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It is predicted that oriented BeO molecules would give rise to unprecedentedly strong, unidirectional
electric ring current and an associated magnetic field upon excitation by a right or left circularly
polarized laser pulse into the first excited degenerate singlet state. The strong toroidal electric ring
current of this state is dominated by the ring current of the 1. orbital about the molecular axis. Our
predictions are based on the analysis of the orbital composition of the states involved and are
substantiated by high level electronic structure calculations and wavepacket simulations of the
laser-driven orientation and excitation dynamics. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2994737]

I. INTRODUCTION

With the rapid advance of attosecond phys1cs ? it be-
comes relevant to explore numerically the dynamical motion
of electrons within molecular systems. On the subfemtosec-
ond time scale, the vibrational modes are frozen, introducing
an opportunity to trigger and directly probe electronic
dynamics,“"13 and coupled electron-nuclear dynamics.m_17

An interesting example of electron dynamics in bound
states of neutral molecules is unidirectional electron circula-
tion, or electric ring currents, and associated magnetic fields,
occurring in degenerate excited states that carry nonzero
electronic angular momentum. Such currents have been nu-
merically observed in atoms and ions," in oriented linear
molecules,w’20 and in oriented aromatic molecules.>' > Elec-
tric ring currents and associated magnetic fields can also be
generated in two-dimensional nanosized quantum rings by
means of picosecond laser pulses, e.g., by two shaped time-
delayed laser pulses with  perpendicular linear
polarizations,26 by circularly polarized laser pulses,27 or by
optimized laser pulses designed through optimal-control
theory.28 Electron circulation in chiral aromatic molecules
can be manipulated by means of linearly polarized laser
pulses,29’30 but the direction of the electric ring currents al-
ternates periodically after the end of laser pulses due to the
nondegeneracy of the excited states. Finally, in an analogous
way, circularly polarized laser pulses can also induce unidi-
rectional nuclear pseudorotation about the molecular axis of
linear triatomic molecules such as '"*CdH, (Ref. 31) or
FHF~.*? It has been proposed that high harmonic generation
by means of elliptically polarized laser pulses could serve to
observe this phenomenon in the laboratory.33 In general, one
expects the ring currents and induced magnetic fields to be
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stronger for diatomic molecules and atoms or ions than for
aromatic molecules because the former correspond to much
smaller current radii than the latter.">"

While electronic ring currents are a very general and
well-understood effect, their properties depend crucially on
the degenerate electronic states that carry them. Before labo-
ratory realization could be considered, it is thus important to
first develop guidelines for the design (or choice) of a mol-
ecule that would maximize the effect. Given the sensitivity
of the ring currents to the details of the electronic structure, it
is relevant also to make quantitative predictions of the ob-
servables based on high level electronic structure calcula-
tions. Finally, a major limitation of the approach is its reli-
ance on orientation of the molecule with respect to the
exciting laser polarization axes. Orientation is crucial here
since although states with nonzero electronic angular mo-
mentum (e.g., 7 that depend as e*'® on the angle of rota-
tion about the body-fixed Z-axis ¢) are associated with uni-
directional electron circulation in the molecular frame, an
isotropic mixture of these states does not exhibit unidirec-
tional current in the laboratory frame. The requirement of
alignment is common to all spectroscopies that attempt to
image the electronic structure or dynamics, including the
method of orbital tomography via high harmonic
generation34 and time-resolved photoelectron angular
distributions.® The additional requirement of orientation is
specific to the present approach and results from the handed-
ness (right versus left) of the observable considered. It need
be remarked that in the laboratory it is much more challeng-
ing to induce orientation than to induce alignment.%’37 All
previous studies of ring currents have assumed that the mol-
ecule is perfectly oriented with respect to the excitation laser
field. It is thus important to first assess the degree of orien-
tation that can in principle be induced in a molecule that is
expected to support strong ring currents and explore the ex-
perimental requirements to that end.

The goal of the present work is thus threefold. We first
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detail the set of criteria that candidate molecules should sat-
isfy and explain our choice of the BeO molecule as a suitable
model that is anticipated to support much higher currents
than those computed before. Next we carry out high level
electronic structure calculations of the ground and singlet
excited states of BeO. We proceed with quantum calculations
of orientation of BeO by moderately intense laser pulses (see
Refs. 36 and 37 for an early and a recent review, respec-
tively). Finally, we report calculations of the ring current and
associated magnetic field in BeO.

The BeO molecule has long attracted the attention of
ab initio quantum chemistry because of its large dipole mo-
ment, a magnitude particularly difficult to compute accu-
rately in polar diatomic systems. Earlier configuration inter-
action (CI),***’ coupled-cluster CCSD+T(CCSD),* and
CCSD(T) (Ref. 41) studies focused in the ground state
X 'S* whereas the first excited state A'Tl was computed at
low CI levels.*” Only recently were the excited states of the
molecule reported at the MRD-CI level of calculation® (very
recently also for the BeO* cation, see Ref. 44). Here, we will
carry out multiconfigurational perturbative second-order
computations employing the CASPT2 method® to analyze
the properties of the ground and singlet excited states of the
molecule.

In the following sections, we show that the strongest
unidirectional electric ring current and induced magnetic
field in the first excited degenerate bound singlet state of a
neutral molecule are achieved for the A 'TI, state of the ori-
ented BeO molecule. Our arguments for choosing the BeO
molecule are detailed in Sec. II, where we describe also our
CASPT?2 results. We present quantum simulations of the ori-
entation of the BeO molecule by means of a linearly polar-
ized picosecond laser pulse in Sec. III and of the excitation
of the strong electric ring current and induced magnetic field
in the oriented BeO molecule in Sec. IV, see also Fig. 1. The
final section provides a brief summary and conclusions.

Il. MODEL SYSTEM

We open this section by discussing the criteria for choice
of a suitable molecule that would maximize the electric ring
current. We look for a class of molecules with following set
of properties: (i) the molecule is electric neutral; (ii) the
ground singlet state of the molecule is bound and nondegen-
erate, carrying no electric ring current, for example, a 'S, 'A,
or 'B state; (iii) an excited degenerate singlet state, for ex-
ample, a 1., or 'E. state, is energetically located below the
ion states, and hence could be excited with no risk of multi-
photon ionizations; and (iv) the excited degenerate state is
bound, and therefore the electric ring current and induced
magnetic field can persist in the excited bound state for a
long period (where “long” is quantified below).

