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Hydrogen molecule in a magnetic field: The lowest states of thH manifold
and the global ground state of the parallel configuration
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The electronic structure of the hydrogen molecule in a magnetic field is investigated for parallel internuclear
and magnetic field axes. The lowest states oflthenanifold are studied for spin singlet and triplé¥l (=
—1) as well as gerade and ungerade parity for a broad range of field strengBs 000 a.u. For both states
with gerade parity we observe a monotonic decrease in the dissociation energy with increasing field strength up
to B=0.1 a.u. and metastable states with respect to the dissociation into two H atoms occur for a certain range
of field strengths. For both states with ungerade parity we observe a strong increase in the dissociation energy
with increasing field strength above some critical field strerth As a major result we determine the
transition field strengths for the crossings among the Iov%E@t, 33, and %I, states. The global ground
state forB=0.18 a.u. is the strongly bount®, state. The crossings of the, with the %%, and °I1,, state
occur atB~0.18 andB~0.39 a.u., respectively. The transition between i8¢ and the®Il, state occurs at
B~12.3 a.u. Therefore, thglobal ground statef the hydrogen molecule for the parallel configuration is the
unbound33, state for 0.1&B=<12.3 a.u. The ground state fB=12.3 a.u. is the strongly bourtll, state.
This result is of great relevance to the chemistry in the atmospheres of magnetic white dwarfs and neutron
stars.[S1050-294{©8)08003-2

PACS numbd(s): 32.60+i

I. INTRODUCTION curve (PEQ of the lowest'S ; state[14,15. A few investi-
gations were performed in the high field limii6-19,

The behavior and structure of matter in the presence olvhere the magnetic forces dominate over the Coulomb
strong external magnetic fields is a research area of increaferces and therefore several approximations can be per-
ing interest. This increasing interest is motivated by the ocformed. Very recently a first step has been done in order to
currence of strong fields and strong field effects in differentejucidate the electronic structure of the Fholecule for the
branches of physics such as astrophysies3|, atomic and  parallel configuration, i.e., for parallel internuclear and mag-
molecular physics of Rydberg stafel, and certain areas of petic field axe$20]. In that investigation the ground states of
solid state physics such as excitons and/or quantum nangse's manifold were studied for gerade and ungerade parity
structureg5]. o o as well as singlet and triplet states. Hereby accurate adiabatic

A number of theoretical investigations were performedg o yronic energies were obtained for a broad range of field
goncerning the properties of atomic and molecular SyStem§trengths from field free space up to strong magnetic fields of

in strong magnetic fields. Most of them, however, deal with . . ; .
100 a.u. A variety of interesting effects were revealed. As in
the hydrogen atom. For molecular systems only the elec;

tronic structure of the H™ ion was investigated in some the case of the pi" on, the lowest strongly bound states,

detail (see Refs[6—10] and references therainvery inter- - the lowest'S g, *34, and '3, states, show a decrease
esting phenomena can be observed already for this simp%f the b_o_nd length and an increase in the dissociation energy
diatomic system. For the ground state of thg*Hmolecule fqr suf_flc_lently strong fields. Furthermore a change in the
the dissociation energy increases and the equilibrium interdissociation channel occurs for the lowéat, state between
nuclear distance simultaneously decreases with increasifg=10.0 and 20.0 a.u. due to the existence of strongly bound
field strength. Furthermore it was shoWti, 19 that a cer- H~ states in the presence of a magnetic field. hg state
tain class of excited electronic states, which possess a purefyas shown to exhibit an additional outer minimum for inter-
repulsive potential energy surface in the absence of a magnediate field strengths, which could provide vibrationally
netic field, acquire a well-pronounced potential well in a suf-bound states.
ficiently strong magnetic field. Moreover the electronic po- An important result of Ref[20] is the change of the
tential energies depend not only on the internuclear distancground state from the Iowes1t2g state to the lowests,,
but also on the angle between the magnetic field and molecistate betweeB=0.1 and 0.2 a.u. This crossing is of particu-
lar axes, which leads to a very complex topological behaviotar relevance for the existence of molecular hydrogen in the
of the corresponding potential energy surfatés9. vicinity of white dwarfs. The33,, state is an unbound state
In contrast to the H* ion there exist only a few investi- and possesses only a very shallow van der Waals minimum,
gations dealing with the electronic structure of the hydrogerwhich does not provide any vibrational level. Therefore, the
molecule in the presence of a strong magnetic field. Highlyground state of the hydrogen molecule for the parallel con-
excited states of Hiwere studied for a field strength of 4.7 T figuration is an unbound state f&=0.2 a.u. up to some
in Ref.[13]. For intermediate field strengths two studies of much higher critical field strengtB., which is not known
almost qualitative character investigate the potential energgxactly. In Ref[18] it has been shown that for very strong
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fields (B=3% 10° a.u) the strongly bound’II, state is the mation we assume infinitely heavy masses for the nuclei.
global ground state of the hydrogen molecule oriented paralfhe origin of our coordinate system coincides with the mid-
lel to the magnetic field. Therefore a second transition thapoint of the internuclear axis of the hydrogen molecule and
involves the unbounds, and the strongly boundIl, state  the protons are located on tzeaxis. The magnetic field is
has to occur at some field strength between 0.2 akd@®  chosen parallel to the axis of our coordinate system and the
a.u. symmetric gauge is adopted for the vector potential. The
The above considerations show that detailed studies of thgyromagnetic factor of the electron is chosen to be equal to
electronic properties of the hydrogen molecule in a magnetitwo. The Hamiltonian, therefore, takes on the following ap-
field are very desirable. The present investigation deals witlpearance:
the electronic structure of the lowest states of the important

