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Ground state of the lithium atom in strong magnetic fields

M. V. Ivanov* and P. Schmelcher
Theoretische Chemie, Physikalisch Chemisches Institut, Universita¨t Heidelberg, INF 253, D-69120 Heidelberg,

Federal Republic of Germany
~Received 17 December 1997!

The ground and some excited states of the Li 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
3108 T. With increasing field strength, the ground state undergoes two transitions involving three different
electronic configurations: for weak fields, the ground-state configuration arises from the field-free 1s22s
configuration; for intermediate fields, it arises from the 1s22p21 configuration, and in high fields, the
1s2p213d22 electronic configuration is responsible for the properties of the atom. The transition field
strengths are determined. Calculations on the ground state of the Li1 ion allow us to describe the field-
dependent ionization energy of the Li atom. Some general arguments on the ground states of multielectron
atoms in strong magnetic fields are provided.
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PACS number~s!: 32.60.1i, 31.15.Ne, 31.10.1z
et
th
ld

in
ic
ni

an
-

e
,

tr

n
de

th
d

f
or
m

f
e
u-

i

r-
he
v-

r,
cal-
o
tic-
the

w-
lar

ed
use
,
do-
the
ns.
ms

e

lcu-

t
lu-
F

ch
to
li-
in-

ith
ly a
ld

um-
n-

e
, S
I. INTRODUCTION

The behavior and properties of atoms in strong magn
fields is a subject of increasing interest. On the one hand,
is motivated by the astrophysical discovery of strong fie
on white dwarfs and neutron stars@1–3#, and, on the other
hand, the competition of the diamagnetic and Coulombic
teraction causes a rich variety of complex properties wh
are of interest on their own. Investigations of the electro
structure in the presence of a magnetic field appear to
quite complicated due to the mixed geometry of this qu
tum problem~mixing of spherical and cylindrical symme
tries!. There are many works on the hydrogen atom~for a list
of references, see Refs.@4–7#!, and several works on the H
atom as well as He-like ions@8–12#. Other atoms, however
have been investigated only in a very few cases@11,13,14#.

For the hydrogen atom the impact of the mixed symme
is particularly evident, and at the same time pronounced
the intermediate-field regime for which the magnetic a
Coulomb forces are comparable. For different electronic
grees of excitation of the atom, the intermediate regime
met for different absolute values of the field strength. For
ground state the boundaries of this regime can be define
a rough manner as the rangeg50.2–20 (g5B/B0, B is the
magnetic-field strength,B05\c/ea0

252.35053105 T; a.u.
will be used in the following!. With increasing degree o
excitation the domain of the intermediate fields lowers c
respondingly and becomes, as a rule, wider on a logarith
scale ofg. Both early@15# and more recent works@5,16–19#
on the hydrogen atom have used different approaches
relatively weak fields~the Coulomb force prevails over th
magnetic force!, and for very strong fields where the Co
lomb force can be considered as weak in comparison w
the magnetic forces~adiabatic limit!. In early works the Cou-
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lomb field was actually considered in this limit as a pertu
bation for a free electron in a superstrong magnetic field. T
motion of an electron parallel to the magnetic field is go
erned in the adiabatic approximation@20# by a one-
dimensional~1D! quasi-Coulomb potential with a paramete
dependent on the magnetic-field strength. The detailed
culations of the hydrogen energy levels carried out by R¨s-
ner et al. @5# also retained the separation of the magne
field strength domains due to a decomposing of
electronic wave function in terms of either spherical~for
weak fields! or cylindrical harmonics~for strong fields!. A
powerful method to obtain comprehensive results on lo
lying energy levels in the intermediate regime in particu
for the hydrogen atom is provided by mesh methods@6#.

