
Optical properties of molecules in the field of resonant low- 
frequency laser radiation 

A. V. Belousov, V. A. Kovarskil, and E. P. Sinyavskil 

Applied Physics Institute, Moldavian Academy of Sciences 
(Submitted 18 April 1979; resubmitted 18 December 1979) 
Zh. Eksp. Teor. Fiz. 78. 1649-1658 (May 1980) 

We investigate the singularities of the optical spectra of light absorption and emission by a molecule in the 
field of a low-frequency laser at resonance with the frequency of the dipole-active molecular vibration. The 
optical characteristics of the molecule are calculated by solving the kinetic equation for the density matrix of 
the vibrational subsystem in an external electromagnetic field. The effect of enhancement of the red (long- 
wave) wing of the laser radiation is theoretically interpreted. A dependence of the optical effects on the 
intensity and duration of the laser pulse is indicated. 

PACS numbers: 33.80. - b, 33.20.Ea 

1. Turning-on a low-f requency laser that emits at 
resonance with the dipole- active molecule vibrations 
should lead to a substantial transformation of the bands 
of light absorption and scattering by the molecule, OW- 

ing to the effects of the electron-vibrational interaction 
with participation of "hot" vibrations. If the excited 
electronic state lies below the dissociation threshold 
(see, e.g., Ref. I ) ,  then a unique manifestation of elec- 
tron-vibrational effects i s  made possible by the selec- 
tive excitation of these states. In particular, anti- 
Stokes luminescence can appear as a result of multi- 
photon absorption of infrared (IR) radiation and ensure 
a nonadiabatic transition of the electron from the ground 
to the excited state ("inverse nonradiative transition"') 
with subsequent emission of a short-wave photon (see 
also experiments on the so-called instantaneous lumin- 
escence'). Another interesting fact is the experimen- 
tal observation of the effect of enhancement of the red 
(long-wave) absorption wing of the probing radiation, 
due to the participation of vibrations excited by the 
laser radiation in the light-absorption process. 3*4 In 
addition, the shapes of the absorption and emission 
bands turn out to be dependent on the intensity of the 
laser  radiation.= (Under definite conditions: the effects 
depend also on the laser-pulse energy. ) 

The present paper is devoted to the development of a 
consistent theory of the optical properties of molecules 
in a low-frequency resonant laser field. We consider 
separately the cases of noncentrosymmetric (NSC) and 
centrosymmetric (CS) molecules. In the former case 
the dipole-active vibration excited by the laser radia- 
tion interacts directly with the electron. In the latter 
case this interaction is due to anharmonic coupling of 
the vibrations [for example, the dipole-active (q) and 
the fully symmetrical (Q) vibrations of the molecule]. 

The mathematical description of the problem reduces 
to a solution of the equation for  the density matrix of the 
vibrational system in an external electromagnetic field, 
with account taken of the interaction of this system with 
the dissipative subsystem. The latter may constitute 
vibrations having a sufficiently dense vibrational-rota- 
tional spectrum, o r  else radiation fields. The ex- 
pression obtained for the density matrix is used to cal- 
culate the cross sections of various optical processes 

(absorption, secondary emission, optical luminescence 
of a two-term molecule), as well a s  to calculate the 
average vibrational occupation numbers R(t) in the IR 
field. In particular, the formula obtained for  n(t) [see 
(16)] takes for times t s (is the effective width of the 
excited electronic term) the form 

where 
A n ( t )  = (f t /2t i)" t G r - L q - l ,  

Here n is the Planck occupation number, M, p,  and w 
are  the mass ,  dipole moment, and frequency corres- 
ponding to the q-vibration, e is the electron charge, F 
is the amplitude of the resonant IR radiation, and y is 
the damping constant of the q-vibration. Heating effects 
a re  apparently significant if the inequality An 2 n holds 
for times t-r". This inequality limits the amplitude 
of the external electromagnetic field: 

A t T = 3 0 0 K ,  fiw-0.12eV, M-10-23g, pwO.1D,  and 
r " lo9  sec-' we have F* - l o3  V/cm . Thus, the heating ef- 
fects become appreciable at relatively low values of the el- 
ectromagnetic field intensity. We note that if the laser 
pulseduration is 7, < P 1 ,  then the heating effects a re  prac- 
tically negligible, so  that only the pulses of duration 
r0>??-' are  important. A dependence of the optical ef- 
fects on the laser-pulse energy should then be expec- 
ted a t  T, s yl. At T,, > y1 a stationary case i s  realized 
and the optical effects should depend only on the laser- 
radiation power. 

