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Quantum field theory is used to derive transition probabilities pertinent to natural and magnetically induced polarized
emission. First order terms in magnetic field strength are considered, while second order terms are neglected. It is shown
that the existing absorption theory may be used for the emission case provided that (a) a frequency dependent factor is
used, (b) level population terms are handled in the proper manner, and (c) superposition of the contributions from the
various emitting levels is performed in such a way as to take account of the radiationless transition probabilities. Special
empbhasis is given to the parameterization of the magnetically induced circular polarization of emission.

1. Introduction

There is a growing interest in the phenomena of polarized luminescence. In the last few years there have ap-
peared a number of experimental studies of the natural [e.g. 1] and magnetically induced [e.g. 2] circular polari-
zation of emission. Snir and Schellman [3] and Steinberg and Ehrenberg [4] have presented theoretical studies
of the role of brownian motion and photoselection in certain cases of natural circular polarization of emission
(CPE). More recently, Riehl and Richardson {5] have presented the first general theory of CPE and its magnet-
ically induced analog (MICE) based on the formalism of Powers and Thirunamachandran [6] which employs
quantum electro-dynamics. Their paper includes discussion of both photoselection and rotatory brownian motion-
‘and the results are presented in a format similar to that of Eyring and Caldwell [7] for the absorption case.

This work represents an independent development [2a] of the theory of polarized emission. The present for-
malism being closely related to that of Stephens {8,9] but employing quantum electro-dynamics for the calcula-
tion of transition probabilities. In addition to the formalistic differences between this work and that of Riehl and
Richardson, there are several substantive differences. This work emphasises the role of the molecular Hamiltonian
in determining the form of the interaction Hamiltonian. Several interaction terms appéar in this paper which are
absent in theirs. A discussion of their magnitude and when they may be neglected is presented. Further, the pres-
ent paper treats the effects on the observed spectrum when several electronic states contribute to the observed
emission. As a consequence, special attention is given to the role of radiationless decay processes. The Riehi and
Richardson paper, on the other hand, presents detailed calculations of the effects of photoselection and rotatory
brownian motion on the observed CPE and MICE spectra; the present work restricts its attention to emission ob-
served from a sample of fixed, but arbitrary, orientational distribution. Both the present paper and that of Riehl
and Richardson assume unpolarized radiation as the excitation source. -

The end result of section 3 is the calculation of the probability of emission of a photon of arbitrary polariza-
tion from a molecule having a Hamiltonian of rather general form. This transition probability equation is written
in terms of molecule fixed coordinates, and as such, represents the starting point for all calculations involving
orientation and distribution averaging. The later sections confine themselves to particularizing this general result
to the parameterization and identification of terms in the formalism of Stephens [8,9]. The CPE and MICE pa-
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rameterization is carried out only for the 180° “head on’ expenmental geometry Riehl and Richardson present
results for the 90° geometry as well in thelr formulation. MICE calculations are presented to first order in apphed
magnetic field strength.

Our general theoretical approach in the first sections of this paper will now be outlined. The molecular Hamil- -
tonian, in the presence of the radiation field, will be constructed from the field free Hamiltonian. This Hamilton-
ian will then be separated into three terms; the field free molecular Hamiltonian, the Zeeman interaction Hamil-
tonian, and the radiation interaction Hamiltonian. Finally, we will append to this the Hamiltonian for the radia-
tion field in charge fiee space. The eigenstates of the field free molecular and charge free radiation Hamiltonians
will be used as a basis set for the system states. The system states will be constructed via first order perturbation
theory. The quantization of the radiation field is the province of quantum electrodynamics. At its present state
of development, it is textbook material [10—12] and the reader is assumed to have some familiarity with the ba-
sic formalism. A much more detailed account of the quantization problem as it relates to the present work is avail-
able in ref. [2a].

2. Hamiltonians

We first consider the problem of the molecular Hamiltonian in the presence of both a static magnetic field and
the radiation field, #MF . This will be decomposed into terms involving the field free molecular Hamiltonian, HO,
the first order static magnetic field term, HZ, and the radiation interaction term, A1,

M =M+ B =0+ B+ )

In order that our formalism be app!“~able to inorganic complexes incorporating metals of the transition and
rare earth series, H0 is chosen to incluuc electronic spin—orbit coupling and electronic spin—spin coupling. Fur-
ther, we do not limit the electronic coupling to a given center but allow for the full molecular contribution. With-
out further discussion, we adopt the Hamiltonian used by Stephens in his treatment of MCD [9].

