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Stable Compositions and Structures in the Na-Bi 

System 

Xiyue Cheng,a Ronghan Li a, Dianzhong Li a, Yiyi Li a and Xing-Qiu Chen a 

At P = 1 atm the only stable compounds in the Na-Bi binary system are Na3Bi and NaBi, which have been 

recently discovered to exhibit intriguing electronic behaviour as a 3D topological Dirac semimetal and a 

topological metal, respectively. By means of the first-principles calculations coupled with the 

evolutionary structural searches, we have systematically investigated the phase stabilities, the crystal 

structures and the corresponding electronic properties of the binary Na-Bi system. At ambient pressure, 

our calculations have reproduced well the experimentally observed compositions and structures of 

Na3Bi and NaBi. At high pressures, we have found that Na3Bi transforms from the ground-state 

hexagonal hP24 phase to a cubic cF16 phase above 0.8 GPa, confirming previous experiments, and then 

to a conventional band insulating oC16 phase above 118 GPa. The cubic cF16 phase would exhibit novel 

topological band ordering similar to that in HgTe. The topological metal NaBi has also been found to 

undergo a structural phase transition from an ambient tetragonal tP2 to a cubic cP2 structure above 36 

GPa. Four never-reported Na6Bi, Na4Bi, Na2Bi and NaBi2 compounds with new compositions have been 

predicted to be experimentally synthesizable over a wide range of pressures starting at 142.5 GPa, 105 

GPa, 38 GPa and 171 GPa, respectively. Moreover, a common charge transfer from Na to Bi has been 

revealed for all compounds, but the large interstitial charge localizations in the Na atomic cages have 

been noticed only in two compounds of Na6Bi and Na4Bi, which may associate with the close-packed Na 

environments. 

1. Introduction 

The High-throughput (HT) computational materials design is an 

emerging and booming area of materials science, along with the 

rapid innovation on the supercomputers and the development of 

crystal structural prediction algorithms1-4. It is a direct and 

effective way toward the growing endless demand for 

materials, comparing with the relatively costly and time-

consuming experimental synthesis procedures. The HT 

computational materials design is the art of the organic 

combination of i) creating large-scale foundation database of 

materials (known or predicted), such as crystal structure, 

thermodynamic data, electronic structure, ii) selecting materials 

based on the demanding properties (i. e. enthalpy, band gap, 

hardness, etc.), and iii) the high-capacity exchange, 

transmission and storage of database. This concept has been 

widely applied to the designing of a number of materials, for 

example, the superhard materials, topological insulators, light-

absorbing materials, thermoelectric materials, catalysis, and so 

on1-9.  

In principle, no matter what kind of material from 

computational design, the most essential part is structure. The 

crystal structure decides the intrinsic property of one material. 

Therefore, the prediction and calculation of crystal structures 

can be seen as an effective way to design new materials. From 

literature, based on the theoretical crystallographic prediction 

algorithms6, such as genetic algorithm, simulated annealing, 

topological modelling and molecular packing approaches, etc., 

several prediction codes were successfully developed, including 

USPEX10, 11, AFLOW12, AIRSS13, MAISE14, CALYPSO15, 

G4216 and KLMC17 code. These methods make it possible to 

search stable compositions and simultaneously determine the 

corresponding crystal structures in multi-component systems 

which was deemed as an “impossible task” just 20 years ago18. 

At present, these effective computational crystal structure 

prediction tools in combination with the state-of-the-art ab 

initio applications based on the density functional theory (DFT) 

have become one of the essential parts of HT computational 

materials design5-17, 19-33. On the one hand, at ambient pressure, 

most of the researches related with crystal structure prediction 

focused on a series of borides, carbides, and nitrides22, 34-40, 

especially for the discovery of superhard materials. On the 

other hand, for the high pressure researches, they were also 

greatly fostered by these crystallographic prediction methods30, 

31 in the fields of the new phases of pure elements (Li, Na, Ca, 

B, etc.41-45), earth and planetary materials (MgSiO3, Mg-O, 
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H2O, etc.23, 25, 46-52), new functional materials (supercondutors53-

56, superhard materials57, 58, hydrogen storage materials59, etc. ), 

and novel chemical reactions (Xe-O, Na-Cl, Cs-F, etc.60-66). For 

instance, the Na-Cl system with only one 1:1 compound (NaCl) 

at ambient pressure was predicted to have several new stable 

compounds with unusual compositions (Na3Cl, NaCl3, NaCl7, 

etc.) at high pressures61. The predicted cubic and orthorhombic 

phases of NaCl3 and the two-dimensional metallic tetragonal 

Na3Cl have even been experimentally confirmed. Interestingly, 

the high pressure can also give rise to unique atomic electronic 

states and even alter the intrinsic character of the inner-shell 

electrons. Most recently, the alkali metal Cs, normally assumed 

expressing the 1+ oxidation state, has been predicted to exhibit 

a formal oxidation number n+ in CsFn (n > 1) compounds under 

high pressure and the Cs constituent behaves chemically like a 

p-block element60. This fact suggests that the high pressure can 

blur the boundary of s- and p-block elements and active the 

inner-shell electrons. Therefore, the discovery of those rich and 

varied high pressure phases greatly enriches the understanding 

of material structure, chemical bonding and electronic 

properties.  

Most recently, the only two known compounds in the Na-Bi 

binary system, Na3Bi and NaBi, have attracted great interest as 

they were both demonstrated exhibiting unique and exciting 

electronic properties. In fact, this Na-Bi system stood out from 

ordinary intermetallic system right after one theoretical work 

predicting the Na3Bi is a 3D topological Dirac semimetal 

(TDS)67. Subsequently, this fact has been experimentally 

confirmed68, 69. It has been evidenced that the TDS properties of 

Na3Bi process unique electronic states. Namely, the conduction 

and valence bands touch only at the discrete Dirac points and 

disperse linearly in all directions in the Brillouin zone (BZ). 

Such distinct electronic structure of TDS makes Na3Bi to be 

highly attractive due to its high electron mobility and 

conductivity in 3D materials as well as numerous quantum 

properties (e.g., the unique surface states in the form of Fermi 

arcs, the Weyl phases, the high temperature linear quantum 

magnetoresistance, the topological magnetic phases, and the 

quantum anomalous Hall effect67-80). Interestingly, as for the 

1:1 compound of NaBi, it was theoretically demonstrated to be 

a native 3D topological metal81 through the first-principles 

calculations, which exhibits the combined interesting properties 

of the electron-phonon induced superconductivity and the 

obviously anisotropic but extremely low lattice thermal 

conductivity. Without (with) the spin-orbit coupling (SOC) 

effect, the superconducting transition temperature TC was 

derived to be 1.82-2.59 (2.92-3.75) K from the electron-phonon 

coupling strength λ = 0.71 (0.84) and the average velocity 
〈ωln〉	= 40.8 (38.7) cm-1), agreeing well with the experimental 

findings82, 83. In addition, by considering phonon vibrational 

eigenvalues in the whole BZ and the phonon relaxation time 

derived from the third-order force constants, it has been further 

revealed that NaBi exhibits an extremely low lattice thermal 

conductivity but an obviously anisotropic feature of κω
a-axis

 = 

3.98 Wm-1 K-1along the a-axis and κω
c-axis

 = 1.53 Wm-1 K-1 along 

the c-axis at room temperature, respectively. 

