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Ground and excited states of the hydrogen negative ion in strong magnetic fields
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The lowest bound states of the hydrogen negative ion and negative donor systems in a homogeneous
magnetic field are investigated theoretically via a full configuration-interaction approach with an anisotropic
Gaussian basis set. The broad magnetic field regim@x 10 4—4x 10° is covered. Nonrelativistic total
energies, electron detachment energies, and transition wavelengths are presented assuming an infinite nuclear
mass. The binding mechanisms are discussed in detail. The accuracy for the energies is enhanced significantly
compared to previously published data.

PACS numbe(s): 32.60:+i, 32.30—r, 32.10—f, 71.55i

I. INTRODUCTION presented method all energy values of bound states could, in
principle, be calculated to arbitrary precision.

The term “strong field” characterizes a situation for  For two-electron atoms the situation is significantly dif-
which the Lorentz force is of the order of magnitude orferent. The problems posed by the electron-electron interac-
greater than the Coulomb binding force. For a hydrogeriion and the nonseparability on the one-particle level have to
atom in the ground state the corresponding field strengtlbe solved simultaneously, which is much harder. Theiéh
cannot be reached in the laboratory, but only in astrophysicgirovides an additional challenge since correlation plays an
objects like white dwarfsB~10°—1C T) or neutron stars important role for its binding properties. Without a field it
(B=~10-1C T). Astrophysicists possess, therefore, a vividpossesses only one bound stf®. In the presence of a
interest in the behavior and properties of matter in strongnagnetic field and for the assumption of an infinitely heavy
magnetic fields: theoretically calculated data of magnetizediucleus it could be showfil0] that there exists an infinite
atoms can be used for the determination of the decompospumber of bound states. For laboratory field strengths these
tion and magnetic field configuration of astrophysical objectsstates are, due to the binding mechanism via a one-
[1-4]. On the other hand, the strong magnetic field regime iglimensional projected polarization potential, very weakly
accessible in the laboratory if one considers highly excitedound[11]. Some finite nuclear mass effects can be included
Rydberg states of, e.g., atorfs6). via scaling relationg7,12—14. However, the influence of

In solid state physics donor states in semiconductors witithe center-of-mass motion has not been investigated in detail
parabolic conduction bands are systems which possesss@ far. In the present work we assume an infinitely heavy
Hamiltonian equivalent to the one of hydrogen within annucleus which represents a good approximation for the slow
effective-mass approximation. Due to screening effects thél™ atomic ion in strong magnetic fields and describes simul-
Coulomb force is much weaker than in the case of hydrogertaneously the situation of negatively charged donorsi®
The regime where the ground state of the system is domithe field. Relativistic corrections were neglected since they
nated by magnetic forces can therefore be reached for certaare assumed to be small compared to the electron detachment
semiconductors in the laboratory. As an example we mentiognergy of the system. We will use in the following the spec-
GaAs for which the effective mass is* =0.067n, and the  troscopic notatior?>**M for the electronic states of the ion
static dielectric constants=12.53,. Since the Hamiltonian where M and S are the total magnetic and spin quantum
of the atomic ion and the negative donor are connectegiumbers. Since states with negatparity are not consid-
through a scaling transformation the values for the energiesred here we omit the corresponding label in our notation
given in the present work hold for both systems equally. Thesee also Sec. Il A
reader should, however, keep in mind that they are given in Many authors have tackled the quantum-mechanical prob-
differently scaled units. lem of H™ in a strong magnetic field. One of the first, who

Apart from the above, atoms and molecules in strongoursued a variational approach to this problem, was Henry
magnetic fields are also of interest from a purely theoreticaét al. [15]. They give qualitative insights into the weak and
point of view. Due to the competition of the spherically sym- intermediate field regime. Muellegt al. [16] qualitatively
metric Coulomb potential and the cylindrically symmetric described the strong field ground state-1) and the'0
magnetic field interaction we encounter a nonseparable, norstate for high fields Y~4 to y~20000, wherey=1 a.u.
integrable problem. Perturbation theory, which is possible ircorresponds to 2.355410° T).
the weak and in the ultrastrong field regime, breaks down in Larsen has published a number of papers on this problem
the intermediate field regime. It is therefore necessary to dd17-19. On the one hand, he created very simple and physi-
velop new techniques to solve such problems. The neutralally motivated trial functions with only a small number of
hydrogen atom in a strong magnetic field is now understoodariational parameters. On the other hand, his energies were
to a high degreésee[5,7] and references thergirRecently  ‘“state of the art” in variational calculations for a long time.
Kravchencko has published an “exact” solution which pro- In [17] he provides binding energies of the lowését state in
vides an infinite double sum for the eigenval(i@k With the  the field regimey=0—5 and of the®(—1) state in the re-
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gime y=0—3. He also presents figures showing the binding 1

