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The application of an electric field is shown to allow access to previously unobserved vibronic states when the perturbed 
molecules are probed 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 transitionsymmetry in most cases. 

1. Introduction 

I t  is well  k n o w n  tha t  a n  electr ic  f ield c a n  pe r -  
t u rb  the  energ ies  o f  a t o m s  a n d  molecu le s  in a 
p rocess  t e r m e d  the  S t a rk  effect .  A n  app l i ed  elec-  
t r ic  field a lso  gene ra l ly  induces  a m i x i ng  o f  the  
e igens ta tes  o f  t he  sys tem,  resu l t ing  in a c h a n g e  o f  
the  se lec t ion  rules.  Such  a n  e f fec t  is m a n i f e s t e d  b y  
the  o b s e r v a t i o n  o f  f u n d a m e n t a l  v i b r a t i o n - r o t a t i o n  
f ea tu res  in the  s p e c t r a  o f  h o m o n u c l e a r  d i a t o m i c s  
such  as H 2 [1]. T h e  a p p e a r a n c e  o f  f i e ld - induced  
a b s o r p t i o n  l ines was  p red i c t ed  b y  C o n d o n  [2], w h o  
d r e w  a t t e n t i o n  to  the  a n a l o g y  wi th  R a m a n  spec-  
t ro scopy ,  in the  l imit  whe re  o n e  p h o t o n  has  ze ro  
f requency .  R a m a n - l i k e  se lec t ion  rules  h a v e  re -  
cen t ly  b e e n  o b s e r v e d  in the  e lec t r i c - f i e ld - induced  
s p e c t r u m  o f  a m m o n i a  [3]. 

I n  this pape r ,  e lec t r i c - f i e ld - induced  s p e c t r o s -  
c o p y  ( E F I S )  is c o n s i d e r e d  wi th in  the  f r a m e w o r k  o f  
q u a n t u m  e l ec t rodynamics ,  wi th  the  in t e rac t ions  
c o n s i d e r e d  in the  e lec t r ic -d ipo le  a p p r o x i m a t i o n .  
T h e  p r o b l e m  is s impl i f i ed  b y  a s s u m i n g  the  m o l e -  
cules  to  b e  r a n d o m l y  or ien ted ,  Which c o r r e s p o n d s  
to  a f lu id  p h a s e  in wh ich  the  mo lecu l e s  h a v e  n o  
p e r m a n e n t  e lec t r i c -d ipo le  m o m e n t .  Ana lys i s  o f  the  
E F I S  a b s o r p t i o n  r a t e  as  a f u n c t i o n  o f  the  ang l e  
b e t w e e n  the  s ta t ic  a n d  e l e c t r o m a g n e t i c  f ie lds  y ie lds  
s imi l a r  i n f o r m a t i o n  to  a d o u b l e - b e a m ,  t w o - p h o t o n  

expe r imen t .  T h u s  it  is s h o w n  tha t  n o t  o n l y  c a n  
EFIS access new states, as in two-photon  absorp-  
t ion studies ,  bu t  tha t  it a lso  gives a n  u n e q n i v o c a l  
a s s i g n m e n t  o f  the  t r ans i t ion  s y m m e t r y  in m o s t  
cases. 

2. T h e o r y  

T h e  m o l e c u l a r  r a t e  o f  s i n g l e - p h o t o n  a b s o r p t i o n  
g iven  b y  the  s t a n d a r d  m e t h o d s  o f  t i m e - d e p e n d e n t  
p e r t u r b a t i o n  theo.ry, is as fol lows 

r = e l 2 ) p , .  (2.1)  

H e r e ,  I is the  i r r ad i ance  a n d  e, the  un i t  po l a r i s a -  
t ion  vec to r  o f  the  rad ia t ion ;  /fr0 is the  t r ans i t i on  
d ipo l e  m o m e n t  fo r  the  op t i ca l  t rans i t ion ,  I f ) ~ -  
[0); pt ,  the  dens i t y  o f  f inal  s ta tes ,  a n d  the  a n g u l a r  
b r a c k e t s  d e n o t e  r o t a t i o n a l  a v e r a g i n g  to  a c c o u n t  
f o r  the  r a n d o m  o r i e n t a t i o n  o f  the  molecu le s  in  a 
f luid.  