Within the theory of electric ring currents and induced
magnetic fields, it was predicted that in one-electron ions the
effects are strongest for atomic 2p. orbitals and for large
nuclear charges Z, i.e., the electric ring current and induced
magnetic field at the nucleus increase with the nuclear charge
Z as 7% and Z?, respectively.'® For many-electron systems
Z can be approximately replaced by the effective nuclear
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FIG. 1. Optimized right circularly polarized, ultrashort few-cycle laser pulse
incident on the oriented BeO molecule and propagating along the molecular
and space-fixed z-axis during the revival of the field-free rotational wave-
packet. Field-free orientation of the BeO molecule is induced by means of a
picosecond laser pulse that is linearly polarized along the excitation field
propagation direction axis (not shown). The parameters of the circularly
polarized laser pulse are £,=10.05 GV m™ (I,4,.=26.8 TW cm™), fiw,
=1.04 eV=8388.2hc cm™! (with a laser cycle of duration A7,=3.98 fs),
7.=2.74 fs (1,,=21.2 fs). The arrows indicate the sequence of few laser
cycles as observed in the molecular frame when the pulse passes by.

charge Z.s, which can be estimated using the Slater rules. 4’

For molecules, the linear combination of atomic orbitals mo-
lecular orbital (LCAO-MO) approximation can be used to
estimate the ring currents and associated magnetic fields
based on our understanding of the atomic case. For example,
the predicted electric ring current about the Al nucleus and
the induced magnetic field at the Al nucleus in the A 'TI.
state of the AICl molecule are |I,|=430 wA and [B(r,)|
~6.0 T, where the LCAO-MO expansion of the lowest un-
occupied molecular orbital (LUMO) 4. was used.'® These
estimates compare well with the CASSCF values |l
=313 pA and |B(ra)|=7.7 T."” Furthermore, smaller cur-
rent radii yield stronger electric ring currents and induced
magnetic fields. This result can be readily understood within
the current loop model. Thus, the effects are stronger in lin-
ear molecules, where the current radii are small, than in ring-
shaped molecules, where they are typically larger. For ex-
ample, the electric ring current about the Mg nucleus and
induced magnetic field at the Mg nucleus in the 4 'E, .. state
of the ring-shaped molecule Mg-porphyrin are |/|
=845 uA and |B(ry,)|=0.16 T, respectively. The much
weaker effects as compared to those computed for AICI are
predominantly the result of the different current radii in the
two cases, R=6.32a, for Mg-porphyrin whereas R=0.18a,
for AICL.'**

In the atomic case, strong effects are associated with
2p. orbitals, and hence the effects in the 1. orbitals of
diatomic molecules are expected to be strong, as these are
dominated by the 2p . orbitals of the atomic constituents. For
polyatomic linear molecules (with three or more atoms), one
expects the ring currents and induced magnetic fields to be
smaller than for diatomics because the molecular orbitals
have contributions of more atomic orbitals and therefore the
dominant atomic 2p. orbitals usually have smaller weights
than in diatomic molecules. Many of the diatomic molecules
consisting of atoms with larger Z., for example, Na,
Mg, and Al, are ruled out because the 17, orbitals lie
energetically sufficiently low that the first ionization energy
is smaller than the TI. state excitation energy. Diatomic
molecules containing F or Ne atoms do not satisfy all con-
ditions (i)—(iv), for example, the first excited states A 'TI.. of
HeNe, HF, and LiF molecules are dissociative and those of
BeF and BF do not correspond to the orbital transitions
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FIG. 2. Potential energy curves AE,(R)=E,(R)-Ey(R,y) for the ground
(i=0) and lowest excited (i=1,2,3,...) singlet states of the BeO molecule
for bond lengths between R=2.1qa, and 3.5a,. The ionization potential of the
ground state (IP=9.88 eV) is marked. The arrow indicates the dipole-
allowed electronic transition from the ground X 'S* state into the excited
A 'TI, or A 'TL_ states (corresponding to excitation by means of a right or
left circularly polarized ultrashort laser pulse, respectively), see also Fig. 1.
The horizontal dashed line indicates the classically allowed vibrational
range in the excited A 'TI. state between the classical turning points of
R,=R, x=2.54a, and R,=3.14a,. The equilibrium bond length of the excited
state A 'l is R, ,=2.784,.

(172)—(50) or (1m+)—(60) but rather (50)— (27.).
These considerations lead us to the choice of the BeO mol-
ecule, which satisfies the conditions (i)-(iv) and is expected
to carry strong electric ring currents and induced magnetic
fields in the first excited state A 'TL..

Figure 2 shows the potential energy curves AE(R)
=E,(R)-E((R, ) of the electronic ground (i=0) and excited
(i=1,2,3,...) singlet states |¥;) of the BeO molecule, as
calculated by means of the CASSCF(6,12)/CASPT2
method.”**7? We included six electrons and 12 orbitals in
the active space and used an atomic natural orbital relativis-
tic core correlated (ANO-RCC) 554p2d1f contracted basis
set for both the Be- and the O-atom, including scalar relativ-
istic effects by means of the Douglas—Kroll transformation.>
The standard CASPT2 zeroth-order Hamiltonian was
employed,45 supplemented with an imaginary level shift pa-
rameter of 0.1E, to prevent intruder state problems.54 Our
quantum chemical calculations used the MOLCAS 6.0 program

Orientation, toroidal current, and magnetic field in BeO molecules
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package.SS’56 Table I presents the excitation energies AE;
=AE/(R, x)=E{(R,x)—EyR,x) and the absolute values of all
nonzero dipole transition matrix elements [M,;|=|M;/(R, x)|
=[(¥ (R, x)IM|¥ (R, x))| with zero Z-component of M,;. Our
results were computed at the CASPT2 equilibrium bond
length R, x=2.54a,, of the electronic ground state X IS*. This
equilibrium bond length compares well with the experimen-
tal (2.524,),”’ CCSD(T) (2.51a,),*" and MRD-CI (2.53a,)"
equilibrium bond lengths. The corresponding CASPT?2 rota-
tional constant at R=R, y is B, x=1.619hc cm™!, compared
to the experimental value of 1.651khc em™.’

For electric fields with nonzero x- and/or y-components,
e.g., for right circularly polarized laser pulses that propagate
along the Z-axis of the molecule (assumed oriented), the se-
lection rules for dipole transitions imply that all transitions
that do not satisfy AM;==*1 vanish, i.e., the transitions
S*F I, I+ A, II_«<A_, etc., are allowed, whereas
other transitions, e.g., %737, II.—Il., AL<A.,
ST AL, I, A TI_«A,, etc., are forbidden.