For atoms with several electrons the problem of the mix
symmetries is even more intricate than for hydrogen, beca
different electrons ‘‘feel’’ very different Coulomb forces
i.e., possess different single-particle energies, and the
main of the intermediate fields therefore appears to be
sum of the intermediate domains for the separate electro

There exist several investigations on two-electron ato
in the literature@8–12,14,21–25#. The majority of them deal
with the adiabatic limit in superstrong fields. Most of th
early works are Hartree-Fock~HF! calculations for the
strong-field domain. There are also several variational ca
lations for the low-field domain@22,26,27#, including calcu-
lations by Larsen@22# made atg<2 for the He atom and a
g<5 for H2. The latter calculations can be used for eva
ations of the correlation energy in the low-field domain. H
calculations@9# are carried out analogously to the approa
in Ref. @5#, applying two different sets of basis functions
the high- and low-field domains. As a result of the comp
cated geometry in the intermediate regime, this approach
herently suffers from very slow convergence properties w
respect to the energy eigenvalues, and therefore yields on
very low accuracy. Accurate calculations for arbitrary fie
strengths were carried out in Refs.@8,10# by the 2D mesh HF
method. Investigations on the ground state as well as a n
ber of excited states of helium including the correlation e

o-
t.
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3794 57M. V. IVANOV AND P. SCHMELCHER
ergy have very recently been performed via a quant
Monte Carlo approach@12#. Very recently, benchmark re
sults with a precision of 1024–1026 for the energy levels
have been obtained for a large number of excited states
different symmetries using a configuration interaction a
proach with an anisotropic Gaussian basis set@28#.

For the lithium atom, which is the subject of the prese
work, there exists only one recent investigation in Ref.@11#.
It contains calculations for the ground state and a few lo
lying states of the Li atom at weak and intermediate fiel
Precise Hartree-Fock results for several states in weak fie
and quite satisfactory results for the intermediate region,
presented in this work. However, their basis functions
not allow the authors to perform calculations for strong
fields. An attempt to define the sequence of the electro
ground-state configurations which are different for differe
regimes of the field strength has also been undertaken in
work. However, a detailed qualitative analysis of the hig
field ground-state configuration was not carried out. As
result, the high-field ground-state electronic configurat
and the transition point to this configuration from the inte
mediate one is still an open question.

In the current work we apply a fully numerical 2D
Hartree-Fock method to the problem of the Li atom in ma
netic fields of arbitrary strength. This method enables us
perform calculations for various states and with appro
mately equal precision for weak, intermediate, and sup
strong magnetic fields. Our main focus is the ground stat
the Li atom and its ionization energies. To this end seve
electronic configurations of the Li atom and two configu
tions of the Li1 ion are studied.

II. FORMULATION OF THE PROBLEM
AND METHOD OF SOLUTION

We solve the electronic Schro¨dinger equation for the
lithium atom in a magnetic field under the assumption of
infinitely heavy nucleus in the~unrestricted! Hartree-Fock
approximation. The solution is established in the cylindri
coordinate system (r,f,z), with thez axis oriented along the
magnetic field. We prescribe to each electron a definite va
of the magnetic quantum numbermm . Each single-electron
wave functionCm depends on the variablesf and (r,z)

Cm~r,f,z!5~2p!21/2e2 immfcm~z,r!, ~1!

wherem51, 2, and 3 is the numbering of the electrons. T
resulting partial differential equations forcm(z,r) and the
formulas for the Coulomb and exchange potentials were
sented in Ref.@10#.

The one-particle equations for the wave functio
cm(z,r) are solved by means of the fully numerical me
method described in Refs.@6,10#. The feature which distin-
guishes the present calculations from those described in
@10# is the method of calculation of the Coulomb and e
change integrals. In the present work, as well as in Ref.@13#,
we obtain these potentials as solutions of the correspon
Poisson equations. The problem of the boundary conditi
for the Poisson equation, as well as the problem of simu
neously solving Poisson equations on the same meshes
Schrödinger-like equations for the wave functionscm(z,r),
have been discussed in Ref.@10#. In the present approac
ith
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these problems are solved by using special forms of non
form meshes. Solutions to the Poisson equation on sepa
meshes contain some errorsdP associated with an inaccurat
description of the potential far from the nucleus. Howev
due to the special form of the functiondP(h) for these
meshes~whereh is a formal mesh step!, the errors do not
show up in the final results for the energy and other phys
quantities, which we obtain by means of the Richardson
trapolation procedure~polynomial extrapolation toh50
@6,29#!. An additional improvement with respect to the pr
cision of our numerical calculations of the integrals
achieved by solving the Poisson equation not for the wh
charge distribution but for the total distribution minus som
properly chosen charge distribution with known analytic
solution to the Poisson equation. Both of these approac
will be described in detail in a separate work.