I n  this pape r ,  t r ans i t ions  a r e  c o n s i d e r e d  wh ich  
a r e  e lec t r i c -d ipo le  ( E l )  f o r b i d d e n :  

= o ,  (2 .2)  

b u t  wh ich  m a y  b e  i n d u c e d  b y  a n  a p p l i e d  e lec t r ic  
field.  T h e  a p p r o p r i a t e  wave func t i ons ,  10") a n d  I f ' ) ,  
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are thus given by time-independent perturbation 
theory: 

10"> =10) + + . . . .  (2.3) 
r ~ 0  

I f ' )  = I f )  + Y'~ (gal.  e )  Efinl r )  + . . . .  (2.4) 
r~f 

where E,,  is the difference in the zeroth-order 
energies, E , -  Er(s = f  or 0). The corresponding 
EFIS absorption rate, from eq. (2.1), is then 

F = ('r.I/,ohC ) < l r~_~ f (  I.t/r - °~) ( ttr° - e ) / (  EOr + ht° ) 

-) '-I1- E (~,r. e)(~Lg.o ff)/Eor [ Of' ( 2 . 5 )  
r~=0 I 

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

E / =  E 0 4- h~ .  (2.6) 

A more direct approach to eq. (2.5) is through 
use  o f  s tandard  e l e c t r o d y n a m i c a l  m e t h o d s  [4]. 
using as the perturbation operator 

J i m =  - - % ~ g - d "  --/x-6 ~, (2.7) 

where /x 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 

F = (2~r/h)(IMzola)pf, (2.8) 

using the second term in the expansion for M/o:  

Mr0 = <LI-,~i..IOD 

+ y" (f~l°~P~"'lr~)(r~l~"~"'lO~) (2.9) 
., Eo,-- 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. (2.5), 
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, 
Jr), in eq. (2.5) excludes both the ground state and 
the final state. The result may be expressed in 
terms of a real molecular response tensor, Sij, 

f 

-I~._£ 

F 

.L -~.~ t 
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Fig. 1. Time-ordered diagrams for electric-field-induced spec- 
troscopy. 

defined as 

• : r  , o  s,,=E 
r 

(2.10) 

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

FEEl s = (,rrI/%hc)<lSu~e~12)pf, (2.11) 

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. 

FEF m = (~rlpr/%hc) Sx~S, oo~,ejgk~t 

X (lixljl, lgvlto ). (2.12) 

In eq. (2.12), the direction cosine/ix,  for example 
denotes the (i, X) 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]: 

rs. ] ~kl T 
<lihljbtlknllo)=To[~ik ~jl 

a,, a: 
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X _--1 4 - - i  8A; -8~o , 

--1 - 1  4 j  LSXo 8~,,, 
(2.13) 

leading to the fol lowing expression for the absorp-  
t ion rate: 

= (  rIe20f/3Ohc% ) 

x [(3SAAS.Im + 3 S A : , A  -- 2S  SA ) COS'- 

+ (4Sx.Sxim - SaxSimim-- SximSima)], (2.14) 

where 

IoO-el 2 =o~ 2 cos 2 ~ .  (2.15) 

In  the case o f  p lane-polar ised l ight q., s imply  repre- 
sents the angle be tween the electric field vector  
a n d  the polar isa t ion vector. 

The  mos t  effective m e t h o d  of  deal ing with  the 
selection rules for EFIS,  is to in t roduce  irreducible 
tensors. The  decompos i t ion  o f  a second- rank  
car tes ian tensor  in to  its i rreducible par ts  takes the 
fo rm 

SAt, S~,A = e(o)e(o) _ e m c m  + ~(2)~(2)_ - (2.22) ' .- 'ApoA~ oAW.-aAt, t oAt.t~'A ~ . . . .  

