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Ground state of the carbon atom in strong magnetic fields
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The ground and a few excited states of the carbon atom in external uniform magnetic fields are calculated by
means of our two-dimensional mesh Hartree-Fock method for field strengths ranging from zero up to 2.35
% 10° T. With increasing field strength the ground state undergoes six transitions involving seven different
electronic configurations which belong to three groups with different spin projecBgas-1,—2,—3. For
weak fields the ground-state configuration arises from the field-feé2s2p,2p_,, S,= — 1 configuration.

With increasing field strength the ground state involves the &ur—2 configurations $22s2py2p_12p. 1,
152252py2p_13d_,, 1522py2p_,3d_,4f 5, and 1s22p_,3d_,4f_35g_,, followed by the two fully spin-
polarizedS,= — 3 configurations $2py2p_,3d_,4f_35g_, and 1s2p_,3d_,4f _35g_,6h_s. The last con-
figuration forms the ground state of the carbon atom in the high-field regim#8.664. The above series of
ground-state configurations is extracted from the results of numerical calculations for more than 20 electronic
configurations selected due to some general energetic arguf®h@s0-294709)05410-4

PACS numbes): 31.15~p, 32.60+i, 31.15.Ne, 31.10:z

[. INTRODUCTION helium atom provided data for many excited states in a broad
range of field strengthgl1l]. The comparison of the station-
The behavior and properties of atoms in strong magnetiary transitions of the atom with the positions of the absorp-
fields are a subject of increasing interest. On the one handion edges of the observed spectrum yielded strong evidence
this is motivated by the astrophysical discovery of strongfor the existence of helium in the atmosphere of GDRPA.
fields on white dwarfs and neutron stdfs-3] and on the For the hydrogen atom the impact of the competing Cou-
other hand, the competition of the diamagnetic and Coulomlomb and diamagnetic interaction is particularly evident and
bic interaction causes a rich variety of complex propertiegpronounced in the intermediate regime for which the mag-
which are of interest on their own. The carbon atom, whichnetic and Coulomb forces are comparable. For different elec-
is the subject of the present investigation, plays a major rolé&ronic degrees of excitation of the atom the intermediate re-
for the evolution of stars and is also expected to occur in thgime is met for different absolute values of the field strength.
case of magnetic white dwarfs and neutron stars. For the ground state this regime is roughly given py
Investigations on the electronic structure in the presence=0.2—20 (y=B/By is the magnetic field strength in atomic
of a magnetic field appear to be quite complicated due to thenits, Bo=ﬁc/ea§= 2.3505< 10° T). Both early[13] and
intricate geometry of this quantum problem. Most of the in-more recent workg4,14—-17 on the hydrogen atom have
vestigations in the literature focused on the hydrogen atonused different approaches for relatively weak figltie Cou-
(for a list of references see, for examglé-7]). The results lomb force prevails over the magnetic foycand for very
of these studies provided us with an understanding of thetrong fields(the Coulomb force can be considered as weak
absorption features of certain magnetic white dwarfs and alin comparison with the magnetic forces, which is the so-
lowed for a modeling of their atmosphereee Ref[8] fora  called adiabatic regimeln the latter regime the motion of
comprehensive review up to 1994 and Réf] for a more  the electron parallel to the magnetic field is domindti8]
recent review on atoms and molecules in strong magnetiby a one-dimensiondllD) quasi-Coulomb potential includ-
fields). On the other hand, there is a number of magnetidng a parameter which depends on the magnetic field
white dwarfs whose spectra remain unexplained and cannatrength. The detailed calculations of the hydrogen energy
be interpreted in terms of magnetized atomic hydrogen. Furevels carried out by Remeret al.[4] also retained the sepa-
thermore, new magnetic objects are discovdss, for ex- ration into different regimes of the field strength by decom-
ample, Reimerset al. [10] in the course of the Hamburg posing the electronic wave function either in terms of spheri-
European Southern Observatd&SO surveyl whose spec- cal (weak to intermediate fieldor cylindrical (intermediate
tra await explanation. The most prominent of the unex-to high fields orbitals. A powerful method to obtain com-
plained magnetic objects is the white dwarf GD229. Veryprehensive results on low-lying energy levels of the hydro-
recently significant progress has been achieved with respegen atom, in particular, in the intermediate regime, is pro-
to the interpretation of its rich spectrum ranging from the UV vided by mesh method$].
to the near IR. Extensive and precise calculations on the For atoms with several electrons there are two decisive
factors which enrich the possible changes in the electronic
structure with varying field strength compared to the one-
*Permanent address: Institute of Precambrian Geology and Ge@lectron system. First we have a third competing interaction
chronology, Russian Academy of Sciences, Nab. Makarova 2, Swhich is the electron-electron repulsion and second the dif-
Petersburg 199034, Russia. ferent electrons are affected by very different Coulomb
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forces, i.e., possess different one-particle energies, and coetectron wave function' , depends on the variables and
sequently the regime of the intermediate-field strengths ap(p,z) as follows:
pears to be the sum of the intermediate regimes for the sepa- vr—im.
rate electrons. WV, (p,¢,2)=(2m) e ", (2,p), (1)