2a. We obtain now a kinetic equation for the density 
matrix of the system in the case of a noncentrosymme- 
tric molecule, when the dipole-active q-vibration exci- 
ted by the laser radiation interacts directly with the 
electron. In the weak-anharmonicity model, account 
should be taken of the width of the vibrational level. 
For molecules with few atoms, a s  is well known, i t  is 
necessary to take the vibrational-rotational interac- 
tions into account . 5  For polyatomic molecules the con- 
stant of the vibrational-rotational interaction is small 
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(because of the large moment of inertia), and a greater 
role i s  assumed by the vibrational-rotational interac- 
tions. To be definite, we shall consider hereafter the 
latter case. 

We choose the interaction of the q-vibrations with the 
dissipative subsystem in the form 

 e ere $, t;(P,t,) a re  the creation (annihilation) opera- 
tors of the dipole-active q-vibrations and of the dissi- 
pative-subsystem vibrations, respectively]. The term 
V, , contains contributions from 2, 3, and more vibra- 
tional interactions, defined by the anharmonic-coupling 
coefficient functions fj l ,  fjIj,,. . . . Using the Zwanzig's 
projection method: and making the usual assumption 
that where dealing with a Markov process," we can ob- 
tain for the reduced density matrix o=sp,p the follow- 
ing kinetic equation (sp, denotes summation over the 
variables of the dissipative subsystem): 

1 7 
a ( t )  = - [ V g ( t ) ,  o ( t )  I - - { ( l + n )  (p+pa--2pop++op+p) 

zli 2 

Here 

wj and nj a re  the frequency and Planck occupation num- 
ber of the j-th vibration of the dissipative subsystem; 

describes the interaction of the q-vibrations with the IR 
laser radiation k ( t )  =fit) sinw, te-' w ' ,  and the form of the 
functionfit) is  determined by the shape of the laser 
pulse]. If a(t) is specified in normal form, then in the 
basis of the coherent states it is  easy to obtain for the 
normal (N) form of the density matrix ~ ' ~ ' ( o l  ,cy*;t) 
= (a 1 o(t)l a) the following solution of Eq. (3) (see Ref. 8, 
p. 170): 

1 -lal2+~(t)u+B.(t!a'-Ib(t) l 2  
elm) (a, a * ;  t )  = -exp{ 

l + n  I+n ] (6) 

2b. We consider next the case of a centrosymmetric 
molecule. We choose for simplicity the interaction be- 
tween the q- and Q-vibrations in the form 

Vab=w(b+b+ H.c.) 

[b+(b)  i s  the operator of the creation (annihilation) of the 
Q-vibration, and w i s  the constant of the anharmonic 
coupling of the q- and Q-vibrations]. 

If we change over to new Bose operators A and B :  

b = ~  cos $+Bsin $, p=B cos $-A sin $ (8) 

[here tg2$ =2w/(w, - w,), w,, o, are  respectively the fre- 
quencies of the Q- and q-vibrations], then the reduced 
density matrix o(t) of the vibrational subsystem of the 
centrosymmetric molecule satisfies, in second order 
in the interaction with the dissipative subsystem, the 

kinetic equation 

Here n,,, is the Planck distributipn of the vibrations 
of frequency w,,, = w,,, cos2$ + w2,, sin2+r w sin2$; 7, 
i s  the damping constant: 

'j, i s  obtained from 7, by replacing w, with w, and 
sin$ with cos$. We have retained in Eq. (9) the non- 
oscillating terms and neglected the terms proportional 
to exp[d(w, - w,)t}, inasmuch as we shall be interested 
hereafter in the behavior of o(t) a t  twI'-l (it i s  assumed 
that 1 w,-w,Ir-l>>l). 

