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Near the melting temperature, equilibrium bismuth melt is characterized by structural features that are absent 
in equilibrium monatomic simple liquids. In the present work, the structure of bismuth melt is studied by X-ray 
diffraction experiments and quantum chemical calculations. The presence of quasi-stable structures in the melt 
has been found, the lifetime of which exceeds the structural relaxation time of this melt. It is shown that these 
structures are characterized by a low degree of ordering and spatial localisation. It was found that up to 50% 
of the atoms in the melt can be involved in the formation of these structures. The elementary structural units 
of these structures are triplets of regular geometry with the characteristic lengths 3.25 Å and 4.7 Å as well as 
with the characteristic angles 45◦ and 90◦. The characteristic lengths of these triplets are fully consistent with 
correlation lengths associated with the short-range order in bismuth melt.
Bismuth is the post-transition metal with application in electronics 
(printed circuit boards, high and low temperature brazing, etc.), nuclear 
and solar energy (coolants, targets, concentrators, etc.) [1–6]. Liquid 
bismuth as well as its compounds with other metals are used in all 
these areas. Therefore, the physical and chemical properties of liquid 
bismuth are crucial factors in the selection of appropriate technologies. 
The phase diagram of bismuth is quite complex and rich in different 
crystalline phases: at least five stable crystalline phases are known. At 
normal pressure, the phase of equilibrium liquid bismuth extends over 
the temperature range Δ𝑇 ≈ 1200 K [7]. The transition from crystalline 
phase to liquid state at normal pressure is accompanied by increasing 
density [8].

Near the melting temperature, liquid bismuth has a structure, which 
differs from the structure typical for the so-called “simple liquids”. 
Namely, it demonstrates structural features that manifest itself as a 
shoulder in the right wing of the main maximum of the static struc-
ture factor 𝑆(𝑘) as well as an additional peak between the first and 
second maxima of the radial distribution function 𝑔(𝑟). These structural 
features have been revealed by means of neutron and X-ray diffraction 
experiments [9,10]. It is noteworthy that the similar features are also 
observed in liquid tin and liquid gallium and are explained by the pres-
ence of the so-called extended short-range order [11,12]. In Ref. [13], 
it was shown that Bi𝑛 clusters (where 𝑛 = 2, 3, ..., 14 is the number of 
bonded bismuth atoms) can be formed in liquid bismuth. The results 
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of these studies showed that the structural properties (coordination 
numbers, bond angles, etc.) and energetic properties (including energy 
barrier and cohesive energy) of these clusters are more similar to those 
of liquid bismuth than to the stable rhombohedral form of crystalline 
bismuth. However, there is no convincing evidence that these clusters 
are long-lived and that these clusters are the cause of the experimen-
tally observed structural features of dense bismuth melt.

The present work will provide evidence that quasi-stable structures 
are formed in liquid bismuth and that these structures can explain the 
experimentally observed structural features of liquid bismuth near the 
melting temperature. For this, detailed study of the structure of liq-
uid bismuth will be carried out using the data from X-ray diffraction 
experiments and the results of ab-initio molecular dynamics simula-
tions.

It is known that the phase diagram of bismuth contains five differ-
ent crystalline phases in the temperature range 𝑇 ∈ [200; 800] K and at 
pressures up to 7.0 GPa [see Fig. 1(a)]. A feature of the bismuth phase 
diagram is that with increasing pressure up to 𝑝 ≈ 2.5 GPa the melting 
point decreases from 𝑇𝑚 ≃ 545 K to 𝑇𝑚 ≃ 432 K. The negative slope of 
the melting line 𝑇𝑚(𝑝) in the (𝑇 , 𝑝)-phase diagram reflects the fact that 
at pressures up to 𝑝 ≈ 2.5 GPa the phase transition from crystalline to 
liquid phase is accompanied by an increase in melt density [13]. The 
melting line has a positive slope at pressures 𝑝 > 2.5 GPa, where the 
melting temperature increases with increasing pressure.
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Fig. 1. (a) Phase diagram of bismuth created from the data given in Ref. [14]. The liquid state considered in this study at the temperature 𝑇 = 573 K and at the 
pressure 𝑝 = 1 atm is marked by the red filled circle. (b) Crystal lattices of different modifications of solid bismuth. (For interpretation of the colors in the figure(s), 

the reader is referred to the web version of this article.)

Two rhombohedral crystalline phases with modifications Bi-I and 
Bi-II are realized at pressures up to 𝑝 ≃ 2.6 GPa and at temperatures 
𝑇 < 500 K [see Fig. 1(b)]. Bi-I phase is stable under normal conditions 
and this phase is characterized by the following unit cell parameters: 
𝑎 = 𝑏 = 4.55 Å, 𝑐 = 11.86 Å, 𝛼 = 𝛽 = 90◦, 𝛾 = 120◦ [13]. The unit cell 
of Bi-II phase has the parameters 𝑎 = 6.65 Å, 𝑏 = 6.09 Å, 𝑐 = 3.29 Å, 
𝛼 = 𝛾 = 90◦ and 𝛽 = 110.37◦ [14]. Here, 𝑎, 𝑏, 𝑐 are the edge lengths, 𝛼, 𝛽, 
𝛾 are the angles between the edges. These two crystalline phases have 
layered structure, where the bond lengths between atoms in neighbor-
ing layers are ≈ 3.53 Å (for Bi-I) and ≈ 3.45 Å (for Bi-II). Within each 
layer, some interatomic bond lengths are ≈ 3.07 Å (for Bi-I) and ≈ 3.94 Å 
(for Bi-II) that is greater than the doubled covalent radius 2𝑟𝑐𝑜𝑣, where 
𝑟𝑐𝑜𝑣 ≃ 1.48 Å [15]. Such dissimilarity in the bond lengths between the 
atoms of crystalline solid bismuth prevents the formation of dense crys-
tal packing. Therefore, Bi-I and Bi-II phases have a lower density than 
that of the liquid at the common isobar. In addition, crystalline bismuth 
is characterized by covalent and metallic bonds between the atoms. The 
results of recent studies show that the covalent bonds are decoupled 
when crystalline bismuth is melted. Thus, metallic bonds become more 
pronounced in liquid bismuth [16].

