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It is pointed out that the translational Lorentz effect which has been neglected in all previous
analysis of rotational Zeeman spectra has considerable effects on the overall appearance of the
Zeeman multiplets if the rotational transitions show first order Stark effect. This situation occurs
for symmetric tops and for E-species transitions of molecules with low barrier internal rotations.
Inclusion of the translational Lorentz effect leads to corrections to the published g|-values of sym-
metric tops which are far outside the quoted experimental uncertainties. As an example numerical

results are given for CHgF and CH3;CCH.

The effective rotational Hamiltonian of a mole-
cule rotating in an exterior magnetic field may be
written as 1:
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one row matrix corresponding to the
magnetic field vector H referred to the
principle inertia axis system (the ex-
terior field is assumed to point in the
direction of the space fixed Z-axis).

g = Matrix corresponding to the molecular ,
g-tensor. For symmetric top molecules
g and I™! are simultaneously diagonal.
Within the rigid nuclear frame approxi-
mation the theoretical expressions for
the diagonal elements of the g-tensor Mel
are given by % 3:
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matrix corresponding to the molecular
susceptibility tensor. Within the rigid
nuclear frame approximation its diago-
nal elements are given by 4 3:
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vector of the molecular electric dipole
moment,

vector of the molecular center of mass
velocity.
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Eq. (1,d) which destroys the axial symmetry of
Her with respect to rotations about the magnetic
field axis has been included explicitly. It accounts
for the fact that the Lorentz-forces due to the trans-
lational motion, F;= (g;/c) (Vyx H), pulling the
positive nuclei (¢;=Z;|e|) in one direction and
pushing the negative electrons (g;= —|e|) in the
opposite direction, have the same effect as a virtual
electric field of size Ep, = (1/c) (Vo x H). At ther-
mal velocities Erpy, is on the order of few V/cm and
its contribution may be regarded as a low field
Stark effect. As far as the limited resolution of
standard microwave spectroscopy is concerned this
“translational Stark effect” may be savely neglected
for molecules showing a second order Stark effect
such as linear and asymmetric to molecules. How-
ever in molecules with transitions showing a first
order Stark effect such as the K+ 0 transitions of
symmetric tops or the E-species lines of molecules
with a low barrier methyl top internal rotation it
has to be accounted for. It does not merely lead to
a symmetric broadening of the absorption lines as
was implicitly assumed in all previous investiga-
tions. In the following we will demonstrate how the
overall appearance of the Zeeman multiplets is
changed due to the translational Zeeman contribu-
tion and that considerable corrections have to be
applied to the published g -values.

The basic principles are illustrated in Figure 1.
If the molecule has zero velocity perpendicular to
the magnetic field, there is no translational Zeeman
effect [case (a) in Figure 1]. The magnetic field
determines the axis of quantization with (1,b) and
(1,¢) causing the angular momentum vector & J
to precess about the magnetic field axis. On the
other hand, for a molecule at high translational
velocity perpendicular to the magnetic field, the
torque of the virtual electric field acting on the
molecular electric dipole moment dominates. It
causes the molecule to precess essentially about the
Er-axis, which now becomes the axis of quantiza-
tion [case (b) in Figure 1].

We now turn to the selection rules which may be
understood already in a classical picture. In an ex-
perimental arrangement as shown in the insert of
Fig. 2 the electric vector, Eyw (t), of the incident
microwave radiation, which in the TE;,;-mode of
propagation is polarized perpendicular to the broad
face of the waveguide absorption cell, is parallel to
the magnetic field serving as the quantization axis
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at low perpendicular velocities. Thus the rapidly
oscillating torque due to Eyw (?) :

R dJ/dt = pe x Eyy (1)
which at resonance causes the rotational transition,

is perpendicular to the quantization axis. This
results in the “low velocity selection rule” AM =0,

a) Vor=0 (b)) V>0

Fig. 1. The magnetic effects on the molecular rotation of
the CHgF molecule rotating about its symmetry axis are
shown for two limiting cases.

a) The molecule has zero translational velocity. The small
rotational magnetic moment causes a precession about
the magnetic field axis (rotational Zeeman effect).

b) The molecule has a high translational velocity perpen-
dicular to the magnetic field (pointing towards the
reader). The corresponding translational Stark field
EtrL= (1/c) - V,x H exerts a torque on the permanent
electric dipole moment which vastly exeeds the torque
due to the rotational Zeeman effect and essentially
causes to precess about the Ep-axis.