2
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The molecular potential, ¥, is taken to be the Coulomb interaction between all nuclei and electrons. The spin de-
pendent terms are to be summed over electronic coordinates only. It is important to notice that the eigenfunc-
tions of HO are dependent on both nuclear and electronic coordinates.

As is shown in many textbooks [12,13], in the presence of an external field the canonical momentum is no
longer the quantum analog of 7r. Instead, the momentum conjugate to r; is given by

p,=mv+ed]c. 3

In order that eq. (2) be correct in the presence of an external field, we must replace p;byp;—e;A;/c, where A is
the total vector potential due to all external fields. Further, the inclusion of spin in (2) requires that the spin-field
interaction term, (e/mc) Z;s; V X 4;, also be included. These modifications convert HO into HMF ¥,

@l AI/)
1_1MF=IE ;:nc 5 222s V.V X (p;—e;Ac)
I m
+V+—-Z)s VXA + 22 > [6s; s;/r3) — 3(s; 'r)(S'r ] @

i<j m2¢ ey

In order to perform the decomposition suggested in eq. (1), we must first identify the radiation and static field
contributions to the total vector potential 4;. This decomposition is given by

* ¢ is taken as positive.
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A;=A; 4A; (%)
where the veétor potential due to the static external magnetic field, H, is
Ai=3HXr; (6)

Substitution of (5) and (6) into €q. (4) yields, after much tedious algebra, the desired decomposition. The results
are

Hf=_—yH, @
where

= E e+ 25)+ E 5 [ViVer)s,— () v, V1, ®)
and

H=-2ia:u+ 25 VX4ps,, ©
where

w== D

Because the electronic/nuclear mass ratio is small, terms in nuclear coordinates in egs. (8) and (10) have been ne-
glected. H! and HZ are now purely electronic operators. Further, we have made the approximation that terms in
ApA; and.d *A; are negligible. As long as we ignore zero and two photon process, we are forced into neglecting
the term mA -A It is also important to note that within the approximation that 4; “A; and oA;~oA; are zero,
spA; will also be zero.

Obvmusly, we cannot provide the exact eigenfunctions of HM; we can represent them formally as in eq.(11).
The eigenfunctions of H® may also be formally represented as in eq. (12).

HUO=W K,  HiR=Wlo, (11,12)

To complete our system Hamiltonian, we express the charge free radiation field Hamiltonian in terms of crea-
tion and annihilation operators for each mode, k, and polarization, X. The dagger indicates the creation operator.

1 .
5 sI.XViV+eAx./c). (10)

H = & (a’}’;kak)\ +1)nike. (13)
Its eigenstates are given by (14) with energies demonstrated by (15).
Hrg b = ’l"{ b, Hm D= 2itkelnyg, + 5l {n P (14,15)

Any operators or properties of the radiation field are now to be expressed in terms of these creation and annihila-
tion operators. Specifically, the vector potential of the radiation field is given by :

A= E (hc//cV)ll2 (@, exp(—iker)a], I}, exp (+ik-r)ap, ), (16)
where the II’s are the normalized polarization vectors and the star denotes the complex conjugate. We now use

eq. (16) to expand H H! in terms of field and molecular operators. Since our interest is the emission case, we retain
only those terms containing creation operators for the radiation field
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3. Integrated transition probability

From the previous sections we have available a Hamiltonian, A, that represents the energy of the moleculg plus
radiation and static field

H=HM+HF +H. (18)

Also at our disposal are the eigenstates of I_IF and L[M; these are factors of the direct product space that is a com-
plete space for representation of H. We define this space by

1 {n, P = D, B, (19

where ny,, is the collection of quantum numbers, #, for all modes and polarizations. [I} is an eigenstate of HM In
general,

He=ihalpyor,  I¢)= Z){ JIF {n, b. (20,21)

g } F{nk\

With the tacit assumption that the system is prepared in the state [1{0}) before emission, direct application of first
order perturbation theory allows us to calculate

|Ce fa JOP = 287 H)IE {1\ HHIHOPI8(Ac0). @2

Rather than becoming involved in the complicated, and generally unsolved, problem of line shapes for mole-
cules, it is customary to consider the integrated transition probability per unit time interval. We define it by

PO} > F{m, N1 = |CF{,,M}(:)12/: dw.

