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Formation energy calculations

In order to understand the stability of the nanostructures in the matrix, we need to 

calculate its formation energy ( ) using the following formula, 𝐸𝑓𝑜𝑟𝑚𝑁𝑎𝑛𝑜

where , Pb, Se, NPb, NSe and N are the total energy of the system (nanostructure 𝐸𝑁𝑎𝑛𝑜

+matrix), the chemical potentials of Pb and Se, the number of atoms Pb and Se, and 

the total number of atoms (N= NPb+NSe). Obviously, to calculate the formation energy, 

the chemical potentials of Pb and Se should be determined at the first step. The 

chemical potentials of constituent species can be varied to reflect specific equilibrium 

growth conditions1. Based on the ABF images (Figs. 2(d)-(g)) and the constructed 

model (Fig. 3(d)), containing the RS and ZB phases and additional Se atoms (the Se 

rich), it means that the ZB nanostructures is equilibrium with the PbSe-RS and Se 

compounds. Thus, from the Pb-Se phase diagram (Fig. S1(a)), Pb and Se should be 

constrained within the triangle region of RS-ZB-Se (the green region). And the 

chemical potentials can be obtained by solving the linear equations, 

where , , and ESe are the total energies of pristine bulk PbSe compounds in 𝐸 𝑅𝑆
𝑃𝑏𝑆𝑒 𝐸

𝑍𝐵
𝑃𝑏𝑆𝑒

the RS and ZB phases and the Se compound, respectively. From DFT calculations, 

they are  = -8.22 eV/fu,  = -7.84 eV/fu, and ESe = -3.33 eV/fu. 𝐸 𝑅𝑆
𝑃𝑏𝑆𝑒 𝐸 𝑍𝐵

𝑃𝑏𝑆𝑒

Unfortunately, it is unable to solve Eq 2. We then consider two limitations, the PbSe-

RS and PbSe-ZB in equilibrium with Se, respectively (the red and blue lines in the left 

panel of Fig. S1). In these cases, we can get the chemical potentials of (Pb,Se) are (-

4.89, -3.33) eV/atom and (-4.51,-3.33) eV/atom at the RS-Se and ZB-Se equilibriums, 

respectively. Therefore, the corresponding formation energies of  are 91.4 𝐸𝑓𝑜𝑟𝑚𝑁𝑎𝑛𝑜
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meV/atom (RS-Se) and -104.5 meV/atom (ZB-Se). This means that the ZB 

nanostructures in RS matrix is thermodynamically unstable when the chemical 

potentials are extracting from the equilibrium between RS and Se. It is not surprising 

since there is no ZB phase in the matrix at all. However, once the chemical potentials 

are derived from the equilibrium between ZB and Se, the negative formation energy 

suggests the thermodynamical stability of the precipitated system. Since the chemical 

potential of Se is fixed at the Se-rich condition, we need to understand the stability 

behavior of the nanostructures precipitated system with varying the chemical potential 

of Pb (the right panel of Fig. S1). We notice that with increasing Pb from RS to ZB, 

the sign of  changes from positive to negative, which means that the system 𝐸𝑁𝑎𝑛𝑜

undergoes thermodynamical unstabilization to stabilization. In other words, the 

nanostructures precipitated system is stable within the Pb chemical potential region of 

(-4.51, -4.71) eV/atom. 

Fig. S1 (a) Theoretically determined Pb-Se phase diagram, (b) the formation energy of the 
nanostructures precipitated system with varying the chemical potential of Pb (Pb) at Se=3.33 

eV/atom. The green region, red and blue lines represent the phase equilibriums of RS-ZB-Se, RS-
Se and ZB-Se, respectively.



Supplementary figures and tables

Fig. S2 The HAADF images corresponding to the Figure.2(d)-(g), respectively.

Fig. S3 The HAADF images corresponding to the Figure.4(a)-(d), respectively.

Table S1 The simulated structure of the zinc-blend (PbSe-ZB) phase precipitated in 
the rock-salt (PbSe-RS) matrix: a=62.060Å, b=24.824 Å and c=6.206 Å.