Apparently, those interesting and unique electronic properties 

of the two compounds at ambient pressure render the Na-Bi 

system attractive. Naturally, it would be desirable to know 

whether or not some other interesting compounds exist in this 

system. If looking back the history of the Na-Bi system, their 

structural phase transformations and the corresponding 

electronic states were not well studied, especially, under high 

pressures. Motivated by the previous successful researches on 

the diversity of phases and chemical reactions for several 

reported systems, we have decided to investigate the 

compositions and structures of the Na-Bi binary system, the 

corresponding electronic structures and bonding natures.  

 
Figure 1. (Colour online) The stability of the Na-Bi compounds. (a) The enthalpies 

of formation ΔH (the convex hull diagrams) of Na1-xBix under a range of 

pressures. The circles represent stable compounds, whereas the triangles denote 

thermodynamic metastable phases. (b) The predicted stable pressure ranges for 

Na1-xBix compounds. The crosses indicate the pressure boundaries of the stability 

for each structure at one composition. 

2. Computational Details 

All the structural relaxations were performed within the 

framework of density functional theory (DFT)84, 85 using the 

Vienna ab initio Simulation Package (VASP)86, 87 with the 

projector augmented wave (PAW) method88 and the 
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TABLE 1: The crystallographic details of structures of Na-Bi system. The calculated equilibrium lattice parameters, a (Å), b (Å, c (Å), and the optimized 
atomic sites of Na-Bi phases at given pressures (GPa). 

Phases  
Pearson  
Symbol Space group Pressure  

Lattice  
Parameters 

Atomic sites 
Atom  x y z 

Na  cI2 Im3m 0  a = 4.174  Na  0  0  0   

Na  cF4 Fm3m 100  a = 3.504  Na  0.5  0.5  0.5   

Na  cI16 I43d 120  a = 5.432  Na  0.044  0.044  0.044   
Na  tI19 I4/mcm (host) 160  aH = aG = 6.962  NaH  0.7912  0.9126  0   

  C4/mmm (guest)a  cH = 3.477  NaG  0  0  0  
    cG = 2.092    

Na  oP8  Pnma 160  a = 4.647  Na1  0.0182  0.25  0.1757  
    b = 2.943  Na2  0.1605  0.25  0.5847   
    c = 5.129    

Na  hP4  P63/mmc 280  a = 2.826  Na1  0  0  0.5  
    c = 3.996  Na2  0.3333  0.6667  0.25   

Bi  hR6  R3m 0  a = 4.577  Bi  0  0  0.7653  
    c = 11.999     

Bi  mC4  C2/m 3  a = 6.853  Bi  0.7507  0  0.1323  
    b = 6.221    
    c = 3.267    
    β = 67.095°   

Bi  tI11  I4mcm (host) 7  aH = aG = 8.564  NaH  0.1506  0.6506 0  
  I4/mmm (guest)b  cH = 4.213  NaG  0  0  0   
    cG = 3.165    

Bi  oC16  Cmca 14  a = 10.666  Na1  0.2843  0  0   
    b = 6.339  Na2 0  0.1796  0.1781  
    c = 6.356    

Bi  cI2  Im3m 16  a = 3.729  Na  0  0  0  
Na3Bi  hP8  P63/mmc 0  a = 5.458  Na1  0  0  0.25   

    c = 9.704  Na2  0.3333  0.6667  0.5827   
     Bi  0.3333  0.6667  0.25   

Na3Bi  hP24  P3c1 0  a = 9.458  Na1  0  0  0.25   
    c = 9.674  Na2  0.3333  0.6667  0.2003   
    a = 9.436c Na3  0.3542  0.3187  0.0833   
    c = 9.655c Bi  0.3368  0  0.25  

Na3Bi  cF16  Fm3m 1  a = 7.550  Na1  0.75  0.75  0.75  
    a = 7.65d Na2  0  0  0   
     Bi  0.5  0.5  0.5   

Na3Bi  oC16  Cmcm 120  a = 3.852  Na1  0  0.6997  0.25   
    b = 8.442  Na2  0  0.1114  0.0599   
    c = 5.531  Bi  0  0.3999  0.25   

NaBi  tP2  P4/mmm 0  a = 3.419  Na  0.5  0.5  0.5   
    c = 4.890  Bi  0  0  0   
    a = 3.46e   
    c = 4.80e  

NaBi  cP2  Pm3m 40  a = 3.288  Na  0  0  0   
     Bi  0.5  0.5  0.5   

Na2Bi  hP3  P6/mmm 40  a = 4.325  Na  0.3333  0.6667  0.5   
    c = 3.004  Bi  0  0  0   

Na6Bi  oP14  Pbam 160  a = 4.003  Na1  0.0150  0.3371  0.2252   
    b = 6.728  Na2  0.1590  0.1002  0.5   
    c = 5.044  Bi  0  0  0   

Na6Bi  hR21  R3m 240 a = 4.674  Na  0.5168  0.4832  0.0993   
    c = 9.261  Bi  0  0  0   

Na4Bi  mC20  C2/m 160  a = 13.055  Na1  -0.8088  0  -0.4377   
    b = 3.729  Na2  -0.8796  0  -0.2104   
    c = 8.304  Na3  -0.1479  0  -0.2259   
    β = 150.326°  Na4  -0.6624  0  -0.7157   
     Bi  -0.5261  0  -0.8457   

NaBi2  tI12  I4/mcm 200  a = 5.788  Na  0  0  0.25   
    c = 4.584  Bi  0.1588  0.6588  0   

a Reference89. b Reference90.  c Reference91. d Reference92. e Reference93. 

generalized gradient approximation (GGA) within the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional94. The 

adopted PAW-PBE pseudopotentials of Na and Bi treat 2p63s1 

and 5d106s26p3 electrons as valences, respectively. The cutoff 

energy for the expansion of the wavefunction into plane waves 

was set at 350 eV. All the Brillouin zone integrations were 
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performed on the Monkhorst-Pack �-meshes and were sample 

with a resolution of 2π×0.07 Å-1, which showed excellent 

convergence of the energy differences and stress tensors. For 

hexagonal structures, the Brillouin zone integrations were 

performed on the Γ-centered symmetry. Having identified the 

most stable compositions and structures, we relaxed them at 

pressures from 0 to 320 GPa with an even denser Monkhorst-

Pack � -meshes with resolution 2π×0.05 Å-1. The enthalpy, 

density of states and the band structures, either with or without 

the inclusion of spin-orbit coupling (SOC) of different phases 

was calculated using the Gaussian smearing method with the 

width of smearing in 0.01 eV, beside the semimetal Na3Bi 

where the tetrahedron method with Blöchl corrections were 

utilized. The Bader charge analysis95 and the electronic 

localized function (ELF)96-98 was done using the grid-based 

algorithm with 100×100×100 grids. 

To check the dynamical stability, we further derived the phonon 

dispersion curves using the finite-displacement approach as 

implemented in the Phonopy code99. The phonon frequencies 

are constructed from forces, resulting from displacements of 

certain atoms in a supercell containing typically 80-100 atoms 

for each Na1-xBix compounds. In addition, all the crystal 

structure and the ELF diagrams, unless explicitly stated, were 

generated using VESTA100.  