energies of the singlet and triplet state fdr=—2 andM H=H;+H,+ ot 2.9

= —3. Later[19] he presents total and electron detachment v

energies for the lowest0, 3(—1), and®(-2) state in the

high field regime. More specifically, the regimeg=20

—1000 for the3(—1) state andy=20—200 for the other 1 1 2 1

states were investigated. Furthermore, Park and Sth2ate Hi=-p+ oyl + = (X +y?) — —+7ys,. (2.2

provided upper and lower bounds for energies and binding 2 275 8 ri

energies of the ground stat® for weak fields. The Hamiltonian i litted in i icl
In the 1990s several authdr31—24 improved the accu- e Hamiltonian Is _splitted in |t52 ong-parztlc.e operators,

racy of the binding energies and total energies by new techhere 1/, is the Zeeman termy“/8(xi'+y;) is the dia-

niques. Vincke and Bayi21] report total ionization energies magnetic term—1/r;| is the attractive Coulomb interaction

for the lowest singlet and triplet states with=0, —1, and  with the nucleugdono) and ys,; the spin Zeeman terrfwe

—2 for a few field strengths in the regime=4—400. They take theg factor equal 2 The two-particle operator 1/

are to our knowledge the first who reported that #ite-1)  |r,—r,| represents the repulsive electron-electron interaction.

state becomes bound for sufficiently high field strengths and The Hamiltonian(2.1) possesses four independent sym-

realized that the'(—2) state is slightly stronger bound than metries and associated quantum numbers: the total Spin

the corresponding triplet state in the high field regime.the totalz projection of the spirS,, the z component of the

Larsen and McCann present[iB2] one-particle binding en-  ota] angular momenturi, and the totak parity 1, (parity

ergies for the'0 state in the broad magnetic field regime s 4150 conserved but not a further independent symmetry
=0-200. In[23] the same authors consider, furthermore,

the singlet and triplet states bf= —1,—2. The triplet states
are calculated foy=0.5—200, thel(—1) state in the field
regimey=55—2000, and the(— 2) state is calculated for a For our calculation we use an anisotropic Gaussian basis
few field strength in the rangg=1—100. Blinowski and set, which has been put forward by Schmelcher and Ceder-
Szwacka[24] have subsequently used a Gaussian basis sebaum in Ref[28], for the purpose of investigating atoms and
similar to the one used in our calculation. They present remolecules in strong magnetic fields. It has already success-
sults for the'0 state, which are less accurate than those ofu||y been applied to heliurf12,13, H,™, [29] and H, [30].
Ref.[22]. Adapted to the problem discussed here this one-particle

We also mention some Hartree-Fock calculations: veryyasis set for the spatial part reads in the cylindrical coordi-
early Virtamo[25] has investigated the ground-state energieg,aies as follows:

for y~20-20000. Thurneet al. [26] (results published in

[7]) have calculated triplet states ft=—1, —2, and—3 . 2)= "2z efaipzfﬁizz exn(im: 23

for many field strengths in the broad range-2x 10" 4—2 (P2 =p' Rimig). (23

X 10°. However, since they use spherical wave functions fofrhese functions are eigenfunctions of the symmetry opera-
weak fields and cylindrical ones for high fields, there re-yjong of the one-particle Hamiltoniary Hi.e., eigenfunctions

mains a gap of inaccurate results in the intermediate fiel f1,andm,. The additional parameters, andn, obey the
regime. z z: B z

In the present investigation we provide lower variationalfollowing restrictions:
energies and higher one-particle binding energies for the

B. One-particle basis set

atomic H™ problem and, respectively, the negatively charged nPi:|mi|+2ki . ki=012... and

donor center D problem in a strong magnetic field com- _ —2-101.2 2.4
pared to all other published data so far. An exception is the m=...,m&=L0La. .. :
field free situation: the calculation by Pekef7] gives ny=m 2, 1,=012... and m,—=01,

—0.527 75 a.u. for the ground-state binding energy whereas
we obtain—0.527 5488 a.u. Clearly the field-free situation (2.9

is much better understood than the case of a strong field. . . .
The exponentsy; and B8; serve as positive, nonlinear varia-

