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Pendular States and Spectra of Oriented Linear Molecules

2 MARCH 1992

3. M. Rost, J. C. Griffin, B. Friedrich, and D. R. Herschbach
Department of Chemistry, Harvard UniversityC, ambridge, Massachusetts 02/38

(Received 6 December 1991)

Recent experiments have demonstrated the feasibility of orienting rotationally cooled polar molecules
in an electric field. The anisotropy of the Stark effect allows molecules in low rotational states to be
trapped in "pendular states, " confined to librate over a limited angular range about the field direction.
We present calculations exhibiting the nature of these pendular states for a linear molecule and charac-
teristic features of infrared and microwave spectra which become observable in strong fields.

PACS numbers: 33.10.—n, 33.20.Bx, 33.20.Ea, 33.55.Be

Electric-field focusing has long provided an effective
means to obtain beams of oriented symmetric top mole-
cules (or equivalent) that have a first-order Stark effect
[1,2]. Such molecules in certain rotational states precess
rather than tumble and hence maintain a constant projec-
tion of the dipole moment on the field direction. State
selection by the focusing field thus suffices to pick out
molecules with substantial orientation of the figure axis.
This has enabled elegant studies of the anisotropic forces
governing collisions with reactive atoms [1-4], photons
[5,6], or surfaces [7]. However, the technique requires an
elaborate apparatus and is not applicable when the Stark
interaction is second order, as usual for diatomic, linear,
or asymmetric top molecules.

A simpler technique applicable to polar molecules with
either a first- or second-order Stark interaction has re-
cently been proposed [8,9]. This exploits the extreme ro-
tational cooling attainable in a supersonic expansion to
condense a large fraction of a molecular beam into low
rotational states. By sending the beam into a strong uni-
form electron field, these low-J states can be converted
from pinwheeling rotors into pendular librators confined
to oscillate over a limited angular range about the field
direction. The pendular states are directional hybrids
[10,11],comprised of linear combinations of the field-free
rotor states

~ J,M) with a range of J values but the same
fixed value of the M quantum number specifying the pro-
jection of the angular momentum on the field direction.
For a diatomic or linear molecule with dipole moment p
and rotational constant 8 in a field of strength 8, the ra-
tio to=p8/B governs the extent of hybridization of rotor
states and the consequent directional localization of the
pendular states.

The feasibility of this orientation technique has been
demonstrated experimentally for beams of a symmetric
top molecule [8,12] (methyl iodide, CHil) and a diatom-
ic molecule [13,14] (iodine monochloride, ICI). The
overall orientation achieved was modest, however, since in
those experiments the co values for the highest field
strengths used were rather low, only 1.7 (CH&l) and 3.7
(ICI), respectively. Block, Bohac, and Miller [15] have
now provided a far more incisive demonstration of pendu-
lar orientation, by measuring infrared spectra with sub-
Doppler resolution for the linear trimer of hydrogen

cyanide, (HCN)&. By virtue of its extremely large dipole
moment and small rotational constant, for this molecule
ttt values up to 360 were attained. For such a high-to
value, over 100 pendular states are bound by the Stark
potential, including all states with nominal J ~ 10. Here
we present calculations evaluating the orientation of the
pendular states and diagnostic spectral features.

For a rigid linear molecule in a uniform electric field
the Schrodinger equation is

(J —tocos8) i J,M;to) =E
i J,M;to),

with J the squared angular momentum operator, 0 the
angle between the molecular axis and the field direction,
and E the energy in units of the rotational constant. The
Stark eigenstates are labeled by the rotational quantum
numbers pertaining to the field-free case, so ~J, M;ta)

)J,M) for ta 0. In the presence of the field, M
remains a good quantum number but within each J-
manifold states with different values of ~M ~

have
different energies. Tabulations of E(J,M;ta) extending
into the high-field regime are available [16,17], but there
seem to be no previous calculations examining the field-
induced hybridization of J states or the corresponding
drastic changes in line strengths which enrich the spectra
with many transitions that would be forbidden in the ab-
sence of the field [18]. We have prepared a program
which determines in addition to E the Stark eigenfunc-
tions ~J,M;to) as linear combinations of spherical har-
monics, with subroutines which evaluate the expectation
value of the orientation cosine, (cos8), and compute spec-
tral transitions and line strengths.