Our predictions of stable phases with the lowest free energy 

were done using the USPEX code10, 11 in the variable-

composition mode which is capable to search the compositions 

and structures at same time.at 0 GPa, 60 GPa, 100 GPa, 180 

GPa, 240 GPa, and 320 GPa. The code can actually compare 

the energy with different composition by itself via a global 

minimization of free-energy surfaces. The structures of the first 

generation were produced randomly and any combinations of 

numbers of atoms in the unit cell were allowed (within the total 

number ≤  20). The new generations were created through 

heredity, random, lattice mutation and permutation of atoms, 

with probabilities of 60%, 10%, 20% and 10%, forming the 

structures pool after discarding 40% energetically worst 

structures. For each structure, five-step calculation in VASP 

with different precision is utilized in order to raise the searching 

speed. The population size was set to at least twice the number 

of atoms in the cell. We generally terminated the runs after 50 

generations for each pressure. The convex hull for one system 

can be obtained directly after the variable-composition search. 

One can see the stable composition and a number of metastable 

structures clearly. We then rechecked the stable structures 

through VASP with very higher precision in order to obtain an 

accurate result. Meanwhile, the seed technique was applied 

during each structural search by adding the known structures 

from the experiments or previous searching results, in order to 

enhance the accuracy and efficiency of structural prediction. 

Finally, the obtaining stable structures were all recalculated 

using higher precision and denser �-meshes, especially for the 

Na and Bi elements which were used to obtain the formation 

energy. 

It needs to be emphasized that before we started the extensive 

computations and analysis, we have compared the influence of 

different pseudo-potential (GGA and LDA) on the accuracy of 

the Na-Bi system. For instance, for the optimized lattice 

parameters for hP8-Na3Bi, the LDA gives the estimated values 

of a =5.303 Å and c = 9.423 Å and the GGA yields a = 5.458 Å 

and c = 9.704 Å. It is clear that, in comparison with available 

experimental data (a = 5.448 Å and c = 9.655 Å) the lattice 

parameter obtained by GGA show a much better agreement 

with those LDA data. Thus, we believe that the GGA functional 

would be more suitable for the Na-Bi case. In particular, 

although the energy ranking may change because of the 

different pseudo-potential, we would give priority to more 

accurate calculation results. For this purpose, the GGA 

functional seems to be a better choice for the present system. In 

addition, it is well-know that the conventional DFT theory 

generally underestimate the band gap for some insulators and 

semiconductors. For instance, through conventional DFT 

calculation we ever estimated the occurrence of three-

dimensional Dirac cone in Na3Bi67 and this prediction was 

verified by experiments68,69. This fact demonstrated the 

reliability of our current DFT results. Therefore, we can trustily 

concluded that the inclusion of different types of exchange-

correlation effects does not significantly alter our conclusion. 

3. Computational Phase Diagram 

Figure 1 summarizes the pressure-composition phase diagram 

of the binary Na-Bi system. The pressure-dependent enthalpies 

(∆H) for Na1-xBix have been obtained for the most stable 

structure as searched by USPEX. Here, the claim of the stability 

of a given compound is required to satisfy three prerequisites: 

(1) the negative formation enthalpy, (2) the thermodynamical 

stability in competing with its nearest neighboring two 

compositions, and (3) the dynamical stability via the phonon 

dispersions. Figure 1(a) compiles the convex hulls of the Na-Bi 

system at several selected pressures of 0 GPa, 60 GPa, 180 GPa 

and 320 GPa. The convex hull is defined as the line connecting 

the phases with the lowest formation enthalpies for all 

compositions discovered by USPEX and any compositions with 

the lowest-enthalpy structures lie exactly on the convex hull are 

deemed as the ground state phases in the Na-Bi system. Of 

course, the structures whose enthalpies stay above the convex 

hull would be thermodynamically metastable and, perhaps, can 

be synthesized under a peculiar situation. In this present paper, 

we only discuss the ground state phase for each composition at 

a certain pressure. In order to ensure the dynamical stability of 

one structure, we have performed the calculations of the 

phonon dispersions. If no imaginary phonon frequencies exist 

in the entire Brillouin zone, the structure can be thought to be 

dynamical stable. Note that the experimentally synthesized 

structures usually process the dynamic stability. However, it is 

not ensured that those synthesized phases are the real 

energetically ground-state phase as the thermodynamically 

metastable phase can be possibly synthesized. 
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Figure 2. (Color online) The phase stability of Na and Bi. The relative enthalpy 

curves as a function of pressure at 0 K for (a) cI16, tI19, oP8, and hP4 structures 

of Na (relative to fcc), and (b) mC4, tI32, oC16 and bcc phases of Bi (relative to 

hR6). The insets show the transition sequences and pressures in more detail. It is 

noteworthy that temperature effects are not considered in the calculation, but 

might play an important structural role. 

Furthermore, Fig. 1(b) illustrates the pressure-composition 

phase diagram. The black lines represent each composition and 

the crosses on the lines denote the pressure boundaries for the 

structural stability. Therefore, from Fig. 1(b) the stable pressure 

range for each structure of the discovered composition can be 

clearly visualized. In addition, we have also found that the 

vibrational entropic contribution, e.g., so-called zero-point 

energy (ZPE), only slightly affects the total energy and, 

typically, it did not change the relative stabilities by more than 

10-15 meV/atom. The contribution of ZPE to the formation 

energy is thus small. Here, we neglect the ZPE contribution, 

when discussing the relative stability of the Na-Bi systems.  

3.1 Stability of Na 

For sodium, at ambient conditions it crystallizes in a body-

centered cubic (bcc) structure and it transforms to a face-

centered cubic (fcc) structure at around 65 GPa101. Then, a 

more complex body-centered cubic crystal structure containing 

16 atoms in the unit cell (cI16) was experimentally observed at 

about 103 GPa101, 102, and with further increasing the pressure, 

three transitions still occur42, 43, 103-106: an simple primitive 

orthorhombic structure with 8-atom unit cell (oP8) above 118 

GPa, an incommensurate host-guest composite tI19 phase 

above 125 GPa and a double hexagonal close-packed structure 

hP4 around 200 GPa. The optimized lattice parameters and 

atomic sites of different Na structures at given pressures are 

listed in Table 1. Additionally, the stable pressure ranges and 

the enthalpy curves at high pressure of various Na phases are 

further illustrated in Fig. 1(b) and Fig. 2(a), respectively. From 

our currently first-principles calculations, it has been found that 

the cF16 phase is lower in energy than the fcc phase above the 

pressure around 120 GPa and the oP8 structure is less stable 

than the tI19 phase in the pressure range 148-270 GPa, but they 

are indeed energetically competitive (Fig. 2(a)). Moreover, the 

oP8 to hP4 phase transition was predicted at about 245 GPa 

and their continuous enthalpy curves show the nature of a 

second-order phase transition43. Finally, the hP4 structure 

becomes the stable phase at pressures above 270 GPa. For the 

incommensurate host-guest tI19 phase, it adopts a similar host 

tetragonal body-centered structure and atomic sites of K-III 

phase89, 103. The basic lattice parameters were taken from 

Gregoryanz et. al103, where the host and guest tetragonal body-

centered lattice parameters at 130 GPa are aH = aG = 7.088 Å , 

cH = 3.482 Å  and cG = 2.11 Å . Of course, it is noteworthy that 

the temperature effects are not included in our present 

calculation but it might play an important role affecting the 

phase stability. It needs to be mentioned that our calculated 

enthalpy of Na phases are agree well with those from Ma et. 

al43.  

3.2 Stability of Bi 

For bismuth, it crystallizes in a rhombohedral As-type structure 

with a six-atom unit cell (hR6) called Bi-I107 at ambient 

condition. From our current calculations, the ground-state Bi-I 

phase can transform into an incommensurate composite host-

guest structure tI11 (Bi-III) at 3.27 GPa (Fig. 1(b)). At 6.8 GPa, 

its experimental lattice parameters were reported to be aH = aG 

= 8.518 Å, cH = 4.164 Å and cG = 3.180 Å, giving a cH/cG = 

1.309, with host and guest (space group I4mcm and I4/mmm ) 

atoms at (x = 0.1536, x + 0.5, 0) and (0, 0, 0), respectively90. 

