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The paper analyzes magnetic field induced alignment—orientation convéA<idt) phenomenon
caused by simultaneous effect of quadratic terms in Zeeman energy shift and magnetic
predissociation(PD), producing asymmetry either in energy splittiagy 17 @ _ym=z1-m OF in
relaxation of coherencd’yy+1#I _yz1-m between coherently excite, M*=1 magnetic
sublevels. The AOC is registered via the appearance of circular polariz&ipof(fluorescence
under linearly polarized excitation. The unified perturbation treatment of a molecule in external
magnetic fieldB is presented, accounting for magnetic and intramolecular perturbations via
interaction with bonded or continuum states, considering Huf@Fsase coupling and dividing the
intramolecular perturbation operator into homogene@\®=0) and heterogeneougQ==+1)

parts. Explicit expressions up Bf terms are given for energy shift and PD rate, adapteq &idte

in conditions relevant to th& 33, complex of Te molecule. Numeric simulation revealed that
nonlinear magnetic energy shift and heterogeneous magnetic PD produce dispersion type
fluorescence circularity signal€(B) of different sign. Fitting of experimental data ddl,,
v(J)=2(96) state of 1*°Te, molecule allowed to determine the electronic matrix element of
paramagnetic Hamiltoniaff)= O|Hpm|Q 1)=G.=2.7, as well as the natur@®'= +6 s 2and

the magnetm:vhe‘— 9 x 10°s Y27 ! rate constants of heterogeneous PD, supposing thBtlifie

state PD takes place througfj 8tate continuum. As a result, magnetic AOC represents a sensitive
method to investigate molecular structure and intramolecular interaction between both bonded and
continuum states. Additionally, it has been shown that the magnetic PD effect leads to strong
amplification of nonzero field level crossing signals causedbyerms in Zeeman energy shift.

© 1996 American Institute of Physids$0021-960806)01325-4

I. INTRODUCTION stationary density matrix equation of motion and which de-
scribes the coherence between sublevels with magnetic quan-
Eum numbersM and M’ in the state with definite angular
momentumJ value, contains a factorl(yy: +iwyy’) *

namely

The anisotropic spatial distribution of angular momenta
in the ensemble of atoms or molecules is characterized
terms of alignment and orientation. One speakalmnment
when the distribution is symmetrical with respect to the re-
flection in the plane which is perpendicular to a certain sym- 1
metry axis, and ofbrientation if such symmetry is absent, fMMf“W, 1)
thus bringing into existence a preferable direction along the MM OMM
symmetry axis. For clarity reason one may imagine thatvhere
alignment behaves like a double-headed artewy whereas
orientation behaves like a single-headed 6#8¢. In particu- ® _ Ev—Ewm 2
lar, excitation with linear polarized light creates alignment MM’ h
only, andE-vector defines the axis of cylindrical symmetry.
It has been interest for a long time, starting from Refs. 1— 3'S the splitting between Zeeman subleviIsM" with ener-
to study the perturbing factors, which are able to break th(g'eSEM Ew’, while
reflection symmetry and thus to cause alignment—orientation Ty+Ty
conversion(AOC). The more recent publications, dealing FMM':T
with different versions of AOC in atoms and molecules, can
be found as references given in Ref. 4, to which, for comis the rate of relaxation of coherence betwd&&rM’ sublev-
pleteness sake, we would like to add the works of Refsels, T, andI'y,s being relaxation rate constants of respective
5-12. The case of AOC in diatomic molecules was investistates. It can be seen from the form of Eb) that, generally
gated in Refs. 4, 8-13. It is easy to understand the maigpeaking, at broad spectral line excitation there are two basic
reasons for AOC if one remembers that the ensemble densitgasons for the appearance of AOC in the excited state an-
matrix elementf ;- which is obtained as a solution of the gular momenta ensemble. Indeed, as it follows from the
analysis presented in Ref. 12, one must have such a pertur-
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OMM1F O M=1-M » (4) eration presented supplies more satisfactory interpretation of
) ] experimental results of Ref. 11 on JB1, state and dem-
or in M-dependent coherence relaxation rate constants  gpstrates the possibility to determine separately the elec-
(5) tronic mixing parameters, to distinguish between homoge-
neous and heterogeneous PD types and to determine the
In a number of our previous publicatidhid—*3the AOC  parameters of very weak natural and magnetic PD.
effect in diatomic molecules was treated theoretically and  The paper has a following structure. In Sec. Il we will
demonstrated experimentally in the case when it has beammind briefly the analytical expressions for density matrix
caused by nonlinear, in particular quadratic Zeeman energglements and fluorescence intensity with a definite, in par-
E\ dependence on external static magnéBg or electric ticular circular polarization, dependent on magnetic field af-
(E) field strength, as well as on magnetic quantum numberfected wy;,» and I'yyy’. In Sec. lll a general approach is
M, thus entailing the conditiof¥). Sufficiently pronounced developed to describe a diatomic molecule in external mag-
AOC signal was registerétin B1; component of the Te netic field, including both magnetic energy shifts and mag-
B 33, state complex as the appearance of the degree afetic PD. A quick description of Teexcited electronic
fluorescence circularitf(B) up to 0.05, under linearly po- states, which are involved in the processes under discussion,
larized X1, —B1, excitation in the presence of static mag- is given in Sec. IV. In Sec. V we will pass to the simulations
netic field up toB=0.4 T. The effect has been described as aof expected signals in conditions typical for tBe’S, | state
result of the asymmetric splitting of Zeeman sublevels, seef Te, molecule, including fluorescence circularity under lin-
Eq. (4), due to the presence of quadratic Zeeman effect enear polarized excitation, as well as to the fitting of experi-
ergy shift term. We found it to be a nice example of thementally obtained data, ending with a summarizing discus-
magnetic field assistelJ=*1 mixing of states with differ- sion in Sec. VI.
ent electronic parity, ore~f mixing, not only between
Q-doubling componentB1,; ~B1; of the electroni® 33
state, but rather that of th@1, ~BO0, close together situ-
ated components interaction. It is important to stress that
both interactions are forbidden in the absence of the external. FLUORESCENCE INTENSITY
magnetic field. Such a heavy diatomic molecule, without hy-
perfine structure, as Je possessing well enough investi- We will discuss the manifestation of AOC in fluores-
gated energy levels and dynamic parameferslecular con-  cence signal as the appearance of circular polarization under
stants, intramolecular interaction parameters, lifetimeslinear polarized broad spectral line excitation. The detailed
Lande factors, etd, see Refs. 14 and 15 and referencestreatment is given elsewhér¥ and we will stress hereafter
therein, can be considered as one of the “test” objects irthe main points only. Let us assume that the weak linearly
molecular spectroscopy, along with such diatomics as, Na polarized cw broad spectral light had prepared excitEd
I, and others. At the same time, whilst the general behaviostate density matrif,,.*>'’ The explicit form of intensity
of AOC in Te, (B1,) was well enough described by the expressior ; for light emitted at al’—J7 transition is
treatment developed in Ref. 11, there remained the unex-

Fym=1#T —mz1-m-

plained additional structure of the experimentally registered R K|(J’1’|D||J’)|2 .
signal. To explain such a structure, it needs to be ascertained (E)=——3—7— > fuw(—Dmte
if there is some influence of another fundamental reason for #MM7aaz