Our mesh approach is flexible enough to yield prec
results for arbitrary field strengths. Some minor decrease
the precision appears in very strong magnetic fields. T
phenomenon is due to a growing difference in the bind
energieseBm of single-electron wave functions belonging
the same electronic configuration

eBm5~mm1ummu12szm11!g/22em , ~2!

whereem is the single-electron energy andszm is the spinz
projection. This results in large differences with respect
the spatial extension of the density distribution for differe
electrons. This difference is important for the configuratio
1s22s, 1s2s2p21, and 1s2p02p21, and is not important for
1s2p213d22 and 1s22p21 because all the single-electro
energies for the latter states are of the same order of ma
tude. The precision of our results depends, of course, on
number of mesh nodes and can be improved in calculat
with denser meshes. The most dense meshes which we c
use in the present calculations had 1203120 nodes. These
meshes were used for the states 1s22s, 1s2s2p21, and
1s2p02p21 at fieldsg5500 and 1000. For other states an
weaker magnetic fields, Richardson’s sequences of me
with a maximal number 80380 or 60360 were sufficient.

III. GROUND-STATE ELECTRONIC CONFIGURATIONS

We start this section with a qualitative consideration
the problem of atomic multielectron ground states in t
limit of strong magnetic fields. It is clear that the state 1s22s
of the lithium atom is the ground state only for relative
weak fields. The set of single-electron wave functions
constructing the HF ground state for the opposite case
extremely strong magnetic fields can be determined as
lows. The nuclear attraction energies and HF potent
~which determine the motion along thez axis! are then small
compared to the interaction energies with the magnetic fi
~which determines the motion perpendicular to the magn
field, and is responsible for the Landau zonal structure of
spectrum!. Thus all single-electron wave functions must co
respond to the lowest Landau zones, i.e.,mm<0 for all the
electrons, and the system must be fully spin polarized,
szm52 1

2 (↓). For the Coulomb central field the single
electron levels form quasi-1D Coulomb series with the bin
ing energy EB51/2nz

2 for nz.0 and EB→` for nz50,
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57 3795GROUND STATE OF THE LITHIUM ATOM IN STRONG . . .
wherenz is the number of nodal surfaces of the wave fun
tion, which cross thez axis. These relations between singl
electron energies and the geometry of single-electron w
functions along with analogous relations for the field-fr
atom provide the basis for the following considerations.

It is evident that the wave functions withnz50 have to be
chosen for the ground state atg→`. Thus for g→` the
ground state of the Li atom must be 1s↓2p21↓3d22↓. This
state was not considered in Ref.@11#, but only the
1s↓2p0↓2p21↓ configuration was presented. Analogous
the very high-field ground state for the C atom considered
Ref. @11# must be the state belonging to the configurat
1s↓2p21↓3d22↓4 f 23↓5g24↓6h25↓.

The problem of the configuration of the ground state
the intermediate-field region cannot be solved without do
explicit calculations. Calculations in Ref.@11# were carried
out for configurations with the maximal single-electron pr
cipal quantum numbern<2. Under this restriction calcula
tions for the states 1s22s, 1s22p21, 1s↓2s↓2p21↓, and
1s↓2p0↓2p21↓ are sufficient to determine the set of inte
mediate ground states. Indeed, 1s22s is the zero-field ground
state. 1s22p21 is the lowest excited state of the field-fre
atom, and~contrary to 1s22s) all the single-electron wave
functions of this state must have infinite binding energies
the infinite strong magnetic field. Moreover, this state has
largest binding energyEB ,

EB5 (
m51

3

~mm1ummu12szm11!g/22E, ~3!

in the strong-field limit due to the fact thateB(1s)
.eB(2p21).eB(3d22).••• in strong fields. @For
g51000, one can obtain binding energies from Table I
EB(1s22p21)569.1569 andEB(1s2p213d22)560.0589#.
The reader should note that the 1s22p21 configuration can-
not represent the ground state in very strong fields, since
not fully spin polarized. The state 1s↓2s↓2p21↓ is the low-
est fully spin-polarized state with the single-electron prin
pal quantum numbersnm<2 in weak fields and, at last, th
state 1s↓2p0↓2p21↓ which lies higher atg50 must be-
come lower than 1s↓2s↓2p21↓ with increasing field
strength.