There eX'St. a number of |nvest|ga.t|o.ns on tWO'eIeCtronwhere,u indicates the numbering of the electrons. The re-
atoms in the literatur§19—29. The majority of them deals : S . .
with the adiabatic regime in superstrong fields and the earISUItIng partial differential equations faf,(z,p) and the for-

9 b 9 ! ulas for the Coulomb and exchange potentials have been

works are mostly Hartree-FocklF) type calculations. There presented in Ref(27]
are also several early variational calculations for the low-" 1,4 one—particle. equations for the wave functions
field domain[21,30,3]. HF calculgtlons for arbitrary f|eld ¥,(2,p) are solved by means of the fully numerical mesh
strengths have been carried out in R¢#%26] by applying  method described in Ref5,27). The feature which distin-
two different sets of basis functions in the high- and low-qyjishes the present calculations from those described in Ref.
field regimes. As a result of the complicated geometry thi§27] is the method of calculation of the Coulomb and ex-
approach suffers in the intermediate regime from very slowchange integrals. In the present work as well as in Refs.
convergence and low accuracy of the calculated energy €33 34 we obtain these potentials as solutions of the corre-
genvalues. Accurate HF calculations for arbitrary fieldsponding Poisson equation.
strengths were carried out in Ref25,27) by the 2D mesh Our mesh approach is flexible enough to yield precise
HF method. Investigations on the ground state as well as gesults for arbitrary field strengths. Some minor decrease of
number of excited states of helium including the correlationthe precision appears in very strong magnetic fields. This
energy have recently been performed via a quantum Montghenomenon is due to a growing difference in the binding

Carlo approacli29]. Very recently benchmark results with a energieseg,, of one-electron wave functions belonging to the
precision of 104—10° for the energy levels have been same electronic configuration,

obtained for a large number of excited states with different
symmetries using a configuration interaction approach with €g,=(m,+|m,|+2s,,+1)y/2—€,, 2
an anisotropic Gaussian basis EEt].

Focusing on systems with more than two electrons, howwhere €, is the one-electron energy arsg, is the spinz
ever, the number of investigations is very scdi2®,28,32—  projection. The precision of our results depends, of course,
34]. In view of the above there is a need for further quantumon the number of the mesh nodes and can be improved in
mechanical investigations and for data on atoms with morgalculations with denser meshes. Most of the present calcu-
than two electrons in a strong magnetic field. For the carbotations are carried out on sequences of meshes with the maxi-
atom there exist only two investigatiof@3] in the adiabatic ~mal number of nodes being 8%5.
approximation which give a few values for the binding en- It was demonstrated in Ref33] that the one-electron
ergies in the high-field regime and one more relevant recerwave functions obtained in multielectron Hartree-Fock mesh
work by Joneset al. [28]. The latter contains Hartree-Fock calculations can for some atomic states possess a lower spa-
calculations for three states of the carbon atom in magnetigal symmetry than the symmetry constrained traditional HF
fields from y=0.0072 up toy=21.6. The analysis of these approaches based on basis sets. For example, it was shown
results and, in particular, their comparison with our resultd33] for the 1s°2s® state of the beryllium atom that the wave
are presented in Secs. IV and V. functions of the 22 electrons reveal a broken spatial sym-

In the current work we apply a fully numerical 2D metry with respect to the=0 plane. The contribution of this
Hartree-Fock method to the problem of the carbon atom ireffect to the total energy was found to be significant jor
magnetic fields and obtain conclusive results on the ground>0.5. In the case of the carbon atom the? 2lectron pair
state configurations for arbitrary field strengths. Our ap-belongs to the ground-state configuration for the regiyne
proach enables us to perform calculations for various states0.1862(see Table)l for which the symmetry breaking ef-
with approximately equal precision for weak, intermediate,fect does not occur. On the other hand, we do not expect
and high magnetic fields. To identify the ground state forsuch a kind of broken symmetry for the ground-state con-
arbitrary field strengths both general considerations and eledigurations at strong magnetic fields because they involve
tronic structure calculations have to be performed. wave functions with large absolute values of the magnetic

quantum numbers. Due to these reasons the present calcula-
tions are based on one-electron wave functions with a defi-

Il. COMPUTATIONAL METHOD nite z parity 7,= + 1.

We solve the electronic Schitimger equation for the car-
bon atom in a magnetic field under the assumption of an
infinitely heavy nucleus in théunrestricted Hartree-Fock
approximation. The numerical approach applied in the Let us provide some helpful qualitative considerations on
present work coincides with that of our previous investiga-the problem of the atomic multielectron ground states in the
tions [33,34]. The latter contain some more details of thelimit of strong magnetic fields. It is clear that the field-free
mesh techniques. The solution is established in the cylindriground state of the carbon atom remains the ground state
cal coordinate systenp(¢,z) with thez axis oriented along only for relatively weak fields. The set of one-electron wave
the magnetic field. We prescribe to each electron a definitéunctions constituting the HF ground state for the opposite
value of the magnetic quantum number,. Each one- case of extremely strong magnetic fields can be determined

