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Introduction
Density functional theory (DFT) is based upon the proof that the charge density of a system s the unique variable
that determines all the ground state observables. However, this statement does not hold in the presence of a
magnetic field. G. Vignale et. al. (ref. 1) argued that the paramagnetic current density /(") together with the
electron density 7(7) are the basic variables for such a system. This generalization of DFT is called current
density functional theory (CDFT). We have implemented the CDFT formalism in our Gaussian basis atomic code.
Some results from the ongoing work are presented i this poster. In particular, the effects of aniostropic basis
sets are considered. A comparison is made with results from both naive inclusion of an exteral B-field in ordinary
DFT and Hartree-Fock calculations.

Theory

CDFT is formulated in terms of a gauge-invariant combination of the charge density
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The ground state energy can be expressed as
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Those formulas bury all the complexity of an interacting system in the exchange-correlation functional £, [u(7).7,(7)]

Gauge invariance considerations show that £, [1(7).,(P)] is actually a functional of (F) and the so-called
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Itis useful to separate { functional into a de dent term and an explicitly
current-dependent term _
E,[n(P).5(7)]= E! [n(?)]+ E,[n(F). 7)) (14)

By homogeneous scaling of both the electron density and the paramagnetic current density, Erhard and Gross
deduced that the current density exchange functional scales homogeneously as
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where i and 4 are scaled charge densily and paramagnetic current density, respectively.

Assuming that the exchange part dominates the exch  alocal forthe.

exchange-correlation functional takes the form

E, [n(F).5)) = E! ()] + [ 2(n(F).5G). ) [¥(7) (16)
A further (drastic) approximation is to assume
£([n(F), ¥ ()], 7) = gn(F) a7

For implementation purposes, of course, an explicit expression for the exchange-correlation functional is
required, Unfortunately we know little aboutits form. Vignale et. al. gave a weak-field approximation
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by analyzing the homogeneous electron gas (HEG). Here K. is the Fermi momentum, and Y and X are

the orbital magnetic susceptib

ies for the interacting and non-interacting HEG, respectively.

From the tabulation of y/ y, in Vignale’s paper, Lee, Colwell, and_Handy (LCH) obtained the fitted form (ref. 7),
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Orestes, Marcasso, and Capelle (ref. 16) also proposed two other fits, both polynomial. In our calculations, we

chose the LCH fit because it seems least il-behaved. However, even it needs modification for B0.

Implementation
Rewrite equation (4) in a slightly different form:
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with the Z_direction chosen along the external magnetic field. After some manipulation we get
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where 7 is the atomic number, and /. and S. are the = component of orbital and spin angular momentum
quantum numbers.

Gaussian-type basis sets are widely used in many atomic, molecular, and cluster codes. The periodic
system code we use and develop, GTOFF, also uses a GTO basis. On the other hand, in the high magnetic
field situation, cylindrical coordinates are preferred. Numerical basis sets are also used in some studies. For

the reason of consistency with the B:

limit and the motive of adding CDFT to the GTOFF code, here we use

an anisotropic Gaussian basis as in reference 6 and follow their scheme for electron-electron integrals.
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where n, =\m, | +2k,, K E0L with m, = =2,-1,0,1,2,
n, =m 420, L=00 i, =01 8

lfwelet g = /3 . this basis retums to the isotropic Gaussian one, appropriate for B=0. For B>0, anisotropic
‘Gaussians are better adapted for the description of the elongation of the electron density distribution caused
by the field. From our studies of the H atom in an external magnetic field, we propose the following expression

as a starting point for optimizing the basis exponents,

25)

where 8, =0.11, A, =0.21 and B is in Hartree atomic units (1 a.u. B field = 2350510 Tesla). Reference 5

gave a siightly different value for A, =0.25 This basis construction will be referred to as anisotropic basis
8" later.