Table I lists also the dominant electronic configur-
ations of the electronic states of BeO at R=R,y with
the corresponding CASSCF weights. For example, the
first excited degenerate state A 'Il, is dominated by the
electronic configuration ...(177,)*(17_)(50) with a weight
of 96.1% and can be excited from the ground state
X 'S* with corresponding dominant electronic configuration
~(Im)*=...(1m)% (17 )* with weight of 67.4%. The
low-lying singlet excited state is therefore well characterized
as corresponding to the highest occupied molecular
orbital (HOMO)-LUMO transition (17_)— (50). Further-
more, the HOMO and LUMO have the LCAO-MO
expansions 17.=c,, 0)2p+(0)+cy, (pe)2p-(Be)+:-- and
50°=Cay(pe25(Be) + oy o 2P0(Be)+++ with  weights
|02Pt(0)|2=0'96’ |C2pt(Be)|2:O'O3 and |C2s(Be)|2=0'679
|cap,(Be)|*=0.31, respectively. Thus, the HOMO 1. is
strongly localized on the O atom with electric ring current
about the O nucleus, whereas the LUMO 50 is strongly lo-
calized on the Be atom, carrying no ring current. During the
electronic excitation from the ground X 'S* state to the tar-
get A 1H+ state, there is an electron transfer from the O- to
the Be-atom, corresponding to the HOMO-LUMO transition
(17_) —(50). Due to the dominant electronic configuration

TABLE 1. Quantum chemistry CASSCF/CASPT2 results for BeO at the equilibrium bond length

R, x=2.54a,.
State Dominant configuration ~ AE;(eV) IM,|/eaq *
XS+ (4021 (67.4%) 00000  A:0.686 E:0.851 G:0.717
AML  (Im)—(0) (96.1%) 12367  X:0686 B:0371 C:1349 D:0.948  F:0.693
B 'St (40)—(50) (80.2%) 2.4852 A:0371 E:1.154 G:0.246
C IAi (172) — (272) (95.7%) 5.5636 A:1349 E:0.074 G:0.518
D '3 (1) — (27,) (48.4%) 55773  A:0.948 E:0.004 G:0.400
(17,)— (2m.) (48.4%)
E IHi (40)— (27) (95.5%) 6.7417 X:0.851 B:1.154 C:0.074 D:0.004  F:0.275
F ISt (17,)— (2m,) (31.0%) 7.5513 A:0.693  E:0.275 G:0.145
(17)— (27.) (31.0%)
G 1H1 (17+)—(60) (94.7%) 7.7462 X:0.717 B:0.246  C:0518 D:0400 F:0.145

See the text for the relevant selection rules.
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...(1m,)2(17_)(50) of the excited state, the net electric ring
current is dominated by that of the 14, orbital with weight of
at least 96.1%.

Considering next the properties of the ground electronic,
X 'S+ state, we find that the CASPT2 permanent electric
dipole moment at R=R,x is u(R,x)=Mgy(R,x)|
=[(¥o(R, x)|M|¥y(R, x))|=6.50 D, somewhat higher than
the early experimental estimation of 5.766 D.” Other re-
ported values, including the CCSD(T) result (6.25 D) (Ref.
41) and the MRD-CI result (6.14 D),* are in close agree-
ment with our CASPT?2 result. Note that the direction of the
dipole vector is from the O- to the Be-atom because the
partial charges of Be and O are positive and negative, respec-
tively. The first ionization potential of BeO at R=R,y is
IP=9.88 eV at the CASPT2 level, which compares with the
experimental value of 10.1=0.4 eV (Ref. 58) better than the
MRD-CI value, 10.64 eV.*

The CASPT2 equilibrium bond length of the excited
state A T, is R, 4=2.78a, in agreement with the experi-
mental (2.76a,) (Ref. 57) and MRD-CI (2.79a,) (Ref. 43)
values. The corresponding CASPT2 rotational constant at
R=R,, is B,4=1.351hc cm™!. The equilibrium displace-
ment of the potential curves of the ground X 'S* and excited
A 'TI.. states is thus AR,=R, s,—R,x=0.26a,. Due to this
displacement, there are dominant Franck—Condon (FC)-type
electronic excitations from the vibrational ground state v=0
in the electronic X 'S* state to the vibrational excited states
v'=0, 1, 2, 3, 4, and 5 in the electronic A 'TI. state with
weights of 0.12, 0.23, 0.25, 0.18, 0.12, and 0.06, respec-
tively. These weights are estimated using experimental spec-
troscopic constants of the potential curves X 'S* and

0 (r=0)

J. Chem. Phys. 129, 164303 (2008)

A 1l_[a_,.57 The classical turning points due to the vibration of
the BeO molecule in the excited state A 'TI. after the elec-
tronic FC excitation X 'S*—A 'Il. are R =R, y=2.54a,
and R,=3.14a,.

lll. ORIENTATION OF THE BeO MOLECULE

We consider ground state BeO molecules at a rotational
temperature 7, hence the initial state is the X 'S*(»=0)
vibronic state with a Boltzmann distribution of the rotational
levels [JM) (J=0,1,2,...,Jp and M=—J,—J+1,...,
J—1,J). Rotation-vibration coupling is neglected, as we con-
sider time scales much shorter than the time scales at which
the effects of such interactions are observable.”” In the rigid-
rotor limit, the ground state rotational energies are
Ey=B,xJ(J+1) and the Boltzmann weights are calculated as

o~ Bex/I+1)/kgT

Jimax -B, xJ(J+1)/kgT "
2 (20 + 1)eBex 5

P(J) = (1)

For the BeO molecule at T=1 K, the first three Boltzmann
weights are P(0)=0.972, P(1)=0.009, and P(2)=107°.
Linearly polarized half cycle pulses (HCPs) have been
previously shown to give rise to molecular orientation®* >
(see also the introduction of Ref. 63), but do not satisfy the
condition of the far-field approximation of Maxwell’s

equati(>ns,64’65 i.e.,
f E(1)dt=0. (2)

Here, we construct a linearly polarized electric field of the
form

E(r)=-¢&1, cosz(%;t&)%in(wl(t -t,))e, (0=t=t,) (3)

-& (1~ e—(l—fp,[)/TlJ)e—(t—tplyl)/TZIeZ

where &, &, are electric field amplitudes, w, is the carrier
frequency, ¢, =/ w, is the pulse duration of the first part of
the laser pulse, 7,;, 7, are the switch-on and switch-off
times of the second part of the laser pulse, respectively, and
the index [/ denotes linear polarization. The condition that the

electric field (3) is smooth at r=t,, leads to

52,1

9’
€ A

(4)

=
and the condition (2) yields

1 [ 1 1 5)
Ty = + +—.
! 2"’1271,1 4“’?7%,1 w,2

The first part of the laser pulse (0=¢=t,) is similar to the
HCP, and its magnitude exceeds that of the second part of the

(t = tp,l),

laser pulse (1=1,,), |€;,/>|&,|. The latter half has a long
tail that ensures that the condition (2) would be satisfied. To
provide a useful compromise between a large amplitude ratio
and an acceptable switch-off time, we use in the present
work &, ;/ &, ,=10. Since the dipole vector points from the O-
to the Be-atom, we choose the laser parameters so as to
optimize the orientation of the BeO molecule along the nega-
tive space-fixed z-axis (see also Fig. 1), hence the amplitudes
&, and &, are taken to be negative. With the amplitude &,
and carrier frequency w; optimized to yield tight (inverted)
orientation of the BeO molecule, we find the values
£,=-1000 MVm™ and #Aw=12.0hc cm .  Thus
&,;=-10.0 MV m™!, the pulse duration is = o
=1.39 ps, and the switch-on and switch-off times [Egs. (4)
and (5)] are estimated as 7;,=44.2 fs and 7,;=4.47 ps.
The maximum intensity of the laser pulse is

