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Adiabatic potential-energy surfaces for higher excited states of the I ion
in a strong magnetic field
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We investigate the topology of the adiabatic potential-energy surfaces of; g% () .64 (u) €lectronic
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.
[S1050-294{6)01108-0

PACS numbd(s): 33.15—¢€, 33.55.Be

The behavior and properties of atoms and molecules ithe H,* ion in a strong magnetic field. Specifically we will
strong magnetic fields have become, in the past 20 years, sdudy the topology of the 454,6, and 4,,5,,6, excited adia-
field of intense research. On the one hand, this was motibatic electronic states, which will give us an idea of the
vated by the discoverjl] of huge field strength§l0>~1°  enormously increasing complexity of the spectrum of mol-
T) in the atmosphere of astrophysical objects such as whitecules in external fields with increasing excitation.
dwarfs and neutron stars and, on the other hand, highly ex- Before entering the discussion of the results of our exten-
cited atomic or molecular Rydberg states became accessibééve computation on the hydrogen molecular ion we briefly
at laboratory field strengths of a few tesla both theoreticalllcomment on some of the general properties of the adiabatic
as well as experimentally. Compared to the field-free situaelectronic states and their PESs in the presence of a strong
tion, the external magnetic field induces a strong change ahagnetic field. The molecular symmetry point groups of the
the electronic structure of these systems. For molecules thefixed-nuclei Hamiltonian[7] for a diatomic molecule in a
exist several investigations on the low-lying electronic statesnagnetic field depend strongly on the orientation of the in-
of the hydrogen molecular ion H at astrophysical field ternuclear axis with respect to the magnetic field. For the
strengths that reveal a number of interesting phenomena angérallel configuration of a homonuclear diatomic molecule
effects(see Refs[2—6] and references therginin the first the symmetry point group i€..;,, whereas the orthogonal
few investigations it was realized that the dissociation energgonfiguration possesses t&, symmetry group. For arbi-
for the ground state of the ion increases rapidly with increastrary values of the angl® only parity is conserved, i.e., we
ing field strength. The overall size of the molecule herebyobtain the inversion groug;. The parallel and orthogonal
decreases significantly due to the more complete screeningpnfigurations are therefore distinguished by their higher
of the nuclear charges. Recent investigatiffisshowed the symmetry. Two PESs that possess different symmetries at
existence of two classes of excited electronic states of theither®=0° or 90° are allowed to cross each other without
H, " ion that are unbound in field-free space and becoménteracting at®=0° or 90°, respectively. If the two PESs
bound, i.e., stable, above some critical field strength and angossess the same parity, these crossings turn into avoided
even more strongly bound in the high-field regime. crossings if we incline the internuclear axis with respect to

In the presence of a magnetic field the adiabatic electroniis parallel or orthogonal position. The common manifold of
potential energies depend, already for a diatomic moleculehe intersecting PESs is therefore a conical intersection point.
on the internuclear distanétas well as the angl® between The avoided crossings fd®=0°,90° are a consequence of
the internuclear and magnetic-field axes, i.e., they are twothe noncrossing rulg8], which holds for our case of a com-
dimensional surfaces. In a very recent woéf the local as plex Hermitian eigenvalue problem with equal parity states.
well as global topological properties of the surfaces belong- Our electronic-structure calculations have been performed
ing to the three lowest electronic states of gerade and ungeusing a generalized atomic orbital basis g which has
ade parity have been investigated. A variety of different posbeen optimized recently10]. The typical number of atomic
sibilities for the topological behavior of the adiabatic orbitals we used throughout our calculations was roughly
potential-energy surfacd®ES$ have been derived and dis- 360. In spite of the excellent convergence properties of the
cussed. In particular it has been shown that local as well asorresponding symmetry-adapted molecular orbitals, our
global equilibrium configurations of the ion occur not only computations for the higher excited PESs were very time
for the positions with higher symmetifgee beloy, i.e., for  consuming. A large number of grid points (R,®) space
the parallel and perpendicular positions, but also for configuwas necessary in order to construct each PES. The total CPU
rations that correspond to an inclination of the internucleatime of our large-scale computations amounts fodars on
axis with respect to the external field. An example for thean R4000 Silicon Graphics workstation. For details of the
latter case is the PES of thg 8lectronic state, which exhib- numerical method as well as the computational techniques
its its global minimum a®=27°. we refer the reader to the literaturg9,10. We remark that

The subject of the present paper is to investigate the bethroughout the paper we will use atomic units.
havior and properties of the PES for higher excited states of In the following we consider the higher excited adiabatic
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FIG. 1. Potential-energy curves belonging to the intersections of
the total electronic energies(R,0) at (a) ®=90° and(b) ®=0°
of the 4,,5,,6, adiabatic electronic states. The labéls-C and
I-1V indicate conical intersection points of the corresponding sur-