IT subspace, i.e., the lowest singlet and triplbt & —1) 2 (4 1 1 1 1
states with gerade and ungerade parity. This subspace coprzz _pi2‘+ —(BXr;)?+ =L;-B— _
tains, as mentioned above, the global ground state of the H =1 (2 8 2 In—R2|  |ri+R/2|

molecule for sufficiently strong magnetic fields. We hereby 1
consider the case of parallel internuclear and magnetic field +—+S.B. (1)
axes. The parallel configuration is distinct by its high sym- Irn—ral R

metry compared to the case of an arbitrary angle between the

inte_rnuclear and magnetic field axes and is expected to playhe symbols;, p;, andL; denote the position vectors, the
an important role in the electronic structure of the hydrogencanonical conjugated momenta, and the angular momenta of
molecule[21]. In the present investigation we focus on the the two electrons, respectiveB.andR are the vectors of the
hydrogen molecule with negligible value of the pseudomomagnetic field and internuclear distance, respectively,Rnd
mentum, i.e., negligible motional Stark term and collectiveqenotes the magnitude & With S we denote the vector of
motion perpendicular to the magnetic field. For instance, inpe total electronic spin. Throughout the paper we will use
the atmosphere of white dwarfs this corresponds to the Situyiomic units.
ation of not too high temperatures. The results of our calcu- The Hamiltonian(1) commutes with the following opera-
lations mglude accurate adiabatic PECs for the completgors: the parity operatd?, the projectiorL, of the electronic
range of field strengths<OB<100 a.u. We present detailed angylar momentum on the internuclear axis, the sqBare
data for the total and dissociation energies, equilibrium inyne total electronic spin, and the projecti& of the total
ternuclear distances, and positions of maxima for the corregjectronic spin on the internuclear axis. In the case of field-
sponding electronic states. Moreover we provide a disCUsfee space we encounter an additional independent symme-
sion of the global ground state of the parallel configurationyy namely, the reflections of the electronic coordinates at
and give the transition field strengths for the crossings bege 7 (o,) plane. The eigenfunctions possess the corre-
1 3 3 v ‘
tween the'2q, “X,, and T, states. _sponding eigenvalues 1. This symmetry does not hold in
The paper is organized as follows. In Sec. Il we describgnhe presence of a magnetic field! Therefore, the resulting
the theoretical aspects of the present investigation, '”ClUd'”gymmetry groups for the hydrogen molecule Brg, in the
a discussion of the Hamiltonian and a description of the basis;se of field-free space ar@@l., in the presence of a mag-
set of our Cl calculations. In Sec. Ill we discuss the generaj,qic field[21].
aspects of the potential energy cury€ECs in field free In order to solve the fixed-nuclei electronic Sctlirger

space for the lowest states of the subspace. Section IV gquation belonging to the Hamiltonial) we expand the
contains a detailed investigation of the electronic structure ofectronic eigenfunction in terms of molecular configura-

the lowest states in the presence of a magnetic field for thejons 1n a first step the total electronic eigenfunctiBp, of

range 0.00&B=<100 a.u. Finally the global ground state of ¢ Hamiltonian(1) is written as a product of its spatial part

fche hy(_jrog_en molecule oriented parallel to the magnetic f!eldl, and its spin park; i.e., we havel ,,= ¥ y. For the spatial

is studied in Sec. V. The summary and conclusions are givea iy of the wave function we use the linear combination of

in Sec. VI. atomic orbitals—molecular orbitale CAO-MO) ansatz, i.e.,

we decompos& with respect to molecular orbital configu-
Il. THEORETICAL ASPECTS rationsy of H,, which respect the corresponding symmetries
(see aboveand the Pauli principle:
Our starting point is the total nonrelativistic molecular

Hamiltonian in Cartesian coordinates. The total pseudomo-

mentum is a constant of motion and therefore commutes withy = z Cij[ i (r1,T2) = i (r2,r)1= E Cij[®i(ry)®;(ro)

the Hamiltoniar{22,23. For that reason the Hamiltonian can i ]

be simplified by performing a so-called pseudoseparation of + (1) Di(rp)]

the center-of-mass motidi24,25,23, which introduces the -2

center-of-mass coordinate and the conserved pseudomomen-

tum as a pair of canonical conjugated variables. Further simfhe molecular orbital configuration; of H, are products

plifications can be achieved by a consecutive series of unief the corresponding one-electron, Hmolecular orbitalsp;

tary transformation$24,25. and®;. The H,™ molecular orbitals are built from atomic

In order to separate the electronic and nuclear motion werbitals centered at each nucleus. A key ingredient of this
perform the Born-Oppenheimer approximation in the presprocedure is a basis set of nonorthogonal optimized non-
ence of a magnetic fieli26,24,23. As a first-order approxi- spherical Gaussian atomic orbitals, which has been estab-
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lished previously[27,28. For the case of a H molecule 10.60
parallel to the magnetic field these basis functions read as
follows:

bii(p.z.a, B, £ RI2)= pl™ " 2(z% R/2)'expf — arp? 065 11
- B(z¥RR2)%exgimg}.  (2) k! , ,
M Yy 1

: 070 Fv ) —— :

The symbolsp= + \x?+y? and z denote the electronic . \\_ ,/// 3H“

coordinatesm, k, and| are parameters depending on the AT B
subspace of the H atom for which the basis functions have Lo ]
been optimized and and 8 are variational parameters. For -0.75 4 é ‘ é T

a more detailed description of the construction of the mo-
I[eZ((:ﬁJIar electronic wave function we refer the reader to Ref. FIG. 1. PECsftotal energy for the lowest™TI,, °IT,, I,
) . . and ®I1,, states in field-free space.

In order to determine the molecular electronic wave func-
tion of H, we use the variational principle, which means that
we minimize the variational integraf V*HW/[f¥* ¥ by
varying the coefficients; . The resulting generalized eigen-
value problem reads as follows:

Rlau.]

described by a Heitler-London—type wave function consist-
ing of the orbital configuration (£2pw)y. An avoided
crossing with the attractive (@,3d) type state leads to the
occurrence of a minimum in both of tHé; PECs(see Fig.
(H—€S)c=0 3 1). For the singletlﬂg state we encounter a second mini-
- = ' mum of van der Waals type at large internuclear distances,
where the Hamiltonian matrik is real and symmetric and which has been shown to accommodate several vibrational

the overlap matrix is real, symmetric, and positive definite /€VelS Wwithin the Born-Oppenheimer approximati¢80].

. . . l 3 .
The vectorc contains the expansion coefficients. The matrix-ll—he united atom limit for the’ll, and "Il state is the
elements of the Hamiltonian matrix and the overlap matrix O 183d and "D 1s3d helium state, respectively. A re-
are certain combinations of matrix elements with respect tgnarkable feature of thélly and °Tl, states is the fact that
the optimized nonspherical Gaussian atomic orbitals. A detheir wave functions are almost indistinguishable for small

scription of the technique of the evaluation of these matrixintérnuclear distances, i.eR=2.5 a.u.(see also their PECs
elements is given in Ref20]. in Fig. 1). For R<2.3 a.u. the triplet state has a slightly