Our calculations include the high-field ground sta
1s↓2p21↓3d22↓ which contains one electron withn53. In
principle, other configurations could also be considered
possible ground states for intermediate-field strength. S
configurations are 1s23s, 1s23p21, 1s23d22, 1s2s3s,
1s2s3p21, 1s2s3d22, 1s2p213s, and 1s2p213p21. Cal-
culations for all these states are possible by means of
mesh HF method. However they are extremely tedious
time consuming, and have not been accomplished in
present work. Indeed, we will argue in the following th
none of these states can be the ground state of the Li a
for intermediate-field strength.

It is quite evident that for the configurations containing
1s2 pair of electrons, the 1s23s configuration lies higher in
energy than the 1s22s configuration, and that the 1s23p21
and 1s23d22 configurations possess higher energy than
1s22p21 configuration. Thus the above-listed states with 1s2

pairs can be excluded from our argumentation of the gro
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state. Among the fully spin-polarized configurations, the le
els of the configurations 1s2p213s, 1s2s3p21, 1s2s3d22,
and 1s2p213p21 are higher than that of the 1s2s2p21 con-
figuration ~two components of the configurations are iden
cal with those of 1s2s2p21 configuration, and the third one
is significantly higher!. Thus for simple geometrical reason
only the 1s2s3s configuration ~mixed with the 1s2s3d0
configuration! is a priori not excluded from becoming th
intermediate ground state. In weak magnetic fields this s
lies slightly lower than other doubly excited and autoionizi
states, and in this regime it is the lowest fully spin-polariz
state. But the change of the ground state to the fully sp
polarized configuration takes place in the vicinity ofg52,
for which the 3s wave functions is much more weakly boun
than the 3d22, 2p21, and even 2p0 orbitals. Due to this fact
the 1s2s3s configuration can also be excluded from beco
ing the ground state for any field strength. Indeed our cal
lations show that this state becomes higher in energy than
1s2s2p21 state at g'0.16. Thus the set 1s22p21,
1s↓2s↓2p21↓, and 1s↓2p0↓2p21↓, along with weak-field
1s22s and strong-field 1s↓2p21↓3d22↓ ground states is
comprehensive for a determination of the ground state of
Li atom in a magnetic field of arbitrary strength.

IV. NUMERICAL RESULTS

The only work on the Li atom in a magnetic field wit
which we can compare our results is Ref.@11#. In this refer-
ence, HF calculations were performed for weak and interm
diate magnetic-field strengths. Table I contains the total
ergies obtained for the Li atom within our calculations,
comparison with the data obtained in Ref.@11#. Our energy
values coincide with those of Ref.@11# for weak fields, and
lie substantially lower in the intermediate regime. At the u
per boundary of the field region investigated in Ref.@11# the
differences between Ref.@11# and our energies are 0.023
for the 1s22s state, 0.0205 for the 1s22p21 state, 0.0870 for
the 1s2s2p21 state, and 0.0458 for the 1s2p02p21 state.

Our results on the total energies are illustrated in Figs
and 2. These figures show, in particular, the ground-s
configurations for the different regimes of the field streng
One can conclude from Table I and Figs. 1 and 2 that
1s22s configuration represents the ground state for 0<g
,0.17633; for 0.17633,g,2.153, the ground-state con
figuration is 1s22p21; and for g.2.153, the ground-
state configuration is 1s↓2p21↓3d22↓. The state
1s↓2p0↓2p21↓ presented in Ref.@11# as the high-field
ground state appears not to be the ground state of the Li a
for any magnetic-field strength.