Figure I illustrates for to =100 how E and (cos8) vary
with J and M. The Stark interaction potential is attrac-
tive for ~8~ ~90' and repulsive elsewhere. Hence, for the
bound pendular states with negative energies (below the
J=0 field-free level), the librating dipole is limited to the
attractive range with (cos8) positive. For the pendular
states with positive energies the range of favored 0 di-
rections depends strongly on the initial "tilt angle" of
J in the semiclassical vector model [19], given by
a =cos '~M~/[J(J+ I )] 't . When the tilt angle is large
(i.e., J—~M ~

large or a near —90'), the plane of the ro-
tating dipole lies close to the electric-field direction. The
dipole then speeds up as it swings through the attractive
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FIG. 1. Stark shifts of energy levels and orientation for a linear polar molecule. Left: field-free rotational levels (ro =0; M degen-
erate). Middle: Stark levels sorted by IMI for a high field (co=100). Right: interaction potential, —rocosO, with energy levels indi-
cated. Energies in units of rotational constant B. Position of vertical bar on each level indicates the expectation value of the orienta-
tion cosine, &cosO); the height of this bar indicates thermal population (for reduced temperature Y =65). Bars for co=0 are reduced
by a factor of 10.

range and slows down as it approaches the repulsive bar-
rier. On average, the dipole in such states points the
"wrong way,

"
with IOi

)90', so it experiences net repul-
sion and has negative (cosO) [20]. For the unbound

pinwheeling states with positive energies slightly above
the Stark barrier, (cosO) likewise varies with the tilt an-

gle; when averaged for these nearly degenerate states or
for states substantially above the barrier, the net (cosO)
becomes nearly zero. To attain substantial overall orien-
tation of a beam it is thus essential that the population
distribution allows the pendular states with negative ener-

gies to outweigh the higher states.
When the molecular beam enters the electric field, the

initial population pj of each field-free rotational J mani-
fold (degenerate in M) is adiabatically transformed into
the Stark eigenstates. Within each J manifold the popu-
lation of the Stark states therefore is pJ/(2J+1) for
M=O and 2pJ/(2J+1) for IMI )0. In our program,
population averages are carried out using pj for a rota-
tional Boltzmann distribution, which depends on a single
reduced temperature variable, Y =ka T„,/8 Evidence.
for approximately Boltzmann rotational distributions in

supersonic beams is abundant but imprecise [21]. Table I

lists our calculated values of (cosO) for the best oriented
state (J=M =0) and the population-averaged (cosO) for
the three experiments [8,13,15] that have so far employed
pendular orientation. Although a small rotational con-
stant fosters good orientation of the lowest pendular
states by enhancing the value of co, it also enhances Y and

thus reduces the population of low-J states.
Figure 2 correlates the field-free rotor states with the

harmonic librator states for the co ~ limit. The Stark
energies for pendular states in that limit become those for
a two-dimensional angular oscillator,

E(J,M;ro) —ro+ (vp+ 1 )(2ro) ' (2)

TA BLE I. Values of (coso) for lowest state (LS) and

thermal average (TA).

Molecule p (D) 8 (cm ') T, I {K) co (coso)( q (cosO)yp

C H )I 1.65 0.253
IC1 1.24 0.114
(HCN) i 10.6 0.0156

—30 1.7 0.438 0.0065
—1 5 3.7 0.625 0.0105

1.4 23 0.852 0.0057
100 0.929 0. 180
360 0.963 0.372

where vp =2no+ IMI =0, 1,2, . . . is the total number of
vibrational quanta, with no= J —

HAMI the number of O

nodes (in the range 0'-180'), and IMI =0, 1,2, . . . , J is

the number of p nodes (in 0'-360'). Hence, v„=2J
—

i
M I. For spectroscopic transitions, electric dipole

selection rules impose as usual d, M =0 (for radiation po-
larized parallel to the static 6 field) or AM = ~ 1 (for
perpendicular polarization), but as ro increases hybridiza-
tion causes the field-free rule AJ=+ I to break down.
However, as seen from the correlation diagram, when ~
becomes very large the spectra become simpler as levels
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FIG. 2. Correlation diagram between field-free (m=0) rota-
tional states l J,M) for a linear molecule and high-field (vo

limit) harmonic librator states lv„,M) specified in Eq. (2).

with different IMI but the same v„converge. Then the
parallel transitions correspond to Av„=2 (so weaken as ro

grows) and perpendicular transitions to Av„= I (so
strengthen as ro grows). A diagnostic test for pendular
orientation is to measure the perpendicular Stark spectra
for large ro and thereby observe directly the pendular fun-
damental frequency, /3E (2') '/ .

