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Adiabatic potential-energy surfaces of the H* ion in a strong magnetic field
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We use a recently established and optimized atomic orbital basis set to perform extensive numerical calcu-
lations on the hydrogen molecular ion in a strong magnetic field. Many excited electronic states with gerade
and ungerade parity as well as their potential-energy curves are investigated for the perpendicular configura-
tion, i.e., for orthogonal internuclear and magnetic-field axes. The main issues of our investigation are the local
as well as global topological properties of the potential-energy surfaces of the six energetically lowest elec-
tronic states of the b ion in a strong magnetic fielB=1.0 a.u. Our results show the existence of a variety
of different possibilities for the topological behavior of the potential-energy surfaces: for the lowest electronic
states the global equilibrium configuration is either the parallel or the perpendicular configuration, which are
both distinguished by their higher symmetry. As a major result we observe, for,teée&ronic state, the
effect of a global symmetry lowering: the global equilibrium configuration of th@@&ential-energy surface
is at©=27°, i.e., a configuration that strongly deviates from the distinct parallel or orthogonal configurations.
Examinations of the electronic probability density distributions with varying afigleveal the origin of the
topological behavior of the different surfacgS1050-294{@6)07705-0

PACS numbdps): 32.10—f

I. INTRODUCTION bital angular-momentum projectiohs| <5 for a wide range
of magnetic-field strengths. With a recently establisf&d
Since the discovery of huge magnetic-field strengths orand optimized 28] basis set of generalized atomic orbitals it
the surface of degenerate astrophysical objetisfor ex- has been possible to substantially improve and extend our
ample, white dwarf§10°—10° T) and neutron starl0’'—10°  knowledge on the properties of the excited states of tkie H
T), the behavior and properties of matter exposed to such @n for the parallel configuration; the lowest electronic states
strong magnetic field have been the subject of intensive theawith the magnetic quantum numbefm|<10 as well as
retical studies. By means of theoretically calculated propermany excited states within the subspaces for the magnetic
ties (spectra, oscillator strengths, étaf atoms and mol- quantum numberkn|=0,...,4 were studied in detdi9,30.
ecules in strong magnetic fields it is in principle possible toAs a particular result of these investigations the formation of
analyze the observational data from the above-mentioned molecular bond by an external magnetic field has been
cosmical objects. However, in the case of molecules oupbserved; two classes of excited electronic states of fie H
knowledge was, until the beginning of the 1990s, essentiallyon that are unbound in field-free space have been shown to
restricted to the few lowest states of thg"Hon [2—16]. For  bound above some critical field strength.
many electron molecules there exist only a few preliminary In contrast to the numerous studies on thg" Hon for
works[17-22 of qualitative character that deal mainly with parallel internuclear and magnetic-field axes, there exists
the ground states of the corresponding molecules in particunuch less information about the behavior and properties of
lar in the very-high-field 23—26 regime. the H,* ion for an arbitrary orientation of the molecule with
The H," ion is of particular importance since it offers respect to the magnetic fief[d3—16. So far our knowledge
insight into the effects of an external magnetic field on theon the global topological properties of the adiabatic elec-
electronic structure and binding properties of diatomic mol-tronic potential-energy surfaces is essentially restricted to the
ecules in general. Examples of such effects, which were alground state of the i ion, i.e., the 3 state. The corre-
ready observed for the ground state of thg" Hbn, are the sponding investigations have shown that the two-
increase of the dissociation energy and the simultaneous ddimensional electronic potential-energy surfaB&9 of the
crease of the bond length with increasing magnetic-fieldground state of the J1 ion leads to a much more interesting,
strength. In particular the electronic energies are subject tbut also more complicated, nuclear dynamics than in field-
principal modifications; the electronic potential energies of free space. The angk, which is, in the absence of a mag-
for example, a diatomic molecule depend not only on thenetic field, a rotational degree of freedom, acquires increas-
internuclear distanc® but also on the angl® between the ing vibrational character with increasing magnetic-field
internuclear and magnetic-field axes. The properties of thetrength, i.e., the kI ion is prevented from free rotation by
H,* ion in a strong magnetic field have so far been calcua potential barrier and above some critical field strength ro-
lated predominantly for the case of the parallel configurationtation is possible only via a tunneling process. This effect is
i.e., ©=0°. By different numerical approaches it has beenwell known in the literature as the so-called hindered rotation
possible to investigate the lowest electronic states with orf13,14,14.
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Local properties of the PESs of excited states of thé H for neutral molecular systems in R¢85] and for molecular
ion have been considered in the investigation by Will6]. ions in Ref.[36].
Using a special basis-set method that is only applicable to In order to obtain the electronic Hamiltonian used in the
one-electron molecular systems, it was possible to investipresent calculation, we introduce a further approximation;
gate the ;g,u, 2g+,u, and 1, states of the K" ion in a strong  we choose as a zeroth-order approach infinitely heavy nuclei.
magnetic fieldB=1.0 a.u. for the orthogonal configuration, Corrections going beyond the fixed-nuclei approach, i.e., the
i.e., ©=90°. Some local properties of the topology of the mass correction terms and the effects due to the center-of-
lowest states of the J1 ion were also investigated, i.e., the mass motion, have been estimated for the ground, as well as
PESs considered were studied with respect to the depefier many excited states, of the,Hion for ©=0° and in the
dence of the angl® for a fixed internuclear distance of 2.0 rangeB=0.01-1.0 in Ref[30]. The result of this estimation
a.u. The disadvantage of the underlying basis-set methoid that the energies due to the mass corrections and, in par-
was the absence of gauge phases in the atomic orbital bagisular, due to the coupling of the center-of-mass motion and
functions. These gauge phases have to be included in ord&y the internal degrees of freedom are at least two orders of
to ensure the approximate gauge independence and in panagnitude smaller than the spacing of the electronic energies
ticular the correct gauge centering of the numerically calcuin the fixed-nuclei approach. Since the order of magnitude of
lated molecular wave functions and spectra. The phases atkese correction terms is expected to not change significantly
of particular importance for the dissociation limit of the mol- if we incline the internuclear axis with respect to the
ecule into atoms for which the gauge center of the orbitalsnagnetic-field axis, the fixed-nuclei approach is, for the
has to be chosen on the individual nucléi7]. For finite  above electronic states and field strengths, a good starting
basis-set calculations the absence of a gauge-centering phasent for an investigation of the electronic PESs of thg H
in the basis set leads to increasing inaccuracies with increagn.
ing internuclear distancRi. In order to specify our working Hamiltonian we locate the

The aim of the present paper is to investigate the groundlwo protons in thex-z plane and choose the midpoint of the
as well as many excited PESs of thg™Hon in a strong internuclear axis as the coordinate origin. The magnetic-field
homogeneous magnetic fielR=1.0 a.u. With the aid of the vectorB is assumed to point along tlzeaxis. The orientation
above-mentioned optimized atomic orbital basis set, we inef the H," ion relative to the magnetic field is given by the
vestigate and discuss in detail the PESs of the six lowestector R=R(sin©0,0,cos0)", whereR represents the inter-
electronic states of the Hl ion. In addition, we also study a nuclear distance. The electronic fixed-nuclei Hamiltonian
large number of electronic states for the orthogonal configutherefore takes on the form
ration (©=90°), which is distinguished by its higher symme-
try compared to the configurations with an arbitrary value of  ie2 1 1022
the angleO. Hix=—2V +3BL,+§B(x*+y9)+V(r,R), (1)

