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.     1  2,      45 . 

         

,         ,  

         

      . 

 

 

        . 

           

          

. 

 

 u —   ,        

  (a,b,c) —     , ,  —   

 ,       ,    

    . v —     
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       ,   

       . V (u) —  

 . dij(u,v) —    i  j. ri —  i-  

. 

        

 .          

      . 

       .  

     .    

           

.      . 

 

          

 .       

     .    

       . 

            

  dx , dy   dz .      

       

: 

•  du   [ 0.5,0.5),  du = du  

•  du   [ 1, 0.5),  du = du  + 1 

•  du   [0.5,1),  du = du   1 

       

    . 

          

  . 
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    .  

    ,    

       

   ,       

          , 

   Fe3O4    1.3. 

 

. 1.13.         

    Fe3O4 

         

  ,      

     .   : 

1.           

     ,  

  ,       

,    . 

2.           

,     . 
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   ,     

    .     

       

. 

     . 

1.        

2.  ,     

(a)    ,      

   

(b)         

  

i.      ,  

      ,  

    ,    

    

ii.       2 

       ,     

          

       ,  

 .        ,   

         , 

         

,     .   1.14   

 ,    

   ,  

   ,   

,   . 

 

. 1.14.    

    



  

Fe3O4. 

 

 

 

 

  

 

 

 

 

 

. 

 1.15 

  

 

 

-  

 

 

 b  c 

 

 

 

 Fe3O

 

. 1.15. 

. 1.16. 

 

  

 

 

 

  

  8.23Å

  

 

O4.  
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 .

 

 

 

 

 e  

Å, 

. 

 1.1

 

 Fe3

 

 

 

 

 Fd3m

 0.77Å

 

 

 

  

17 

 

O4  

 

 

m,  

Å  0.69Å 

 1.2

 

 

 1.16 

 

. 

 
 

 
 Fe3O

 

  

 

24Å  

  0.

,  

 

 

O4 

, 

 

 

,  

  

359.  

 

  

 



 

 

. 1.17: 

  

 

1.  

2.  

3. 

4. 

5.  

6. 

7.  

8. 

 

 

 

 

 

 

. 

 

  n

 

  

  

 

  m

 (k) 

  k

 

 a, b, c 

 “-1 0 -1

 

 

 F

  

 

  

 

n   

n  

 

 

 (m

m   

 

k   

 

 d, 

 -0.5” 
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e3O4  

  

 

 

 (n)

 

 

 

m) 

 

 

 

 

,  

 

  

,

 

) 

, 

 

 

 

 

 

 

 

  

 

 

,  

 

 

 

 

 

 

 

 ( x  z >

 

 

 

 

 

 

, 

 

  

 

 

 

ax + by +

> 0.5) 

. 

. 

 

  

 

 

 

, 

 

 

 

+ cz > d. 
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  ,      ,   

   x,  — y,  — z. ,    

,           , 

, x   ,        

 x,  Y   ,       

  y,   .     

 x, y, z  d,    ((x,y,z)/d). ,  “YzX 1 2 3 

4”   : 

 

      , 

   7 .     , 

       , 

  —     ,   4 

       / .   

      ,    

   —      

. ,  “i 48 1 1 0 2 4 0 1 -1”     i, 48 

,          

   

 

      

  

      ,   

    .     

,      ,  

      .   

       ,    

  ,   -    . 
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CaO  Fm3m (a, Ca) (b, O) 4.8[Å]  

GaAs  F43m (a, As) (c, Ga) 5.6[Å]  

AlLaO3  Pm3m (a, Al) (b, La) (d, O) 3.9[Å]  

Fe3O4  Fd3m (b, Fe) (c, Fe) (e, O) 8.4[Å] 0.359 

. 