Ill. GROUND-STATE ELECTRONIC CONFIGURATIONS
FOR y=0 AND y—
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TABLE I. The Hartree-Fock ground-state configurations of the carbon atom in external magnetic fields.
The configurations presented in the table are the ground-state configuratigRs<ay= yyax-

No. Ymin YVmax Ground-state configuration M S, E (¥min) (a.U)
1 0 0.1862 %%2s?2py2p_; -1 -1 —37.69096
2 0.1862 0.4903  €2252py2p_12p.1 0 -2 —37.9334
3 0.4903 4207  4%2s2py2p_,3d_, -3 -2 —38.3359
4 4.207 7.920  §22py2p_,3d_,4f_, -6 -2 —41.7369
5 7.920 12.216  4°2p_,3d_,4f_35g_, -10 -2 —43.6397
6 12.216 18.664  42py2p_13d_,4f_35g_, -10 -3 —44.9341
7 18.664 e 1s2p_,3d_,4f_359_,6h_s -15 -3 —50.9257

as follows. The nuclear attraction energies and HF potentialson S,: the S,= —1 group(low-field ground-state configu-
(which determine the motion along thexis) are for largey rationg, the intermediate group,=—2, and theS,=—-3
small compared to the interaction energies with the magnetigroup (the high-field ground-state configurationsThis
field (which determines the motion perpendicular to the maggrouping is required for the following qualitative consider-
netic field and is responsible for the Landau zonal structur@tions which are based on the geometry of the spatial parts of
of the spectrum Thus, all the one-electron wave functions the gne-electron wave functions.
must correspond to the lowest Landau zones, igs<0 for To begin we would like to remark on our calculations for
all the electrons, and the system must be fully spin polarizegne atom without field compared to the traditional Hartree-
i.e.,S;,=—3. For the Coulomb central field the one electron g cajculations. The Hartree-Fock energies for fiie
levels form qgasrlD Coulomb series with the bmdmg en'ground state of the field-free carbon atom have been given
ergy Eg=1/2n; for n,>0 andEg— for n,=0, wheren, i 5p6ve. One important feature of the conventional Hartree-
the number of nodal surfaces of the wave function crossing: ¢k calculation§35,36 is the correspondence of each one-
thezaxis. o _ electron wave function to only one spherical harmonic. As
Considering the casg— it is evident that the wave spown, for example, in Ref33] this restriction does not
functions withn,=0 have to be chosen for the ground-stategjow one to obtain energies which correspond to the
configuration. Furthermore, starting with the energeticallyyartree-Fock limit in the sense of a fully free variation of the
lowest one-particle level the electrons occupy according tne-particle functions respecting the exact symmetries of the
the above argu_ments orbitals with increasing absolute valugyg) system. Not imposing the symmetries of the spherical
of the magnetic quantum numben, . Consequently the nparmonics on the one-particle functions provides lower
ground state of the carbon atom must be given by the conyartree-Fock energies. This can be done, for instance, in 2D
figuration 1s2p_,3d_,4f_359_46h_s. or 3D mesh Hartree-Fock calculations. In the framework of
For the opposite casg=0 it is well known that the oyr 2D mesh calculations the components of the multiplet
ground state of the carbon atom corresponds to the spectrép gre puilt up of different one-particle wave functions pos-
scopic term3P. In the framework of the nonrelativistic con- sessing as good quantum numbers the magnetic quantum
sideration this term consists of nine states degenerate due Himberm,, the z parity, and the spin projectios,. Due to
three possible projections of the total spi,= —1,0,1 and  the higher flexibility of the one-particle wave functions our
three possible values _of the total magnetic quantum numbeyartree-Fock energies for all the components of tRemul-
M=-1,0,1. Conventional Hartree-Fock calculations pro-iplet are lower in energy and are slightly different for dif-
vide the following values_ for the energy for this term: ferent components of the multiplet. At=0 the value ofS,
E=-37.688612 (Clementi and Roetti in[35) and does not affect the energy, whereas the spatial parts can con-
E=—37.688 80(Froese Fischer ip36]). tain three valence configurationsp@2p_1, 2po2p+1, and
The problem of the configurations of the ground state foroy .25, (the core part $22s2 of the total configuration is
the intermediate-field region cannot be solved without dom@bmitted. Our energies for the [%,2p_, and 2,2p..; con-
explicit calculations combined with some qualitative consid—ﬁguraﬂonS coincide and arE=—37.69096, whereas the
erations in order to extract the relevant configurations. With.5culation for D_.2p,; gives a slightly different value,
respect to our notation of the configurations we implicitly namely, E= —37.693 76. It is evident that the energies of
assume in the following that all paired electrons, such as, fofhese configurations must coincide in 3D HF calculations.
example, the 42 part of a configuration, are of course in a On the other hand, only thesi2s22p,2p_, configuration
spi.n up and spin down orbital, respectively, whereas all UNtepresents the energetically lowest component of iRe
paired electrons possess a negative projection of the spiiiplet in weak magnetic fields. We therefore neglect here
onto the magnetic field direction. and in the following the small difference in energy of the
15225%2p2p 1, 1522s%2p_12p. 4, and 1522s%2py2p_;
IV. GROUND-STATE ELECTRONIC CONFIGURATIONS configurations in the absence of a magnetic field. .
FOR ARBITRARY FIELD STRENGTHS According to the arguments presented in the preceding