Therefore, using eq. (22)
PL{0} > F{n, }] = (87 /1?)I(F {n,, HHHI{ODI. (3

With the aid of egs. (23) and (17) we have
2
PO} > F{..1p,..1 = (8m3c/hkV) l (Fl IE exp (—ikr) [u; — i(efmc)k X s 1D, | (24)

where
k=wgle ) (25)

Because there is a continuum of possible k, we are experimentally limited to measuring the number of photons
emitted into the solid angle ko Further, eq, (25) must be interpreted as holding the length of & within a vari-
ance dk = dw/c about w = wy:. The measurable quantity is then the integrated probability of photon emission
into the solid angle d€2. This is given by eq. (26) where g(cog) is the density of photon states in k in the volume
subtended by d€2,. such that all those states on the interval [y, wE + dw] are counted. The probabﬂlty of
emission in the solid angle d€2; per unit time per unit frequency is therefore

P> F] = (wp/he)lMEN? PO} - F{1gy - Haleog) (26)

where
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(w) = VKX (8nc, .“"IF =(E;— Ep)ih
and

M= ?exp (—iker)[u,— i(e/me)k X 511D @n
or

MEN - ek
M2 =pmk M,

4. Dipole and quadrupole radiation

It is customary to simplify the calculation of M{g‘ by expanding the exponential in a Taylor series as
exp (—iker) =1 —iker,— (kr)?/2 + ...

Because k-r; ~3 X 103 for visible wavelengths, we may very accurately neglect all but the first two terms. With
this approximation

M = (Bl 2o ~ iF) 2o [(k~r)u; + (e/mc)k X s]ID. (28)

i I i 7 7
We will now transform eq. (28) to the usual dipole and quadrupole terms. With the use of the commutator

(21rilhc)[IjM,m] =y and m= Zerl

1
we can convert the first term of eq. (28) to the’electric dipole term as
KX = _i(wg/c)EimID — iF| 22 {(k-r)u, + (efme)k X s HD. (29)
i 77 7
The term in k-7 is expanded as
. =1 . . 1 . — (ke
;(k ATRE ? (kryu+ (kour, +3 ‘)Z) [(eryu; — (k-u)r].

The first term is usually called the quadrupole term and gives

ME. = —i(wp/c)FimiD — (wp/2c)kFlg ID — %(F i ? [Bordu,—(Kk-u)r;+ 2(e[mc)k X 511D, (30)
where k
g™ %™ ?e’airﬁi' | GD

We will call g the ‘quadrupole tensor.
The last term in eq. (30) is called the magnetic dipole term. In order to demonstrate that it is requires more
manipulation to give:

— 5 ®lGeer)u — (fe-u)r + 2elme)k X 5D = +ik X Elp +EID,

where

g=—(eX/4mc?) 25 [F7H — (rHDr;)
J
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CoHecting 6ur results, we have )
A = —p/)FImID +ik X Flp +ED — (wr/20)k-FlgID. 32)

The second term in eq. (32) merits some discussion. I will call it the generalized magnetic dipole term because it
becomes the usual term, p, when the external field and the spin—orbit coupling vanish. We can estimate the size
if the & term with respect to the u term by taking KF{rD| = 2 atomic units (2ap) and [FlplD] =~ en/(2mc).
KEIEHD/ FIpIDi ~ [Ze/(hc)]azﬂ' = 10~9H, where H is in gauss. If (F|p/D) does not vanish, even for a 10° gauss
field, (FIg|I> is still quite neghglble The spin—orbit term may be similarly evaluated

((Flw'—pIDI/|F DI ~ KF| VP ri/(2mc?).

Using a centrgi field approximation, VVer = 2m2c? $ (), where §(r) is the radial spin—orbit operator,
KEIVV-rIDl/(2me?) =~ (FItIDIma.