Thus obtained anisotropic basis can be further optimized by minimizing calculated Hartree-Fock or DFT
total atomic energy resulting into optimized basis. Note this nonlinear optimization step needs to be done for
each B field strength and fully optimization is difficult. Basis sets used in this work are only partially optimized
and no optimization is done for B < 0.1 The quality of calculation also depends on the size of the basis. For
[B<10a.u.we use basis sets of 28515p12d12f11g10h; for B=100 a.u., the basis set is 28516p16d13f13g13h

Tum next to the calculation of the exchange-correlation vector potential A, (7). Equations (10) and (16)
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Then the curlin equation (26) i taken numerically on e mesn.
Integrals of the last term in eqn. (23) are not necessarily convergent, since the function £ ¢y (7(7))
behaves inappropriately in low density regions. It is desirable to know its behavior in tis region, but
unfortunately, Ref. 1 did not give data for r,> 10, nor do we know ts asymptotic form. Ref. 8 suggested (but
did not use) a smoath. raoid cutolf for ¢ (1(7)) . Here we oursue the idea and inroduce  cutoff function
oy =Mk P
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is the cutoff exponent, which determines how fast the function dies out. Two constants ¢, ¢,
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are determined by the smooth connection between £,c; and ..., at the designated cutoff density 11,
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In this work, we use 7,

Table I. Total Energy

‘alculation of Carbon Atom in Magnetic Field (energy in Hartree)

B field Ground State Hartree-Fock | Numerical DFT CDIT N
(au) Configuration in present worl HE (VWN) (VWN+VRG) G
[ 7513 37470028 s lefl 0

[«2272p8"20572 0, (37.470031°)
0 | iasaperg, 3769092 | 37.690% | 374698 374708 | 0001
0.001 as above 376024 | 6925 | 4113 37423 | 00011
001 as above 77058 | an0%9 | a7asar 374857 | 00011
01 as above 378209 | 378302 | 37.608 376094 | 00011
0 [12e2p,2p 30 300573 | 300577 | 38662 388740 | 00079
10 [2p 3aafse, | 32 | w32 | 440706 = 0192¢
100 [ 102p 3daf Sgaoh, | 924520 | 92552 | 926156 s

Results

Tables |-l give calculated total energies for the carbon and boron
atoms, and the boron positive ion in different field strengths. Hartree-
Fock and naive DFT energies in the same basis set are also listed.
We use VWN (ref. 11) XC functional in the DFT calculation,augmented
by the VGR functional (ref. 1) for CDFT. Numerical HF values from
reference 2 and 3 are also listed for comparison.

There is generally good agreement between our HF calculation with
‘Gaussian type orbitals and Ivanov and Schmelcher's numerical mesh
HF values. The slightly larger difference for high field values shows the
increasing demands on basis sets with increasing field strength. For
the naive DFT calculation, we compare with the spherical averaged
value from reference 4. The agreement is excellent

Reference 2 and 3 show the ground states of C, B, and B* undergo

@ )Reference2. |y ) Reference 4. ) Estimated from SCF-DFT orbitals. CDIT caleulation failed o converge.

Table 11 Total Energy Calculation of Boron Atom in Magnetic Field (energy in Hartrec)
Basis optimized for C atom as function of B-field and unchanged.

several transitions with increasing B field. Similar
crossovers occur in our DFT and CDFT calculations. The CDFT
correction is mainly determined by the ground state configuration,
whichis in turn determined by the field strength

Table IV, Basis seteffect on totl energy
calculation of carbon atom in magnec field
7 1.0a.u.(enerey in Hartree)

Table V. DFTICDFT energisofcatbon atom in
130 magneic ik with ifeen exchange.
comiation fnctonals (energy n 5:0)
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Groud sue | e todk | Nuerical | DFT COFTp pean
Configuration Dok HE (VWN) | (VWN#VRG) [Z1G

0 15257 2p) 2p!2p) 0 | 244150 - (;:;::{j?h) as left 0
0 2453024 | 2453020 | 243545 00010
0.001 2453124 | 2453133 | 243555 243565 | 00010
001 as above 2454009 | 2454018 | 243643 243653 | 00010
01 2520020, 2463802 | 2463932 | 244219 244231 | 00012
10 as above 2564663 | 2564711 | 254190 254208 | 00018
10 152p_3d_4f,5g., | -30.06282 | -3006363 | 298747 020°

100 as above “66.99485 | -66.99699 | -67.1169

@ )Reference 3. ) Referenced. ¢ ) Estimated from SCE-DFT wave function. CDFT calculation faled to converge.