    1 

       

1 AsCu3S4  P43m (a, As) (c, Cu) (e, S) 

2 CaB6  Pm3m (a, Ca) (f, B) 

3 FeAl2O4  Fd3m (b, Fe) (c, Al) (e, O) 

4 FeCr2O4  Fd3m (b, Fe) (c, Cr) (e, O) 

5 FeV2O4  Fd3m (b, Fe) (c, V) (e, O) 

6 LaB6  Pm3m (a, La) (f, B) 

7 MgAl2O4  Fd3m (b, Mg) (c, Al) (e, O) 

8 MgCr2O4  Fd3m (b, Mg) (c, Cr) (e, O) 

9 MgFe2O4  Fd3m (b, Mg) (c, Fe) (e, O) 

10 Mn3O4  Fd3m (b, Mn) (c, Mn) (e, O) 

11 NiAl2O4  Fd3m (b, Ni) (c, Al) (e, O) 

12 NiFe2O4  Fd3m (b, Ni) (c, Fe) (e, O) 

13 UB12  Fm3m (a, U) (i, B) 

14 ZnAl2O4  Fd3m (b, Zn) (c, Al) (e, O) 

15 ZnMn2O4  Fd3m (b, Zn) (c, Mn) (e, O) 

 

      b   2  4  

,    c   3  6  ,   

  2  4  . 
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1.3.2  Quantum Espresso 

   

  Quantum Espresso     : 

https://gitlab.com/QEF/q-e. 

 ,   Linux,  ,    

,    Fortran   MPI,  Ubuntu  

 gfortran, libopenmpi-dev  openmpi-bin. 

   Quantum ESPRESSO      

   . 

./configure 

make -j 4 pw 

 4 —      . 

  bin    . 

           

     ,    

     ,   Quantum 

ESPRESSO     GPU     

 CUDA,          

. 

           : 

/path/to/qe/bin/pw.x -in input-file 

          PATH  

     : 

export PATH="/path/to/qe/bin:$PATH" pw.x -in input-file 

         

MPI: mpirun -n 4 pw.x -in input-file 

 4 —   . 
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     QE,  , 

   : 

&control 

  calculation = 'scf' 

  prefix = 'cubic' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 

  ibrav = 1 

  A = 6.46 

  nat = 8 

  ntyp = 1 

  ecutwfc = 70 

  ecutrho = 560 

/ 

&electrons 

/ 

ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

  Sn 0.0 0.0 0.0 

  Sn 0.0 0.5 0.5 

  Sn 0.5 0.0 0.5 

  Sn 0.5 0.5 0.0 

  Sn 0.25 0.25 0.25 

  Sn 0.25 0.75 0.75 

  Sn 0.75 0.25 0.75 

  Sn 0.75 0.75 0.25 

K_POINTS automatic 

  8 8 8 0 0 0 
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     QE     

    -   . 

     ,    

          

   . ,     “&”, 

   ,      

 ,        “/”. 

      ,     

-   ,   ,    

    .     

 . 

 &control    : 

calculation —  ,  “scf”     

  prefix —   

pseudodir — ,      

outdir —         

  

 &system        

 : 

ibrav —     , 1 —   , 2 

—   , 0 —   . 

A —       nat —  , 

   ntyp —   ,    

ecutwfc —       (  13.6056 ), 

            

  

ecutrho —        ,  

    



 AT

, 

 AT

 

 

  

 

  

 

 ! 

TOMIC_SP

TOMIC_P

. 

 

 

  

 

 

 

 

 K_PO

 

. 

 

 

  

 

 

  

total 

PECIES 

  

 

OSITIONS

 

, 

 

,  

: 

. 

 

. 

OINTS 

. 

 

, 

 0  1, 

 

  

  

  

energy = 

 

 , 

S 

 crystal

  

  

 

 

1.18. 

  

 

 

  

 

 

 

 

 

  

-1305
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. 

 

l 

 

, 

,   

 

 

 automa

, 

 

  

 

 

5.91272886

, 

   

 

  

 

 .

.  

  

 

 

 

atic 

 

  

  

  

  

 

6 Ry 

 

 

,  

 

 

 

 

 

 

, 

 QE 

 

  

 

 

 

  

  

 

, 

 

 

 

 

  

 

 

 

  

 

,  

 

  

 

 .

   

  

 

 

 

  

  

 

, 

  

  

  

  

  

  

. 

, 

, 

 



60 

 -       

     ,   

      ,   

 .        