There are thus 8 + (2×cH/cG) = 10.62 atoms in the unit cell, but 

for simplicity, we prefer to call this Bi-III phase tI11. Then, at 

around 13.54 GPa, a 16-atom orthorhombic structure (called as 

Bi-IV108) is found to be less in energy than the tI11 phase. 

Afterwards, a bcc phase (called Bi-V) is calculated to be stable 

in a wide pressure region from 15.15 GPa to 320 GPa. In 

particular, the experimentally reported Bi-II phase, a 4-atom 

monoclinic structure (mC4), was measured to have a very 

narrow pressure range from 2.55 to 2.69 GPa at 298 K107, but 

the hR6 to mC4 transition was reported to disappear at 

temperatures below 200 K and the hR6 phase transforms 

directly to the tI11 structure109. Indeed, our calculated enthalpy 

curve (Fig. 2(b)) demonstrates that this mC4 phase has a 

relatively higher energy as compared with the stability of either 

hR6 or tI11 phase at 0 K. This fact indicates its metastable 

nature at ground-state. In addition, the transition pressure for 

the tI11 and bcc-Bi was experimentally reported to be 2.7 GPa 

and 7.7 GPa at 298 K, respectively. However, our calculated 

transition pressures are relatively higher, which might associate 

with the unconsidered temperatures effects.  
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Figure 3. (Color online) The structural representations of (a) cF16 and (b) oC16-

Na3Bi at 1 GPa and 120 GPa, respectively. The corresponding phonon dispersion 

curves are shown in (c) and (d), respectively. (e) and (f) The relative energy as a 

function of pressure for cF16 and oC16-Na3Bi, respectively. The structural 

transition pressure can be clearly seen for both phases. 

3.3 Stability of compounds in the Na-Bi system 

At ambient condition, our variable-composition computational 

searches have found two compounds of NaBi and Na3Bi, in 

perfect agreement with the previous experiments and reported 

phase diagrams110, 111. To date, only these two compounds were 

synthesized in the Na-Bi system with the crystal structures of 

tP2 (space group P4/mmm)93 and hP8 (space group: 

P63/mmc112, respectively. Note that the ground state phase of 

Na3Bi was experimentally suspected to be an hP24 (space 

group P 3 c1) structure91 and recently this fact has been 

confirmed theoretically70.  

As the pressure goes up, several never-reported compounds are 

predicted, as illustrated in Fig. 1. They are Na2Bi, Na6Bi, 

Na4Bi, and NaBi2 which are stable above 38 GPa, 105 GPa, 

142.5 GPa, and 171 GPa, respectively. The most abundant 

compounds appear at around 180 GPa with six different 

compositions occur simultaneously. Moreover, from Fig. 1(b), 

several pressure-induced phase transformations can be seen, 

including hP24 to cF16-Na3Bi at 0.8 GPa, cF16 to oC16-Na3Bi 

at 118 GPa, tP2 to cP2-NaBi at 36 GPa, and oP14 to hR21-

Na6Bi at 201 GPa. Particularly, it needs to point out that our 

predicted transition pressure (0.8 GPa) of Na3Bi from the 

ground state to the cF16 phase is in good agreement with the 

experimentally observed 0.7-1.0 GPa by Leonova et al.92, 113 

and Kulinich114. In addition, at pressures above 210 GPa, the 

cP2-NaBi is found no longer stable in the Na-Bi system and the 

mC20-Na4Bi is also only stable at the pressure range of 105 to 

201 GPa. Therefore, at 320 GPa, NaBi and Na4Bi are denoted 

as thermodynamic metastable system, while the other four 

compounds (Na6Bi, Na3Bi, Na2Bi and NaBi2) remain as stable 

compositions.  

4. Experimentally known phases 

4.1. Na3Bi 

4.1.1. Structural stability and phonon dispersion 

At ambient pressure, the early experimental measurements 

revealed that Na3Bi crystallizes in the hP8 phase (space group 

P63/mmc, Na3As-type structure). Our calculations demonstrated 

that this hP8 phase is dynamically unstable at the ground state 

due to the presence of large imaginary phonon frequencies 

around the K point70. Importantly, the hP24-Na3Bi phase was 

suggested to be the real ground state and it was found obviously 

lower in energy than the hP8 phase and dynamically stable 

simultaneously70. The optimized crystal structural details for 

both the hP8 and hP24-Na3Bi are listed in Table 1. It is highly 

attractive that this ground-state hP24-Na3Bi is also a 3D 

topological Dirac semimetal, which can be deemed as a 3D 

version of the graphene. The detailed discussions of this 

ground-state phase of Na3Bi can be referred to Ref. 67-70. 

At 0.8 GPa, a pressure induced phase transition occurs from the 

ground state hP24 phase to a cubic cF16-Na3Bi (space group of 

Fm3m), as shown in Fig. 3(a and e). This agrees with the 

experimental measured phase transition pressure range, 0.7-1.0 

GPa92, 113, 114. For the cF16-Na3Bi at 1.0 GPa the optimized 

crystal structure is visualized in Fig. 3(a) and the derived 

phonon dispersion in Fig. 3(c) exhibits no any imaginary 

frequencies, evidencing its dynamical stability. It is clear that 

this cubic Na3Bi crystalizing in a BiF3-type structure with a = 

7.550 Å. The Bi atoms lie at 4b site (0.5, 0.5, 0.5) and the Na 

atoms occupy two inequivalent sites, 4a (0, 0, 0) and 8c (3/4, 

3/4, 3/4), as compiled in Table 1. The Na1-Bi interatomic 

distance is 3.775 Å while the Na2-Bi distance is relatively 

smaller, about 3.269 Å.  

With increasing the pressure above 118 GPa, the relative 

enthalpies between the cF16 and oC16 phases in Fig. 3(f) 

demonstrate a phase transformation from the cF16 phase to an 

orthorhombic oC16 phase. The optimized lattice parameters 

and atomic sites for oC16-Na3Bi are listed in Table 1. For this 

oC16 phase, there are also two inequivalent Na atomic sites at 

4c (0, 0.6997, 0.25) and 8f (0, 0.1114, 0.0599), respectively, 

and the Bi atoms at 4c (0, 0.3991, 0.25). It is interesting to note 

that the oC16 phase is a layered structure, in which the Na1 and 

Na2 atoms form five-membered rings and they are 

simultaneously separated by the zigzag Bi lines in each layer. 

The Na1-Na2 distance within the same layer is about 2.341 Å, 

whereas the distance between the adjacent layers is relatively 

smaller, about 2.317 Å, which is comparable with the Na-Na 

distance in the cI16-Na, from 2.319 Å to 2.433 Å at 120 GPa. 

We have also calculated its phonon dispersion curves (Fig. 

3(d)), indicating its vibrational stabilities. Note that the cF16-
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Na3Bi is also calculated to be dynamically stable at zero 

pressure.  

 
Figure 4. (Color online) The electronic band structure for cF16-Na3Bi at 1 GPa (a, 

b) and 20 GPa (c, d) without and with SOC. The red solid circles indicate the 

projection to the Na-3s states. The band-gap and the energy difference of Na-3s 

and Bi-6p states as a function of pressure are represented in (e) and (f). Note 

that the solid circles and squares denote the direct band-gap, while the open 

circles and squares represent the indirect band-gap in (e).  