AOC, namely of the asymmetric ovét, M =1, in the sense
of condition (5), relaxation rated’y,’. Indeed, as it was
demonstrated in Refs. 8 and 9 on the iodine molecyli@ |
the B °I1, state, fluorescence circularity may appear owingwhereE{', g;=0,1 are cyclic components of unit fluores-
to magnetic field effectetil-selective predissociatiofPD).  cence polarization vectd;, Cj,’,'\"l are Clebsch—Gordan
The authors of Refs. 8 and 9 have presented the detailed PD , L .

theory2® accounting for rotational, magnetic, and hyperfine CO¢fficients,M, M", and u are respective exmteSﬂ ) af'd
PD, but they neglected the possible influence of Zeeman efl'ound 07) state magnetic quantum numbers;|(D[J")
fect induced energy shifts in signal description. As it be_denotes reduced matrix element for electric dipole transition,

comes clear even from the first glance at the dense electronlS 1S Proportionality factor. The excited state orientation is

term scheme of Temolecule!> it is highly probable that certified through circularity of fluorescence,

such AOC mechanism as the magnetic PD effect, causing the

fulfillment of condition (5), has to be taken into account, c= =1 @
along with quadratic Zeeman effect terms in energy shift, [+’

causing the fulfillment of conditio4).

The main purpose of the present article is to develop ar, , being right-handed and left-handed circularly polarized
extended treatment of AOC by accounting simultaneouslyight intensities. The excited state density matrix elements
both for quadratic terms in Zeeman effect induced energy - are formed in|J”u)—|J'M) absorption and can be
shift as well as for magnetic field induced PD. The consid-found as stationary solution of the equation of motfoms

J'M CJ'M'
-]’l'}’-lql JZ#J-QQ !

X(E; M)*(E; ®)C (6)
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T |(J/||D||J/I)|2 1 lll. LINEAR AND QUADRATIC TERMS IN ZEEMAN
MM’ = P S - SHIFT AND MAGNETIC PREDISSOCIATION
2J +1 FMM/+|a)MM/

The HamiltonianH of a molecule in external stationary

a1\ * q J'M J'Mm’ 1 7 1 i -

X > (E%)*(E Z)CJ";quch”ulqz' (8) homogeneogs magnetic fieBlcan be presented in a simpli
10102 fied form as

where the factorl |(3'|D[|3")|?/(23' +1) is the dynamic H=Ho+V+HpmtHam, (11)
part of absorption probability=" are cyclic components of yhere i, +V is the Hamiltonian of an isolated molecule
exciting light vectorE. Let us assume that the exciting light \yithout external fieldH, is the Hamiltonian zero approxi-

linear polarization vectoE(d,¢) is directed at angles).¢  mation, V is the perturbation operator of intramolecular in-
with respect to the quantization axi§B, while fluorescence aractions

is observed along axis. These conditions make it possible

to find exciting light and fluorescence light vector cyclic ~ Hpm= —#gB(91Jat (95— 01)S) (12
componentsE® and_E?' by means of WigneD matrices, s the so-called paramagnetic termy, is Bohr magnetong,
thus allowing to write explicitly the expressions for—1;  andg, are orbital and spin electronig factors, respectively

andl,+1, (Refs. 4 and 1Rentering Eq.(7). The final ex-  (g,=—1 andg,=—2), J,=L +Siis the total electronic angu-
pression for the differendg — I, which describes the appear- |ar momentum
ance of orientation can be written as

| . Hom=Kam> [BXr]? (13
| —l T S|n2192 I'pmma1 SIN @+ wypm+1 COS@ i
— |, x
T2 4 Ff,lM+l+ wf,,MH is the so-called diamagnetic terigenoting summation over
, , , , all electronsK gn=€%/8m.c%= uimy/2#%=2.2x10 *u3 (in
J'M J'M+1 J'M JM+1 . .
X(Chm+11-1Crm+110~ Crm1Crmar ) atomic unit3. In Egs. (11)—(13) we have neglected the
M ML I'M M1 nuclear spins and the relativistic effects leading to quan-
X(Chm1cCrmir TCrm+11-1C M+ 110 - (9 tumelectrodynamical correction ) andg, values.
1 1 1 1 . . ~T N ~
We will further consider tha¥, H,,, andHg,, are small
Expression foil,+1, takes the form: in comparison withHy, whlch_ allows one to use first- and
second-order nondegenerative perturbation theory to de-
r Sirg scribe the Zeeman effect induced energy shifts as well as the
P J'M 2 J'M 2 . . . . o
I+ 1>, [ T ‘ [(Cym—110°+(Chms11-1)°] intramolecular interaction effects. We will use Fermi
M MM 2 Wentzel golden rule do describe natural and magneti¢$D.

, 1 . , In further consideration we will account for magnetic field
+cog ﬁ(Cj,,mlo)ZHE (Cym )%+ (Chmio)? and intramolecular perturbation influence on the eigenfunc-
! ' tions, but neglect the level shifts caused by PD. Then, since
we are interested mainly iy, - andl'y,,,» dependencies on
magnetic quantum numbeiM and magnetic field strength
B, and restricting our consideration up to terms containing
Sir? & Ty _1m+1 COS 20— @y _1p+1 SIN 20 B2, we have to pass from Eq§l1)—(13) to the following

1 J'M 2
+ 2 (CJ’1’M+11—1)

P o F§A—1M+1+w§/|—1M+1 expressions for level en?rdﬁ/,\,l and predissociation ralg :
EpI=E23+ (D IM|H | P IM
«cIM-1 CJ’M+1CJ’M—1 CJ’M+1 (10) M nat + p | pm| p )
J'M1-1~J"'M11 J’l’Ml—l JIMll ) |<q)pJM|Hpm|(D£)‘],M>|2
+ 2 ®J o'y
Consequently, as it follows clearly from Eq&®) and ®pd’ Ev"—EW
(10), in order to analyze the appearance of magnetic field ~
induced orientation, one has to calculate: T PpIM[Hon| P pIM), (14)
() the mag'netic field induced energy splittjn@Mr val- r=roy 2_77 > <q)JM||:|pm|(DrJrM> 2
ues, which are defined by the magnetic sublevel en- ho | gy
ergy setEy(B), see Eq(2);
(i)  the magnetic field affected coherence relaxation con- +22 ((DJM|\7|<I>'JM>(<I>JM|I:|pm
stant valued'y,,,» betweenM,M’ sublevels, which Y

are defined by the magnetic field-dependent relaxation
constant sef'y(B), see Eq(3). + l:ldm|q),‘JM>} (15