Atom x y z
Pb1 0.7712 0.6936 0.9946
Pb2 0.7212 0.7111 0.4922
Pb3 0.6712 0.7111 0.9922
Pb4 0.6212 0.7111 0.4922
Pb5 0.5712 0.7111 0.9922
Pb6 0.5212 0.7111 0.4922
Pb7 0.4712 0.7111 0.9922
Pb8 0.4212 0.7111 0.4922
Pb9 0.3712 0.7111 0.9922
Pb10 0.3212 0.7111 0.4922
Pb11 0.2712 0.7111 0.9922
Pb12 0.7712 0.4085 0.9995
Pb13 0.7212 0.4085 0.4995
Pb14 0.6712 0.4085 0.9995
Pb15 0.6212 0.4085 0.4995
Pb16 0.5712 0.4085 0.9995
Pb17 0.5212 0.4085 0.4995
Pb18 0.4712 0.4085 0.9995
Pb19 0.4212 0.4085 0.4995
Pb20 0.3712 0.4261 0.9971
Pb21 0.3212 0.4261 0.4971
Pb22 0.2712 0.4261 0.9971
Pb23 0.3152 0.5483 0.024
Pb24 0.4192 0.5483 0.024
Pb25 0.5279 0.5442 0.0246
Pb26 0.6252 0.5401 0.0252
Pb27 0.7289 0.5442 0.0246
Pb28 0.2659 0.5526 0.5169
Pb29 0.3707 0.5526 0.5169
Pb30 0.4729 0.5526 0.5169
Pb31 0.5774 0.5485 0.5175
Pb32 0.6792 0.5444 0.518
Pb33 0.7782 0.5485 0.5175
Pb34 0.0213 0.8019 0.9981
Pb35 0.0713 0.9269 0.9981
Pb36 0.1213 0.8019 0.9981
Pb37 0.1713 0.9269 0.9981
Pb38 0.2213 0.8019 0.9981
Pb39 0.2713 0.9269 0.9981
Pb40 0.3213 0.8019 0.9981



Pb41 0.3713 0.9269 0.9981
Pb42 0.4213 0.8019 0.9981
Pb43 0.4713 0.9269 0.9981
Pb44 0.5213 0.8019 0.9981
Pb45 0.5713 0.9269 0.9981
Pb46 0.6213 0.8019 0.9981
Pb47 0.6713 0.9269 0.9981
Pb48 0.7213 0.8019 0.9981
Pb49 0.7713 0.9269 0.9981
Pb50 0.8213 0.8019 0.9981
Pb51 0.8713 0.9269 0.9981
Pb52 0.9213 0.8019 0.9981
Pb53 0.9713 0.9269 0.9981
Pb54 0.0213 0.5519 0.9981
Pb55 0.0713 0.6769 0.9981
Pb56 0.1213 0.5519 0.9981
Pb57 0.1713 0.6769 0.9981
Pb58 0.2213 0.5519 0.9981
Pb59 0.8213 0.5519 0.9981
Pb60 0.8713 0.6769 0.9981
Pb61 0.9213 0.5519 0.9981
Pb62 0.9713 0.6769 0.9981
Pb63 0.0213 0.3019 0.9981
Pb64 0.0713 0.4269 0.9981
Pb65 0.1213 0.3019 0.9981
Pb66 0.1713 0.4269 0.9981
Pb67 0.2213 0.3019 0.9981
Pb68 0.3213 0.3019 0.9981
Pb69 0.4213 0.3019 0.9981
Pb70 0.5213 0.3019 0.9981
Pb71 0.6213 0.3019 0.9981
Pb72 0.7213 0.3019 0.9981
Pb73 0.8213 0.3019 0.9981
Pb74 0.8713 0.4269 0.9981
Pb75 0.9213 0.3019 0.9981
Pb76 0.9713 0.4269 0.9981
Pb77 0.0213 0.0519 0.9981
Pb78 0.0713 0.1769 0.9981
Pb79 0.1213 0.0519 0.9981
Pb80 0.1713 0.1769 0.9981
Pb81 0.2213 0.0519 0.9981
Pb82 0.2713 0.1769 0.9981



