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Theoretical prediction is made for various types of molecular Zeeman spectroscopy due
to a circularly polarised pump laser, in which optical rectification produces a pattern
of spectral splitting mediated by the imaginary antisymmetric part of the frequency-
dependent molecular polarisability. The hyperfine part of this splitting, in which the
nuclear spin quantum number plays a role, leads to the expectation of laser-induced
resonance effects akin to conventional nuclear magnetic resonance (NMR) and electron
spin resonance (ESR). Experimental conditions for the observation of “laser Zeeman”
spectral effects are defined using double resonance and saturation in mode-locked lasers
for ultra high resolution.

Introduction

The well-known Zeeman effect in atomic and molecular spectroscopy depends to
first order on the dot product of the molecular magnetic dipole moment m and the
applied static magnetic flux density B. The magnetic dipole moment is proportional
to the sum of orbital (L) and spin (2S) angular momenta through the respective
gyromagnetic ratios. The hyperfine details depend on the contribution to m of
the nuclear spin angular momentum quantum number I. Both m and B are axial
vectors (rank one tensors) which have negative motion reversal symmetry (T') and
positive parity inversion symmetry (P). The conventional linear and quadratic
Zeeman effects due to B and B? respectively are both observed in atomic and mole-
cular gases and liquids by application of strong magnetic fields: Zeeman! was the
first to show the effect in sodium vapour placed between the pole pieces of a strong
electromagnet, and since then it has become the basis for countless investigations
of both atomic and molecular ensembles.23 A concise but comprehensive account
is given in Chapter 11 of Townes and Schawlow.? The development of the subject
in terms of group theory has been described in detail by Piepho and Schatz.3 The
interesting analogy between the Zeeman and coherent optical resonance effects has
been described by Steinfeld* in the context of coherent optical and double resonance
techniques.
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In this paper we develop the theory of a fundamentally new type of spectral effect
which is named “laser Zeeman spectroscopy” because of its close formal similarity
to the Zeeman effect due to B. The laser Zeeman effect is the spectral splitting due
to a circularly polarised electromagnetic field, the interaction Hamiltonian being a
product of the imaginary part of the atomic or molecular polarisability, iaﬁg , and the
conjugate product of the non-linear optical phenomenon®~7 of optical rectification.
In Sec. 1 the interaction Hamiltonian is developed as the dot product of two T
negative, P positive vector quantities in close formal analogy with the equivalent
Hamiltonian of the conventional Zeeman effect.

Section 2 discusses the quantisation of the polarisability tensor o}, which is an
antisymmetric polar tensor transforming as a 7" negative, P positive axial vector
quantity ;;xaj, using fundamental tensor algebra. The vector af in the laser
Zeeman effect plays the same role as the magnetic dipole moment in the conventional
Zeeman effect, has the same symmetry as angular momentum, and depends on the
angular momentum quantum numbers L, 25, and I through constants akin to the
gyromagnetic ratios of the Zeeman effect and magnetic resonance. The selection rule
for transitions between states in laser Zeeman spectroscopy of atoms and molecules
depends on the quantum number M as in the conventional Zeeman effect.

Section 3 is a description of the types of effect expected in laser Zeeman spec-
troscopy of simple molecules, using as illustrations Hunds coupling cases {a) and
(b) in diatomics, in formal analogy with the description by Townes and Schawlow?
of the same effects in conventional Zeeman spectroscopy. The theory is extended to
hyperfine effects involving the nuclear quantum number I and nuclear quadrupole
effects, leading to the expectation of nuclear and electron paramagnetic resonance
due to a circularly polarised pump laser, in analogy with NMR and ESR spec-
troscopy due to B.

Section 4 anticipates some experimental conditions for the observation of laser
Zeeman spectroscopy by double resonance techniques at ultra high resolution in
systems selected for resonance coincidencies with pump lasers such as a circularly
polarised carbon dioxide or Nd:YAG system.