For this purpose we will further consider the Zeeman
effect induced energy shifts to account for, as well as the whereE>) andI'?} are respective energy shift and predis-
magnetic predissociation to account fap. sociation rate values for a certain rovibrational level in ab-
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sence of external field®JM) are eigenfunctions of théo tional symmetry selection rules for both magnetic and in-
Hamiltonian, whileE:\I;lpJ and|®,J'M) are eigenvalues and tramolecular interactions are S with respect to the full
eigenfunctions of thed,+V Hamiltonian. For the reason parity and, additionally, s«~a regarding symmetric/
which will be clear from the following discussion, the dia- antisymmetric states in the case of a homonuclear diatomic
magnetic perturbation has been taken into account only tgolecule (see Fig. 2 In order such requirements to be
the first order perturbation theory in E@l4). Functions oObeyed, only the B symbols withAJ=J'-J=0,+1,+2
|q>{)\]' M) or |®’'IM) may correspond either to bondgq. and withM ' =M have to be considered. The explicit expres-
(14)] or to continuum{Eq. (15)] states, with which intramo- sions for § symbols are given in Table I. In particular, as
lecular interaction is taking place. It is supposed thatfollows from the table, the diagonal terms of Hamiltonian

|®'IM) in Eq. (15) are the energy-normalized continuum ﬁé}% are linear oveM. The diagonal ' =J) Hamiltonian

wave functions. Summands containikty, in Eq. (14) are matrix elements areM independent forH?, while for
the first- and second-order perturbation terms, respectivelyi(2 they contain the factor [812—J(J+1)]. The squared
the second-order term being the so-called “high-frequency«,ondiagona| Hamiltonian matrix elemerits—J’=+1) con-

i1 H 0 H . ~ . .
term” according to Van Vieck’ Now we can write the tain the factor §+1)2—M?2 for H().. These considerations

eigenfunctiong®{*JM) which are perturbed by magnetic allow one to obtain from Eqg14)—(15) the general depen-

field dence ofEy andT’y, on M andB in closed form as
(B) _
[P IM) =D, IM) Ew=a+bMB+(c+dM?)B2, (19
N 2 <®pJM|Hpm|<D£,J’M) FIRLY
D ] pd' M), Ty=a'+b'MB+(c' +d'M2)B2, (20)
p M M

(16)  Where parametera,b,c,d the anda’,b’,c’,d" are indepen-
.. dent of M andB, being dependent on other quantum num-
where the symbo|®,JM) denotes state wave function in porg characterizing isolated molecules in the absence of ex-
the absence of magnetic field, but with accounting for iN-tarnal field. From Eqg19)—(20) one may judge immediately

tramolecular perturbations, namely that the conditions described by E¢8)—(5) are fulfilled.
“ Further, sinceV and H,,, are composed from angular
@ IM) = BIM)+ S (PIM[V[D'IM) 7 IM), momentaJ, L, and S, the evaluation ofa—d anda’—d’
P rY, E‘JI’—EBI" parameters in Eqg19)—(20) will depend on the particular

(170  type of the angular momenta coupling. We will consider here
the primitive Hund’s(c)-case coupling schentd,according

to which the full rovibrational Hamiltonian can be split into
parts in the following way. The zero-order Hamiltonikig,
see Eq(11), includes:

Matrix elements of theH,+V operator are independent of

magnetic quantum numbé#, whereaH ., andH,, depen-

dence onM is given by Wigner—Eckart theorem in labora-

tory coordinate$?? A

(i) electronic term H3(R,r;) which, however, contains

J kJ all relativistic effects caused by spin—orbit and spin—

-M’ OM) spin interactions;

X (i) vibrational term in form —(1/2u)(¢*/dR?), wherep is

X ('] £0]|3), (18 reduced mass of the molecuR,is internuclear dis-

tance;

rotational term in form B(R)J? with eigenvalues

#?B(R)J(J+1), whereB(R) =1/(2uR?).

<J’M’|?ak>|JM>=<—1>J’M’(

where f§9 denotes operator spherical tensorial componentﬁii)
of rankk and projectiorg=0, (J'[|f||J) are reduced matrix

elements, (J,\;l, ) are § symbols used here because of . ] ) .
their higher symmetry instead of Clebsch—Gordan coeffi- N doing so, we will also CQ”S'Q%r that for the eigen-
cients. Let us remind that the spherical functidfg of rank  functions [Wo(R,r;)) of Hamiltonian He(R,r;), which are
k=0,1,2, being a particular type of the spherical tensor, hav@btained via solving the equatiorHg(R,r)¥o(R,r)

the following dependence on the spherical angk: =Ea(R)Wqo(Rr), the relations (Wq|oW,/dR)
Ygo=const,Yxcos®’ and Y,p=(3 cod 9’ —1). As follows ~ =(¥|*¥//dR?)=0 are fulfilled, Q denotingJ projec-
from Eq. (12), l:ipm is defined as the scalar product of two tion on internuclear axis. Such a choice of electronic Hamil-

¢ thusd tai @ and ds to the first tonian corresponds to the so-called diabatic approximation.
vectors, thuspm contains cosr and corresponads to the firs Thus, in the coupling case under consideration, €acom-

rank (k=1) tensor. At the same time 4, contains sif9’,  ponent of ar(a)-case multiplet is regarded as a separate elec-
see Eq(13), and thus corresponds to ze#o=0) and second tronjc state with its own potential cunE*(R), the different
(k=2) rank tensors. Hence, the respective selection rulegurves, however, being allowed to intersect each other. Ac-
overJ are:AJ=0,+1 for Hy,, andAJ=0,£1,=2 for Hy,.  cording to the described representation of zero-order Hamil-
Remember that, for the case of intramolecular interactiontonian Hy, the perturbation operatdv, which enters Eg.
the selection rule oved is AJ=0 only. Besides, the addi- (11), is equal to
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TABLEI 3j-symbols¢, & 2)=("y 5 2w

JoJ 1
(5 e
—~MOM 231
( J1d ) (1-)"Mm
—MOM J(3+1)(23+1)
Jid -
( ) (1) [(A-M)(J+M+1)
~M-11M (J+1)(23+1)23
JLJ+1 o (J+1)2—M2
(—MOM (1" 1\/(2J+3)(J+1)(2J+1)
J1J+1 - -
( (_1)HH\/ (I-M)(J-M+1)
~M—11M (23+3)(23+2)(23+1)
( J2J ) (=1)?"M[3M2=J(J+1)]
~MOM (23+3)(3+1)(23+1)J(23-1)
J2J B 6(I+M+1)(I—M)
(—M—llM) (-7 MM+ \/(2J+3)(2J+2)(2.J+1)2J(2J—1)
J2J+1 . 3[(J+1)°~M?]
(—MOM (=17 \/(J+2)(2J+3)(J+1)(2J+1)J
J2J+1 B (J-M+1)(I—M)
(—M—llM (-1’ M+12(J+2M+2)\/(2J+4)(2.]+3)(2.]+2)(2J+1)2J
J23+2 v \/ 6[(3+2)2—M?[(J+1)2—M7]
—~MOM (DT MN 23752374 (23 3)(237 2) (237 1)
J23+2 - - -
( + 2(71)J7M\/(J+M+2)(J M+2)(J-M+1)(I-M)
~M-11M (23+5)(23+4)(23+3)(23+2)(23+1)

V=V(R,r)+B(R)J2—2B(R)II;=Viom* Vhet» (21)

where \76|(R,ri) is the part of full electronic Hamiltonian

1 d2|UJ>

2u dR?

