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Abstract 

 

We present an Ab-initio study of the pressure effect on the structural properties of thallium phosphide (TlP) compound. 

The plane-wave pseudopotential approach to the density functional theory (DFT) within the local density approximation 

(LDA) implemented in Abinit code was used. The equilibrium lattice parameter, bulk modulus and its pressure 

derivatives, crystal density, near-neighbor and nearest-neighbor distances are calculated. The threshold pressure of the 

phase transition, the volume collapses and the Debye temperature are also obtained. Our results are in general in very 

good agreement with the previous results of the literature. 
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1. Introduction 

Semiconductor materials (silicon, germanium, selenium; lead telluride; lead sulfide, silicon carbide…etc.) are usually 

used to fabricate and elaborate the majority of electronic devices: modulators, detectors, photocells, transistors and 

diodes …etc. In view of their important properties for eventual technological applications, A
III

B
V
 group compounds 

have attracted increasing research interest in the last few years. Much attention has been also given to the study of the 

different physical properties of binary tetrahedral semiconductors because of their potential applications in several areas, 

such as linear and nonlinear optics, solar cells, light-emitting diodes, etc… [1]. It has been suggested that the 

optoelectronic devices based on thallium-V compounds have advantages over the II-VI semiconductor devices, for 

many interesting applications, and especially in optical communication systems in the near-infrared wavelength region 

[2]. It is therefore important to understand the intrinsic physical properties of the thallium-V compounds, and to know 

how to select the appropriate materials for desired technological applications. 

The structural stability of the thallium-V compounds: TlX (X=N, P, As, Sb, and Bi) was studied by Saidi-Houat et al. 

[3]. They found that the cubic zincblende (B3) structure of thallium phosphide (TlP) is the more stable phase compared 

to the other phases for the thallium phosphide compound.  

In the present work, we report first principles calculations of the equilibrium lattice constant, bulk modulus and its 

pressure derivatives, the crystal density, the near-neighbor and nearest-neighbor distances. In addition, the threshold 

pressure of the phase transition, the volume collapses and the Debye temperature are also obtained. Our results are in 

general in good agreement with the previous results of the literature. 

2. Computational methods 

The first-principles calculations were performed by using pseudopotential plane-waves approach based on the density 

functional theory [4] and implemented in the ABINIT code [5-7]. ABINIT code is a package whose main program 

allows one to find the total energy, charge density, electronic structure, elastic, thermodynamic and optic properties of 

systems made of electrons and nuclei (molecules and periodic solids) within density functional theory, employing 

pseudopotentials and a plane-wave basis-set. It is a common project of the Université Catholique de Louvain, Corning 

Incorporated, the Université de Liège and other contributors. 

http://creativecommons.org/licenses/by/3.0/
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The Hartwigsen Goedecker Hutter (HGH) relativistic separable dual space Gaussian pseudopotentials [8] in the context 

of the local density approximation are employed in the computation. The electron-electron interaction was studied 

within the local density approximation (LDA) by Teter-Pade parameterization [9], which reproduces the correlation 

scheme of Perdew and Wang [10].  

A plane-wave basis set was used to solve the Kohn-Sham equations in the pseudopotential implementation of the DFT-

LDA. The Brillouin zone integrations were replaced by discrete summations over a special set of k-points, using the 

standard k-point technique of Monkhorst and Pack [11] where the k-point mesh used is (8 × 8 × 8). The plane-wave 

energy cutoff to expand the wave functions was set to 90Hartree. Careful convergence tests show that with these 

parameters relative energy converged to better than 10
-5

 Hartree. 

3. Results and discussions 

3.1. Equilibrium lattice constant, bulk modulus and its pressure derivatives 
 

After obtaining the kinetic energy and the number of special k-points which gives the best convergence possible of the 

total energy; they were then used in the calculation of the total energy for various values of the lattice constant. The 

different values obtained of the total energy were then traced as a function of the unit cell volume. One can deduce the 

static structural properties such as the equilibrium lattice constant from the volume which gives the minimum energy, 

the bulk modulus, and its pressure derivatives using the following Murnaghan equation of state (EOS) [12]. 
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Where 
0B is the bulk modulus given by the relation (1-b) at zero pressure (P=0), 0V

 
is the equilibrium volume,  0VE

 

is the energy corresponding to equilibrium volume, 
'

0B  is the pressure derivative of the bulk modulus at P=0 and, a is 

the lattice constant. The figure 1 shows the evolution of the total energy as a function of the unit cell volume of both 

zincblende (B3) and Rock-salt (B1) phases of TlP compound. From the graphs connecting the total energy and relative 

volume one can clearly see that the (B3) phase is more stable than the (B1) phase. 
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Fig. 1: Total Energy Variation with the Unit Cell Volume of both (B3) and (B1) Phases of TlP. 

