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The application of an electric field is shown te allow access to previously unobserved vibronic states when the perturbed
malecules are prcbed by a laser. The appropriate absorption rate is calculated using standard quantum electrodynamics, in the
electric-dipole approximation. Random orientation of the molecules is assumed, corresponding to the case where the molecules
have no permanent dipole moment. Reduction of the resulting expression to its irreducible, second-rank tensor components
allows selection rules for this electric-field-induced spectroscopy (EFIS) to be derived. These are similar to those for the
two-photon spectroscopies, such as Raman scattering and two-photon absorption. Variation of the angle between the two fields
is shown to give definite identification of the transition symmetry in most cases.

1. Introduction

It is well known that an electric field can per-
turb the energies of atoms and molecules in a
process termed the Stark effect. An applied elec-
tric field also generally induces a mixing of the
eigenstates of the system, resulting in a change of
the selection rules. Such an effect is manifested by
the observation of fundamental vibration—rotation
features in the spectra of homonuclear diatomics
such as H, [1]. The appearance of field-induced
absorption lines was predicted by Condon [2)}, who
drew attention to the analogy with Raman spec-
troscopy, in the limit where one photon has zero
frequency. Raman-like selection rules have re-
cently been observed in the electric-field-induced
spectrum of ammonia [3].

In this paper, electric-field-induced spectros-
copy (EFIS) is considered within the framework of
quantum <lectrodynamics, with the interactions
considered in the electric-dipole approximation.
The problem is simplified by assuming the mole-
cules to be randomly oriented, which corresponds
to a fluid phase in which the molecules have no
permanent electric-dipole moment. Analysis of the
EFIS absorption rate as a function of the angle
between the static and electromagnetic fields yields
similar information to a double-beam, two-photon

experiment. Thus it is shown that not only can
EFIS access new states, as in two-photon absorp-
tion studies, but that it also gives an unequivocal
assignment of the transition symmetry in most
cases.

2. Theory

The molecular rate of single-photon absorption
given by the standard methods of time-dependent
perturbation theory, is as follows

= (ml/eghc)X{|p’° - e]*)p;. (2.1)

Here, I is the irradiance and e, the unit polarisa-
tion vector of the radiation; uf° is the transition
dipole moment for the optical transition, |f) «
[0>; py, the density of final states, and the angular
brackets denote rotational averaging to account
for the random orientation of the molecules in a
fluid. ;

In this paper, transitions are considered which
are electric-dipole (E1) forbidden:

pff=o0,"

(2:2)

but which may be-induced by an applied.eiectric
field. The appropriate wavefunctions, j0°) and | £/},
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are thus given by time-independent perturbation
theory:

=10y + ¥ (0 E)EGIr) + - (2.3)
r+0

Ly =1fFy+ 2T E)EL ) + . (2.4)
ref

where E,, is the difference in the zeroth-order

encrgics, £, — E,(s=/f or 0). The corresponding
EFIS absorption rate, from eq- (2.1), 1s then

r=(71/€0;.c)< zf(yf’-é°)(;1’°-e)/(£°r+hw)

+ 3 (" -e)(w- &) /E,,

r=0

z)pf, (2.5)

where use has been made of the energy conserva-
tion equation

E=E, + ho. (2.6)

A more direct approach to eq. (2.5) is through
use of standard electrodynamical methods {4].
using as the perturbation operator

3, pn-dt—p-&, (2.7)

|m.

where p is the electric-dipole moment operator,
and d*, the transverse electric-displacement oper-
ator for the radiation field. In this case. the rate
expression is derived from the Fermi rule

= Qu/h) Myl )pr (2.8)
using the second term in the expansion for M,:
= (S0
GAEINIAICARINLY,
R e

The subscript, s, denotes that the states refer to
states of the system comprising the molecule and
the radiation. The two terms appearing in eq. (2.3),
may now be associated with time-ordered dia-
grams, as shown in fig. 1.

To proceed further, it is noted that by virtue of
eq. (2.2), each summation over the virtual states,
|r), in eq. (2.5) excludes both the ground state and
the final state. The result may be expressed in

termas of a real molecular response tensor, S;;,

f
-p.E | -u.dL
r r
—Ll.dl -pt
0 QO
(a) (b)

Fig. 1. Time-crderad diagrams for electric-field-induced spec-
!l’OSCOp}'.

defined as

s, =X [P/ By, + ko) +p 0%/ (B,

r

(2.10)

where the prime on the summation denotes, r = 0,
f. The rate equation is then:

Tepis = (‘Wfffohf—')(l

where use has been made of the implied summa-
tion convention for repeated indices.