+[US(R)—EX]|v,y)=0, (24)

which is not included intaHS(R,r;), while the remaining whereU(R)=E2(R) +J(J+1)/2uR? is an eigenvalue of
terms appear from the rotational part of Hamiltonian due totheI:|2|(R,ri) + B(R)J2operator.

the fact that pure rotational momenturis constructed from

J andJ, asN=J-J,. First and second terms in E1) do

Then, rovibronic matrix elements of homogeneous
(AQ=0) and heterogeneoyd)=1) intramolecular interac-

not depend ord explicitly and, consequently, the matrix el- tion, see Eq(21), which correspond to the chosen bdsise

ements of these operators follow selection rl@=0, thus
defining the homogeneous interacti®¥i,,,. The third term
in Eq. (21) is linearly dependent od and, hence, obeys the

Eq. (22)], can be written as

AQ==1 selection rule. As a result, according to selection (U?'|\799'(R)|U?>, (25)

rules over(), the intramolecular perturbation operatéris
divided into respectivlomogeneou¥/,,,, (AQ2=0) andhet-
erogeneoud/q (AQ==*1) parts.

The symmetrized basis eigenfunctiof®JM) corre-
sponding to the coupling case under consideration are:

W q)
V2

[®IM)= [0 )[[QIM) == QIM)], (22)

and for the special cage=0:

|®IM) =W qo)|v;)[QIM). (23

hom

for Q'=Q, and as

o et (R |
—\v3 | Rz v VIA+D)-10[(Q[£1) (26

for Q'=0Q=1, where

el (R)=(Q"|3.:|Q). 27)

To obtain I:ipm and Hdm operators dependence ¢handJ

The vibrational eigenfunctiofv ;) is obtained via solution of quantum numbers, we apply again Wigner—Eckart theorem,
the radial Schrdinger equation with corresponding effective now in molecule fixed frame, in order to evaluate the re-
internuclear potential (R): duced matrix elements which enter E8):

J. Chem. Phys., Vol. 105, No. 1, 1 July 1996



42 Auzinsh et al.: Magnetic field induced alignment—orientation

~ J’ kJ - —
<J’9'||f<k>||m>~(_9, m)m'lffk)lm. (28) et — % R
o BO, 1)
ideringl®@ with k=1, |=AQ= 12 wi = —R+}
ConsideringH{) with k=1, =AQ=0,%1, andH{) with 5 2 o
k=2, I=A0=0,=1,=2, we can get the following expres- \ B (*2])
sions for corresponding electronic matrix elements 0L ‘\\\ S +R
@7910: N
\ -
R AV
Q'=0: (QHRIQ")
=010800+(9s—9)(QISJQ) =GR, (29 0 -
Q'=0=1: (QJHPIQ")
:gI<Q|jai|Q,>+(gs_gl)<Q|éi|Q,>EGi(R)v (30) 24 28 3'I2 -

R(A)

FIG. 1. The pattern of some Jelectronic states involved into consider-

Q’> =hgy(R), ation.

A 2
wiiglan=3 oS i
O'=Q: I'-2

wigan=(af3 (-2

Q >Eh20(R)' intramolecular and magnetic, will be more pronounced than
(31)  the homogeneous one. To simplify our further treatment, we
will assume that:

/ . % , i all electronic matrix elements, correspondin \l
Q'=0+1: (QAR|Q") (@ 2 ! : ponding \fo
pm» andHg,, operators, are independent of internu-

_ , clear distance,
={Q E. (xi£iyi)zi| Q") =hz(R), (32 (i) vibrational wavefunctions belonging to the same vi-
bronic state are coinciding for adjaceidt values,
namely
Q'=0+2: (QJAR]Q") o H=lof)=lv} ™). (39

O’V =h.(R 33 In particular, the above assumptiofig and (i) lead to
=hy(R), 33 the following relation{v;|G,(R)|v;) = GZ5,,in,wherevi ;i
belong to the same electronic state.

:<Q‘2 (X =iy;)?

wherer;={x;,v;,z}. Using Eqs.(24)—(30) we arrive at fol-
lowing conclusions, which are important for our further dis-

cussion: IV. TE, TERM PATTERN

(1) Homogeneous intramolecular perturbatigag)=0) are Before passing to signal simulation, it is necessary to
independent of) whereas the heteroge?gous Ones IN—oncentrate briefly onto main features of electronic structure
crease with) approximately as J(J+1)]"% see EQS. f the molecule under investigatiofthe even Tg isotope
(25), (26); o ) will be beard in mind. The detailed inspection d8 33,

(2) HomogeneougAQ=0) magnetic mteractlonl, caused by (erms of Tg molecule is presented in our recent papsee
Hpm Operator, decreases withas [J(J+1)] Lllvxéhereas also references therein. We will further keep ourselves to the
the heterogeneous ones decreasel@d1)] == term structure as proposed in Ref. 15, that is supposing that

(3) Homogeneous mixing, caused Bl operator, appears he closely located bondeBO; andB1> states, see Fig. 1,
only due to(Q|S,|Q2) term, which is small at least for pejong hasically to the 33, state complex. It is necessary
small internuclear distances since at pure Hunds (4 consider the interaction @1; ~B0; states caused by
g:)s(iigoi:pahggé:;’g?ﬁ;zanlsfoaﬂgjg? gg; r:]t;izlgntlénlﬁgraitg 'S electron-rotation interaction. The_matrix _elemé'rﬁt?/ [see_

Eq. (27)] of such heterogeneous interaction was determined

ferent electronic states; as »#=1.35 from unified self-consistent treatment of ener-
(4) Electronic matrix elemengg(R) of the heterogeneous in- 7= . e
getic, magnetic and radiative measurement ata.

teraction, see Eq27), is a part of electronic matrix el- It is important to mention thaB1> state PD in Te

ement of the paramagnetic tei@1. (R), see Eq/(30). molecule was observed directly as a diminution of spontane-
Proceeding from conclusiondl)—(3), one can expect ous lifetime withv growing forv; from 2 up to 8 and from
that, for largeJ values, the heterogeneous interaction, both62 up to 181, see Table IIl. Note that all theBg&, state
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TABLE II. Experimentally measurettS) and theoretically estimateds;

spontaneous lifetimes af(J) levels of 3, and 3 components oB 33 J+l Te——== ®a  + os i’ oS
state of'3Te,. ®a
- s + @A A_____. @a
Term v J =P (ng =Hny J T Tl _m====s
2 86 107 (7) 109
2 96 11711) 120 J-1~ ®a + os __gg
1, 4 52 49 (4) 112 s
8 70 10 (2) 121 Oy 03 1
4 111 66 (5) 115
1 5 131 45 (6) 120 FIG. 2. Symmetry of rovibronic states of Imolecule. The even tellurium
8 181 14(2) 133 isotope and eved value are considered. Dashed lines denote the forbidden

states. Symbols-/—, or e/f in different notation, refer to electronic parity,
symbols &/© refer to full parity, s/a refer to symmetric/antisymmetric
states.

levels are Sitfted below P, + P,y dissociation . originating from33, or/and®A,, states, see Fig. 1. We there-
(ca. 26 000 cm), whlchsmeans that the state respongple frfore will restrict ourselves with taking into account in PD
PD must approachP,+ 3P, ground+electron|c state limit. It treatmentB1; ~0; andB1; ~1Z interactions only. Since
has been S”pEosed thgt P_D of B, state Iev_els belongs to 0, term originates fromiIl,, while, 1 term originates from
the so-callect™ classification type after Mullikef® emerg- 35 or 3A,, we are able to evaluate the order of magnitude
. . u us

ing through a repulsive part of bondeg and/or § states, of Franck—Condon factors densifffCD) entering expres-
see Fig. 1. This mechanism follows, in particular, from the