1. The Interaction Hamiltonian for Laser Zeeman Spectroscopy

The fundamental external physical property responsible for the laser Zeeman effect
is the conjugate product of the circularly polarised laser

x=Ef x Ef = -E{ x Ef = 2E¢ik , (1)

which is phase independent and therefore exists in the steady state and does not
time-average to zero. Here, the subscripts R and L refer to right and left circularly
polarised components respectively, and the superscripts + and — to plus and minus
conjugates of the electric field strength E (in volts m~') of the electromagnetic field.
In Eq. (1), k is a unit vector in the z-axis of the laboratory frame (z, y, 2) and i
denotes the square root of minus one. The conjugate product is therefore a purely
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imaginary axial vector which is negative to motion reversal symmetry T and positive
to parity reversal P. It reverses sign with the circular polarity of the laser, and is
fundamentally responsible®™!? for bulk magnetisation due to a circularly polarised
laser, the inverse Faraday effect. Recently, it has been shown to be responsible
for circular and forward-backward birefringence!?'!? in molecular ensembles. The
theory of the A term'® of the former effect is responsible for Zeeman splitting as
developed in this paper.
The vector m; can be expressed as a rank two polar antisymmetric tensor through
the algebraic tensor product
Ti = €ijkTjk (2)

where €;;x is the Levi Civita symbol, the rank three totally antisymmetric unit
tensor. It is proportional to the electric field strength squared, and the interaction
Hamiltonian must therefore be a scalar formed by the contraction

1

AH = —Ea.-jm-,- , (3)
where a;; is in general a complex dynamic molecular polarisability’® mediating the
effect of electromagnetic field on the molecule. The complex dynamic polarisability
is well known to be made up of

aij = of; —iag; (4)
where the real part is symmetric in its indices and T positive, and the imaginary part
is antisymmetric and 7 negative. To obtain the real Hamiltonian, the imaginary
part must multiply the purely imaginary ia; to give

AH =iajjn; = —a/E}, (5

which can be expressed as a product of two T negative, P positive axial vector
quantities:

1 .
AH = -5 = —of'EZi (6)
in close formal analogy with the Hamiltonian for the conventional Zeeman effect

AHg = —-m;B; . (7)

2. Quantisation of the Imaginary Part of Polarisability

The electronic gyromagnetic ratio is well-known as the proportionality constant be-
tween the magnetic dipole moment and electronic orbital (L) and spin (2S) angular
momenta. Similarly, the nuclear gyromagnetic ratio is the proportionality constant
between the nuclear magnetic dipole moment and the nuclear spin quantum number
I. Analogously, we define the quantity v, as the proportionality constant between
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the vector a and the electronic total angular momentum L+ 2S, and the quantity
Yrn as that between of and the nuclear spin angular momentum I:

ia! = vo(L; + 25:) (8)

iod = yenl;i . (9

This is reasonable on the grounds of fundamental symmetry, because the axial
vectors o, L, 28, and I are all T" negative, P positive quantities so that vy, and
“Yxn are scalars.

The interaction Hamiltonian of the laser Zeeman effect can therefore be written

AH = 7r(Li + 2S.-)(E’§).~ - 7’mIi(Eg)i (10)

in terms of EZ and the new atomic or molecular constants. This puts the Hamil-
tonian in a form where it can be developed with vector coupling models as in the
conventional Zeeman effect, models which allow predictions to be made about the
nature of the laser Zeeman spectrum.

The selection rules for transitions between energy levels in laser Zeeman spec-
troscopy are identical, from Egs. (8) and (9), to those in the conventional Zeeman
effect given by

AJ=0; AM =0, %1, (11)

where M takes the values
JJ—1,...,~J

of the total angular momentum quantum number J.

Conventionally, when the probe microwave field of the Zeeman effect is parallel®
to B, AM = 0, giving the # components of the effect; and when the two fields are
perpendicular, AM = *1, giving the o components. In laser Zeeman spectroscopy,
the static magnetic flux density is replaced by x of a circularly polarised pump
laser, such as a carbon dioxide or Nd:YAG laser, giving the possibility of infrared
(or visible)/radio frequency double resonance in order to detect the fine, hyperfine,
and superhyperfinel®7 spectral structures of the laser Zeeman effect. This also
gives rise to the interesting possibility of saturation and multiphoton laser Zeeman
spectroscopy as discussed in Sec. 4.

The useful formal analogy between the conventional and laser Zeeman effects can
be carried further and developed following Townes and Schawlow,? provided it is
borne in mind that the two spectroscopies give information on different fundamental
molecular properties. This is detailed in Sec. 3 for molecular spectra.