The required rotational average may be effected
by first referring the molecular tensor components
to a molecule-fixed frame, denoted by Greek in-
dices, in which they are rotationally invariant.

Feps= (‘“IPr/euhc)SAp évzejébkgl
X <{i?l jp[kv lo)‘

In eq. (2.12), the direction cosine [;,, for example
denotes the (i, A) element of the Euler angle
matrix [5] for the transformation between the two
frames. The rotational average of the product of
the direction cosines in eq. £2.12), is then a stan-
dard result {6]:

e Ppr (2.11)

(2.12)

5 8 IT
1
<I ?&ijf.kv‘,io> = -3_(—) Bik Sjl
il 8_{5.‘
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4 -1 -1}fs,, 8,

- L -
X —1 4 —1 -8;\; -3!_“, 5
-1 -1 4|8, 5.
(2.13)

leading to the following expression for the absorp-
tion rate:

Teps = (""’I'tée Pr/30f15'50)

X [(38aaS + 3SxuSi — 252,53, ) cOs>
+(45,50 ~ SuSw — SiuSa)],  (2.14)
where
[£-e]2 =& cos? . (2.15)

In the case of plane-polarised light ¢ simply repre-
sents the angle between the electric field vector
and the polarisation vector.

The most effective method of dealing with the
selection rules for EFIS, is to introduce irreducible
tensors. The decomposition of a second-rank
cartesian tensor into its irreducible parts takes the
form

Sa. =Sty + S+ 52, (2.16)
S<°’- 8y, S (2.17)
S =1(Sx. — S). (2.18)
S =3(S\, + S.) —18,.S.,. (2.19)

Here, S} (0’ 1s a weight O tensor which transforms
under the operations of the full rotation group as a
scalar; S{) is a weight 1 tensor, which transforms
as a pseudo-vector (i.e. its components have the
same transformation properties as the rotations,
R_, R, R.); and S is a weight-2 tensor which
transforms as a second—rank, symmetric, traceless
tensor (i.e. its components transform in the same
way as xy, xz, yz, x> —y? and 2z2 — x2? — p2).
The three molecular tensor products in eq.
(2.14), may now be expressed in terms of the three
irreducible tensor products S{Ps{®, s{Us{) and

55282, each of which is real and posntwe:

SxaS,, = 3SUs0, (2.20)
Sru S, = SI0SD + SOISH) + SRS, (2.21)

SAFSFA =SSl — ss+ sfisn- -2

Subst:tuuon of these express:ons in eq (2 14) Ieads
to; . R

Tepre = ( -n[é"zp[/BOhceo) _
"X [(10895© — 58S + $DSP) cos?
+ (sSSP + 35252)]. (2.23)

The dependence of the absorption rate on the
experimentally controllable parameter ¥ may thus
be expressed through the relation

Teps(d) 1+ a cos® ¥, (2.24)
where
_ 105959 — 55{Us(l) 4§52 ’ (2.25)

1 D
58S+ S8

the value of which should be directly measurable
from a study of the ¢ dependence, using eq. (2.24).

3. Selection rules

For a field-induced transition originating from
a totally symmetric ground state, the symmetry of
the final state dictates the representation under
which components of the molecular tensor must
transform. In this section, application of this selec-
tion rule to the result derived in section 2 is
considered. In other cases, where the molecular
ground state is not totally symmetric, similar argu-
ments apply: here it is the product of the initial
and final state representations which dictates the
transformation properties of the active tensor
components. In general, each irreducible tensor
may have zero, or non-zero components according
to the symmetry of the final state. There are six
possible cases, as shown in table 1; the case in
which weights O and 1 alone are allowed does not
arise *.