The paper is organized as follows. In Sec. Il we briefly
describe the symmetries of the well-known electronic Ham"'wherex,y,z are the components of the position vectoof

i b : .
tonian of the H™ ion in the fixed-nuclei approach, followed the electron and., is the projection of the angular momen-

by our method for the calculation of the molecular eIectrom.ctum onto the magnetic field axis. For the vector potential we
wave functions and spectra. In Sec. lll we present and di

h its of : ination for th h I Shave adopted the symmetric gaugér)=2(Bxr). V(r,R)
cuss the results of our investigation for the orthogona CON%tontains all Coulomb interaction terms of the electron and

figuration. Finally, in Sec. IV we investigate and discuss iNhuclei.
detail the PESs of theyl,, Zyy, and 3, states of the b The symmetries of the Hamiltoniafl) depend strongly
ion in a homogeneous magnetic field. Atomic units are used, s orientation of the internuclear axis with respect to the
throughout(B=1.0 a.u. corresponds to 2.330° T). magnetic field[37]. For the parallel configuratiof®=0°),
both the parity and rotations around the internuclear axis are
symmetries. The resulting symmetry point group is €g,
group. For the orthogonal configuratig®=90°), the parity
as well as the parity are conserved quantities, i.e., we ob-
A full quantum-mechanical treatment of the motion of antain the symmetry point grou@,,. In contrast, for the case
electron and two protons under the influence of their mutuaD°<©<90° the only remaining symmetry is the parity,
Coulomb interaction in the presence of a strong magnetigvhich corresponds to the symmetry point groGp. The
field is, at the moment, not feasible. Due to the nonzero neparallel and orthogonal configurations are therefore distin-
charge of the BI" molecular system, the components of theguished by their higher symmetry. As a consequence of these
conserved pseudomomentum do not commute, i.e., are neymmetry properties of the Hamiltoniat), the PESs of two
independent, and the center-of-mass coordinate cannot tedectronic states with the same parity but different symme-
completely eliminated from the total Hamiltonig1-34 (a  tries at©=0° or 90°, i.e., different magnetic quantum num-
detailed discussion of the nonrelativistic Hamiltonian of theber or differentz parity, are allowed to cross each other at
H," ion is given in Ref[30]). Since we are primarily inter- ©=0° or 90°. These crossings turn into avoided crossings if
ested in the electronic structure of thg'Hon, as a first step we incline the internuclear axis with respect to its parallel or
we have to separate the electronic and nuclear motion by therthogonal position. Avoided crossings of PESs with the
Born-Oppenheimer approximation in the presence of a magsame parity for 020<90° are a consequence of the non-
netic field. This approximation, including all the mass cor-crossing rule, which holds for our complex Hermitian eigen-
rections due to the finite nuclear masses, has been performgdlue problem of the Hamiltoniafl) [38].

Il. PROPERTIES OF THE ELECTRONIC HAMILTONIAN
AND NUMERICAL BASIS-SET METHOD
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The eigenfunctions and corresponding eigenvalues of the states
Hamiltonian (1) are characterized by the quantum numbers of He*
belonging to the different orientations of the molecule with
respect to the magnetic field. This means that the eigenfunc-
tions are labeledo (o for the magnetic quantum number
m=0), nw (7 for m=—1), etc., for0=0° andn™,n™ (+,—

(Istex. -17)
(gr. 9" 4

-

for positive- and negative-parity, respectivelyfor ©=90°. (&89
The labeln represents the degree of excitation within a . @77
manifold of a given quantum number at eith@=0° or 90°. g (e -6)
An additional subscripg or u (g,u for gerade and ungerade -
parity, respectivelycharacterizes the inversion symmetry of § (er.-59
the electronic wave functions &=0°,90°. In the case of S (er4h
0°<©<90° the wave functions will be characterized solely S (stex. 09¢ |
by the subscripy or u and the labeh. 2

In order to solve the electronic Schiiager equation be- @

longing to the fixed-nuclei Hamiltoniafl), we expand the 7
electronic eigenfunctions in terms of nonorthogonal molecu-
lar orbitals. These molecular orbitals are built up by the op-

timized basis set of generalized atomic orbitals, which is a €2 g~ ¥

key ingredient for our numerical calculation of the spectrum 2%

and eigenfunctions of the H ion. For a detailed description 9 —

of the optimized atomic orbital basis functions, a discussion 0 2 4 6 8 10
of the relevance and properties of the nonlinear variational internuclear distance R (a.u.)

parameters including the gauge phase, and the method of _ o _
construction of the molecular orbitals we refer the reader to F'C- 1. Molecular orbital correlation diagram for the six lowest
Refs.[27-30. The resulting generalized eigenvalue problemgee_r%%‘f "f‘rr;]i ugﬁ’:&a:; n?'ﬁ;gg;gssfr‘;ezlgg)'ta d;i)(?:ttggmnty for

is solved numerically by using standard techniques. B u '

Finally, a remark on the numerical effort of our calcula- ' . : .
tions is appropriate. In order to obtain the desired accuracy}?ase_Of the_: paral_lel conflgura'_uon a particular electronic wave
10310 * of the energy eigenvalues, we had to use a basi&Nction with a given magnetic quantum numiverand par-
set of 300-400 atomic orbital functions, depending on thd P IS expanded solely in terms of molecular orbitals with
angle of the internuclear with respect to the magnetic—fielathe same magnetic quantum ”.“m‘.“*'a”d parityP [30]' If
axis. The average CPU time to get one point, i.e., for ondve '|r'10I|ne the |nt'ernuclear axis with respect' to its parallel
configuration(R,0), using a Silicon Graphics Indigo R4000 position, we Obta"_] a strong symmetry Iov;/erlng. The corre-
workstation, was between 6 and 12 h, depending on the nunfP°nding €electronic wave functions f6r+0° are then built
ber of basis functions. The total CPU time of our investiga-UP from molecular orbitals belonging to different magnetic

tion, therefore, amounts to more than 2 yr on the above corduantum ””mb‘?rm’ l.e., we obtam a so-callent mixing in
the decomposition of the electronic wave functions into mo-

puter. ) o .
lecular orbitals. As a consequence, a substantial increase in
the size of the basis set is necessary @ot0° in order to

. THE ORTHOGONAL CONEIGURATION: obtain the same accuracy with respect to energy as for the
ELECTRONIC STATES WITH POSITIVE- z PARITY caseO=0°. For a fixed magnetic-field strength, thmsmix-

ing depends strongly on the orientation of the internuclear

The orthogonal configuration of the,Hion in a strong  axis with respect to the magnetic-field axis, on the internu-
magnetic field is, as we mentioned above, distinguished bylear distancéR, and the degree of excitation
its high symmetry. The conserved quantities are the p&ity  |n the following subsection we consider the correlation
and thez parity 7. In the presence of a magnetic fi@e=1.0  diagrams between the united atd®a-0 limit and the sepa-
the energetically low-lying molecular electronic states posrated atomR—ce limit at ©=90°. This will later on vyield
sess positive- parity. The corresponding electronic statesjnformation on the contribution of molecular orbitals with
with negativez parity possess a node along thelirection  different magnetic quantum numbarsto a certain molecu-
and belong to a higher degree of excitation in energy. Thisar electronic state.
statement holds for the subspaces with gerade and ungerade
parity. We focus in the present section on the six lowest
electronic states in each of the subspaces with gerade and
ungerade parity. These electronic states are exclusively states Figure 1 shows the electronic orbital binding energies
with positivez parity. €,(R) as a function of the internuclear distariReat ©=90°

Before we start our investigation of the molecular statedor the first five excited states of each subspace with gerade
for ©=90°, let us comment on some properties of the mo-and ungerade parity foB=1.0. Since the orbital binding
lecular orbitals used to build up the electronic fixed-nucleienergy curves of the ground state§ and 1, are energeti-
wave functions. In general, the molecular orbitals are chosenally well separated from all other curves belonging to the
as eigenfunctions of the parity operatdrand thez compo-  electronic states with positiveparity, they have been omit-
nent of the angular momentum operatqgr. For the special ted in Fig. 1. The energy,(R) does not include the inter-

A. The molecular-orbital correlation diagram at ©6=90°
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nuclear repulsion but the threshold enekgy, which shifts 0.2
the ionization threshold to zero energy, i.e,
e,(R)=¢,— €(R) + 1/R, wheree(R) is the electronic energy

belonging to the Hamiltoniafl). The threshold energy for 7
an arbitrary molecular state of the,Hion is given by the
lowest energy of a free electron, i.e., by the energy of the

lowest Landau levek,=B/2. - 0.3
It can be easily seen that the parityandz parity = for a 3
molecular electronic state for a finite internuclear distance é .
turn, in the limit R—0, into the parity andz parity of the &
united atom, respectively. For the considered molecular E[,: o
w ~V.a —|

states with positive- parity this means that the united-atom
electronic Hé states possess positizgparity as well. Since
the parity of hydrogenlike atoms is given by the relation
(=)P=(=)"(—)™ the corresponding molecular states with
gerade parity will, forR—0, turn into Hé states with even
magnetic quantum numbers, while the molecular states with 05
ungerade parity will turn into He states with odd magnetic :
guantum numbers. These are general properties of the corre-
lation between the molecular state€at90° and the united-
atom states.