(no change of the angular momentum component
in direction of the axis of quantization). With in-
creasing velocity perpendicular to the field the
translational Zeeman effect [Eq. (1,d)] becomes
more and more important. It not only causes a
continuous change in the splittings of the 2/ +1
different sublevels of each rotational state, but also
completely changes the selection rules. Since at high
field vector is now perpendicular to the new quanti-
tion changes from H to Ery,, the microwave electric
field vector is now perpendicular to the new quanti-
zation axis and the selection rules change to AM =
+1. (Although M looses its meaning as the quan-
tum number for the Z-component of the angular
momentum we still keep it for labeling the levels).
The change in selection rules is also illustrated in
Fig. 2, where for molecules moving at different
velocities perpendicular to the exterior field cal-
culated- Zeeman patterns are shown for the /=1 to
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Fig. 2. Calculated Zeeman patterns of the J=1— J=2 (|K|=1) rotational transition of Methylacetylene. For mole-
cules with increasing perpendicular velocity ¥, the translational Stark effect becomes more and more important. The

transition frequencies are shifted and new transitions appear with increasing intensity. At very high perpendicular velo-
cities the M-selection rule effectively changes from AM=0(V,| =0) to AM==%1 (V,; > 0). The shown patterns cover

the velocity range from V| =0 to ¥, | =800 m/sec.

H3C-C=C-H

J=1
—_—

J=2
K=1 K=1

T=293°K

H=10 kG

Fig. 3. Calculated line profile for
the J=1—J=2 (|K|=1) rota-
tional transition of Methylace-
tylene. It results from a superposi-
tion of individual spectra such as /
shown in Fig. 2, each weighted i Y
with the appropriate Maxwell- ] E i

\ J " - V=0
Boltzmann probability. For com- = & ]
parison the dotted line shows the
absorption  spectrum  calculated

under the neglect of the trans- -7 ' - _ i
lational Stark effect. ' Y '
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Fig. 4. Calculated line profile for the J=1—J=2 (|K|=1) rotational transition of CH,F. It closely agrees with the

observed spectrum published by Gordy and Cox (Ref. 5). The bars indicate the positions and relative intensities of the

Zeeman satellites calculated under neglect of the translational Stark effect. Due to the bigger dipole moment the

mixing of the different M-substrates occurs already at rather low perpendicular velocities. This is clearly visible in the
line profile from the low intensity remaining at the position of the M=0— M =0 transition.

J=2(|K|=1) rotational transition of methyl-
acetylene. Details of the calculation are given in the
Appendix. The observable pattern is obtained
weighting each pattern with the appropriate Max-
well-Boltzmann probability:

pw.n Vo1
= (MVy)](ET)exp{ —M V3§, /2kT}dV,,

and summing over the different veloeities Vy)

(Vor=1Vor ).

Fig. 5. Part of the Zeeman pattern of a rotational transi-
tion of CH3BF, recorded with a microwave spectrometer
using 33 kHz Stark effect modulation. The magnetic field
strength was 24085 Gauss. The observed lineprofile actual-
ly consists of a superposition of two spectra, one with the
modulation field off (pure Zeeman spectrum) which is writ-
ten upwards and one with the modulation field on (Stark-
Zeeman spectrum) which is written downwards. The nega-
tive lobes close to the zero field frequency », originate from
the M =0 substates. The lower trace shows the correspond-
ing lineprofile calculated under inclusion of the trans-
lational Stark effect. For molecules with zero translational
velocity perpendicular to the magnetic field the spectrum
would consist of single line at the position of the vertical
bar. The corresponding Stark lobe is mooved out far to the
right. At zero perpendicular velocites the M =0 substate
are essentially unmodulated at Stark fields close to 22 V/cm
as were used for this recording.

The result is shown in Fig. 3 (for comparison the
dotted curve shows the spectrum calculated under
the neglect of the translational Zeeman effect).
Under the influence of Ery, the outer satellites have
moved further out with the Boltzmann tail clearly
visible in the wings and additional peaks due to the
new transitions appear in between the original
M="1-M= %1 and M=0— M =0 sa-
tellites. In molecules with bigger dipole moments the
change in selection rules occurs already at lower
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velocities with correspondingly heigher Boltzmann
weight factors thus causing even greater changes
with respect to the line pattern expected under the
neglect of (1,d). As an example Fig.4 shows a
calculated line pattern for the /=1 to J=2
(|K|=2) transition of Methylfluoride, which is in
close agreement with the experimentally observed
pattern 3. Figure 5 shows the importance of the
translational Stark effect contribution in an E-spe-
cies transition of CH,BF,.

In order to give an idea of the order of magni-
tude of the errors introduced into the analysis of
the Zeeman data through the neglect of (1.d), we
have recalculated g, = g,, for Methylacetylene and
Methylfluoride from published line profiles3~7
giving g4, = +0.245 (CHgF) and g,,= +0.295
(CH;CCH) as compared to the originally published
values calculated under the neglect of (1,d): 9o =
0.265 +0.008 (CH4F) ¢ and g,,= +0.312%0.002
(CH;CCH) 7. The corrected values should be con-
sidered only as preliminary since the cell tempera-
ture had to be assumed in the evaluation of the line
profiles. However the discrepancy of the values
calculated with and without inclusion of (1,d) leads
to the conclusion that all g-values of symmetric
tops determined from microwave rotational Zeeman
effect studies should be reexamined. The molecular
electric quadrupole moments calculated from the
published g-values are certainly incorrect far out-
side the quoted uncertainties.