3. Some Simple Laser Zeeman Effects in Molecular Spectroscopy

The Hamiltonian (10), initially neglecting hyperfine interactions, can be developed
with the well-known Hund vector coupling models.? In the weak coupling limit, L
and S precess about the molecular axis, which precesses about the total electronic
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angular momentum J. In the presence of the conjugate product x, J precesses about
x with projection M in the direction of #. This allows the Hamiltonian (10) to be
rewritten as

AH = —((A+2.002Q)y. M E3,) [(J(J + 1)) (12)
with A and €2 defined by

Q=k,-J; A=k, L, (13)

where k, is a unit vector in the molecular axis. As in the conventional Zeeman
effect, this produces 2J + 1 equally spaced laser Zeeman lines corresponding to the
different possible values of M.

The extent of the splitting is determined by the ratio of the interaction energy
o/ E2, to the reduced Planck constant. This introduces interesting differences from
the conventional Zeeman effect, because the value of the imaginary polarisability
can be increased dramatically by tuning the pump laser. This is clear from the
definition of «; in its antisymmetric polar tensor form from the time-dependent

ij
Schradinger equation

, $ W N
oGp = ~afa = ~3 ) ——— Im((nluali){ilesin)) , (14)
j#n I
where
Wjn = Wj —wn (15)

is the transition frequency from state n to state j, and uq and pg are electric dipole
moments. Clearly, if the circularly polarised pump laser is tuned to the frequency
wjn we have

W= Wwin , (16)

and the denominator in Eq. (14) becomes very small. Double resonance is obtained
under this condition by tuning the probe radio frequency field to a Zeeman transition
caused by the pump laser itself, a technique which can be identified conveniently as
infrared/radio frequency double resonance Zeeman spectroscopy. The hyperfine
detail of this spectroscopy is equivalent to “nuclear electromagnetic resonance”.

Hund’s case (b) can be written in direct analogy to Eq. (11-5) of Townes and
Schawlow as

_ 1 J(N(N + 1)+ S(S+ 1) = J(J + 1))
AH=-570+D [A NV + 1)
+2.002(J(J +1)+ S(S+1)— N(N + 1))]M7,E§, (17)

in their notation, but with B replaced by x and with m replaced by ia}.
The Hamiltonian for the laser Zeeman effect can be written in terms of the
Landé g; factor
AH = "'gJM'YwEgz ' (18)
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which is of the order of unity for molecules with net angular momentum, as in the
conventional Zeeman effect.? Otherwise, g is dominated by the nuclear spin angular
momentum I. In general, however, the g factor depends on the rotational angular
momentum J and other momenta. In the laser Zeeman effect, if the g factors in
states J; and J, are g; and g, respectively, and if the transition frequency between
J1 and J; is v, the spectrum will be a series of lines defined by

v=wvy+ (g2~ )My EZ/h (19)
for AM = 0 (7 components), and
v=vo+ (g2 — 91)M + ¢:)VaEZ, /b (20)

for AM = My — M, = %1 (¢ components), with M> the lower state. This spectral
detail depends on the imaginary part of the molecular polarisability, which can
be amplified greatly by resonance to the circularly polarised pump frequency. In
general the g factors contain hyperfine (nuclear) contributions, which cause “nuclear
electromagnetic resonance” as the radio/microwave frequency field is swept to the
same frequency as that of a transition frequency between hyperfine states. This
closely parallels the well-known technique of NMR.
If the molecular structure is such that

91=92, (21)

then there is no =« laser Zeeman effect, and in the o effect; there are only two
frequencies.

For observation of the ¢ lines, in general, the electric field of the microwave
waveguide should be perpendicular to x of the laser, so that the direction of prop-
agation of the circularly polarised pump laser is parallel to the length, or broadest
faces, of the waveguide, in the z-axis of the laboratory frame. This can be achieved
by actually incorporating the waveguide in the pump laser cavity, as in the con-
ventional technique of infrared/radio frequency double resonance,'**? provided the
pump laser is circularly polarised. No laser Zeeman effect can be observed if there
is no circular polarisation of the pump laser, which can be useful to test for exper-
imental artifacts.