For the numerical solution of the eigenvalue problén Iower_energy than_the singlet. The energy di_fference between
we used the standard NAG library. The typical dimension Ofthe singlet and triplet stat<35at the equilibrium |nternuclear
the Hamiltonian matrix for eachl subspace varies between distance arrlgunts t0 4.9210" > a.u. and reaches a maximum
approximately 1700 and 3300 depending on the magnetief 6.38x107° a.u. atR~1.6 a.u. Wlth further decreasmg
field strength. Depending on the dimension of the Hamil-iNternuclear distance the energy difference decreases finally,
tonian matrix, it takes between 70 and 250 min for simulta-réaching a value of 1.5610"° a.u. in the united atom limit
neously calculating one point of a PEC of eddhsubspace ) o
on a IBM RS6000 computer. The overall accuracy of our Thell, states whose PECs are also illustrated in Fig. 1
results with respect to the total energy is estimated to b&§an be represented by a Heitler-London type wave function
typically of the order of magnitude of 1@ and for some (_132977)u for large |.nternuclear distances. Near the equ|I|b.—
cases of the order of magnitude of F0 It should be noted fium internuclear distance the wave function can approxi-
that this estimate is rather conservative; in some ranges é¢pately be described by a ¢4,2pw) type configuration. The
the magnetic field strength and internuclear distance, e.gPEC of the'Il, state exhibits a hump &~9 a.u. due to a
close to the separated atom limit, the accuracy is®16r  first order London dispersion force. For thél, and *II,
even better. The positions, i.e., internuclear distances, of thgate the united atom limit is given by theP 1s2p and
maxima and the minima in the PECs were determined with’P 152p helium state, respectively. An overall feature of
an accuracy of 10? a.u. Therefore about 350 points were the lowestII states with ungerade parity is the fact that the
calculated on an average for each PEC. It was not necessaREC of the °I1, triplet state is lower in energy than the
to further improve this accuracy since a change in the intercorresponding PEC of th&ll, singlet state. Extensive stud-
nuclear distance about<l10~2 a.u. results in a change in the ies have been performed in order to explain the difference in

energy that is typically of the order of magnitude of foor  the energy of thé'II,, and °II,, states, i.e., the singlet-triplet
smaller. energy splitting. Intuitively one would expect the interelec-

tronic repulsion to be smaller for the triplet state than for the
singlet due to the zero of the wave function if the coordinates
of both electrons are equal. However, it has been shown that,
similar to the case of théP and 3P states of helium, the
Let us start with the discussion of the general propertiesnterelectronic repulsion is larger in the triplet state. The
of the low-lyingII states in field-free space whose PECs aregreater stability, i.e., lower energy, of the triplet state occurs
given in Fig. 1. A detailed description of these states can belue to a larger electron-nucleus attraction eng¢Bfyf. With
found in Ref.[29]. At large internuclear distances both the increasing internuclear distances both the PECs ofllIﬁg
lowest 'I1, as well as the’Il, state can be approximately and °II, state as well as those of thdl, and °Il, state

Ill. THE GROUND STATES OF THE II MANIFOLD
IN FIELD-FREE SPACE
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TABLE |. Data for the Iowestlﬂg state: Total energiek;, ,E;, and dissociation energidsy, ,E4, at the equilibrium internuclear
distance, the equilibrium internuclear distanggg;,Req2, the positionsRy,.,, and total energiek ., of the maxima and the total energies
in the dissociation limit lirg_ .E; as a function of the field strength<B<100 (all quantities are given in atomic units

B Reql Edl Etl Reqz Ed2 Et2 Rmax Emax ”mRHocEtot
0.0 2.01 0.034502  —0.659501 8.14 8.03810 4 —0.625803 424 —0.616547 —0.624999
0.001 2.01 0.034501 —0.659997 8.14 8.03910 4 —0.626230 424 —0.617068 —0.625496
0.005 2.01 0.034268 —0.661686 8.14 8.04810°4 —0.628222 424 —0.618976 —0.627418
0.01 2.01 0.033959 —0.663634 8.14 8.08710°4 —0.630484 423 —0.621186 —0.629675
0.05 2.02 0.026191 —0.668625 7.95 9.10010°4 —0.643344 4.06 —0.632934 —0.642434
0.1 2.04 0.014450 —0.662821 7.60 1.13210 3 —0.649503 3.77 —0.636987 —0.648371
0.2 2.09 0.01113d —0.636414 7.00 1.58610°3 —0.642506 3.28 —0.625284 —0.640920
0.5 5.99 2.43%10°3 —0.549125 —0.546687
1.0 5.25 2.85%10°3 —0.290617 —0.287765
2.0 4.66 2.70x10°3 0.375473 0.378174
5.0 4.18 1.70%10°3 2.758062 2.759769

10.0 4.05 8.79%x 1074 7.125902 7.126781
20.0 4.11 3.75x10°4 16.318719 16.319094
50.0 4.32 1.13%10°* 44.925181 44.925295
100.0 4.55 457 10°° 93.575395 93.575441

&This electronic state is metastable with respect to the dissociation into two H atoms.

approach each other and finally end up in the same separatéaithe result if32]. The relative accuracy of our data further
atom limit, which is H(X)+H(2p). improves with increasing internuclear distance. As an ex-
After describing the general aspects of the PECs for thample we mentiolR=12 a.u., where the relative accuracy is
lowest states of the foufl subspaces let us compare our 2.4x 10 . For the second minimum we obtained an equilib-
numerical results for these states with the existing data in theum internuclear distance of 8.14 a.u. with a total energy of
literature. For the‘Ll'[g state very accurate energies within the —0.625 803 a.u. The dissociation energy for this minimum
Born-Oppenheimer approximation were obtained bytherefore amounts to 8.03810° 4 a.u. The maximum in the
Wolniewicz [32] and Kolos and RychlewsKi30]. For the PEC with a total energy of-0.616 547 a.u. occurs at an
equilibrium internuclear distand®=2.01 a.u. we obtained a internuclear distance of 4.24 a.u.
total energy of—0.69501 a.u., which yields a dissociation  As a reference for the Born-Oppenheimer energies of the
energy of 0.034 502 a.cf. Table ). This corresponds to a !II, state we use the data given in RES3]. Results of our
relative accuracy in the total energy of 20 ° compared calculations concerning the PEC of thé&l, state are pre-

TABLE II. Data for the Iowest?’Hg state: Total energf, and dissociation enerdyy at the equilibrium
internuclear distance, the equilibrium internuclear distaigsthe positionsRy,,and total energiel i,y of
the maximum and the total energies in the dissociation limiglioE; as a function of the field strength 0
<B=100 (all quantities are given in atomic unijts