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



164303-5 Orientation, toroidal current, and magnetic field in BeO molecules J. Chem. Phys. 129, 164303 (2008)
0 a H. = Be,XJ2 (7)
) n
§ -20 and J is the total angular momentum operator. The time-
=1 dependent rotational wavepacket |W,,(¢)) is expanded in
LS 40 terms of the rotational eigenstates [JM) of H, as
-60 ‘lmax J
JM. iM; —iEb it
b [Wwiiy= 2 2 ChfiolM)e =, (8)
1.0 J=0 M=-J
T oos . . -
g with the initial condition
= 06
@] TM:
= o4 Wi (1= 0)) = /M. )
02 Inserting the ansatz (8) and (9) into Eq. (6), one obtains
1.0 a set of coupled equations for the time-dependent expansion
c coefficients,
0.5
s A nnﬂ Aa it g d T T
» 0.0 ¢ : My
z W STV lhd—ch () =-pR,)E. (1) > > (IM|cos 6lJ'M")
S~ t ! ’ !
0.34 ps J'=0 M'=—J
-0.5 —>{l—
i M
o 10.3ps X eI E -EQURCIM: () (10)
0 5 10 15 20 25 30 35 40
t/ps with initial condition
FIG. 3. z-component of the time-dependent electric field E_(¢) (panel a) and C;’le;l i(t=0)= 9, I, 5MM,.~ (11)

its intensity 7,(f)=ce|E,(#)|* (panel b). The pulse parameters in Eq. (3) are
&,=-100 MV m™', &,=-10 MV m™!, Aw=12.0h¢ cm™, 7,=1.39 ps,
7,=44.2 fs, and 7,,=4.47 ps. Panel c shows the thermally averaged time-
dependent expectation value {cos 6),(r) at T=1 K. The orientation revivals
(marked by vertical lines) are spaced by the rotational revival time 7, x
=10.30 ps of the electronic ground state X 'S*. The orientation duration
[taken to be the time at which |{cos 6)4()|>0.5] is 0.34 ps.

Lnay=ceo max|E(1)[*’=1.12 GV ecm™  since  max|E;(1)]
=65.0 MV m™' <|&, |. Figures 3(a) and 3(b) present the
z-component of the time-dependent electric field
E(1)=E_/(r)e, [Eq. (3)] and the corresponding time-
dependent intensity 1,()=ceg|E,(t)|*, respectively. This laser
pulse is very similar to the experimental laser pulse shown in
Fig. 2 of Ref. 66, i.e., with almost the same pulse shape and
duration, but with lower intensity.

The carrier frequency %w,=12.0hc cm™' used here is
small with respect to the experimental vibration frequency of
the electronic ground state fiw, y=1487.3hc¢ cm™' (Ref. 57)
and with respect to the excitation frequency of the first ex-
cited electronic state A 'TI.. at the equilibrium bond length,
AE (R, x)=1.2367 eV=9974.7hc cm™!. Thus, the laser fre-
quency w; is far off resonant with all vibrational and elec-
tronic excitations and hence the molecule remains in the
electronic and vibrational ground states, X 'S*(v=0), while
the moderately intense field populates a broad rotational
wavepacket. The time-dependent Schrodinger equation is
written within the electric dipole approximation as

iﬁ%|qfrol(t)> = (Hyoi— (R, x)c0s 0 E. ()| W,o(2)), (6)

where H, is the rigid-rotor rotational Hamiltonian,

The selection rules J'=J=* 1 and M’ =M simplify the differ-
ential equations (10) as

J
d » max )
iﬁd_t J}(Z’(l) =— u(R,YE, (1) 2 (JM}|cos 6lJ'M,)
J'=0
X o~iEX ‘E“;()”hC;’}Aﬁi(t) (12)
and
Cﬁl}/‘]/[i(t) =0 (13)

for M # M. The time-dependent rotational wavepacket (8) is
thus

‘,mﬂx

V) = 2 C e (14)
J=0

rot

The matrix elements (JM |cos 6|J'M;) for J'=J = 1 are given
explicitly as®"%®

(IMj|cos 61’ M}y = (= DMN Q2T+ 1)(2J' + 1)

J 1 J J 1J
X . (15)
M; 0 —M;/J\0 0 O
Equations (12) and (11) are solved by means of the
Runge-Kutta method of fourth order (Simpson rule)® with a
time step size of Ar=5 fs, with which the norm of the time-
dependent coefficients is converged to within 107°.

To quantify the degree of molecular orientation, we cal-
culate the time-dependent expectation value of cos 6 as

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



164303-6 Barth, Serrano-Andrés, and Seideman

rot rot

{cos 0>J’_Ml_(t) (WIMi(1)|cos 6| F/Mi(r))

E (CHIW)C (1)
J.J'=0

r

X{JM|cos 6lJ'M; )e“ X B (16)

The corresponding thermally averaged time-dependent
expectation value is given as a Boltzmann average over the
initial state-selected values of Eq. (16),

‘Il max ‘/

(cos O)r()= > P(J) E (cos 6>JM(t) (17)

J=; i M=J;
where, at T=1 K, J; ,;,=0 and J; ,,,,,=2. Positive and nega-
tive signs of (cos 6);(¢) correspond to orientation in the posi-
tive and negative z-directions, respectively, and [(cos 6);(t)|
=1 corresponds to the idealized limit of perfect orientation.
Figure 3(c) shows the thermally averaged expectation value
(cos B);(r) at T=1 K for the optimized laser pulse. The ori-
entation takes a minimum value of —0.850 shortly after the
turn off, implying strong orientation of the molecule in the
negative z-direction. As expected, an early dephasing is fol-
lowed at long times by a series of revivals at which the
orientation is periodically reconstructed at intervals of the
rotational revival time.”’ For the electronic ground state of
the BeO, 7., x=7%/B,x=10.30 ps. The orientation dura-
tions are 0.34 and 0.17 ps for absolute values of {(cos 6)(z)
larger than 0.5 and 0.8, respectively.

The time- and angle-resolved distribution of the rota-
tional wavepacket for a rotationally selected parent state
|/;M,) is obtained as an integral over the (isotropic) ¢ distri-
bution,

21
wisoaP= [ o enrde, (8)
0

and the corresponding thermally averaged time-dependent
angular distribution is

‘]I max

W (0.07= X PU) 2 l‘lfmt i(6,1)]>. (19)

Ji=J;

i,min

Figure 4 shows the normalized angular distribution
|W,0(0,1)|%sin @ (T=1 K) at the instance of almost perfect
negative orientation of the BeO molecule r=¢"=21.88 ps
and the instances at which the peak orientation revives
1=1"+nT,yx (n=0,1,2,...), where the angular distribution is
focused in the 160° —180° range. Also shown in Fig. 4 is the
initial angular distribution at =0.