There are high density crystalline phases of solid bismuth with 
tetragonal, rhombic and cubic lattice at pressures above 𝑝 ≃ 2.6 GPa. 
In the pressure range from 𝑝 ≃ 2.6 to 7.0 GPa and at temperatures 
𝑇 < 430 K, tetragonal Bi-III phase with the unit cell parameters 𝑎 =
𝑏 = 8.66 Å, 𝑐 = 4.24 Å, 𝛼 = 𝛾 = 90◦ and 𝛽 = 110.37◦ is formed. High-
temperature rhombic Bi-IV phase is realized at pressures in the range 
𝑝 ∈ [2.5; 5.0] GPa and at temperatures 𝑇 ∈ [430; 550] K, whose unit cell 
is characterized by the following parameters: 𝑎 = 11.19 Å, 𝑏 = 6.62 Å, 
𝑐 = 6.61 Å, 𝛼 = 𝛾 = 90◦, 𝛽 = 110.37◦. Further, the system forms cubic Bi-
V phase with the parameters 𝑎 = 𝑏 = 𝑐 = 3.80 Å and 𝛼 = 𝛽 = 𝛾 = 90◦ at 
pressures above 𝑝 ≃ 4 GPa and at temperatures above 350 K. The unit 
cell images for these five modifications of bismuth crystal lattice are 
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shown in Fig. 1(b).
In the present work, equilibrium bismuth melt is studied just above 
the melting temperature at the isobar 𝑝 = 1 atm (∼ 1.0 × 10−4 GPa). At 
this isobar, the liquid phase of bismuth covers the temperature range 
𝑇 ∈ [544; 1837] K. The melting temperature is 𝑇𝑚 ≃ 544.5 K, while the 
boiling temperature is 𝑇𝑏 ≃ 1837 K [17].

As shown in Figs. 2(a) and 2(b), the X-ray diffraction results ob-
tained in the present work [see Appendix: “Experimental procedure”] 
reveal features in the static structure factor 𝑆(𝑘) and the radial distribu-
tion function 𝑔(𝑟) of liquid bismuth near the melting temperature, which 
are in agreement with known X-ray (XSE) and neutron (NSE) diffraction 
data [9,10,18]. Our results of ab-initio molecular dynamics simulations 
are also in agreement with the results of earlier quantum chemical cal-
culations [13]. Fig. 2(a) shows that the structural features appear as a 
shoulder on the right wing of the main peak of 𝑆(𝑘). This shoulder is 
located at the wavenumber interval 𝑘 = [2.6; 3.2] Å−1. The radial distri-
bution function 𝑔(𝑟) shows an additional peak located between the first 
and second maxima at values 𝑟 = [3.8; 5.2] Å [see Fig. 2(b)].

Fig. 3(a) shows the distributions 𝑃 (𝑞4) and 𝑃 (𝑞6) of the local ori-
entation order parameters 𝑞4 and 𝑞6 estimated for liquid bismuth at 
the temperature 𝑇 = 573 K [see section “Structure and cluster analysis” 
in Appendix]. As seen from this figure, the shapes of the distributions 
𝑃 (𝑞4) and 𝑃 (𝑞6) are more asymmetric for liquid bismuth compared to 
Lennard-Jones liquid [19]. In the case of liquid bismuth, the position of 
the maximum in the distribution 𝑃 (𝑞6) is shifted to the region of small 
values 𝑞6: the maximum is located at 𝑞6 ≃ 0.23, while in the case of 
Lennard-Jones liquid the maximum is reached at the value 𝑞6 ≃ 0.37. 
Such asymmetric shape of the distributions 𝑃 (𝑞4) and 𝑃 (𝑞6) as well as 
the positions of their maxima do not correspond to existing types of 
the crystal lattice symmetry that can be considered as evidence of the 
absence of crystal-like clusters in liquid bismuth. The shape of the ob-
tained distributions is completely different from 𝑃 (𝑞4) and 𝑃 (𝑞6) typical 
for crystals with bcc, fcc and hcp lattices [19,20]. Namely, in the case of 

crystalline phases, these distributions have a pronounced maximum or 
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Fig. 2. (a) Static structure factor 𝑆(𝑘) and (b) radial distribution function 𝑔(𝑟) of liquid bismuth at the temperature 𝑇 = 573 K obtained from X-ray diffraction 
experiment and ab-initio molecular dynamics simulation [see sections “Experimental procedure” and “Simulation procedure” in Appendix]. Previously known data 
of X-ray and neutron diffraction experiments as well as known results of quantum chemical calculations are taken from Refs. [9,10,13,18].

Fig. 3. (a) Distributions of the local orientation order parameters 𝑞4 and 𝑞6 obtained for liquid bismuth as well as previously known results for Lennard-Jones liquid 
and crystal phases bcc, fcc, hcp [19]. (b) Distributions of the neighborhood time 𝜏 for pairs of bismuth atoms whose distance is less than the reduced threshold 
distance 𝑅𝑐∕𝑅𝑚𝑖𝑛, where 𝑅𝑚𝑖𝑛 = 5.6 Å. For comparison, the figure shows the results obtained for liquid argon at the same values of 𝑇 ∕𝑇𝑚 and 𝑅𝑐∕𝑅𝑚𝑖𝑛 (here, 
𝑅𝑚𝑖𝑛 = 5.1 Å for liquid argon at the reduced temperature 𝑇 ∕𝑇𝑚 = 1.05). The solid lines are the result of the function 𝑃 (𝜏) = 𝑃0 exp(−𝜏∕𝜏0), where 𝑃0 is the distribution 
at the time 𝜏 = 0; 𝜏 is the time corresponding to the distribution 𝑃 = 𝑃 ∕𝑒 ≃ 0.368𝑃0 .
0 0

several peaks, the position of which depends on the type of the crystal 
lattice symmetry [21]. In the case of liquid bismuth, both distributions 
𝑃 (𝑞4) and 𝑃 (𝑞6) have a unimodal form, typical for “simple liquids”.