The paper is organized as follows: in Sec. Il we consider, .
the symmetries of the Hamiltonian and the basis set we us%onal parameters. Due to these parameters, the one-particle

in our calculations. In Sec. Il we will report on the strategy unctions are flexible enough to be adapted to the situation of

we employed for the selection of basis functions in order 1o arbitrary field strength: in the weak magnetic field regime

obtain accurate results. Section IV contains the discussion ¢t 22Sis set with an aimost isotropic choice of parameters
our results and a comparison with the literature. ~pi describes the slightly perturbed spherical symmetry.
For very high magnetic fields it is appropriate to choese

Il. HAMILTONIAN, SYMMETRIES, AND BASIS SET =y/4 since pI™ exp(~y/4p?) yields thep dependence of
o _ the lowest Landau level for a given magnetic quantum num-
A. Hamiltonian and symmetries ber. TheB; will be well tempered in a wide region. In the

In the following we assume an infinite nuclear méssed  intermediate field regime the basis is composed of functions
donoy. The magnetic field is chosen to point along the with certain magnetic-field-dependent set§ ef,8;} which
direction. The nonrelativistic Hamiltonian takes in atomic mediate the extreme cases. The optimal choice is found by
units the form searching the set dfe;,B;} which yields the lowest eigen-
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values of the one-particle Hamiltonian. The parameterpresent work to perform configuration-interacti@i) calcu-
{«;,B;} are successively optimized using the pattern searchations for many field strengths.
algorithm. In this manner we have optimized up to five ex-
cited states in every symmetry subspace. The starting values
for the parameteréa; , 3;} have to be chosen very carefully
to find a deep local or even the global minimum. Since the Since the single bound state in the absence of the external
search in this high-dimensional space is very time consumfield is bound only due to correlation, and all the other states
ing, an optimal choice of th&; andl; is crucial: for every in the presence of the magnetic field are only weakly bound,
newk;,l; configuration a new optimization procedure has toit is very important to include correlation by a proper choice
be started. The resulting binding energies for the neutral hyef the one-particle basis functions building up the two-
drogen atom were identical to 7—9 digits with the one givenparticle configurations. For thl =0 singlet state this was
in [8] for almost all field strengths for the ground state andachieved by selecting one-particle basis functions not only
5-7 digits were recovered for states with higher magnetiaith m;=m,=0 but also withm;=—m,#0. This allows
quantum numbejm|. one to describe the angular correlation which is particular
We point out that Blinowski and Szwacka4] have used important for thel0 state. In general the enhanced binding
a similar basis set, but without the monomef& andz?i.  properties of negative ions in the presence of a magnetic
The additional monomers, however, decisively enhance théield are due to a balanced competition of the different inter-
flexibility and accuracy of the calculations. actions. On the one hand, the confinement due to the mag-
netic field raises the kinetic energy and the electrostatic re-
pulsion due to the electron-electron interaction. These effects
) . ] ) tend to lower the binding energy. On the other hand, the
As a next step we build two-particle configurations from confinement raises the nuclear attraction energy, the ex-
our optimized one-particle basis set and represent the Hami&hange energy, and to some extent also the correlation en-
total symmetry §°11,,L,) separately. The corresponding one has to distinguish between, for example, fige state
spectrum of H is then obtained by diagonalizing the Hamil- \yhose binding properties are dominated by correlation ef-
tonian matrix. We hereby use all possible excited two-fects and the excited bound states with nonzero magnetic
particle configurations constructed from our optimized oneyyantum numbers which possess a significant contribution to
particle basis set, i.e., our approach is a full configurationtneijr pinding energy through exchange effects and due to the
interaction methodfull CI). The two-particle functions are occupation of the series of tightly bound hydrogenic orbitals
constructed from the one-particle functions by selectingls'zp_1’3d_2' ..., efc.
combinations fom;+m;=M and m,;+ m,;=11,. The spin For a description of the lowest states withl|>0 an
part can be.trivially separqted. Due to Fhe arjtisymmetrizatioréffective one-particle picture can be employad]: the hy-
of the spatial wave function the configuration space of thejrogen negative ion consists of a tightly bound core electron
triplet states is slightly smaller than that of the singlet stategyitn magnetic quantum number zero and a significantly less
since for triplet configurations there are no combinationsyound electron which carries the magnetic quantum number
with i=]. _ . of the ion. The core electron is then described by one-particle
As our basis set is not orthogonal we have to solve &)asis functions witim;=0. The outer electron is described
finite-dimensional generalized real symmetric eigenvalueby one-particle functions witm,=M in order to take into
problem account the fact that it is weakly bound and thus spatially
(H—ES)-c=0 2.6 extended. In order to go beyond this effective one-particle
- - - ' picture we used, similar to the cabk= 0, one-particle func-
tions with other magnetic quantum numbers to obtain in par-
whereH is the matrix representation of the Hamiltonian andticular the correlation behavior.