In order to completely specify the united-atom limit of a  FIG. 2. Adiabatic potential-energy curves of the five lowest ex-
particular molecular electronic state it is necessary to knowited gerade and ungerade electronic states with positivarity
the order of energies of the Hestates for the relevant sub- for ©=90°. The separated atom H states are also indicated.
space Pr). This order, however, depends sensitively on the
applied magnetic-field strength. For example, in Fig. 1, for,
B=1.0 we observe that foR—0 the 2; molecular state
becomes the ground state of the atomic*Hsubspace
m=-2". The 35 molecular state turns, fdR—0, into the
first excited state of the Hesubspacen=0". The reason for
this behavior is the fact that the first excited state of th
subspacen=0" of the He" atom is energetically lower than
the He" ground state of the subspare=—4". In the case of
a strong change of the magnetic-field strength, the abovet—

0 4 8 12 16 20
internuclear distance R (a.u.)

have been presented in Fig. 1. We observe that two molecu-

lar states with the same degree of excitation and the same

parity, but gerade and ungerade parity, represent a pair of

so-called “bonding” and “antibonding” states, respectively.

The electronic states can therefore be grouped in the bonding
g +3g .- States and the antibonding; B ... states. Each

of the potential-energy curves of the gerade magnetically-

or even completely reversed. In particular, for one-electro
atoms it has been shown in the literat{i88] that the ground

states of the subspaces with positwearity become infi- internuclear distanceR, the g-u splitting of the energy

nitely strongly bound in the limiB—oo, : o :
] . . curves for a given degree of excitation reduc .
Figure 1 shows us also the behavior of the magnetically urv gV 9 xcltatl uces rapidly

dressed molecular states #r=90° at large internuclear dis-
tances. In the separated-atom liffR—), each pair of the
g-u states becomes degenerate, i.e., the gerade and ungeradéifter having discussed the molecular-orbital correlation
molecular states change fR—x) into the same separated- diagrams for electronic states with positizesarity, we are
atom state of the hydrogen atom. Since thparity is con-  now in the position to give an answer to the question raised
served for the orthogonal configuration, the separated-atorat the beginning of the present section: what are the magnetic
state and the corresponding molecular state for finite interquantum numbers of the molecular orbitals that provide a
nuclear distance possess, independently of their parity, theelevant contribution to the molecular electronic wave func-
samez parity. tion for a given nuclear configuration and field strength? The
Into which separated atom state a givgeu pair of mag- magnetic quantum numbaer of the united-atom state arising
netically dressed electronic states change®fere depends from a certain molecular state in the linfit—0 increases, in
now on the order of energies of the states of the hydrogegeneral, more rapidly than the degree of excitation of the
atom. The latter varies for a givenparity with the strength underlying molecular state. For instance, Rs-0, the
of the external magnetic field. In our case wBk=1.0, the 3.,4./,5) molecular states change into the lowest He
Zg,u,...,Gg,u molecular states turn, fdR—oe, into the low-  states with the magnetic numbemm=-5-7,—9 and
est, i.e., ground states, of the hydrogen atom with magnetipositivez parity, respectively. For decreasing internuclear
guantum numbersn=—1,...—5 and positivez parity, re- distances the contribution of the molecular orbitals with
spectively. magnetic quantum numbers higher than the degree of ener-
Figure 2 shows the total electronic energy curvesgetic excitation of the considered molecular state increases
er(R)=¢€(R) — ¢, for the same electronic states of thg"H rapidly. For example, in order to achieve an accuracy of
ion for which the electronic orbital binding energy curves ~0.1% in energy for the 5 molecular state for internuclear

Niscussion of the stability of the considered states with re-
spect to dissociation is given in Sec. 11).GNith increasing

B. m-mixing properties
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distances(R=<4), we have to build up the corresponding  TABLE I. Equilibrium internuclear distances, total electronic
electronic molecular wave function from orbitals character-energies, and dissociation energies for the six lowest gerade and
ized by magnetic quantum numbers ugtt=9. In contrast Ungerade electronic states with positwgarity for 6=90°.

to this the magnetic quantum numbrarof a separated-atom

state, which evolves from a certagru pair of molecular . Req ‘_:T(Req) D
. . L . State (in a.u) (ina.u) (ina.u)

states in the limitR—x, is, in regard to its absolute value,
comparable to the degree of excitatiorof the correspond- 14 1.65 —9.4887x 107! 1.191x10?
ing g-u pair of molecular states. This means that for large2 3.79 —-5.1195¢10 ! 5.540x10 2
internuclear distances the important contributions to, for ex3g 5.37 —3.8993«10°! 3.689<10 2
ample, the § state come from the molecular orbitals with 4. 6.62 —3.2856x10 1 2.859x10 2
the magnetic quantum numbelrs| <4. To summarize, the 5; 7.66 —2.8995¢10* 2.377x10°2
molecular orbitals that provide the most important contribu-6; 8.39 —2.6159«10°! 1.941x1072
tions to the molecular wave function belong, for small inter-
nuclear distances, to much higher magnetic quantum numt} 5.45 —8.2999x10 ! 2.685<1074
bers than for large internuclear distances, i.e.,nthmixing 2} 5.78 —4.6183<10 ! 5.278<10°3
is particularly strong for small internuclear distances. 3t 6.67 —3.6138<10°! 8.338<10 3

For the basis-set calculations of the molecular states witla 7.57 —3.0964<10 ! 9.678x10°3
geradez parity at©=90°, the results of which will be dis- 5/ 8.41 —2.7637x10 ! 1.018x10 2
cussed in the following subsection, molecular orbitals withe; 9.15 —2.5222¢10°* 1.002<10 2

magnetic quantum numbers up fm|=10 have been in-
cluded. In total we used a basis set of 298 optimized atomic
orbital functions. This basis-set results for the whole range ogstimate, an upper limit of the energy of the vibrational

internuclear distances in an overall accuracy of significantl)@round states for the £ ion is then given by the sum of the
b
less than 0.1% for the dl, . ... 5¢;, States and an accuracy of ground-state energy in the harmonic potential and the corre-

approximately 0.1% for the §, states. sponding zero-point cyclotron energy. The zero-point cyclo-
tron energy is, forB=1.0, approximately 7410 % The
C. Adiabatic potential-energy curves for the orthogonal depth of the potential well of the 1 state is much smaller
configuration and their binding properties than the zero-point cyclotron energy. This state is therefore
In the present subsection we discuss the binding propefUpposed to be unbound. For all other states, ie., the
ties of the 1,,...,65,, magnetically dressed states that be-1g2gu:---.6gu States we obtain harmonic vibrational

long to the orthogonal configuration f@=1.0. With the ground-state energies that are roughly one order of magni-
exception of the potential-energy curves of thﬁujmmecu_ tude smaller t.han the 'corr.espondlng depths of thg potential
lar states, the corresponding energy curves are displayed wells. The e§t|m§1ted V|brat|9nal ground—s’gate energies for the
Fig. 2. As already mentioned in Sec. Ill A, we observe froanC'e+ar motion In each adiabatic potential-energy curve of
Fig. 2 that all potential-energy curves of the gerade molecuth® 1g.2g/u .6 States is therefore much smaller than the
lar states exhibit well-pronounced potential wells. The depttforresponding dissociation energies. Hence vibrational states
of these wells, i.e., the dissociation energigs decrease dg exist in tne wells of the potential-energy curves of the
with increasing degree of excitation For example, the dis- 1g:2g/u:---6gu States, i.e., these states are stable for the
sociation energy of the [ state is 1.19%10 %, while the ~ fixed orthogonal configuratiosee below.