IV. ELECTRIC RING CURRENT AND INDUCED
MAGNETIC FIELD IN ORIENTED BeO MOLECULES

In this section we assume that the BeO molecule in the
electronic ground state X 'S is perfectly oriented along the
z-axis, a condition that can be approximately achieved using
the method described in Sec. III, where the almost perfect
orientation attained at the revival times is shown to persist
for about 170 fs through which [{cos #);|=0.8. This time is
much larger than the pulse duration (z,,=21.2 fs) of the

J. Chem. Phys. 129, 164303 (2008)
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FIG. 4. Thermally averaged normalized angular distribution of the rotational
wavepacket [V, (0,0)[2sin @ (T=1 K) at times f=f"+n7ey
(n=0,1,2,...) (bold curve) compared with the initial angular distribution
(dashed curve).

subsequent circularly polarized laser pulse that triggers elec-
tric ring currents. The effects of deviations from perfect ori-
entation are discussed at the end of this section. The circu-
larly polarized field is thus centered at a selected revival of
the rotational wavepacket, with its propagation direction
along the alignment field polarization direction, see Fig. 1.
The excitation electric field is defined through the vector
potential, 19:24

¢ sin(w, (- 1))
= - js(t - t*) + COS(wc(t - t*)) ’ (20)
¢ 0

Act(t)

with which the time-dependent right (+) or left (—) circularly
polarized electric field is written,
cos(w,(t — 1))
C+(t) Es(t—1")| £sin(w(t-17))
0

C+(t) -

sin(w, (¢t — 1))
+—5(t =] Feos(w(t-1%)) |,
, 0
(21)

with amplitude &, carrier frequency w,., and Gaussian-type
envelope,24

w(r—t" tye
oszo(¥> for |t—t*|5-?

s(t—1) = e . (22)
0 for |t—t*|>-?,

where 1, . is the total pulse duration. For the time propaga-
tion of the electronic states the initial and final times are set
to tg=1"~t,./2 and t;=1"+1, ./2, respectively, where " is the
instant of best orientation of the molecule in the negative
z-direction (or any of the subsequent times at which the peak
orientation is reconstructed). Note that the circularly polar-
ized electric field (21) satisfies the condition (2) automati-
cally, and that for few-cycle laser pulses the second term of
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Eq. (21) cannot be neglected. The time-dependent
intensity is calculated as [I.(t)=ceo|E.+(1)|?, which is
independent of the sense of the polarization. The maximum
of the intensity and the full width at half maximum are
Inax .=max I.(¢) and 7, respectively. Note that for few-cycle
laser pulses the corresponding simple relations for many-
cycle laser pulses given in Ref. 19, ie., Imax’czcsoé'? and
7.=0.1181, ., do not apply.

The laser parameters of the right (+) or left (=) circularly
polarized laser pulse (21) are determined in order to achieve
an almost perfect population transfer from the electronic
ground X 'S* to excited A 'TI, or A 'TI_ states of the BeO
molecule, respectively.19 The pulse duration 7,=2.74 fs is
taken to be much shorter than the vibrational period in the
excited state A 'TI. [7,4,4=29.2 fs (Ref. 57)], and therefore
we can assume that the nuclei are frozen during the FC elec-
tronic excitation. The optimized laser parameters of the cir-
cularly polarized laser pulse are £.=10.05 GV m~' and
fiw.=1.04 eV=8388.2hc cm™!, with a corresponding inten-
sity maximum of I, .=I.(r*)=26.8 TW cm™ and optical
cycle duration of Ar.=27/ w,=3.98 fs. Figures 5(a) and 5(b)
show, respectively, the x- and y-components of the time-
dependent electric field E (1) =E, (t)e,+E, (t)e, [Eq. (21)]
centered at r* for the right circularly polarized laser pulse,
see also Fig. 1. The corresponding time-dependent intensity
I.(1) is shown in Fig. 5(c).

The laser-driven electron dynamics of the BeO molecule
at the equilibrium bond length R, x=2.54a, is described,
within electric dipole approximation, by the time-dependent
electronic Schrédinger equation,

iﬁgm’el(ReXa 1))=(Hy-M- Eci(t))|\Pel(Re,X,t)>, (23)

where H, and M are the electronic Hamiltonian and dipole
operator, respectively. In an analogous way to that described
in Sec. 111, the time-dependent electronic state |W (R, x,1)) is
expanded in terms of electronic eigenstates [W,(R, x)) of H,
with electronic quantum numbers i=0,1,2,...,i,,, and cor-
responding eigenenergies Ei(R, x), thus

Imax

[WaRexo0) = 2 CLOIWAR, y)e FiReX 0l (24
i=0

with initial condition
[We(R, x.1=10)) = |Vo(R, x)) = [y 15+(R, x)), (25)

where i,,,+1=12 is the number of electronic states of the
BeO molecule considered, see also Table 1. Since the ioniza-
tion potential of the BeO molecule (IP=9.88 eV) is large
compared to the excitation energy of the target A 'TI., state
(AE,=1.24 eV), and the maximum of the intensity of the
laser pulse is well below the Keldish limit,”" it can be safely
assumed that continuum states describing ionization need not
be included in the expansion [Eq. (24)]. Inserting the ansatz
(24) and (25) into Eq. (23), we obtain a set of coupled equa-
tions for the time-dependent expansion coefficients,

Orientation, toroidal current, and magnetic field in BeO molecules
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FIG. 5. x- and y-components of the time-dependent electric field E, .(¢) and
E, (1) (panels a and b, respectively) and its intensity I.(t)=cgoE.. (1)
(panel ¢) for the optimized right circularly polarized ultrashort few-cycle
laser pulse shown in Fig. 1. Panel d shows the corresponding population
dynamics in the electronic X IS+ A IHH and C ]A+ states at the equilibrium
bond length R=R, y=2.54a, of the BeO molecule.

d imax .
ih- Cilt) == Eee(r) - 2 Mye SEPAE00C (), (26)
j=0

with initial condition
Cilt=1ty) = oy, (27)

for i=0,1,2,...,i,.x The absolute values of the dipole ma-
trix elements, [M;|=|M,;(R, y)|, and the excitation energies,
AE;=AE(R,x)=E/R,x)—E(R,x), for the BeO molecule
are given in Table 1. The selection rules for electronic exci-
tations are described in Sec. II. Equations (26) and (27) are
solved by means of the Runge—Kutta method of fourth order
(Simpson rule)® with a time step size of Ar=1 as.