Ill. SELECTION OF THE BASIS FUNCTIONS

C. Two-particle configurations

Sthe (T/erlap matrix. The resulting energigsare strict up- The above picture is not valid for the tightly bound states
per bounds to the exact eigenvalues in the given subspace of the high field regime: the number of functions with differ-
symmetries. ent magnetic quantum numbers can be reduced as we in-

Some technical remarks concerning the calculation of therease the field strength. This reduction in the number of
matrix elements are in order. All matrix elements can bebasis functions is also suggested by the occurrence of linear
evaluated analytically. With the exception of the electron-dependencies for strong fields. The extent of this reduction
electron integrals all expressions can be calculated very ragan be seen from the fact that the number of two-particle
idly. The electron-electron integrals, however, deserve a spdasis functions drops from 4000 fer=0 to less than 3000
cial treatment: through a combination of transformationfor y=4000 for thel0 state.
techniques as well as analytical continuation formulas for the
series of involved transcendental functions their representa-
tion has been simplified enormousgfpr details see Ref12]
and in particulaf13]). It is due to this extremely efficient As already mentioned the Hion possesses only one
implementation of the electron-electron integral that largebound state in the absence of the magnetic fi@ldTurning
basis sets of the order of 256@000 could be used in the on the field it has been showri0] that there existgfor

IV. RESULTS AND DISCUSSION
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infinite nuclear magsfor any nonzero field an infinite num- B. Total, electron detachment, and transition energies
ber of bound states. The corresponding priddd]| relies on
the physical pictur¢ll] that the external electron is for weak
fields far from the neutral atomic core and experiences

Before we discuss the individual states and their proper-
ties let us describe some general features of the states con-

therefore, to lowest order a polarization potential due to th sidered here. The total energy of the singlet states is mono-

induced dipole moment of the core. Perpendicular to the ﬁelgonically increasing with increasing field strength. T_his_fact
the motion of the external electron is dominated by the field> caused by the increase of the f|e|d-depende_nt Kinetic en-
and it occupies approximately Landau orbitals whereas pal@rgy. In c_ontrast to this _the to'FaI energy o_f the_trlplet states is
allel to the field it is weakly bound due to the projection of Monotonically decreasing with increasing field strengths.
the mentioned polarization potential on the Landau orbitals' NiS iS @ consequence of the additional spin Zeeman term
which yields a one-dimensional binding along the field. For(we consider here only th§,=—1 component of the spin
typical strong laboratory fields the corresponding binding eniriplet states The electron detachment energies are mono-
ergies are of the order of 16 eV for the hydrogen atom tonically increasing with increasing field strength for all
negative ion and are significantly larger for more electronstates considered here, i.e., both singlet and triplet states.
atoms with a larger polarizability. To investigate these stated his has to be seen in view of the above-mentioned fact that
in the weak field regime goes clearly beyond the feasibilitythe zero-point kinetidLanday energy of the electrons is
of the present method. Instead we will investigate a numberaised in the presence of the magnetic field and therefore the
of states, starting from the value of the field strength forthreshold energy for loosing one electron is raised in the
which they become significantly bound, which means thasame way.
the outer electron is already relatively close to the core and For the 0 state the total energy raises from
possesses a binding energy of at least a few meV. Clearly ir-0.527 548 75 aty=0 to 3986.498 70 aty=4000. This
that case the picture of the polarization potential is no longestate is the most tightly bound state for all field strengths.
valid since exchange and correlation effects rule the bindinghe detachment energy increases from 0.027 549 a.y. at
properties of the ion. Within our approach we could find one=0 to 2.29805 a.u. aty=4000. There are two reasons
bound state for each negative magnetic quantum number gfhich give rise to the fact that this state is the most tightly
the ion considered{3<M<=0) for both singlet and triplet bound one. On the one hand, the electrons are in this state
states, except th&0 state, which is unbound. Their behavior much closer to the nucleus than in other states. This in-
has been studied for the complete range of field strengthsreases the binding due to the attractive nuclear potential
0.01=y=4000. The one bound state of the Hon in the  energy. On the other hand, correlation has an important im-
absence of the field represents, in the above sense, an excepct on the binding energy. Both effects are reinforced with
tion since it is already significantly bound without the field. increasing field strength as the electrons become more and
All these states possess positwparity andno bound states more confined in the-y plane perpendicular to the magnetic
could be found for negative parity. field. These effects overcome the influence of the static
electron-electron repulsion. The total energies and the de-
, tachment energies of thk0 state are presented in Table I. It
A. Threshold energies can be seen that the detachment energies for this most tightly

