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Adiabatic potential-energy surfaces for higher excited states of the H2
1 ion

in a strong magnetic field

U. Kappes and P. Schmelcher
Theoretische Chemie, Physikalisch-Chemisches Institut, Im Neuenheimer Feld 253, 69120 Heidelberg, Federal Republic of Ge

~Received 18 March 1996!

We investigate the topology of the adiabatic potential-energy surfaces of the 4g (u) ,5g (u) ,6g (u) electronic
states of the hydrogen molecular ion in a strong magnetic field. The increasing complexity of the surfaces with
increasing degree of electronic excitation is demonstrated. Stable local as well as global molecular equilibrium
configurations are found for the parallel, perpendicular, as well as intermediate configurations.
@S1050-2947~96!01108-0#

PACS number~s!: 33.15.2e, 33.55.Be
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The behavior and properties of atoms and molecules
strong magnetic fields have become, in the past 20 yea
field of intense research. On the one hand, this was m
vated by the discovery@1# of huge field strengths~102–108

T! in the atmosphere of astrophysical objects such as w
dwarfs and neutron stars and, on the other hand, highly
cited atomic or molecular Rydberg states became acces
at laboratory field strengths of a few tesla both theoretica
as well as experimentally. Compared to the field-free sit
tion, the external magnetic field induces a strong chang
the electronic structure of these systems. For molecules t
exist several investigations on the low-lying electronic sta
of the hydrogen molecular ion H2

1 at astrophysical field
strengths that reveal a number of interesting phenomena
effects ~see Refs.@2–6# and references therein!. In the first
few investigations it was realized that the dissociation ene
for the ground state of the ion increases rapidly with incre
ing field strength. The overall size of the molecule here
decreases significantly due to the more complete scree
of the nuclear charges. Recent investigations@5# showed the
existence of two classes of excited electronic states of
H2

1 ion that are unbound in field-free space and beco
bound, i.e., stable, above some critical field strength and
even more strongly bound in the high-field regime.

In the presence of a magnetic field the adiabatic electro
potential energies depend, already for a diatomic molec
on the internuclear distanceR as well as the angleQ between
the internuclear and magnetic-field axes, i.e., they are t
dimensional surfaces. In a very recent work@6# the local as
well as global topological properties of the surfaces belo
ing to the three lowest electronic states of gerade and un
ade parity have been investigated. A variety of different p
sibilities for the topological behavior of the adiabat
potential-energy surfaces~PESs! have been derived and dis
cussed. In particular it has been shown that local as we
global equilibrium configurations of the ion occur not on
for the positions with higher symmetry~see below!, i.e., for
the parallel and perpendicular positions, but also for confi
rations that correspond to an inclination of the internucl
axis with respect to the external field. An example for t
latter case is the PES of the 3u electronic state, which exhib
its its global minimum atQ527°.

The subject of the present paper is to investigate the
havior and properties of the PES for higher excited state
541050-2947/96/54~2!/1313~5!/$10.00
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the H2
1 ion in a strong magnetic field. Specifically we wi

study the topology of the 4g,5g,6g and 4u,5u,6u excited adia-
batic electronic states, which will give us an idea of t
enormously increasing complexity of the spectrum of m
ecules in external fields with increasing excitation.

Before entering the discussion of the results of our ext
sive computation on the hydrogen molecular ion we brie
comment on some of the general properties of the adiab
electronic states and their PESs in the presence of a st
magnetic field. The molecular symmetry point groups of t
fixed-nuclei Hamiltonian@7# for a diatomic molecule in a
magnetic field depend strongly on the orientation of the
ternuclear axis with respect to the magnetic field. For
parallel configuration of a homonuclear diatomic molecu
the symmetry point group isC`h , whereas the orthogona
configuration possesses theC2h symmetry group. For arbi-
trary values of the angleQ only parity is conserved, i.e., we
obtain the inversion groupCi . The parallel and orthogona
configurations are therefore distinguished by their hig
symmetry. Two PESs that possess different symmetrie
eitherQ50° or 90° are allowed to cross each other witho
interacting atQ50° or 90°, respectively. If the two PES
possess the same parity, these crossings turn into avo
crossings if we incline the internuclear axis with respect
its parallel or orthogonal position. The common manifold
the intersecting PESs is therefore a conical intersection po
The avoided crossings forQ50°,90° are a consequence o
the noncrossing rule@8#, which holds for our case of a com
plex Hermitian eigenvalue problem with equal parity stat

