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Intermediate Hamiltonian for incomplete model spaces:
theory in brief
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Theory: main points
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Effective-Hamiltonian Fock-space CC
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Effective-Hamiltonian Fock-space CC
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Intruder state problem
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Intruder state problem
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Intruder state problem
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Intermediate Hamiltonians: relaxed requirements
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Intermediate Hamiltonians: practical approach
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Intermediate-Hamiltonian Fock space CC
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Intermediate-Hamiltonian Fock space CC
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Intermediate-Hamiltonian Fock space CC
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Choice of the shift parameters
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Intermediate Hamiltonians: practical approach
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Intermediate Hamiltonians: practical approach
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Intermediate Hamiltonians: practical approach
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Intermediate-Hamiltonian Fock space CC



20

Intermediate-Hamiltonian Fock space CC: reliability
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Generalized relativistic pseudopotentials (GRPPs)
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Generalized (Gatchina) effective core potentials (GRPPs)

A. V. Titov, N. S. Mosyagin. Generalized relativistic effective core potential: Theoretical grounds. Int. J. Quantum Chem. 71(5), 359 (1999)
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Generalized (Gatchina) effective core potentials (GRPPs)

GRPP vs four-component Hamiltonian (x2c-mmf DCG)

ThO molecule electronic states, FS-RCCSD, 28e in core
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Practical calculations
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U4+ ion: U6+ vacuum state (sector 0h2p)

I. Infante, E. Eliav, M. J. Vilkas, Y. Ishikawa, U. Kaldor et al. A Fock space coupled cluster study on the electronic structure of the UO2, UO2+, 
U4+, and U5+ species  Citation: J. Chem. Phys. 127, 124308 (2007). doi: 10.1063/1.2770699

U6+ (0h0p) → U5+ (0h1p) → U4+ (0h2p)

[Rn] 5f2

[Rn] 5f6d

[Rn] 5f7s

[Rn] 5f7p

IP ~ 380000 см-1
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U4+ ion: U6+ vacuum state (sector 0h2p)

U6+ (0h0p) → U5+ (0h1p) → U4+ (0h2p)

 1   3/2g-   1       -      -7.012416439361
 2   1/2g+   1       -      -7.012416439331
 3   5/2g+   1       -      -6.697036598529
 4   1/2g+   1       -      -6.697036598472
 5   3/2g-   1       -      -6.697036598414
 6   1/2g+   1       -      -4.599685009259
 7   3/2g-   0       a      -1.841512871380
 8   1/2g+   0       a      -1.841512871373
 9   5/2g+   0       a      -1.803353411254
10   3/2g-   0       a      -1.803353411248
11   1/2g+   0       a      -1.803353411232
12   1/2g+   0       a      -1.626284030638
13   3/2g-   0       -      -0.986759047259
14   1/2g+   0       -      -0.986759047259
15   3/2g-   0       -      -0.971802701076
16   1/2g+   0       -      -0.971802701069
17   5/2g+   0       -      -0.971802701058
18   1/2g+   0       -      -0.936639827231

227   1/2u+   1       -     -12.868769808958
228   3/2u-   1       -     -10.821751459723
229   1/2u+   1       -     -10.821751459692
230   1/2u+   1       -      -3.714590546867
231   1/2u+   1       -      -3.267732481589
232   3/2u-   1       -      -3.267732481516
233   3/2u-   0       a      -2.200043341541
234   5/2u+   0       a      -2.200043341279
235   1/2u+   0       a      -2.200043341254
236   3/2u-   0       a      -2.169092108641
237   7/2u-   0       a      -2.169092108630
238   5/2u+   0       a      -2.169092108623
239   1/2u+   0       a      -2.169092108615
240   1/2u+   0       a      -1.396385390875
241   3/2u-   0       a      -1.298983344136
242   1/2u+   0       a      -1.298983344100
243   3/2u-   0       -      -1.003310867069
244   1/2u+   0       -      -1.003310867035
245   5/2u+   0       -      -1.003310867027

gerade: ungerade:
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U4+ ion: U6+ vacuum state (sector 0h2p)

U6+ (0h0p) → U5+ (0h1p) → U4+ (0h2p)

gerade: ungerade:

Target states: 5f2, 5f6d, 5f7s, 7f7p

Main determinants:
7p6d5f 5f 5f 5f7s5f

Intermediate determinants:
7p6d 7s6d 7s 7p7p6d



U4+ ion: U6+ vacuum state (sector 0h2p)