K £ PD whil Ki ¢ 2 1-96 level of sions for PD rate, see Sec. V.
\iv_ea ness o fWhE'Be%p_ea Ing o t:b@h ’ J_b% eve g . The symmetry of rovibronic levels of even isotope,Te
u component of the “2, state, which can be proved, in 6016 can be understood from Fig. 2, whéres consid-
particular, by the existing experimental lifetime data given in

Table 1. Th X ; d byl ind (ired to be an even number. Symbelisor —, which corre-
aole 1l. The expenments_we,r,e per ?rme y aser,—m uce pond toe or f notation respectively, stand for electronic
fluorescence method, usin@”=4, J'=95X1; —('=2,

. . arity, while circled signsp or © refer to total parity. Since
J'=96)B1, absorption of 514.5 Af-laser line'**® The panty g party

estimatedt value of spontaneous ifetime, is ca. 110-130 nuclear spin is zero, all antisymmetria)(levels disappear.
ns.

All possible electronic states approachiti,+ 3P, dis-
sociation limit in (c)}-Hund's coupling case are: V. SIGNAL SIMULATION AND DATA PROCESSING
04 (3),05(2),15(2),1,(2),2,(2),2,,34,3,,4,.** Hence, due
to the AQ=0,=1, u«+g selection rules for intramolecular
interaction, only states 2 0,(2) or 1,(2) approaching
3p,+ 3P, limit may be responsible for natural heterogeneou
or homogeneous very wedBl, state PD. It is worth to
mention that, as distinct from the well investigatBd®s,
complex, no one of the above discussed electronic state
which could be responsible for natural PD of tAé, state,
had been observed in spectroscopic measurements, and the
reliable information on molecular constants and potentialA- Zeeman energy shift, or  w,, contribution

curves _d0§5 not exist for them. The only existing | et ys first adapt the theory developed in Sec. Il to
publicatiort® deals with relativisticab initio evaluation of describe the magnetic field dependence of fluorescence po-
low lying electronic terms of Temolecule. Unfortunately, |arization and circularity caused by different-order terms in
t_he papet® does notfog\tam sp|r13—orb|t and spin—spin split- 7aaman effect induced energy shiit,, see Eq.(14), as
ting parameters O?EU: Il,, andA, terms, thel) compo-  5nhropriate for Te B1, state. Applying Wigner—Eckart
nents under discussion are most likely originating from'theorem, first in laboratory coordinate system, see (E8),
Therefore we were forced to perform crude estimations oty after that in molecular coordinate system, see(E%®)
relative location of these components by using the semizccqunting for explicit 3-symbols formulagTable ) and
empirical scheme described in Ref. 19, which is b+a53ed on thiplementing vibrational and electronic parts of matrix ele-
knov;/ledge of leading electronic configuration 3‘_§fu Ty, ments defined by Eq$25), (26) and (29)—(33), we arrive at
and”A, states, as well as on the empirical spin—orbit cong following energyE,, expressions for the linear paramag-

stants of separated atoms, which the above molecular termstic term(LPT) and for the high-frequency terfFT):
are converging to a@R—oc. This allowed us to conclude that

the electronic states responsible B, state PD, which are
most preferable from energy consideration, are thecOm-
ponent originating from th&ll,, state and the 1 components

Now we are going to use the theory presented in Secs. Il
and IIl in order to simulate fluorescence signals of different
SpoIarization, see Eq6), including the appearance of fluo-
rescence circularity, see E@), for the conditions which are
relevant to Te moleculeB1, — X1 fluorescencésee Sec.
]5V) in external magnetic field.

usBMG,

ELpr(M,B)=(®,IM|Hm| @, IM) = — 3351

(35
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(I>=1)TI,M)(1+ G, IS /G,)?

2G,7S;

(J+1)°

+DTIM)
T

2627784)
( RN

whereElfL. contains the summands proportionalGa G, ,
whereasE - coincides with the previous treatméniwhich

((J+1)>-1D)T(I+1IM)(1— nG+(J+1)SO/GZ)T . G2 [JT(J+1,M)

_ =0 int
] =Epert Enen

J3
s

B J+1 G.(J+1)

v

(36)

defined by Eq(29) is the only factor determining the linear
LPT term; its numerical value will be taken &,=—1.86

was accomplished without accounting for wave functionaccording to the measurements in Refs. 15 and 25. In signal

mixing caused by intramolecular perturbation operajgy;,
see Eq.26). TheT(J,M) andS; have the following mean-

ing:

2_M2
T(J.M)=—2—4J 1 (37
(vilva)(volB(R)[v1)
SOZ 2 EUJ_ EUJ 1 (38)
Ué 1 0
[(vilvg"HI?
S=> I _god L (39
vg 1 0
[(vilvg HI?
S,=2 g1 (40)
,,g 1 0
- (vilvg “N(vglB(R)[v1) )
7 (EY’-EYH(EY-EYY)”
Vo
Ji. J+1 J J
vilv vy|B(R)|v
o3 (vilvs BRIy w

N\
o G

(Eli.]_ E8J+1)(E8J_ Eli.]) ’
andB, is rotational constant. The diamagnetic tef@MT)
takes the form:

Epwr(M2,82)=(®,IM|Hgy| @, IM)

J(J+1)—3M?
(2J-1)(23+3)

I

Thus, the closed form of Zeeman eneffy; , given by Eq.
(19), in the case oB1, state with fixedv,J,M values can
be written as

E(B1, ,v,J,M)=E_pt(M,B) +Eper(M?,B?)

= |<de2 h00+

X

hao+ hyg (43

1= JJ+1)

+Epur(M2,B?), (44)

whereE, pt is linear overM andB, while E,rr andEpy,t are
guadratic functions oM and B, as defined by the expres-
sions(35)—(43).

In order to determine they,,,' values, which govern
fluorescence intensities, see E@.and(10), let us evaluate
the parameters necessary to calculate the erteygyTheG,

simulation we will assum& . =2.7=27 in consistence with

the previous data obtained in Refs. 11 and 15. The negative
G, sign for a state witlf)l=1 means that we assume that the
magnetic momenj; possesses the opposite direction with
respect tal, the precession angular velocity being equal to

w;=—G,ugB/[J(J+1)%]. Rotational constant vaIquU:2

= 0.031 61 cm? has been taken from Ref. 14. TBevalues
given by Eqgs.(38)—(42) were calculated numerically using
vibrational wave function ;) obtained by solving Eq24)
with RKR potentials constructed by means of deperturbed
molecular constant sets given in Ref. 15 fgrdnd @ com-
ponents oB 33 state of**’Te,. The resultgin 1/cm?) for
the v(J) level 296) of the 1, state have been obtained,
accounting for Eq. (34), as: S,=—7.2x10 %
S;=—1.9x10%  S,=—-29x10%  S;=—3.14x10°,
S,=—2.05x10°°. It can be seen fron® values obtained
that the main contribution in the first brackets of E§6) is
given by the part of interference term proportional to
G.G,S,, namely

, 27G.G,S [I2—1
nt(Sp) _ +0;
Eler'= 5. [ 57— TOM)
(JZH)Z_lTJ 1M 45
+(J+—1)2 (J+1M) |, (45

which is comparable with the terms in the second brackets of
Eq. (36), containingS,; andS,.