section we know that the ground-state configuration of the
First of all, we divide the possible ground-state configu-carbon atom in the high-field limit must be the fully spin-
rations into three groups according to their total spin projecpolarized state 92p_,3d_,4f _3;5g_,6h_5. The question
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FIG. 1. The total energieén
atomic unitg of the states of the
carbon atom as functions of the
magnetic field strength considered
for the determination of the
ground-state electronic configura-
tions with S,=—1. Our results
(solid lineg and data taken from
1 Ref. [28] (broken line$. Energies
and field strengths are given in
atomic units.
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of the ground-state configurations at intermediate fields cammagnetic field strength using both qualitative argumeésee

not be solved without performing explicit electronic structurebelow) as well as the results of the calculations for concrete
calculations. On the other hand, thepriori set of possible configurations.

intermediate ground-state configurations increases enor- The energies for all the considered states and, in particu-
mously with increasing number of electrons and is alreadyar, those of the ground states are illustrated in Figs. 1-4.
for the carbon atom too many in order to perform explicit Figure 1 shows the total energies for the considered configu-
calculations for all of them. Some qualitative considerationgations withS,= —1. Figures 2 and 3 illustrate the interme-
are therefore needed in order to exclude certain configuradiate ground-state scenario for the relevant configurations
tions as possible ground-state configurations thereby redupossessing the spin projecti®= —2. Figure 4 shows the
ing the number of candidates for which explicit calculationsrelevant fully spin-polarized configurations, i.e., the states
have to be performed. The optimal strategy hereby consistwith S,= —3. The reader should note that for each group of
of the repeated procedure of determining neighboringconfigurations the figures illustrate a different regime of field
ground-state configurations with increasif@ decreasing strengths and energies. Finally we present in Fig. 5 the glo-
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FIG. 2. Same as in Fig. 1 for
S,=—2, lower-field part. Ener-
gies and field strengths are given
in atomic units.
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FIG. 3. Same as in Fig. 1 for
S,=—2, higher-field part. Ener-
gies and field strengths are given
in atomic units.

¥—% 15°252p,2p_,2p,,, S,=-2
—41 | 3—81s2s2p2p_3d_, S,=-2
A—A 1s:2po2p_13d_24f_a, §=2
—42 | O—O152p_,3d 41 50, S,=-2
G—©1s2s2p_3d_4f ,, S=2
+—+1s°2p,2p_3d_,3d_,, S,=-2

E e—e 1525°2p 2p_,, S,=-1
+—F 1s2p,2p_,3d_,4f ;59 _,, S,=-3
—44 | o--o Jones etal [28], S =—1
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bal scenario of the total energies of the ground states for the We start our consideration fop#0 with the high-field
range of considered field strength<®< 100 a.u. The verti- ground state and subsequently consider other possible candi-
cal lines shown in this picture divide the complete fielddates in question for the electronic ground state for
strength regime into different regions for which different S,= —3 (see Fig. 4 with decreasing field strengttAll the
electronic configurations represent the ground state. The nwne-electron wave functions of the high-field ground state
merical values for the transition field strengths and the totalls2p_,3d_,4f_35g_,6h_5 possess no nodal surfaces
energies at which the crossover between different electronicrossing thez axis and occupy the energetically lowest orbit-
configurations takes place are given in Table I. In the follow-als with magnetic quantum numbers ranging fram=0

ing paragraphs we describe in detail our selection procedurgown tom= —5. We shall refer to the number of the nodal
for the candidates of the electronic ground-state configurasurfaces crossing the axis asn,. The éh_g orbital pos-
tions. sesses the smallest binding energy of all orbitals constituting

FIG. 4. Same as in Fig. 1 for

S,=—3. Energies and field
i strengths are given in atomic

—50 units.
L w—¥ 1s2p_,3d_4f 5g_6h , S,=—3
- +—1s2p2p_3d ,4f Bg ,, S,=-3
| =—e 18252p ,3d 4f Bg ,, S,=-3
[ O—8 1s2s2p2p_,3d_4f ,, S,=-3
55 | 4—<1s2p,2p_3d_3d_4f ., S,=-3
- >—> 1s2s2p_,3d_3d_4f , S =-3
- O—E1s"2p_3d_ 4t 5g_, S, =2
[ &—--¢ Jones et al [28], S=-2
[ &—-¥ I.Jones elt al [28|], Sz=|—3
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the high-field ground state. Its binding energy decreases raf=(y) for the 1s2py2p_,3d_,4f _35g_, configuration in-

idly with decreasing field strength. Thus, we can expect thatersects the total energy curve for the high-field ground state
the first crossover of ground-state configurations happen$s2p_;3d_,4f_35g_,6h_5 and for y<18.664 the energy
due to a change of theh6 5 orbital into one possessing a of the previous state is therefore lower than the energy of the
higher binding energy at the corresponding lowered range dfigh-field ground state. The s2py2p_,3d_,4f_350_,