Table I11. Total Energy Calculation of Boron lon in Magnetic Field (energy in Hartree)
Also done with unaltered C basis.

B Field Ground State. Hartree-Fock in Numerical DFT CDFT

(a.u) | Configuration present work HF’ (YWN) (VWN+VRG)
o o 2423757 | 242758 | 24038275 asleft 0

- (240382757 )

0.001 as above 2423758 | 2403827 asleft 0
001 as above 2423751 2423752 | 24038210 asleft 0
o1 [ 2426342 | 2426360 | 240913 | 2403135 | -0.00223
0 as above 507026 | 2489998 | 2484269 | 000272
10 120341 289321 2893504 | 2871343 - 0163¢
100 as above -63.94533 -63.94727 -63.81585 - 1.32°

@ )Reference . |y ) Reference 4. ¢ ) Estimated from SCF-DFT orbitals. CDIT caleulation failed o converge.

Basis set effects are ilustrated in table
IV. Sets AB.C are isotropic, anisotropic,
and oplimized aniso basis sets, respec-  ©
tively. Clearly, set A s not good enough

Table VL. Effct o utff o the VRG

fanctons concetion o the DFT o
Appropriately optimized basis sets are enegy calelation for the cabon stom
n the magnetc fild 1030

necessary and sufficient for a wide range

of B field range from 0 to several e
hundreds of a.u. B
o1 20
‘The performance of different functionals
is compared in table V. The CDFT/VRG o001 20
correction s roughly half the imprecision | 00001 | 20| 00116
‘among LDA models. Its not clear whether [ oo | 1o | 0008t
the VRG functional can give systematic o T o T oo
improvement on DFT values.
Qo | o1 | ous
‘The VRG functional with LCH fit has a

major deficiency for finite systems at high

B fields. Using a smooth cutoff function and a sensible cutoff density, one
hopes the VRG contribution to E,,,, would be insensitive to the cutoff choice,
but this is not the case. Table VI shows the effects of cutoff choices; they are
undesirable. Ref. 16 gave two altemative fits to the data in ref. 1, but they
also have the same problem.

Conclusions

A fully self-consistent CDFT approach is implemented in our atomic code with external magnetic field.
Anisotropic Gaussian basis sets are used in the expansion of KS orbitals. Numerical tests show that a rich
basis set is required for accurate calculation, especially in the high field regime. The current density
correction to the total atomic energy appears to be two or three orders smaller than the interaction between
the magnetic field and atom angular momentum. The CDFT correction is strongly configuration related.
While our HF and DFT calculations give reliable resuts, the CDFT calculation should be understood to be.
only qualitatively correct (or optimistically, semi-quantitative), since the VRG functional we investigated is
sensitive to an unavoidable cutoff. Keeping in mind (a) that the local density approximation of eqn. (16)
presumes the variation of electron density and current density both to be small in an atomic scale, (a
constraint not satisfied in the high field regime), and (b) that eqn. (18) was proposed and fitted only in the low
field regime, it is not surprising that use of those functionalss may have serious limitations. The lack of general
and accurate CDFT XC functionals is stil the biggest problem as of today. Recently, some other current-
dependent functionals were proposed (ref. 14, 15). Though not manifestly gauge invariant, we are going to
investigate how the behave in the high field regime. CDFT is expected to be more useful with the advent of
high quality CDFT exchange-correlation functionals.
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