The distribution 𝑃 (𝜏, 𝑅𝑐) of the neighborhood time 𝜏 for pairs of 
atoms has been calculated according to the method proposed earlier 
in Ref. [11]. Namely, an imaginary sphere is placed around an arbi-
trary atom, and the center of the sphere coincides with the center of 
this atom. The radius of this sphere is defined by the threshold distance 
𝑅𝑐 , which is comparable to the average radius of the atom. This imag-
inary sphere moves together with the atom according to its dynamics. 
In addition, the residence times of all atoms that fall into this sphere 
are determined for the entire observation period. Then, by performing 
this procedure for all atoms and averaging the results, we obtain the 
distribution over the neighborhood times of atoms for a given thresh-
old distance 𝑅𝑐 . As follows from the function 𝑔(𝑟) of liquid bismuth 
[see Fig. 2(b)], the structural features appear on the spatial scales [3.8; 
5.2] Å. With this in mind, the calculation of the neighborhood times 
of atoms was performed at five different threshold values 𝑅𝑐 = 3.4, 3.8, 
3

4.2, 4.6, and 5.0 Å. Here, the threshold distance 𝑅𝑐 = 3.4 Å is considered 
to compare the obtained results with the case, where the structural fea-
tures are not observed. In Fig. 3(b), the obtained distributions are repre-
sented as ln𝑃 (𝜏, 𝑅𝑐∕𝑅𝑚𝑖𝑛) versus 𝜏 plot, where the quantity 𝑅𝑚𝑖𝑛 ≃ 5.6 Å 
is the position of the first minimum in the function 𝑔(𝑟) [see Fig. 2(b)]. 
These distributions have a similar shape and are characterized by two 
regions: the nonlinear region at small neighborhood times and the linear 
region associated with the decaying distribution 𝑃 (𝜏, 𝑅𝑐) at large neigh-
borhood times according to the exponential law 𝑃 (𝜏) = 𝑃0 exp(−𝜏∕𝜏0). 
Here, the parameters 𝑃0 and 𝜏0 depend on the threshold value 𝑅𝑐 [see 
caption of Fig. 3(b)]. At the threshold distances 𝑅𝑐 ≥ 3.8 Å the transition 
time between these two regions coincides with the structural relaxation 
time 𝜏𝑠 of liquid bismuth at the temperature 𝑇 = 573 K. The approximate 
value of the structural relaxation time 𝜏𝑠 is determined using the well-
known Williams-Landel-Ferry relationship, 𝜏𝑠 = 𝜏∞(𝜂∕𝜂∞) [22]. Here, 
the value of the dynamic viscosity at the temperature 𝑇 = 573 K is taken 
as 𝜂 ≃ 2.18 ×10−3 Pa⋅s [10,23]. The quantities 𝜂∞ and 𝜏∞ take the values 
𝜂∞ ≃ 1 ×10−5 Pa⋅s and 𝜏∞ ≈ 0.01 ps in the case of liquid bismuth at tem-
peratures 𝑇 →∞ [24,25]. Then, according to the Williams-Landel-Ferry 

relationship, the structural relaxation time of liquid bismuth is 𝜏𝑠 ≃ 2 ps 
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Fig. 4. (a) Distribution of the characteristic bond lengths for atoms whose distance does not exceed 𝑅𝑐 = 5.0 Å. Calculations were performed for bonds that live 
longer than 2 ps. Inset shows the radial distribution function 𝑔(𝑟) with the marked characteristic lengths 𝑟1 and 𝑟2 . (b) Distribution of the bond angles between the 
triplet atoms with the revealed characteristic angles 𝜃 and 𝜃 . Inset shows a schematic view of the triplet with the characteristic lengths 𝑟 , 𝑟 and angles 𝜃 , 𝜃 .
1 2

at the considered thermodynamic conditions. If pairs of atoms form a 
stable bond, then the lifetime of this bond is expected to be much longer 
than the found structural relaxation time of the system. The presence 
pairs of atoms whose neighborhood time is much longer than 𝜏𝑠 ≃ 2 ps 
is confirmed by the presence of the linear region in the ln𝑃 (𝜏, 𝑅𝑐∕𝑅𝑚𝑖𝑛)
versus 𝜏 plot. Thus, the quasi-stable structures in liquid bismuth are 
such structural formations, where interatomic bonds are realized at dis-
tances not greater than 5.0 Å and exist longer than 2 ps.

For comparison, the distribution of the neighborhood times of atoms 
was calculated for liquid argon, which belongs to the class of simple 
monatomic liquids [26,27]. The conditions and parameters were cho-
sen so that the temperature ratio 𝑇 ∕𝑇𝑚 and threshold distance 𝑅𝑐∕𝑅𝑚𝑖𝑛

for liquid argon coincide with the values of 𝑇 ∕𝑇𝑚 and 𝑅𝑐∕𝑅𝑚𝑖𝑛 for liq-
uid bismuth. Here, 𝑅𝑚𝑖𝑛 is the position of the first minimum of the 
function 𝑔(𝑟): 𝑅𝑚𝑖𝑛 = 5.6 Å for liquid bismuth and 𝑅𝑚𝑖𝑛 = 5.1 Å for liq-
uid argon. Thus, in the case of a simple liquid, quasi-stable structures 
are not found. This is confirmed by the small neighborhood times of 
atoms not exceeding 1.0 ps: in Fig. 3(b), the obtained distribution for 
the simple liquid is located in a narrow region immediately near zero 
time value. In addition, the distribution for the simple liquid does not 
have an inflection with transition to the linear regime as it is observed 
for liquid bismuth at threshold radii 𝑅𝑐∕𝑅𝑚𝑖𝑛 ≥ 0.68 [see Fig. 3(b)].