4.1.2. Electronic structures 

In different from the ground-state hP24 phase with unique 

feature of 3D TDS52-54,57, the cubic cF16 phase of Na3Bi 

exhibits other attractive electronic properties. As presented in 

Fig. 4(a and b), it is clear that the cF16-Na3Bi is a topological 

semimetal at 1 GPa as its conduction and valence bands touch 

only at the Γ point and it processes the inverted band ordering 

simultaneously, no matter whether the spin-orbit coupling 

effect (SOC) is included. In the case without the SOC effect 

(Fig. 4(a)), the Fermi level exactly crosses the threefold 

degenerated Bi-p(x,y,z) states at Γ. However, when the SOC is 

considered, the threefold degenerated Bi-p(x,y,z) states (Γ4) are 

further split into the doubly degenerated Γ8 and Γ6 states and 

the Γ8 still exactly touches the Fermi level. From Fig. 4(a), we 

found the Na-3s states are energetically lower by about 0.24 eV 

than the Bi-6p states (Γ4) at the Γ point without the SOC effect 

and this difference is further enhanced to 0.74 eV with the SOC 

effect (Fig. 4(b)). The inverted band feature, which is often 

deemed as the prerequisite of the nontrivial topological 

insulators, is extremely important because the Na-3s and Bi-6p 

states at Γ exhibit opposite parities, as shown in Fig. 4(a and b). 

However, noted that no any other band inversions occur for the 

rest high symmetric points in the BZ. Our calculations further 

revealed that the band inversion at Γ is obviously caused by the 

crystal field effect with the protection of lattice symmetry, 

rather than the chemical doping, pressure or strains. This is 

found similar to the famous case of HgTe115, which is a 

promising material in the type-III quantum well for quantum 

spin hall effect and it also exhibits an nearly zero direct band 

gap at Γ  point in the BZ and an analogous inverted band 

ordering.  

 
Figure 5. (Color online) The calculated electronic structures of the oC16-Na3Bi at 

120 GPa: (a) the total and partial density of states (PDOS) with SOC and (b) the 

band structures without (left) and with (right) the SOC. The red and blue solid 

circles indicate the projection to the Na-3s and Bi-6p states, respectively. 

With further increasing the pressure under hydrostatic 

compression, we have observed a pressure-induced phase 

transition to a trivial band-gap insulator for the cF16-Na3Bi, as 

evidenced in Fig. 4(c and d). The transition critical pressure 

(PC) is further determined by analyzing the energy difference 

between the Na-3s and Bi-6p states at Γ without the SOC 

effect,  

∆E(non-soc) = E(Γ1) - E(Γ4)                       (1)	

and, with the SOC inclusion 

∆E(soc) = E(Γ6) - E(Γ8)                          (2)	

When ∆E is negative, an inverted band order can be observed. 

In contrast, if ∆E is positive, the normal band order appears. As 

illustrated in Fig. 4(e), our calculations revealed that the critical 

PC is 3.65 GPa without the SOC effect and, if the SOC effect is 

included the PC increases to 9.50 GPa. When P < PC, the 

inverted band order between the Na-3s states and Bi-6p states 

remains and cF16-Na3Bi is a topological semimetal. Once P > 

PC, the normal band order occurs so that cF16-Na3Bi becomes 

a direct band-gap insulator and the band gap increases with the 

rising pressure (Fig. 4(f)). At P > 14 GPa, the cF16-Na3Bi 

becomes an indirect band-gap insulator because the lowest 

conduction band at X is lower in energy than that at Γ (namely, 

the Γ8 state). For instance, at 20 GPa the band structure shows 

normal band ordering in Fig. 4(c and d) because the Na-3s state 

lies above the Bi-6p state by about 1.23 eV and 0.68 eV without 
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and with the SOC effect, respectively. Our calculation also 

reveals that the band gap of the cF16 phase of Na3Bi 

monotonously increases up to 1.43 eV at 118 GPa. Due to the 

well-known reason, the standard DFT calculations always 

underestimate the band gap. In reality, it can be expected that 

the real band gap should be larger than those current derived 

data.  

Above 118 GPa, this cF16-Na3Bi can be transformed into an 

oC16 one, as accompanied with the appearance of a relatively 

wide band gap. As evidenced in Fig. 5(a), the electronic 

densities of states (DOSs) and the band structures at 120 GPa 

demonstrate that the oC16 phase is a normal band insulator. 

Without the SOC effect, the band gap is about 1.1 eV. We also 

found that the SOC inclusion only slightly reduces the band gap 

to 0.97 eV. The Na-3s and Bi-6p states dominates the 

conduction and valence bands, respectively, which are in 

contrast with other three low-pressure Na3Bi phases (hP867, 

hP2470 and cF16). Our calculations also demonstrated that the 

conventional band insulating state of this oC16 phase can 

remain up to at least 160 GPa. 

4.2. NaBi 

4.2.1. Structural stability and phonon dispersion 

The crystal structure of NaBi was firstly interpreted by Zintl et 

al93 through the powder X-ray pattern to crystallize in a 

tetragonal structure, tP2 (space group P4/mmm), with two 

atoms per unit cell (Fig. 6(a)). Our evolutionary searches reveal 

exactly the same ground-state structure, with the c/a ratio of 

1.43. The calculations also demonstrated that NaBi undergoes a 

structural phase transformation from the ground-state tP2 phase 

to the cubic cP2 one (Fig. 6(b)) with the increasing pressure. 

Interestingly, the high-pressure cP2 phase is indeed closely 

correlated with the tP2 one. Their optimized lattice parameters 

and atomic sites are presented in Table 1, as compared with 

available experimental data. As the pressure rising, both the 

lattice constants of tP2-NaBi, show negative dependencies of 

pressure (Fig. 6(c)). At pressures above 36 GPa, the cubic cP2 

phase become energetically more stable than the tetragonal tP2 

structure, thus leading to a = c (Fig. 6(c and d)). From the 

calculated phonon dispersion curves (Fig. 6(e and f)), it is clear 

that the tP2 and cP2 structures are both dynamically stable at 

ambient pressure and 40 GPa, respectively. 

4.2.2. Electronic structure 

Most recently, we have found that the ground-state tP2 phase of 

NaBi is an intrinsic 3D topological metal with the combined 

properties of the electron-phonon coupling superconductivity 

(with the estimated TC = 1.82-2.59 K81 in nice agreement with 

recent experimental measurements83) and the obviously 

anisotropic but extremely low thermal conductivity. The 

detailed results and discussions can be referred to Ref. 81.  

At high pressure, the stable cP2 phase is a normal metal, as 

illustrated by its electronic densities of states and band 

structures in Fig. 6(g). It can be seen that the total DOS at the 

Fermi level is about 0.53 states eV-1 f.u.-1, mainly from the Bi-

6p states. The isolated lowest band around -15 eV ~ -10 eV is 

originated by Bi-6s orbitals. Most of the Na-3s states are 

unoccupied, lying at the high energetic antibonding regions, 

while partial Bi-6p states stay in the occupied bonding regions 

below the Fermi level. Comparing the band structures with and 

without the effect of SOC, the SOC does not obviously alter the 

band occupations, just splitting the threefold degenerated Bi-

p(x,y,z) states at Γ point and separating an overlapped band.  