Let us now try to evaluate the electronic paramelges
h,o, andh,, of the DMT, see Eq(43), which are given by
Egs. (31)—(33). In order to obtain crude evaluation of the
order of magnitude ohyy, we will assume that th& 33,
complex in Tg is of partially Rydberg nature. Then one can
estimate thehy, value (in a.u) as hy=3¢_,(n%?2)
[5n%+1-3I(I+1)]. Taking into account that the atomic
configuration of Te atom is€¥5p*, while in the united atom
limit Te, approaches th®4u configuration &°7s?, we can
estimate the upper limit fdn,, as being somewhere from4.0
a.u. to 18 a.u. Further, we will assume that, for the,ase
considered, as well as for the overwhelming majority of di-
atomic moleculeé® the h,, and h,, values do not exceed
several a.u. Using these estimations of electronic parameters
hoo, hyg, andh,, and comparing expressions for LPT, HFT,
and DMT terms given by Eqg35)—(493), it is easy to con-
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FIG. 3. Calculated magnetic field dependei®(®) of the degree of linear  FIG. 4. Calculated magnetic field depende@(@) of the degree of fluo-
polarization of fluorescencéthe geometry is shown in the settingsin  rescence circular polarization, or AOC sigitile geometry is shown in the
1—ordinary Lorentz shape Hanle signal in case of linear Zeeman effect termgetting-in. Curves 1-5 are calculated accounting for the same effects as in
LPT, see Eq(35); 2—accounting for LPT and for nonlinear Zeeman term Fig. 3, respectively.

HFT, see Eq(36); 3—accounting for LPT, HFT, homogeneous and hetero-

geneous magnetic PD; 4—accounting for LPT, heterogeneous and homoge-

neous magnetic PD; 5—accounting for LPT and heterogeneous magnetic

PD. The PD parameters used in calculationsGffé= —6 s 2, o= 10*

S V2T-L Chom_ f 5 V2angghom— 1P s V2T 2 connected with the crossings of magneétcsublevels with

IM—M’|=2 caused by nonlinear Zeeman effect.
We will now proceed to the appearance of the degree of
circularity C(B), see Eqs(7), (9), (10), caused byB? terms

clude that one can neglect the DMT contribution in the Eq" Em, when the condition(4) for wyy- is fulfilled. The
(44). 1t is interesting to mention that for low-lying electronic 980Metry of excitation and observation of fluorescence is

states of diatomic molecules the HFT and DMT values areShown in Fig. 4 and is consistent with=45°, ¢=90° in

as a rule, quite comparable with each otffeThe latter is Eqgs.(9) and(10). Curves 1 and 2 in Fig. 4 are calculated for
caused by the circumstance that, in spite of the fact tha’® Sa@méw(B) dependencies as discussed above in connec-
diamagnetic constaiit, value in Eq.(13) is approximately tion with Fig. 3. Curve 1 in Fig. 4 is strictly zero since linear

10* times smaller thap value in Eq.(12), the large enough Zteetman effect is nOtdanéo (r:]ause AGE Curve (Zj (;emon;j ;
energy differenc&>’ — E>'? makes the HFT and DMT con- strates a pronounce phenomenon caused by quadratic

Lo : . Zeeman effect term HFT given by E@6). It is important to
tributions comparable with each other. As a contrary, in OUl 4 ccs that sucki(B) signal is an odd function o8, havin
case ofB 33 (Te,) complex we have&[!=t—EL=° equal 9 ’ 9

o ca 13 eml  onl which  leads  to zero derivative aB=0. The last feature can be clearly seen
2el0l=1_ £0=0 Y, . from the Fig. 5, curve 2, which is the same curve depicted in
,uB/(EL,I —En ) >Kyn and well explains the smallness

of the diamagnetic term DMT with respect to HFT.
Let us start with the simulation of a signal appearing in . .
the experimental geometry, which is traditional for Hanle 0.06 |-
effect manifestation as decrease of fluorescence linear polar-
ization P(B)=(I,—1,)/(l,+1,) under external magnetic

field effect, see Fig. 3. We assume thgfy,’ in Egs.(9) and 0031
(10) possesses a constant valygy'=I'", being independent
of magnetic field, which means the absence of anisotropic 0.00 3

collisions(see discussion in Refs. 4 and)Ehd of magnetic
PD. In particular, the valu&=8.55x10° s ! was used as
determined in Refs. 15 and 27. Curve 1 in the figure corre-
sponds to the “traditional” Hanle signal of Lorentz shape,
which appears in the case of linear Zeeman effect containing >~ .p.06

-0.03

Circular polarization rate

LPT only, that is when alB2-dependent terms are neglected o 0'2 on : 0'2 E—
in Eq. (44). Accounting for the HFT in the form given by Eq. e e o ’ ’
(36) produces the signal depicted by curve 2 in Fig. 3, which Magnetic field, B, Tesla

demonstrates the slightly less steepness if compared withG. 5. Fitting of experimentally obtained AOC signal@(B) at the same
curve 1. Additional maxima of very small amplitude can begeomet% as t'“ fF'g- 4. EU%(;;‘S 1-3 Ege tt_hezsame asff'“ tF'g- 4Ea%;jfve 2
[T . . f . . Ignores the Interierence tergey IN quaaratic Zeeman efriect, see y
dIStIthIShed.On curve 2 in hlgB region, that is When the while curve 3 differs from curve 3 by ignoring homogeneous PD. The
fluorescence is already almost completely depolarized by thg,rameters obtained by fitting a@® = —6 s 12 o= 9 x 10°s 12T,

linear Zeeman effect. These maxima have apparently to be.=2.7.
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enlarged scale. Curve 2 in Fig. 5 differs markedly from thedoing so, for homogeneous P} # 1., one can obtain, by
signal depicted by curve’2n Fig. 5, which was calculated applying Eqs.(18), (29) and Table |, the following expres-
without accounting foE[jtr in Eq.(36), as it had taken place sions forH,, operator matrix elements with=0":

in our previous treatmetit[unfortunately the sign o6, in

formulas(3), (11) and(13) of Ref. 11 is inconsistent with the (QIM| |3|pm|QJ M)=— %, (46)
definition of G, following from Egs.(1) and(4) of Ref. 11]. JI+1)

The major difference between curves 2 adr2Fig. 5 en- R 2_1

sures one of the important role of the interference tE#fh, {QIM|H | QI—1M)|?= uZB2G2 32 T(J,M),
appearing because &1, ~B0, wave function mixing by a7

electron—rotation perturbation opera’{br see Eq(17). Fig-
ure 5 contains also the experimental resultispicted by ~WhereT(J,M) is given by Eq.(37). Analogously, for het-
black circles taken from Ref. 11. And what is important, the €rogeneous PD 1~0,, the H,, operator matrix elements
results of the more complete treatment, presented by curve ith Q'=0=1 can be found, by accounting for E@Q0), as

is much farther from describing the experimental points.