* If weight 0 is allowed then the final state must belong to the
totally symmetric representation; if weight 1 is also allowed
under this representaticn, then its product with itself must
transform similacly: thus, components of weight 2 must also
then transform under the same totally symmetric representa-
tion. :
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Table 1
Values of the experimental parameter a for the six possible
transition symmetries

Case Allowed weights @

(a) 0,1.2 >—1

(b) 1,2 —l<a<i
(©) 0,2 >1

(d) 2 H

(e) 1 -1

(6} 0 o0

To illustrate some of these cases, we consider
EFIS in a molecule of D;, symmetry, such as
s-triazine which has been studied recently by
Lombardi and Scheps [7]. Reference to the ap-
propriate character table shows that there are two
El-allowed transitions (A, — A”; A} — E’), while
there are three that may be field induced (A}, — A;
A = A’ A} — E”). In the first of these, A, — A,
weights 0 and 2 are permitted but weight 1 compo-
nents are not; hence according to table 1, we have
a > . For a transition, A} — A’,, weight 1 alone is
permitted, and hence o = — 1. Finally, for a transi-
tion A} — E”, weights 1 and 2 alone are permitted

© @)

and hence « lies in the range, —1 <a < }.

The above example demonstrates one of the
many cases in which an experimental determina-
tion of the parameter a provides for an unequivo-
cal characterisation of the excited state symmetry
for a field-induced transition. In general, use may
be made of the results of table 1, cast into di-
agrammatic form, as in fig. 2. There appears to be
the possibility of ambiguity, for certain values of
a, in distinguishing between cases (a) and (b), or
between cases (a) and (c). However, cases (a) and
(c) cannot arise together in any point group, since
there is only one totally symmetric representation;
also, case (a) can only occur in molecules belong-
ing to the point groups, C,, or S, {assuming the
transition is El forbidden). Hence, in almost all
applications, experimental determination of « pro-
vides unambiguous symmetry information on each
field-induced spectral feature.

One other point of interest concerns EFIS for
which only the weight 0 tensor components are
non-zero, case (f). Such induced transitions belong
to totally symmetric representations, and only oc-
cur in molecules belonging to the cubic, or icoso-
hedral point groups. First it is noted that such
transitions are not only El, but also M1 and E2

U}
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Fig. 2. Classification of electric-field-induced transitions according to the value of a.
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forbidden *, and hence cannot even weakly occur
in the absence of the electric field. Secondly, the
result « = oo implies that dependence of the ab-
sorption rate, eq. (2.23), has been reduced to a
simple cos?y dependence; this feature should
again be directly amenable to experimental verifi-
cation.

4. Discussion

It is interesting to compare the EFIS process,
with double-beam, two-photon absorption. For
two-photon absorption, we have

Frpa = (mIF /2hc%, )T, 000,12 Yo, (4.1)

where e”, is the polarisation of the beam with
intensity /', and E;; = hw + he'. The field-in-
duced single-photon absorption rate, eq. (2.11),
may be similarly expressed as

Iepsa (T’Igz/h“o)<|Sfjgji“j|2>9r- (4-2)

The two-photon absorption tensor, 7;,, differs from
5,, only by the addition of A«’, in the denominator
of the second term in eq. (2.10). Hence, S; ; may be
regarded as the low-frequency limit (" — 0) of
T .
JComparison of egs. (4.1) and (4.2) enables an
estimation of the relative likelihood of observing
the field-induced process. Given the similarity of
the molecular tensors, the ratio of the two rates is

approximately given by
Tepis/Trpa = 28 %ceg /1. (4.3}

For a pulsed laser irradiance of 10! W m~2,

* M1 (magnetic-dipole) transitions have selection rules
governed by the transformation properties of the pseudovec-
tors (weight 1), while E2 (electric-quadrupole) transitions are
associated with traceless, symmetric, second-rank tensors

(weight 2).

which is typical for use in two-photon studies, and
an experimentally. feasible [8,9] electric-field
strength of 5% 107 V-m™', the ratio is approxi-
mately unity. The viability of EFIS is further
increased, if one considers its quadratic depen-
dence on the applied field. Like the Stark effect
utilised in the observation of molecular rotation
specira, ac fields coupled with phase sensitive de-
tection serves to separate any induced features
from the standard absorption spectrum, and gen-
erally increase the signal-to-noise ratio.

The possibility of using a static electric field to
change the selection rules for a transition has
recently been considered as a method of “dump-
ing” energy stored in a metastable state [10].
Hopefully the symmetry considerations that have
been outlined here may help the choice of suitable
candidates for such gain switches.
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