Our electronic-structure calculations have been perform
using a generalized atomic orbital basis set@9#, which has
been optimized recently@10#. The typical number of atomic
orbitals we used throughout our calculations was roug
360. In spite of the excellent convergence properties of
corresponding symmetry-adapted molecular orbitals,
computations for the higher excited PESs were very ti
consuming. A large number of grid points in~R,Q! space
was necessary in order to construct each PES. The total C
time of our large-scale computations amounts to 11

2 years on
an R4000 Silicon Graphics workstation. For details of t
numerical method as well as the computational techniq
we refer the reader to the literature@5,9,10#. We remark that
throughout the paper we will use atomic units.

In the following we consider the higher excited adiaba
1313 © 1996 The American Physical Society



la

c-

rv

t
he
of

1
th
te

u-
si
on

in

g
ic

th

t
ss
l

4
.

f
e

ith

te
to

ng-

as
ete

g
ll-
the

-
r
sso-
se

t

-
ali-
n
or
ni-

s

ur r
is
y

ith

1314 54U. KAPPES AND P. SCHMELCHER
4g (u),5g (u),6g (u) electronic states of the hydrogen molecu
ion embedded in a typical strong fieldB51.0 a.u.
~'2.353105 T!. Let us begin our discussion with the ele
tronic states of gerade parity for the two positionsQ50° and
90° distinguished by symmetry. Figure 1~a! illustrates the
intersections of the PESs, i.e., the potential-energy cu
~PECs! for the 4g,5g,6g electronic states atQ590°. The PEC
of the energetically lowest 4g surface is well separated from
the PECs of the higher excited states and belongs to
single electronic 4g

1 state. In contrast to this, the PECs of t
5g,6g PESs atQ590° are composite and exhibit a number
crossings that are indicated in Fig. 1~a! through the encircled
regions labeled byA, B, andC. The PEC of the 5g surface at
Q590° belongs, for small internuclear distances, to theg

2

electronic state and for larger internuclear distances to
5g

1 state. The crossing of the corresponding PEC is loca
in their repulsive part, i.e., far from any equilibrium intern
clear distances. This crossing turns into an avoided cros
if we rotate the internuclear axis from the perpendicular c
figuration. In the two-dimensional~R,Q! space we therefore
encounter a conical intersection of the 5g and 6g PESs at
Q590° and forR'5.2. Finally, the PEC of the 6g PES at
Q590° belongs to three different electronic states. With
creasing internuclear distance we encounter the 5g

1,1g
2,6g

1

states and for large internuclear distances again the 1g
2 elec-

tronic state. This implies a total number of three crossin
i.e., conical interactions of the corresponding surfaces, wh
are indicated in Fig. 1~a! by the encircled regionsA, B,
andC.

Next let us consider the intersections, i.e., PECs, for
PESs of the 4g,5g,6g electronic states atQ50°, which are
illustrated in Fig. 1~b!. The PEC for the energetically lowes
4g surface consists of two major parts. Apart from the cro
ing in the strongly repulsive regime indicated by the labe
in Fig. 1~b!, this PEC belongs, for 4.0,R,10.1, to the 2sg
electronic state and, forR.10.1, to the 1Fg state. We en-
counter, therefore, two conical intersections of the lowerg
and upper 5g surfaces atQ50°, which are indicated in Fig
1~b! by the encircled regions labeled by I and III. The 5g PES
possesses, in addition, atQ50° two conical intersections

