon dispersions and electron-phonon 

couplings and the Tc were calculated by a q mesh of 8×8×2.  

 

3. Results and discussion 

3.1 Structural stability of TiPHn (n = 1-8) 

The stable structures of TiPHn (n = 1-8) were investigated at the pressure range 

of 50-300 GPa. Unlike binary hydrides, there are many decomposition paths for 

ternary compounds. Due to the instability of hydrogen phosphide, we don't need to 

consider the decomposition paths to P-H compounds. In the experiment, the 

stoichiometric ratio of the Ti-H compound was found to be TiH2.74.
[41] We estimated 

the stabilities of TiH2 and TiH3 and found that TiH2 is more stable than TiH3. 

Therefore, we analyzed the Ti-P-H compound stabilities by two decomposition paths: 

TiPHn → TiH2 + P + (n-2)H and TiPHn → TiP + nH. Among the two paths, the first 

one TiPHn → TiH2 + P + (n-2)H corresponds to a smaller enthalpy difference and thus 

more favorable for TiPH2-8 decompositions. 
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The structural stabilities of the TiPHn compounds were estimated by the 

calculated enthalpies of formation per atom (∆H’s). The most stable structures 

obtained for TiPH1-8 are P3m1, P-6m2, R3m, R-3m, I-4m2, Cm, P3, and C2/m 

structures, respectively, at 50-300 GPa. For each TiPHn compound, there is no phase 

transition occurs in the pressure range of 50-300 GPa. The TiPH2-P-6m2, TiPH3-R3m 

and TiPH7-P3 structures were found to be dynamically unstable, we therefore replaced 

them with TiPH2-R-3m, TiPH3-Amm2 and TiPH7-Cm, respectively, in phonon and Tc 

calculations. The crystal structures of TiPH-P3m1, TiPH2-R-3m, TiPH4-R-3m and 

TiPH8-C2/m at 250 GPa were shown in Figure 1, and the others were shown in Figure 

S1. 

When calculating enthalpy differences, the most stable phases of H were taken as 

P63/m at 50-100 GPa, C2/c at 150-250 GPa and Cmca at 300 GPa,[42] and those for P 

were Pm-3m at 50-100 GPa, P6/mmm at 150-200 GPa, Im-3m at 250-300 GPa.[43-47] 

The structures for TiP were taken as Cmcm at 50-200 GPa, and Cmmm at 250-300 

GPa, and those for TiH2 were I4/mmm at 50 GPa, P4/nmm at 100-250 GPa, and 

P21/m at 300 GPa.[48] The enthalpy differences of TiPHn (n = 1-8) related to the two 

decomposition paths were displayed in Figures 2 (a) and (b).  

Figure 2 (a) displays the stability of TiPHn (n = 1-8) relative to decomposition 

path TiPHn → TiP + nH. In the pressure range of 50-200 GPa, TiPH is the most stable 

structure. According to the convex hull diagram (Figure 2 (a)), TiPH4 becomes stable 

above 100 GPa and turns to be most stable at 250-300 GPa, TiPH2 becomes stable 

above 250 GPa, and TiPH8 can be stabilized above 200 GPa. Figure 2 (b) shows the 
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formation enthalpy of TiPHn (n = 2-8) relative to TiH2 + P + (n-2)H for the most 

favorable structures for each composition. When the pressures was lower than 50 GPa, 

the structures of all TiPHn (n = 2-8) systems are thermodynamically unstable, and 

TiPH4 becomes stable from 100 GPa on. With the pressure increased to 200-300 GPa, 

TiPH4 maintains to be the most stable stoichiometry, and also TiPH8 becomes stable, 

while TiPH3, TiPH5, TiPH6 and TiPH7 are metastable by the convex hull diagram 

(Figure 2 (b)).  

In order to further investigate the stability of the Ti-P-H compounds, the 

trigonometric phase diagram is employed to analyze the enthalpy values under 

different pressures, as shown in Figure 3. And the three vertices represent the enthalpy 

values for the pure titanium, phosphorus and hydrogen, respectively. We only plot the 

corresponding compounds with the lower enthalpy compared with the potential 

energy surface formed by the three monomers after unitization. In other words, the 

trigonometric phase diagram shows the stable structures under the corresponding 

pressure, indicating that the stability of TiPH4 and TiPH8 in the pressure range of 

200-300 GPa, which is in agreement with the results from enthalpy difference 

analyses by the two decomposition paths in Figure 2. 

3.2 Electronic properties and superconductivity of TiPH2, TiPH4 and TiPH8 

For TiPH2, TiPH4 and TIPH8, we further studied their electronic, dynamic and 

mechanical properties, as well as superconducting properties. To determine whether 

TiPH2-R-3m, TiPH4-R-3m and TiPH8-C2/m are metals under a given pressure, the 

electronic band structures and projected density of states (PDOSs) of TiPH2-R-3m, 
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TiPH4-R-3m and TiPH8-C2/m were calculated, e.g., their band structures at 250 GPa 

as shown in Figure 4. The overlap between conduction bands and valence bands at the 

Fermi level (NF) show their metallic character. The overlap of energy bands at Fermi 

level will directly affect the prediction results of Tc. 

