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Detection of “Cold” Spectra from a Room-Temperature Ensemble: Magnetic Rotation
Spectroscopy with Simple Interpretation in Terms of Molecular Pendular States
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The anisotropic orientation of the figure axis of pendular molecules is directly detected by polarization
spectroscopy for ICI in the excited #&I; state. A simple geometric model is outlined that simulates all
spectral features over a wide range of experimental parameters, without any fitting procedure. The experimental
technique, closely related to magnetic rotation spectroscopy, strongly favors low rotational states and is also
selective forAJ within a rotational band. Spectra obtained using a gas cell at room temperature thereby
become even sparser and simpler than can be attained by cooling molecules to a few kelvin. Moreover, it
provides a technique for local measurement of electric or magnetic field strengths without mechanical devices.

1. Introduction The idea of measuring the alignment of molecules in the

The experimental and theoretical study of molecular pendular laboratory frame is related to the technique of magnetic rotation

state$~2 and the implementation of pendular states in stereo- (MR) spectros.cop?. In'MR. experiments the CIQ.CKW'Sfe and
dynamic scattering experimefitsas become an interesting field counterclockwise polarization aiM, = +1 transition dlp(_)Ie '
in molecular physics. Most experiments thus far deal with Moments of Zeeman sublevels created by a magnetic field
molecules having a body-fixed permanent electric or magnetic f:oaX|aI to the laser beam axis causes an optical anisotropy. This
dipole moment. Recently, however, it has been demonstratediS the Faraday effect. In contrast to the Faraday effect, the
theoreticallj and experimentally that pendularization also ~ Magnetic field in our experiment is perpendicular to the laser
works for induced dipole moments. For pendular states the freeP®aMm axis. In magnetooptic spectroscopy (MOS) this experi-
rotation of a dipolar molecule changes into a small-angle Mental geometry is known as the Voigt effect. Faraday and
libration if the molecule is put into a strong homogeneous Voigt effects are esgentlally the same physical process described
electric or magnetic field. The dipole moment and thus the as forward scattering magnetooptical spectroscpythe
molecular axis are aligned or even oriented in the laboratory change in geometry enables study of the anisotropy of transition
frame. Direct experimental evidence for this effect has been dipole moments polarized in the plane perpendicular to the laser
extracted from fluorescence excitation spectra of pendular statePeam axis with linearly polarized laser light. For pendular
that differ substantially from free rotor spectra. Since transition molecules the anisotropy of the transition dipole moment is
dipole moments are polarized within the body-fixed frame of €quivalent to the anisotropy of the molecular axis.
the molecule, it should be easy to implement a spectroscopic A characteristic feature of MOS spectroscopy is high
technique to look at the alignment of pendular molecules. selectivity for low rotational states of paramagnetic molecules.
However, up to now no experiment has been performed The selectivity is so strong that low field MOS spectra can easily
measuring directly the anisotropy of the molecular orientation. compete with other technigques such as cooling by supersonic
This consideration leads to the application of polarization expansion. Besides its low selectivity, MOS spectroscopy
spectroscopy to pendular states. It is based on an opticalwas found to be selective for a specifid = AQ branch within
anisotropy that used to be created by a pump laser in ana rotational band. Therefore, it is easy to determine a band
absorbing samplé. In our case the anisotropy is induced by a origin and the rotational constant for the lower and upper
dc homogeneous field that acts on the free rotation of a dipolar electronic states involved in the transition. This is not always
molecule. The polarization of incident linearly polarized light easy for overlapping branches of fluorescence spectra taken,
is changed by an anisotropic absorption of the sample. The for example, in a molecular beam apparatus. All these features
plane of polarization of the transmitted light is rotated by an appear in the polarization spectra of pendular states obtained
angle depending on the optical anisotropy of the medium. with our experimental geometry. In addition to detection of
Depending on the transition moment and orientation of the field molecular a|ignment’ the technique offers a dramatic Simp"ﬁca-
direction with respect to the laser beam axis, the polarization tijon of molecular spectra, especially at very low field strengths.