Pb83 0.3213 0.0519 0.9981
Pb84 0.3713 0.1769 0.9981
Pb85 0.4213 0.0519 0.9981
Pb86 0.4713 0.1769 0.9981
Pb87 0.5213 0.0519 0.9981
Pb88 0.5713 0.1769 0.9981
Pb89 0.6213 0.0519 0.9981
Pb90 0.6713 0.1769 0.9981
Pb91 0.7213 0.0519 0.9981
Pb92 0.7713 0.1769 0.9981
Pb93 0.8213 0.0519 0.9981
Pb94 0.8713 0.1769 0.9981
Pb95 0.9213 0.0519 0.9981
Pb96 0.9713 0.1769 0.9981
Pb97 0.9713 0.0519 0.4981
Pb98 0.9213 0.1769 0.4981
Pb99 0.8713 0.0519 0.4981
Pb100 0.8213 0.1769 0.4981
Pb101 0.7713 0.0519 0.4981
Pb102 0.7213 0.1769 0.4981
Pb103 0.6713 0.0519 0.4981
Pb104 0.6213 0.1769 0.4981
Pb105 0.5713 0.0519 0.4981
Pb106 0.5213 0.1769 0.4981
Pb107 0.4713 0.0519 0.4981
Pb108 0.4213 0.1769 0.4981
Pb109 0.3713 0.0519 0.4981
Pb110 0.3213 0.1769 0.4981
Pb111 0.2713 0.0519 0.4981
Pb112 0.2213 0.1769 0.4981
Pb113 0.1713 0.0519 0.4981
Pb114 0.1213 0.1769 0.4981
Pb115 0.0713 0.0519 0.4981
Pb116 0.0213 0.1769 0.4981
Pb117 0.9713 0.3019 0.4981
Pb118 0.9213 0.4269 0.4981
Pb119 0.8713 0.3019 0.4981
Pb120 0.8213 0.4269 0.4981
Pb121 0.7713 0.3019 0.4981
Pb122 0.6713 0.3019 0.4981
Pb123 0.5713 0.3019 0.4981
Pb124 0.4713 0.3019 0.4981



Pb125 0.3713 0.3019 0.4981
Pb126 0.2713 0.3019 0.4981
Pb127 0.2213 0.4269 0.4981
Pb128 0.1713 0.3019 0.4981
Pb129 0.1213 0.4269 0.4981
Pb130 0.0713 0.3019 0.4981
Pb131 0.0213 0.4269 0.4981
Pb132 0.9713 0.5519 0.4981
Pb133 0.9213 0.6769 0.4981
Pb134 0.8713 0.5519 0.4981
Pb135 0.8213 0.6769 0.4981
Pb136 0.2213 0.6769 0.4981
Pb137 0.1713 0.5519 0.4981
Pb138 0.1213 0.6769 0.4981
Pb139 0.0713 0.5519 0.4981
Pb140 0.0213 0.6769 0.4981
Pb141 0.9713 0.8019 0.4981
Pb142 0.9213 0.9269 0.4981
Pb143 0.8713 0.8019 0.4981
Pb144 0.8213 0.9269 0.4981
Pb145 0.7713 0.8019 0.4981
Pb146 0.7213 0.9269 0.4981
Pb147 0.6713 0.8019 0.4981
Pb148 0.6213 0.9269 0.4981
Pb149 0.5713 0.8019 0.4981
Pb150 0.5213 0.9269 0.4981
Pb151 0.4713 0.8019 0.4981
Pb152 0.4213 0.9269 0.4981
Pb153 0.3713 0.8019 0.4981
Pb154 0.3213 0.9269 0.4981
Pb155 0.2713 0.8019 0.4981
Pb156 0.2213 0.9269 0.4981
Pb157 0.1713 0.8019 0.4981
Pb158 0.1213 0.9269 0.4981
Pb159 0.0713 0.8019 0.4981
Pb160 0.0213 0.9269 0.4981