Using [FI¢IDIR2 ~ [NEIDIA? < 10 cm=! (the spin—orbit coupling constant), we have
[Flp — pIDI/KFIpID] S 1072, (33)

Though eq. (33) gives a small value when {FiplD) is the non-zero, it is large enough to be significant when (Fip|I)
vanishes in molecules with large atomic number elements.

We will neglect & but retain p’ in'our general treatment. With these considerations we may give a final form to
the integrated transition probability per second for the emission of a photon into d$2; with polarization A. We
have

POy, ) = (cf/he) [ElmiD — Ky X FIEID — wp/2e)ky ~Flg D] -Thy 2, G4

where k = wig/c, &y =k/k, and P has been modified to make its dependence on f;. and ¢, the angular coordinates
of k, explicit. For future reference, we also define the total emission probability at 8, ¢ for the I to F transition
as

P8y 9) = 23 P (01,97 (35)
and the total emission probability for the I F transition as
= A i |
Py = ;) [Py (6., )5in6) 46, do. (36)

Eqgs. (34), (35) and (36) are correct for a.molecule of fixed orientation and are most easily applied when the mo-
lecular and laboratory coordinates are equivalent; this is the case for cubic symmetry molecules. Often, however,
an oriented or high symmetry sample is not available and the emission results from a distribution of orientations
with respect to our external coordinate system. We give a formal solution of this problem and refer the reader to
others [3-5] for specific examples.

We define the laboratory coordinates by the orthonormal vectors ky =3, n; =1, and ny = 2. The molecular co-
ordinates are designated by primes. We have, therefore, i’ = Z; ;@;;], wherte the a; are functions of the Eulerian
angles 8, ¢, V, as defined by Goldstein [14]. The a;; are given by ref, [14] if the n’s represent linear polarization
vectors but not otherwise. The distribution of onentatxon before emission is given by G(8, 9, ¥), where

2r 27«

1 =f ffc(a,¢,¢)smodo dgdy.
0

With these definitions, the probability of emission per second of a photon with polarization A and direction &y
due to the I, F transition from those molecules in the sample with orientation 8, ¢, ¢ with respect to the laborato-
ry frame is
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Phk(B, 6, V) = [wy(6,9, U‘)/h03] KF(0,9, V)] {zk?m;‘alk -iZI? -u;éaik(s Xiyn

— [wg(8,6,¥)/ 2 2 qu ag,a}\,}lliﬂ 6, VP2 GO, 9, V). -(37)
The average probability of emission from the entire sample in the direction k; with polarization A per unit time is
2 27w
P ={ [ [ P¥©.0.9)sin0do dpdy. (38)
D

As discussed by previous authors [3—5], eq. (38) may differ markedly from (34) when the direction of the ab-
sorbing transition is at 90° to the emitting transition, even for unpolarized incident light. For example, taking the
above case with the absorbing transition along 2z, G(8, ¢, ¥) = (3/16n2) sin28. For 180° excitation of an x—y tran-
sition; G = (3/3222) (1 + cos26).

In the absence of an external magnetic field, the transition energy and state functions are independent of ori-
entation and eq. (37) is considerably simplified. Eq. (38) is completely applicable for any problem in which there
is a time independent distribution of excited geometries; photoselection and stressed film spectra being two exam-
ples. The present theory does not incorporate the possibility of stow reorientation during emission {4,5]. For
fast reorientation, as in solution, G(6,9, ¥) = 1/(872).

4. Special considerations in emission

Before proceeding to a detailed discussion of the origin of linear and circularly polarized radiation, it is neces-
sary to consider the emission process in a little more detail. There are two important aspects of emission that are
foreign to the absorption process and there is a third consideration that is unusual,

1) Under constant incident energy and freuency excitation, the total number of excited molecules may
change as a function of temperature. Further, of those molecules excited, the partitioning of energy among ex-
cited states may also be temperature dependent.

2) There are other processes besides emission of a photon (a phonon for example) that can lead to deactivation
of the excited state(s). )

3) There are usually several levels (possibly degenerate) from which emission takes place.