 ,      

       .   

    : 

 

. 1.19.      

      . 

-     ,  -  ,  

   . 

       .  

        , 

        

 {(0.0,0.5,0.5),(0.5,0.0,0.5),(0.5,0.5,0.0)} (  QE    

      : {( 0.5,0.0,0.5), 

(0.0,0.5,0.5),( 0.5,0.5,0.0)}).      

    . 



&control

  calculat

  prefix =

  pseudo_

  outdir =

/ 

&system

  ibrav = 

  A = 6.4

  nat = 2 

  ntyp = 

  ecutwfc

  ecutrho

/ 

&electro

/ 

ATOMIC

  Sn 118

ATOMIC

  Sn 0.0 0

  Sn 0.25

K_POIN

  8 8 8 0 

l 

tion = 'scf' 

= 'base' 

_dir = '../ss

= './out/' 

m 

 2 

46 

1 

c = 70 

o = 560 

ons 

C_SPECIE

.71 Sn_pbe

C_POSITI

0.0 0.0 

5 0.25 0.25

NTS autom

0 0 

  

. 1

ssp/' 

ES 

e_v1.uspp.

IONS cryst

 

atic 

 

.20. 

F.UPF 

tal 
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: 

,  
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           , 

   : 

 ! total energy = -326.47746310 Ry 

  

        : ecutwfc, 

ecutrho      K_POINTS,      

,          

.      ,   

    ,      

     .      

   ecutwfc  K_POINTS,    

 ,        

  .  ecutrho   ,   

        ecutwfc   

  . 

&control 

  calculation = 'scf' 

  prefix = 'base' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 

  ibrav = 2 

  A = 6.46 

  nat = 2 

  ntyp = 1 

  ecutwfc = $ecutwfc 

  ecutrho = $ecutrho 

/ 

&electrons 

/ 
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ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

  Sn 0.0 0.0 0.0 

  Sn 0.25 0.25 0.25 

K_POINTS automatic 

  $k $k $k 0 0 0 

 

. 1.21.      

        

       (> 10 3Ry)   

. 

  

      QE  

  : “vc-relax”.     

      .   

     : 

&control 

  calculation = 'vc-relax' 

  prefix = 'base' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 
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&system 

  ibrav = 2 

  A = 6.46 

  nat = 2 

  ntyp = 1 

  ecutwfc = 70 

  ecutrho = 560 

/ 

&electrons 

  conv_thr = 1.d-8 

/ 

&ions 

/ 

&cell 

/ 

ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

  Sn 0.0 0.0 0.0 

  Sn 0.25 0.25 0.25 

K_POINTS automatic 

  8 8 8 0 0 0 

    “vc-relax”,  ,    

   conv_thr,     

 .       

   (&ions)   (&cell),     

     . 

     QE     

        

        .  

   CELL_PARAMETERS    . 
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... 

CELL_PARAMETERS (alat= 12.20763077) 

-0.514683371 0.000000000 0.514683371 

-0.000000000 0.514683371 0.514683371 

-0.514683371 0.514683371 0.000000000 

... 

! total energy = -326.48261578 Ry 

... 

 CELL_PARAMETERS     

      ,       1.029   

,      QE  6.65. 

  

       -    

              

.      , 

,  ,        

     . 

        

,         

      . 

&control 

  calculation = 'scf' 

  prefix = 'single' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 
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  ibrav = 1 

  A = 20.0 

  nat = 1 

  ntyp = 1 

  ecutwfc = 70 

  ecutrho = 560 

  occupations = 'fixed' 

  nspin = 2 

  tot_magnetization = 2 

/ 

&electrons 

/ 

ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

  Sn 0.0 0.0 0.0 

K_POINTS gamma 

    20 .   

    ,       

    : occupations = 'fixed'.   

QE        : nspin = 2.   

 ,       

  : tot_magnetization = 2. 

      ,     

   ,    ,   

   .         

    ,        

  gamma   K_POINTS.     

  

 ! total energy = -163.00896430 Ry 

    ( 326.48261578/2 163.0089643)·13.6056980659 

 3.16 ,     . 
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1.3.3   

        .  