As what we have performed for the tP2-NaBi, we have also 

utilized the linear response theory and fine k and q meshes116 to 

calculate the Eliashberg function (α2F(ω)) and the strength of 

the electron-phonon (e-ph) coupling (λ(ω)) for the high-

pressure cP2 phase. At 40 GPa, the Eliashberg function 

integrates to a low e-ph coupling strength λ = 0.25 and the 

relatively low logarithmic average 〈ωln〉	 = 130.1 cm-1. This λ is 

only one third of the tP2 phase81, whereas the  〈ωln〉 in the cP2 

phase is three times larger than that of the tP2 phase (40.9 cm-

1). Using the Allen-Dynes formula117 and the typical µ of 0.14-

0.10 we have further estimated the TC in the cP2 phase at 40 

GPa to be 0.006 K, obviously indicating its non-

superconducting feature. Even up to 100 GPa, the λ and 〈ωln〉 

are further derived to be 0.23 and 180.7 cm-1, respectively, also 

implying no superconductivity. 

 

 
Figure 6. (Color online) The crystal structure of (a) tP2-NaBi at ambient pressure 

and (b) cP2-NaBi at 40 GPa. The lattice constant of NaBi and the relative 

enthalpy as a function of pressure are presented in (c) and (d), respectively. The 

phonon dispersion curves for both structures are shown in (e) and (f). The 

calculated band structures without (left) and with (middle) SOC for cP2-NaBi at 

40 GPa are illustrated in (g), as well as the DOS with SOC (right). The red and blue 

solid circles denote the projection to the Na-3s and Bi-6p states, respectively. 
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Figure 7. (Color online) The predicted high pressure phases of the binary Na-Bi system. (a) oP14-Na6Bi at 160 GPa, (b) hR21-Na6Bi at 240 GPa, (c) mC20-Na4Bi at 160 

GPa, (d) hP3-Na2Bi at 40 GPa in a 2×2×1 supercell and (e) tI12-NaBi2 at 200 GPa. The red circles represent the Bi atoms while the Na atoms are shown in different 

colors according to their Wyckoff sites. Here, yellow, purple, blue and green circles represents Na1, Na2, Na3, and Na4 atoms, respectively.  

5. Predicted compounds 

At high pressures, our computed convex hull revealed several 

never-reported compounds, including Na6Bi, Na4Bi, Na2Bi, and 

NaBi2 (Fig. 1), which greatly enrich the phase diversity of the 

Na-Bi binary system. The following subsections would discuss 

the crystal structures and calculated electronic properties in 

detail.  

5.1 Phase stability and crystal structure 

5.1.1. Na6Bi 

For the composition of Na6Bi, we predicted it would appear at 

142.5 GPa between the tie-line of mC20-Na6Bi and cI16-Na 

and it remains as a stable composition even up to 320 GPa. In 

the pressure range from 142.5 to 201 GPa, our evolutionary 

searches reveal an orthorhombic oP14-Na6Bi phase with 

lowest-enthalpy in a Pbam symmetry. As illustrated in Fig. 7(a) 

at 160 GPa, if projected along the a-axis, the oP14-Na6Bi is a 

sandwich-like structure with every three Na layers separating 

by one Bi atomic layer. The Na atoms hold two inequivalent 

atomic sites, Na1 at 8i (0.0150, 0.3371, 0.2252) and Na2 at 4h 

(0.1590, 0.1002, 0.5). From the projection from the c-axis, the 

Na1 atoms form irregular graphene-like layer, while every two 

Na2 atoms create a dimer. The distances between Na1 atoms 

within the same layer are ranging from 2.19 Å to 2.32 Å and 

the Na1-Na2 distances between the adjacent layers are about 

2.03 Å to 2.19 Å at 160 GPa. However, within a Na2-dimer, the 

Na2-Na2 bonding is about 1.85 Å, which is much smaller than 

other Na-Na bondings and this bonding distance is even 

obviously less than that of the ground state Na phase at 160 

GPa (tI19, around 2.15 Å) indicating a stronger bonding 

strength between these Na2 atoms in oP14-Na6Bi. Each Bi 

atom is surrounded by 16 Na atoms with the interatomic 

distances ranging from 2.50 Å to 2.68 Å building a Bi-centered 

polyhedral with 22 sides, as shown in Fig. 7(a). The phonon 

dispersions show that this oP14-Na6Bi is dynamically stable in 

its stable pressure range, as shown in Fig. 8(a).   

At pressures above 201 GPa, we found a structural phase 

transition from this orthorhombic oP14 phase to a hexagonal 

hR21 structure, with the R3m symmetry and 21 atoms in one 

unit cell, as shown in Fig. 7(b). The differences of enthalpy 

between the oP14 and hR21 phases as a function of pressure are 

presented in Fig. 8(c) and the phase transition pressure can be 

clearly seen at 201 GPa. At the pressure range from 201 to 270 

GPa, the hR21-Na6Bi is predicted to be stable in the Na-Bi 

system referring to the calculated formation energy of tI19-Na 

and bcc-Bi, while above 270 GPa the hP4-Na is considered as 

the reference phase of Na as it is experimentally synthesized 

under ultra-high pressure condition43. The dynamical stability 

of this hR21 phase is further checked through the phonon 

calculation. As there is no imaginary frequency within the BZ, 

the hR21 phase can be deemed as dynamically stable in its 

stable pressure range (Fig. 8(b)). From Table 1, only one type 

Na and Bi sites can be found in hR21-Na6Bi: 18h (0.5168, 

0.4832, 0.0993) and 3a (0, 0, 0), respectively. Similar with the 

oP14-Na6Bi, this hR21 phase is also a layered structure but 

there are only two Na layers between the Bi atomic layers as 

comparing with three Na atomic layers in the oP14 phase. In 

the hR21 structure, the Na atomic distances within one layer is 

around 2.10 Å which are generally larger than the interlayer 

Na-Na distances, ranging from 1.85 Å to 1.94 Å . On the other 
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hand, one Bi atom is surrounded by 18 Na atoms, forming an 

icosahedron with the top and bottom layered triangle Na3 rings 

and two parallel hexagonal Na6 rings. Therefore, this hR21 

structure can be viewed as an assembly of Na18Bi units (Fig. 

7(b)), where the Bi atoms form a hR1 lattice and they are 

enclosed within icosahedrons of Na. Interestingly, the similar 

structural feature has also been found in a predicted stable high 

pressure phase of Li6B
64.  

 

 
Figure 8. (Color online) The phonon dispersion curves of (a) oP14-Na6Bi at 160 

GPa, (b) hR21-Na6Bi at 240 GPa, (d) mC20-Na4Bi at 160 GPa, (e) hP3-Na2Bi at 40 

GPa and (f) tI12-NaBi2 at 200 GPa. Meanwhile, the relative phase stability of two 

Na6Bi structures as the function of pressure is shown in (c). 

 
Figure 9. (Color online) The band structures without (left) and with (middle) the 

SOC and the total and partial density of states (right) with SOC. for (a) oP14-

Na6Bi at 160 GPa, (b) hR21-Na6Bi at 240 GPa, (c) mC20-Na4Bi at 160 GPa, (d) hP3-

Na2Bi at 40 GPa and (e) tI12-NaBi2 at 200 GPa. The red and blue solid circles 

represent the projection to the Na-3s and Bi-6p states, respectively. 