A quantitative characterization of the quasi-stable structures is per-
formed by calculation of the distributions of the bond lengths 𝑃 (𝑟)
for pairs of atoms and the bond angles 𝑃 (𝜃) for triples of neighboring 
atoms belonging to the detected structures. It can be seen from Fig. 4(a) 
that the most probable bonds have the lengths 𝑟1 ≃ (3.25 ± 0.15) Å and 
𝑟2 ≃ (4.7 ± 0.25) Å. In the radial distribution function 𝑔(𝑟), these lengths 
coincide with the position of the main maximum (in the case of 𝑟1) 
and the position of the additional peak (in the case of 𝑟2) [see inset 
in Fig. 4(a)]. The length 𝑟1 is greater than the doubled covalent ra-
dius, 𝑟1 > 2𝑟𝑐𝑜𝑣, and this length is comparable to the doubled atomic 
radius, 𝑟1 ≈ 2𝑟𝑟𝑎𝑑 , where 𝑟𝑟𝑎𝑑 = 1.6 Å [15]. This indicates that the atoms 
in the quasi-stable structures are bound predominantly by metallic-type 
bonds. This finding is also in agreement with the results of the re-
cent quasi-elastic neutron scattering measurements, which revealed the 
absence of covalently bound structures in liquid bismuth [16]. These 
studies are based on the analysis of the characteristic interatomic bond 
lengths by using the intermediate scattering functions and the van Hove 
correlation functions.

From the obtained distribution of the bond angles 𝑃 (𝜃) for the 
triplet atoms [see Fig. 4(b)] it follows that the most probable angles are 
4

𝜃1 ≃ 45◦ ± 4◦ and 𝜃2 ≃ 90◦ ± 10◦. The presence of the angle 𝜃2 ≃ 90◦ can 
1 2 1 2

be due to electron properties in the outer 6𝑝 orbital of bismuth atoms, 
where the valence angle is also ∼ 90◦. This valence angle is typical 
for chemical elements belonging to the pnictogens [28,29]. Moreover, 
the characteristic angles 𝜃1 and 𝜃2 are typical for all modifications of 
crystal bismuth including Bi-I phase, which is closest to the considered 
region of the phase diagram on the isobar 𝑝 = 1 atm [14]. It follows that 
quasi-stable structures are formed from triplets acting as elementary 
structural units. Each triplet is an isosceles triangle with the character-
istic angles 45◦ and 90◦ as well as with the edge lengths 𝑟1 and 𝑟2; atoms 
are placed in the vertices of the triangle [see inset in Fig. 4(b)]. The key 
condition is that the neighborhood time of the atoms in the triplet must 
exceed 2 ps. The presence of the triplets is directly manifested in the 
characteristic shoulder of the function 𝑆(𝑘) and in the additional peak 
of the function 𝑔(𝑟) observed from diffraction experiments.

For a more detailed interpretation of the shape of the static struc-
ture factor and the radial distribution function, the functions 𝑆(𝑘) and 
𝑔(𝑟) are calculated separately for the atoms in the liquid phase without 
triplets and separately for the atoms forming triplets. As can be seen 
from Fig. 5(a), the shoulder in 𝑆(𝑘) is almost absent in the case, where 
the atoms forming triplets are excluded from consideration. The shoul-
der is clearly visible in the case of the system consisting only of the 
triplet atoms; here, the obtained static structure factor approximates 
the experimental values. Similarly, Fig. 5(b) shows that the additional 
peak in the radial distribution function 𝑔(𝑟) is almost absent in the case 
of the system without triplets. Thus, we conclude that the characteristic 
shoulder in 𝑆(𝑘) and the additional peak in 𝑔(𝑟) of liquid bismuth are 
due to the presence of the quasi-stable structures formed by triplets. The 
results of the cluster analysis reveal that these triplets are able to form 
branched structures in the form of chains [see Figs. 5(c) and 5(d)]. The 
configuration of these chains can be changed due to thermal motion of 
the atoms and rearrangement of the triplets. At the same time, the char-
acteristic lengths and angles between the bound atoms are saved, which 
creates the effect of the presence of quasi-stable structures. At the con-
sidered thermodynamic conditions, the fraction of atoms forming these 
chains can be up to half of the atoms in the system.

As it is known, the medium-range order means the presence of struc-
tures in a liquid whose liner sizes exceed a size of the first coordination 
shell, but these structures do not form the long-range order typical 
for crystalline solids [30]. This order can be manifested through two 
possible scenarios. First of all, it can be due to stable quasi-molecular 
formations, for example, as in the case of supercooled polymer melts. 
On the other hand, anisotropy in the interparticle interaction can lead 

to such particle dynamics that creates illusion of structural regularity 
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Fig. 5. (a) Structure factor 𝑆(𝑘) and (b) radial distribution function 𝑔(𝑟) calculated separately for the liquid atoms and for the triplet atoms. The circular red markers 
indicate the total function 𝑔(𝑟). (c) Snapshot of the system, where triplet atoms form the branched structure. The elementary unit of this structure is a triplet. (d) 

Examples of chain fragments formed by bismuth atoms.

extending beyond the first coordination. In the case of liquid bismuth 
near the melting temperature, the detected triplets, as small structural 
elements, do not form any long-lived structures and, therefore, do not 
produce the medium-range order in accordance with the first scenario. 
On the other hand, the medium-range order is also does not manifest 
itself in such the statistically averaged characteristic as the radial dis-
tribution function 𝑔(𝑟) of particles. Namely there are no pronounced 
features in either the second or third peaks of 𝑔(𝑟), the specific shape of 
which could signal the medium-range order [see Fig. 5(b)].