      .   

    - . 

 

 E0 —  , V0 —  , B0 —   

, B  —      .   

         , 

       . 

 

       

       ,   

    .   

         , 

    . 

&control 

  calculation = 'scf' 

  prefix = 'cubic' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 

  ibrav = 2 

  A = 6.64970915332 

  nat = 2 
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  ntyp = 1 

  ecutwfc = 70 

  ecutrho = 560 

/ 

&electrons 

  conv_thr = 1.d-8 

/ 

ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 

  Sn 0.0 0.0 0.0 

  Sn 0.25 0.25 0.25 

K_POINTS automatic 

  8 8 8 0 0 0 

     (A)  ±1%, 2%, ..., 5%, 

          

.       

  . 

     ,   

   . 

def eos(v, a, b, c): 

    return a + b * v + c * v**2 

 

volumes = [] 

energies = [] 

 

#   volumes  energies    Quantum ESPRESSO 

# ... 

 

fit, cov = opt.curve_fit(eos, volumes, energies) 
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#    ---    

#   4,      4    

equilibrium_volume = -fit[1] / fit[2] / 2 * 4 

lattice_constant = equilibrium_volume**(1 / 3) 

 

#    

#  160.2   / ^3   

bulk_modulus = fit[2] * 2 * (equilibrium_volume / 4) * 160.2 

 

. 1.22.      

  

       

        .  

        

,        

,        . 

       ,  

      . 
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&control 

  calculation = 'vc-relax' 

  prefix = 'base' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 

  ibrav = 2 

  A = 3.9 

  nat = 1 

  ntyp = 1 

  ecutwfc = 100 

  ecutrho = 800 

  occupations = 'smearing' 

  smearing = 'cold' 

  degauss = 0.02 

/ 

&electrons 

  conv_thr = 1.d-8 

/ 

&ions 

/ 

&cell 

/ 

ATOMIC_SPECIES 

  Pt 195.084 Pt.pbe-spfn-rrkjus_psl.1.0.0.UPF 

ATOMIC_POSITIONS crystal 

  Pt 0 0 0 

K_POINTS automatic 

  8 8 8 0 0 0 

   (occupations = 'smearing')    

 (smearing = 'cold')   (degauss = 0.02).      
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        , 

            

 . 

     . 

    2 

         

         

    -     

  . 

       ecutwfc, ecutrho, 

K_POINTS,          

      .  

      . 

    2 

    

 

ecutrho/ecutwfc

1 Al  8 

2 C   8 

3 Ca  8 

4 Cu  4 

5 Ge   8 

6 Pd  4 

7 Rh  4 

8 Si   8 

9 Sr  8 

     ,   

 . 

       n  :  

(n  1) mod 9 + 1. 
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1.3.4    -   

  

        

,          

 .     (B)   

 (cij). 

    ,     

  .     ,  

      ,     

. ,   Quantum ESPRESSO   

  . 

&control 

  calculation = 'scf' 

  prefix = 'cubic' 

  pseudo_dir = '../sssp/' 

  outdir = './out/' 

/ 

&system 

  ibrav = 0 

  A = 6.64970915332 

  nat = 2 

  ntyp = 1 

  ecutwfc = 70 

  ecutrho = 560 

/ 

&electrons 

  conv_thr = 1.d-8 

/ 

ATOMIC_SPECIES 

  Sn 118.71 Sn_pbe_v1.uspp.F.UPF 

ATOMIC_POSITIONS crystal 
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  Sn 0.0 0.0 0.0 

  Sn 0.25 0.25 0.25 

K_POINTS automatic 

  8 8 8 0 0 0 

CELL_PARAMETERS alat 

  0.00 0.50 0.50 

  0.50 0.00 0.50 

  0.50 0.50 0.00 

      ,     

  (ibrav = 0),        

  CELL_PARAMETERS,      

,   alat   ,     

    (A). 

   ,     ,    

   ,     

. 

   

    ,   . 

  ,   ,  

 : 

 

       : 

 

  —  ,       

    . 

