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Abstract. It has recently been shown that certain two-photon transitions can be induced
in atoms by applying a static magnetic field at the intersection of two crossed laser beams.
The mechanism involves quantum mechanical interference between different excitation
pathways. In this letter it is shown that a similar effect takes place in any highly symmetric
molecule such as methane or sulphur hexafluoride belonging to a cubic symmetry group.
However, in this case the effect occurs through a non-linear magneto-optical interaction
which is quite distinct from the interference mechanism.

A recent paper by Diebold (1985) has considered the case of two-beam two-photon
absorption in atoms, in which transitions provide access to excited states corresponding
to the sum of the absorbed photon energies. Attention was drawn to the fact that
two-photon 'S-'S transitions, which are normally forbidden if the electric vectors of
the two beams are perpendicular, can nonetheless become allowed if a static magnetic
field is applied. The mechanism for this phenomenon involves quantum mechanical
interference between different pathways through 'P intermediate excited states, by
virtue of the removal of spin degeneracy by the magnetic field.

It is the purpose of this letter to show that a similar effect takes place in highly
symmetric molecules such as methane or sulphur hexafluoride which belong to one of
the cubic or icosahedral symmetry point groups. Here too, two-photon transitions to
excited states belonging to the totally symmetric representation are forbidden when
the two beams have perpendicular electric vectors, but are allowed when a mutually
perpendicular magnetic field is applied. In this case, however, the effect occurs through
a non-linear magneto-optical interaction. This process can take place irrespective of
any lifting of spin degeneracy by the magnetic field, and quantum mechanical interfer-
ence is not implicated in the mechanism.

The matrix element M,, for a two-photon transition |f) «|0) in the presence of a
static magnetic field B can be obtained from second-order time-dependent perturbation
theory, using dressed basis states given by

[r)y=Ir)- ; (m* - B)E|s) (1)
where E,; is the difference in the zeroth-order energies E, — E,, and m*" is the magnetic
dipole transition moment for the transition |s) «|r). The leading term in the result for
the matrix element can be expressed using the implied summation convention for
repeated indices as

MfO = (1/2050)‘1(1112)1/2(51']'91:'@21' + TijkelierBk +..0. (2)
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Here ¢,, e, denote the orthogonal plane polarisation vectors of the two beams with
intensities I,, I,, and frequencies w,, w, respectively, where

Epy= hw, + how, (w, # wy) (3)

S, is the usual molecular two-photon absorption tensor and Ty is a third-rank molecular
tensor. These tensors are defined as follows:
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where " denotes an electric dipole transition moment. Whilst other terms in equation
(5) result from dressing by the magnetic field of the initial and final states for the
two-photon transition, the second and fifth terms represent the dressing effect on a
virtual intermediate state |r). In the special case where there is a one-photon near-
resonance with a spin state whose degeneracy is lifted by the field, these two terms
are associated with the effect discussed by Diebold. For our purposes here, however,
there is no specific need for the involvement of either near-resonance or degeneracy
lifting. For later reference, we note that the transformation properties of the tensors
defined by equations (4) and‘(5) under the operations of the full rotation group are
given by

D(l—)®D(l—)= D(0+)@ D(H)@ D&Y (6)
D(l—)®D(l-)®D(1—) — D(0+)@3D(1+)®2D(2+)® DD . (7)

for S; and Ty respectively.
The rate T of two-photon absorption can be calculated from equation (2) using
the Fermi golden rule:

I'=(2m/4)| My (8)

where p, is the density of final states. The leading term is independent of the magnetic
field and comes from |Sijelie2j|2. After effecting a rotational average to account for the
random molecular orientations in a fluid phase (Andrews and Thirunamachandran
1977), this term leads to the result
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for the special case where e, is perpendicular to e,. Rewriting the result explicitly in
terms of irreducible Cartesian tensors (Jerphagnon et al 1978), we obtain
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Here S\, is the weight-1 even-parity axial part of the tensor S,,,, whose components
have the transformation properties of rotations, and Sfﬁf) is the traceless weight-2 part
of S,,. It is evident from the result that there is no term involving S%;’, which alone
transforms as a scalar, although such a term does normally arise in other polarisation
configurations. For any two-photon transition to a state belonging to the totally
symmetric representation in a molecule belonging to one of the cubic or icosahedral
point groups T, Ty, Ty, O, Oy, I or I, the only tensor components which are not
identically zero are those which transform as a scalar; hence under the conditions
described, the two-photon absorption is forbidden in the absence of a magnetic field.
This conclusion has exactly the same physical basis as the more familiar result that
the Raman bands associated with totally symmetric vibrations in cubic or icosahedral
molecules are fully polarised (Koningstein 1972).

In the presence of a magnetic field, the leading correction to equation (10) from
the expansion of equation (8) comes from the two cross terms involving
S,je“ezj’f,m,,e”esz,, and its complex conjugate. However, if we specify the direction
of the magnetic field by

B= e X e, (1)
so that the three vectors e;, e, and B are mutually orthogonal, then the rotational
average of these two cross terms gives a vanishing result. However, the succeeding
correction term resulting from |T, kel,eszkl can be evaluated and after rotational
averaging gives
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This expression can be recast in terms of the appropriate third-rank irreducible tensors
using equation (2.11) from Andrews and Wilkes (1985), and the result is as follows:

1112|B|27T.0f
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The crucial feature of this result is the appearance of the weight-0 tensor T\, which
persists even for transitions to totally symmetric states of tetrahedral, octahedral or
icosahedral molecules.

The magnitude of the effect represented by this result can be estimated by noting
that compared with the usual two-photon rate of equation (10), the various terms in
the expression for the field-induced rate each contain an additional factor of the order
of k*=(m" - B/AE)*, where m™ is a typical magnetic dipole transition moment and
AE atypical detuning from resonance. Thus if [m”¥|~ 1 Bohr magneton, |B|~1 T and
AE ~5x10" Hz, the value of « is approximately 3x 107% and so the rate is smaller
by a factor of approximately 107 than that usually associated with two-photon absorp-
tion. This represents a signal level which is still appreciably larger than that associated
with three- and four-photon absorption spectroscopy, which is becoming an increas-
ingly well established experimental technique (Levenson 1983). However, it is also
worth noting that since the two-photon result depends on the intensity product 1,1,
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then increasing the intensity of each beam by a factor of the order of x can restore
the field-induced absorption signal to its former level. An intensity increase of this
order is readily attainable by the use of Q-switched lasers in conjunction with mode-
locking techniques. Hence the effect should certainly be measurable with current laser
instrumentation.

In conclusion, it has been shown that in the particular laser beam geometry
described, the application of a static magnetic field can induce two-photon molecular
transitions that are forbidden in its absence. The mechanism, which is not specifically
molecular but in principle also applies to atoms, is a non-linear magneto-optical
interaction mediated by the response tensor defined in equation (5). In contrast to
the process discussed by Diebold, this mechanism does not involve the removal of
spin degeneracy in intermediate states.
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