B Req Ed Et Rmax Emax limRHooEtot
0.0 2.01 0.034554 —0.659553 4.35 —0.611691 —0.624999
0.001 2.01 0.034551 —0.661047 4.35 —0.613211 —0.626496
0.005 2.01 0.034320 —0.666738 4.35 —0.619112 —0.632418
0.01 2.01 0.034012 —0.673687 4.34 —0.626296 —0.639675
0.05 2.02 0.026271 —0.718705 4.18 —0.677419 —0.692434
0.1 2.03 0.014550 —0.762921 3.93 —0.730337 —0.748371
0.2 2.06 0.019590 —0.836343 3.53 —0.816753 —0.840920
0.5 2.15 0.002483 —1.009346 2.76 —1.006863 —1.046687
1.0 —1.287765
2.0 —1.621825
5.0 —2.240231
10.0 —2.873218
20.0 —3.680905
50.0 —5.074705
100.0 —6.424559

&These electronic states are metastable with respect to the dissociation into two H atoms. The difference
between the minimum and the maximum of the PEC is given instead of the dissociation energy.
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TABLE lIl. Data for the lowest!I1, state: Total energf, and dissociation enerdyy at the equilibrium
internuclear distance, the equilibrium internuclear distaiegs the positionsRy,and total energiel ma, of
the maxima and the total energies in the dissociation limigliE; as a function of the field strength 0
<B=100 (all quantities are given in atomic unijts

B Req Ed Et Rmax Emax “mRﬂooEtot
0.0 1.95 0.093220 —0.718219 9.03 —0.624528 —0.624999
0.001 1.95 0.093215 —0.718711 9.02 —0.625025 —0.625496
0.005 1.95 0.093178 —0.720596 9.02 —0.626945 —0.627418
0.01 1.95 0.093163 —0.722838 9.01 —0.629200 —0.629675
0.05 1.94 0.092348 —0.734782 8.73 —0.641874 —0.642434
0.1 1.93 0.090740 —0.739111 8.29 —0.647645 —0.648371
0.2 1.90 0.087969 —0.728889 7.56 —0.639842 —0.640920
0.5 1.80 0.087080 —0.633767 6.47 —0.544981 —0.546687
1.0 1.65 0.097448 —0.385213 5.72 —0.285750 —0.287765
2.0 141 0.126544 0.251630 5.05 0.380278 0.378174
5.0 111 0.207874 2.551895 4.26 2.761807 2.759769
10.0 0.89 0.315707 6.811074 3.73 7.128738 7.126781
20.0 0.70 0.481139 15.837955 3.27 16.320973 16.319094
50.0 0.51 0.822810 44.102485 2.75 44.927090 44.925295
100.0 0.40 1.208626 92.366815 2.43 93.577178 93.575441

sented in Table Ill. At the equilibrium internuclear distanceatoms in the lowest electronic state within the jGand (1")
Req=1.95 a.u. our calculations yield a total energy ofsubspace, respectively. This dissociation channel holds also
—0.718 219 a.u. corresponding to a dissociation energy dor all the other electronitl states considered in the present
0.093 220 a.u. The relative accuracy compared to the dataork.

given in Ref.[33] is 2.4x10 % at Reqand 2.% 10 °® at R Let us now investigate the PEC of thdl, state with
=12 a.u. As in the case of th’d]g state the acccuracy of our varying field strength, which is illustrated in Fig(a2. For
calculations increases with increasing internuclear distancethe first minimum and/or well we observe that the corre-
The position of the maximum has been determined to beponding depth decreases strongly with increasing magnetic
Rnax=9.03 a.u. and the total energy Bt evaluates to  field strength. The dissociation energy, which amounts to

—0.624 528 a.u. E41=0.034 502 a.u. in field-free space, monotonously de-
Accurate Born-Oppenheimer energies for the lowest trip-
let states can be found in R¢B0]. Data of the present in- TABLE IV. Data for the lowest’II, state: Total energ§, and

vestigation for the total energies and positions of maximalissociation energ§, at the equilibrium internuclear distance, the
and minima are given in Table Il for th%l‘[gI and Table IV equilibrium internuclear distancét,,, and the total energies in the
for the 311, state, respectively. Within our calculations the dissociation limit ling_...E; as a function of the field strength 0
total energy of the’I1, state at the equilibrium internuclear <B<100 (all quantities are given in atomic units

distanceR=2.01 a.u. amounts te 0.659 553 a.u. Therefore,

the relative accuracy of the total energy compared to the data B Req Eq E: limg . Etor
given in Ref[30] is 2.2<10° 5. For the 3Hu state an equi— 0.0 1.96 0.112522 —0.737521 —0.624999
librium internuclear distance oR=1.96 a.u. with a total 0.001 1.96 0.112533 —0.739029 —0.626496

energy of—0.737 521 a.u. has been obtained corresponding g5 1.96 0.112544
to a relative error of 6.8 10" °. For both states the accuracy
for larger internuclear distances is of the order of magnitude

—0.744962 —0.632418
0.01 1.96 0.112559 —-0.752234 —0.639675
0.05 1.95 0.113862 —0.806296 —0.692434

of 1076,
0.1 1.95 0.116912 —0.865283 —0.748371
0.2 1.91 0.125028 —0.965948 —0.840920
IV. THE LOWEST II STATES IN THE PRESENCE 05 1.79 0153029 —1.199716 —1.046687
OF A MAGNETIC FIELD 1.0 159  0.196553 -—1.484318 —1.287765
A. The lHg state 2.0 1.35 0.267435 —1.889260 —1.621285
. . . L 5.0 1.03 0.418679 —2.658910 —2.240231
First we consider the dissociation channel of thd
g _ _
state in the presence of a magnetic field. In our notation 10.0 082 0.593026 3.466244 2873218
atomic hydrogen states are labeled byﬂﬂﬁ) wherem, is 200 0.65 0838135 —4.519040  —3.680905
y ! a 50.0 0.48 1.308786 —6.383491 —5.074705

the atomic magnetic quantum number amg the atomicz
parity. For the entire range of field strengths B<100 a.u.
the dissociation channel of thél'[g state is given by B ®This electronic state exhibits a second minimum and an additional
—H(0")+H(1"). This means that the energy in the disso-maximum.Reg=4.51 a.u.;Eq4,=4.604<10°; E,,= —6.424 605.
ciation limit corresponds to the total energy of two hydrogenR,,,=3.11; Ea= — 6.424 531.