FIG. 2. Electronic PE$;(R,®) and the corresponding contour

faces. plot of the 4, electronic state. The global minimum of the PES is
I i f the hyd leculgr'0cated at ©=90°, R=6.62 and has a dissociation energy
% (12 (1 Gy (u electronic states of the hydrogen molecular €, =2.859<10 2 In addition there exist two local minima ét=0°

ion embedded in a typical strong fiel=1.0 a.u.
(~2.35x10° T). Let us begin our discussion with the elec-
tronic states of gerade parity for the two positids0° and
90° distinguished by symmetry. Figurdal illustrates the with the upper § PES, which are indicated in the PEC of
intersections of the PESs, i.e., the potential-energy curveBig. 1(b) by the encircled regions Il and IV. The PEC of the
(PECs for the 4,,54,6; electronic states &=90°. The PEC 5, PES at®=0° belongs, for 4.8(R<8.1, to the 1, state,
of the energetically lowestg4surface is well separated from for 8.1<R<10.1 to the ®, state, for 10.£xR<14.7 to the
the PECs of the higher excited states and belongs to thgo, state, and foR>14.7 again to the 4, state. Finally, the
single electronic g state. In contrast to this, the PECs of the 6, PES exhibits, of course, also the conical intersections with
54,64 PESs ad=90° are composite and exhibit a number of the lower § PESs indicated as Il and IV in Fig(l) and its
crossings that are indicated in Figalthrough the encircled PEC in Fig. 1b) belongs within the displayed coordinate
regions labeled b, B, andC. The PEC of the psurface at  range to the ® 4,1y, and for large internuclear distances to
©=90° belongs, for small internuclear distances, to the 1 the 27, adiabatic electronic states.
electronic state and for larger internuclear distances to the After having discussed the properties of the PEC belong-
5; state. The crossing of the corresponding PEC is locatethg to the PES with gerade parity at the configurati@rs0°
in their repulsive part, i.e., far from any equilibrium internu- and 90°, we study, in the following, the local as well as
clear distances. This crossing turns into an avoided crossinglobal topological properties of the corresponding complete
if we rotate the internuclear axis from the perpendicular consurfaces. Let us begin with thg gurface. Figure 2 illustrates
figuration. In the two-dimensionaR,0) space we therefore the 4, PES in(R,0) space together with the corresponding
encounter a conical intersection of thg &d § PESs at contour plot. It possesses three minima with well-
©=90° and forR~5.2. Finally, the PEC of the 6PES at pronounced potential wells. Two of them are located at the
®=90° belongs to three different electronic states. With in-positions distinguished by symmetry, i.®=0°,90°, and the
creasing internuclear distance we encounter tlj'elg,Gg third minimum is located ab®=21°, i.e., at a position of
states and for large internuclear distances again fheléc-  lower symmetry(remember that inversion is the only sym-
tronic state. This implies a total number of three crossingsmetry left for ®+0°,909. The corresponding internuclear
i.e., conical interactions of the corresponding surfaces, whicllistances are 6.64, 6.62, and 6.25, respectively. The disso-
are indicated in Fig. ® by the encircled regiong\, B, ciation energies belonging to the potential wells of these
andC. minima are 2.53910 2, 2.859<10 2, and 2.30x10 2, re-
Next let us consider the intersections, i.e., PECs, for thepectively. The global minimum of the,4£ES is therefore
PESs of the ¢,54,6, electronic states a®=0°, which are located al®=90°. The potential well around the minimum at
illustrated in Fig. 1b). The PEC for the energetically lowest ©=21° is well separated from the lower, 3urface (the
4, surface consists of two major parts. Apart from the crossminimal energetic distance is 2.8820 ?) as well as the
ing in the strongly repulsive regime indicated by the label lupper § surface. The PES of the,£lectronic state is there-
in Fig. 1(b), this PEC belongs, for 4:0R<10.1, to the 2,  fore a nice example for a surface that exhibits all three quali-
electronic state and, fdR>10.1, to the ®, state. We en- tatively different kinds of minima and potential wells. In
counter, therefore, two conical intersections of the lowgr 4 particular vibronic interaction does not play a crucial role for
and upper 5 surfaces aB=0°, which are indicated in Fig. the low-lying vibrational states in these wells. The only coni-
1(b) by the encircled regions labeled by I and Ill. ThePFEES  cal intersection point of the Awith the § PESs atR=10.1,
possesses, in addition, &=0° two conical intersections ©=0°), indicated in Fig. 2 by the label Il[see also Fig.