The time-dependent populations P;(¢) of the electronic
states |W,(R, x)) are calculated as
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Pi(t) = |Ci(t)|2 (l - O’ 1’2 . mdx) (28)

and the dominant populations of the electronic states X 'S,
A 'I, and also C'A, are shown in Fig. 5(d) for the opti-
mized right circularly polarized laser pulse illustrated in
Figs. 1 and 5(a)-5(c). The near-resonance laser pulse induces
almost perfect population transfer from the ground X '3* to
the target A 'TI, states with the final populations, Py 13+(t)
=5X%10"7 and P, 1H+(tf)=1—6 X 1077, This corresponds to
the dominant HOMO-LUMO transition (17_) — (50). The
few-cycle laser pulse can induce the competing near-
resonant transition X 'S*—A 'II_, but the corresponding
population is small due to the oscillatory nature of the non-
rotating wave terms in Eq. (26). For instance,
max P, iy (£)=0.0077 and Py 1y (1) =2 X 1078, The stron-
gest dipole-allowed transition A 'TII, —C 'A, induces a
small transient population in the excited C'A, state,
max PC1A+(I)=0.0161, and P, 1A+(tf)=8>< 1078, It corre-
sponds to the dominant transition (5¢0)— (27,), see also
Table 1. All other states have negligible populations.

After the laser pulse, i.e., after the FC electronic excita-
tion from the ground X 'S* to target A 'II, states, the vibra-
tional wavepacket in the excited state A 'TI, begins to oscil-
late between the classical turning points R;=R, x=2.54a,
and R,=3.14a,, see Fig. 2. The final electronic state
¥, 71, (R)) is now dependent on the bond length R of the
BeO molecule and represents the R-dependent toroidal elec-
tric ring current of the electron about the molecular axis. We
will show that the electric ring current and induced magnetic
field are almost independent of the bond length R between R,
and R,, thus we can neglect the time dependence of the elec-
tric ring current due to the vibration of the molecule in the
excited state A ]H+. Furthermore, the excited state
A 'TI, represents the dominant HOMO-LUMO transition
(17_) — (50) with weight of 96.0% = 0.6% for bond lengths
between R; and R,. Thus, the net electric ring current of the
state A 'TI, is dominated by the electric ring current of the
1, orbital with the same weight. The R-dependent elec-
tronic current density of the A 'TI, state can be approximated
by that of the molecular orbital (17,)=1m,(R,p,z)e'® with
the azimuthal quantum number M; =1, ?

. . fi
ja i, (Rop.2) = Jam)(Rp.2) = —— pllm(R,p,z)lz%,
e

(29)

where the cylindrical coordinates (p,z, ¢) are used. Note that
the positions of the Be- and O-nuclei are set to z=0 and
z=R, respectively. Therefore, for M; # 0 the ¢-component of
the current density is the only one which does not vanish,
and it is independent of ¢. Figure 6(a) shows the absolute
value of the electronic current density [ji )(R..x.p.2)| at the
equilibrium bond length R=R, . Compared to the electronic
current density of the excited state A 'L, in AICI, " the cur-
rent density of the same excited state in BeO is much stron-
ger and denser. The corresponding R-dependent electric ring
current is given as

J. Chem. Phys. 129, 164303 (2008)

|j(17r+) (Rc,Xa P, Z) |
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FIG. 6. Toroidal electronic current density |j(],,+)(REYX,p,z)| [absolute values
in atomic units and logarithmic scale (log,o)] (panel a) and induced mag-
netic field along the molecular axis \B(I,T )(R,x,2)| (panel b, solid curve) for
the A 'TI, state of the BeO molecule. The dotted curve compares the mag-
netic field with that computed for the A 'II, state of the AICI molecule
(adapted from Ref. 19). The vertical lines indicate the positions of Be and O
nuclei, z=0 and z=R, x, respectively.

eh (“dp [~
Iy 1H+(R) = 1(]7T+)(R) == f J |17T+(R,p,z)|2dz.
me 0 P J_»

(30)

At the equilibrium bond length R=R, x, the absolute value of
I(17)(R,x) is 2.490 mA which can be compared with the
corresponding value in the AICl molecule (I41 ', ~ln,)
=0.405 mA) and in Mg-porphyrin  (I41g ~1 (de,,)
=0.085 mA) It corresponds to the time for the c1rculat10n
of the electron in the electric ring current,

Ty m,(Re) = Ti (Re) = 7 =644 as, (31)

(117+)( e,X)

which is short with respect to the electronic circulation time
of the AICI molecule (T4 1y, =T4,)=396 as) and about
10'° times shorter than the lifetime of the electric ring cur-
rent, which is limited by the radiative decay of the excited
state,”” Trad 1, (Rex)=1.1 ,us The R-dependent mean ring
current radius is estimated as'®

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



164303-9
1
R i (R) = Rf ) (R)
mel(lw+)(R)

efi f pdp f [177,(R,z.p)|*dz
0 —o0

(32)

At R=R,x, the mean ring current radius is Rﬂm)(Re,x)
=0.25ay, which is similar to R}, =R(,,=0.18a for AICI

(Ref. 19) but considerably smaller than the corresponding
value in Mg-porphyrin (Rzll - ZR?}M )=6.32ao).22 In atomic
u+ 8+ ol

(np+)
=4a,/ 72, Where Z; is the effective nuclear charge. Be-
cause Rf,llpi) is independent of the principal quantum number
n and since 1/Z; for the Al and O nuclei are similar, the
mean ring current radii for AICI and BeO are also similar.

The electric ring current of the A 'TI, state circulating
about the molecular axis of the BeO molecule induces an
R-dependence magnetic field. The induced magnetic field
along the molecular Z-axis (p=0) is determined using Biot—
Savart law as

np. orbitals, the mean ring current radius is R

BA 1H+(R7Z) = B(177+)(R’Z)
poeh [~ N
T f pdp

me Jo

® |177+(R,p/,2/)|2 )
(p/2+ (Z_Z/)2)3/2dZ €;- (33)

At the equilibrium bond length R=R, y, the absolute value of
the magnetic field at the O-nucleus (z=R,x) is 52.1 T
=5.21X10° G, which is much stronger than the induced
magnetic fields in AICI (/B 1y (za)|=[Bn,)(za)|=7.70 T
and |B, 1H+(ZCI)| ~ |B(4W+)(ZC1)|=4.13 T) and in Mg-
porphyrin (|B, lEu+(zMg)|~|B(4eg+)(zMg)|=0.159 T). Further-
more, the corresponding absolute value of the magnetic field
at the Be nucleus (z=0) is 1.2 T. The z-dependence of the
induced magnetic field of the BeO molecule at R=R, y is
illustrated in Fig. 6(b), together with the one of the AICI
molecule adapted from Ref. 19 for comparison. This clearly
shows that the peak height of the induced magnetic field of
the BeO molecule is larger and its full width at half maxi-
mum is broader (0.84,) than the corresponding values of the
AICI molecule. There is only one peak of the induced mag-
netic field, i.e., at the O nucleus, by contrast to the one cor-
responding to the AICI molecule, which peaks at both the Al
and Cl nuclei. This confirms that the molecular 17, orbital
and the corresponding electronic current density are strongly
localized on the O nucleus, whereas the effects on the Be
nucleus are small. Since the induced magnetic field is the
result of the stationary solution of the nonrelativistic elec-
tronic Schrédinger equation for the electronic state A 'TI,,
this cannot be regarded as external field. Thus, in the relativ-
istic theory the induced magnetic field may interact with
spins of inner electrons and nonzero nuclear spin of the "0
nucleus (/=5/2>0) with very small natural isotope abun-
dance of 0.038%.