 

The values of the lattice parameter a0, bulk modulus B0, and its pressure derivative B0′ of both zincblende and Rock-salt 

phases are presented in table 1, and compared with the available theoretical data [2], [3], [13-17]. It is seen that, our 

calculated equilibrium lattice parameter a0 of zincblende phase is in excellent agreement with the previously calculated 

data [2, 3, 13-17].  

The value of lattice constant obtained by us, with the Murnaghan equation of state, deviates from the calculated [2], 

[13] LDA and [3] GGA values within 3.76% and 2.63% respectively. It can also be seen, that our calculated bulk 

modulus B0 obtained with the help of Eq. (1-b) (58.076 GPa) is also in good agreement with the earlier calculations; its 

deviation is about 0.94% from the value calculated by Ciftci et al [2] LDA.  

Our calculated equilibrium lattice parameter a0 of RS phase is also in concordance with the previously calculated data 

[2], [14]. The bulk modulus B0 of RS phase is also in good agreement with the other theoretical calculations; its 

deviation is about 6.77% from the value obtained by Ciftci et al [2] LDA.  
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Table 1: Lattice Constants a0, Bulk Modulus B0 and its Pressure Derivative B0′ of TlP in Comparison With Other Theoretical Values [2], [3], [13-17]. 

Phase Parameter Our work                                                    Other works 

 

 

    

(B3) 

a0 (Å) 
5.963               5.747[2, 13]LDA                       6.125[2]GGA                             6.124[3, 17]GGA 

6.001[14]GGA                          5.96[15]LDA 

B0 (GPa) 
50.076              57.536[2]LDA                           45.975[2]GGA                            46.75[3, 17]GGA 

71.3[13]                53.3[14]GGA                    57[15]LDA             80.46[16]LDA 

B0′ 
4.425                4.857[2]LDA                             4.401[2]GGA                               4.847[13]LDA     

4.5[14]GGA 

 

(B1) 

a0 (Å) 5.588               5.574[2]LDA                              5.717[2]GGA                              5.599[14]GGA 

 B0  (GPa) 67.223                72.102[2]LDA                            53.542[2]GGA                            62.4[14]GGA 

B0′ 4.779                   4.811[2]LDA                              4.887[2]GGA                             4.6[14]GGA 

 

3.2. Pressure phase transition and pressure-volume curve 
 

Under the application of hydrostatic pressure, the more stable solid phase is destabilized, and consequently, a structural 

phase transition occurs, which is usually accompanied by a structural change in crystallographic data of the crystalline 

solid, such as lattice parameters and atomic occupied positions. For thallium phosphide compound, the phase transition 

is from the zincblende (B3) to Rock-salt (B1) [3], [17]. To estimate the numerical value of the threshold pressure of the 

phase transition, for A
III

B
V
 group semiconductors, we can use the following emperical formula [18]:  

76.2 11.5P aT                                                                                                                                                                 (2) 

Where: TP is the threshold pressure of the phase transition (in GPa) and a is the equilibrium lattice parameter (in Å). 

The numerical value of the threshold pressure of the phase transition for (B3) TlP compound is given in table 2 and 

compared with the available theoretical data [2, 14, and 16]. 

 
Table 2: The Threshold Pressure of the Phase Transition for (B3) TlP Compound, in Comparison with Other Theoretical Values [2], [14], and [16]. 

Parameter Our work Other works 

TP
 
(GPA) 7.626 4.47 [2]                 7.29 [14] GGA               7.2 [16] 

 

It can be seen, that our calculated values of TP obtained, are in general in good agreement with the earlier calculations; 

the deviation from the calculated value of Shi et al. [14] is only about 4.6%.  

In order to further validate the reliability and accuracy of our calculated properties, the calculated unit cell volumes 

under a series of applied hydrostatic pressures were used to construct the P-V data set, which was subsequently fitted by 

the Murnaghan equation [19], written below: 
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                                                                               (3) 

Where:
0B is the bulk modulus at 0P  , '

0B  is its pressure derivative at 0P  , V0 is the volume of unit cell, is fixed at 

the value determined from the 0P  data, and V is the volume of unit cell at 0P .  

In order to show how the structural parameters behave under hydrostatic pressure, the equilibrium geometries of (B3) 

TlP unit cells were computed at fixed values of applied hydrostatic pressure in the 0 to 7GPa range, where at each 

pressure value, a complete optimization for the volume unit cells was performed. In figure 2, we plot the variation of 

pressure versus unit cell volume, and versus the relative unit cell volume of (B3) TlP compound. 
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Fig. 2: Pressure-Volume Dependence and the Relative Unit Cell Volume versus Applied Pressure of (B3) TlP. 
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As shown in figure 2, the volume decreases gradually with the increasing of the hydrostatic pressure, where the volume 

takes the value about 53Å
3
 at zero-pressure and reaches the value 48.15Å

3
 at P=7GPa.  