and 21°. The label Il indicates the conical intersection point with
the upper g surface.
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FIG. 3. Electronic PES(R,®) and the corresponding contour
plot of the § electronic state. The global minimum of the PES is
located at®=9°, R=7.5 and possesses a dissociation energy G, 4. Electronic PES and the contour plot of theséate. The
ep=4.153x10"2. The two other local minima occur fo®=90°  4i5hal minimum occurs fo®=40°, R=8.5 with a dissociation en-
and 33°. At®=0° we encounter three conical intersection pomtsergy e5=1.4X1072. A local minimum occurs fo®=16°, R=8.5.
labeled I1, 1ll, and IV. The perpendicular configuration shows only o; @=0° we encounter two conical intersection points labeled I
one conical intersectioA in the strongly repulsive part of the cor- 54 v, The intersection point Il is located at the bottom of the well
responding potential-energy curve. around®=0°. For®=90° we have three conical intersection points

A, B, andC.
1(b)], is located far from the stable vibrational configura-
tions. The two wells are separated by a potential barrier that is

Next let us consider the PES of thg State, which is energetically much higher than the corresponding dissocia-
illustrated together with the corresponding contour plot intion energies. The low-lying vibrational states in these two-
Fig. 3. This surface possesses also three minima, but onlgimensional wells represent stable molecular configurations.
one of them is located at a position distinguished by symmeThe well located a®=16° is separated by another potential
try, i.e.,, at®=90°. The two other minima are located at barrier from a third well located a®=0°. The latter well
©®=9° and 33°. The corresponding internuclear equilibriumcontains, however, no vibrationally stable states because of
distances are 7.66, 7.50, and 7.10, respectively. Around thie conical intersection Il of theyGand § surfaces, which is
minima we encounter well-pronounced potential wells of dif-located at the minimum of this well. Thg, ®ES possesses,
ferent elliptical shape, which can clearly be seen in Fig. 3at ®=90°, according to the discussion of Fig(al (see
The dissociation energies are 2.378) 2, 4.153x10 2, and  abovs, three conical intersections with the lowgy Surface.
2.813<10 2, respectively. The global minimum of the; 5 The ®=90° configuration is not a stable molecular configu-
PES is therefore located &=9°, i.e., at a position that ration for the § excited electronic state.
possesses low symmetry. Theahd § surfaces possess the  In the following we discuss the properties of the PESs
smallest distance, i.e., come closest to each other in the inbelonging to the electronic states with ungerade parity. The
mediate neighborhood of the minima located®t9° and  PESs belonging to the gerade and ungerade states cross each
33°. The energetical distance of thg dnd § PESs at the other without interacting. First of all, we again restrict our-
minimum ©=9° of the §, surface isAe=3.955x10 *and at  selves to the positions of distinguished symmetry, i.e., we
the minimum®=33° we haveAe=1.065<10 2 The occur-  consider the PECs for the positiofls=0° and 90°. Figure
rence of the minima a®+0°,90° is at least partially a con- 5(a) shows the intersections, i.e., PECs, of thebd6, PESs
sequence of the repulsion of the PES due to the noncrossirfgr the perpendicular configuraticB=90°. The PEC of the
rule. With increasing degree of excitation, the number oflowest 4, PES at®=90° belongs, for arbitrary internuclear
avoided crossings, and therefore also the number of potentiaistance, to the # state and is energetically well separated
wells located at®+0°,90°, increases rapidly. The conical from all other PECs. In contrast to this, the PEC of the 5
intersection points of the,SPES mentioned in the discussion PES at®=90° belongs, folR<6.2, to the 1, state and, for

of Fig. 1 (see aboveare indicated in Fig. 3 with II, Ill, and R>6.2, to the § state. The transition point represents a
IV for the perpendicular configuration and with for the  conical intersection point of the uppe(, 8urface with the
parallel configuration. lower 5, surface. It is indicated in Fig.(8 by the encircled

Finally, Fig. 4 shows the PES and its contour plot of theregion with the labelA. On the other hand, the PEC of the
64 electronic state. It possesses two well-pronounced potenupper § surface at®=90° belongs, folR<6.2, to the §
tial wells for ®+0°,90°. The corresponding minima are lo- and, forR>6.2, to the I, state.
cated at(R=8.5, ®=16°) and(R=8.5, ®=40°). The disso- Next let us turn to the intersections, i.e., PECsPat0°,
ciation energies are 1.2810 2 and 1.4<10 2, respectively. which are illustrated in Fig.(®). The PEC of the #surface
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FIG. 5. Potential-energy curves belonging to the intersections of
the total electronic energies;(R,®) at (@) ®=90° and(b) ®=0°
of the 4,,5,,6, adiabatic electronic states. The lab&lsand -1V
indicate conical intersection points of the corresponding surfaces.