Subs t i tu t ion  o f  these expressions-in eq . (2A4)  leads 
to; 

-Y'r:Fm = ("rrIoa'2pr/3Ohc%) 

• [ [ I A  o(0)~,(0) 5S(1)o(1) 0(2)c,(2) × L~ .,,ox~,ox~, -- x~,ox~ , 4-  COS 2 t~ 

[~: ° ( l ) c ( l )  "1K" (2) K"(2) $1 (2.23) 
+ ~,aaX~'°Xim + - ' ° x ~ ° x ~  ' / l  " 

The  dependence  of  the absorp t ion  rate  on  the 
exper imenta l ly  control lable  pa ramete r  q, m a y  thus 
be  expressed th rough  the relat ion 

FEVm(q, ) CC 1 + a cos z ~ ,  (2.24) 

where  

10S(°)g (°) 5 c o ) c o )  4- C,(2)~',(2) A/.L Aim - -  ° h ~ ° h ~ t  '°A~'~A/.t 

5 S ( 1 ) S  (1) + K'(2)('(2) ' Kz.-z-aJ 
X/.t ~./ . :  ~/k/x ~/~.pL 

the value o f  which should  be direct ly  measurab le  
f rom a s tudy  of  the q, dependence ,  using eq. (2.24). 

3. Select ion rules 

SAim = ~.(0) + ~ , ( I )  ..]_ K',(2) (2.16) "-" X/z "" X/~ '°Aim • 

SA(O) 1 im= 78ximS.~, (2.17) 

S ° )  -- ½(SA, - S~,x), (2.18) A / t - -  

Sx(~ ) = ½(SA~, + Simx) - ½8x~,S,,, (2.19) 

Here,  SAc°) is a weight  0 tensor  which t ransforms  
unde r  the opera t ions  of  the full ro ta t ion  group as a 
scalar; ~(t) is a weight  1 tensor,  which t ransforms  ~-'AVt 

as a pseudo-vector  (i.e. its componen t s  have  the 
same t r ans fo rmat ion  propert ies  as the rota t ions ,  
R.~, Ry,  R : ) ;  a n d  SA(~ is a weight-2 tensor  which 
t rans forms  as a second-rank,  symmetr ic ,  traceless 
tensor  (i.e. its componen t s  t r ans form in the same 
w a y  as xy ,  xz ,  yz ,  x 2 _ y 2  and  2z  2 -- x 2 _ y 2 ) .  

The  three molecular  tensor  p roduc ts  in eq. 
(2.14), m a y  n o w  be  expressed in terms of  the three 
irreducible tensor  p roduc ts  g r o g  t°) ¢O)eo )  and  X~ A/~, "'At~'JAt.t 
S ( 2 ) e ( 2 )  each of  which is real a n d  positive: Xim°A~, 

Sxx  S m , = -~oxim~,x~e(°)e(°), (2.20) 

s (O)c , (0)  K',(1)q(1) 8(2)(:,(2) S~imSx~, = x~,ox~, + + (2.21) 'J/~/.t L-J X~ A/~ oXt~ • 

For  a f ie ld- induced t rans i t ion or iginat ing f rom 
a total ly symmet r i c  g round  state,  the s y m m e t r y  o f  
the  final s tate  dictates  the representa t ion  u n d e r  
which  componen t s  o f  the molecular  tensor  mus t  
t ransform.  In this section, appl icat ion o f  this selec- 
t ion  rule to the result derived in sect ion 2 is 
considered.  In  o ther  cases, where  the molecular  
g r o u n d  state  is no t  total ly symmetr ic ,  s imilar  argu-  
men t s  apply:  here it  is the p roduc t  o f  the init ial  
a n d  final s ta te  representa t ions  which dic ta tes  the 
t r ans fo rma t ion  propert ies  of  the active tensor  
componen t s .  In general,  each irreducible tensor  
m a y  have zero, o r  non-zero componen t s  according  
to the s y m m e t r y  o f  the final state.  There  are six 
poss ible  cases, as shown in table 1; the  case in 
which  weights 0 a n d  1 a lone  are a l lowed does  no t  
a r i s e  ~ 

I f  we igh t  0 is a l lowed  t h e n  t he  f inal  s t a t e  m u s t  b e l o n g  to  t h e  
to ta l ly  s y m m e t r i c  r ep r e sen t a t i on ;  i f  we igh t  1 is  a l so  a l l o wed  
u n d e r  th i s  r ep re sen t a t i on ,  t h e n  i ts  p r o d u c t  w i t h  i t se l f  m u s t  
t r a n s f o r m  s imi la r ly :  t hus ,  c o m p o n e n t s  o f  we igh t  2 m u s t  a l so  
t h e n  t r a n s f o r m  u n d e r  t h e  s a m e  to ta l ly  s y m m e t r i c  r e p r e s e n t a -  
t ion.  
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Table 1 
Values of the experimental parameter a for the six possible 
transition symmetries 