Appendix

For a symmetric top molecule with the a-axis, the
axis of least moment of inertia, parallel to the sym-
metry axis, as is the case for instance in CH;F and
CHCCH, the effective Hamiltonian given in Eq. (1)
reduces to:

h? h?
Hepp= —— I+

2_ 12
21 a1, @ 1) (A.la)
_/"OHZ{‘gaaCOSUZ]a-i-gbb[COSbZ]b
+COSCZ]C]} (A.1b)
— 3 Hz? {fsacos®>alZ
+ zp(1—cos2aZ)} (A.lc)
— tte*| Er | cosa Y . (A.1d)

In (1,d) the space fixed Y-axis is choosen to point
in the direction of the virtual electric field of Er,
in order to avoid complex matrix elements in the
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numerical calculation. This is an individual choise
for each molecule, but of cause it has no effect on
the energy levels, transition frequencies and inten-
sities.

For the further treatment the Hamiltonian matrix
corresponding to Eq. (A,1) is most conveniently
set up within the eigenfunction basis of the sym-
metric top [Eq. (A,1,a)]. With the rotational ener-
gies on the order of several GHz, the field depen-
dent matrixelements which are only on the order of
few MHz may be treated as a perturbation and
within the resolution of microwave spectroscopy all
matrix elements connecting different rotational
states J, K may be neglected. The remaining non-
vanishing matrixelements are given by:

B e, B2

<]yK’Ml}{eIfI]’K’M>=2Iaa 21bb
-{J(J+1) -K?}
K2
— g Hy M{gaa — (go0 — gaa)j(]*_'jl*)}
_HZ 3MP-J(J+1) [ 3K ]
3 2J-1)(2J+3)|  JU+1)

* (Xvb — Xaa) (A.2)
from (A,l,a) through (A,1l,c) and
(J,K,M|Het | J, K, M£1) (A.3)

KVIUJ+1) —M(M=*1)

= — Uela lETLI 2](]+1)
from (A,1,d).

The isotropic contribution 3 (Yaq + Xob + Xec) H.2
which drops out of the energy differences in rota-
tional transitions, has been neglected already in
Equation (A,2). In Fig. A.1 numerical values are
given for the 2J/+1 by 2J+1 M submatrix of the
J=2, |K|=1 rotational state of a methylfluoride
molecule moving at a speed of 267 m/sec perpen-
dicular to the exterior magnetic field. This velocity
corresponds to the maximum of the Maxwell-Boltz-
mann probability distribution at a temperature
T =293 °K. Similarly all other rotational states
J', K’ lead to square submatrices of rank 2J +1
with off diagonal elements due to the translational
Zeeman effect (A,1,d).

In order to calculate the Zeeman patterns shown
in Fig. 2 the M-submatrices of the two rotational
states involved in the transition were numerically
diagonalized by the Jacobi procedure and the transi-
tion cosine matrix elements, initially set up within
the symmetric top basis, were subjected to the cor-
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Fig. A.1. The 2J+1 by 2J+1 M-submatrix (A.2, A.3) of the /=2, | K |=1 rotational state of a methylfluoride mole-
cule is shown for the ¥, | -value of 267 m/sec corresponding to the maximum of the Maxwell-Boltzmann probability distri-

bution at a temperature of 293 °K. The M-independent rotational energies of A.2 are dropped from the matrix. Following
values are used: Hz=10kG, gqaa= +0.245, gpb= —0.062, 2bb— Ycc=8.5-10"% erg/G®Mol, we1,=1.847 Debye. The diago-
nal matrix elements are divided in the g-part (first term) and the susceptibility part (second term).

responding unitary transformation. At intermediate
velocities transitions are possible between all M-sub-
levels of the lower and upper rotational state with
intensities strongly depending on the g- and y-values
on the electric dipole moment, and on the magnitude
of the virtual electric field. In Methylacetylene only
the transitions corresponding to “AM=0" and
“AM = £ 1” turn out to have appreciable intensities.
On the other hand in Methylfluoride the individual
patterns are rather complicated with intensities os-
cillating between different transitions in dependence
on the increasing translational velocity. Of cause
at the limit to high translational speeds the pattern
approaches a pure 4M = 1t 1 spectrum as expected
from the classical picture discussed above.

As long as no additional fields (for instance an
electric Stark-field) need to be considered, the Zee-
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