can ‘r?‘l.S(.) be ch.anged into e]liptically polarized light. 'The high Here we report an experiment making use of the paramagnet-
sensitivity of this technique is based on the suppression of NOIS€i 1 of the A state of ICI. The results demonstrate the power

andt bac_kgrlming tzrms in tthet.Sig?ﬁl by or_cti_e_rts Off m_'olgtniflﬁd(_e. of polarization spectroscopy applied to pendular states, without
prototypical study demonstrating the sensitivity of this technique any other signal-enhancing technique. In interpretation of the

IS tlhe Fi()lar'z.tid hi)le_-btarr;_lnﬁt s%ectroslc_opg/ of rpatrllx-!so?ted spectra, we employ a simple approximate model for pendular
molecules with polanized ight. By applicalion of polanzalion = io0¢ - Thjg provides insight into the physical origin of the

325gt”roisr?gr?gségengzgk?giﬁg?] zl:jbitr:?gt::uI?Logfkd%%ngh;ﬂ;optical anisotropy and treats all features of the spectra, including
y ’ 9 9 ’ line positions, line structures, intensities, and selectivities.

the detection scheme provides high signal to nbise. Without any adjustable parameters, the treatment accounts
te-mail: alkwin.slenczka@chemie.uni-regensburg.de. quantitatively for all our experimental spectra taken over a range
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  of 2 orders of magnitude in magnetic field strength.
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Figure 1. Experimental setup of the polarization spectroscopic 499100 499150 499200 499250
experiment on pendular molecules (see text). Inset shows magnetic field Frequency [GHz]
strength as function of radial distance for two different numbers of 0.030 T T T ; T T T '
magnet discs in the pile (see text). L
Following a brief description in section 2 of the experimental 0.024 - y v
setup, we present in section 3 the polarization spectra for _ , ]
pendular states of ICl. The theoretical analysis is given in 2. 0.018 |- —
section 4, including discussion of simple approximations and 8 4
calculation of spectra. Finally, in section 5 we outline an 2 4412 L |
extension of this spectroscopic technique, which is applicable A
even to nonpolar or nonmagnetic molecules in the gas phase, &
by creating optical anisotropy by interaction of a nonresonant ~ 9-006 - 7
laser field with the molecular polarizabilify. -
0.000 ' : : : ' : ' :
2. Experimental Setup 499100 499150 499200 499250

Figure 1 shows the setup of the absorption experiment. It Frequency [GHz]