dissociation energy of the 6 state is 1.94%10 % A com- However, since the angl@ between the internuclear and
plete list of the dissociation energies as well as the equilibmagnetic field axes is an additional degree of freedom with,
rium internuclear distances is given in Table I. The potentialdepending on the field strength, rotational-vibrational char-
energy curves of the corresponding ungerade moleculs®Cter, we have to take into account this degree of freedom in
states also exhibit potential wells. The depths of these well§fder to investigate the global binding properties of the
is in each case much less than the depths of the wells of th@bove-discussed states. This means we have to study the to-
corresponding gerade states. However, the dissociation endt?!0gy of the corresponding adiabatic electronic PESs
gies of the ungerade states increase with increasing degree ®f(R. 6). In the following section we present and discuss the
excitation(see Table)l For instance, the dissociation energy résults of our extensive investigations on the topological

of the 1 state is 2.68510 % whereas the dissociation en- Properties of the PESs of thg,l, 2,,, and 3,, adiabatic
ergy of the 6 state is 1.00%10°2. electronic states. The PESs of thg4 5y, , and §,, states
The existence of a potential well in the adiabatic elec-Show a much more complicated behavior and will be dis-

tronic potential-energy curve is a necessary, but not a sufficussed elsewhere.

cient, condition for the formation of a stable molecular bond.

In addition, we have to show the existence of vibrational IV. ADIABATIC ELECTRONIC STATES AND THEIR

states in the potential wells of the magnetically dressed POTENTIAL-ENERGY SURFACES FOR ARBITRARY

L 6yu States considered. To this end we perform a ANGLE O

harmonic approximation of the corresponding potential wells

around their minima and estimate the ground-state energies The parity P is the only symmetry for arbitrary orienta-
of the vibrational states in these harmonic potential wellgions of the internuclear axis of the,Hion with respect to
under the influence of an external magnetic field. As a rouglthe magnetic field. Since the parallel and orthogonal configu-
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state, of the H' ion, together with the corresponding con-
tour plot, is displayed for a magnetic-field strendgk-1.0.
The potential-energy curve that results from the section
through the 1 PES at©®=0° belongs to the 4, state and the
section taken a®=90° belongs to the;L state. The &, and
the 1; states are energetically well separated from all other
electronic states with equal symmetries, respectively. We en-
counter, therefore, a one-to-one correlation of thg state at
©=0° to the Jg state at9=90° via the adiabatic IPES for
arbitrary internuclear distandg. In particular, the | state
- does not interact vibronically with the electronically excited
states. The equilibrium configuration of thg RES, i.e., the
global minimum of the PES, occurs @t=0° andR2q=1.76.
The corresponding depth of the potential well, i.e., the dis-
FIG. 3. Potential-energy surfaces of the ground states (gith ~ Sociation energy €d, for the parallel configuration is
gerade parity, i.e., theylelectronic state, antb) ungerade parity, 1.437X 1071 [28]. If we incline the internuclear axis with
i.e., the J, electronic state, shown together with their contour plots.respect to the magnetic field, the dissociation enesgyas
well as the “equilibrium” internuclear distancézg’q, de-

rations are distinguished by their higher symmetries, th&reases. At 6=90° we find a dissociation energy
PESs of two electronic states of a given subspcee., of  €p. =1.191x107! and an equilibrium internuclear distance
the same parity but different symmetries @=0° and/ior Req=1.65(see Table)l We note that our valueRg, andRgq
©=90°, are allowed to cross each other without interactingor B=1.0 are in very good agreement with the correspond-
at these positions. These crossings turn into avoided cros#!g values found by Larsefi3] and Wille [16].

ings if we incline the internuclear axis away from the parallel ~ Since the energy difference between the dissociation en-
or orthogonal position. As a result, the common manifold oférgies of the parallel and orthogonal configurations is only of
intersecting PESs is a conical intersection point. Thethe order of magnitude I8, it is not cleara priori whether
potential-energy curveqe(R)} arising from a section the shallow potential barrier in the direction of the angle
through a given PE®1P at ©=0° or 90° can therefore, in can, for the lowest rovibrational states, prevent thé ibn
general, belong to electronic states with different spatiafrom rotational motion in the angl®. In order to decide this
symmetries but the same parity. Hence the correlation bewe have to estimate the energy of the lowest vibrational
tween electronic states &t=0° and those a©=90° via an  States in the well of the IPES. To this end we approximate

adiabatic PES depends strongly on the internuclear distandge two-dimensional potential well by a harmonic potential
R. and estimate the ground-state energy of the nuclear motion in
The behavior of diabatic potential energies in the vicinitythis harmonic potential under the influence of the external
of ©=0° and 90° is due to the higher symmetry of thesemagnetic field. An upper limit of the energy of the vibra-
configurations of special interest and has been investigateéPnal ground state is then given by the sum of the ground-
for diatomic molecules in Ref37]. By using the Hellmann—  State energies of the harmonic vibrations parafels) and
Feynman theorem and the respective symmetrie®-a0°  perpendiculalzwe) to the magnetic field around the global
and 90°, it was shown that the diabatic energies possess efquilibrium position(Rg,,0°) and the corresponding zero-
treme at these distinct positions. From these results onRoint cyclotron energy. For the,lstate considered with
might conjecture that for low-lying electronic states eitherB=1.0, we obtain a harmonic potential ground-state energy
the parallel or the orthogonal configuration represents th@f the order of magnitude of X102 This vibrational
global, i.e., energetically lowest, equilibrium configuration of ground-state energy is approximately half the height of the
the corresponding surfaces. For instance, the PES of theotential barrier in the direction of the ang@, which is
well-known ground state of the i ion in a strong magnetic A€e=ep—ep’=2.43x10"% In addition, the estimated level
field exhibits its global equilibrium configuration &=0°  spacing of the harmonic vibration of tii&modews is of the
[13—16. In addition, it was shown in Ref16] that there ~order of magnitude 10%. As a consequence, many vibra-
exist excited electronic states that have at least a local potetional states exist in the shallow two-dimensional potential
tial minimum at®=90°. However, until now it had been an Well of the 1; state. Rotational motion in the angf is,
open question what the global topology of the PES of theherefore, for the low-lying vibrational states possible only
excited electronic states of the,Hion in a strong magnetic Via a tunneling process through the potential barrier. The
field looks like and in particular how it evolves with increas- €stimated level spacing of the vibrational motionRris of
ing degree of excitation. In the following section we will the order of magnitude of>210°%. Hence vibrationally ex-
investigate the local as well as global topological propertiegited states belonging to the totally symmetric mdtiere

of the three lowest PESs with gerade and ungerade parity.not prevented from free rotation in the angle
Let us now consider the lowest PES of thg"Hon with

ungerade parity, i.e., the, btate, which is illustrated together
A. PESs of the } and 1, states with the corresponding contour plot in Fig(3. The two
Let us first consider the PESs of the lowest electronigootential-energy curves obtained by the sections through the
states with gerade and ungerade parity. In Fig) the two- 1, PES atO=0° and 90° belong to thed}, and 1 electronic
dimensional energy surface of thg dtate, i.e., the ground states of the parallel and orthogonal configurations, respec-
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tively. For the ], PES we encounter a conical intersectionexcited states depend strongly on the arfgland therefore
point with the upper 2 state at®=0° andR~1.6 (cf. the the topology of the corresponding PES is much more com-
discussion of the 2state in Sec. IV € Since this intersec- plex.

tion point occurs in the strongly repulsive part of thePES,

it is irrelevant for the bonding properties of this state. Apart B. The lowest excited states with gerade parity

from this conical intersection point, the PES of thestate is f th d
energetically well separated from the PES of all other elec- 1. PESs of the g and , states

tronic states with ungerade parity. In Figs. 4a) and 4b) the PESs of the 2and 3 state are

The PES of the lstate exhibits a very shallow potential illustrated, together with their respective corresponding con-
well; for the parallel configuration we obtain an equilibrium tour plots. Let us first consider the PES of thgs?ate[see
distance of qu=9.6 and a dissociation energy Fig. 4a)]. It possesses a single, and hence global, minimum
€2=2.7x10"*, while the equilibrium distance #&=90° is  at ©=90°. The potential-energy curve that results from the
R28=5.45 and the dissociation energy has, within our comsection through the 2PES at©=90° belongs to the excited
putational accuracy, the same value asto+0° (cf. Table 25 state, which has been discussed in Sec. Ill. The equilib-
I). Since the depth of the corresponding two-dimensional porium configuration and the depth of the two-dimensional po-
tential well is much smaller than the zero-point cyclotrontential well are therefore identical to the data we obtained for
energy of the nuclear motiofsee Sec. Ill Cthe 1, state is  the 2; state, i.e.R3=3.79 andep’=5.54x10"? (cf. Table
supposed to be unbound. 1.