We seek the solution of (9) in the form o(t) =a,o,. In 
this case o,(t) satisfies the equation 

1 
b B ( t ) =  - [ V B ( t ) ,  o B ( t )  1 - 2 - ( ( l + n B )  (BCBog-2BogB++oBB+B) 

zli 2 
+na (BB+o,-2B+oaB+osBBC)}.  (11) 

Here vB(t) is that part of the operator vB(t) which con- 
tains the operators B and B'. The equation for o,(t) is  
obtained accordingly by replacing B with A and 7, with 
h. The solution of Eq. (9) for the normal forms of 
a,, , is  similar to (6). 

3. We consider now the expression for the average 
dissipative power of probing optical radiation of fre- 
quency $2 with field intensity E (t), absorbed by a gas of 
two-term molecules. The change of the average energy 
U of the system per unit time can be connected with the 
average value of the dipole-moment operator d in the 
following mannerQ: 

where p(t) i s  the complete density matrix of the system 
in question. The quantity 

over a time t greatly exceeding the characteristic re- 
laxation time in the system, has the meaning of the co- 
efficient of absorption of light of frequency (c  is  the 
speed of light in vacuum, no is the refractive index in 
the medium, and V is the volume of the system). In the 
general case, for a measurement time T, it i s  mean- 
ingful to introduce the averaged characteristic 

1 
X' ( $ 2 )  = -'f dtY:  ( 0 ) .  

T - T 1 2  

The light absorption coefficient KF(W) averaged over 
the detector measurement time coincides with the "in- 
stantaneous" value of the light absorption coefficient 
KT(W), if K~(W) is practically independent of t during the 
detector measurement time T. 

In the analysis of the optical processes in an electron- 
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vibrational system, we shall confine ourselves to the 
adiabatic approximation, inasmuch a s  for a nondegen- 
erate electronic state the nonadiabatic terms of the el- 
ectron-vibrational interaction a r e  significant only in the 
case of nonradiative transitions. The corresponding 
level widths, governed by nonadiabatic effects can be 
taken into account phenomenologically by introducing 
the damping constant r . We confine ourselves, as 
usual, to the lowest order in the interaction of the elec- 
tron with the probing light of frequency 52. Under these 
approximations, the expression for the absorption co- 
efficient Kf(Q) takes the form 

Here U4,(t,to) a re  the evolution operators determined 
by the total vibrational Hamiltonians in the ground (1) 
and in the excited (2) electronic states of the system. 

We neglect for simplicity in the evolution operators 
U,,, (t, to) the interaction with the dissipative subsystem 
We assume that the time of measurement of the absorp- 
tion coefficient of the probing light with the detector i s  
short enough, s o  that the observed value of the absorp- 
tion coefficient practically coincides with Kf(Q). It is 
convenient to carry  out the subsequent calculations in a 
coherent-state basis.' Omitting the details of the cal- 
culation, we present the expression for Kr(Q) in the 
case of a noncentrosymmetric molecule in the field of 
absolutely coherent (6) laser  radiation (we neglect for 
simplicity the frequency effect): 

Here Jpb),Z,b) a re  respectively Bessel functions of 
real and imaginary arguement, a is  the heat-release 
parameter, 

In the case of multimode laser radiation, the absorp- 
tion coefficient is obtained from (14) by averaging this 
expression with a Gaussian (g) weighting functionlo: 

The vibrational occupation numbers ~ ( t )  in the field of a 
laser radiation a re  given by 

(2, = %a[fi(t)(l + C(t))]'I2). Unlike Eq. (14) for a coherent 
source of laser radiation, the structure of (15) i s  the 
same a s  that of the well known formulas of the theory 
of multiphonon processes," the only difference being 
that the equilibrium occupation numbers n of the vibra- 
tions a re  replaced by the occupation numbers I(t)  of the 
vibrations in the laser-radiation field. The concrete 
form of the occupation numbers E(t) depends on the 

form and duration of the laser radiation. 