The problem is to design the polarized emission experiment in such a way as to avoid these difficulties. Given
a few simple assumptions we can do so fairly well. With the additional assumption of Boltzmann equilibrium
among the levels, we can do very well.

Assumption 1. Each level involved in emission is depopulated by a group of mechanisms that lead to a first or-
der decay rate with decay constant %; for that state (I).

Assumption 2. At a fixed temperature, T, while the molecule is subjected to constant excitation, the integrated
photon intensity of radiation emitted in direction £y with polarization A due to the transition 1 - F is given by

B ey)1® = DD Prky)) - 2 Gy, (9)

Given these two assumptions we now may simplify interpretation of experimental resuits. If the total integrated
photon intensity due to the transition I - F measured in direction ky is [I:(k1)1°, 0, then by eq. (39)

:

Mk )101[1(k1)1°--2)z= / A . (40)

IAF

In eq. (40) we have removed the temperature dependence of everything but the Nj.
Assumption 3. The levels I are in Boltzmann equilibrium.
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. : b. NI/N =dI exp (—W, /xT)/Ed ‘exp (—-—W ).

:With the aid of assumption 3 we may write eq. (40) as

[g*{k ne —E P} exp (~Wi/xkT)d, / Z) P exp (—W/kThd,. | : @D
‘ "_ | : Experimentally, 1f1(w) is the photon intensity per unit frequency interval, we are intercsted in

07 = [ M) - F @) (o —al™3e?) do. @2)

These moments are generally useful and allow us to extract useful information from the emission that may be dif-
ficult or impossible to extract otherwise. For a general discussion of the method of moments as applied-to MCD
[9,15], should be consulted. Also appendix VI of ref. [16] is of interest. The important point for now is that it
is the ratio of two intensities, or two moments, that is simply related to our calculated transition probabilities.

5. Relation to CD, MCD and LPE

In the previous sections a formula for the probability of emission as a function of polarization and direction
" of observation for a transition between two states I and F of the molecule was derived. The notation of ref.- [9]

" has purposely been used whenever possible so that we might compare our results in the emission case with those
of Stephens in the absorption case. This will insure a unified terminology for both processes and as we shall show,
our results for a particular geometry are simply related to his. We now proceed to give specific relations for the

" natural circularly polarized emission (CPE), the linearly polarized emission (LPE) and the MCE for the 180° ex-

perimental geometry. ‘

‘ The experimental geometry is chosen such that X is co-linear with #, Further, we suppose that we have an

oriented system™ so that the molecule fixed coordinates are identical with the laboratory fixed ones. We choose

the z axis to be directed from the sample, parallel with the external field H, and toward the detector. Under these
conditions

ki =v, m =@ziN2
and we have
Py(0,0) = (w3 e Y(F)m, [D £ (FILID (o /2) Fla D2 43)

If the transition is reasonably dipole allowed, the terms quadratic in y’ and q may be safely neglected. Wxth the
assumption that we are dealing with a transition that is primarily electric dipole in nature, we have

PEA0,0) = (i /he) {[FIm, JDI2 F 2 Im [(Flom, ID (QlpplF) — (o [20) g, IF)] . (44)
Comgarison of the quantity
- Py = P(0,0) ¥,
with eq. (30) of ref. [9] gives .
P = [, (F = D] {Njoog/4(ne)* W — N}, | (45)

¥ For systems of sufficient symmetry,’o or Ty, for example, the relation of the space fixed to molecule fixed system is arbitrary.
Our equations here apply to solutxons of molecules of this type.

J
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where Ny and Ny are the numbers of systems in the initial and final states, respectively. Since the CD and MCD
equations derived in ref. {9] and elsewhere invariably assume Ny (Ny of ref. [9])is zero, we may adopt all the CD
and MCD equations with the substitution of Ny for N followed by the multiplication of the result by wIF/41r 3.
This procedure is perfectly accurate for the properties of a single pair of levels. When more than one level (which
may be degenerate) is considered, the procedure of the previous section must be used.