Figure 3 presents spatial distributions of the total el
tronic densities for the ground-state configurations of
lithium atom. In each row, these densities are presented
the limits of the corresponding field strength regions, inclu
ing the transition points, and for some value of t
intermediate-field strength in between. For each sepa
configuration the effect of the increasing field strength co
sists of compressing the electronic distribution toward thz
axis. For the 1s2p213d22 configuration, for which all
single-electron binding energies increase unlimitedly forg
→`, a shrinking process of this distribution in thez direc-
tion is also visible. For the 1s22p21 configuration this effect
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TABLE I. Total energies~in a.u.! of several electronic ground and excited states of the Li atom in the regime of field streng
50, . . .,1000.

1s22s 1s22p21 1s2s2p21 1s2p02p21 1s2p213d22

g E E @11# E E @11# E E @11# E E @11# E

0.0000 27.432 75 27.4327 27.365 09 27.3651 25.358 88 25.3583 25.231 86 25.2318 25.083 79
0.0010 27.433 26 27.366 09 25.360 88 25.233 86 25.086 79
0.0018 27.433 65 27.4337 27.366 89 27.3669 25.362 47 25.3625 25.235 46 25.2355 25.089 15
0.0020 27.433 75 27.367 09 25.362 88 25.235 86 25.089 76
0.0050 27.435 22 27.370 02 25.368 84 25.241 82 25.098 52
0.0090 27.437 13 27.4371 27.373 87 27.3738 25.376 73 25.3767 25.249 73 25.2497 25.109 88
0.0100 27.437 60 27.374 81 25.378 71 25.251 70 25.112 68
0.0180 27.441 25 27.4412 27.382 18 27.3832 25.394 29 25.3943 25.267 34 25.2673 25.134 33
0.0200 27.442 14 27.383 97 25.398 17 25.271 21 25.139 60
0.0500 27.453 98 27.408 44 25.454 42 25.327 86 25.212 81
0.0540 27.455 37 27.4553 27.411 41 27.4114 25.461 68 25.4617 25.335 21 25.3352 25.221 99
0.1000 27.468 57 27.441 76 25.541 49 25.416 43 25.321 40
0.1260 27.474 08 27.4739 27.456 50 27.4565 25.583 76 25.5837 25.459 92 25.4599 25.373 71
0.17633 27.481 62 27.481 62
0.1800 27.482 04 27.4814 27.483 30 27.4832 25.665 85 25.6656 25.545 55 25.5455 25.475 68
0.2000 27.484 00 27.492 20 25.694 51 25.575 85 25.511 51
0.5000 27.477 41 27.587 90 26.047 87 25.969 57 25.970 52
0.5400 27.473 51 27.4731 27.597 09 27.5965 26.087 46 26.0844 26.016 03 26.0159 26.024 14
0.9000 27.425 04 27.4240 27.656 28 27.6563 26.401 75 26.3993 26.396 13 26.3956 26.460 61
1.0000 27.408 79 27.666 53 26.480 29 26.492 48 26.570 81
1.2600 27.362 26 27.36 09 27.682 88 27.6820 26.674 94 26.6720 26.729 31 26.7284 26.841 22
1.8000 27.246 03 27.2446 27.676 57 27.6747 27.054 30 27.0403 27.173 26 27.1711 27.347 23
2.0000 27.196 21 27.662 46 27.188 89 27.324 94 27.520 03
2.0718 14 27.177 45 27.656 00 27.236 50 27.377 99 27.580 47
2.1530 27.647 85 27.647 85
2.1600 27.647 11 27.6459 27.294 45 27.2826 27.442 18 27.4404 27.653 61
2.5000 27.056 19 27.603 51 27.512 55 27.718 26 27.925 32
3.0000 26.895 59 27.515 16 27.818 34 28.008 37 28.299 20
3.6000 26.678 74 26.6640 27.376 38 27.3627 28.163 36 28.1159 28.372 14 28.3564 28.714 64
3.9600 27.278 26 27.2722 28.359 94 28.3165 28.577 39 28.5578 28.949 29
4.3200 27.170 26 27.1655 28.549 41 28.5075 28.774 15 28.7526 29.174 42
4.6800 27.053 26 27.0391 28.732 33 28.6767 28.963 27 28.9371 29.390 99
5.0000 26.088 11 26.942 30 28.889 81 29.125 54 29.576 94
5.0400 26.928 00 26.9050 28.909 18 28.8375 29.145 46 29.1160 29.599 77
5.4000 25.901 13 25.8772 26.795 17 26.7747 29.080 45 29.0035 29.321 34 29.2755 29.801 47
7.0000 25.089 09 26.126 70 29.783 57 210.038 96 210.625 78
10 23.357 77 24.617 77 210.910 59 211.178 86 211.939 02
20 3.49120 1.705 65 213.694 20 213.965 82 215.162 60
50 27.6916 24.979 42 218.8012 219.04 36 221.0505
100 71.807 68.1735 223.987 224.1946 227.0192
200 164.371 159.5749 230.559 230.7327 234.5850
500 451.69 444.9033 241.821 241.959 247.5583
1000 939.54 930.843 08 252.65 252.771 260.0589
io