The analysis of the local structure of liquid bismuth and the neigh-
borhood time scales of atoms near the melting temperature is performed 
on the basis of X-ray diffraction experiments and ab-initio molecular dy-
namics simulations. The obtained results reveal the existence of quasi-
stable structures formed by triplets. It has been established that the 
appearance of a shoulder in the static structure factor and an additional 
peak in the radial distribution function is a consequence of the for-
mation of these triplets. We have shown that these triplets can form 
branched chains of different lengths. The lifetime of these triplets and 
chains is longer than the structural relaxation time of liquid bismuth at 
the considered temperature.
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Appendix A. Experimental procedure

The X-ray diffraction patterns of liquid bismuth at the temperature 
𝑇 = 573 K were obtained using the 𝜃–𝜃 diffractometer Bruker D8 Ad-
vance with thermal chamber HTK1200N. The measurements were per-
formed in the corundum crucible at the dynamic vacuum 10−4 mmHg 
and in the pulse set regime with the discrete step 2𝜃: namely, 0.1 in 
the interval from 9◦ to 81◦ and 0.2 in the interval from 81◦ to 123◦. 
The obtained experimental intensity curves have been smoothed by 
the Savitzky-Golay method followed by the calculation of the structure 
factor 𝑆(𝑘) and the radial distribution function 𝑔(𝑟) [31,32]. The ex-
perimental measurements are limited by the wavenumber 𝑘 = 7.6 Å−1, 
which can lead to additional false oscillations on 𝑔(𝑟) due to the small 
finite limit 𝑆(𝑘) in the Fourier transform. Therefore, according to the 
Kaplow method [33], the wavenumber range for the structure factor 
was increased to 15 Å−1. At the wavenumber 𝑘 ≈ 3 Å−1, there is a shoul-
der in the right wing of the main maximum of the structure factor 𝑆(𝑘), 
which is in agreement with the known literature data [9,10,18,34,35]. 
In the case of the function 𝑔(𝑟), an additional maximum is observed at 
𝑟 ≈ 4.5 Å. The values of the maxima of the functions 𝑆(𝑘) and 𝑔(𝑟) for 

liquid bismuth at the temperature 573 K are given in Tables B.1 and B.2.

https://rscf.ru/project/19-12-00022/
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Table B.1

Values of the structure factor maxima for liquid bis-
muth at the temperature 573 K.

Maximum 𝑘𝑚𝑎𝑥, Å−1 𝑆(𝑘𝑚𝑎𝑥)

first 2.11 ± 0.01 2.41 ± 0.01
second 4.11 ± 0.01 1.22 ± 0.01

Table B.2

Values of the maxima of the radial distribution function for liquid bismuth at 
the temperature 573 K: 𝑟𝑚𝑎𝑥 and 𝑔(𝑟𝑚𝑎𝑥) are the positions of the maxima for the 
distribution function obtained from the experimental diffraction curve; 𝑟∗

𝑚𝑎𝑥
and 

𝑔∗(𝑟𝑚𝑎𝑥) are the positions of the maxima for the 𝑔(𝑟) obtained from the structure 
factor extended by the Kaplow method [33].

Maximum 𝑟𝑚𝑎𝑥, Å 𝑟∗
𝑚𝑎𝑥

, Å 𝑔(𝑟𝑚𝑎𝑥) 𝑔∗(𝑟𝑚𝑎𝑥)

first 3.32 ± 0.01 3.30 ± 0.01 2.22 ± 0.01 2.21 ± 0.01
second 6.55 ± 0.01 6.56 ± 0.01 1.27 ± 0.01 1.26 ± 0.01
third 9.60 ± 0.01 9.62 ± 0.01 1.06 ± 0.01 1.06 ± 0.01

Appendix B. Simulation procedure

The ab-initio molecular dynamics simulation of liquid bismuth was 
performed using the interatomic interaction calculated by the Born-
Oppenheimer method with the ultrasoft pseudopotential [36–39]. The 
Vienna Ab-initio Simulation Package (VASP) was used to compute the 
trajectories of bismuth atoms. The cutoff energy for VASP calculation is 
400 eV. We considered the thermodynamic state with the temperature 
𝑇 = 573 K at the pressure 𝑝 = 1 atm. The temperature was controlled by 
the Nose-Hoover thermostat with the relaxation time 120 fs. The NVT 
ensemble was considered, where the system has the constant density 
𝜌𝑛 = 0.0289 Å−3 corresponding to the experimental value at the temper-
ature 𝑇 = 573 K [18]. The 432 atoms were located inside the rectangular 
simulation cell with the side lengths 𝐿𝑥 = 19.05 Å, 𝐿𝑦 = 20.79 Å and 
𝐿𝑧 = 37.75 Å. The simulation time step is Δ𝑡 = 0.003 ps.

Appendix C. Structure and cluster analysis

The radial distribution function 𝑔(𝑟) was calculated using the config-
uration data obtained by the molecular dynamics simulation [40]:

𝑔(𝑟) = 1
4𝜋𝑟2𝜌𝑛

⟨
𝑁∑
𝑖=1

Δ𝑛𝑖(𝑟)
Δ𝑟

⟩
. (C.1)

Here, Δ𝑛(𝑟) is the number of atoms in a spherical layer of the thick-
ness Δ𝑟, 𝑟 is the distance between two atoms. The structure factor was 
determined on the basis of the calculated function 𝑔(𝑟) by the Fourier 
transform [41,42]:

𝑆(𝑘) = 1 + 4𝜋𝜌𝑛

∞

∫
0

𝑟2 [𝑔(𝑟) − 1] sin(𝑘𝑟)
𝑘𝑟

𝑑𝑟, (C.2)

where, 𝑘 is the wavenumber that takes values in the range [0.1; 8.0] Å−1.
Identification of ordered structures was done by calculating local 

orientational order parameters [43]:

𝑞𝑙(𝑖) =

(
4𝜋

2𝑙 + 1

𝑙∑
𝑚=−𝑙

∣ 𝑞𝑙𝑚(𝑖) ∣2
)1∕2

, 𝑙 = {4, 6}, (C.3)

where

𝑞𝑙𝑚(𝑖) =
1

𝑁𝑏(𝑖)

𝑁𝑏(𝑖)∑
𝑗=1

𝑌𝑙𝑚(𝜃𝑖𝑗 , 𝜙𝑖𝑗 ). (C.4)

Here, 𝑌𝑙𝑚(𝜃𝑖𝑗 , 𝜙𝑖𝑗 ) are the spherical harmonics, 𝜃𝑖𝑗 and 𝜙𝑖𝑗 are the polar 
and azimuthal angles, 𝑁𝑏(𝑖) is the number of nearest neighbors of the 𝑖-
6

th particle. In the case of a three-dimensional single-component system, 
Scripta Materialia 235 (2023) 115618

the local structural order has the 4-fold and/or 6-fold orientation sym-
metry [11,21]. Therefore, as applied to bismuth, it is quite sufficient to 
calculate the local order parameters 𝑞4 and 𝑞6, which allows one to re-
veal all possible types of crystal lattice symmetry. The cutoff radius at 
calculation of the local order parameters 𝑞4 and 𝑞6 is 5.6 Å.

References

[1] H. Kotadia, P. Howes, S. Mannan, A review: on the development of low melting 
temperature pb-free solders, Microelectron. Reliab. 54 (2014) 1253–1273, https://
doi .org /10 .1016 /j .microrel .2014 .02 .025.

[2] W. Osório, L. Peixoto, L. Garcia, N. Mangelinck-Noel, A. Garcia, Microstructure and 
mechanical properties of Sn–Bi, Sn–Ag and Sn–Zn lead-free solder alloys, J. Alloys 
Compd. 572 (2013) 97–106, https://doi .org /10 .1016 /j .jallcom .2013 .03 .234.

[3] J. Weeks, Lead, bismuth, tin and their alloys as nuclear coolants, Nucl. Eng. Des. 15 
(1971) 363–372, https://doi .org /10 .1016 /0029 -5493(71 )90075 -6.

[4] NEA, Handbook on Lead-Bismuth Eutectic Alloy and Lead Properties, Materials 
Compatibility, Thermal Hydraulics and Technologies, OECD Publishing, Paris, 2015.

[5] I. A. E. Agency, Liquid Metal Coolants for Fast Reactors Cooled by Sodium, Lead and 
Lead-Bismuth Eutectic, no. NP-T-1.6 in Nuclear Energy Series, IAEA, Vienna, 2012.

[6] N. Lorenzin, A. Abánades, A review on the application of liquid metals as heat 
transfer fluid in concentrated solar power technologies, Int. J. Hydrog. Energy 41 
(2016) 6990–6995, https://doi .org /10 .1016 /j .ijhydene .2016 .01 .030.

[7] Y. Shu, D. Yu, W. Hu, Y. Wang, G. Shen, Y. Kono, B. Xu, J. He, Z. Liu, Y. Tian, 
Deep melting reveals liquid structural memory and anomalous ferromagnetism in 
bismuth, Proc. Natl. Acad. Sci. 114 (2017) 3375–3380, https://doi .org /10 .1073 /
pnas .1615874114.

[8] V. Plechystyy, I. Shtablavyi, S. Winczewski, K. Rybacki, S. Mudry, J. Rybicki, Short-
range order structure and free volume distribution in liquid bismuth: X-ray diffrac-
tion and computer simulations studies, Philos. Mag. 100 (2020) 2165–2182, https://
doi .org /10 .1080 /14786435 .2020 .1756500.

[9] E.N. Caspi, Y. Greenberg, E. Yahel, B. Beuneu, G. Makov, What is the structure of 
liquid bismuth?, J. Phys. Conf. Ser. 340 (2012) 012079, https://doi .org /10 .1088 /
1742 -6596 /340 /1 /012079.

[10] Y. Greenberg, E. Yahel, E. Caspi, C. Benmore, B. Beuneu, M. Dariel, G. Makov, 
Evidence for a temperature-driven structural transformation in liquid bismuth, Eu-
rophys. Lett. 86 (2009) 36004, https://doi .org /10 .1209 /0295 -5075 /86 /36004.

[11] A.V. Mokshin, R.M. Khusnutdinoff, B.N. Galimzyanov, V.V. Brazhkin, Extended 
short-range order determines the overall structure of liquid gallium, Phys. Chem. 
Chem. Phys. 22 (2020) 4122–4129, https://doi .org /10 .1039 /C9CP05219D.

[12] A.V. Mokshin, R.M. Khusnutdinoff, A.G. Novikov, N.M. Blagoveshchenskii, A.V. 
Puchkov, Short-range order and dynamics of atoms in liquid gallium, J. Exp. Theor. 
Phys. 121 (2015) 828–843, https://doi .org /10 .1134 /S1063776115110072.

[13] J. Akola, N. Atodiresei, J. Kalikka, J. Larrucea, R.O. Jones, Structure and dynamics 
in liquid bismuth and bin clusters: a density functional study, J. Chem. Phys. 141 
(2014) 194503, https://doi .org /10 .1063 /1 .4901525.

[14] I. Rodriguez, D. Hinojosa-Romero, A. Valladares, R. Valladares, A. Valladares, 
A facile approach to calculating superconducting transition temperatures in the bis-
muth solid phases, Sci. Rep. 9 (2019) 5256, https://doi .org /10 .1038 /s41598 -019 -
41401 -z.

[15] J.C. Slater, Atomic radii in crystals, J. Chem. Phys. 41 (1964) 3199–3204, https://
doi .org /10 .1063 /1 .1725697.