In the absence of a field, the states |I) and |F) go into |ie), |8 where c and § are enumeration indices for the

possible degenerate levels liad, |f8). The differential photon emission probability between states i and f for natural
circularly polarized light is given by

E(pm 5= Plo o) = Quog Nfhe3) hnLZB Bim, Jiod (Gelut 1>

— (wyel2c) Galq, |66 +§ <f3|mylia>(<ialu;lfa> + (wiflzc)(ialqulfﬁ))]. ~(46)

With the assumption that we are dealing with a racemic mixture or a molecular system that is not optically ac-
tive, eq. (44) becomes

Pr = (w3 he®)N K im, DI (47)
or
Ny
AP = [AKF > D). (48)

(Ng — Npan3c3
These are the appropriate equations for MCE. Note that the states |F) and |} are now field dependent; Ak(F = 1)
is as defined in ref. [9].

In the case of linear polanzatxon one only needs to replace the circular basis vectors nt, with the linear ones,
n; and 5. In fact, since "1 = m,; , the treatment is a little Iess complicated. From eq. (34) for example, for a mo-

lecular system oriented such that radiation is observed whose propagation vector is colinear with the molecular z
axis, the probability of m; polarization becomes

P0,0) = (whe/he) [FlmID — ¥ X FWID — i(ewp/2c)y X Flgip] -, . (49)

The analysis of MLD (sometimes called the Voigt effect) is slightly more complicated than that of MCD be-
cause it is a second order effect. That is, the signal, A] =1 —1I,,, in the presence of a field depends on H? rather
than H. MLD [17,18] contains potentially different informatmn than MCD, but it has not experienced anything
like the growth rate of MCD, perhaps because there are no commercial MLD machines available. Since our inter-
est here is with zero and first order field polarization, we will not develop the parameters for magnetically induced

linear polarization of emission. It should be noted, however, that any attempt to do so should take second order
contributions to the energy due to the magnetic field into account.

6. MCE parameters

In the standard development of MCD, it is customary to express the first order magnetic field dependence of
the analog of eq. {47) in terms of three parameters. These parameters are arrived at by considering the field de-
pendence of the populations Vj and the state functions |F) and |I). Roughly speaking, the first order dependence
on H of N leads to a parameter, C, which is proportional to (xT)~1 if degeneracies, in the absence of H, are pres-
ent in the initial state(s). First order shifts in energy when either initial or final states are degenerate, are contain-
ed in the parameter, A. Because the character of the initial and final states will always depend on H via *“second
order interactions™, there is finally the parameter B. The C and B terms generally have the same frequency depen-
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o—{ 12>}
~—{fa1>}
o {11825}
o {ltm>}
Fig. 1. Schematic diagram of a few molecular states in the
H=o0 context of the Born—Oppenheimer approximation. Magnetic

field off and on.

dence as the absorption (except for a signed constant) while the 4 terms are somewhat like the differential of the
absorption distribution.

In this section, within the Rigid Shift Approximation (vide infra), we will present the equivalent parameteriza-
tion for the MCE case. We begin by expanding the notation of egs. (11) and (12). Fig. 1 is an exaggerated concep-
tual view, in the context of the Born—Oppenheimer approximation, of the eigenstates.of H0 and HM With this
picture in mind we have

HMIIe n=Wllen,  Hllie,n=W,lie,v, (50,51)
where
lie, > = lim |le, 1.
H=0

We should also note that there will generally be more level sets than {lie, 0} and {[f¢, D)}; these other levels are
omitted from the diagram for the sake of clarity. Because the energy shift produced by the field is seldom more
than a few wavenumbers, perturbation theory is usually sufficient for determining the I, r) from the {j§, 0},
where [j8, D is a generic zero field eigenstate. In fact the first order theory is generally sufficient, in which case

135, r) hs p+ 33 &&,rwlis, n-Hke,n)

k,0,r Fiw,
#(.,8,0 kj

(52)

In general, the shape of the zero field emission is not that predicted by the guantum theory for a single transu-
tion. Some reasons for this in condensed media are:

1) There is a continuum of phonon states to which the transition may occur.

2) Inhomogeneities in the matrix cause the local envnoqment and therefore H0 to be a function of posmon
in the matrix.