The general appearance of the laser Zeeman spectrum is expected to be similar
to that sketched in Fig. (11~1) of Townes and Schawlow,? but will also depend on
the way the pump laser frequency is tuned to a natural transition frequency of a:{i,
giving, in principle, a great deal of information. Additionally, it is possible to use
circularly polarised probe microwave radiation, as well as circularly polarised pump
laser, with the added advantages discussed in pp. 288 ff. of Ref. 2.

Considering now the interesting case when the hyperfine structure due to I is
taken into account, the first order Hamiltonian is modified to

1 .
AH, = —5 [719.“1 “®+ Yrngrl "'] . : (22)
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If this is much smaller than the hyperfine energy, so that x does not disturb the
coupling between J and I, the vector coupling model gives the Landé type Hamil-
tonian

AHy =[~Axagr(I(I + 1) + F(F +1) — J(J + 1))
— Ye97(J(J+ 1)+ F(F+1) - I(I+1))] MrE3,

2F(F+1)’ (23)

where F is the total angular momentum quantum number, and Mp its projection
on x of the pump laser. For a diamagnetic molecule, both terms of the laser Zeeman
effect described by (23) are roughly equal in magnitude, giving considerable extra
spectral details which can be used in gases for analytical purposes in close analogy
to conventional NMR in liquids.

There appears to be an important potential advantage of laser Zeeman spec-
troscopy over the conventional effect because the latter is confined to molecules in
the ground electronic state, where there is no net electronic angular momentum in
most molecules. In the laser Zeeman effect however, used with a circularly polarised
laser such as Nd:YAG to pump the molecule into an excited electronic state, it ap-
pears possible to observe electronic laser Zeeman effects in molecules in which net
electronic angular momentum is absent in the ground state. This can be thought
of simply as the conjugate product spinning the molecule through interaction with
ia!. An interesting example of what might be expected from such a mechanism can
be based on the conventional Zeeman spectrum of nitric oxide, which is in a 27 state
which allows transitions of the type described in Fig. 11.3 of Ref. 2, the hyperfine
part of which is similar to a conventional liquid state NMR spectrum. In this state
the J number of NO is 3/2, so that the M states are 3/2, 1/2, —~1/2, and —3/2,
each of which is further split into M; = 1, 0, —1 states. Each M; state would
therefore be expected to show hyperfine structure in laser Zeeman spectroscopy.
Another example is that of oxygen, where there would be laser Zeeman effect on p
type triplets, giving a more complicated spectrum than for NO.

4. Conditions of Observation, Double Resonance Techniques

Symmetric tops and asymmetric tops will have more complicated laser Zeeman
spectra in analogy with the conventional Zeeman effect, the case of HDO being
particularly interesting because its 4vop state coincides with the Nd:YAG pump
frequency.!®12 The use of such coincidencies between pump laser and natural transi-
tion frequencies introduces the techniques of double resonance, for example, infrared
double resonance,* or infrared /radio frequency double resonance,!® and the closely
related area of super-high resolution saturation spectroscopy.!” In each of these
techniques, an intense circularly polarised pump laser would be used to induce the
laser Zeeman effect and to stimultaneously amplify the mediating dynamic imagi-
nary polarisability defined in Eq. (14) through coincidence with a natural transition
frequency wjn.
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One of the techniques of infrared double resonance has been used,'* for example,
to investigate dynamic Stark modulation in multiple infrared photon excitation.
Laser Zeeman effects would be generated, in principle, by using a circularly polarised
pump infrared laser with a probe tuned to the same frequency, the pump being much
more intense than the probe. For example, the pump can be a carbon dioxide laser
tuned to a transition frequency of sulfur hexachloride.!*

Another possible method of detecting laser Zeeman structure at high resolution
would be infrared/radio or microwave frequency double resonance.'®'¢. In this tech-
nique, a circularly polarised carbon dioxide laser is used with a radio or microwave
frequency probe applied to a cell placed inside the laser cavity. For example, this
type of spectrum is produced conventionally for a vapour such as methyl iodide by
selecting a coincidence of a methyl iodide transition with a carbon dioxide laser fre-
quency. Probe radio frequencies are also chosen so that they coincide with a natural
molecular transition, for example the 246 MHz ground state of methyl iodide, or
the 400 MHz first rotational excited state.

