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1. Regions of magnetic field strengths
* Weak
* |ntermediate
® Strong
2. Research question: Can we tailor GTO basis sets for intermediate magnetic
fields?
Methods: GTOs vs fully numerical basis set
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® Performance of GTO basis sets
e Standard basis sets vs benchmark quality sets
5. Summary

6. Future work
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Weak region

|B| ~ 0

Zero-field symmetry

Basis sets optimized at zero-field work well

Coulomb interactions dominate 5
The magnetic field is a perturbation

Figure: The electronic structure is
barely affected in the weak region.
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Strong region

B> BO
Needle-like orbitals and molecular chains
Ground state is fully spin polarized

Coulomb interaction is a perturbation
compared to the magnetic field

Figure: In the strong region the
symmetry is extremely deformed.
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Intermediate region

* |B| = O(By) A Paramagnetic Bonding
. . Mechanism for Diatomics in
* Rich chemistry Strong Magnetic Fields

Kai K. Lange, E. I. Tellgren, M. R. Hoffmann,*? T. Helgaker*

A DZ white dwarf with a 30 MG magnetic field

M. A. Hollands ©,'* S. Stopkowicz © >34 M.-P. Kitsaras *,* F. Hampe,? S. Blaschke “> and J.
J. Hermes *°
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Intermediate region

H=Hy+ %BLZ + BS, + :352()@ +y?)

Different spin orbitals couple to the magnetic field differently via L, and S,
Choice of basis set requires extra care!

Large basis set truncation errors (BSTEs) for molecules'

Can the root of the problem be found in atomic calculations?

1. Lehtola, S.; Dimitrova, M.; Sundholm, D. Mol. Phys. 2020, 118, e1597989
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Research questions

¢ How do the low lying states of the H-Ar atoms evolve as a function of B?
¢ Are these states the source for the BSTEs for standard GTO basis sets?

e Can we capture the magnetic field induced effects with a suitable GTO
expansion?

Endgame: Tailor GTO basis sets for specifically optimized intermediate magnetic
fields
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Gaussian basis sets

Basis functions have the form

Yrim(F) = [r'e™"]Yim(1, ) (2)
which are:
¢ Globally defined — less flexible than finitely supported basis sets
® Yim(9,0): > - R
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Gaussian basis sets

unc-cc-pVDZ HGBSP1-5 AHGBSP1-5
unc-cc-pVTZ HGBSP1-7 AHGBSP1-7
unc-cc-pvVQZ HGBSP1-9 AHGBSP1-9
unc-cc-pV5Z AHGBSP2-5
unc-aug-cc-pVDZ AHGBSP2-7
unc-aug-cc-pVTZ AHGBSP2-9
unc-aug-cc-pVQZ AHGBSP3-5
unc-aug-cc-pV5Z AHGBSP3-7

AHGBSP3-9

unc-6-311++G(3df,3dp)
unc-def2-TZVP
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The HGBS basis sets

Polarized Gaussian basis sets
from one-electron ions

Cite as: J. Chem. Phys. 152, 134108 (2020);
Submitted: 13 January 2020 - Accepted: 12 March 2020 -
Published Online: 2 April 2020

Susi Lehtola
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Numerical basis sets

Ynim(r) = r- Bn(r)Y™(9, ¢)
¢ |ocally defined — flexible
* YM(¥,p): 8% = C

R i
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Numerical basis sets

a9 9.9 9 9
1
[

We can obtain exact energies at

the CBS limit
Figure: Convergence of the energy
of low lying configurations of the C
atom with respect to the basis set.
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Results

Insight on Gaussian Basis Set Truncation Errors in Weak to
Intermediate Magnetic Fields with an Approximate Hamiltonian
Published as part of The Journal of Physical Chemistry A virtual special issue “Krishnan Raghavachari
Festschrift”.

Hugo Astrom and Susi Lehtola™
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Results

. B o

2.0 .
Low lying states of the He atom
in the unc-aug-cc-pVTZ basis g
set. Aoy
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Results

Low lying states of the He atom
in the AHGBSP3-9 basis set.
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Results

state unc-aug-cc-pVTZ AHGBSP3-9
0 o 0.635 0.000
1 20 48.331 1.401
2 oogl0 59.467 0.266
3 1050 59.467 0.266
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Mean average energy
differences between
GTO and FEM energies
in mEp, for He in the
unc-aug-cc-pVTZ and
AHGBSP3-9 basis sets.
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Results
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Low lying states of the C atom in
the unc-aug-cc-pVTZ basis set.
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Results

Low lying states of the C atom in
the AHGBSP3-9 basis set.
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Results

state unc-aug-cc-pVTZ AHGBSP3-9 Mean average energ
T,0_1,0 \ y
? Ui ?t o 2;?1 88(1)2 differences between
5 %o to 0714 0.016 GTO and FEM energies
03 17r1 0.1.0 ’ ' in mEy, for C in the
3 o3 nl 0% 3.288 0.015 Unc-ata-co-oVTZ and
4 oMmel >1.333 9.391 AHGBSgP3—9pbasis sets
5 o317"0p!0 452,152 12.204 '
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Results
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Low lying states of the Si atom in
the unc-aug-cc-pVTZ basis set.
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Results

Low lying states of the Si atom in
the AHGBSP3-9 basis set.

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET
UNIVERSITY OF HELSINKI

T [ S

287.8 “
oAAﬂ.ilﬂ.i.l @) G‘""ET(ilﬂ'il(sl;U
-988.0 oSt O oPmhipdt
s \ a}_4ﬂi1ﬂ£l 04’37&17&15&“
o ().3.’.,2I,_2\ o) 4.€l l‘(\l "15\.()(:)[.(1

6

=]
o
N
=]
1
o

0.0 0.1 0.2

Hugo Astrom MAGIC 12.9.2024

20/27



Results

state unc-aug-cc-pVTZ AHGBSP3-9
0 o*4ri'n®t 4.342 0.085
1 oBAg2 I 4.019 0.203
2 oS4l 4.019 0.203
3 o35 2t 4.743 0.186
4 5311521410 43.846 26.202
5 %35! 23.209 6.468
6 o43pi 131510 74.118 40.056
7 o*3pl 1610410 157.267 61.168
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Mean average energy
differences between
GTO and FEM energies
in mEp, for Siin the
unc-aug-cc-pVTZ and
AHGBSP3-9 basis sets.
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Results

Low lying states of the Ar atom in
the unc-aug-cc-pVTZ basis set.
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Results

Low lying states of the Ar atom in
the AHGBSP3-9 basis set.
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Results

state unc-aug-cc-pVTZ AHGBSP3-9
0 o*%n2%%2 5.710 0.016
1 08475222 46.060 1.752 Mean average energy
2 88522 45.779 2.119 differences between
3 o852 522 45.779 2.119 GTO and FEM energies
4 %55 722510 59.510 0.062 in mEj, for Ar in the
5 05’47Ti1773 2510 88.711 21.867 unc-aug-cc-pVTZ and
6 o> 2251010 765.591 20.442 AHGBSP3-9 basis sets.
7 o4t 1610410 779.603 26.642
8 o4t n%1s10 111.424 22.786
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Conclusions

v Interesting chemistry
v' Standard GTO basis sets fall

from FEM [E}]

short
I l I O e v’ ltis possible to capture the
& & P & & effects with GTOs
A A C N A
® X < © S &> 3 =
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Future work

¢ Use these results to tailor GTO basis sets for intermediate magnetic field
applications

¢ Implement complex orbitals to the atomic GTO calculations
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