In the steady state we obtain for  the absorption coef- 
ficient of light of frequency 52 in the case of a centro- 
symmetric molecule with allowance for the interaction 
of the dipole-active q-vibrations with fully symmetrical 
Q-vibration, 

+- 
xesp[-aBll+2n,) I I,,? (p,) I , Z ( p )  

nl,L--- 

Let the condition I w(w, -w,)"l <<I be satisfied (this in- 
equality frequently holds for many molecular systems4). 
Then sin$-$, cos$ -1. Assuming t to be much longer 
than all the characteristic times in this system, and 
that the laser radiation frequency w, =wA, I w, - w, 1 >> Y, 
we readily obtain pA>> p, (pA =2e2f$/AyA, p, = a;l2f/fi 
I w, - w, I ). Under the assumed approximations, the 
light absorption coefficient is described by relation (14) 
in which the following substitutions must be made 

where iiA =n(wA) + ( f$/AyAI2. 

In the case of small heat release (a<< l,I,(Z)-1) the 
absorption coefficient a t  the frequency of the 0-0 tran- 
sition, which is proportional to the intensity of the 
zero-phonon line (zPL) is of the form 

for NCS molecules and 

for CS molecules (KO,,, i s  the absorption coefficient in 
the absence of laser radiation). Thus, it follows from 
(18) that the ZPL intensity decreases exponentially with 
increasing laser-radiation field intensity. In the case 
of centrosymmetric molecules, a t  J, << 1 ,  it follows from 
(19) that the intensity of the ZPL decreases insignifi- 
cantly with increasing intensity of the field. 

The time dependence of E(t) allows us to investigate 
the absorption bands using the shape and duration (7,) of 
an IR laser radiation pulse. Borisevich4 investigated 
experimentally the dependence of the ZPL on the dura- 
tion of a laser pulse for acrolein molecules, in which 
a CO, laser excited the strain vibration of the CH, 
group of the acrolein, which transferred i ts  energy to 
the vibrations active in the electronic transition. If 
we choose for simplicity a pulse waveform 

f ( t )  =fe-"'~ (t>O). 

then we find from Eq. (7), in which we replace P(t) by 
P(t)Q, that 

The time dependence of the ratio n ~ P L = K ~ p L / ~ z p L ,  cal- 
culated from formula (18) in which (for CS molecules) 
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P(t) - P(t)@ (see Fig. I ) ,  describes qualitatively the 
evolution of the ZPL intensity observed in Ref. 4. At 
low temperatures,  the long-wave wing of the absorption 
band usually "freezes out" in the absence of l a s e r  radi-  
ation. Turning on l a se r  radiation that i s  a t  resonance 
with the dipole-active vibrations should lead, in accor-  
dance with (15), to enhancement of the red wing of the 
band, a s  was in fact  observed in Refs. 3 and 12. 

In the absence of l a se r  radiation, the long-wave wing 
of the band i s  well described by the Urbach f ~ r m u l a , ' ~  
s o  that 

Ko(S2)-exp --(e-9) , {; I - 

where us 1. When the vibrations a r e  enhanced by la- 
s e r ,  the maximum of the absorption band shif ts ,  a s  
usual, into the long-wave region, and i t s  half-width in- 
c reases  with the field intensity. The shape of the band 
i s  then sufficiently accurately approximated by a Gaus- 
sian curve 

(fil is  the position of the maximum and G2 i s  connected 
with the half-width of the band) in the frequency region 
corresponding to the red wing of the initial unperturbed 
absorption band. It i s  easily seen that in this case the 
rat io ~ ~ ( 5 2 )  = K~ (S1)/P(52) a s  a function of the frequency 
has a characterist ic  maximum. It appears that this 
maximum i s  observed in the electron-absorption spec- 
t rum of OsO, molecules12 excited by a resonant CO, 
l a se r  (the dipole active v, vibration with frequency 960 
cm-' was excited). 