The equation of state curves of thallium phosphide compound (plotted between V (P)/V (0) and pressure) for both the 

B3 and B1 structures obtained in this work is in fairly good agreement with the other theoretical results [14]. The 

calculated values of the volume collapses [ΔV (P)/V (0)] are also close to their observed data. 
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Fig. 3: Variations of the Ratio Vp/V0 of (B3) and (B1) TlP with Hydrostatic Pressure. 

 

From these curves, we can estimate the volume collapse in the point of transition. The results of numerical value of the 

volume collapse for (B3) TlP compound is given in table 3 and compared with the available theoretical data [14], [16]. 

 
Table 3: Volume Collapse for (B3) TlP Compound, In Comparison with the Available Theoretical Values [14, 16]. 

Parameter Our work Other works 

Volume collapse (%) 16.59
 

17.45 [14]GGA                                   15.78[16] 

 

It is seen that, our calculated value of the volume collapse is in excellent agreement with the previously calculated data 

[14], [16]. The value obtained by us, deviates from the calculated [14] GGA and [16] values within 4.93% and 5.13% 

respectively. 

 

3.3. Bond length and crystal density 
 

In a conventional unit cell of the cubic-zinc blende lattice there are four molecules, and if a lattice constant is available, 

the calculation of the crystal density g is easy, this later is given by the following formula [20]. 

. .

2 2 2
. . sin sin sin 2(1 cos .cos .cos )

Z M u
g

a b c      



   

                                                                                 (4) 

Where Z is the number of formula units in a crystal unit cell, M is the molecular weight of a formula unit in amu, u is 

weight of an amu, a , b , and c are unit cell axes lengths and α, β and  are unit cell axes angles.  

The crystal density of (B3) TlP compound at zero-pressure is: g = 7.373g/cm
3
. The calculated crystal density versus the 

hydrostatic pressure of the (B3) TlP is plotted in figure 4.  
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Fig. 4: Crystal Density versus the Hydrostatic Pressure of (B3) TlP Compound. 
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Nearest-neighbors (NN) named also bond lengths d, it have been defined as the average distance between nearest-

neighbour atoms. For example, in our case (in the TlP compound), the bond length is defined as the average distance 

between Ti (group III element) and P (group V element) atoms.  

The spacing between nearest-neighbors atoms (bond length) is equal to 3 a0/4, and the spacing between the near-

neighbor atoms is equal to a0/ 2  [21]. For (B3) TlP compound, the calculated nearest-neighbor and near-neighbor 

distances are 2.582Å and 4.216Å respectively. 

The crystal density of (B1) TlP compound at zero-pressure is also obtained, it's equal to: 8.959 g/cm
3
. In the case of the 

Rock salt phase, there is only one type of first-neighbor cation-anion bond distance (with six bonds for each atom), and 

the spacing of the bond length is equal to a0/2, so it's equal to: 2.794Å.  

 

3. 4. Debye temperature 
 

Adachi [18] proposed a linear relation between the Debye temperature (θD) and the equilibrium lattice parameter (a0) for 

A
III-

B
V
 semiconductors; it is given by the following formula: 

lnϴD = 10.53 – 0.834 a0                                                                                                                                                     (5) 

Using Eq. (5) and the value (5.963Å) of the equilibrium lattice parameter, the value of θD obtained is 259K; it has been 

listed in table 4 and compared with the available theoretical data [2, 14, and 16].  

 
Table 4:  Debye Temperature of (B3) TlP Compound, In Comparison with the Available Theoretical Values [2, 14, 16]. 

Parameter Our work Other works 

θD (K) 259 302 [2]                256.4 [14]                   346 [16] 

 

It can also be seen, that our calculated value of the Debye temperature is also in good agreement with the earlier 

calculations; its deviation is about 1% from the value calculated by Shi et al [14].  

4. Conclusion 

A summary of the remarks and results obtained in this work are given below: 

The calculated equilibrium lattice constant, the bulk modulus and its pressure derivative at zero-pressure of both zinc 

blende (B3) and Rock-salt (B1) phases of TlP compound are in very good agreement with the previous results reported 

in the literature. The bond length and crystal density are also obtained. 

The phase transition from the zinc blende (B3) to Rock-salt (B1) is obtained; it's in excellent agreement with the 

previous results of the literature. The effect of hydrostatic pressure on crystal density of B3 phase is obtained. The 

calculated values of the volume collapses and the Debye temperature are in fairly good agreement with the other 

theoretical results. 
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