field strength. It is natural to suppose that the first transitiorconfiguration remains the energetically lowest one among all
while decreasing the magnetic field strength will involve athe six above-considered states wl= — 3 in the regime
transition from an orbital possessing=0 to one forn, g g< y<18.664. For y<6.8 the configuration
=1. The energetically lowest available one-particle StatelsZsZpOZp,13d,24f,3 becomes the lowest one within the
with n,=1 is the 2, orbital. Another possible orbital into g _ _ 3 gypset. However, this second crossover within the
which the 615 wave function could evolve is thesstate. g ,qet of states witB,= — 3 takes place in a regime of field
Eor the hydr_ogen atom or hydrogenlike ions in a magnet trengths for which the global ground-state configuration of
field the 2p, is more strongly bound than thes Drbital. On the carbon atom belongs already to the suliset— 2. (See

the other hand, owing to the electron screening in multielec- 2 - ’

P : the state $2p_,3d_,4f_359_, in Fig. 4) It should be
tron atoms in field-free space the 2rbital tends to be more . )
tightly bound than the g, orbital. Thus, two states, i.e., the npted that th? structure of the wave functions .Vﬂ;h: —3is .
152po2p_13d ,4f 55g , state as well as the isr:r?r?ée][ow:vcig;the two other spin subsets which we consider

1s2s2p_4,3d_,4f _;5g_, configuration, are candidates for X )
becoming the ground state in tBe= — 3 set when we lower The considerations for th8,= — 2 subset of states whose
energies are illustrated in Figs. 2 and 3 are similar to the ones

the field strength coming from the high-field situation. 3 '
Ana'ogous arguments |ead to the threeof the SubseSZ: -3. The most t|ght|y bound state In the

following candidates for the ground state in limit of high fields is given by the €2p_,3d_,4f_35g_4

the case of the second crossover in tBg=—3 subset configuration. When decreasing the field strength this con-
which takes place with decreasing field strength:figuration can be replaced bys32p,2p _,3d ,4f 3 or by
15252po2p_13d_,4f_5, 1s2pe2p_,3d_,3d_,4f_5, and 1s22s2p_,3d_,4f_5 (see Fig. 3. The next change could
1s2s2p_,3d_;3d_,4f_3. Itis evident that the one-particle lead to  the  configurations st2s2py2p_,3d_5,
energies for the 8 ; and 2, obey Esq ,>E,p for all 15°2po2p-43d_43d _, or 1s*2s2p_;3d 4,3d_, (Fig. 3.

values ofy since they possess the same nodal structure witm analogy to our argumentation with the subset of states

respect to the axis and only the 8_; possesses an addi- with S,=—3 it is now obvious thatElSzZSZPo2pfl3dfz
tional node in the plane perpendicular to thexis. For this  <Eis22s2p 34,34 , and the latter state cannot become the
reason the configurations2s2p_,3d_;3d _,4f 3 can be ground-state configuration. Our electronic structure calcula-
excluded from our considerations of the ground state. Thisions provide the following sequence of ground states for
conclusion is fully confirmed by our calculations. decreasing field strength: for high fields we have the
The final picture of the ground-state crossovers in the subis?2p_,3d_,4f_3;5g_, configuration, with decreasing
set of configurations witts,= —3 obtained within our HF field strength a crossover to the configuration
calculations is the following: Aty~18.664 the total energy 1s?2p,2p_,3d_,4f_5 and with further decreasing field
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TABLE Il. The energies of the ground-state configurations of the carbon atom dependent on the magnetic
field strength. The figures in parentheses are the numbers of the ground-state configurations provided in the
first column of Table I. Energies and field strengths are given in atomic units.

Y E(1) E(2) E(3) E(4) E(5) E(6) E(7)

0.000 —37.69096 —37.59928 —37.2188 —36.1170 —35.1186 —24.3112 —22.5588
0.001 —37.6925 —37.6013 —37.2224 -—36.122 —35.126 —24.3193 —22.570