consists of the usual components required for MR spectroscopy,Figure 2. Absorption spectra of ICl in the regime of the A(¥9¥(0)
namely, a frequency tunable light source, two polarizers, a band head. Upper spectrum: laser power 38 mw; lines represent qalcu-
sample cell, and a light detector. The light source is a computer- E‘;&i&%ﬁ&?ﬂ'? Ibar :‘é‘rcggvsvgrf;%% t;?\;‘vcf' ?rgg%iglntfaﬁg‘;fgg rl1$ dOeTeltétegd
controlled Ar" ion Iaser pumped smgle-mode ring dye laser behind the second polarizer rotated b)?’sa@th respect to the first; PD
(Coherent 899-29) with Rh6G dye. The first polarizer ensures gjqnq) is amplified by a factor of 100 compared to upper spectrum.
that the output of the laser is linearly polarized with polarization
plane at—45° with respect to the magnetic field vector. With 38 my o prevent saturation of the detector. The lower trace
the second polarizer 9Qotated with respect to the first one  gows the same spectrum taken with an exactl @Bated
the extinction ratio i€ < 10°°. The windows of the evacuated  gecond polarizer with respect to the first. The input power of
samplg cell between the polarizers reduce the extinctid 0 the |aser is 300 mW, and the amplification of the photodiode
= 1077 this is mostly due to strain-induced birefringence.  gjgna| is increased by a factor 0f2L0Both spectra demonstrate
_ In contrast to typical MRS experiments, the magnetic field ¢ sensitivity and resolution of simple absorption spectroscopy
is perpendicular to the laser beam direction. The field IS at room temperature. The scan range covers the ICI(A{19)
generated by a small U-shaped permanent magnet, compriseg )y hand head, obscured by a variety of rotational lines from
of a pile of disc-shaped permanent magnets and ferromagneticyher viprational bands or, limpurity. It is impossible to
metal plates. The field strength in the center of the 14 mm gap getermine the head or origin of the band. The stick spectrum
can reach up to 0.5 T, depending on the number of magnets inj, the ypper part of Figure 2 shows the calculated line positions
the pile. The radial field strength distribution was measured ¢ the P R and Q branches. The hyperfine structure of ICl is
with a Hall probe and is shown in the inset of Figure 1 for two —gnitted in this calculation. The undulatory structure in the base
sets of magnets in the pile. The sample cell is a cubic cell |ing arises from interference effects caused by the sample cell
made of silica plates of optical quality. The laser path length \yindows.
ti|1rougi(1jthe cellis é cm(.j Inf.ﬁr%parll?]g the sarfnple, tgg, cell WI%S In contrast, the upper trace in Figure 3 is taken with the pair
cleaned, evacuated and refilled with 1 atm of Ar, adding solid ¢ 5|arizers rotated exactly @@vith respect to each other and
ICI, _an_d finally evacuated again. The pressure of ICI in the_ the sample between the polarizers within the gap of the
cell is its vapor pressure at room temperature. The detector ISpermanent magnet. The magnetic field vector points4&°
a photodiode Wlth.a.voltage amplifier. The S|gna! is digitized | i respect to both polarizers. The field strengthis 320
by an analog-to-digital converter (not shown in Figure 1) and 1 The input laser power, amplification factor of the photo-
fed into a computer (PC1). In addition, this computer controls g4 signal, and scaling of the signal axis are identical with
the dye laser computer (PCZ), "?md synghronlzes Trequency StePhe lower spectrum of Figure 2. The spectral features appear
and data sampling. No additional noise reducing techniques 4 the same frequency position as the calculated line positions
such as lock-in or FM spectroscopy is used. of the field-free ICI(A(19)-X(0)) rotational band transitions,
except for the lowest rotational states in the band head. The
signal-to-noise ratio is orders of magnitude larger than for the
Figure 2 shows two absorption spectra taken without the absorption spectra (Figure 2). All features blue-shifted relative
magnetic field. The upper trace shows the absorption without to the red-degraded band head and also some spectral features
the second polarizer, taken with an attenuated laser power ofof the absorption spectrum within the range of the band head

3. Experimental Results
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Figure 3. Polarization spectra of the ICI(A(19)X(0)) pendulum band
head. Upper spectrum: with exactly°9€rossed polarizers; magnetic y i L
field 320 mT. Lower spectrum: second polarizer detuned-gyfrom \/\~§
exactly 90 crossed position; negative lines have sigheggual to sign- / s P o =45°+(
(&) and positive lines have-sign€) equal to signf); magnetic field 2 2 :
strength is 400 mT. -
ot anisotrop
(Figure 2) do not appear in the spectrum. The Q branch
dominates in intensity while the P and R branches nearly
disappear in the spectrum, except for the lowest rotational states P o =45°
11

within the head of the band. The intensity distribution within
the Q branch shows a maximum fde= 7. This is in contrast Figure 4. Vector diagram for magnetic rotation spectroscopy. Incoming
to the maximum al = 30 expected for a fluorescence excitation electromagnetic wave polarization denoted Hy transmitted wave

. polarization byEr; angle of rotation of the plane of polarization of the
spectrum of ICl recorded at room temperature. A maximum at incoming wave byé. Upper part with diagram pertains to polarizers

J = 7 would appear at a temperature of only 20 K. P, and B rotated by exactly 90with respect to each other. Lower