Case Allowed weights a 

( a )  o ,  1 . 2  > - 1 
(b) 1,2 - l < a < ~  
(c)  o.  2 > .~ 

(d) 2 
(e) 1 - 1 

( O  0 oo 

T o  i l lus t ra te  s o m e  o f  these cases,  we  cons ide r  
E F I S  in a molecu le  o f  O3h s y m m e t r y ,  such  as 
s - t r iaz ine  which  has  been  s tud ied  recent ly  b y  
L o m b a r d i  a n d  Scheps  [7]. R e f e r e n c e  to the  ap -  
p r o p r i a t e  c h a r a c t e r  t ab le  shows tha t  there  a re  two 
E l - a l l o w e d  t rans i t ions  (A" l -* A'~; A" l --~ E ' ) ,  while  
there  a re  th ree  that  m a y  be  field induced  (A" l --, A'I; 
A" l --~ A2: A" 1 --~ E " ) .  In  the first o f  these, A'l --~ A'l. 
weights  0 a n d  2 a re  p e r m i t t e d  b u t  weight  1 c o m p o -  
nents  are  not ;  hence  acco rd ing  to tab le  1, we  have  
ct > ~. F o r  a t rans i t ion,  A" 1 ~ A2,  weight  1 a lone  is 
pe rmi t t ed ,  a n d  hence  ~t = -- 1. Final ly ,  for  a t rans i -  
t ion  A'~ -~ E" ,  weights  1 and  2 a lone  are  p e r m i t t e d  

a n d  hence  t~ lies in the range,  --  1 < ,-, < ~. 

T h e  a b o v e  e x a m p l e  d e m o n s t r a t e s  one  o f  the  
m a n y  cases  in which  a n  e x p e r i m e n t a l  d e t e r m i n a -  
t ion  o f  the  p a r a m e t e r  ct p rov ides  fo r  a n  unequ ivo -  
cal  cha rac t e r i s a t ion  o f  the  exc i ted  s t a te  s y m m e t r y  
for  a f i e ld - induced  t rans i t ion .  In  general ,  use  m a y  
b e  m a d e  o f  the  resul ts  o f  t ab le  1, cas t  in to  di-  
a g r a m m a t i c  fo rm,  as in fig. 2. T h e r e  a p p e a r s  to  b e  
the  poss ib i l i ty  o f  ambigu i ty ,  for  ce r t a in  va lues  o f  
ct, in d i s t inguish ing  be tween  cases  (a) a n d  (b),  o r  
b e t w e e n  cases (a) a n d  (c). Howeve r ,  cases  (a) a n d  
(c) c a n n o t  ar ise  toge the r  in a n y  po in t  g roup ,  s ince 
there  is o n l y  one  to ta l ly  s y m m e t r i c  r ep resen ta t ion ;  
also,  case  (a) c a n  o n l y  o c c u r  in molecu les  be long-  
ing to  the po in t  g roups ,  C,h  or  S,, ( a s s u m i n g  the 
t rans i t ion  is E1 fo rb idden) .  Hence ,  in a l m o s t  all 
app l i ca t ions ,  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t~ p ro -  
vides  u n a m b i g u o u s  s y m m e t r y  i n f o r m a t i o n  o n  each  
f ie ld - induced  spec t ra l  fea ture .  