U6+ (0h0p) → U5+ (0h1p) → U4+ (0h2p)

gerade: ungerade:
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U4+ ion: U6+ vacuum state (sector 0h2p)

U6+ (0h0p) → U5+ (0h1p) → U4+ (0h2p)

sector 0h2p
nactp 32      # 7s, 7p, 6d, 5f

maxiter 500
memory 2000 gb
conv 1e-7
disk_usage 0
nthreads 8
diis 200
flush 1 iter

ih_imms
  sectors 0h2p
  subspace energy -2.4 -2.0  # 5f
  subspace energy -2.0 -1.7  # 6d
  subspace energy -1.7 -1.5  # 7s
  subspace energy -1.5 -1.2  # 7p
  main_occ 2 0 0 0     # 5f^2
  main_occ 1 1 0 0     # 5f6d
  main_occ 1 0 1 0     # 5f7s
  main_occ 1 0 0 1     # 5f7p
end

EXP-T input file (ccsd.inp):

Step 1: DIRAC

SCF + integral transformation

pam --inp=TRA.inp --mol=U                
--get=”MRCONEE MDCINT MDPROP”

Step 2: EXP-T

FS-CC calculation

expt.x ccsd.inp > ccsd.out

More on EXP-T and keywords in manual:

http://www.qchem.pnpi.spb.ru/data/
oleynichenko/expt/manual_en.pdf
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U4+ ion: U6+ vacuum state (sector 0h2p)

 Level  Re(eigenvalue)  ...   Rel eigv, eV  Rel eigv, cm-1  % main  deg  symmetry
 ---------------------- ... ------------------------------------------------------
@    1   -4.0586509093  ...   0.0000000000        0.000000   100.0   9   0g 1g+ 1g- ...
@    2   -4.0396641270  ...   0.5166566665     4167.117044   100.0   5   0g 1g+ 1g- ...
@    3   -4.0309457670  ...   0.7538953285     6080.575896   100.0  11   0g 1g+ 1g- ...
@    4   -4.0179157501  ...   1.1084601500     8940.334042   100.0   7   0g 1g+ 1g- ...
@    5   -4.0157979548  ...   1.1660882949     9405.136378   100.0   9   0g 1g+ 1g- ...
@    6   -4.0065654216  ...   1.4173183231    11431.443208   100.0  13   0g 1g+ 1g- ...
@    7   -3.9831812977  ...   2.0536327498    16563.665175   100.0   9   0g 1g+ 1g- ...
@    8   -3.9830732736  ...   2.0565722367    16587.373735   100.0   5   0g 1g+ 1g- ...
@    9   -3.9780887240  ...   2.1922087410    17681.355921   100.0   1   0g         ...
 . . .                  ...                                                         ...
@   55   -3.3115090934  ...  20.3307645322   163978.674614    97.9   3   0g 1g+ 1g- ...
@   56   -3.3062734516  ...  20.4732336029   165127.765164   100.0   5   0g 3g+ 3g- ...
@   57   -3.3062734405  ...  20.4732339067   165127.767614   100.0   4   1g+ 1g- 2g+...
@   58   -3.3051727456  ...  20.5031853398   165369.342214   100.0   9   0g 1g+ 1g- ...
@   59   -3.3051727282  ...  20.5031858121   165369.346023   100.0   2   5g+ 5g-    ...
@   60   -3.2996057361  ...  20.6546713866   166591.159580    94.6   5   0g 1g+ 1g- ...
@   61   -3.2545082327  ...  21.8818369692   176488.917505     5.5   3   0g 1g+ 1g- ...
@   62   -3.2492481945  ...  22.0249698993   177643.362442    96.1   1   0g         ...
@   63   -3.2458086736  ...  22.1185640310   178398.250023     5.7   5   0g 1g+ 1g- ...
@   64   -3.2154570679  ...  22.9444732988   185059.657511     3.2   7   0g 1g+ 1g- ...
@   65   -3.1819629629  ...  23.8558943257   192410.763849     9.0   5   0g 1g+ 1g- ...

main states

intermediate states
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Ra atom
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Tl+ ion
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At this point

● Declaration of main model space seems to be physically clear

● Which states are desired? (for experiment, etc)

● We should know something about target electronic states

● Atoms: we have data from NIST

● Molecules: previous publications or preliminary rough FS-CC calculation

simple dynamic shift instead of IH ?