   ,       

,      1%.  
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      : 

    

CELL_PARAMETERS alat 

0.0 0.495 0.495 

0.495 0.0 0.495 

0.495 0.495 0.0 

CELL_PARAMETERS alat 

0.0 0.505 0.505 

0.505 0.0 0.505 

0.505 0.505 0.0 

 

   : 

sn.scf.special.out:!total energy = -326.48261578 Ry 

sn.scf.b_high.out:!total energy = -326.48212369 Ry 

sn.scf.b_low.out:!total energy = -326.48200176 Ry 

 

   ,  : 

 

    ,      

    ,     Ry/Å3. 

 

  (c11) 

    c11. 
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CELL_PARAMETERS alat 

0.0 0.5 0.5 

0.495 0.0 0.5 

0.495 0.5 0.0 

CELL_PARAMETERS alat 

0.0 0.5 0.5 

0.505 0.0 0.5 

0.505 0.5 0.0 

 

sn.scf.special.out:! total energy = -326.48261578 Ry 

sn.scf.d1_high.out:! total energy = -326.48253881 Ry 

sn.scf.d1_low.out:! total energy = -326.48251715 Ry  

 

 

  (c44) 

    c44. 
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CELL_PARAMETERS alat 

0.0 0.4950165011000856 0.4950165011000856 

0.5000166677778642 -0.005000166677778642 0.5000166677778642 

0.5000166677778642 0.5000166677778642 -0.005000166677778642 

  

CELL_PARAMETERS alat 

0.0 0.5050168344556429 0.5050168344556429 

0.5000166677778642 0.005000166677778642 0.5000166677778642 

0.5000166677778642 0.5000166677778642 0.005000166677778642 

 

sn.scf.special.out:! total energy = -326.48261578 Ry 

sn.scf.d4_high.out:! total energy = -326.48232656 Ry 

sn.scf.d4_low.out:! total energy = -326.48232656 Ry 

 

         

 .    ,      

        ,   

 .          

 ,         

   .      

    ,    

 .       relax    

  &ions,    ,     

  . 
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sn.scf.special.out:! total energy = -326.48261578 Ry 

sn-relax.scf.d4_high.out:! total energy = -326.48232656 Ry 

sn-relax.scf.d4_high.out:! total energy = -326.48238671 Ry 

sn-relax.scf.d4_high.out:! total energy = -326.48242830 Ry 

sn-relax.scf.d4_high.out:! total energy = -326.48244428 Ry 

sn-relax.scf.d4_low.out:! total energy = -326.48232656 Ry 

sn-relax.scf.d4_low.out:! total energy = -326.48238653 Ry 

sn-relax.scf.d4_low.out:! total energy = -326.48242810 Ry 

sn-relax.scf.d4_low.out:! total energy = -326.48244428 Ry 

  Quantum ESPRESSO    . 

Begin final coordinates 

ATOMIC_POSITIONS 

(crystal) 

  

Sn -0.0016066399 0.0016066399 0.0016066399

Sn 0.2516066399 

End final coordinates 

0.2483933601 0.2483933601

     c44  25.43[GPa],  

    . 

    3 

 

         

 c11, c22, c33, c44, c55, c66, c12, c13  c23.      

  . 
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ecutrho/ecutwfc

1 Al  8 

2 C   8 

3 Ca  8 

4 Cu  4 

5 Ge   8 

6 Pd  4 

7 Rh  4 

8 Si   8 

9 Sr  8 

 

     

    

B 
  

c11 
  

c22 
  

c33 
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c44 

 

 

c55 

 

 

c66 

 

 

c12 

 
 

c13 
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c23 
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def morse_potential(matrix, lattice_constant, cutoff, d, alpha, r0): 

    energy = 0 

    for i in range(super_cell.shape[0]): 

        for j in range(i): 

            direction = matrix @ (np.remainder(super_cell[i] – 

                                               super_cell[j] + 0.5, 1) - 0.5) 

            distance = np.linalg.norm(direction) * lattice_constant 

            if distance > cutoff: 

                continue 

            exp = np.exp(-alpha * (distance - r0)) 

            energy += d * exp * (exp - 2) 

    return energy 

       .   