O n e  o t h e r  po in t  o f  in teres t  conce rns  E F I S  for  
which  on ly  the weight  0 t ensor  c o m p o n e n t s  a re  
non-zero ,  case  (f). Such induced  t rans i t ions  be lo n g  
to to ta l ly  s y m m e t r i c  r ep resen ta t ions ,  a n d  o n l y  oc-  
c u r  in molecu les  be long ing  to the  cubic ,  o r  icoso-  
hedra l  po in t  g roups .  F i rs t  it is no t ed  tha t  such  
t rans i t ions  are  no t  on ly  E l ,  bu t  a lso  M1 a n d  E2 

(e) (d) (f) 

(b) 

(a) 

(e) 

, ! 1 L 
Q ( D  

Fig. 2. Classification of electric-field-induced transitions according to the value of a. 
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f o r b i d d e n  *,  a nd  hence  c a n n o t  even  weak ly  o c c u r  
in  the  absence  o f  the  electr ic  field. Secondly ,  the  
resul t  a = Qo impl ies  tha t  d e p e n d e n c e  o f  the  ab -  
so rp t ion  rate,  eq. (2.23), has  been  r educed  to  a 
s imple  c o s 2 ~  de pendence ;  this fea ture  shou ld  
again  be  d i rec t ly  a m e n a b l e  to expe r imen ta l  verif i-  
ca t ion .  

4. Discuss ion 

It  is in teres t ing  to c o m p a r e  the E F I S  process,  
wi th  doub le -beam,  t w o - p h o t o n  absorp t ion .  F o r  
t w o - p h o t o n  absorp t ion ,  we have  

FTp A = (qr l I ' /2hc2¢o) ( IT~je ' e f i2 )p  r, (4 .1)  

where  e ('), is the  po la r i sa t ion  o f  the b e a m  with  
in tens i ty  I t ' ) ,  a nd  E/o = h ~  + h~o'. T h e  field-in- 
d u c e d  s ing le -pho ton  a b s o r p t i o n  cate, eq. (2.11), 
m a y  be  s imilar ly  expressed  as 

FE~,s _ ( ~rI~ Z/hc¢ o ) (IS,] o ~, ei l 2 )p f .  (4 .2)  

T h e  t w o - p h o t o n  a b s o r p t i o n  tensor ,  T~ i ,  d i f fers  f r o m  
S,~ on l y  by  the  add i t i on  o f  h~o', in the d e n o m i n a t o r  
o f  the second  t e rm in eq. (2.10). Hence ,  Sij m a y  be  
r ega rded  as the l ow- f r equency  l imit  ( a / ~  0) o f  

C o m p a r i s o n  o f  eqs. (4.1) a n d  (4.2) enab les  an  
es t imat ion  o f  the re la t ive  l ike l ihood o f  observ ing  
the  f ie ld- induced  process .  G iven  the s imilar i ty  o f  
the  molecu la r  tensors ,  the  ra t io  o f  the two ra tes  is 
a p p r o x i m a t e l y  given by  

/"EFIS/FTPA = 2om2CC0//[ ". (4 .3)  

F o r  a pu lsed  laser  i r rad iance  of  1013 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). 
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which  is typica l  f o r  use in t w o - p h o t o n  s tudies , -and 
a n  e x p e r i m e n t a l l y  feas ible  [8 ,9 ]  e lec t r ic- f ie ld  
s t r eng th  o f  5 × 10 7 V m - t ,  t h e  ra t io  is approx i -  
m a t e l y  u n i t y .  T h e  viabi l i ty  o f  E F I S  is f u r t he r  
increased,  if  o n e  cons iders  its q u ad ra t i c  depen -  
d e n c e  o n  the  app l i ed  field. L ike  the S ta rk  e f fec t  
ut i l ised in the  obse rva t i on  o f  mo lecu l a r  r o t a t i on  
spec t ra ,  ac  fields c o u p l e d  wi th  phase  sensi t ive de-  
t ec t ion  serves to  separa te  a n y  i n d u c e d  fea tures  
f r o m  the s t a n d a r d  a b s o r p t i o n  spec t rum,  a n d  gen-  
e ra l ly  increase  the  s ignal - to-noise  rat io.  

T h e  poss ibi l i ty  o f  us ing a s ta t ic  electr ic  field to  
c h a n g e  the  se lec t ion rules fo r  a t rans i t ion  has  
r ecen t ly  b een  cons ide red  as a m e t h o d  o f  " d u m p -  
ing"  ene rgy  s to red  in a me ta s t ab l e  s ta te  [10]. 
H o p e f u l l y  the  s y m m e t r y  cons ide ra t ions  tha t  have  
b een  ou t l ined  here  m a y  he lp  the  cho ice  o f  sui table  
cand ida t e s  fo r  such gain  switches.  
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