FIG. 1. Potential-energy curves belonging to the intersection
the total electronic energieseT(R,Q) at ~a! Q590° and~b! Q50°
of the 4g,5g,6g adiabatic electronic states. The labelsA–C and
I–IV indicate conical intersection points of the corresponding s
faces.
r

es

he

e
d

ng
-

-

s,
h

e

-
I

with the upper 6g PES, which are indicated in the PEC o
Fig. 1~b! by the encircled regions II and IV. The PEC of th
5g PES atQ50° belongs, for 4.0,R,8.1, to the 1gg state,
for 8.1,R,10.1 to the 1Fg state, for 10.1,R,14.7 to the
2sg state, and forR.14.7 again to the 1gg state. Finally, the
6g PES exhibits, of course, also the conical intersections w
the lower 5g PESs indicated as II and IV in Fig. 1~b! and its
PEC in Fig. 1~b! belongs within the displayed coordina
range to the 1Fg,1gg and for large internuclear distances
the 2sg adiabatic electronic states.

After having discussed the properties of the PEC belo
ing to the PES with gerade parity at the configurationsQ50°
and 90°, we study, in the following, the local as well
global topological properties of the corresponding compl
surfaces. Let us begin with the 4g surface. Figure 2 illustrates
the 4g PES in~R,Q! space together with the correspondin
contour plot. It possesses three minima with we
pronounced potential wells. Two of them are located at
positions distinguished by symmetry, i.e.,Q50°,90°, and the
third minimum is located atQ521°, i.e., at a position of
lower symmetry~remember that inversion is the only sym
metry left for QÞ0°,90°!. The corresponding internuclea
distances are 6.64, 6.62, and 6.25, respectively. The di
ciation energies belonging to the potential wells of the
minima are 2.53931022, 2.85931022, and 2.30031022, re-
spectively. The global minimum of the 4g PES is therefore
located atQ590°. The potential well around the minimum a
Q521° is well separated from the lower 3g surface ~the
minimal energetic distance is 2.83931022! as well as the
upper 5g surface. The PES of the 4g electronic state is there
fore a nice example for a surface that exhibits all three qu
tatively different kinds of minima and potential wells. I
particular vibronic interaction does not play a crucial role f
the low-lying vibrational states in these wells. The only co
cal intersection point of the 4g with the 5g PESs at~R510.1,
Q50°!, indicated in Fig. 2 by the label III@see also Fig.

of

- FIG. 2. Electronic PESeT(R,Q) and the corresponding contou
plot of the 4g electronic state. The global minimum of the PES
located at Q590°, R56.62 and has a dissociation energ
eD52.85931022. In addition there exist two local minima atQ50°
and 21°. The label III indicates the conical intersection point w
the upper 5g surface.
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54 1315ADIABATIC POTENTIAL-ENERGY SURFACES FOR . . .
1~b!#, is located far from the stable vibrational configur
tions.

Next let us consider the PES of the 5g state, which is
illustrated together with the corresponding contour plot
Fig. 3. This surface possesses also three minima, but
one of them is located at a position distinguished by symm
try, i.e., at Q590°. The two other minima are located
Q59° and 33°. The corresponding internuclear equilibriu
distances are 7.66, 7.50, and 7.10, respectively. Around
minima we encounter well-pronounced potential wells of d
ferent elliptical shape, which can clearly be seen in Fig.
The dissociation energies are 2.37631022, 4.15331022, and
2.81331022, respectively. The global minimum of the 5g
PES is therefore located atQ59°, i.e., at a position tha
possesses low symmetry. The 4g and 5g surfaces possess th
smallest distance, i.e., come closest to each other in the
mediate neighborhood of the minima located atQ59° and
33°. The energetical distance of the 4g and 5g PESs at the
minimumQ59° of the 5g surface isDe53.95531023 and at
the minimumQ533° we haveDe51.06531022. The occur-
rence of the minima atQÞ0°,90° is at least partially a con
sequence of the repulsion of the PES due to the noncros
rule. With increasing degree of excitation, the number
avoided crossings, and therefore also the number of pote
wells located atQÞ0°,90°, increases rapidly. The conic
intersection points of the 5g PES mentioned in the discussio
of Fig. 1 ~see above! are indicated in Fig. 3 with II, III, and
IV for the perpendicular configuration and withA for the
parallel configuration.