ld
th
m

ded

ns

do
een
en-
is not distinct for the relevant field strengths. For the 1s22s
state the opposite effect can be observed: the 2s electronic
charge distribution along thez axis expands slightly in weak
magnetic fields. A characteristic feature of the transit
points is an inflation of the electronic distribution in ther
direction during transitions from lower- to higher-fie
ground-state configurations. This effect occurs due to
prevailing of the lowering in energy with changing quantu
numbers (m50 to m521 for the transition pointg
n

e

50.17633, and Sz5(m51
3 szm52 1

2 to Sz52 3
2 for g

52.153) over the raising of the energy due to more exten
charge distributions in ther direction.

The total binding energies of the configuratio
1s22s, 1s22p21, 1s↓2s↓2p21↓, 1s↓2p0↓2p21↓, and
1s↓2p21↓3d22↓ are presented in Fig. 4. These values
not include spin polarization terms, and it can clearly be s
that the atomic ground state in a magnetic field does in g
eral not possess the largest binding energy.
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Along with the total energy of the Li-atom ground stat
we have obtained its ionization energiesEI dependent ong.
The total-energy values of the ground state of the ion Li1 are
required for these calculations. The set of the ground-s
configurations of this two-electron ion is analogous to tho
of the helium atom@9,10#, and consists of the zero-fiel
ground state 1s2 and the strong-field fully spin-polarize
state 1s↓2p21↓. Results of our calculations for these stat
are presented in Table II. The change of the ground-s
configuration takes place atg52.071 814. Comparing
Tables I and II, one obtains the dependence of the ioniza
energy of the ground state of the Li atom on the magne
field strength, as shown in Fig. 5. This curve exhibits th
distinct points marked by dotted vertical lines. The first
them ~from left to right! corresponds to the change of th

FIG. 1. Total energies~in a.u.! of the Li atom as a function of
the magnetic-field strength~solid lines marked by centered sym
bols!. The field strength is given in units ofB05\c/ea0

252.3505
3105 T. Dotted lines are energies of two electronic configuratio
of the Li1 ion: ~a! low-field ground state 1s2; ~b! high-field ground
state 1s2p21.

FIG. 2. Total energies~in a.u.! of the Li atom as a function of
the magnetic-field strength~solid lines marked by centered sym
bols! in the relevant regime of transitions of the ground-state c
figurations. The field strength is given in units ofB05\c/ea0

2

52.35053105 T.
,

te
e

s
te

n
-

e
f

ground-state configuration of the lithium atom from 1s22s to
1s22p21. The second corresponds to the change of the1

ground-state configuration from 1s2 to 1s↓2p21↓. And the
third, very near to the second one, corresponds to the se
change of the Li atom ground-state configuration fro
1s22p21 to 1s↓2p21↓3d22↓. Table II provides the numeri-
cal data for the ionization energies. Tables I and II also all
one to obtain ionization energies for other states presente
Table I.