4. Using the calculation procedure employed in the 
derivation of (13) for  the light-absorption coefficient, 
we can obtain the following expression for  the spectrum 
of the resonant secondary emission (RSE) in the field 
of a coherent l a se r  source: 

Xexp - -(T+T') ex~(z[cos(ot+cp) + cos(orf-cp) 1) 1 :  I 

Here 52, i s  the frequency of the incident light with wave 
vector k, and polarization X,;k and X a r e  the corres-  

FIG. 1. Temporal evolution of the ZPL intensity (one division 
on the ordinate axis corresponds to 0.1). 

ponding characterist ics  of the scat tered light, B =NOR4 
I WPW:;~~, i s  the matrix element of the dipole interac- 
tion, N"(52,) i s  the distribution of the incident-light pho- 
tons ; tan2 cp = i(1 + 2n)-l; 

(21) 
In the ca se  of multimode l a se r  radiation, the RSE 

spectrum i s  obtained f rom (20) by averaging the lat ter ,  
a s  usual, with a Gaussian wave function. The expres-  
sion obtained in this case  f o r  the RSE spectrum coin- 
cides with the corresponding expressions of Refs. 14 
and 15,  except that the occupation numbers n a r e  r e -  
placed by the occupation numbers 2(t) in the IR l a se r  
field. We note that the integral intensity of the secon- 
dary  emission ZF(S2,) is given by 

where ZF(S1,) is proportional to the absorption coeffi- 
cient of the incident light. In the region of the frequen- 
cy of a pure electronic transition we obtain 

The ratio xF =1~(52,)/1~(52~) (1' is the integral intensity 
in the absence of l a se r  radiation), which i s  equal to 

depends strongly on the intensity of the electr ic  field 
of the l a se r  radiation and decreases  exponentially. Fo r  
low intensities 

x,=l-2ag,Fa+. . . . (24) 

Figure 2 shows the theoretical (2) and experimental16 
(1) plots of the rat io n, of the integral intensities on the 
IR-laser emission density for  anthracene vapor. 

According to the general expressions for  K F  and dWF, 
the intensity of the vibrational satel l i tes  with v > v,,, 
decreases  with increasing IR intensity, and their  half- 
width, determined by r , remains unchanged. Thus, 
if the frequency of the incident light i s  close to the f r e -  
quency of the pure electronic transitions, then the RSE 
intensity, and the s t ruc ture  of the spectrum remains 
unchanged, in agreement with experiment.16 It is pos- 
s ible to obtain similarly an  expression fo r  the RSE in 
the case  of CS molecules. 

FIG. 2. Dependence of the light extinction on the density of the 
infrared radiation. The points and curve 1 were taken from 
Ref. 16, curve 2 was calculated at a =  7, p= 0.1 D .  M = 1 0 - ~ ~ r ,  
-y"=3x sec, and tw,=0.12 eV. 
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helpful discussion of s o m e  questions touched upon in 
this  paper .  

FIG. 3. Spectrum of "instantaneousw luminescence. The 
dashed line shows the experimental curve from Ref. 2. 

5. We consider  now the spec t rum of the instantaneous 
luminescence dW: . This  p r o c e s s  corresponds to n- 
photon excitation of a n  electron f r o m  the  ground state 
(1) to the excited state (2), followed by emiss ion  of a 
luminescence photon to level  (3) located lower than level 
(2). A distinction mus t  b e  made  between two cases: 
a )  y > > r ,  b) ysr. In case (a) it is e a s y  to verify that  
the instantaneous-luminescence spec t rum i s  given by 

Here wF2 is the probability of n-photon excitation 1 - 2,  
Wr3(S2) the probability of the luminescence 2 -- 3 in the 
absence of resonant  IR. In case (b) the expression f o r  
the probability of the instantaneous luminescence cannot 
be factored out. The spec t rum of the instantaneous 
luminescence can be calculated in  this  case by the pro- 
cedure described above. Since the expression f o r  this 
spec t rum cannot b e  represented in s impleanalyt ic  f o r m ,  
it is not cited here .  In luminescence experimentsL the 
case (a) was real ized,  and the shape  of the lumines- 
cence band was described by formula  (25) (broad elec- 
tron-vibrational bands). I t  appears  that the case (a) 
real ized a l s o  in  the experiments  of Ref. 2 .  In the case 
of l a r g e  heat-release p a r a m e t e r s  

(q is position of the maximum, 652 = 2(251, ln2)'I2 is 
the half -width of the  emission line). At RW, - 2.78 eV 
and 652 -1.2 eV,  the  quantity dW: descr ibes  well the 
instantaneous-luminescence l ine shape observed in 
Ref. 2 ( see  Fig. 3) .  
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