 —   ,    . cutoff — 

 ,      

. lattice_constant —  . matrix — 

     ,   

  . 

      ,  

           

         

.          

,        -  ,  

          . 

  ,        

,  ,        

  .       

super_cell. 

   : 

def loss(params, properties): 

    d = params[0] 

    alpha = params[1] 
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    r0 = params[2] 

    lattice_constant = properties['lattice_constant'] * repetitions 

    cutoff = properties['cutoff'] 

    E_coh = properties['E_coh'] 

    B = properties['B'] 

    c11 = properties['c11'] 

    eps = properties['eps'] 

    volume = lattice_constant**3 

    matrix = np.array([[1, 0, 0], [0, 1, 0], [0, 0, 1]], dtype=float) 

    energy_base = morse_potential(matrix, lattice_constant, cutoff, d, alpha, r0) 

    energy_b_low = morse_potential(matrix * (1 - eps), lattice_constant, 

                                   cutoff, d, alpha, r0) 

    energy_b_high = morse_potential(matrix * (1 + eps), lattice_constant, 

                                    cutoff, d, alpha, r0) 

    matrix[0, 0] = 1 - eps 

    energy_c11_low = morse_potential(matrix, lattice_constant, cutoff, 

                                     d, alpha, r0) 

    matrix[0, 0] = 1 + eps 

    energy_c11_high = morse_potential(matrix, lattice_constant, cutoff, 

                                      d, alpha, r0) 

    E_coh_cur = energy_base / super_cell.shape[0] 

    B_cur = (energy_b_low - 2 * energy_base + 

             energy_b_high) / eps**2 / 9 / volume * 160.2 

    c11_cur = (energy_c11_low - 2 * energy_base 

               + energy_c11_high) / eps**2 / volume * 160.2 

    error = (((E_coh - E_coh_cur)/abs(E_coh))**2 + ((B - B_cur)/abs(B))**2 + 

             ((c11 - c11_cur)/abs(c11))**2) 

    return error 

     —    ,  

    .   —    

  .      

,  . 
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properties = dict( 

    lattice_constant=6.64970915332, 

    cutoff=6, 

    E_coh=-3.16, 

    B=36.44107583606014, 

    c11=52.0666807586258, 

    eps=0.01, 

) 

       

   scipy,      

 ,    ,  

  ,     

.        

,        , 

      .  

         

       , , 

    ,    

       . 

result = opt.minimize(loss, [3, 6, 2.8], args=(properties,), 

                      method='Nelder-Mead', 

                  bounds=[(1, 15) for _ in range(3)]) 

result = opt.minimize(loss, [3, 6, 2.8], args=(properties,), 

                     method='trust-constr', 

                     options=dict(initial_tr_radius=0.1), 

                     bounds=[(1, 15) for _ in range(3)]) 
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  5.5 

R 3.0 
D 0.2 
A 3200 
B 95 

1 3.2 
2 1.3 
 0.3 

N 23 
C 4.8 
D 2 

cos0 0 
  

 

   

  [ ] 

 -5.227708754674606 

 -5.1717854205310845 

 

     RGL 

 

 : R, D. 

R  D       /   

 . 
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 : a, , p, q, r0.       

     ,       

   ,     . 

     RGL 

     
A 0.01 1 

 0.5 5 
P 5 40 
Q 0.5 10 
r0 0.95   1.05   

 

   

  RGL 

  
  4.085 

R 5.0 
D 0.5 
A 0.1028 

 1.178 
P 10.928 
Q 3.139 
r0 2.89 

  
 

   

  [ ] 

 -2.9349427932749057 

 -2.908037481350278 

 

  

          

         ,    

      . 

    , ,   

  ,  ,       

 . 
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   ,    ,     

   ,     

   ,     .    

        

/          . 

    ,       

,     . 

 

   ,  ,  

     ,  

  -  .    

      . 

    4 

     
1 Al  RGL 
2 C   
3 Ca  RGL 
4 Cu  RGL 
5 Ge   
6 Pd  RGL 
7 Rh  RGL 
8 Si   
9 Sr  RGL 

     2 
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