The signal is due to rotation of the plane of polarization of diagram has the second polarizerdetuned by+¢, and the base line
the transmitted laser light. Our interpretation is based on transmitted wave i&r,. Both diagrams show an anisotropic absorption
differential absorption of light polarized parallel or perpendicular CO€fficientdanisarop (dash-dotted ellipse).
with respect to the magnetic field. We do not include the phase
in our model calculations. This effect is well-known from ¢ of the second polarizer occurs as a negative signal, and vice
Zeeman spectra fokM = 1 andAM = O transitions. Since  versa. This is exhibited in the lower part of Figure 4, including
the linearly polarized input laser fielg, (as shown in the upper  the anisotropy of the absorption coefficientisorop0f the sample
part of Figure 4) is a coherent superposition of two plane waves (dash-dotted ellipse). The experimental observation is shown
En and E polarized parallel and perpendicularkth equal in in the lower part of Figure 3. The magnetic field strength is
amplitude, an anisotropic absorption results in different ampli- 400 mT, and the detuning angfeof the second polarizer is
tudes of both field components and thus in a rotation of the about +1°. For nonoverlapping transitions the line shape
plane of polarization of the coherent superposition. In the same changes from a single positive peak into either a negative line
way the polarization of the transmitted light can be split into a center and positive shoulders, or vice versa. The first line shape
coherent superposition of two plane waves polarized parallel represents the Q branch and the latter the P and R branch. The
and perpendicular to the second polarizer. The parallel com- background signal level increases by orders of magnitude
ponentEr passes the second polarizer and is detected by thecompared to the upper spectrum in Figure 3. The detuning angle
photodiode. This is illustrated in the upper part of Figure 4. was chosen in order to reach a background level of at least the
The sensitivity of the experimental technique critically depends peak intensity of the signals seen in the spectrum with the
on the extinction rati& of the polarizers. polarizers rotated by exactly 9@vith respect to each other.

A slight deviation from the exact SGotation of the second  Otherwise, it may happen that the rotation an§lef the
polarizer with respect to the first one allows the direction of polarization plane in the direction of the detuning of the second
rotation of the polarization plane to be determined. Already polarizer becomes larger than the detuning afgl@his would
the incoming wave has a compondfy, parallel to the second  cause additional features in the spectra. Both spectra in Figure
polarizer. The spectrum shows a base line signal level. 3 show two ordinates, one giving the PD voltage and the other
Rotation of the polarization in the direction of the detuning angle giving the transmitted intensity normalized to the input intensity.
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0.030 — ——— T Exact eigenenergies and eigenstates of a rotating magnetic
L 02 01 Ro i dipole in a homogeneous magnetic field need to be calculated.
1 R This is done by solving the Schdimger equation for the system
0.025 - 1] with the Hamiltoniah
S | | _ Rpri2 2
Z 0020 |- - H, = B[J® — Q° — w cos@)] )
o
{,3,’ with B the rotational constanf? the projection of the electronic
no'_ 0.015 |- . angular momentum on the molecular figure axis, are yH/B
| the dimensionless interaction parameter that gives the potential
energy of the dipole in the magnetic fieldd. The eigenstates
0.010 - 7 are expanded in terms of the field-free wave functions:
i L | L 1 I 1 " | I | L 1 t
499180 499190 499200 499210 499220 499230 499240 3 .
Frequency [GHz] 19,Q2,M;0= ZaJVQVM(w)IJ,Q,MD (2)

Figure 5. Polarization spectrum of ICI pendulum with polarizers
rotated by exactly 90with respect to each other; magnetic field strength  where the summation runs ov&mwhich is not a good quantum
about 8 mT; polarization lines are marked by arrows. number for the pendular states. Thgyu(w) are expansion
coefficients of the respective free rotor function. The number