Orientation, toroidal current, and magnetic field in BeO molecules
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FIG. 7. Electric ring current | l7r+)(R)| (panel a) and induced magnetic field
at the O nucleus |B(17+)(R,z:R)| (panel b) vs the vibrational coordinate R of
the BeO molecule. The vertical lines indicate the various bond lengths
R,=R, x=2.54ay, R, ,=2.78a,, and R,=3.14a, as shown in Fig. 2.

The bond-length dependencies of the electric ring cur-
rent [Eq. (30)] and induced magnetic field [Eq. (33)] at the
O-nucleus are illustrated in Figs. 7(a) and 7(b), respectively.
They show that, in general, the electric ring current and in-
duced magnetic field increase with the bond length R except
at the shortest bond lengths considered. Nevertheless, the
corresponding slopes are relatively small, in particular, be-
tween the classical turning points R;=R, x and R,, where the
electric ring current is constant to within 2.7% and the in-
duced magnetic field to within 5.0%. This implies that the
variations in the electric ring current and induced magnetic
field in the course of molecular vibrations in the excited state
are negligible.

In the R— limit, the BeO molecule in the excited
A 'T1, state dissociates to Be(1 '$)+O(1 'D,,). In this limit
the electric ring current about the Be nucleus vanishes be-
cause the ground state 1 'S of the Be atom has zero azi-
muthal quantum number (M;=0). By contrast, strong elec-
tric ring current persists about the O-nucleus, since the
lowest singlet state 1 IDML of the O-atom is fivefold degen-
erate (M;=0,=*1,=*2) and the M, #0 components carry
nonzero electric ring current. The singlet state 1 'D,, corre-
sponds to the dominant electronic configuration ---(2p_)
X (2py)(2p,)? with dominant net ring current of the atomic
2p, orbital, which, as noted above, is strong. The corre-
sponding values for the O atom are |I;1p [~[ls, )
=2.85 mA, Ty 1p =T, =562 as, R?DHzRf;m:o.z4ao,
and [B 1y [~[B(, )[=62.0 T at the O-nucleus. Thus, the
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effects for the O-atom are somewhat stronger than for the
BeO molecule because in the dissociation limit the respon-
sible orbital (177,) — (2p,) is fully localized on the O atom.
Until now, it was assumed that the final state is station-
ary, e.g., the A ll_I+ state, which can be excited from the
electronic ground state X 'S* by an optimized right circu-
larly polarized laser pulse. In the case that the final state is
not stationary, for example, a superposition of the X 'S* and
A 'TI, states, which can be excited by means of a right cir-
cularly polarized /2 laser pulse,2]’23’24 then the resulting
electronic density, electronic current density, and induced
magnetic field are no longer stationary. The time-dependent
electronic current density after the end of the laser pulse
(t=ty) is derived from Eq. (24) and Eq. (19) of Ref. 19,

Imax

j(R’psZ’ ¢’t) = 2 Pi(tf)ji(R’p’Z) +jim(R’p5Z’ ¢’t)’ (34)
i=0

where j;(R,p,z) is the electronic current density of the state
|W.(R)) and is independent of time ¢ and of the azimuthal
angle ¢, in contrast to the interference term j;,(R,p,z, @,1).
Time averaging equation (34) and using jis(R,p,2)=0,
le_(R7p’Z)=_le+(R7p7Z) and le_(R9p’Z)=_j1A+(R’p9z)’
we have

j(R’PsZ) =(P, 1H+(ff) - Py IH_(tf))jA 1H+(R’P,Z)
+(Pc1a (t) = Peis (t))ic1a, (Rop2) + =,
(35)

which is independent of the azimuthal angle ¢. In the present
work, P,y (f)=1 and other populations are negligible,
thus j(R.p,z,¢.0) =j(R.p.2)=jsn,(R.p.2), cf. Eq. (29).
For example, the time-averaged electronic current density of
a superposition state consisting of X 'S* and A 'TI, states is
j(R,p,2)=P, 1H+(tf)jA 1H+(R,p,z), i.e., it is proportional to
the final population P 1y (#y) of the A 1, state. With Egs.
(20) and (22) of Ref. 19, the corresponding time-averaged
electric ring current and induced magnetic field along the
molecular axis take the form

I(R)=(P, 1H+(tf) — Py iy (1)1, 1H+(R)
+(Pery (i) = Peis (t)leis (R) 4. (36)
and
B(R,2) = (P 111 (1) = Pa 11_(t)B, 111, (R, 2)
+(Pcia,(tp) = Pein (t))Beiy (R2) + -,
(37)
respectively. Again, in the present work, I(R) =1, 1H+(R) and
B(R,7)=B, 1H+(R,z), cf. Egs. (30) and (33), respectively.
The results presented above, as well as the results of
previous publications on the same topic, assumed perfect ori-
entation. In reality, as discussed in the previous section, laser
induced orientation can be very sharp but is never perfect,

e.g., for BeO at T=1 K [(cos 8),(r)|=0.85# 1, see Sec. II
and Fig. 3. Application of the same right circularly polarized

J. Chem. Phys. 129, 164303 (2008)

laser pulse as in the calculation leading to Figs. 3(a) and 3(b)
to the nonperfectly oriented molecule gives rise to additional
dipole-allowed transitions. For example, the transition
X 'S*— B 'S* becomes allowed because the projection of
the molecular Z-axis on the laboratory x- or y-axis is nonzero
(while small). The final population of the A 'II, state is thus
smaller and the ones of the X '3*, A 'TI_, and B 'S* states
larger in the case of imperfect than in the case of perfect
orientation, resulting in a smaller P4 1H+(tf)—PA i (zy) dif-
ference. Thus, the electric ring current about the molecular
Z-axis and the induced magnetic field along the Z-axis are
expected to be smaller for imperfect orientation than in the
results provided above, cf. Egs. (36) and (37). In the case of
perpendicular orientation, the final populations of the A 'TI,
and A 'TI_ states are equal, and there are no electric ring
current about the molecular axis, cf. Eq. (36). An electric
ring current about the axis perpendicular to the molecular
axis will arise in the case of nonzero population of the B 'S*
state, but this ring current is not stationary and toroidal. Be-
cause the projection of the molecular Z-axis onto the labora-
tory x and y axes remains small, and since the excitation
frequency of the B 'S* state at R=R, y is twice as large as
the laser frequency, the final population of the B 'S* state
will be small. Thus, deviations from the idealized limit of
perfect orientation are expected to modify the detail but not
the qualitative physics predicted.