The electron detachment energy is defined to be the erbound state could be improved by 1-2% for all field
ergy we need to remove one electron from the atom withoustrengths compared to the existing literature. This is not cor-
changing the quantum numbers of the total system. The corect for a vanishing field, where much more efficient basis
responding lowest threshold energy for the H™ ion can be  sets like the Hylleraas basis set are available. For numerical
expressed as reasons the relative accuracy for the detachment energies is
largest in the intermediate field regime.

The 30 state is not bound for all considered field
strengths. This can be understood in an effective particle
picture as follows: for triplet states the spatial two-particle
wave function is antisymmetric with respect to particle ex-
wherel (H) is the binding energy of the ground state of the change and therefore the two particles have to occupy differ-
neutral hydrogen atom in a magnetic field. The terment spatial orbitals, i.e., we are exclusively dealing with ex-
yI2(|M|+M+2) is the energy of an electron in the lowest cited configurations. FoM #0 it is (see later possible to
Landau level with magnetic quantum numime=M where  obtained tightly bound triplet states in a strong magnetic field
the spin part is omitted. This means that the free electrofdy occupying different orbitals of the hydrogenic series
carries the whole angular momentum of the state. For mag-1s,2p_4,3d_,, ...) which yields the one-particle excited
netic quantum numberM <0 the threshold energf; is  configurations of the type sPp_,,1s3d_,, .... For the
independent of the angular momentiui.e., there is only a  case of the®0 state, however, we haw =0 and only con-
singlet and a triplet threshold. The threshold energy is thefigurations constructed from pairs of two orbitals witi,(
E+=+y—1(H) for singlet states ané&= —1(H) for triplet =~ —m) are allowed which are either of doubly excited charac-
states. We denote the electron detachment energdy Hby) ter (m#0) or a singly excited configuration witm=0.
which is given byl (H™) =E;—E;,; whereE,,, is the total Therefore no magnetically tightly bound configurations are
energy of the considered state of H allowed for the®0 state which illuminates its unbound char-

ET:%(|M|+M+2+geMS)—I(H), (4.1)
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TABLE 1. Nonrelativistic fixed nucleus total and electron de- 10" :
tachment energies of the field-free ground stie (1S,) of H™. —e M=
We also provide the results for the electron detachment energies , FaM=-1 ,
given in the literature so far. 0y Smglet
Y Etot I(H) ILie(HT) 10" b
0 —0.52754875 0.02754875 0.27%5 .
8x10* —0.52754430  0.02794446 T
1x10°8 —0.52754053 0.02804078 0.02735 -
2x10°3 —0.52753777 0.02853877 0.02785 10
5%x10 3 —0.52749800 0.03000425 0.0293
8x10 3 —0.52740873 0.03142473 . ;
0.01 —0.52734972 0.03237472 0.0317 10 ‘,’I%
0.02 —0.52677018 0.03687014 0.0362 i
0.05 —0.52314046 0.04876375 T = e 7 o 37 o
0.08 —0.51715770 0.05874669 ¥
0.1 —0.51223522 0.06470874 0.0634 ] ) )
0.2 —0.47868356 0.08830200 0.08635 FI_G. 1._ Electron detachment en_ergles of the singlet states in
05 0.32804874 0.13083820 0.180 atomic units. the that th#1=—1 singlet state is not bound for
08 —0.13939006 015710667 weak fields and is for & y=300 weaker bound than all other states

considered. Foty~ 300 andy=4000 we encounter crossings of the

1.0 —0.00178881 0.17061922 0.1695 detachment energies of thg—1) with those of thel(—3) and

2.0 0.75990486 0.21788123 02175 1(_7) states, respectively.

5.0 3.3234387 0.2961625 0.29%5

8.0 6.0350437 0.3455713 " over takes place. Th& —1) state, being the ground state of
10.0 7.8806402 0.3715626 0371 the anion fory>y., never becomes the most tightly bound
20.0 17.319887 0.464715 0.463 state. Aty=4000 its electron detachment energy is 1.25 a.u.
50.0 46.359385 0.622747 0.618 and therefore much less than the detachment energy of the
80.0 75.753770 0.721953 10 state. This is due to the fact that the tightly bound states
100.0 95.436219 0.773977 07665  are formed by occupying the hydrogenic series
200.0 194.31374 0.95911 0.9385 1s,2p_1,3d_,, ... (as mentioned aboyend the'0 states
500.0 492.47687 1.26604 allows for the &2 configuration yielding the strongest bind-
800.0 791.35985 1.45501 ing although it represents an excited state §or y. due to
1000.0 990.78459 1.55299 its spin character.