Finally, Fig. 4 shows the PES and its contour plot of t
6g electronic state. It possesses two well-pronounced po
tial wells for QÞ0°,90°. The corresponding minima are l
cated at~R58.5, Q516°! and ~R58.5, Q540°!. The disso-
ciation energies are 1.2531022 and 1.431022, respectively.

FIG. 3. Electronic PESeT(R,Q) and the corresponding contou
plot of the 5g electronic state. The global minimum of the PES
located at Q59°, R57.5 and possesses a dissociation ene
eD54.15331022. The two other local minima occur forQ590°
and 33°. AtQ50° we encounter three conical intersection poin
labeled II, III, and IV. The perpendicular configuration shows on
one conical intersectionA in the strongly repulsive part of the cor
responding potential-energy curve.
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The two wells are separated by a potential barrier that
energetically much higher than the corresponding dissoc
tion energies. The low-lying vibrational states in these two
dimensional wells represent stable molecular configuration
The well located atQ516° is separated by another potentia
barrier from a third well located atQ50°. The latter well
contains, however, no vibrationally stable states because
the conical intersection II of the 6g and 5g surfaces, which is
located at the minimum of this well. The 6g PES possesses,
at Q590°, according to the discussion of Fig. 1~a! ~see
above!, three conical intersections with the lower 5g surface.
The Q590° configuration is not a stable molecular configu
ration for the 6g excited electronic state.

In the following we discuss the properties of the PES
belonging to the electronic states with ungerade parity. T
PESs belonging to the gerade and ungerade states cross
other without interacting. First of all, we again restrict our
selves to the positions of distinguished symmetry, i.e., w
consider the PECs for the positionsQ50° and 90°. Figure
5~a! shows the intersections, i.e., PECs, of the 4u,5u,6u PESs
for the perpendicular configurationQ590°. The PEC of the
lowest 4u PES atQ590° belongs, for arbitrary internuclear
distance, to the 4u

1 state and is energetically well separate
from all other PECs. In contrast to this, the PEC of the 5u
PES atQ590° belongs, forR,6.2, to the 1u

2 state and, for
R.6.2, to the 5u

1 state. The transition point represents
conical intersection point of the upper 6u surface with the
lower 5u surface. It is indicated in Fig. 5~a! by the encircled
region with the labelA. On the other hand, the PEC of the
upper 6u surface atQ590° belongs, forR,6.2, to the 5u

1

and, forR.6.2, to the 1u
2 state.

Next let us turn to the intersections, i.e., PECs, atQ50°,
which are illustrated in Fig. 5~b!. The PEC of the 4u surface

y FIG. 4. Electronic PES and the contour plot of the 6g state. The
global minimum occurs forQ540°, R58.5 with a dissociation en-
ergy eD51.431022. A local minimum occurs forQ516°, R58.5.
At Q50° we encounter two conical intersection points labeled
and IV. The intersection point II is located at the bottom of the we
aroundQ50°. ForQ590° we have three conical intersection point
A, B, andC.
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1316 54U. KAPPES AND P. SCHMELCHER
at Q50° belongs, forR,6.7, to the 1du state and, for
R.6.7, to the 1fu state. The transition point represents
conical intersection point of the lower 3u PES with the 4u
PES and is indicated in Fig. 5~b! by the encircled region
labeled IV. The PEC of the 5u PES atQ50° belongs, for
R,9.8, to the 1hu state and, forR.9.8, to the 1gu state. The
conical intersection point II is the point where the upper 6u
surface touches the 5u PES. The decomposition of the PEC
of the 6u PES atQ50° is more complicated. For small in-
ternuclear distancesR,8.3 it belongs to the 2pu electronic
state, for 8.3,R,9.8 to the 1gu state, for 9.8,R,10.7 to
the 1hu state, and forR.10.7 to the 2su state. These four
different parts of the PEC are separated by three coni
intersection points labeled in Fig. 5~b! with I, II, and III. The

FIG. 6. Electronic PES and the contour plot of the 4u state. The
surface possesses three minima: a shallow well aroundQ590°,
R57.57, a second deeper well aroundQ535° with
eD52.27431022, and the global minimum atQ50° and R56.7,
which is, however, unstable due to the conical intersection with t
lower 3u surface.