The lowJ state selectivity is again demonstrated experimen- of J states involved significantly in the summation increases
tally in Figure 5. The magnetic field strength is only a few jth increasing magnetic field strength as does the alignment
millitesla, and the polarizers were rotated by’ 9@th respect  of the molecular axis. This is an expression of the uncertainty
to each other. At this low field strength even the lowest principle between the conjugate quantities angle and angular
rotational states show only small Zeeman splitting centered momentum. J is the rotational quantum number of the field-
around the free rotai level. The Q, Q;, Ry, and the Blines free state to which the pendular state converges adiabatically
appear as small but sharp positive peaks. All other featureswith decreasing field strength. The quantum mechanical
disappear in the residual simple absorption spectrum of the pendulum was treated early in the development quantum
room-temperature ICl sample. In the rigid rotor approximation mechanicé! In his 1928 paperThe Physical Pendulum in
the distance betweem@nd R is twice the rotational constant Quantum MechanigsE. U. Condon stated thait“can’t be
B" of the lower state, and that between &hd R is 4 times  jthout interest.[since it]..played such a great role in the study
the rotational constar’ of the upper state. A very rough  of analytic mechanics” His foresight proved to be justified,
reading of the peak distances from Figure 5 leads to values thatand since then Condon’s treatment of a planar quantum
are 10% smaller than those given in ref 17. A better result mechanical pendu|um has been extended to a Spherica| pendu-
will be obtained (i) by including the peak maximum shift due |ym by several authors!2-16 culminating in a very detailed
to the nonhorizontal background level and (i) by careful study discussion of this problem including the spectroscopy of
of the peak shape of the lines that depends on the total spectrabendular states in ref 3.
resolution of the experimental setup. The IGwelectivity at Since the ICl electronic ground state X is not affected by the
low field strength generally found for MOS is unique. To magnetic field (it has no magnetic dipole moment and B a
thermally select these few lines would require a temperature of state withQ"" = 0), we have to calculate the line-strength factors
about 0.5 K. It is much harder (if not impossible) to select for the ground state as a free rotor and the excited A state as a
these lines from molecular jet spectra at a rotational temperaturesymmetric top pendular state given by
of a few kelvin2®

Polarization spectra of pendular states of molecules with a g(j—71 = o ' 1125 1/2
body-fixed electric dipole moment created in a static electric SO anJ (@)Y + 17H2T + 1)
field have also been measured and will be the subject of a 7 1 T\ 1 7)\32
forthcoming paper. As with Zeeman splitting or pendular (_ " ,)( ,) 3)
fluorescence spectfd,magnetooptic spectra can be used to M Q MJ/\0 q
determine magnetic field strengths. The polarization spectra Here Q = 0, &1 designates the spherical components in the
of electric pendular states can also be used to measure electri¢aboratory frame of the electric field vector of the laser, while
field strengths with high local resolution. This aspect of our g = 0, 1 designates those in the molecular body-fixed frame
experiment is a byproduct, and it represents one among manyof the transition dipole operator of the molecule. These factors
different methods used for optical measurements of electric or determine théAM andAQ transitions, respectively. THd—X
magnetic field strengths with local and temporal resolution. Field transitions between the A and X state of ICl have a nonzero
measurements in closed environments like plasmas are ofcomponent of the transition dipole moment only tpre= +1.
particular interest for optical methods. Compared to laser- The summation runs over all involved in the pendular state
induced fluorescence (LIF) spectroscdpyyolarization spec-  given in eq 2 and oveq = +1 transitions. In addition to the
troscopy is advantageous in signal-to-noise level as outlined in change in the eigenenergies of pendular states, the Atfict

ref 9. selection rule is lifted. As the terms in eq 2 with= J + n (n
a positive integer) start to grow, there appear additional
4. Calculation of the Spectra transitions withAJ = £(n + 1).

) ) The transmission of the laser field component parallel or
First, we give a short summary of the theory of pendular states ,ependicular to the magnetic field is determined by
as far as it is necessary for calculating eigenstates, eigenenergies,

and line strength factors. Then we present a procedure to Eq/Eo=expognl) (4)
simulate polarization spectra of pendular states, discussing in

detail the approximations we use for the final really simple The exponent includes the particle densifythe path length
equation. of the laser through the sample cell, and the absorption cross
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sectiongy or op. It is a function of the line strength fact& " L B
the respective Boltzmann factor for tt#,M" [state, and finally i =243 |
a line shape factor. The;includes theSfactor forAM = +1 i @'=

and o that for AM = 0. The transitions are polarized r 7
perpendicular and parallel to the molecular axis. The axis of a I
molecular pendulum becomes aligned parallel to the field I
direction. In our experiment the line shape is determined by - :
the Doppler width of ICI at room temperature. T ‘ \ l