2000.0 1988.8003 1.8949 The singlet staté'(—1) is not bound for weak fields. It
4000.0 3986.4978 2.2981 becomes bound in the regime=1—5 which is an unex-

pected behavior. Th&(— 1) state lies higher in the spectrum

“See Pekerig27]. than the bound(—2) and!(—3) states for the intermediate

bSee Park and Stara¢20].
‘See Larse17].

dSee Larseri22]. 10
*—@ M=-]
- . . &=t M=-2 Triplet
acter for any field strength. All singlet and triplet electron 10° | m-—mM=-3

detachment energies of all the considered bound states are
presented also graphically: Fig. 1 shows the singlet detach-
ment energies and Fig. 2 the corresponding energies for the
triplet states. .
It is important to mention that the global ground state of T 10* ¢
the ion undergoes a crossover with respect to its symmetry =
with increasing field strength. For weak fields the state is Lo
the ground state of the system, whereas in strong fields the
3(—1) state becomes the ground state which was first shown
in Ref.[15]. This is caused by the spin Zeeman term, which ~ 10”
lowers the total energy of the triplet states. The crossover
takes place ay.~0.05 which corresponds to approximately

10* T for the H ion. The 3(—1) state is very weakly 10 10° ‘;1 10 10
bound when it becomes the ground stéey, the detach-
ment energy is~3x10 4 a.u.). This prevents us from lo- FIG. 2. Electron detachment energies of the triplet states in

calizing more exactly the field strength at which the cross-atomic units.
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TABLE Il. Nonrelativistic total and electron detachment enerd@®mic unit$ of singlet and triplet
states withM = —1 as a function of the magnetic field strengthThese states evolve from tH®_, and
3p_, states for zero magnetic field.

Y(-1) 3(-1)
Y Etot I(H) ILie(H) Etot I(H) ILie(HT)
0.05 —0.52468218 0.00030547 0.00025
0.08 —0.53959063 0.00117963
0.1 —0.54954554 0.00201906 0.0016
0.2 —0.59861960 0.00823804 0.0072
0.5 —0.72586763 0.02865709 0.027875
0.8 —0.82643425 0.04415086
1.0 —0.88359474 0.05242585 0.0548
2.0 —1.1036308 0.0814168 0.0865
5.0 3.6194699 0.0001312 —1.5081497 0.1277508 0.1283
8.0 6.3792043 0.0009946 —1.7751617 0.1557768
10.0 8.2504454 0.0017574 —1.9181202 0.1703230 0.168
20.0 17.778209 0.006392 —2.436716 0.221318 0.2175
50.0 46.961089 0.021050 —3.323515 0.305655 0.309
80.0 76.441490 0.034306 —3.882658 0.358381
100.0 96.167783 0.042402 0.00281 —4.175890 0.386100 0.380%5
200.0 195.19141 0.07671 0.0407 —5.21214 0.48500 0.4771
500.0 493.59274 0.15017 —6.90934 0.65226
800.0 792.61061 0.20426 —7.94296 0.75783
1000.0 992.10306 0.23452 0.1727 —8.47584 0.81343
2000.0 1990.3441 0.3511 0.2732 —10.3165 1.0117
4000.0 3988.2901 0.5057 —12.4576 1.2534

aSee Larsel17].
bSee Larsen and McCan@3].