Next, we calculated the phonon dispersion curves and phonon density of states 

(PHDOSs) of TiPH2-R-3m at 250 GPa, TiPH4-R-3m at 100 and 250 GPa, and 

TiPH8-C2/m at 250 GPa to determine their dynamic stabilities. The results indicate 

that there phonon dispersion curves have no imaginary frequency (Figure 5), 

indicating that all these structures are dynamically stable. In the PHDOSs, there are 

two distinct frequency branches: the low-frequency vibrations below ~20 THz 

contributed by heavier Ti and P atoms and high-frequency vibrations mainly 

associated with H atoms. Figure S2 shows the phonon dispersion curves and PHDOSs 

of TiPH1-P3m1, TiPH3-Amm2, TiPH5-I-4m2 TiPH6-Cm, and TiPH7-Cm, which 

confirm their dynamic stability. 

In order to be used in experiment, structures of materials must have good mechanical 

stability. To examine the mechanical stabilities of TiPHn, we calculated their elastic 

constants. The mechanical stability of hexagonal phase (e.g., TiPH2-R-3m and 

TiPH4-R-3m) should satisfy the criteria[49]  

0>C 44 , 
1211 C  C > , ( ) 2

13331211 2CC 2C  C >+            (1) 

and the criteria for mechanical stability of monoclinic phase (e.g., TiPH8-C2/m)[49] is 

given in the supporting information. Based on these criteria, all of TiPH2-R-3m, 

TiPH4-R-3m and TiPH8-C2/m were mechanically stable, as seen from Table 1. At the 
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same time, the Young's modulus of TiPH2-R-3m, TiPH4-R-3m and TiPH8-C2/m were 

compared with those of SH3, PH2, TiH2, P, Ti, and TiP, showing that TiPH4-R-3m and 

TiPH8-C2/m have good elongation. Although their Young's modulus results do not 

reach the values of SH3, they are more difficult to deform than the PH2 and TiH2 

compounds, and thus the introduction of P atoms can improve the hydrogen 

embrittlement of the Ti-H compounds (Figure 6). This showed that these structures 

can be used in experiments, and their mechanical stability was sufficient to support 

their practical application without deformation. 

Based on the stabilities and electronic properties of TiPH2, TiPH4 and TiPH8, we 

predicted their Tc values at different pressures. The Tc calculation is accomplished by 

calculating electron-phonon coupling (EPC) parameter λ (Eq. 2), logarithmic average 

phonon frequency ωlog, electronic density of states (DOS) at the Fermi level (εf), and 

Eliashberg phonon spectral function α2F(ω). α2F(ω) and λ are shown in Figure 7. . λ 

and Tc are calculated by 

∫ ∂= 0

0

q22
ω

ω
ω

λ
q

d
F                     (2) 

and the Allen-Dynes modified McMillan equation[50]  










−−
+−= ∗∗ µµλ

λω
)62.01(

)1(04.1
exp

20.1
log

cT

        
(3) 

respectively. The Tc calculated values were given in Table 2.   

From Figure 7, the total contributions from Ti and P atoms to Tc are 81% (250 

GPa) for TiPH2, 67% (100 GPa) and 60% (250 GPa) for TiPH4, and 31% (250 GPa) 

for TiPH8. Obviously, the heavy atoms contributed to Tc more than 80% in TiPH2, 

whereas the H atoms contributed to Tc more than the Ti and P atoms in TiPH4 and 
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TiPH8. Too little hydrogen may be the main reason for the low Tc of TiPH2 (calculated 

to be 2.22 K). The Tc of TiPH4 calculated with μ* = 0.1 are 51.57, 38.08, 62.36, and 

57.06 K at 100, 200, 250, and 300 GPa, respectively, highly promoted compared with 

the low Tc (4 K) of TiH2.74
[41]. Though the Tc of TiPH5 could reach 125 K at 250 GPa, 

the TiPH5 is metastable based on the convex diagram (Figure S3). In addition, unlike 

the previously predicted P-H compounds, the TiPH and TiPH4 compounds can be 

stabilized from 50 and 100 GPa on, respectively, which solves the instability of P-H 

compounds by adding Ti element and TiPH4, which can be stabilized above 100 GPa, 

has also a high Tc, as mentioned above. 

 

4. Conclusion 

In this work, we systematically studied the structures and stabilities of TiPHn (n = 

1-8) at the pressure range 50-300 GPa. For the TiPHn hydrides, we estimated their 

stabilities relative to two possible decompositions: TiPHn→TiP + nH (n = 1-8) and 

TiPHn→TiH2 + P + (n-2)H (n = 2-8). From the convex diagram of the formation 

enthalpy of TiPHn relative to TiPHn → TiP + nH, TiPH is most stable at 50-200 GPa, 

TiPH4 most stable at 250-300 GPa, and TiPH8 can be stabilized above 200 GPa. 