[16] Y. Kawakita, T. Kikuchi, Y. Inamura, S. Tahara, K. Maruyama, T. Hanashima, M. 
Nakamura, R. Kiyanagi, Y. Yamauchi, K. Chiba, S. Ohira-Kawamura, Y. Sakaguchi, 
H. Shimakura, R. Takahashi, K. Nakajima, Anomaly of structural relaxation in 
complex liquid metal of bismuth – dynamic correlation function of coherent quasi-
elastic neutron scattering, Physica B, Condens. Matter 551 (2018) 291–296, https://
doi .org /10 .1016 /j .physb .2017 .12 .037.

[17] D.R. Lide, CRC Handbook of Chemistry and Physics, 88th edition, CRC Press, 2007.
[18] Y. Waseda, K. Suzuki, Structure factor and atomic distribution in liquid metals by x-

ray diffraction, Phys. Status Solidi B 49 (1972) 339–347, https://doi .org /10 .1002 /
pssb .2220490132.

[19] W. Lechner, C. Dellago, Accurate determination of crystal structures based on av-
eraged local bond order parameters, J. Chem. Phys. 129 (2008) 114707, https://
doi .org /10 .1063 /1 .2977970.

[20] B.N. Galimzyanov, D.T. Yarullin, A.V. Mokshin, Structure and morphology of crys-
talline nuclei arising in a crystallizing liquid metallic film, Acta Mater. 169 (2019) 
184–192, https://doi .org /10 .1016 /j .actamat .2019 .03 .009.

[21] W. Mickel, S.C. Kapfer, G.E. Schröder-Turk, K. Mecke, Shortcomings of the bond 
orientational order parameters for the analysis of disordered particulate matter, 
J. Chem. Phys. 138 (2013) 044501, https://doi .org /10 .1063 /1 .4774084.

[22] M.L. Williams, R.F. Landel, J.D. Ferry, The temperature dependence of relaxation 
mechanisms in amorphous polymers and other glassforming liquids, J. Am. Chem. 
Soc. 77 (1955) 3701–3707, https://doi .org /10 .1021 /ja01619a008.

[23] I.A. Chusov, V.G. Pronyayev, G.Y. Novikov, N.A. Obysov, Correlations for calcu-
lating the transport and thermodynamic properties of lead-bismuth eutectic, Nucl. 
Energy Technol. 6 (2020) 125–130, https://doi .org /10 .3897 /nucet .6 .55232.

[24] F. Demmel, L. Hennet, N. Jakse, The intimate relationship between structural re-
laxation and the energy landscape of monatomic liquid metals, Sci. Rep. 11 (2021) 

11815, https://doi .org /10 .1038 /s41598 -021 -91062 -0.

https://doi.org/10.1016/j.microrel.2014.02.025
https://doi.org/10.1016/j.microrel.2014.02.025
https://doi.org/10.1016/j.jallcom.2013.03.234
https://doi.org/10.1016/0029-5493(71)90075-6
http://refhub.elsevier.com/S1359-6462(23)00341-X/bibE0D9460841A499F71F602B1C4B6816E7s1
http://refhub.elsevier.com/S1359-6462(23)00341-X/bibE0D9460841A499F71F602B1C4B6816E7s1
http://refhub.elsevier.com/S1359-6462(23)00341-X/bib3DF360588A410DC195DFB72133BB99B1s1
http://refhub.elsevier.com/S1359-6462(23)00341-X/bib3DF360588A410DC195DFB72133BB99B1s1
https://doi.org/10.1016/j.ijhydene.2016.01.030
https://doi.org/10.1073/pnas.1615874114
https://doi.org/10.1073/pnas.1615874114
https://doi.org/10.1080/14786435.2020.1756500
https://doi.org/10.1080/14786435.2020.1756500
https://doi.org/10.1088/1742-6596/340/1/012079
https://doi.org/10.1088/1742-6596/340/1/012079
https://doi.org/10.1209/0295-5075/86/36004
https://doi.org/10.1039/C9CP05219D
https://doi.org/10.1134/S1063776115110072
https://doi.org/10.1063/1.4901525
https://doi.org/10.1038/s41598-019-41401-z
https://doi.org/10.1038/s41598-019-41401-z
https://doi.org/10.1063/1.1725697
https://doi.org/10.1063/1.1725697
https://doi.org/10.1016/j.physb.2017.12.037
https://doi.org/10.1016/j.physb.2017.12.037
http://refhub.elsevier.com/S1359-6462(23)00341-X/bibC0129A656B5E4C42CADDF5D2F669ADBEs1
https://doi.org/10.1002/pssb.2220490132
https://doi.org/10.1002/pssb.2220490132
https://doi.org/10.1063/1.2977970
https://doi.org/10.1063/1.2977970
https://doi.org/10.1016/j.actamat.2019.03.009
https://doi.org/10.1063/1.4774084
https://doi.org/10.1021/ja01619a008
https://doi.org/10.3897/nucet.6.55232
https://doi.org/10.1038/s41598-021-91062-0


Scripta Materialia 235 (2023) 115618B.N. Galimzyanov, A.A. Tsygankov, A.A. Suslov et al.

[25] T. Hecksher, D.H. Torchinsky, C. Klieber, J.A. Johnson, J.C. Dyre, K.A. Nelson, 
Toward broadband mechanical spectroscopy, Proc. Natl. Acad. Sci. 114 (2017) 
8710–8715, https://doi .org /10 .1073 /pnas .1707251114.

[26] D.C.S. Alisson, R. Collins, Thermodynamic functions of liquid argon from simple 
geometric theory, Proc. Phys. Soc. 92 (1967) 487–492, https://doi .org /10 .1088 /
0370 -1328 /92 /2 /325.

[27] X. Wu, S. Wang, Enhancing systematic motion in molecular dynamics simulation, 
J. Chem. Phys. 110 (1999) 9401–9409, https://doi .org /10 .1063 /1 .478948.