In addition, in Fig. 6 we show the total quadrupole m
ment

Qzz5^Cu3z22r 2uC&, r 25r21z2 ~4!

of different states of the atom as a function of the fie
strength. These dependencies illustrate the changes in

s

-

FIG. 3. Contour plots of the total electronic densities for t
ground state of the Li atom. The densities for neighbouring lines
different by a factor ofe. The coordinatesz, andr, as well as the
corresponding field strengths, are given in a.u.

FIG. 4. Binding energies of various states of the Li atom a
function of the magnetic field strength~in atomic units!.
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FIG. 5. Li-atom ground-state ionization energyEI for a broad
range of field strengths~in a.u.!. Transition points are marked b
broken vertical lines. The first transition~from left to right! corre-
sponds to the change of the ground-state configuration from 1s22s
to 1s22p21. The second transition corresponds to the change of
Li1 ground-state configuration from 1s2 to 1s2p21. The third tran-
sition corresponds to the change of the Li ground-state config
tion from 1s22p21 to 1s2p213d22.

TABLE II. Energies~in a.u.! of the low- and high-field ground
states of the ion Li1 and the ionization energy of the ground state
the Li atomEI for field strengthsg50, . . .,1000.

g 1s2 1s2p21 EI(Li)

0.0000 27.236 42 25.024 69 0.196 33
0.0010 27.236 42 25.026 19 0.196 84
0.0020 27.236 42 25.027 69 0.197 33
0.0050 27.236 41 25.032 18 0.198 81
0.0100 27.236 41 25.039 63 0.201 19
0.0200 27.236 39 25.054 42 0.205 75
0.0500 27.236 23 25.097 97 0.217 75
0.1000 27.235 67 25.167 89 0.232 90
0.1763 3 27.234 11 25.268 74 0.247 51
0.2000 27.233 45 25.298 73 0.258 75
0.5000 27.217 98 25.640 06 0.369 92
1.0000 27.164 01 26.114 62 0.502 52
2.0000 26.963 00 26.894 08 0.699 46
2.0718 14 26.944 40 26.944 40 0.711 60
2.1530 26.922 78 27.000 57 0.647 29
2.5000 26.823 47 27.232 58 0.692 75
3.0000 26.662 37 27.546 72 0.752 48
5.0000 25.850 51 28.629 43 0.947 51
7.0000 24.847 25 29.524 92 1.100 86
10 23.110 92 210.651 31 1.287 71
20 3.748 96 213.429 74 1.732 86
50 27.964 65 218.525 48 2.5250
100 72.093 37 223.699 94 3.3193
200 164.668 67 230.260 77 4.3242
500 452.0032 241.503 93 6.0544
1000 939.879 76 252.3230 7.7359
density distribution of the electrons with increasin
magnetic-field strength. For weak- and, also to some ext
intermediate-field strengths the main effect consists in co
pressing the wave function toward thez axis. This results in
increasingQzz values and a sign change ofQzz for the states
with initially negativeQzz. For g.10 the continuing com-
pression toward thez axis practically does not affectQzz due
to the small values of̂r2&. The values ofQzz decrease in
this region for all states considered, with the exception of
state 1s↓2p0↓2p21↓. This decrease ofQzz is associated
with the decreasing value of^z2& due to an increasing one
particle binding energy. For the states 1s22p21 and
1s↓2p21↓3d22↓, all these binding energies become infini
for infinitely strong fields. This results inQzz→0 asg→`.
For the other states presented in Fig. 6, at least one of
single-electron energies remains finite asg→` and, as a
result,Qzz has a finite limit asg→`.

Two issues concerning the results presented above ha
be discussed. First, our HF results do not include the effe
of correlation. To take the latter into account would require
multiconfigurational approach which goes beyond the sc
of the present paper. However, we, do not expect that
correlation energy changes our main conclusions, such
for example, the transitions in the ground-state configu
tions or the behavior of the ionization energies depending
the field strength. With increasing field strength the effect
one-particle picture should be an increasingly better desc
tion of the wave function, and the percentage of the corre
tion energy should therefore decrease.