100.6 0.38 1.811759 —8.236318 —6.424559
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015 roes . ‘ ‘ ‘ ‘ the following discussion we focus on the rough shape of the
: PECs shown in Fig. @) for B=0.5 a.u. From Fig. @) we

R . 1] observe that the PEC of thJc:Hg state exhibits two turning
0.10 i =02 ] points atR~2.3 a.u. andR~3.2 a.u. for the field strength

RN ] B=0.5 a.u. ForB=1 a.u. these two turning points are
shifted to smaller internuclear distances, &332.2 a.u. and
R~2.4 a.u. From Fig. @ we see that these turning points

i . . are much less pronounced for a field strengtiBef1 than
0.00 ‘ e i T i for 0.5 a.u., which is also confirmed by an investigation of
i ] the corresponding first derivatives of the above PECs. With
further increasing field strength, i.e., in the range B<20
a.u., no turning points can be found in the PEC of fﬂﬂeg
state. Only for field strengthB=50 a.u. two turning points
again exist, which, however, cannot be seen in the PEC for
B=100 a.u. in Fig. 2a) since they occur for very small
values of the internuclear distance. This behavior is of im-
portance for the singlet-triplet energy splitting between the
PECs of the'lly and ®II; (Ms=0) state, which will be
discussed in the following subsection.

In addition to the deep minimum &,=2.01 a.u. in the
PEC of the1Hg state, a second minimum exists that in field-
free space is very shallow and locatedRat,= 8.14 a.u. The
corresponding region of the PECs is illustrated in Fign)2
L L In the presence of a magnetic field this minimum becomes
5 10 15 more and more pronounced with increasing field strength.

Rla.u] The depth of the well monotonously increases up to a field
strength ofB=1 a.u.(cf. Table ). The dissociation energy
FIG. 2. (a) PECs forB=0.0, 0.1, 0.2, 0.5, 1.0, 10.0, and 100.0 E,, for B=1 a.u. amounts to 2.858103, which is more

a.u. of the Iowestll'lg state illustrating the first minimum and the than three times as much as the corresponding dissociation
maximum. The energy is given with respect to the dissociation P 9

limit, i.e., E(R)=E(R) —limg_...E(R). (b) PECs forB=0.0, 0.2,  €N€rgy ir_1 field-free space. For field strengBs2 a.u. the
1.0, 10.0, and 100.0 a.u. for the Iowe’slﬁg state illustrating the dissociation energy decreases monotonously. The corre-

second minimum. The energy is shown with respect to the dissoSPONding equilibrium internuclear distanBg, for this sec-
ciation limit, i.e., E(R) = Ey(R) —limg_...E(R). ond minimum first decreases with increasing field strength

from 8.14 a.u. in field-free space to 4.05 a.uBat 10 a.u.
creases tdEy;=0.014 460 a.u. foB=0.1 a.u. The corre- puyt exhibits a minor increase fd@=20 a.u. with further
sponding equilibrium internuclear distan€®,; hereby re-  increasing magnetic field strength. From Figb)2we can
mains approximately constant up to a field strengthBof also observe the monotonous decreas&dg up to a field
~0.01 a.u. With further increasing field strength we observestrength of 10 a.u.

a minor increase t®q,;=2.04 a.u. forB=0.1 a.u. Between Next let us discuss the existence of bound states. We have
B=0.1and 0.5 a.u. we observe a drastic change in the shape investigate whether vibrational levels exist in the PECs
of the PEC. For a field strength of 0.2 a.u. we encounter @iscussed above. The determination of vibrational levels in
metastable state with respect to the dissociation into two hythe presence of a magnetic field is a complicated task since
drogen atoms. The minimum in the corresponding PEC octhe Born-Oppenheimer approximation known from field-free
curs at an internuclear distangq;=2.09 a.u. and the dif- space breaks down in the presence of a magnetic field: The
ference between the total energieRgf; andR . evaluates  nuclear charges are treated as “naked” charges, which is an
to Eq; — Emax=0.011 130 a.u. For even larger field strengths,incomplete description since they are at least partially
i.e., B=0.5 a.u., the first minimum disappears. Simulta-screened by the electrons against the magnetic field. In order
neously we observe a moderate change in the position of th® describe this screening correctly, the diagonal terms of the
maximumR,,, in the regime 6sB=<0.2 a.u. With increas- nonadiabatic coupling elements have to be included in the
ing magnetic field strengtiR,o is shifted to decreasingly nuclear equation of motiof84,25,24. The screening of the
smaller internuclear distances, i.e., frd®,,,=4.24 a.u. in  nuclear charges depends not only on the internuclear dis-
field-free space t&,,,,=3.28 a.u. for a field strength of 0.2 tance but also on the angle between the internuclear axis and
a.u. Figure a) shows the PECs of théHg state for differ- the magnetic field. As a consequence the nuclear equation of
ent field strengths, illustrating the shape of the PEC near theotion is much more complex in the presence of a magnetic
first equilibrium internuclear distance. The correspondingfield compared to the field free space. In the present investi-
data concerning the positions of the maxima and minimagation we are dealing with the case of parallel internuclear
total and dissociation energies, and total energies in the sepand magnetic field axes and therefore cannot determine the
rated atom limit are presented in Table I. exact vibrational levels. However, we are able to provide