0.002 —37.6940 —37.6034 —37.2259 —36.1270 —35.133 —24.3272 —22.580

0.005 —37.6985 —37.6094 —37.2360 —36.1413 —35.152 —24.3496 —22.608

0.01 —37.7059 —37.6193 —37.2526 —36.1641 —35.1827 —24.3853 —22.6539
0.02 —37.7205 —37.6389 —37.2842 —36.2085 —35.2399 —24.4525 —22.7376
0.05 —37.7633 —37.6966 —37.3705 —36.3247 —35.3900 —24.6328 —22.9579
0.1 —37.8302 —37.7882 —37.5010 —36.4932 —35.6027 —24.8959 —23.2743
0.2 —37.9486 —37.9552 —37.7388 —36.7835 —35.9600 —25.3546 —23.8125
0.3 —38.0479 —38.1026 —37.9579 —37.0387 —36.2653 —25.7617 —24.2813
0.4 —38.1302 —38.2323 —38.1624 —37.2716 —36.5376 —26.1358 —24.7067
0.5 —38.1973 —38.3464 —38.3541 —37.4881 —36.7864 —26.4865 —25.1007
0.6 —38.2510 —38.4467 —38.5339 —37.6912 —37.0170 —26.8187 —25.4706
0.7 —38.2927 —38.5346 —38.7033 —37.8830 —37.2329 —27.1362 —25.8211
0.8 —38.3238 —38.6116 —38.8632 —38.0650 —37.4364 —27.4411 —26.1554
0.9 —38.3453 —38.6788 —39.0145 —38.2385 —37.6293 —27.7351 —26.4758
1.0 —38.3582 —38.7373 —39.1577 —38.4043 —37.8130 —28.0195 —26.7843
15 —38.3192 —38.9225 —39.7776 —39.1406 —38.6242 —29.3275 —28.1888
2.0 —38.1549 —38.9770 —40.2769 —39.7621 —39.3061 —30.4938 —29.4282
3.0 —37.6035 —38.8418 —41.0477 —40.7780 —40.4222 —32.5445 —31.5925
4.0 —36.8901 —38.5088 —41.6319 —41.5886 —41.3180 —34.3404 —33.4807
5.0 —36.0969 —38.0551 —42.1016 —42.2549 —42.0608 —35.9601 —35.1815

7.0 —36.9093 —42.8151 —43.2771 —43.2195 -—38.8325 -—38.1971
8.0 —36.2426 —43.0841 —43.6685 —43.6734 —40.1320 —39.5620
10.0 —34.7539 —43.4769 —44.2659 —44.3872 —42.5277 —42.0799
12.0 —43.7032 —44.6615 —44.8905 —44.7094 —44.3749
15.0 —43.7842 —44.9571 —45.3348 —47.6770 —47.5002
20.0 —43.3767 —44.8468 —45.4465 —52.0282 —52.0890
30.0 —41.1418 —43.0912 —44.0660 —59.2747 —59.7433
40.0 —37.6519 —39.9996 —41.2855 —65.2949 —66.1073
50.0 —33.3211 —36.0197 —37.5718 —70.5187 —71.6285
100.0 —8.865 —11.3693 —90.2751 —92.4552
200.0 +60.973 +57.3384 —116.4070 —119.8127
500.0 +307.31 +301.1777 —163.209 —168.5248
1000.0 +754.1 +746.589 —209.98 —217.1413
2000.0 —268.711 —278.1612
5000.0 —368.1 —381.8097
10000.0 —463.7 —480.875

strength the configurationsf2s2p,2p_,3d_,. Having in  that the ground state is given by the?2s2py2p_12p 1
mind these numerical results which are presented in Fig. 8onfiguration. It is evident that the latter configuration is the
we provide next an analysis for further decreasing fieldground-state configuration of the subsgi=—2 for the
strength. It is clear that the orbitalsZand 22p2p_, will weak-field regime and, in particular, far=0 and thus it is

be retained for further decreasing field strength in the framethe last in the sequence of the ground-state configurations
work of theS,= — 2 subspace. Thus the following transitions with S,= —2. As it turns out in our HF calculations this state
can affect only the orbital @ ,. This orbital could be as well as all other states which are ground statesSfor
changed to the orbitalsd3 ;, 3dy, 3p_1, 3s,0r2p,;. The =—2 turn out to be the ground state of the carbon atom as a
d orbitals of this series can be excluded from our considerwhole, i.e., taking into account all spin manifol&, for
ation, since they have no preferences ovér dwith respect  certain regimes of the field strength.

to the energy either in strong or in weak fields and therefore It is reasonable to start the considerations for the configu-
calculations have to be performed only for therations withS,=—1 which includes the weak-field ground-
states  $°2s2po2p_13p_;, 1s%2s2py2p_;3s, and state configuration $2s?2py2p_, by gradually increasing
1522s2py2p_12p. 1. Explicit calculationgsee Fig. 2show  the field strength from y=0. The configuration
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TABLE IIl. The energy of the statesf2s2p,2p®, of the car-  The energy of each state is given at least in the range of field
bon atom in magnetic fields compared with results by Ja&ted.  strength within which it represents the ground statemany
[28]. Energies and field strengths are given in atomic units. cases we have performed calculations for a much wider re-
gime of field strengths The configurations in Table Il are

Y E(1s°252p52p° ) E[28]S,=—1 labeled by their corresponding numbers introduced in Table
0.216 —37.7779 —37.793 I. The data of Tables | and Il represent the total energy
0.504 —38.1345 —38.134 values on a grid of field strengths covering the complete
0.720 —38.3254 —38.325 regime 0<y=<10000 and via interpolation can be used to
2.16 —38.7188 ~38.713 get the total energies for any field strength.