[28] J.R. Reimers, L.K. McKemmish, R.H. McKenzie, N.S. Hush, Bond angle variations 
in XH3 [X = N, P, As, Sb, Bi]: the critical role of Rydberg orbitals exposed using 
a diabatic state model, Phys. Chem. Chem. Phys. 17 (2015) 24618–24640, https://
doi .org /10 .1039 /C5CP02237A.

[29] S. Hitomi, M. Yoshihiro, Chapter 6 – Structural chemistry of organobismuth com-
pounds, in: H. Suzuki, Y. Matano (Eds.), Organobismuth Chemistry, Elsevier Science, 
Amsterdam, 2001, pp. 441–546.

[30] S. Lan, L. Zhu, Z. Wu, L. Gu, Q. Zhang, H. Kong, J. Liu, R. Song, G. Liu, S. Sha, Y. 
Wang, Q. Liu, W. Liu, P. Wang, C.-T. Liu, Y. Ren, X.-L. Wang, A medium-range 
structure motif linking amorphous and crystalline states, Nat. Mater. 20 (2021) 
1347–1352, https://doi .org /10 .1038 /s41563 -021 -01011 -5.

[31] A. Savitzky, M.J.E. Golay, Smoothing and differentiation of data by simplified least 
squares procedures, Anal. Chem. 36 (1964) 1627–1639, https://doi .org /10 .1021 /
ac60214a047.

[32] P. Juhás, T. Davis, C.L. Farrow, S.J.L. Billinge, PDFgetX3: a rapid and highly 
automatable program for processing powder diffraction data into total scatter-
ing pair distribution functions, J. Appl. Crystallogr. 46 (2013) 560–566, https://
doi .org /10 .1107 /S0021889813005190.

[33] R. Kaplow, S.L. Strong, B.L. Averbach, Radial density functions for liquid mercury 
and lead, Phys. Rev. 138 (1965) A1336–A1345, https://doi .org /10 .1103 /PhysRev .
138 .A1336.

[34] M. Emuna, M. Mayo, Y. Greenberg, E.N. Caspi, B. Beuneu, E. Yahel, G. Makov, 
Liquid structure and temperature invariance of sound velocity in supercooled Bi 
melt, J. Chem. Phys. 140 (2014) 094502, https://doi .org /10 .1063 /1 .4867098.

[35] M. Mayo, E. Yahel, Y. Greenberg, E. Caspi, B. Beuneu, G. Makov, Determination 
of the structure of liquids: an asymptotic approach, J. Appl. Crystallogr. 46 (2013) 
1582–1591, https://doi .org /10 .1107 /S002188981302431X.

[36] G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals, Phys. Rev. B 
47 (1993) 558–561, https://doi .org /10 .1103 /PhysRevB .47 .558.

[37] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996) 
15–50, https://doi .org /10 .1016 /0927 -0256(96 )00008 -0.

[38] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calcu-
lations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169–11186, https://
doi .org /10 .1103 /PhysRevB .54 .11169.

[39] G. Kresse, J. Hafner, Norm-conserving and ultrasoft pseudopotentials for first-row 
and transition elements, J. Phys. Condens. Matter 6 (1994) 8245, https://doi .org /
10 .1088 /0953 -8984 /6 /40 /015.

[40] R.M. Khusnutdinoff, B.N. Galimzyanov, A.V. Mokshin, Dynamics of liquid lithium 
atoms. Pseudopotential and EAM-type potentials, J. Exp. Theor. Phys. 126 (2018) 
83–89, https://doi .org /10 .1134 /S1063776118010041.

[41] A.V. Mokshin, B.N. Galimzyanov, Self-consistent description of local density dynam-
ics in simple liquids. The case of molten lithium, J. Phys. Condens. Matter 30 (2018) 
085102, https://doi .org /10 .1088 /1361 -648X /aaa7bc.

[42] A.V. Mokshin, R.M. Khusnutdinoff, Y.Z. Vilf, B.N. Galimzyanov, Quasi-solid 
state microscopic dynamics in equilibrium classical liquids: self-consistent relax-
ation theory, Theor. Math. Phys. 206 (2021) 216–235, https://doi .org /10 .1134 /
S0040577921020082.

[43] P.J. Steinhardt, D.R. Nelson, M. Ronchetti, Bond-orientational order in liquids and 
glasses, Phys. Rev. B 28 (1983) 784–805, https://doi .org /10 .1103 /PhysRevB .28 .
784.
7

https://doi.org/10.1073/pnas.1707251114
https://doi.org/10.1088/0370-1328/92/2/325
https://doi.org/10.1088/0370-1328/92/2/325
https://doi.org/10.1063/1.478948
https://doi.org/10.1039/C5CP02237A
https://doi.org/10.1039/C5CP02237A
http://refhub.elsevier.com/S1359-6462(23)00341-X/bib057006C75FDAC5C80D7AB01BC142B8BDs1
http://refhub.elsevier.com/S1359-6462(23)00341-X/bib057006C75FDAC5C80D7AB01BC142B8BDs1
http://refhub.elsevier.com/S1359-6462(23)00341-X/bib057006C75FDAC5C80D7AB01BC142B8BDs1
https://doi.org/10.1038/s41563-021-01011-5
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1107/S0021889813005190
https://doi.org/10.1107/S0021889813005190
https://doi.org/10.1103/PhysRev.138.A1336
https://doi.org/10.1103/PhysRev.138.A1336
https://doi.org/10.1063/1.4867098
https://doi.org/10.1107/S002188981302431X
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1134/S1063776118010041
https://doi.org/10.1088/1361-648X/aaa7bc
https://doi.org/10.1134/S0040577921020082
https://doi.org/10.1134/S0040577921020082
https://doi.org/10.1103/PhysRevB.28.784
https://doi.org/10.1103/PhysRevB.28.784

	Quasi-stable structures in equilibrium dense bismuth melt: Experimental and first principles theoretical studies
	Declaration of competing interest
	Acknowledgements
	Appendix A Experimental procedure
	Appendix B Simulation procedure
	Appendix C Structure and cluster analysis
	References