: ; ot ) - usBMG..
Moreover, in any choice of fitting parametdrshich would (QIM| Hpm|Q’J My= —, (48)
lead into contradiction with independently obtained results of VI(J+1)

Ref. 19, the calculation based on quadratic Zeeman energyynilst the nonzero diamagnetiéldm operator matrix ele-

shift terms, or onwyy' contribution only, are not able t0 ments can be found, by applying Eq$8), (32) and Table I,
reproduce the additional extrema of experime@éB) val- g

ues neaB==0.1 T, see Fig. 5. .

(QIM|H g Q' IM)

B. Magnetic PD effect, or Ty, contribution B8%h 1
Let us now account fofF'y,,» dependence on magnetic =Kam 2 =

field caused by magnetic field induced PD. We will consider JI+1)

the cases of homogeneous and heterogeneous PD separatélgfe that for the [ ~0, case the interaction matrix ele-

accounting for §~1; and 1,~0, interactions respec- ments(QJM|H,,|Q'J+1M) disappear.

tively, according to the discussion in Sec. IV. Then, adapting  Putting the expressions obtained into Etp) and taking

again the theory developed in Sec. lll, we are able to obtaiinto account the fact that the rovibronic matrix elements of

the explicit formulas for the matrix elements which describeintramolecular interaction can be described by EGH-

1, ~1; and 1, ~0; magnetic PD i, expressior(15). In  (27), we arrive at final expressions in explicit form:

|

-JJ+1)+3M?
(21-1)(23+3)

. (49)

4M? 3(4M?-1)
JJ+1) (23-1)(23+3)

Vo 2usBMViorG,  4gBG;
hom J(J+1) 2

T, ~10)=2m(v,l€,)]?

YV [ P 3 JJ+1)-3M2 )], 2BMC,a, B% )
T eRamSVhom) oo™ | N22™Ne0 17505307y | | (20— 1)23+3) || T S+ 2
4M?2 3(4M2-1) ) 3 J(J+1)—3M?2
_ _ 2 (0) (1) (2)| 1 _
30+D) (23-D23+3)) | %8 C”{Bv BBy (1 30+ | @ Deive | 0
bt e L[ 2723(3+1)  2ugBM7G.  wgB’M?GE  KyB?nhy [ 3M2—-J(J+1)
Iy, ~0,)=2m7(v,|ey) 72+ 7+ 2 =
(2uRY) 2uR? 233+ 1) 2uRZ | (20—1)(23+3)
=2C2J(J+1)+2C,@,BM ABME e e 2D -3M? 51
=2C 0+ D) +2C, a0, BMY o533y~ BB o 2973 ) (52)

where|(v ;| €,)|? are the Franck—Condon densiti®CD), R,  part of Egs.(50) and (51) to the following traditional nota-
is the crossing point of the two potential curves, see Fig. 1tions: C, is the natural PD constant,
BY are the diamagnetic PD constan,,,, and 7= 7 are ”
the electronic parts of the matrix elements of homogeneous C'°"=\27(vj|€3)Vhom:, CI®=V2m(v;|€s) SR
and heterogeneous intramolecular interactions, respectively. Ke

L . (52
It is important that all these parameters are independent of
M, B, andJ in explicit form. We have passed in the secondypiist a, is the constant of paramagnetic PD,
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aL‘°m= m(UJ|EJ>MBGZa aZ‘e‘= \/E(UJVJ)MBGi- 0.15 " T " T " T
(53 i
0.10
It can be easy seen that the relations obtained are consstenth
with the general expression given by EQO). From Egs. g 005
(50) and(51) one can also conclude that fé1 the contri- =
bution intoT'y, of the term describing interference between -2 o0.00
natural and magnetic PD, which is proportionaldge, and %
linear overBM, is negligible in the case of homogeneous PD & -0.05
when compared to the case of heterogeneous PD. This can be—§
explained by the presence of the factorJ{{+1)] in Eq. £ 010
(50), as distinct from Eq(51). _ o A
Let us now try to estimate the values®f, @, , ands. 015 & : . : L . L 2
parameters in Eq$50)—(53) for the case oB1, state PD in
Te,. We will start with FCD|(v,|€,)|? evaluation based on Magnetic field, B, Tesla

Morse shape approximation of,0and I potential curves _ _ _ _ _
responsible for the PD. In doing so, we have used vibration IG. 6. Comparison of AOC signals in fluorescence circulatif8) caust_ed
y heterogeneougurve 1) and homogeneousurve 2 PD, calculated with

constantw, values given in Ref. 16 fofll,, 337, and®A, 00 U ee namelg™" — | Chet 333 T) = 8.2 10°s 12
states. The anharmonic constani, values were estimated ghom— 17 g2 11 chet— _ g0 522 oMl 108 s 1271 Geometry and
from the knowledge of electronic Feéerms for these states, other parameters are the same as in Figs. 4 and 5.
as well as from théP,+ 3P, dissociation limit. The equilib-
rium internuclear distanci, values for the states under dis-
cussion were chosen in the way to prowde the condition thaguced by homogeneous PD is almost nonobservable.
intersections of the respective; Gand % Jpotential curves It is interesting to trace the PD manifestation in wile
with the repulsive branch of the RKB1 state potential range Hanle signalB(B), see Fig. 3. Curves 4 and 5 in Fig.
curve are taking place at reasonali® values, namely 3 demonstrate the distortion of Lorentz's shape Hanle signal,
26 A< R < R "w which correspond to the Mulliken’s which is caused by magnetic PD only, that is when Bfe
c -type PD23 The energy normalized vibrational wave func- terms are neglected i@y, calculations. It seams that the
tions |e;), belonging to continuum spectrum, were calculatedremaining nonzero degree of polarization at laBygalues,
by numeric solving of Eq(24). As a result, the following see curves 4 and 5, is caused by sligh,’ growing with B
FCD estimations were obtained: 19-10°° l/lcm™* for  which does not change much th&yy /Ty ratio. The
B1,~0, PD and 10°-10 8 l/lcm *for B1; ~1; PD. The most interesting is th&(B) behavior in the case when all
7?2 uR? value is of the order of 0.1 cnt. Since the natural effects are taken into account, see curve 3 in Fig. 3. As it was
PD rate of the level can not exceed its reciprocal lifetimechecked from theE,, pattern calculation, the pronounced
7,3, which is given in Table Il, one can easy obtain thesignal broadening irB range of(1+3) T, see curve 3, is
following estimations of natural PD rates upper limits: caused by numerous overlapping nonzero field crossings of
|C" < 60 s ¥2andC'"™ < 10° s 2 Let us also suppose magnetic sublevels!,M =2 with 96>|M|>6. Starting from
that theh,, values entering Eq50) do not exceed #a.u., |B|=3 T, the nonzero field crossings for each particular
while the values ofG, and G.. are of the order of one a.u. |M|<6 value become quite distinguishable, which is under-
Then we arrive at the foIIowmg estlmatlonsahom standable for two reasons. First, the absorption—emission
= 10°-10 s 277, oM = 103-10* s 2772 ,8(0)<102 cross sections foP-, R-type molecular transitions have
s 2 ,6’(1)~,8(2)<1 s¥2172 gR<1072 's2T7°2 maximal values neaM=02?! Second, the level crossing
Thus, if our electronic parameter estlmat|ons are correct, wpeaks forfM|<6 are much better separated since they occur
can well neglect the diamagnetic term contribution ififp,  at largest/B| for the smallestM| values, see Eq19). Of
see Eqs(50) and(51), as it had been done in the caseEpf  course, such crossings, produced by the influence of qua-
calculations. dratic Zeeman energy terms, can be slightly distinguished
Let us pass to PD signals simulations. Figure 6 demonalso on curve 2, see Fig. 3, possessing, however, much
strates the circularity signals caused exclusively by PD efsmaller amplitude because of fast coherence destruction. It is
fect, or byI'y,+ contribution. Calculations were performed thus clear that the nonzero magnetic field level crossing sig-
by using the above estimated valuesGyf and «,, for either  nals are pronounced so well in the case depicted by curve 3
heterogeneou&urve 1) or homogeneoug&urve 2 PD. The  due to the “delay” in P(B) diminution, which occurs be-
calculations are made by putting E§O) or Eq.(51), respec- cause magnetic PD shows the tendency to incrdggg
tively, into expressior{3) for I'y;,7, which enters Eqs8)—  with B growing.
(10), under assumption thaby,,’ is independent ofM, The role of 'y’ contribution in wideB range AOC
which means that we negleBf terms in Eq(44) or, equiva-  signals is demonstrated by curves 3-5 in Fig. 4, which are
lently, we neglectoyr contribution into AOC. As it can be calculated using the same parameters as in the case of analo-
seen, the heterogeneous PD produces a pronounced dispgous curves in Fig. 3. The most interesting is the behavior of
sion type circularity signal, whereas the AOC signal pro-curve 3, which is calculated accounting for all effects in
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oym’ andT'yy and demonstrates the appearance of addi- = : . - T - .
tional maxima caused hlyy,,+ contribution, having opposite 0.14
signs with respect to the maxima caused B% terms in
oy’ - It can be also seen that the nonzero field level cross-
ings do not manifest themselves in t6¢B) signal, as dis-
tinct from the P(B) dependence. Curves 4 and 5 are calcu-
lated neglecting the HFT contribution iy,,,/. Since curve
4, obtained by accounting for both heterogeneous and homo-
geneous PD, almost coincides with curve 5, in which only
heterogeneous PD was taken into account, the role of homo-
geneous PD is negligible. This result is in consistence with
Fig. 6 and its discussion.