Relative to TiPHn → TiH2 + P + (n-2)H (n = 2-8), TiPH4 becomes most stable above 

200 GPa, and TiPH8 becomes stable above 200 GPa.  

The calculated Tc of TiPH4 R-3m phase are 51.57 and 62.36 K at 100 and 250 

GPa, respectively, and the Tc of TiPH8 C/2m structure was calculated to be 66.67 K at 

250 GPa. By contrast, TiPH has no superconductivity and the calculated Tc of TiPH2 
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at 250 GPa is only 2.22 K.  

Ti-P-H hydrides have their own advantages: first, compared with unstable P-H 

compounds, the stability of TiPHn (n=1-8) is significantly enhanced, secondly, Ti has 

a high affinity with H and thus H does not evaporate easily, On other hand, the 

problem of hydrogen embrittlement of Ti-H compound in experiment can be 

improved by adding P, and also Tc of Ti-P-H compounds was enhanced. Therefore, 

Ti-P-H materials could be expected to have potential applications in the field of 

superconducting materials.  
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Figure 

 

Fig. 1. Structures of TiPH, TiPH2, TiPH4 and TiPH8 at 250 GPa: (a) TiPH-P3m1 
structure; (b) TiPH2-R-3m structure; (c) TiPH4 R-3m structure; and (d) TiPH8 C2/m 
structure. Blue, purple and yellow atoms represent Ti, P and H, respectively. 

 

Fig. 2. Formation enthalpies of TiPHn compounds: (a) formation enthalpies relative to 
decomposition TiPHn→TiP + nH at 50-300 GPa; and (b) formation enthalpies relative 
to decomposition TiPHn→TiH2 + P + (n-2)H at 50-300 GPa. Solid shape points fall on 
the convex hull, which represent thermodynamically stable phases, while hollow 
shape points locate on dashed line, which denote metastable phase. 
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Fig. 3. Trigonal phase diagrams of the Ti-P-H compounds at 200, 250 and 300 GPa, 
respectively. Solid symbols denote stable stoichiometries. 

 
Fig. 4. Electronic band structures and PDOSs of (a) TiPH2-R-3m, (b) TiPH4-R-3m 
and (c) TiPH8-C2/m at 250 GPa. 

(a) (b) (c) 

(a) (b) (c) 
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Fig. 5. (a), (c), (e) and (g) Calculated phonon dispersion curves of TiPH2-R-3m at 250 
GPa, TiPH4-R-3m at 100 and 250 GPa and TiPH8-C2/m at 250 GPa. (b), (d), (f) and 
(h) Calculated PHDOSs of TiPH2-R-3m at 250 GPa, TiPH4-R-3m at 100 and 250 GPa 
and TiPH8-C2/m at 250 GPa. 

 

Fig. 6. Comparison of Young Modulus of TiPH2, TiPH4, and TiPH8 with SH3, PH2, 
TiH2, P, Ti, and TiP on X, Y and Z axes. 
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Fig. 7. Eliashberg phonon spectral function α2F(ω), and electron-phonon coupling 
parameter λ of TiPH2-R-3m at 250 GPa, TiPH4-R-3m at 100 and 250 GPa, and 
TiPH8-C2/m at 250 GPa, respectively. 
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Table 

Tab. 1. Elastic stiffness constants Cij for TiPH2, TiPH4 and TiPH8.

 C11 C12 C13 C33 C44 

TiPH2 947.84 843.23 794.14 1632.24 525.40 

TiPH4 1118.09 859.47 634.85 1364.38 249.70 

 C11 C12 C13 C15 C22 

TiPH8 1155.31 537.30 647.46 0.47 1551.61 

 C23 C25 C33 C35 C44 

TiPH8 550.08 52.50 1166.84 9.00 274.87 

 C46 C55 C66   

TiPH8 -83.73 214.45 315.98   

      



 

  22  

 

 P (GPa) ωlog (K) N (εf) λ Tc (K) 

μ* = 0.1 

Tc (K) 

μ* = 0.13 

TiPH 150 749.031 2.191 0.131 0.00 0.00 

TiPH2 250 624.512 14.155 0.389 2.22 0.91 

TiPH3 250 197.246 14.870 2.239 30.51 28.66 

 

 

TiPH4 

100 392.198 24.187 1.770 51.57 47.72 

200 340.640 22.832 1.470 38.08 34.65 

250 722.043 22.105 1.166 62.36 55.06 

300 792.698 21.480 1.022 57.06 49.20 

TiPH5 250 908.452 13.762 1.901 126.06 117.25 

TiPH6 250 787.112 11.069 0.843 40.89 33.59 

TiPH7 250 885.680 11.724 0.894 51.32 42.88 

TiPH8 250 1009.756 11.886 0.967 66.67 56.80 

300 974.589 11.318 0.879 54.77 45.56 

Tab. 2. Calculated EPC parameter λ, DOS at the Fermi level N(εf), logarithmic 

average phonon frequency ωlog, and Tc of TiPHn at different pressures. 

 