Despite the fact that the first minimum and the maximumestimations for the positions of the vibrational levels and on
of the PEC disappear for field strengds 0.5 a.u. the PECs the basis of these estimates we can decide whether bound
possess some interesting features for larger field strengths. ftates exist with respect to the vibrational mdrle
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FIG. 3. PECs foB=0.0, 0.1, 0.2, 0.5, 1.0, 2.0, and 100.0 a.u.  FIG. 4. Singlet-triplet splitting between thH1, and *[14(M,
for the lowest®I1, state. The energy is shown with respect to the =0) state forB=0.0, 0.2, 1.0, 5.0, 20.0, and 100.0 a.u.
dissociation limit, i.e.E(R) =E{(R) —limg_.E{(R).
in field-free space to 2.76 a.u. f@=0.5 a.u. For field
A lower estimate of the vibrational energy can be ob-strengths8=1 a.u. no maxima or minima occur in the PEC
tained by solving the nuclear equation of motion known fromof the 3Hg state. However, the PEC possesses two turning
field-free spacé?/2u+V, where the potentiaV is given by ~ points forB=1 a.u. that can be clearly seen in Fig. 3 for
the corresponding PEC in the magnetic field. The correB=1 and 2 a.u. The positions of these two turning points are
sponding Schrdinger equation is then solved by using a shifted from 2.16 and 2.98 a.u. f&=1 a.u. to 0.54 and 0.8
discrete variable methd@®5]. An upper estimate for the en- a.u. forB=100 a.u. In contrast to the PECs of ti"ng state,
ergy of a vibrational state is obtained by simply adding thewell pronounced turning points exist for arbitrary field
Landau energy of the nuclear equation of motion to thestrengths in the range<iB=<100 a.u.
lower estimate of the energy level. Estimations concerning The above considerations indicate that the singlet-triplet
the existence of vibrational levels were performed for eaclenergy splitting between thl?l'[g state and thél‘[g state for
PEC shown in all figures. The number of vibrational levelsM ;=0 depends on the magnetic field strength. To investi-
with quantum numbed= A =0 in the first well of the PEC gate this let us first consider small internuclear distances, i.e.,
of the lHg state[see Fig. 2a)] decreases monotonously with the regime for which the triplet state is lower in energy than
increasing field strength up ®=0.1 a.u. Bound states exist the singlet. From Tables | and Il we can see that the singlet-
in the entire range of field strengths &8=<0.1 a.u. For the triplet energy splitting does not vary strongly for<®
second, i.e., outer, well bound states exist up to a field<0.05 a.u., which is also confirmed by the equality of the
strength of 2 a.u. In the rangesB=50 a.u. the lower esti- equilibrium internuclear distanc&ql(lﬂg)z Req(3Hg) for
mate of the vibrational energy was found below the energyhat range of field strengths. The equilibrium internuclear
in the separated atom limit where the upper bound is abovadistancesR.q; and R, differ for B=0.1 a.u. whereR, is
Therefore, the existence of bound states depends on the decated at smaller internuclear distances. Figur@s @&nd 3
tailed nuclear motion and cannot be decided within thereveal an obvious difference f@=0.5 a.u. where a meta-
present approach. For even larger magnetic fieBts 100  stable state occurs in the PEC of t?ﬁg state which has no
a.u) no vibrational states exist in the PEC of tI’1Hg state. counterpart in the corresponding PEC of thHg state. A
careful look at Fig. 4 reveals that f&=0.2 a.u. the singlet-
B. The °Il, state triplet splitting differs not too much from the splitting in
. field-free space and both PECs are therefore similar. With
The shape of the PEC of th’eﬂg state depending on the further incrgasing field strength the maximum of the energy

magnetic field strength IS ik F'g.' 3.and the Co.rre'splitting is shifted to smaller internuclear distances and be-
sponding data are given in Table Il. With increasing field

strength the absolute value of the total energy in the disso(Eomes more and more pronounced. For a broad range of

ciation limit monotonously increases due to the spin Zeemar'(fternUCIear distance,=R=< the singlet state is lower in
shift in the magnetic field. As in the case of ti‘ng state we nergy than the triplet state and the position of the minimum

. and turnover in the singlet-triplet splitting decreases monoto-

qbserve a decrease in the dissociation_ energy With increa&q,g)usly with increasing field strength. The maximum absolute
field strength fromE4 =0.034 554 a.u. in field-free space to value of the splitting shown in Fig. 4 occurs at a field
E4q=0.014 550 a.u. for a field strength of 0.1 a.u. Fr strength of 20 a.u

=0.2 and 0.5 a.u. we encounter metastable states with re- Vibrational bound states for the PECs of tﬁHg state

spect to the dissociation into two hydrogen atoms. For thes\‘fvere found to exist for &B<0.1 a.u. As for the PEC of the

states, t_he difference of the total energy Of. the maximum a_ang state the number of levels decreases with increasing

the minimum of the corrresponding PEC instead of the dis
L T . o field strength.

sociation energy is given in Table Il. The position of the

equilibrium internuclear distance is shifted to slightly larger The 11

values with increasing field strength, i.e., frétg,=2.01 a.u. C. The I, state

in field-free space to 2.15 a.u. fB=0.5 a.u. Simultaneously The PEC of the'll, state exhibits a strongly pronounced

the position of the maximunR,,5 decreases from 4.35 a.u. potential well in field-free space whose minimum is located
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FIG. 5. PECs foB=0.0, 2.0, 20.0, and 100.0 a.u. for the lowest . FIG. 6. PECs foB=0.0, 1.0, 10.0, and 100.0 a.u. for the lowest
111, state. The energy is shown with respect to the dissociation Ilu State. The energy is shown with respect to the dissociation
limit, i.e., E(R) =E{(R) —limg_..E(R). limit, i.e., E(R) =E(R) —limg_.E(R).

dissociation energy and a simultaneous decrease in the cor-

at 1.95 a.u., and a maximum for large internuclear distancesesponding equilibrium internuclear distance. The corre-
i.e. atR=9.03 a.u. For the entire range of field strengths 0sponding data for théll, state are presented in Table IV
<B=<100 a.u. the minimum and maximum persist in theand the PEC is shown for different field strengths in Fig. 6.
PEC of the'll, state. The corresponding data, i.e., total andThe dissociation energy forB=100 a.u. amounts to
dissociation energies and equilibrium internuclear distances;-811 759 a.u(cf. Table IV) which documents the enormous
are given in Table Ill and the PEC is illustrated for different increase irkq to be clearly seen also in Fig. 6. An interesting
field strengths in Fig. 5. With increasing field strength thePhenomenon can be observed around a field streng® of

dissociation energi, first decreases slightly for small val- = 100 a.u. For that field strength regime the PEC of th
ues ofB, i.e., fromE4=0.093 220 a.u. in field-free space to state exibits a shallow hump with a maximum located at

0.087 080 a.u. foB=0.5 a.u. Simultaneously the position of Rmax~3-11 a.u. and a second minimum Rfq;=4.51 a.u.

I, - - . (see Table IY. However, this additional minimum is very
the equilibrium internuclear d'St.anGQ.q's shifted from 1.95 shallow and the dissociation energy amounts to only
to 1.80 a.u. However, the dissociation energy increase