5.1.2 Na4Bi 

Na4Bi was found stable in the pressure range of 105 GPa to 221 

GPa and adopt a monoclinic mC20 structure (space group 

C2/m), as presented in Fig. 7(c) and Table 1. In the pressure 

range that we considered, the calculations found no any other 

structural phase transition for this 4:1 composition. For the 

mC20-Na4Bi, the Na atoms occupy four inequivalent 4i 

Wyckoff sites and Bi atoms stay at one 4i site. There are two 

stacked atomic layer with the adjacent layers rotated by 

29.7°with respect to each other. These two layers share very 

similar atomic combination feature as they both consist of two 
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connected five-membered Na5 rings and one ten-membered 

Na10 ring with two centered Bi atoms. Thus, a 22-side Bi 

centered polyhedral is formed with top and bottom layered 

closed Na5 rings and middle open Na5 ring. This structure is 

demonstrated to be dynamically stable in its stable pressure 

ranges by the phonon calculation, as presented in Fig. 8(d).  

5.1.3. Na2Bi 

The compound Na2Bi crystallizes in a simple AlB2-type 

structure (hP3) with the graphite-like Na sheets sandwiching 

closed-packed layers of Bi atoms (Table 1 and Fig. 7(d)). This 

compound was predicted to be stable above 38 GPa in the Na-

Bi system (Fig. 1) and will remains its stability even up to 320 

GPa. According this hP3 structure, the Na and Bi atoms stay at 

2d (0.3333, 0.6667, 0.5) and 1a (0, 0, 0), respectively. At 40 

GPa, the Na-Na distance within the graphite-like layer is about 

2.46 Å which is slightly smaller than the shortest Na-Na 

bonding distance (2.677 Å) in bcc-Na at the same pressure.  

5.1.4. NaBi2 

NaBi2, the composition with the highest Bi content, was 

predicted to be stable above 171 GPa and it remains stable even 

up to 320 GPa (Fig. 1). Our evolutionary structural search 

evidences a tetragonal tI12 structure with the space group 

I4mcm for NaBi2 in its stable pressure range from 171 GPa to 

320 GPa. Figure 7(e) shows its crystal structure and its 

structural parameters at 200 GPa are presented in Table 1. 

Among all those revealed Na-Bi compounds, NaBi2 is the only 

composition whose Bi content is over Na. From Table 1, one 

can see that the Na and Bi occupy two inequivalent Wyckoff 

sites, 4a (0, 0, 0.25) and 8h (0.1588, 0.6588, 0), respectively. If 

being projected along the c-axis, it can be clearly visualized 

that the Bi atoms form “4 + 8” membered rings. As seen in its 

unit cell, each Na atom has eight Bi coordinators with the Na-

Bi distance of 2.46 Å and each Bi atom form two kinds of 

bonding (2.74 Å and 2.94 Å) with its four nearest neighbouring 

Bi atoms.  

Table 2. The density of state (DOS) at Fermi Level (N(EF), [states eV-1 f.u-1]) 
for the metallic phases of Na-Bi system at given pressure. In general, the 
N(EF) represent the strength of the metallicity. 

Phase Pearson 
symbol 

Pressure  N(EF) N(EF) 
(soc)  

Na6Bi  oP14  160 1.092 1.115 
hR21  240 1.302 1.294 

Na4Bi  mC20  160 0.389 0.236 
Na2Bi  hP3  40 0.458 0.349 
NaBi  tP2  0 0.846 0.527 

cP2  40 0.508 0.532 
NaBi2   tI12  200 0.908 0.885 

5.2 Electronic structures 

We have calculated the electronic band structures and densities 

of states (DOSs) for all those compounds of Na6Bi, Na4Bi, 

Na2Bi and NaBi2 at selected pressures, as illustrated in Fig. 9. 

The common features from their band structures and the DOSs 

can be observed. At the pressures considered here, all those 

compounds are typical metallic, no matter whether the SOC 

effect is included. The DOS at the Fermi level (N(EF)) are 

dominated by Na-3s states for Na6Bi, Na4Bi and Na2Bi, 

whereas the N(EF) for NaBi2 is mainly from both Na-3s and Bi-

6p states. We have further calculated the corresponding N(EF) 

as compiled in Table 2. Among them, the SOC effect exhibits 

the highest impact on the tP2-NaBi by reducing the N(EF) about 

0.319 states eV-1 f.u.-1 with respect to the case without the 

inclusion of SOC. As for cP2-NaBi, although they belong to the 

same composition and have similar crystal structure, the change 

of the N(EF) is so slight (only 0.024 states eV-1 f.u.-1) that we 

can neglect the SOC effect. In particular, for Na4Bi and Na2Bi, 

the SOC effect also lower the N(EF) by 0.153 and 0.109 states 

eV-1 f.u.-1, respectively. For other compounds of Na6Bi and 

NaBi2, the SOC shows almost no influence in their N(EF).  

 
Figure 10. (Color online) The calculated Bader charge of Na and Bi in the Na-Bi 

systems at different pressures. The predicted most stable structures at 180 GPa 

for different Na-Bi compositions are used for the Bader charge calculation. 

6. The nature of bonding 

It is well-known that among all elements, Na has a very low 

electronegativity (0.9 eV), whereas Bi has a relatively large 

electronegativity (1.9 eV). When Na mixes with Bi to form 

compounds, it is reasonable to expect that Na often loses its 

valence electrons with a positive oxidation state (the maximum 

value of 1+ due to its outermost 3s1 configuration) and Bi will 

easily attract the valence electrons from Na to form the negative 

oxidation state (the most negative oxidation state of 3- 

according to the outermost configuration of 6s26p3). Therefore, 

from the viewpoint of electronegativity, the Na3Bi would be the 

compound easily formed in the Na-Bi system within the ionic 

configuration. As expected, Na3Bi is one of the stable 

compounds at ambient condition. Our Bader charge analysis 

reveals that Na loses the valence charge of 0.72 to form cationic 

Na0.72+, whereas Bi attracts the valence charges of 2.16 to create 

anionic Bi2.16- in the Na3Bi compound. In particular, the cation 

and anion should be Na+ and Bi- at ambient condition, 

respectively. This discrepancy is mainly due to the method of 

the Bader’s technique, which calculates the charges 

surrounding every atom through the partitioning spaces by 
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identifying the zero-flux surfaces. For example, even for the 

typical ionic compound of NaCl, the Bader’s charge analysis 

also reveals a non-integer transferred charge value of 0.83 from 

Na to Cl64 for which this value would have been an integer of 1. 

In addition, for Na3Bi, the transferred charges from Na to Bi 

decrease with the increasing pressure through our Bader’s 

analysis in Fig. 10. At 100 GPa, Na loses its valence charge 

about 0.66, which is smaller by almost 8% comparing with the 

value of 0 GPa. This fact implies the existence of partial charge 

transfer, giving rise to the non-integer valence charge states for 

both Na and Bi.  

Furthermore, we have systemically derived the valence charges 

for all compounds in the Na-Bi system as a function of pressure 

in Fig. 10 through the Bader’s calculations. Note that we have 

compiled the ch arge states of the compounds with the 

corresponding structures which are stable at 180 GPa according 

to the convex hull as shown in Fig. 1(a), namely, oP14-Na6Bi, 

mC20-Na4Bi, oC16-Na3Bi, hP3-Na2Bi, cP2-NaBi and tI12-

NaBi2. Although those selected structures may not be stable at 

other pressures, we have checked that their structure-dependent 

charge states only slightly vary at the same composition. For 

the sake of easier comparison, the purpose of keeping same 

structure type for all pressure ranges investigated here would be 

preferable. Firstly, it has been found an obvious transition point 

of the charge state for both Na and Bi at the 3:1 composition. 