The simple topological properties of thg,LPES of the Analogous to the case of thg dtate, the two-dimensional
H," ion for B=1.0 have their origin in the minor changes of potential well of the ¢ state is well pronounced in the direc-
the shape of the corresponding electronic density distribution of the internuclear distand®, but much flatter in the
tions with varying anglé® [16]. However, as we shall see in angle©. However, compared to the ground state of thé H
the following subsections, the density distributions of theion, the potential barrier in the rotational degree of freedom
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© is much higher. This is due to the strongly repulsive be-tions (R,0), respectively. The positions of these configura-
havior of the g PES in the vicinity of©6=0°, where the tions are indicated on the contour plots of the corresponding
potential energies for arbitrary internuclear distances IiezQl and 3, PESs, which are also presented in Fig&) %nd
above the energy threshold for dissociation. Hence rotatioB(y) respectively. The internuclear distanRebelonging to

+ i ; — i i -
of the H," ion in the 7 state forB=1.0 via a tunneling 4 jjystrated densities of the, tate is always the equilib-
process is strongly suppressed. In order to estimate whethﬁhm distanceR%. The configurations we have chosen in

vibrational states exist in the two-dimensional potential well, e . .
we again follow the procedure described in Sec. IV A. Thenuclear coordinate spa¢®,0) for studying the densities of

corresponding estimation proves the existence of a larg E‘O%; St.‘;:er:'e o'n'the Iln%ngoconnects the minimum at
number of vibrational states in this well, i.e., thetate isa O~ 0 With the minimum a=90",

stable molecular state with its global equilibrium configura-. N contrast to the contour plots of the PESs that are given
tion at©=90°. in nuclear coordinate spad®,0), the contour plots of the

Let us now briefly consider the potential-energy curve€lectronic density distributio.ns shown,.for example, in Fig. 5
defined by the section through thg RES atO=0°. It con- ~ are plotted in the electronig-z coordinate plangly=0).
sists of two parts: the upper part belongs to tidg dtate and ~ Since the orientation of the molecule in this plane is given by
the lower part to the #; state. Due to their different sym- R= \/R§+ R§ and ©=arctanR,/R,) (cf. Sec. ), the inter-
metries the &, and 7, states are allowed to cross eachnuclear axis rotates in thez plane with varying angle,
other atR~4.5[see Fig. 4c)]. From the point of view of the i.e., for the parallel configuration the internuclear axis points
PES, we encounter a conical intersection of the lowear®l  along thez axis (IIB), while for the orthogonal configuration
the upper 3 PES. In the vicinity of this intersection point the internuclear axis is aligned with ttxeaxis.
vibronic coupling effects are important and thg @nd 3 Let us begin our investigation of the electronic density
states are strongly coupled via the nuclear motion. Howevewistributions with varying angl® by considering Fig. &)
the effect of this vibronic coupling is, due to the location of |-V for the 2, state. As already discussed, the global mini-
the conical intersection point in the strongly repulsive part ofmum of the ¢ PES occurs ab=90°. The corresponding
the 2, PES, of no relevance for the binding properties of theelectronic density distribution in Fig.(& V shows a global
2, state. maximum that is strongly peaked &t=z=0, i.e., exactly

For the binding properties of the, 3tate, whose PES between both nuclei, which are locatedt=1.9 andz=0,
meets the 2 PES at the above-mentioned conical intersectespectively. The outer maxima, which are separated by
tion point, the vibronic coupling effects play, as we shall seenodes from the global maximum, occur on the internuclear
shortly, an important role. Similar to thg PES, the 3PES  axis at the positiongx|=2.5. The value of the global maxi-
[see Fig. 4b)], which will be discussed in the remaining part mum is approximately three times that of the outer maxima.
of this subsection, possesses its global minimur®&90°.  Since the ¢ PES is for 456 <90° energetically well sepa-
However, this potential well is separated by a potential barrated from the PESs of all other states with the same sym-
rier from a second minimum & =0°. The depths of both metries, vibronic coupling effects are negligible in this re-
potential wells, i.e., the dissociation energies, are almosgime. The large probability of finding the electron between
equal (e3=3.641x10 % €3°=3.689<10 ?), while the cor-  both nuclei for6=90° leads to a screening for the nuclear
responding equilibrium internuclear distances differ by 0.5charges and a lowering of the potential energy. The forma-
(R3=4.87 andRZ3=5.37). In spite of the minimum of the;3 tion of the two-dimensional well of the ;2PES around
PES at©=0°, the parallel configuration cannot be consid-©=90° has, therefore, its origin in the strong localization of
ered as stable since the conical intersection with the loyer 2the electronic density in the form of a global maximum be-
PES is very close to the minimum of the well of the BES  tween both nuclei.
at ©=0°[cf. Fig. 4(c)]. Vibronic interaction is therefore im- With decreasing angl® [cf. Figs. 5a) IV for ©=60° and
portant close to the bottom of the well@t=0° and causes a 5(a) Il for ©=30°), the absolute value of the inner global
strong mixing of the electronic and nuclear wave functionsmaximum decreases rapidly and eventually becomes only a

A wave packet originally located on the uppgrsdirface will  local maximum. The potential energy thereby increases
rapidly decay to the lowersurface, followed by the disso- strongly according to the contour plot of Fig@ Further-
ciation process of the molecule. more, as the angl® decreases the line connecting the three

In contrast to the potential well around the parallel con-maxima of the electronic density become more inclined with
figuration, the well with the global minimum arou=90°  respect to thex axis. ForO=15° the two global maxima of
is energetically well separated from all other states with thehe density are located | =|z| = 1.9, whereas the positions
same symmetries. Again an estimation shows that many vief the nuclei are given byx|=0.49 andx|=1.83. The elec-
brational states exist in the well of thgy PES located at tronic wave function has, therefore, acquired a strongly per-
6=90°, i.e., the orthogonal configuration of thgate is a turbed shape in the sense that the positions of the maxima
stable molecular state. In order to gain more insight and endeviate strongly from the positions of the nuclei and are, in
hance our understanding of the origin of the above-describegarticular, not located on the internuclear axis.
topological behavior of the PESs of thg @nd 3, states, we With further decreasing angl®, the inner local maxi-
consider in the following, the electronic probability density mum decreases further and eventually disappear® fed°
distributions for both states as a function of the arfgle [see Fig. %) |, which is taken forR.,=3.79). At ©=0° the
density peaks due to the outer maxima have become lower
but much wider than for other values of the an@le They

In Figs. 5a) and 8b) the electronic probability densities are located away from the internuclear axis, but with values
for the 2, and the 3 states are shown for several configura-of the z coordinate that are in between the nuclei. The com-

2. Electronic density distributions
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FIG. 5. Contour plots and the
electronic probability distributions
for selected values(R,0) in
nuclear configuration spacga)
Contour plot of the PES of the,;2
state and the electronic densities at
0=0°, 15°, 30°, 60°, and 901b)
Contour plot of the PES of they,3
state and the electronic densities at
.o =30 0=0°, 15°, 30°, 45°, 60°, and 90°.
(See the indicated points on the
straight lines on the individual
contour plot)
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ponent of the angular momentum parallel to the magnetidistanceR along the line in(R,0) space mentioned above.
field is now a conserved quantity and the observation that the&/e begin our investigation with the minimum of thg BES
electronic density is located away from the internuclear axisat ©=0°, which is identical to the equilibrium position of the
is a consequence of the finite angular momentum, which islg; state. The observed density distribution in Figo)d is
in our case of Fig. &) |, |m|=2 (see below. almost identical to that of the;zurface shown in Fig. (@) I.