4.604< 10°° a.u. Therefor h th nd minimum an
strongly with further increasing field strength. At the Samethgomaxi(r)nun? gannoi ke)eoseéeaoitn ,t:ige_ ?fco d um and

time the position 0R is shifted to monotonously decreas- |, he high field regime, i.e., for field strengths larger than
ing internuclear distances. As an example we mention thg y 1’ T, the 3T1, state has been investigated by Ortiz and
PEC of thelHu state forB=100 a.u. where the dissociation CO-WOfkerS[lS] and Lai [17] The equ”ibrium internuclear
energy amounts to 1.208 626 a.u. and the equilibrium i“tefdistanceReq for the 311, state at a field strength ofx10" T
nuclear distance is 0.40 a.u. The PEC of tig, state for was determined to be 0.51 a.u. with a total ground-state en-
B=100 a.u. is also shown in Fig. 5. In this figure we par-ergy of 163.03 eV at the equilibrium internuclear distance
ticularly observe the strongly increasing dissociation energyR, [18]. In the present investigation we performed a calcu-
for large values oB. For the position of the maximuiR,,,,  lation for the same field strengthx110’ T (42.544 14 a.u.)
in the PEC we obtain a monotonous behavior in the rangand obtained a slightly different equilibrium internuclear dis-
0<B=100 a.u. FirstR. exhibits only a minor decrease tance of 0.50 a.u. with a somewhat lower total energy of
from 9.03 to 8.29 a.u. foB=0 and 0.1 a.u., respectively. 163.54 409 eV. The difference in the total energy Rat
Subsequently the position d?,,, decreases more rapidly =0.50 and 0.51 a.u. within our calculations amounts to only
with further increasing field strength, i.e, in the range 0.13.57<10 * eV. The total energy in the separated atom limit
<B=100 a.u. wherdR, is shifted from 8.29 to 2.43 a.u. Within our calculations was determined to be4.798 851
Since the height of the maximum is very small, it cannot be2-U. Compared with the best available data in the literature
observed in Fig. 5. (see Ref[18]) our result shows an improvement of approxi-
Many vibrational states exist in the entire range of fieldMately 0.31% in the total energy and of 1.19% in the corre-

strengths 8 B=100 a.u. Compared to the number of levels SPONding dissociation energy.

in field free space the number of levels slightly increasesIS ;qu?;rg?fgigr d\_/}l‘lr)ergtlson;é;e\:gi;%rstgi tfrgttsgrer::é mgr of
with increasing magnetic field strength. pace,

magnitude for arbitrary field strengthss®=100 a.u. For
s the second minimum occurring at a field strength of 100 a.u.,
D. The °I1, state the lower estimate of the vibrational energy is located inside

The PEC of the®II,, state exhibits a deep potential well in the well while the upper estimate lies above and we therefore

field-free space that is located at an internuclear distance &@annot decide whether it accommodates a vibrational bound

1.96 a.u. In the presence of a magnetic field the equilibriunftate-

internuclear distancRqq remains approximately constant for

0=<B=0.01 a.u. At the same time the dissociation endtgy

varies only slightly, i.e., increases from 0.115522 to

0.112 559 a.u. foB=0 andB=0.01 a.u., respectively. For The ground state of the hydrogen molecule in field-free

larger field strengths we observe a strong increase in thgpace is théEJ singlet state. In the presence of a magnetic

V. THE GROUND STATE OF THE HYDROGEN
MOLECULE IN A MAGNETIC FIELD
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field, the diamagnetic term in the Hamiltonigh causes an 08 —
increase in the total energy with increasing field strength. At ;
the same time, due to the interaction of the total electronic
spin with the magnetic field, the spin Zeeman shift occurring
for triplet states with ;= —1) lowers the total energy. As

a result thelzg singlet state is not expected to remain the
global ground state of the parallel configuration for suffi-
ciently strong fields. In Refl20] the crossing between the
PECs of the singlet=; and triplet®3., state was determined ! e
to occur betweerB=0.1 and 0.2 a.u. FOB=0.2 a.u. the -14 A
PEC of the®s, state is lower in energy than that of th& I . ]
state and therefore represents the global ground state of the 0.1 0.2 03 0.4 0.5
H, molecule for a certain range of field strengifsee be- Blau]

low). Since the PEC of thés,, state is, apart from a very 365

shallow van der Waals minimum, a purely repulsive curve )

the hydrogen molecule is unstablenbound in the corre- N , 1
sponding regime of field strengths. For much higher field 370 ¢ N %]
strengths B=3x10° a.u) it has been showf18] that the [ - g

ground state of the parallel configuration is tRH, state. S35 | ‘ .
The field strength belonging to th&,/3I1, crossing is, — ]
however, not yet known.

In the following we determine and discuss the crossings
among the above-mentioned three states as a function of the :
field strength. In Figs. (&) and 1b) we show the total ener- 38 L0 ]
gies at the corresponding equilibrium internuclear distances 11.5 12.0 125 13.0
of the '3 ; and 1, states as well as the total energy in the Blau]
dissociation limit of the®s, state as a function of the field  FIG. 7. (a) Transitions between the lowek ; and the’., and
strength. First we focus on the crossings of fEQJ with the  °II, states showing the total energy of th&, and °II, states
32u and 3Hu states, which is illustrated in Fig.(d. The (boungd at the corresponding equilibrium internuclear distance and
transition between théEg and 33, state occurs at a field the total energy in the dissociation limit of tHe , state(unbound.
strength of approximately 0.18 a.u. and the crossing field?) Transition between the lowesE,, and °I, state showing the
strength between th&S,, and 311, state is determined to be :gtaltetmlergy in thetdtuﬁsocnatuon "m(';_ of tﬁéql?‘bt"’_‘te(“_”k;o””d ‘I"‘“d i

: : : - e total energy at the corresponding equilibrium internuclear dis-
at B~0.39 a.u. With further increasing magnetic field *° 2% the31'?y staie(boand, ponding eq
strength the total energy of th’eEg state increases strongly u
and in particular the total energy of thél, state decreases
more rapidly than that of thés, state. Therefore, a transi- the Il subspace, i.e., the lowest states with molecular mag-
tion occurs between the two latter states, which is illustrated€tic quantum number equal to one. We discussed our basis
in Fig. 7(b). As can be seen from Fig.(9), the transition Se€t of nonorthogonal nonspherical Gaussian orbitals and

Ela.u.]

Ela.u.]

380 [ ]

field strength occurs @~12.3 a.u. briefly described the theoretical aspects of our ClI calcula-
In conclusion we encounter the following situation for the iONS. _ _
H, molecule oriented parallel to a magnetic field: F®r First of all we discussed the general properties of the low-

=0.18 a.u. the ground state is the strongly bodiig state. estll states in field-free space and compared our results with
For an intermediate range of field strengths, i.e., for 0.1ghe existing data in the literature. Our results show an overall
<B=12.3 a.u., the ground state is the unbout¥], state. ~ relative accuracy better than10 * at the equilibrium inter-
This state exhibits only a very shallow minimum, which doeshuclear distances of the PECs and even further improves
not provide any vibrational levéR0]. Therefore the ground with increasing internuclear dlstanpe._Compared to the re-
state of the parallel configuration is not bound in the regimeSults obtained for the lowed states in field-free spa¢@0,
0.18<B=12.3 a.u. This result is of great importance for W& approximately improved the accuracy in the energy by
astrophysics in order to decide whether hydrogen moleculedn€ order of magnitude. This is most probably due to the
exist in the vicinity of white dwarfs. For magnetic fiel@s ~ Smaller portion of correlation energy for tté states.