3.6 —38.4076 —38.376 The most important work in the literature containing re-
5.04 —37.7940 —37.677 sults on the spectrum of the carbon atom in a strong mag-
7.2 —36.5467 —136.239 netic field is Ref.[28]. We illustrate the data of Ref28]

8.64 —35.5527 —35.196 together with our datdsee abovein Figs. 1-4. Unfortu-
14.4 —30.6343 —29.969 nately Ref[28] does not contain a detailed description of the
21.6 —23.0362 —21.472 electronic states of the carbon atom considered in their work:

the data given for electronic states with,=—2 and
S,=—3 cannot uniquely be identified with our electronic
1s?2s?2py2p_ is rather robust and the most reasonableconfigurations since the quantum numbers of the individual
transition which could occur in the framework of the con- one-particle functions of their HF procedure have not been
figurations withS,= —1 is the transition of one of thes2  gpecified. Nevertheless we can compare the total energies of
electrons to the @_, orbital, i.e., the transition to configu- the lowest configuration at a fixed field strength. As a general
ration 1s?2s2p,2p” ;. The argument therefore is that &t  tendency we observe that in most cases our energy values are
=0 the X orbital is more bound than thepg and 20_, and  significantly lower than those of Rdi28]. Indeed, Ref[28]
for increasing the field the binding energy of thp 2 or-  obtained only three different ground-state configurations
bital increases very rapidly. Our explicit calculatiof@ee whereas the true picture, as described above, involves seven
Fig. D show that this transition takes placejat 0.7, i.e., in  different electronic configurations and six associated cross-
the regime for which the ground-state configuration belongsvers. One can see in Fig. 1 that it is difficult to associate the
already to the subsef,=—2. In addition to several other first threeS,=—1 points of Ref[28] presented in this pic-
configurations withS,= —1 we have also performed calcu- ture with any of our states. On the other hand, some energy
lations for the configuration $£2s?2p?, belonging toS,  values given in Ref[28] lie close to our energies, which is
=0, which is also presented in Fig. 1. This configurationthe case for the configurations32s2p,2p?, and we per-
with the symmetry!D is the ground state of the subs®t form the comparison with our results for this state in Table
=0 aty=0. The calculations for this state were necessary irll.
order to exclude the possibility that it becomes the ground A second source of data on the carbon atom in strong
state of the carbon atom for some region of the field strengtimagnetic fields is Refl23]. These works deal exclusively
in the weak-field case. with the high-field regime in which the adiabatic approxima-
The results of the investigations of this section are pretion represents a reasonable approach to the wave functions
sented in Table I, which contains the critical valuesyodt  and spectrum. The total energies of the ground state of the
which the crossovers of different ground-state configurationgigh-field limit are obtained by Neuhausetral.in Ref.[23]
take place(see also Fig. b The critical values of the field for four different values of the field strength in the regime
strength given in Table | are of course Hartree-Fock valued2.544< y<2127.2. Table IV contains a comparison of
and are expected to shift slightly for fully correlated calcu-those data with our
lations. HF data for the high-field ground-state configuration
1s2p_,3d_,4f 359 _4,6h_5. The third and fourth column
represent our total energies and those of IR28], respec-
tively. As a general tendency our energies are of the order of
In Table Il we present the total energies of the sevemmagnitude of 0.1 keV lower than those of REZ3]. This is
ground-state electronic configurations of the carbon atoma nonnegligible deviation, in particular, in view of the fact

V. SELECTED QUANTITATIVE ASPECTS

TABLE 1IV. The energies of the high-field ground state of the carbon af{(@), its first high-field
excited state (42p_,3d_,4f_359_,7i_g), and the energy of the ion ‘Ccompared with the adiabatic
results by Neuhauseat al. [23] for the high-field ground state.

B E(C) E(C) [23]  E(1s2p_;3d_,4f _35g_,7i_¢) E(C")
(102 G) ¥ (keV) (keV) (keV) (keV)
0.1 42544 —1.83895  —1.678 —1.82464 —1.78348
0.5 212,72  —3.33639  —3.22 —3.30957 —3.22647
1.0 42544  —431991  —4.20 —4.28530 —4.17396