FIG. 5. Potential-energy curves belonging to the intersections
the total electronic energieseT(R,Q) at ~a! Q590° and~b! Q50°
of the 4u,5u,6u adiabatic electronic states. The labelsA and I–IV
indicate conical intersection points of the corresponding surface
al

intersection points I and III correspond to intersections w
energetically even higher excited PESs, whereas the inter
tion point II belongs, as already mentioned above, to
intersection of the 5u,6u surfaces.

We turn now towards a discussion of the topology of t
two-dimensional PESs for the 4u,5u,6u electronic states. Fig-
ure 6 illustrates the PES for the 4u state in ~R,Q! space
together with its contour plot. The surface exhibits thr
minima. Two of them are located at the positionsQ50°,90°
of higher symmetry and the third minimum occurs fo
Q535°. The corresponding internuclear distances

e

FIG. 7. Electronic PES and the corresponding contour plot
the 5u state. There exist two minima with well-pronounced potent
wells at Q539°, R57.65 andQ590°, R58.41. In addition, we
have a shallow well atQ515°.A and II are the conical intersection
with the upper 6u PES.

FIG. 8. Electronic PES and the corresponding contour plot
the 6u state. There exists one well-pronounced potential well arou
the minimum at Q530°, R58.25 with a dissociation energy
eD51022. I, II, and III indicate the intersection points atQ50°
andA is the only intersection point for the purely repulsive PEC
Q590°.
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54 1317ADIABATIC POTENTIAL-ENERGY SURFACES FOR . . .
R56.7, 7.57, and 6.4, respectively. The depths~dissociation
energies! of the three underlying potential wells ar
2.61531022, 0.96831022, and 2.27431022. The global
minimum is therefore located atQ50°. However, this mini-
mum is given by the conical intersection IV of the 3u and 4u
PESs atQ50° ~see also the discussion above!. A wave
packet located in the potential well atQ50° of the upper 4u
surface will, due to vibronic interaction, decay rapidly to t
lower 3u surface. The global minimum including the requir
ment of stability is therefore the minimum atQ535°.

Next let us discuss the PES of the 5u state, which is
shown in Fig. 7 together with the corresponding contour p
This surface possesses minima with well-pronounced po
tial wells at ~R57.65,Q539°! and ~R58.41,Q590°!. The
corresponding dissociation energies are 2.14831022 and
1.01831022, respectively. The global minimum is therefo
located atQ539°, i.e., just above the ridge of the lower 4u
PES. Indeed, the energetic distance of these two surfac
particularly small~5.77131023! at the position of the globa
minimum of the 5u PES, which indicates the importance
vibronic interaction for the formation of this minimum. I
ge
.
c

t.
n-

is

addition, there exists a very shallow minimum or structu
located at~R57.5, Q515°! with a depth of 231023. The
PES of the 5u state exhibits two conical intersections: one
Q590°, shown in Fig. 7 by the labelA, and one atQ50°,
indicated by the label II~see, in particular, also the discu
sion of the intersections atQ50°,90° above!.

Finally, Fig. 8 illustrates the PES of the 6u electronic
state. According to the discussion of Figs. 5~a! and 5~b!, we
encounter three conical intersections with the PES of theu
electronic state atQ50° ~labeled I, II, and III in Fig. 8! and
one conical intersection~labeledA! at Q590°. The parallel
and perpendicular configurations do not correspond to st
molecular configurations for the 6u electronic state. Apart
from a very shallow channel, the 6u PES possesses a pote
tial well around the minimum located at~R58.15,Q530°!
and with a dissociation energy of approximately 1022. This
well extends far in the direction of increasing internucle
distance and contains vibrationally stable states.
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