The section through the,PES atO=0° belongs notto a The intersection of the 3surface atb=0° consists of two
single electronic state but to two states with different sym-electronic states with different symmetries: namely, the re-
metry. FOrR<4.5 we have the 4, state and foR>4.5 the  pulsive part forR<4.5 is due to the #, state and the attrac-
1w, excited electronic state. According to our discussion intive part forR>4.5 is due to the 4, state. The density dis-
Sec. IV B 1, we encounter a conical intersectiorRat4.5.  tribution at ©=0° reflects the attractive behavior of the
The fact that the electronic density distributions in Figr)3 potential-energy curve of thed] state, but, due to vibronic
is strongly located at values of tleecoordinate in between coupling effects(see the discussion abgyehis does not
both nuclei suggests an attractive behavior of the potentialdetermine the stability properties of the positi®0° on
energy curve for the 4, state, which is indeed the case. This, the 3, surface. If we now incline the internuclear axis with
however, does not determine the stability properties of th@espect to the magnetic-field direction, the potential energy
section through the 2PES at®O=0°, which, according to the increases stronglysee the contour plot of Fig.(5)]. This
above discussion, belongs to two different electronic statefact is reflected in the corresponding density distribution;
and results in a purely repulsive potential-energy curve.  both maxima become more and more peaked and are shifted

In Fig. 5(b) we show the changes of the density distribu-towards the positions of the individual nuclei. In addition,
tion of the 3 state with varying angl® and internuclear the maxima are connected via a ridge, i.e., we observe a
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saddle point between both nuclei. A snapshot of this redis-
tribution of the density is given in Fig.(B) Il for 6=15°.

The ridge that connects both global maxima is in Figp) 3l
hidden by the corresponding peak in front. We also observe
two small additional local maxima, each located close to the
position of the individual nucleus. This redistribution of the
density of the 3 state in the region of small values of the
angleO (0°<O<25°) leads to a strongly enhanced probabil-
ity of finding the electron close to the nuclei. The probability
density between both nuclei is, however, very small. This
decrease of the probability of finding the electron in the re-
gion between both nuclei leads to a weak screening of the
nuclear charges and, consequently, to the formation of the
observed potential barrier.

After crossing the potential ridge of thg PES we ob-
serve a rapidly growing density between both nuclei; the
ridge of the electronic density distribution that has connected
the two global maxima a®=15° becomes more and more
pronounced and, in particular, the saddle point on the ridge
that we have observed &=15° [cf. Fig. 5b) Il] is now
changing into an additional local maximum. Both small local
maxima that are located close to the nuclei decrease with
increasing angl®. These features are illustrated in Figbp
ll, where we have plotted the density distribution of the 3
state at©=30°.

Increasing angl® further, the density ridge that connects
the newly formed local maximum between both nuclei with
the global maxima vanishes. We consequently observe the
formation of nodes that separate the local inner maximum G, 6. potential-energy surfaces of tt@ 2, state andb) 3,
from the outer global maximgsee Fig. $) IV for ©=45°.  gtate shown together with their contour plots. (1) the conical
In addition, the value of the inner local maximum increasesntersection of the 4, and 1p, states abD=0° is illustrated.
more and more with increasing angheand eventually be-
comes the global maximum of the dendisge Fig. B) V]. 1. PESs of the 2 and 3, states

At ©=90° the value of the inner global maximum is two In Fi ; :
. . X g. 6(a) the PES of the 2state is shown together with
tljngslthe values of the outer mangf' Flgd E(bf) Vi ;he the corresponding contour plot for a field strengk1.0.
globa maxm(;lg) N no;/]v separate I Iy nlo es from t er?‘rteﬁ'he potential-energy curves that result from the sections
maxima. In addition, the two small local maxima, each 10-y,.5,gh the 2 PES at®=0° and 90° belong to the excited

cated close to_ an ir_1dividua| nucleu_s fer<90°, for the or- 1m, and 2 states, respectively. The, PES exhibits two
thogonal configuration have now disappeared. The three re;

2 ) ) ) = "potential wells with minima at(R2q=3.68, ©=0° and
maining maxima at the orthogonal configuration are, S|m|Ia(

RY=5.78, 6=90°), respectively. Both potential wells are
- . q 1 1
g_tggoc?ssag dtr(])?] :E?Zx?sntﬂéyigae):lg}gbc; tmgzii?;[ﬁmatis separated by a potential barrier. The global minimum of the

d h iain while th local X | 2, PES, located ab=0°, corresponds to the minimum of the
gg?etgrg ﬂx?t Z 8 g;’gl'gl XVO' (Iantcgrr?[;];?irsooncivitrr?atlzgngeﬁrs?tyo_lwu state for the parallel configuration. Hence the depth of
AL A x| ==, e ) .7 the potential well around the parallel configuration is given
distribution of the g state atb=90°, the obtained probabil- b b g g

. . : N the dissociation energy of the w] state, i.e.,
ity density of the 3 state for the orthogonal configuration is 0 _g 35441072 |n comparison with the shallow potential
more widely distributed. Since the, 3tate is, for0>30°, D |

icall I qf I oth Ss with hWeII at the orthogonal configuration, the potential well
energetically well separated from all other '.DE N W't t €around the parallel configuration is much more pronounced,;
same symmetry, the observed strong electronic density maxjp o depth of the potential well at©=90° is

mum between both nuclei explains the formation of the tWO'e%°:5.278>< 1072, A rough estimation of the spacing of the

dimensional potential well of the,3ES around its 0rthogo- ;hational states of the nuclear motion in each potential well
nal equilibrium configuration. shows that there exist a large number of vibrational states in
the potential well for the parallel, as well as for the orthogo-
nal configuration. Since the,2PES is energetically well
separated from all other PESs within our considered range of
We turn now to the discussion of the lowest excited statesiuclear coordinate spadsee Fig. €3)], the 2, state pos-
with ungerade parity. Analogous to the preceding subsectiorsesses two stable molecular configuration®&t0° and 90°.
we first consider the PESs themselves and subsequently €Xhe conical intersection point of the, PES at©=0° and
plain the topological properties of thg, 2and 3 PESs by R~1.6 with the lower } state occurs in the strongly repul-
investigating the corresponding density distributions withsive part of the 2 PES and is therefore irrelevant for the
varying angle©. dynamics and in particular the bound-state properties in the

conical
intersection 14 u

E(R6) (a.u)

C. Lowest excited states with ungerade parity
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potential wells located a®=0° and 90°. The 2electronic  tion of the 2, PES atO=0° belongs, as mentioned above, to
state is therefore an example for a “double-well state”; it the so-called bonding, state. The electronic density dis-
possesses two stable molecular configurations that correribution of the I, state at its equilibrium position is illus-
spond to positions of higher symmetithe parallel and or- trated in Fig. 7a) I. It possesses two density crests separated
thogonal configurationand are separated by a potential bar-py a node line along the axis. They are strongly peaked in
ner. _ _ the x direction, which corresponds to the direction perpen-
So far all stable states discussed above, i.e., he2l,  dicular to the magnetic field. Each of the two crests exhibits
3y, and 2, states, show equilibrium configurations for dis- tvo maxima at approximatelyx|~1.0 and|z|~1.25. Be-
tinct positions of higher symmetry. This picture changes ifyyeen both maxima of a given density crest, the electronic
we turn to the 3 state. The PES of the, 3tate, together with density shows only a very minor decrease. Since the posi-

its contour plot, is illustrated in Fig.(B) for B=1.0. The tions of the nuclei are dk|~1.84 andz=0.0, the large prob-

obviously different feature is the existence of a m'n'mum.OfabiIity of finding the electron in the region close to the inter-

the PES aB+#0°,90°. This minimum is also the global mini- ; ;
. ’ 27 P nuclear axis forz values between both nuclei leads to an
mum and is located aR¢,=5.2, ©=27°). The correspond- efficient screening of the nuclear charges and is responsible

|ng||p_ot(32ngi1g<wle()I[|25 x\vell ptr_onotgnce(?c, t'r‘]e" the dep|>th cl)f th1'Esf0r the formation of the well-pronounced potential well ob-
WELLIS 2. - AN estimation ot the energy 1€VeIS of o aq if we now incline the internuclear axis with respect

the nL_JcIear motion in thi_s_well shows that th_er_e exist Manys the magnetic field we have, from the point of view of the

vibrational states. In addition t_o _the global minimum, 'E)hue 3 2, PES, to climb up the potential barrier towards its ridge.