Since the PD-induced AOC leads to opposite S{iB) 0 o2 o5 os
signal when compared to the quadratic Zeeman effect, see Lo
Fig. 4, it looked promising to fit experimental data, given in Magnetic field, B, Tesla
Fig. 5, by accounting S'munaneOUSly for both nonlinear Zee'FIG. 7. Fitting of experimentally obtained Hanle signals in degree of linear
man effect and magnetic PD. If one neglects the homogesolarizationP(B). Geometry, parameter values and curve numbering are the
neous PD effect, it is possible to obtain simultaneously thregame as in Fig. 3. 1—Lorentz shape signal; 3—the signal accounting for all
parameters fronC(B) data fitting, namely: the electronic ©ffects:
matrix elementG.. of paramagnetic Zeeman Hamiltonian
defined by Eq.(30), the rate constarﬁxf}‘:"t of paramagnetic

heterogeneous PD, and the rate consE{fft of natural het-  (27) and (30). TheT,, contribution studies yield new pos-
erogeneous PD. The best fitting was obtainedsat=2.7,  sipilities in investigating PD phenomena. First of all, it is
C,%= =65 "?anda,” = ¥9 X 10°s "*T !, seecurve 3  quite surprising that the characteristic additional maxima
inhFig. 5. Ithis however impossible tojudg_e apout the signs ofproduced by PD contribution int€(B) signal allow to
C,® and a,* separately except that their signs have to bgydge, from the first glance, about the heterogeneous type of
opposite. Comparison of curve ®ith the curve 3, which  pp. And, what is more, it is possible to determine separately,
was calculated by including into calculation the estimatedom one fit, both the constar@™® of natural PD and the
upper limits of homogeneous PD parame@§8"= 10°s™?  constanta"® of magnetic PD. As it is known from.,|
and ;" = 10° sYT™%, confirms that accounting for stydiess=19 due to the interference teres,C, it is possible

0.12 4

0.10 4

0.08 4

0.06 4

Linear polarization rate

B1, ~1; PD practically does not imply the fitting. to determine very weak natural PD rate . Also in the case
of 1%Te, B1, state we obtainedC"®J(J+1)=6.7x10°
VI. DISCUSSION AND CONCLUSIONS s %, which is only about 8% of the full relaxation rate

I'=8.55x1(° s ! for v =2(96) level.

The effect of AOC is an exclusively sensitive tool to As it can be seen from Eq&52) and(53), it is possible
investigate the quadratic terms both in Zeeman energy shiftg use the PD paramete@§® = +6 s 2 o= 79 x 10?
(wyw contribution and magnetic PRIy contribution.  s7¥2771 obtained for theB1, state of Tg, in order to
The above effects produce large enough fluorescence circevaluate the ratio of electronic matrix element;@ts n and
larity signal C(B) under linear polarized excitation, which G, :
disappears completely when the quadratic terms are absent.

It should be stressed that the conventional Hanle effect, o  \27(v|€)ugG. "
which is observed via changes of the degree of linear polar- ~het= o cMRcuB
ization P(B), is almost insensitive to the presence of both CZ \2m(v]e)(n/2uRY)

guadratic Zeeman energy shift terms and magnetic PD ersing the evaluated?(24R2)=0.1 cri ! value and taking

fects in the gxperimentally applied region Bf as it can be us=0.467 cnil T~ one obtains, by applying Eq7) and
seen from Fig. 7. Indeed, the experimerR4B) data can be (30), the following G../7 value:

equally well described by the simplest Lorentz shape depen-
dence and by the dependence accounting for all above- G. gjJa:+(9s—0))S-

G-
—. (54)
7

mentioned effects, see curves 1 and 3 in Fig. 7. " J
. . . at
Since the influence aby,,' andTl’y;,» produce circular- ot
ity signals of different sign and shape, see Fig. 4,dhg,’ ~1 S. a,® ~ _3.9% 102 55
and T’y contributions can be easy separated, in the pro- =i+ Jas CvﬁetZ,uRg,uB:_ X 10 (59)

cessing ofC(B) data, at least at certain dynamic parameters

of the states under study. Th&,, contribution allows, in  The fact thatG_./# ratio is so large means that almost com-
particular, to determine the electronic matrix elem@ntof  plete cancellation of . and S. takes place. Indeed, since
magnetic field induced heterogenedQs-Q'|=1 interaction J,. = L. + S., Eq.(55) yieldsL.=—1.0038. . Hence,
which, in its turn, is connected with the electronic matrix elder B1, state of Tg the values of electronic matrix elements
ment 5 of electron—rotation(}, ()’ state mixing, see Egs. L. and S. almost coincide, being opposite in signs. This
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