Before the composition 3:1, the transferred charges from Na 

increase sharply with the increasing Bi content, while after this 

composition the transferred charges remain relatively constant 

upon the different compositions. In contrast, the charge state for 

each Bi atom exhibits an opposite trend: with increasing the Bi 

content, the received charge of Bi continuously decreases. This 

can be easily understood due to the increased Bi content which 

consumes the constant transferred charges from Na. Secondly, 

our Bader charge analysis suggested a common phenomenon 

for these compounds of the non-integer partial charge transfer 

from Na to Bi. From Fig. 10, the transferred charges from each 

Na atom are smaller than 1 for all compounds. In particular, for 

both oP14-Na6Bi and mC20-Na4Bi the transferred charges for 

each Na atom are very small, just about 0.37 and 0.57 at 0 GPa, 

respectively, and the transferred values are even smaller with 

the increasing pressure.  

In particular, for both Na6Bi and Na4Bi the situations of the 

charge transfers are highly complicated. As illustrated in Fig. 

7(a) for oP14-Na6Bi, there are eight Na1 and four Na2 atoms in 

its unit cell. The Bader’s calculations demonstrated that the 

transferred charge values from each Na1 and Na2 are 0.25 and 

0.53, respectively. Interestingly, in the cage formed by Na1 and 

Na2 atoms we have observed a large charge localization in its 

interstitial space (Fig. 12(a)), as evidenced in the calculated 

electronic localized function (ELF). The ELF represents the 

extent of electronic localization in a range from 0 to 1. If the 

ELF ≈ 0, it shows that the electrons are highly delocalized, 

whereas with ELF ≈ 1, it indicates the highly localized 

electrons, often denoting as lone-pair electrons or covalent 

 
Figure 11. (Color online) The electronic localization function (ELF) for Na-Bi compounds. The yellow isosurface represents an ELF value of 0.7. The yellow and red 

spheres represent Na and Bi atoms, respectively. (a) The (0
1

2
0) plane for oP14-Na6Bi at 160 GPa, (b) (110) plane for hR21-Na6Bi at 240 GPa, (c) (0

1

2
0) plane for mC20-

Na4Bi at 160 GPa, (d) (1120) plane for hP8-Na3Bi at 0 GPa, (e) (000
3

4
) plane for hP24-Na3Bi at 0 GPa, (e) (110) plane for cF16-Na3Bi at 1 GPa, (f) (

1

2
00) plane for oC16-
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Na3Bi at 120 GPa, (g) (00
1

2
) plane for hP3-Na2Bi at 40 GPa, (h) (110) plane for tP2-NaBi at 0 GPa, (i) (110) plane for cP2-NaBi at 40 GPa and (j) (00

1

2
) plane for tI12-NaBi2 

at 200 GPa. Note that a 2×2×1 supercell is used for hP3-Na2Bi in (g) and the 2×2×2 supercells of tP2-NaBi and cP2-NaBi are shown in (i) and (j), respectively 

bonding. In this case of oP14-Na6Bi at 160 GPa, as illustrated 

in Fig. 11(a) and Fig. 12(a), it can be seen the emergence of 

electronic localizations at those interstitial spaces of Na1 and 

Na2 atoms with the highest ELF of 0.8. However, this fact 

cannot be denoted as the formation of covalent bonding or lone-

pair electrons, as their shapes and positions, i.e. spherical and 

atomic surrounding, are not suitable with the present cases. In 

fact, this localized charge may be directly correlated with the 

high pressure and the close-packed Na cages. This phenomenon 

is not unique in alkali metals. For Li and Na41, 43, it was proved 

that the obvious interstitial valence electron localizations exist 

in the lattice, even driving the structural transitions to 

semiconductors or insulators under high pressures. Because of 

the existence of the interstitial charge localizations, the charge 

transfer in the Na6Bi case not only include the part from Na to 

Bi, but also contain the aspect from Na to the interstitial space. 

Our calculations still found that, with the increasing pressure, 

the interstitial charge localization in the cage formed by both 

Na1 and Na2 atoms become more obvious. This similar 

situation has also been observed in the case of hR21-Na6Bi at 

240 GPa and mC20-Na4Bi at 160 GPa, as illustrated in Fig. 

11(b and c) and Fig. 12(b).  

 
Figure 12. The partial electronic localization function (ELF) for (a) oP14-Na6Bi and 

(b) mC20-Na4Bi at 160 GPa. The yellow isosurface represents an ELF value of 0.7. 

In similarity with Fig. 7, the Na atoms are shown in different color according to 

their Wyckoff sites. 

For all other compounds at their corresponding stable 

structures, we have not observed any interstitial charge 

localizations as illustrated in Fig. 11(d to j). This origin can be 

attributed to two facts. On the one hand, all these compounds 

are layered with the stacking sequence of every Na layer 

separated by one Bi layer. This feature results in no possibility 

to form the close-packed Na cages. In contrast, the Na cages 

can be clearly seen for both Na6Bi and Na4Bi (Fig. 7). On the 

other hand, the Na content decreases in these compounds, 

thereby no sufficient valence charges can be transferred from 

Na as compared with Na6Bi and Na4Bi. From Fig. 11(d to j), 

the ELF values surrounding Bi atom are about 0.5, while the 

electrons near Na atoms are relatively delocalized with the ELF 

value close to 0.2. This fact indicates the probable formation of 

the electron-gas-like states between Na and Bi.  

7. Conclusion 

Using the first-principles calculations coupled with the 

evolutionary structure search, we have systematically 

investigated the phase stabilities, the crystal structures and the 

corresponding electronic properties as well as bonding natures 

of the binary Na-Bi system at ambient and high pressures. 

Firstly, our calculations have reproduced well the 

experimentally known stable compounds of NaBi and Na3Bi for 

the Na-Bi system at ambient condition and yielded the 

corrected pressure-induced phase transformations for pure 

solids of Na and Bi, which are in nice agreement with the 

previous theoretical and experimental investigations. 

Secondly, for the known stable compounds NaBi and Na3Bi our 

calculations have revealed their phase transitions with 

increasing pressure. The NaBi has been found to undergo the 

structural phase transition from the ambient tetragonal phase to 

a cubic one above 36 GPa, while the Na3Bi first transforms to a 

cubic phase above 0.8 GPa in agreement with the experimental 

measurements and finally goes to an orthorhombic phase above 

118 GPa. In particular, the cubic Na3Bi phase exhibits unique 

electronic properties with the inverted band ordering and 

threefold p-electron degeneracy at Γ. This feature is very 

similar to HgTe, which is a promising candidate of quantum 

Hall effect systems. 

Thirdly, upon the increase pressure our calculations have still 

predicted four never-reported stable compounds of Na6Bi, 

Na4Bi, Na2Bi and NaBi2 which have been found to be stable 

above 142.5 GPa, 105 GPa, 38 GPa and 171 GPa, respectively, 

and may be experimentally synthesizable over a wide range of 

pressures. Interestingly, these four compounds exhibit two 

common features: i) they are all layered structure and ii) all 

these compounds can be understood via the ionic framework 

with metallic nature. 

At last, we have systematically analysed the bonding features 

and the electron localized functionals for these compounds in 

detail. Through the Bader charge analysis, a common charge 

transfer from Na to Bi has been revealed. However, for oP14-

Na6Bi at 160 GPa, hR21-Na6Bi at 240 GPa and mC20-Na4Bi at 

160 GPa, there exist large interstitial charge localizations in the 

Na atomic cages, which may associated with the high pressure 

and the close-packed Na environment. In addition, it is 

interesting to mention that a study of the most relevant meta-

stable modifications and their structural and electronic 

properties is being undertaken across a wide range of pressure. 
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