To optimise conditions for the laser Zeeman effect, a circularly polarised carbon
dioxide laser with high power level would be used, and the probe field swept to detect
laser Zeeman structure due to the Hamiltonian (22). The spacing of this structure
ought to depend on the square of the electric field strength of the pump laser, and
thus on the fourth power of the intensity in watts per unit area, multiplied into the
value of the polarisability vector «. Transitions between extra energy levels caused
by the circularly polarised pump laser would be detected as absorptions of the radio
or microwave frequency probe. In this technique, a method would have to be used
for ensuring that the pump is circularly polarised, so that the sample cell may have
to be situated outside the pump laser cavity, and the latter circularly polarised with
a Nicol prism/quarter-wave plate, or some other devices. In this type of experiment,
strong laser Zeeman effects would be anticipated if the molecule were chosen to have
a net electronic angular momentum as well as coincidence with a pump laser line.
In this respect it may be advantageous to use a circularly polarised visible frequency
solid state laser such as a Nd:YAG rather than a carbon dioxide laser in the mid
infrared and a microwave frequency waveguide probe to detect the laser Zeeman
lines. In this context the pump laser replaces the magnet of conventional Zeeman
effect apparatus (vector x replaces vector B).

It may be advantageous in this configuration to simplify the expected laser
Zeeman effect to its essentials by using an atomic vapour such as sodium as sample.
There is a fairly close coincidence between the sodium D line at 589 nm, for example,
and the 530 nm Nd:YAG line. A much closer coincidence is that between the third
O-H stretching overtone of HOD and the 720 nm Nd:YAG line, but in this case the
expected laser Zeeman spectrum would be a much more complicated structure of
the asymmetric top molecule HOD. Another close coincidence 1s that between the
540 nm 'Ey, < ‘A1, low energy Q) transition of a D4p porphyrin chromophore,
where a simple broadened laser Zeeman spectrum may be observable in analogy
with the conventional effect in porphyrins due to B.!3
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It appears probable, finally, that interesting laser Zeeman features not antici-

pated by these simple arguments will be found when experiments are carried out
on real systems. These are expected to give a wide variety of new fundamental
information concerning the interaction of molecules and electromagnetic fields.

Acknowledgments

This research was supported by Cornell Theory Center, which receives major fund-
ing from NSF, IBM, New York State, and the Corporate Research Institute.

References

1.
2.

17.

18
19

P. Zeeman, Philos. Mag. 43 (1896) 226.

C. H. Townes and A. L. Schawlow, Microwave Spectroscopy, (McGraw Hill, 1955; Dover,
1975).

S. B. Piepho and P. N. Schatz, Group Theory in Spectroscopy with Applications to
Magnetic Circular Dichroism (Wiley, 1983).

J. 1. Steinfeld, Molecules and Radiation (M. 1. T. Press, 1985), second edition.

Y. R. Shen, The Principles of Non-linear Optics (Wiley, 1984).

J. F. Waxd, Rev. Mod. Phys. 37 (1965) 1.

G. Wagnitre, Phys. Rev. A40 (1989) 2437.

P. S. Pershan, Phys. Rev. 130 (1963) 919.

P. van der Ziel, P. S. Pershan, and L. D. Malmstrom, Phys. Rev. Lett. 15 (1965) 190.
ibid., Phys. Rev. A143 (1966) 574.

. M. W. Evans, Phys. Rev. Lett. 64 (1990) 2909.
. M. W. Evans, Phys. Rev. A41 (1990) 4601.
. L. D. Barron, Molecular Light Scattering and Optical Activity, (Cambridge Univ. Press,

1982).

. C. Reiser, J. I. Steinfeld, and H. W. Galbraith, J. Chem. Phys. 74 (1981) 2189.
. E. Arimondo, P. Glorieux, and T. Oka, Phys. Rev. A17 (1978) 1375.
. D. Hennequin, P. Glorieux, E. Arimondo, and M. W. Evans, J. Chem Soc., Faraday

Trans. II, 83 (1987) 463.

Ch. Salomon, Ch. Breant, A. van Lerberghe, G. Camy, and C. U. Borde, Appl. Phys.
B29 (1982) 153.

F. Fleming Krim, A. Sinha, and M. C. Hsiao, J. Chem. Phys. 92 (1990) 6333.

W. Worthy, Chem. Eng. News 68 (1990) 24.