" ‘ e e bl i

Intensity
T

To determine the angl€ of rotation of the plane of
polarization, we calculate the ratte/E,. The upper diagram
of Figure 4 showsn andE, and the arctan of their ratio is the IO
. . . 498800 499000 499200 499400
angle 48 — &. The electromagnetic field behind the second Frequency [GHz]
polarizer is given by the projection of the transmitted field onto A EEARARARES RS T T
the axis of the second polarizer

Er= [(EJ/Ep)* + (E/E)T sin& ®)

This is also displayed in the vector diagram of Figure 4. The
calculation proceeds in exactly the same way for the absorbed
part of the electromagnetic wave. The arctan of the ratio of 1
— (En/Eg) and 1 — (E/Eg) determines an angle 45— f£. I
Equation 4 can be rewritten as L

i

Intensity

©=2.98 1
o'=0 |

ET: [(1 _ ED/E0)2+ (1 _ E”/EO)Z] l/ZSinﬂ (6) 499050 499100 499150 499200
Frequency [GHz]

1 | MR |

Taylor series expansion of eq 4 up to the second term reducesrigure 6. Simulated polarization spectra for ICI pendular states. Upper
the ratio 1— (E/Eo)/1 — (E0/Eo) to the ratio of the line strength  spectrum:w’ = 2.43; polarizers rotated by exactly 9@ith respect to
factors including line shape times Boltzmann factors each other. Lower partw’ = 2.98; detuning anglg = 1°. Both spectra
pa(d" M")S(v,AM=0)/pg(J" M")S(»,AM=£1). Here we des- simulate the experimental results presented in Figure 3.

ignate by S(v,AM=0,+1) the Doppler broadened line shape computed Q branch appears with high intensities and has its
weighted with the line strength fact@® of eq 3. All other maximum forQ, as in the experimental spectrum. Also, the
quantities in the absorption coefficient cancel out. The same computed P and R branches have low intensities and disappear
holds for the squared terms in the square root factor of eq 6, soin the red half of the spectrum. The highkstate transitions
that the transmitted relative intensity is given by the square of match exactly the free rotor transitions of ICI while the structure
) 12 in the band head differs significantly. At the chosen magnetic
Er O [(S(v,AM==£1))" + (S(v,AM=0))"]"“sin(45 — 0) field strength, high' states are still in the Zeeman regime and
@) show symmetric and smallly level splittings centered around

_ _ the field-freeJ level. For the lowJ levels the rotational
whereo = arctad S(v,AM=0)/S(v,AM=%1)}. The Boltzmann  gnergy is less than the potential energy of the dipole in the field.
factor for the rotational levels has been omitted in eq 7. For

' - ¢ ; The molecule thus becomes a real pendulum, and its eigenenergy
the calculation of spectra with slightly detuned polarizers, eq 7 ifrers significantly from the free rotor level (also fofy = 0)
is replaced by