FIG. 7. Electronic PES and the corresponding contour plot of
the §, state. There exist two minima with well-pronounced potential
wells at ®=39°, R=7.65 and®=90°, R=8.41. In addition, we
have a shallow well a®=15°. A and Il are the conical intersections

ith th PES.
at ®=0° belongs, forR<6.7, to the B, state and, for With the upper §

R>6.7, to the I, state. The transition point represents a. . . . . .
conical intersection point of the lower, PES with the ¢ intersection points | and Ill correspond to intersections with

PES and is indicated in Fig.(5 by the encircled region energetically even higher excited PESs, whereas the intersec-
labeled IV. The PEC of the BPES at®=0° belongs, for tion point Il belongs, as already mentioned above, to the
. u L

R<9.8, to the 1y, state and, foR>9.8, to the 1, state. The int(\a/(/section of the g;,GUdsurfz_ces. on of th | £ th
conical intersection point Il is the point where the uppgr 6 e turn now towards a discussion of the topology of the

surface touches the, FES. The decomposition of the PEC two-dimensional PESs for the,&,.6, electrqnic states. Fig-

of the § PES at®=0° is more complicated. For small in- Y€ 6 |Ilust'rate;s the PES for the, 4tate m(R,@)' space
ternuclear distanceB<<8.3 it belongs to the &, electronic to_ge_ther with its contour plot. The surfacg_exhlblts trlree
state, for 8.3XR<9.8 to the 1y, state, for 9.8R<10.7 to minima. Two of them are located at the_p_osmdthso ,90

the 1y, state, and foR>10.7 to the 2, state. These four of hlg?er symmetry and .the fchlrd minimum_occurs for
different parts of the PEC are separated by three conica@:35 . The corresponding internuclear distances  are
intersection points labeled in Fig(ty with I, 1, and Ill. The

A .
. N
1
'll' llllll = ":',[':":"':“::’?&0,

3 i,
3 -0 il g i
g il 1 ®
< 'g..'!','l _—~ ) e
> .26 &%'l" —~ < N
& 028 Al &
= -0 Y
W V.30 S v

03, | = 7
L0
s so -
%
<= " 19,

FIG. 6. Electronic PES and the contour plot of thestate. The FIG. 8. Electronic PES and the corresponding contour plot of

surface possesses three minima: a shallow well arddr®0°, the g, state. There exists one well-pronounced potential well around
R=7.57, a second deeper well aroun®=35° with the minimum at®=30°, R=8.25 with a dissociation energy
eD=2.274><10*2, and the global minimum a®=0° andR=6.7, eD=1O*2. I, Il, and 1l indicate the intersection points &t=0°
which is, however, unstable due to the conical intersection with thendA is the only intersection point for the purely repulsive PEC at
lower 3, surface. 0=90°.
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R=6.7, 7.57, and 6.4, respectively. The depftlissociation addition, there exists a very shallow minimum or structure
energiey of the three underlying potential wells are located at(R=7.5, ®=15° with a depth of X103 The
2.615<10°% 0.968<10°% and 2.27410 % The global PES of the 5 state exhibits two conical intersections: one at
minimum is therefore located &=0°. However, this mini- ~ ®=90°, shown in Fig. 7 by the labé\, and one a®=0°,
mum is given by the conical intersection IV of thg@&d 4, indicated by the label I(see, in particular, also the discus-
PESs at®=0° (see also the discussion abové\ wave  sjon of the intersections &=0°,90° abovi
packet located in the potential well @=0° of the upper ¢ Finally, Fig. 8 illustrates the PES of the, @lectronic
surface will, due to vibronic int.eraction., dece}y rapidly to,thestate. According to the discussion of Figéa)sand 5b), we
lower 3, surface. The global minimum including the require- encounter three conical intersections with the PES of the 5
ment of stability is therefore the minimum @&=35°.  gjectronic state a®=0° (labeled I, II, and Il in Fig. 8 and
Next let us discuss the PES of thg State, which is  one conical intersectioflabeledA) at ®=90°. The parallel
shown in Fig. 7 together with the corresponding contour plotang perpendicular configurations do not correspond to stable
This surface possesses minima with well-pronounced potenglecular configurations for the,6electronic state. Apart
tial wells at(R=7.65,0=39°) and(R=8.41,=9O°)2. The  from a very shallow channel, the, ®ES possesses a poten-
corresponding dissociation energies are 2A4#8 © and 5] well around the minimum located 4R=8.15, =30
1.018x10 2, respectively. The global minimum is therefore and with a dissociation energy of approximately” 10This

located at®=39°, i.e., just above the ridge of the lowef 4 \ye|| extends far in the direction of increasing internuclear
PES. Indeed, the energetic distance of these two surfaces d&stance and contains vibrationally stable states.

particularly small(5.771x103) at the position of the global
minimum of the § PES, which indicates the importance of = The Deutsche Forschungsgemeinschaft is gratefully ac-
vibronic interaction for the formation of this minimum. In knowledged for financial support.
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