=12.3 a.u. the ground state is again strongly bound, namely, Nextwe considered the loweHt states in the presence of
the 311, state and molecular hydrogen may exist in the vi-& magnetic field. For thél‘[g state we observed a monoto-

cinity of astrophysical objects, which exhibit such huge magous decrease in the dissociation energy with increasing field
netic field strengths. strength up to 0.1 a.u. and a simultaneous minor increase in

the equilibrium internuclear distance. At the same time the
position of the occurring maximum was shifted to smaller
values of the internuclear distance. For a field strength of 0.2
In the present investigation we studied the electronica.u. a metastable state with respect to the dissociation into
structure of the hydrogen molecule subjected to an externalo hydrogen atoms exists in the PEC and B®0.5 a.u.
magnetic field, which is oriented parallel to the internuclearboth the minimum and the maximum disappear. For the sec-
axis. We hereby focused on the lowest electronic states aind, i.e., outer, minimum the dissociation energy first in-

VI. SUMMARY AND CONCLUSIONS
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creases up tB=<1 a.u. and then decreases with further in-recently[20] that the strongly boundEg state is the global
creasing field strength. In order to decide whetherground state of the hydrogen molecule #+=0.18 a.u. and
vibrationally bound states exist in the discussed PECs wéhat the global ground state beyond 0.18 a.u. is the unbound
determined upper and lower estimates for the vibrational en®3.,, state up to some unknown critical field strength The
ergies. Up to a field strength of 0.1 a.u. tF'an state was 33, state exhibits a purely repulsive PEC apart from a shal-
shown to accommodate a few vibrational levels. For the sedow van der Waal minimum, which does not provide any
ond well vibrationally bound states exist in the range®  vibrational level. An important result of the present investi-
=<2 a.u. For 5B=<50 a.u. the existence of bound statesgation is that at approximately 12.3 a.u. the ground state
depends on the detailed nuclear dynamics of the moleculehanges from thés,, state to the strongly bound,, state.
For even larger field strengths no vibrational levels wereThis is of great importance for the chemistry in the atmo-
found. sphere of certain degenerate astrophysical objects: it may
For the PEC of théHg state we observe a decrease in thehelp to decide whether molecular hydrogen can exist in the
dissociation energy and a simultaneous increase in the equiicinity of white dwarfs. We emphasize that the present in-
librium internuclear distance with increasing field strength investigation was performed for the case of parallel internu-
the regime 8<B=<0.1 a.u. Metastable states with respect toclear and magnetic field axes. Due to #héndependence of
the dissociation into two H atoms were shown to exist for thethe spin Zeeman shift, which is relevant in this context, and
range 0.2B=<0.5 a.u. For the position of the maximum in relying on our experience with  we assume that the or-
the PEC we observed a monotonous decrease with increasinlgring of the lowest states is retained also fizt0. How-
field strength. FoB=1 a.u. the maximum and the minimum ever, in order to draw a definite conclusion concerning the
disappear. We also studied the singlet-triplet energy splittinground state of the Himolecule the electronic structure has
between the1Hg and 3Hg (M¢=0) state as a function of to be investigated for arbitrary angles between the molecule
the magnetic field strength. This is motivated by the fact thaand the magnetic field.
the corresponding PECs in field-free space are almost indis- The above results may also give rise to an experimental
tinguishable for sufficiently small internuclear distances. Wescenario. Let us consider configurations with an angle in the
hereby focused on the rough shape of the PECs and neange 0<6#<90°, i.e., the internuclear axis is inclined with
glected the properties due to the very shallow second minirespect to the magnetic field. Since the electronic potential
mum occurring in the PEC of thél'[g state. In the presence energy depends on both the internuclear distdRaes well
of a magnetic field and with increasing field strength weas the angl® we are dealing with two-dimensional potential
found an increase of the splitting between these two stateanergy surfaces. The only remaining symmetry for such con-
for small internuclear distances, i.e., for the region where thdigurations for a homonuclear diatomic molecule is the par-
corresponding PECs are almost identical in field-free spacaty, i.e., the corresponding molecular symmetry grougis
For larger internuclear distances we found a significant difWe now briefly address the question of whether different
ference between the PECs of tHE[g and 3Hg (Mg=0) electronic states may interact strongly through the nuclear
state for k=B=<20 a.u. For this regime of field strengths the motion. This problem was investigated in some detail in Ref.
PEC of the3Hg state exhibits no extrema but two turning [21]. It was shown that for a homonuclear diatomic molecule
points that do not exist in the corresponding PEC of thg, ~ a two-dimensional avoided crossing occurs for electronic
state. The maximum of the absolute value of the splittingstates with the same spatial symmetry and in particular that
was found to occur at a field strength of approximately 20conical intersectiongan occur at#=0 or 90° for crossings
a.u. Vibrationally bound states were shown to exist uBto of states with the same parity.
=0.1 a.u. For 6+0° we expect a crossing without interaction be-
For the PEC of theé'I1,, state we first observe a decreasetween the lowest state with gerade and the lowest state with
in the dissociation energy up to a field strengtiBef0.5 a.u.  ungerade parity. More interestingly we expect a conical in-
with increasing field strength and subsequently a strong intersection to occur a#=0° for the PECs of the two lowest
crease in the dissociation energy with further increasing fielétates I1,—32 ) with ungerade parity. The hydrogen mol-
strength. At the same time the equilibrium internuclear dis-ecule in the presence of a magnetic field therefore is an ex
tance decreases monotonously. For the number of vibrationample of a simple system for which thground statein
levels we found a minor increase by a few levels compare@trong fields exhibits @onical intersection
to the number of levels in field-free space. Note added in proofFor completeness of references we
Next we studied the PEC of thl1,, state in the presence point out that recently a communication has been published
of a magnetic field. The dissociation energy and the equilibwhich reports on HF calculations of the hydrogen molecule
rium internuclear distance remain nearly constant for smalin strong magnetic fieldsy. Kravchenko and M. Libermann,
values of B, i.e., for &B=0.1 a.u. With further increasing Phys. Rev. A56, R2510(1997)].
field strength we obgerve a strong increase in the dissociation ACKNOWLEDGMENTS
energy. An interesting phenomenon is the existence of an
additional minimum and a maximum for a field strength re- The Deutsche Forschungsgemeinschaft is gratefully ac-
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sponding well it may accommodate a vibrationally boundacknowledges many fruitful discussions during the CECAM
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ring among the'Sy, 3%, and ®I1, states. It was shown berg.
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