Before concluding this section, it is pertinent to briefly
comment on the feasibility of an experimental demonstration
of toroidal current in oriented BeO. The electronic transitions
between the X '3*, A'TI, and B 'S* states of the BeO mol-
ecule in the gas phase have been observed.” The corre-
sponding experimental spectroscopic constants of these three
states are listed in Refs. 57 and 74. Several documented
methods could be applied to produce gas phase BeO mol-
ecules. These include the vaporization approach of Ref. 75 or
that of Refs. 76 and 77, the laser ablation method of Refs.
78-80, and the sputtering method of Ref. 79 and that of Ref.
81. We remark that the rate constant of the oxidation,
Be+0,—BeO+0, has been computed in the 770-1200 K
temperature.82 Furthermore, Be oxides in the gas phase are
dominated by the polymeric form (BeO), (n>1) because of
the high boiling point of BeO. The possibility of extracting
BeO from the polymeric states is pointed out in Ref. 76.
Laser orientation by means of HCPs has been discussed in
several recent articles."® (The generation of high-power
sub-single-cycle pulses is discussed, e.g., in Ref. 83.) Finally,
the detection of the electric ring current could be accom-
plished by high harmonic generation by means of elliptically
polarized laser pulses.33

V. CONCLUSIONS

In this work we illustrated sharp, field-free (postpulse)
orientation of the BeO molecule (Sec. III) by means of an
optimized, linearly polarized laser pulse of short duration
with respect to the rotational period. Excitation of the ori-
ented molecule by means of an optimized right circularly
polarized laser pulse in resonance with the first excited
A 'TI, state was shown to give rise to strong unidirectional
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electric ring current about the molecular axis and a corre-
sponding substantial induced magnetic field at the oxygen
nucleus (Sec. IV). Specifically, we found a ring current of
magnitude of 2.49 mA and a magnetic field of 51.2 T at the
equilibrium configuration, which depend weakly on the in-
ternuclear distance, converging to 2.85 mA and 62.0 T in the
dissociation limit. Our results were based on CASSCF/
CASPT?2 calculations of the potential curves and dipole ma-
trix elements of the BeO molecule,”* time-dependent quan-
tum mechanical calculation of the alignment dynamics,37 and
quantum simulations of the ring current and magnetic field."”

Our considerations in choosing the BeO molecule in an
effort to identify a molecule that should exhibit strong effects
were detailed in Sec. II, along with a list of the criteria that
are required for observation of ring currents in a general
system. We remark, however, that the effects predicted here
are rather general. Strong electric ring currents and induced
magnetic fields can in principle be observed in atoms, ions,
linear molecules or molecular ions, and in states other than
the lowest excited degenerate singlet states that were consid-
ered so far. For example, the excited bound state C 1A+
(M =2) of the BeO molecule, see Fig. 2, with corresponding
dominant electronic configuration ---(17,)*(17_)(27,)
(weight of 95.7%), has two separate unidirectional electronic
ring currents of molecular 17, and 27, orbitals, hence the
corresponding electric ring current and induced magnetic
field are expected to be stronger than for the A 'TI, explored
above. This excited C 'A, state has a small potential barrier
at about R=4.5a, due to an avoided crossing43 which leads
to dissociation of the BeO molecule to Be(1'S)+0(1 'D,,).
The singlet O-atom 1 'D,, state (with M;=2) corresponds to
the dominant electronic configuration --+(2po)*(2p,)> and
carries an electric ring current of 5.70 mA and an induced
magnetic field of 124.0 T. These values are twice as large as
the corresponding values for the singlet state 1 'D,,
(M;=1) of the O-atom because two (rather than a single)
electrons with opposite spins and the same spatial atomic 2p,.
orbital circulate with the same electronic circulation time and
mean ring current radius about the O nucleus. [Although the
effects considered are atomic, rather than molecular, in prac-
tice it is simpler to produce the lowest singlet state 1 IDML of
the O-atom with a desired nonzero azimuthal quantum num-
ber (M;==*1,*2) through dissociation of an appropriate
molecular state than directly from the ground (triplet) state
1 3P of the O-atom.]

Another example is the LiF molecule, which has a dis-
sociative excited A 'TI, state that can be excited by an opti-
mized right circularly polarized laser pulse from the ground
state X 'S*, using the method described in Sec. IV. Upon
excitation to the A 1H+ state, the molecule dissociates into
Li(1 28)+F(1 ?P,). Regardless of the spin effects, the
ground 1 2§ state of the Li-atom carries no electric ring cur-
rent, but the ground 1 2P, (M, =1) state of the F-atom, cor-
responding to the dominant electronic configuration
~+(2p_)(2po)*(2p,)?, carries electric ring current of magni-
tude of 3.80 mA and an induced magnetic field of 95.2 T at
the F-nucleus. The corresponding electronic circulation time
is 42.2 as and the mean ring current radius is 0.21a,. Thus,
the effects for the F-atom are stronger than the ones for the
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O-atom because of the large effective nuclear charge Z g of
the F atom. Finally, as discussed in Ref. 18, the electric ring
currents and induced magnetic fields of some electronic
states of atomic and molecular ions can be stronger than
those of the corresponding neutral systems, an example is the
lowest excited singlet states 1 IDML (M;==*=1,=%2) of the
F* ion whose Z; is larger than that of the F-atom.

Before concluding, it is important to comment on the
long time dynamics that were excluded from the discussion
of the previous sections. Previous work has predicted that
electric ring currents would persist for nano- and even mi-
croseconds in stable excited states. In practice, however, the
ring currents rely on sharp orientation of the molecule with
respect to the excitation field, and the only way of producing
well-oriented systems free of external fields at present is the
nonadiabatic alignment/orientation method. This approach
provides (in linear or symmetric top molecules) a series of
transient alignment (orientation) peaks whose duration is
shorter the better aligned (oriented) the molecule and whose
separation is determined by the molecular rotational
pe:riod.36’37 Thus, the ring current would persist for a short
period (see Fig. 3) but will recur periodically in time, follow-
ing the regular revival pattern of stable bound state rigid
rotors. At longer times, of the order of the inverse of the
rotation-vibration coupling energy, the assumption of separa-
bility of the rotational and vibrational motions is no longer
valid and the rotational revival structure gradually dephases,
see Ref. 59. For linear molecules, the only source of rotation-
vibration coupling is centrifugal effects, which are typically
weak, appearing on 0.1-1 ns time scales. Provided that co-
herence is maintained, the rovibrational levels rephase at
later times and the purely rotational, rigid-rotor-like pattern
reappears, forming a longer time rovibrational revival pattern
that is superimposed on the standard rigid-rotor revival
pattern. It would be interesting for future work to observe
these effects on the electric ring currents induced in linear
molecules.
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