and so do the transition energies. This explains the deviation
2 of the band head line structure from the free rotor spectrum.
Er 0 (S, AM==£1))"+ The lower part of Figure 6 shows the calculated spectrum
(S,AM=0)]*? sin{ 45° + £ — 0} + E,sin(*E) (8) for interaction parameters @ = 0 andw' = 2.98. These
are the values for a magnetic field strength of 400 mT. The
with ¢ the detuning angle of the polarizer (see lower part of detuning angle in eq 8 i§ = 1°, and the parameters coincide
Figure 4). The last term in eq 8 is the base line transmission with the experimental conditions of the lower spectrum of Figure
Ero. For¢ = 0 eq 8 is identical with eq 7. This equation is a 3. All characteristic features in the band head are reproduced.
substantial simplification of the exact theory outlined in refs 9 In addition, until the red end of the spectrum, all features of
and 10 for magnetic rotation spectroscopy. Guided by the every transition are reproduced. The lines of the Q branch show
simple picture of pendular molecules aligned parallel to the a negative peak center and positive shoulders, which is opposite
magnetic field, eq 8 is nothing but the resultant anisotropy of to the P and R branches. The multiple-tgown structure of
the absorption without phase information. We have found it the first and the third peak at the red end is an overlap of a P
quite adequate to simulate the polarization spectra of pendularand Q branch line. Only the peak levels in the simulated spectra
states of ICIl. Spectroscopic constants for ICI are taken from do not agree perfectly with the experiment. This can be
ref 17. Hyperfine structure does not influence the pendular attributed to two experimental limitations: (i) The magnetic field
spectra at the experimental resolufidand is omitted. The  strength has a radial distribution as shown in Figure 1 (inset).
interaction parameter’ is calculated from the measured The interaction parameter was determined from the maximum
magnetic field strengths and the known magnetic dipole moment center value of the magnetic field strength, but the laser path
of the A state of ICI. The calculations do not involve any fitted through the sample cell covers a 10 mm path centered in the
parameters. gap of the magnet parallel to the radius of the magnet discs.
The upper part of Figure 6 shows a spectrum calculated for (ii) The calculations assume a magnetic field vector rotated by
the experimental parameters corresponding to the upper part ofexactly 43 to the plane of polarization of the input light. Even
Figure 3. For the ground stat¢' = 0 and for the A statev’ a deviation of about 071could alter the positive and negative
= 2.43, which corresponds to a field strength of 320 mT. The signal levels of the spectra substantially.
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The line shape of the spectra with detuned polarizers (lower in the line strength factor (see refs 1 and 3). As the alignment
trace in Figure 6) is due to the A state paramagnetism. At the of both states increases, the line strength factor increases, too.
experimental field strength the eigenenergies ofNhelevels This very qualitative discussion of the alignment neglects the
of the A state increase with decreasiWy’ value. Those of possible nonmonotonic variation afos&0with field strength
the X state remain degenerate. In the P, Q, and R branchesthat appears at the transition from a Zeeman state into a bound
the AM = +1 and—1 components are blue- and red-shifted, pendular state for Zeeman eigenenergies larger than the free
respectively, by about onBly level splitting with respect to rotor eigenenergy. Its consequences for polarization spectros-
AM = 0. ForAM = 0, the line strength factors (eq 3) of the copy on pendular states will be discussed in a forthcoming paper
Q branch maximize at higiM;| values, but they maximize at  discussing polarization spectra between two pendular states of
M; = 0for AM = £1. The P and R branches show the opposite an electric dipolar molecule.
behavior. This explains the relative polarizations of line center ~ The agreement of calculated spectra with experiment was
and shoulders in the spectra. If both the upper and lower found for spectra taken over a range of the magnetic field
electronic state were paramagnetic, the line shape would lookstrength from a few millitesla up to 500 mT. Further more
much more complicated depending on Mesplittings in both detailed investigation of the line shape dependence on field

states. As for the free rotohJ branches, there appeaM strength, experimental resolution, and alignment parameter of
branches with an origin and a head in one of i = +1 the pendular states is in progress. The approximation for the
branches. calculation of polarization spectra that leads to eq 8 completely

neglects the phase of the electromagnetic wave. Therefore, the
simulated transmitted wave is necessarily linearly polarized. A
preliminary experimental investigation shows evidence for a

The line intensities in particular as functions of magnetic field
strength or the interaction parametgrreflect the evolution of

the expansion coefficients in eq 2. For the special case of thel SO s .
-3 transition of ICI only the expansion coefficients linear polarization of the transmitted wave. For each line of

ayom(@) with I = J* and J" + 1 contribute to the line the polarization spectra} it looks like there exists adetqning angle
stfeﬁgth factor of the pendular P, Q, and R branches. Their & for the se_cond polarl_zer tha_t tunes the _detected s_lgnal_ down
dependence o’ can be determined from the intensities. This to zero. This Wou_ld b(_a mpqssﬂgle for elliptically polgrlzed light.

requires a deconvolution of the lines with a function including HOWeVer, theoretical investigations of magnetooptical spectros-
the My level splitting and the experimental resolution. In the COPY accountfor both dichroism (anisotropy of absorption) and

same way the other expansion coefficients can be extracted fromb|refr|ngenf:e (anlsot.ropy of interferencé). A more detailed
the AJ = £n (n > 1) transition intensities. Th&; level study of this aspect is in progress.