● A construction of a model space can be an “iterative” process
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LaF: LaF++ vacuum state
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LaF: LaF++ vacuum state
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LaF vertical spectrum (FS RCCSD), cm-1
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LaF: LaF++ vacuum state

Main determinants:

Intermediate determinants:
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LaF vertical spectrum (FS RCCSD), cm-1



40

UO2: UO2
++ vacuum state

I. Infante, E. Eliav, M. J. Vilkas, Y. Ishikawa, U. Kaldor et al. A Fock space coupled cluster study on the electronic structure of the UO2, UO2+, 
U4+, and U5+ species  Citation: J. Chem. Phys. 127, 124308 (2007). doi: 10.1063/1.2770699
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UO2: UO2
++ vacuum state

I. Infante, E. Eliav, M. J. Vilkas, Y. Ishikawa, U. Kaldor et al. A Fock space coupled cluster study on the electronic structure of the UO2, UO2+, 
U4+, and U5+ species  Citation: J. Chem. Phys. 127, 124308 (2007). doi: 10.1063/1.2770699

n = 1, 2

n = 0,1

n = 0 ih_imms

  sectors 0h2p

  subspace energy -0.5 -0.4

  subspace energy -0.4 -0.2

  main_occ  2  0  0

  main_occ  1  1  0 

end

Main determinants:

Intermediate determinants:
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UO2: UO2
++ vacuum state

 Level  Re(eigenvalue)  ...   Rel eigv, eV  Rel eigv, cm-1  % main  deg  symmetry
 ---------------------- ... ------------------------------------------------------
@    1   -0.7935817645  ...   0.0000000000        0.000000    99.8   2   2u+ 2u-
@    2   -0.7918703290  ...   0.0465705333      375.616683    99.8   2   3u+ 3u-
@    3   -0.7839364467  ...   0.2624624692     2116.902577    99.8   2   1u+ 1u-
@    4   -0.7822710847  ...   0.3077792766     2482.407278    99.7   2   2u+ 2u-
@    5   -0.7662449872  ...   0.7438716052     5999.729115    99.8   2   4u+ 4u-
@    6   -0.7652923132  ...   0.7697951849     6208.816886    98.3   2   4u+ 4u-
@    7   -0.7645564697  ...   0.7898185072     6370.315872    99.8   2   3u+ 3u-
@    8   -0.7619746163  ...   0.8600743186     6936.967206    99.7   2   3u+ 3u-
@    9   -0.7607512624  ...   0.8933634719     7205.462335    99.7   2   2u+ 2u-
 . . .                  ...
@  114   -0.6161629900 -...   4.8278108008    38938.920135    84.0   2   2g+ 2g-
@  115   -0.6149980723  ...   4.8595098256    39194.590012    83.5   2   2g+ 2g-
@  116   -0.6149815886 -...   4.8599583699    39198.207766    96.5   1   0u
@  117   -0.6146890109  ...   4.8679198134    39262.421139    99.4   2   4u+ 4u-
@  118   -0.6144714356  ...   4.8738403400    39310.173406    95.1   1   0g
@  119   -0.6141258027  ...   4.8832454916    39386.031070    72.1   2   2g+ 2g-
@  120   -0.6140329431 -...   4.8857723285    39406.411384    94.6   1   0u
@  121   -0.6137103032  ...   4.8945518089    39477.222669     0.4   2   4u+ 4u-
@  122   -0.6134537458  ...   4.9015330908    39533.530504    71.8   2   4g+ 4g-
@  123   -0.6132838846  ...   4.9061552479    39570.810716    33.1   2   1u+ 1u-
@  124   -0.6132493686  ...   4.9070944765    39578.386105    99.2   2   3u+ 3u-
@  125   -0.6111057507 -...   4.9654252932    40048.855870     6.2   1   0u
@  126   -0.6106633742  ...   4.9774629698    40145.946279     8.3   1   0u

Max T{0h0p}_1 amplitude (t{00}_ia) [ 382 -> 389 ] = 0.11717695
Max T{0h0p}_2 amplitude (t{00}_ijab) [ 573 382 -> 580 389 ] = 0.03702607
Max T{0h1p}_1 amplitude (t{01}_ia) [ 587 -> 597 ] = 0.11116927
Max T{0h1p}_2 amplitude (t{01}_ijab) [ 385 382 -> 389 385 ] = 0.06538470
Max T{0h2p}_2 amplitude (t{02}_ijab) [ 195 19 -> 195 25 ] = 0.20661232



43

ThO molecule
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