field region. In the high field region, however, it crosses bothstate, but for intermediate and high fields the singlet state is
states. The crossing with th§ —3) takes place ay~300;  stronger bound than the triplet one, i.e., we encounter a
the crossing with the'(—2) state is aty=4000. Unfortu-  crossover which is presented in Fig. 3. Compared to the data
nately, the accuracy of our method is not sufficient to pro-of Ref. [23], our method yields 5—-10% higher variational
vide a closer look at this crossing. The fact that fife-1) detachment energies for the triplet state and several times
state is not bound for weak fields but bound for strong fieldshigher detachment energies for the singlet one. If we con-
is a consequence of the complicated interplay of the differensider the singlet-triplet splitting which is the difference of the
interactions. The Coulomb repulsion of the two electrons igotal energies between the singlet and the triplet state, where
much weaker for the spatially antisymmetric triplet statesthe spin-Zeeman shift is omitted, it can be observed that for
compared to the singlet states. The electron-electron repuéll states this splitting behaves monotonically increasing with
sion is higher for the states withl =—1 compared to the increasing field strength in the weak field regime. The split-
states withM < —1. This pushes théM|=1 singlet states ting for the states witi=—2 andM = —3 are shown in
for weak fields beyond the threshold energy, i.e., makes therRig. 4. The splitting for thévl = — 2 states increases in weak
unbound. The total ionization and the detachment energies dields, but for high fields this splitting decreases and becomes
the singlet and triplet states witkl = —1 are presented in negative above some critial field strength. It seems that the
Table 1. The suppression of the binding for the singlet stateCoulomb repulsion, due to antisymmetrization of the wave
can clearly be seen from this table: the detachment energy dfinction is dominated by correlation effects. That the above
the singlet is 100 times lower than for the tripletjat10, observation is in fact a consequence of correlation is sup-
but at y=4000 the ratio is of the order 2. The comparisonported by Vincke and Bayg21]: the reversed order concern-
with the literature(see Table )l shows that our detachment ing the detachment energiésee Fig. 3 occurs if they in-
energies are variationally lower by several percent than thelude so-called transverse mixing, which simulates
best available data. For the situation of weakly bound statesorrelations in their approach.
the improvement is significantly larger. For states withM=—3 only a few published data are
Let us now consider the energies for the states With available. These states are only weakly bound, although they
= —2 which are presented in Table lIl. Focusing on the de-are stronger bound foy=300 than thel(—1) state. The
tachment energies we realize that for weak fields the triplesinglet state has fory=0.2 a detachment energy of 7.1
state possesses a larger detachment energy than the singet0 ° a.u. and aty=1000 its detachment energy is 0.19.
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TABLE Ill. Nonrelativistic total eigenenergies and electron detachment endigfi@sic unitg of singlet
and triplet states wittM = —2 as a function of the magnetic field strengthThese states evolve from the
ID_, and ®D_, states in the absence of a magnetic field.

Y(-2) ¥(-2)
Y Etot I(H7) ILi(HT) Etot I(H7) ILic(HT)
0.1 —0.44754846 2.20 1P —0.54756898 4.25 1P
0.2 —0.39082732  0.00044576 —0.59092467  0.00054311
0.5 —0.19993316  0.00272262 —0.70022629  0.00301575 0.0023
0.8 0.01224680 0.00546981 —0.78790031  0.00561691
1.0 0.16158323 0.00724788  0.0015 —0.83835741  0.00718852 0.0084
2.0 0.96305720 0.01472889 —1.03557327  0.01335936 0.0123
5.0 3.5905353 0.0290659 —1.4049975 0.0245987 0.02280
8.0 6.3421331 0.0384819 —1.6512176 0.0318326
10.0 8.2087000 0.0435028 0.0d6 —1.7838114 0.0360142 0.0335
20.0 17.722831 0.061762 —2.2663464 0.0509479 0.047
50.0 46.888223 0.093916 —3.096448 0.078587 0.07%9
80.0 76.360491 0.115232 —3.621917 0.097640
100.0 96.083393 0.126803 0.83 —3.897965 0.108128 0.09895
200.0 195.10291 0.16995 —4.87531 0.14817 0.13535
500.0 493.49377 0.24914 —6.48097 0.22388
800.0 792.51251 0.30235 —7.46090 0.27576
1000.0 992.00594 0.33164 —7.96662 0.30420
2000.0 1990.2556 0.4397 -9.7152 0.4105
4000.0 3988.2159 0.5799 —11.7535 0.5493

8See Larsen and McCanj3].

The electron detachment energies of the triplet state are afreasing with increasing field strength except for the transi-

the same order of magnitude and the absolute value of thigon from the *(—1) state to the!(—2) state. As mentioned

singlet triplet splitting is the lowest of the states considerecabove these states crossjat4 000. Therefore the corre-

here. As a consequence a careful convergence study of tlponding wavelength for this transition diverges at the cross-

results (detachment energyis indispensable. Our data are ing field strength. The transition wavelengths for the triplet

given in Table IV. states shown in Fig. 6 are also monotonically decreasing
The wavelengths of the transitions of the singlet states arwith increasing field strength.

presented in Fig. 5. The wavelengths are monotonically de-

O—0 M=-2 singlet L
& —A M=-2 triplet -

-0.0005

Singlet-triplet splitting

-0.001

0.1 02 05 08 10 20
02 038 20 3.0 v
- 0.4 0y 40 :