Se1 0.2461 0.612 0.2619
Se2 0.2461 0.4931 0.7719
Se3 0.2954 0.4888 0.2791
Se4 0.2954 0.6163 0.7547
Se5 0.3398 0.6039 0.263
Se6 0.3398 0.4972 0.7714



Se7 0.3938 0.4969 0.2779
Se8 0.3921 0.6082 0.7559
Se9 0.4435 0.6075 0.2625
Se10 0.4453 0.4931 0.7719
Se11 0.4976 0.4888 0.2791
Se12 0.4976 0.6082 0.7559
Se13 0.5521 0.6089 0.2623
Se14 0.5539 0.4972 0.7714
Se15 0.5984 0.4929 0.2785
Se16 0.5986 0.6093 0.7557
Se17 0.6431 0.6094 0.2622
Se18 0.6433 0.4977 0.7713
Se19 0.6966 0.4929 0.2785
Se20 0.6984 0.605 0.7563
Se21 0.7481 0.6003 0.2635
Se22 0.7426 0.489 0.7725
Se23 0.7871 0.4847 0.2796
Se24 0.7926 0.6062 0.7561
Se25 0.3212 0.4261 0.9971
Se26 0.4212 0.4085 0.9995
Se27 0.5212 0.4085 0.9995
Se28 0.6212 0.4085 0.9995
Se29 0.7212 0.4085 0.9995
Se30 0.3212 0.7111 0.9922
Se31 0.4212 0.7111 0.9922
Se32 0.5212 0.7111 0.9922
Se33 0.6212 0.7111 0.9922
Se34 0.7212 0.7111 0.9922
Se35 0.2712 0.4261 0.4971
Se36 0.3712 0.4261 0.4971
Se37 0.4712 0.4085 0.4995
Se38 0.5712 0.4085 0.4995
Se39 0.6712 0.4085 0.4995
Se40 0.7712 0.4085 0.4995
Se41 0.2712 0.7111 0.4922
Se42 0.3712 0.7111 0.4922
Se43 0.4712 0.7111 0.4922
Se44 0.5712 0.7111 0.4922
Se45 0.6712 0.7111 0.4922
Se46 0.7712 0.6936 0.4946
Se47 0.9713 0.1769 0.4981
Se48 0.9713 0.0519 0.9981



Se49 0.8713 0.1769 0.4981
Se50 0.8713 0.0519 0.9981
Se51 0.9213 0.0519 0.4981
Se52 0.9213 0.1769 0.9981
Se53 0.7713 0.1769 0.4981
Se54 0.7713 0.0519 0.9981
Se55 0.8213 0.0519 0.4981
Se56 0.8213 0.1769 0.9981
Se57 0.6713 0.1769 0.4981
Se58 0.6713 0.0519 0.9981
Se59 0.7213 0.0519 0.4981
Se60 0.7213 0.1769 0.9981
Se61 0.5713 0.1769 0.4981
Se62 0.5713 0.0519 0.9981
Se63 0.6213 0.0519 0.4981
Se64 0.6213 0.1769 0.9981
Se65 0.4713 0.1769 0.4981
Se66 0.4713 0.0519 0.9981
Se67 0.5213 0.0519 0.4981
Se68 0.5213 0.1769 0.9981
Se69 0.3713 0.1769 0.4981
Se70 0.3713 0.0519 0.9981
Se71 0.4213 0.0519 0.4981
Se72 0.4213 0.1769 0.9981
Se73 0.2713 0.1769 0.4981
Se74 0.2713 0.0519 0.9981
Se75 0.3213 0.0519 0.4981
Se76 0.3213 0.1769 0.9981
Se77 0.1713 0.1769 0.4981
Se78 0.1713 0.0519 0.9981
Se79 0.2213 0.0519 0.4981
Se80 0.2213 0.1769 0.9981
Se81 0.0713 0.1769 0.4981
Se82 0.0713 0.0519 0.9981
Se83 0.1213 0.0519 0.4981
Se84 0.1213 0.1769 0.9981
Se85 0.0213 0.0519 0.4981
Se86 0.0213 0.1769 0.9981
Se87 0.9713 0.4269 0.4981
Se88 0.9713 0.3019 0.9981
Se89 0.8713 0.4269 0.4981
Se90 0.8713 0.3019 0.9981