CES sl possesses clocl iU 8670 S0, The ncsase o angy s 1 crespanang pat, i
90 TN . - - is indicated in the contour plot of Fig(d), from the parallel

(ep =8.338<107), it contains significantly fewer vibra- agonfiguration(l) via the points Il and Il to the top of the

tional states than the potential well located at the glob I . : : .
minimum. Both wells of the 3PES are, analogous to thg 2 nergy barrier is reflected itself in the corresponding density

PES, separated by a potential barrier. However, in contrast
the 2, PES, the ridge of the barrier of thg BES is the curve

distributions: each density crest observed3at0° changes
Rith increasing anglé® more and more into a density peak.

) | p i h th PES The maxima are thereby shifted towards the individual nu-
In nuclear configuration space where the uppgr clei, i.e., we observe a density maximum close to the posi-

comes colosest to the, PES. The section through thg BES 5 o each nucleus and between both nuclei. In addition,
at ©=0° represents an energy maximum. This section

. . } each density peak develops a shoulder that decreases rapidly
through the 3 PES consist of two different parts: the UPPET \yith further increasing angl®. The redistribution of the
part belongs to the ¢, state whereas the lower part arises

; density from the parallel configuration to the top of the po-
from the 15, state[see Fig. 6c)]. These two states cross each . : o -
other at the conical intersection poifiR~6.7,0=0°) where, tential barrier of the 2PES is illustrated in Figs.(@ Il and

from the point of view of the PES, the lower, 3urface Il for ©=15° and 30%, respectively. Since both density

: ; S .-~ . _peaks are always separated by a valley, the probability of
touches the_ upper,4PES. Since 'Fh's conical Intersection Is finding the electron close to the internuclear axis and be-
!ocated far into the.pu_rely repuIS|_\/e part of theRES, it is tween both nuclei decreases rapidly with increasing afigle
|rreleyant for the binding properties of thg State. The §. and reaches its minimum &=35°, which corresponds to
state is therefore an example for a molecular state with e top of the energy barrier Aftér passing the ridge, the
strong symmetry lowering in its global minimum, i.e., it ex- i '

L . shape of the distribution changes dramatically. In addition to
hibits the effect of a global symmetry lowering0]. the inner maxima we now observe the formation of two outer

density peaks that are separated by nodes from the other
maxima. These outer maxima increase rapidly within a cer-
The topological behavior of the PES is essentially detertain range of values o, while the inner maxima decrease.
mined by the redistribution of the electronic density with At ©=45°, the outer maxima are the global density maxima
varying internuclear distanc® and, in particular, angl®. and the height of the inner density peaks is roughly half that
In order to gain insight into the behavior of the PESs of theof the outer maximégsee Fig. 7a) IV ]. With further increas-
2, and the 3 states we again consider the density distribu-ing angle© the two outer maxima start to decrease, while
tions of the 2 and 3, states at several distinct configurations the inner maxima now begin to incredsé. Fig. 7@ V]. At
(R,0). The configuration$(R; ,0;), i =1, Il,...,VI] we have the orthogonal configuration all density peaks, the inner as
chosen for the 2state lie on the line that connects the globalwell as the outer maxima are located on the internuclear axis,
minimum of the PES a©=0° with the local minimum at which points along the axis. In addition, the inner maxima
©=90°[see the contour plot of the, PES in Fig. 7Ta)]. The  are again the global maxima. The existence of two large
density distributions of the 3state at the chosen configura- density maxima between both nuclei is the reason for the
tions[(R;,0;), i=1, 1l,...,VI] lie on the line that passes the observed potential well around the orthogonal equilibrium
global minimum of the corresponding PES&#27° and the  configuration. However, since these two inner maxima are
local minimum at®=90° [cf. the contour plot of the 3PES  separated by a node line along thaxis, the screening of the
in Fig. 7(b)]. nuclear charges is incomplete, i.e., the corresponding poten-
We start our investigation of the electronic density withtial well is, in comparison to that of the bonding 2tate,
that of the 2 state, beginning at the equilibrium configura- much flatter. Finally, we remark that the node line of the 2
tion ©=0° and increasing the ange® to the equilibrium density distribution along the axis (x=0) at ©=90° reflects
configuration©=90°. Within the considered nuclear coordi- the ungerade parity of the state considered. As we shall see
nate spacéR,0) [see the contour plot in Fig.(&], the sec- below, this feature occurs also for the density distribution of

2. Electronic density distributions of the 2and 3, states
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FIG. 7. Contour plots and the electronic prob-
ability distributions for selected valudR,0) in
nuclear configuration spacé) Contour plot of
the PES of the 2state and the electronic densi-
ties at©=0°, 15°, 30°, 45°, 60°, and 901b)
Contour plot of the PES of the,3tate and the
electronic densities &=0°, 20°, 27°, 40°, 45°,
and 90°.(See the indicated points on the straight
lines on the individual contour plogt.
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the 3, state at the orthogonal configuration. nishing angleO [cf. Fig. 6b)]. This conical intersection and
The redistribution of the electronic density for thes3ate  surface repulsion, which are effects due to vibronic coupling,
with varying angle® is illustrated in Figs. ®) 1-VI. The lead to the purely repulsive behavior of thg BES around
path we have chosen in order to investigate the changes €¥=0° (see also the discussion of thg RES. If we further
the probability density is recorded on the contour plot of theincline the internuclear axis with respect to the magnetic
corresponding 3 PES shown in the center of Fig.bj. field and choos@®=20°, the 3 PES is again energetically
Again we start our investigation at the parallel configurationwell separated from both the lowey and the upper APES
©=0° andR=4.57[see Fig. ™) I]. As already mentioned in and the corresponding density distribution is again an indi-
Sec. IV C 1, the energy curve that belongs to thePES at  cator of the topological properties of thg BES. This situa-
O=0° consists, due to the higher symmetry, of two parts: thdion is illustrated in Fig. ?) Il. The density distribution
upper part fromR=0 to R~6.7 belongs to the bonding#], = possesses two strongly peaked maxima, each located close to
state, which possesses its equilibrium internuclear distance ah individual nucleus. In addition, we observe two local
R=5.79[29], whereas the lower part ranging frdR~=6.7 to  maxima, separated by nodes and located close to the inter-
R—o belongs to the so-called antibonding,1state. The nuclear axis and between both nuclei. The height of the local
density distribution shown in Fig.(B) | therefore belongs to maxima is roughly five times smaller than the maximum
the bonding stated, . The shape of this density distribution values of the global density peaks. This electronic probabil-
is very similar to that of the 4; and 1, states considered ity density exhibits a relatively low probability of finding the
above. However, the conical intersection of thePES with  electron close to the internuclear axis between both nuclei
the upper 4 PES leads to a strong repulsion of thea®id 4, and reflects, therefore, the behavior of the corresponding 3
PES if we change the parallel configuration to small, nonvaPES at©=20°; i.e., this configuration is located still rather