5.0 2127.2 —7.73528 —7.60 —7.67499 —7.46051
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that it exceeds the energy difference to the first excited statground-state configurations involve the opposite effect,
shown in the fifth column of Table IV and for two points of which is due to the fact that they are associated with an
the lowest-field strength the situation is even worse: it exincrease of the total magnetic quantum numbkf
ceeds the ionization energy of the atom, i.e., the energy nec= 26,1m
essary to build the single positive charged IOﬁ Gee sixth Two issues concerning the results presented above have to
column in Table IV. We believe that our results are much be discussed. First, our HF results do not include the effects
more accurate than those of Rg23] since we do not in-  of correlation. To take into account the latter would require a
volve any kind of adiabatic approximation and deal with amulticonfigurational approach which goes beyond the scope
flexible wave function due to the flexible mesh calculation ofof the present paper. We, however, do not expect that the
our one-particle functions. correlation energy changes our main conclusions like, for
Figure 6 allows us to add some details to the considerexample, the fact of the crossovers with respect to the differ-
ations of the preceding section. This figure presents spatignt ground-state configurations. With increasing field
distributions of the total electronic densities for the ground-nstrength the effective one-particle picture should be an in-
state configurations of the carbon atom. More exactly, thigreasingly better description of the wave function and the
picture allows us to gain insights into the geometry of thepercentage of the correlation energy should therefore de-
distribution of the electron density in space and, in particularcrease(see, in particular, Ref37]). The concrete values of
its dependence on the magnetic quantum number and thgiantities like, for example, the transition field strengths or
total spin. Thereby we can understand the corresponding inthe ionization energies depend, however, to some extent on
pact on the total energy of the atom. The first picture in thisthe approach use@artree-Fock, correlated methods
figure presents the distribution of the electron density in the Additional considerations are, however, required for the
ground state of the carbon atomyat 0. The following pic-  crossover situation itself which separates different electronic
tures show the distributions of the electronic densities at valeonfigurations of the ground state and for the other intersec-
ues of the field strength which mark the boundaries of theions presented in Figs. 1-4. In principle, effects of elec-
regimes of field strengths belonging to the different ground4ronic correlation can turn level crossings into avoided cross-
state configurations. For the high-field ground state wengs. In this case the classification of the ground state via a
present the distribution of the electronic density at the crosssingle configuration of six one-particle states should break
over field strengthy=18.664 and for three additional values down and the discontinuous changes of the slope of the total
of y up to y=1000. energies at the points of crossovers should be smoothed out.
For each configuration the effect of the increasing fieldBut we do not expect these effects of correlation to occur for
strength consists in compressing the electronic distributiothe ground-state configurations due to the different symme-
towards thez axis. However, most of the crossovers of tries of the configurations involved. Indeed, one can see in
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Table | that all the neighboring ground-state configurationsls?2s2p,2p_,3d_,, 1s22py2p_,3d_,4f_5, and finally
have at least either different total magnetic quantum numberss?2p_,3d_,4f ;59 ,. At y=12.216 we observe
or different total spins. Thus, we do not expect that correlathe first fully spin-polarized configuration
tion effects can lead to avoided crossings in the energies dfs2p,2p_,3d_,4f _359_, with S,=—3 to become the
the ground-state configurations of the carbon atom. ground state of the carbon atom. At=18.664 the last cross-
The second issue relates to effects of the finite nucleapver of the ground-state configurations takes place and ergo
mass. For the case of hydrogen it is well known that in thefor (>18.664 the ground-state wave function is
high-field regime ¢>10?) mass correction terms due to the represented by the  high-field-limit  configuration
finite nuclear mass become relevant, i.e., are no longer negs2p_,3d_,4f_35g_,6h_s, S,=—3.
ligible in comparison with the Coulomb binding energies. Our investigation represents a conclusive study of the
The most important mass corrections can be included bground state of the carbon atom for arbitrary field strengths.
replacing the electron mass through its reduced mass antfe have obtained a rather intricate sequence of electronic
results from the infinite nuclear mass calculations are relatedonfigurations with increasing field strength. This underlines
to those with the reduced mass via a scaling rela®hl].  the conjecture that the scenario of ground-state crossovers
In the case of the much heavier C atom these effects ar@ith changing field strength complicates rapidly if we con-
expected to be suppressed significantly due to the largsider neutral atoms with increasing nuclear charge number.
nuclear mass. In addition, the total Coulomb binding energyOur computations have been performed in the unrestricted
increases rapidly with increasing nuclear charge number andartree-Fock approximation. For the configurations wBth
is therefore for the carbon atom almost two orders of mag=—1 andS,=—2 (not for those withS,= —3) this means
nitude larger compared to the hydrogen atom. This makeghat our one determinantal HF wave functions are not eigen-
the effects of the finite nuclear mass less important than fofunctions of the operator of the total spin. An immediate
hydrogen. improvement of our approach would therefore require a mul-
ticonfigurational study. The development of such a code ca-
VI. SUMMARY AND CONCLUSIONS pable of describing the wave function in arbitrarily strong
magnetic fields is, however, a major task and clearly goes
i ; ) eyond the scope of the present investigation. Putting to-
the magnetized carbon atom. The method is flexible enougeiher what we currently know about ground states of atoms
to yield precise results for arbitrary field strengths and our, strong magnetic fields we can conclude that the H, He, Li,

calculations for the ground and several excited states are ety ¢ atomic ground states have been identified. This leaves
formed for magnetic field strengths ranging from zero up t0,jenty of questions open about the possible ground-state con-
2.3505< 10°T (=10000). Our considerations focused on

) A ; - figurations of other atoms.
the ground state and its crossovers with increasing field

strength. It undergoes six transitions involving seven differ-
ent electronic configurations. For weak fields up 4o
=0.1862 the ground state arises from the field-free ground- One of the authorgM.V.l.) gratefully acknowledges fi-
state configuration £2s22p,2p_, with the total spirz pro-  nancial support from the Deutsche Forschungsgemeinschatft.
jection S,= —1. With increasing strength of the field four P.S. acknowledges financial travel support by the NSF/
different electronic configurations witt5,=—2 conse- DAAD and the hospitality of the Department of Physics of
quently become the ground states?2s2py2p_12p.1, the University of Nevada at Reno.

We have applied our 2D mesh Hartree-Fock method t
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