Figure 3 presents calculated spectra for co =0, 23, 100,
and 360 corresponding to the experimental conditions of
Block, Bohac, and Miller [15]. Their infrared spectra
pertain to the v3=0 I band of a vibrational mode of
the (HCN)3 trimer, assigned as a symmetric combination
of the two C-H stretches linked by hydrogen bonds [22].
From the field-free spectra we find the rotational temper-
ature is 1.4 K, corresponding to Y=65. These spectra
also exhibit distinct broadening [22] due chiefly to vibra-
tional predissociation of the v3 = I level (lifetime 2.8 ns);
the total FW H M (15 M Hz instrumental, 56 M Hz
predissociative) is 0.0024 cm . In constructing our cal-
culated Stark spectra, we used a Lorentzian line shape
with this width. The experimental geometry pertains to
perpendicular transitions, and the observed spectra [15]
indeed agree closely with our calculated hM = ~ I spec-
tra. As the field strength is increased, the P and R
branch structure of the vibrational bands (at ro=O) first
develops complicated Stark substructure in the low-J re-
gion (evident at vo =23), but this collapses into two broad
clumps (as seen at ro~ 100) corresponding to the Av„=+ 1 pendular transitions. The shape of these clumps
reflects both the anharmonicity of the cosO potential and
the thermal population distribution. The outer regions
contain the lowest-J transitions, so individual lines are

-50 0 +50
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-50 0 +SO
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FIG. 3. Calculated vibration-rotation spectra corresponding
to experimental conditions of Block, Bohac, and Miller [15],
for parallel (left) and perpendicular (right) transitions. The
lower abcissa scale is in units of rotational constant B; the upper
scale is in cm relative to the band origin of the t 3 vibrational
mode. Parameters: dipole moment=10. 6 Debye units; rota-
tional constant 8=0.015654 cm ' (v3=0) and 0.015690
cm ' (v3=1); band origin i 3=3212.933 cm; Lorentzian
FWHM =0.0024 cm '; rotational temperature T„I=1.4 K.
Reduced variables: co =0.01679p(D)C(kV/cm)/8(cm ); Y
=0.6961 T,„&(K)/8(cm ').

most resolvable there, whereas the drooping inner edges
exhibit the exponential decline of the Boltzmann factor.
The observed median spacing between the clumps at
co =360 indicates that the typical pendular period there is
about 10 ' s.

In contrast, AM=0 transitions produce a h vO (al-
lowed in combination with hv3=1) and hv„=+ 2 bands.
The very intense h, i„=0 band, which exists only for
oriented molecules, is in effect a Q branch to which every
Stark level contributes in proportion to its value of (cos0).
This band is only slightly broader than the Lorentzian
linewidth, since the rotational constants [22] for the
i 3=0 and v3=1 levels are very similar. The h, vp=+ 2
bands are much weaker, and fade away when m becomes
large enough to draw a large fraction of the populated
levels down into the harmonic portion of the Stark poten-
tial. Observation of parallel transitions, particularly the
very distinctive hi~ =0 band, thus oflers another key di-
agnostic test for pendular orientation.

Figure 4 shows the variation with co of line strengths
for typical rotational transitions, for comparison with an-
ticipated measurements of microwave Stark spectra for
the (HCN)3 trimer [23]. Since in recording microwave
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dular. The third panel pertains to J J perpendicular
transitions, forbidden for co =0. These are a distinctive
feature, only observable for oriented molecules.
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FIG. 4. Shifts from field-free values of line strengths (divid-
ed by 2J+ I) and frequencies of Stark lobes for representative
rotational transitions of a linear polar molecule (without
nuclear-spin hyperfine structure). For clarity, the origins for
various transitions are displaced along the abscissa scale (in
units of B) Lengths of hori. zontal bars indicate changes of line

strengths; in the JiMi Ji&i+] panel they are magnified by a
factor of 5.

spectra individual Stark lobes are followed, we show

shifts from the field-free frequency and line strength. For
large m these shifts are often drastic and many transitions
appear that are forbidden for field-free spectra, but
hyperfine structure due to quadrupolar nuclei is simplified
because the strong field uncouples the nuclear spin from
molecular rotation [24,25]. Two of the illustrative panels
pertain to the principal J J+1 progression. Since the
low-J states become pendular most readily, as co increases
the parallel transitions shift more rapidly to higher fre-
quency but decrease monotonically in intensity. For the
perpendicular transitions, lines with maximum iMi shift
upwards most markedly; the intensities initially decrease
but ultimately increase as the states become strongly pen-
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