splitting, which is directly related to the alignment of the 5. Conclusion

molecule, determines the optical anisotropy and thus also the
line intensities. This is the major reason for the intensity
distribution within a band. The low intensities of the P and R
branches are due to the smaller values of the Cleb&drdan
coefficients in eq 3 compared to the Q branch. This result is
in contrast to the finding for the Faraday effect geometry in ref
9. This experiment using NiH shows/&J branch selection

for AJ = AQ which was found for two electronic transitions:
one withAQ = 0 selecting the Q branch the other witif2 =

1 selecting the R branch. For both investigated NiH electronic

trans|,|t|on? the retsjgecnvﬁ\] = Ai? branch sho|w§ a m|n|muhm comparisons with the simple absorption spectra of ICl and also
overlap ofAM subbranches with opposite polarization. There i, fiyorescence excitation spectra of an ICI molecular b&am.

remains the questioln of whether this is a general rule. for the Another advantage of polarization spectroscopy on pendular
Faraday geometry in magnetooptical spectroscopy since thegaies js itsAJ selectivity. A substantial reduction of lines in

overlap ofAM subbranches depends on both the magnetic dipole e gpectra and characteristic line shapes both facilitate assign-
moment and the rotational constant. Only for the case that both et of ranches and determination of spectroscopic constants.
quantities are identical in the lower a_nd upper electronic state Theoretical considerations based on the idea of molecular
the Q branch has no overlap of the differéx subbranches.  penqular states led to a simple explanation of the spectral
And for identical rotational constant and doubling of the gyryctures. Simple geometric arguments for the anisotropy in
magnetic moment from lower to upper state, the R branch showsie apsorption coefficient which causes the optical anisotropy
no overlap of the differen\M subbranches. From this one  f the paramagnetic sample in the magnetic field were used in
would expect a different result for a molecular system with & ¢onnection with quantum mechanically calculated eigenstates
large difference of the rotational constant of the lower and upper 5nq eigenenergies of pendular states to reproduce the measured
state. A more detailed investigation of this problem will be spectra without any fitting parameter. This was found to be
discussed in a forthcoming publication. valid for magnetic field strengths up to 500 mT. The phase

The alignment of pendular states is customarily characterized and therefore possible effects of birefringence are neglected in
by the expectation value of cés This quantity designates the  our model calculations. A theoretical approach for forward
average projection of the angular distribution of the molecular scattering magnetooptical spectroscopy shows that Faraday and
axis on the field direction. As the number of significant Voigt effects are special solutions of a general equaifoifihis
expansion terms in eq 2 grows, theos 60increases with equation incorporates dispersion terms (responsible for bire-
increasing field strength. Since the ICKA) magnetic pen- fringence) and absorption terms (responsible for dichroism).
dular transition line strengths are determined by only three terms Both terms appear in the special solutions for Faraday and Voigt
of eq 3, the pendularization (which produces the alignment) at effects and are therefore also expected for our experiment.
high field strengths causes a decrease of the respective lineBesides the above-discussed experimental sources for peak level
strength factor for P, Q, and R transitions. For the case of two discrepancy between our measurements and our simulations,
paramagnetic levels more expansion coefficients are involved birefringence may be another source.

The detection of the anisotropy of the figure axis of molecular
pendular states was demonstrated experimentally using polariza-
tion spectroscopy. The high sensitivity of this experimental
technique, which is directly related to magnetooptic spectros-
copy, was demonstrated for the paramagnetic electronically
excited A state of the ICI molecule. Except for the laser system,
the apparatus used is a very simple, low-cost table-top setup.
This was adequate to exhibit the capability of this technique to
measure “low-temperature spectra” from room-temperature
samples. The dramatic improvement offered is evident from
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A polar molecule in an electric fielé18behaves much like  calculations of eigenenergies and line strength factors for
a paramagnetic molecule in a homogeneous magnetic field. Thependular states.
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