3) The transition from vibronic state lig, ©) to [f$, s} may be nearly degenerate with the one from |1'e' r') to
If'e’,sh.
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 These effects, taken together, can lead to emission bands which are 103 cm~! wide. Clearly, the detailed cal-
culation of location and intensity of every transition involved is impractical and, for now, impossible. One meth-
od for circumventing these difficulties is to assume a shape function, w3f(c) such that

JAlw)dw=1.

This approach is quite reasonable for line spectra where the width is due strictly to the phonon continuum and to
small inhomogeneities in the matrix (< 150 cm™! wide in the visible). In this case we may accurately write I

=33 v
L f’\_‘-t! @ Ziffif/ ? & N)- (3)

When bands (> 200 em™! wide) are considered, this is a dangerous procedure. Buried beneath a band may be
several principal transitions followed by long progressions in one, or more, vibrational mode. In the case where
all the progressions are due to a totally symmetric vibration, the transition probability for each component of the
progression is related to the transition probability of the progression origin [24,19] . In this case, a modified form
of eq. (53) may be used

Le=D(DT ¢ @ fi(e) / ? kN,

provided that (a) the Born—Oppenheimer approximation is valid, (b) the progression involves a totally symmetric
mode, and-(c) the shape of each vibrational component is the same.
With these restrictions in mind we may give the form of ] for several progression origins as

I= D(T)[Z) Tlfw3flf] /Z} kN, (54)

where T} is evaluated for electronic states i and £ only. We will adopt eq. (54) for the rest of this subsection since
it is equally valid for line spectra.

When a field is applied, the shape function is affected. In the so-called rigid shift approximation [8,9,15], the
potential surfaces (F1 and F2 for example) in fig. 1 move rigidly away from each other, and if no new transitions
are induced, the shape of the new le > F¢ transition is just that for i - f shifted in energy.

frepo(@) = figlwr — (@ gy — w391
When the Zeeman splitting is much smaller than the line width we have .
FieFo =Fig— 27Fi (Wi — Wi— Wiy * W (5%

At this point we have considered all the necessary components for the parameterization of first order MCE. We
will restate the assumptions and then, utilizing direct substitutions, write down the results.

1) Eq. (52) is valid.

2) Eq. (54) is valid.

3) Eq. (55) is valid.

4) The molecular system shows no natural optical activity or is composed of a racemic mixture.

5) The transition is allowed by an electric dipole mechanism.

6) The geometry of the experiment is “head-on”.

7) The unpolarized spectrum in zero field is identical to the unpolarized spectrum with the field on (to first
order in H).

% Omitting the 1, s indices for the sake of notational simplicity, Txf is measured in some direction k;, if k; = -, fo(o, 0)= fo=
(KB m,01[he®) N = P50, 0)fus?.
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8) Assumptions 1, 2 and 3 (only for leve]s degenerate in zero i eld) of sectmn 3 obtam w1th WI g1ven by the
first order perturbation theory. e

9) The system is composed of molecules of cublc symmetry Altemately, they may be of any symmetry pro- v
vided that they are oriented with respect to the laboratory frame or are experiencing fast rotational relaxation. In’ -
the last case, the form of the parameters given by Stephens for solutions is appropnate F or Cg symmetry, the 50-
tution parameters may be used for rigid randomly onented samples w1th 40% error. -,

{=o(7')[§_w3D'(f—>i)f;fNi] , ' | - A (58
where ‘ o

o(7) = 3e?D(D)f| 3kc3 Z)k N] ' (57

AL=—o(T) 2 M@ {A'(F> Dl + [B(E> 1)+ C'E> DIeTIf,HH, | O 8)

A'(f = i), B(f - i), and D'(f — i) are exactly those parameters given in refs. [8,9], except that d; replaces dg; note
also that the transition operators are unnormalized. C'(f - i) is modified as in eq. (59) because of the population
contribution.

ClE+i)=-7> 52¢ gl i — (EplmS lieN? el e o (59)
i€ :

e have successfully parameterized the MCE equations, for the case where assignment of 2 shape function is
appropriate, in a form similar to that used for MCD. The conditions under which they are applicable have been
stated. The relative sizes of the 4', B' and C' have been discussed elsewhere. [8,9] and we note here that if only
the excited state is degenerate then A’ = C' (as opposed to the case in MCD where if only the ground state is de-
generate then 4 = ().
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