53 ADIABATIC POTENTIAL-ENERGY SURFACES OF THE H' . .. 3881

far from the bottom of the two-dimensional potential well, rium configuration. However, because of the occurrence of a

which contains the global minimum of thg BES. node line along the axis, the corresponding potential well is
With increasing angl® the global density peaks decrease not very well pronounced.

rapidly while the absolute values of the local maxima in-

crease. At the global equilibrium position of thg BES, i.e.,

at R=5.2 and©=27°, the density peaks that formerly were

the global maxima are now local maxima and are located |n the present paper we have studied the ground as well as
close to the nuclefsee Fig. T) Ill]. The local maxima at  several excited magnetically dressed states of fleiéh for
©=20°[cf. Fig. 7(b) Il ] have now become the global density arbitrary orientations of the internuclear axis with respect to
maxima, but they are still located close to the internucleathe magnetic-field axis. The key ingredient for our extensive
axis between both nuclei. In addition, always one pair ofnumerical calculations of the molecular electronic states and
global and local maxima is connected via a saddle point; th@otential-energy surfaces in the fixed nuclei approximation
position of the corresponding saddle point of each doublevas a recently established and optimized basis set of gener-
peak is very close to an individual nucleus. Both double pealkalized atomic orbitals.
density structures are separated by a valley, i.e., by a node. In the first part of our investigation we studied the six
Therefore, in comparison with the situation@t=20° [Fig.  lowest gerade and ungerade states of th& idn in a strong
7(b) (11)], we observe a®=27° an enhanced electronic den- magnetic fieldB=1.0 with geradez parity at©=90°. The
sity close to the internuclear axis and between both nuclepotential-energy curves of the gerade states, i.e., the
This is the reason for the formation of a two—dimensionallg ,...,6g+ states, possess well-pronounced potential wells.
potential well in the 3 PES around the configuratid®=5.2,  The depths of these wells decrease with increasing degree of
0=27°. excitation. The potential-energy curves of the ungerade
Let us continue our journey along the indicated line on thestates, i.e., the I ,...,6, -states, exhibit also potential wells.
contour plot of Fig. T) and climb up the potential barrier However, in contrast to those of the gerade states, the wells
that separates the two wells of thg BES. We observe that of the magnetically dressed ungerade states are much flatter
the local maxima of the corresponding density distributionand their depths increase with increasing degree of excita-
have disappeared. A&d=40° [Fig. 7(b) IV], the global den- tion. By a harmonic approximation of the wells encountered
sity peaks have kept their positions close to the internucleare could show that, with the exception of the well of thg 1
axis between both nuclei, but have become broader. Thistate, the vibrational ground-state energy is much smaller
density distribution suggests that the correspondipg®BS  than corresponding depths of the wells and therefore many
exhibits attractive behavior in the vicinity of the point vibrational states exist in these wells.
R=5.5, ©6=40° (note that we are still inside the potential  Since the angl® between the internuclear and magnetic-
well, which contains the global energy minimum of the 3 field axes is an additional degree of freedom that, depending
PES. However, since the ridge of the potential barrier rep-on the field strength, has rotational and/or vibrational char-
resents the curve in nuclear configuration space where thacter, we have to take into account this degree of freedom in
upper 4 PES comes closest to thg BES, we expect the order to investigate the global binding properties of the states
density distribution to change dramatically if we further in- considered. In the central sectig8ec. I\V) of the present
cline the internuclear axis with respect to the magnetic fielcdbaper we therefore investigated the local as well as global
by a few degrees. In Fig.() V the electronic density dis- topological properties of the PES of several gerade and un-
tribution at R=5.62 and©=45°, which corresponds to a gerade electronic states. First of all, we considered the PES
position on the ridge of the potential barrier, is illustrated.of the gerade and ungerade ground states of tieieh in a
We observe four flat maxima separated from each other bynagnetic fieldB=1.0. Since the global properties of both
nodes. The global outer maxima are centered in the vicinitstates were already investigated in previous papers, we com-
of the individual nuclei while the two inner local density pared our data with the literature and obtained excellent
peaks are located close to the internuclear axis between bo#fyreement.
nuclei. With increasing angl®, each peak moves towards  Next we studied the PES of the first two excited magneti-
the x axis. Simultaneously the outer density maxima de-cally dressed gerade states of thg kbn, i.e., the g and
crease while the inner density peaks increase OAt90°,  states, in the same strong fide=1.0. The 2 PES and the 3
i.e., for the orthogonal configuration, all density peaks lie onPES exhibit their global minimum &=90°. By a harmonic
the internuclear axigsee Fig. tb) VI]. The outer maxima approximation of the corresponding two-dimensional poten-
are now the local ones and are separated by nodes from thi@al wells around the orthogonal equilibrium configuration
inner maxima. The inner density peaks are similar to thewve could show the existence of a large number of vibrational
corresponding density distribution of thg &tate atb=90°,  states in these wells. The 2nd 3 states are therefore ex-
the global maxima of the electronic density distribution, andamples of stable molecular states with a stable equilibrium
are located exactly between both nuclei. The positions of theonfiguration aB=90°. The reason for this behavior was, in
nuclei arelx| =3.33 andz=0. Analogous to the discussion of both cases, shown to be the strong redistribution of the prob-
the density distribution of the 2state for the orthogonal ability density if we turn from the parallel to the orthogonal
configuration, we conclude for the 8tate a©=90° that the  configuration; we observe the formation of a global probabil-
strongly enhanced electronic density between both nucléty density peak between the two nuclei, which reaches its
leads to an efficient screening of the nuclear charges anchaximum at©=90°. Due to a node line along the internu-
consequently to the formation of the observed two-clear axis in the corresponding density distribution of both
dimensional potential well around the orthogonal equilib-states aB=0°, such a global density maximum between the

V. CONCLUSION



3882 U. KAPPES AND P. SCHMELCHER 53

two nuclei is not possible for the parallel configuration. Inlarge number of vibrational states in the corresponding well
addition, atb=0° the lower g PES conically intersects the and therefore the 3state is an example of a stable molecular
upper 3 PES. In the vicinity of this intersection vibronic state with a strongly lowered symmetry at its equilibrium
coupling effects are important and thg @nd 3 states are configuration. Apart from the global minimum, thg BES
strongly coupled via the nuclear motion. Hence the addipossesses also a second flat potential well around a local
tional two-dimensional potential well of the; PES around  minimum at©=90°. This flat potential well also contains a
the parallel configuration does not provide a stable configutarge number of vibrational states, i.e., the orthogonal equi-
ration. librium configuration is also a stable configuration of the
Finally, we investigated the local as well as global topo-excited 3 state forB=1.0. Both minima of the 3PES again
logical properties of the 2and 3 PESs. The 2 PES pos-  have their origin in the appearance of global density maxima
sesses two minima: the global minimum occur®at0° and  close to the internuclear axis and between both nuclei.
a further local minimum is located &=90°. The corre- With increasing degree of excitation, it is to be expected
sponding two-dimensional potential wells are separated by gat the topological complexity of the adiabatic surfaces in-
potential barrier. In each potential well there exists a larggreases rapidly due to an increasing number of avoided
number of vibrational states. Therefore, the 2ate is an  crossings fol©+#0°,90°. The present investigation yields the
example of a double-well state: it possesses two stable m@g|evant data for a study of the nuclear dynantidbrational
lecular configurations a&=0° and 90°. The reason for the energies and oscillator streng}tis the potential-energy sur-
formation of the potential wells around the parallel and or-faces of the low-lying excited electronic states. The resulting
thogonal equilibrium configuration is again the fact that thetheoretically calculated spectroscopic data might be helpful

electronic probablllty denSity distribution at these distinctto ana|yze the observational data from the Corresponding
positions exhibits maximal values of the global density peakgosmic objects.

located between the two nuclei and close to or on the inter-
nuclear axis.

The equilibrium configurations of all stable molecular
states considered so far are located at positions of higher
symmetry. This picture changes if we consider thestate, The Deutsche Forschungsgemeinschaft is gratefully ac-
which exhibits its global minimum &®=27°. There exist a knowledged for financial support.
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