FIG. 4. Singlet triplet spliting for theM=—-2 and theM
FIG. 3. Electron detachment energies of the singlet and triplet= — 3 states in atomic units. The splitting due to the spin Zeeman

state of theM = — 2 states in atomic units. Note that the singlet andterm is omitted. Note that the splitting of thd=—2 states in-
triplet state reverse their order: For low field strengths the tripletcreases for low fields but decreases for high fields, whereas the

state is more bound whereas for high fielgsx(1) the singlet state  splitting for the M =—3 states increases monotonically with in-
is more bound than the triplet state. creasing field strength.
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TABLE IV. Nonrelativistic total and electron detachment enerd@®mic unit$ of singlet and triplet
states withM = —3 as a function of the magnetic field strengthThese states evolve from tH& _, and

SF _, states in the absence of a magnetic field.

1(-3) 3(-3)

Y Eiot I(H7) Eiot Eior (Lit.) I(H™)

0.2 —0.39045232 7.07810°° —0.59046132 7.97810°°
0.5 —0.19822524 0.00101470  —0.69827772 0.00106718
0.8 0.01561745 0.00209916  —0.38448370 0.00220031
1.0 0.16602786 0.00280324 —0.83410348  —0.7092618 0.00293459
2.0 0.97196637 0.00581972  —1.02829096 0.00607705
5.0 3.6077963 0.0118049 —1.3927524 0.0123535
8.0 6.3646091 0.0160059 —1.6361379 0.0167528
10.0 8.2339720 0.0182308 —1.7669036 0.0191064
20.0 17.757749 0.026853 —2.243571 0.028172
50.0 46.938916 0.043223 —3.063189 0.045328
80.0 76.420911 0.054812 —3.581678 0.057401
100.0 96.148914 0.061282 —3.853929 0.064125
200.0 195.18642 0.08643 —4.81732 0.09017
500.0 493.60717 0.13574 —6.39799 0.14091
800.0 792.64412 0.17074 —7.36188 0.17675
1000.0 992.14738 0.19020 —7.8591 —7.686295 0.19663

aSee Thurneet al.[7].

Finally we comment on corrections due to the finite scope of the present investigation. It is important to note that
nuclear mass. There are two kinds of corrections that aréor the case of the fixed negative donors there naturally occur
relevant here. One correction is special for ions in strongio such corrections.
magnetic fields and which describes the coupling between
the center of mass motion and the electronic motion. This
coupling is due to a motional electric field of intrinsic dy- . ) ) ]
namical origin seen by the moving ion in a magnetic field We have investigated the Hion, negative donors D,

[31]. The second kind of corrections are due to the replacet€spectively, in a strong magnetic field via a fully correlated
ment of the naked masses by reduced ones which can @Epproach. The key mgre'dlent is an anisotropic Gaussian ba-
easily included in our data by performing the correspondingf!S S€t, Whose one-partlc_le wave functions are nonlme_arly
shifts[12—14 . A full dynamical treatment of the atomic ion, OPtimized in order to obtain the spectrum of the one-particle
including the collective motion, goes clearly beyond theHamiltonian. In contrast to other basis sets, which are appro-

V. BRIEF SUMMARY

—e'0--1)
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w---m'-2)-'(-3)
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FIG. 5. Singlet transition wavelengths between the considered FIG. 6. Triplet transition wavelengths between the considered

bound states in Angsthim as a function of the field strengths in states in Angsthm as a function of the field strength in atomic units
atomic units on a logarithmic scale. on a logarithmic scale.
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priate either for the low field or for the high field regime, our (—2) state aty=4000. We have also investigated the elec-
basis set is flexible enough to be adapted to the situation afonic states witivi = — 2 in detail. Fory=<1 the triplet state
arbitrary field strength and especially suited for the intermeis stronger bound than the singlet, whereasyarl the sin-
diate field regime. All calculations were performed in theglet is stronger bound than the triplet. Explanations for the
infinite mass frame neglecting relativistic corrections. binding mechanisms of the considered states have been pro-
We have investigated the low field ground std@ as yided. The transition wavelengths for all allowed transitions
well as singlet and triplet states fM =—1,—2,—3 for the  4g 5 function of the field strength are thereby obtained. No
broad field regimey=8x10"*~4x10°. For all states and stationary transitions which could be of relevance to the as-
almost all field strengths we could reach at least 1-2%ophysical observation in magnetized white dwarfs have
higher binding energies, compared to all other publisheqyeen observed.
data. For some states our binding energies were larger by a
factor up to 2. The global ground state undergoes a crossover

with respect to its symmetry which is well known in the
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