Additional consideration is required both for the transiti
points which separate different electronic configurations
the ground state, and for other intersections presente
Figs. 1 and 2. In principle, effects of electronic correlati
can turn level crossings into avoided crossings. In this c
the classification of the ground state via a single configu
tion of three single-particle states should break down, a
the sharp kinks in Fig. 5 would be smoothed out. But we
not expect these effects of correlation to occur for t
ground-state configurations because of the different sym
tries of the configurations involved. Indeed, states 1s22s and
1s22p21 ~the first transition point! have different total mag-

e

a-

f

FIG. 6. Quadrupole moment of the Li atom depending on
magnetic-field strength~in a.u.!.
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netic quantum numbersML5(m51
3 mm , ML(1s22s)50, and

ML(1s22p21)521. The third ground-state configuratio
1s↓2p21↓3d22↓ differs from 1s22p21 not only by
ML(1s↓2p21↓3d22↓)523 but also by the total spinz pro-
jection Sz , Sz(1s22p21)52 1

2 and Sz(1s↓2p21↓3d22↓)5
2 3

2. Analogously the ground-state configurations 1s2 and
1s↓2p21↓ of the Li1 ion have differentML and Sz . Thus
we do not expect that correlation effects can lead to avoi
crossings in the ground-state configurations of Li and L1.
Analogous arguments hold for some of the other int
sections presented in Figs. 1 and 2. In particular,
electronic states 1s↓2s↓2p21↓, 1s↓2p0↓2p21↓, and
1s↓2p21↓3d22↓ possess a total spin projectionSz different
from that of the electronic states 1s22s and 1s22p21.

The second issue relates to effects of the finite nuc
mass. For the case of hydrogen, it is well known that in
high-field regime (g@102) mass correction terms due to th
finite nuclear mass become relevant, i.e., are no longer
ligible in comparison with the Coulomb binding energie
The most important mass, corrections can be included
replacing the electron mass through its reduced mass
results from the infinite nuclear mass calculations are rela
to those with the reduced mass via a scaling relation. In
case of the much heavier Li atom, these effects are expe
to be much smaller.

V. SUMMARY AND CONCLUSIONS

We have applied our 2D mesh Hartree-Fock method t
magnetized Li atom. The method is flexible enough to yi
precise results for arbitrary field strengths, and our calcu
tions for the ground and several excited states are perfor
for magnetic-field strengths ranging from zero up to 2.35
3108 T (g51000). Our consideration was focused on t
ground state of the Li atom. With increasing field streng
this state undergoes two transitions involving three differ
electronic configurations. For weak fields up tog
50.176 33, the ground state arises from the field-free 1s22s
an
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configuration. For intermediate fields (0.17633,g
,2.1530) the ground state is constituted by the 1s22p21
configuration, and forg.2.1530 the ground-state configura
tion is the fully spin-polarized 1s2p213d22 configuration.
We provide arguments which show that this configurat
must correspond to the ground state in the strong-field lim
Generalizing these arguments, we could derive the high-fi
ground-state configuration of arbitrary fully spin-polarize
atoms which are constituted by certain tightly bou
hydrogenlike states. For example, for atoms with
electrons ~i.e., C and C-like ions! the high-field ground
state is given by the fully spin-polarize
1s↓2p21↓3d22↓4 f 23↓5g24↓6h25↓ configuration.

We have also calculated HF energies for the two L1

ground-state configurations 1s2 and 1s↓2p21↓. The first of
them forms the ground state at 0<g,2.071 814, the second
one is the high-field ground-state configuration forg
.2.071 814. These calculations allowed us to obtain the
atom ground-state ionization energyEI dependent on the
magnetic-field strength. This dependence, opposite to
analogous dependence for the total and binding energie
not monotoneous, and contains both areas of increasing
ues ofEI and a domain of decreasing behavior betweeng
52.071 814 and 2.1530. Furthermore, we have studied
quadrupole moment of the atom and showed how its com
cated behavior with changing field strength can be explai
through the field dependence of the different HF orbitals

Apart from the Li atom, other species, i.e., three-electr
objects, are expected to be in particular of astrophysical
terest: the three-electron ions formed by the nuclei C, O,
Ne possess a high abundance in the universe. To study t
systems is the subject of a separate investigation.
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