Se91 0.9213 0.3019 0.4981
Se92 0.9213 0.4269 0.9981
Se93 0.7713 0.3019 0.9981
Se94 0.8213 0.3019 0.4981
Se95 0.8213 0.4269 0.9981
Se96 0.6713 0.3019 0.9981
Se97 0.7213 0.3019 0.4981
Se98 0.5713 0.3019 0.9981
Se99 0.6213 0.3019 0.4981
Se100 0.4713 0.3019 0.9981
Se101 0.5213 0.3019 0.4981
Se102 0.3713 0.3019 0.9981
Se103 0.4213 0.3019 0.4981
Se104 0.2713 0.3019 0.9981
Se105 0.3213 0.3019 0.4981
Se106 0.1713 0.4269 0.4981
Se107 0.1713 0.3019 0.9981
Se108 0.2213 0.3019 0.4981
Se109 0.2213 0.4269 0.9981
Se110 0.0713 0.4269 0.4981
Se111 0.0713 0.3019 0.9981
Se112 0.1213 0.3019 0.4981
Se113 0.1213 0.4269 0.9981
Se114 0.0213 0.3019 0.4981
Se115 0.0213 0.4269 0.9981
Se116 0.9713 0.6769 0.4981
Se117 0.9713 0.5519 0.9981
Se118 0.8713 0.6769 0.4981
Se119 0.8713 0.5519 0.9981
Se120 0.9213 0.5519 0.4981
Se121 0.9213 0.6769 0.9981
Se122 0.8213 0.5519 0.4981
Se123 0.8213 0.6769 0.9981
Se124 0.1713 0.6769 0.4981
Se125 0.1713 0.5519 0.9981
Se126 0.2213 0.5519 0.4981
Se127 0.2213 0.6769 0.9981
Se128 0.0713 0.6769 0.4981
Se129 0.0713 0.5519 0.9981
Se130 0.1213 0.5519 0.4981
Se131 0.1213 0.6769 0.9981
Se132 0.0213 0.5519 0.4981



Se133 0.0213 0.6769 0.9981
Se134 0.9713 0.9269 0.4981
Se135 0.9713 0.8019 0.9981
Se136 0.8713 0.9269 0.4981
Se137 0.8713 0.8019 0.9981
Se138 0.9213 0.8019 0.4981
Se139 0.9213 0.9269 0.9981
Se140 0.7713 0.9269 0.4981
Se141 0.7713 0.8019 0.9981
Se142 0.8213 0.8019 0.4981
Se143 0.8213 0.9269 0.9981
Se144 0.6713 0.9269 0.4981
Se145 0.6713 0.8019 0.9981
Se146 0.7213 0.8019 0.4981
Se147 0.7213 0.9269 0.9981
Se148 0.5713 0.9269 0.4981
Se149 0.5713 0.8019 0.9981
Se150 0.6213 0.8019 0.4981
Se151 0.6213 0.9269 0.9981
Se152 0.4713 0.9269 0.4981
Se153 0.4713 0.8019 0.9981
Se154 0.5213 0.8019 0.4981
Se155 0.5213 0.9269 0.9981
Se156 0.3713 0.9269 0.4981
Se157 0.3713 0.8019 0.9981
Se158 0.4213 0.8019 0.4981
Se159 0.4213 0.9269 0.9981
Se160 0.2713 0.9269 0.4981
Se161 0.2713 0.8019 0.9981
Se162 0.3213 0.8019 0.4981
Se163 0.3213 0.9269 0.9981
Se164 0.1713 0.9269 0.4981
Se165 0.1713 0.8019 0.9981
Se166 0.2213 0.8019 0.4981
Se167 0.2213 0.9269 0.9981
Se168 0.0713 0.9269 0.4981
Se169 0.0713 0.8019 0.9981
Se170 0.1213 0.8019 0.4981
Se171 0.1213 0.9269 0.9981
Se172 0.0213 0.8019 0.4981
Se173 0.0213 0.9269 0.9981
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