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IV.

ABSTRACT

A.thédry of microwave absorption in cohereht or incoherent étates
of multi-dimensional crystals is de?eloped.. Application éf’thé theoty- .
to the c}uster st?tes (dimer, trimer, tetramér, ... etc.) of linear
chain systems and its relationship to microwave band4to-band transi-
tions in coherent Frenkel excitons provides a new'way of studying coherence
in theséxcited levels of molecular solids. A quahfitative'treatment of
the iﬁfiuénce of»extiton-phonon couplingvon spin dynamics in a
tﬁo-levelvsystem (dimer) and the extension to a‘multi-level system
(exciton) is given. The results prove that zero_fieid electron spin
resdhance éan directly measure the cross-sectidn of the scéttéring
processesiin_the excited state and that the technique is applicable
to other'classes of solids. Méreover, the anisotropy and ;hé_
magnitudé;of‘infermolecular interactions can be established froh

“these experiments.
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I. INTRODUCTION

The spectroscopy of moleculaf solids has béen-of considerable
interest in recent years. This interéstvarises frém thevimportahce7of
~ the sfStems themselves as well as from the fagtlthat the stfucture
and packing of these molecules in the 1attice’détermine the anisotropy
of mény'properties.inbthese solids. Band theory,'deQeioped by Frenkell’z_,
and Davydbv,3’4 was clearly the fundamental steﬁ-toWard our»ﬁnderstapding
of the molecular solid state in so‘far as it 6ffered a direct rela--
tionship befweén the band structure in the delbéalized'limit and thé
moleculér propertiés. When the excitation is aséociated with singlét '
electronic levels, singlet bands are formed with a widths‘determined |
" by the nature of the interaction between the moiecules. Likewise, a friplet
exciton bénd will be formed from a crystal with mbieculés excited in

their triplet electronic levels, and in a tight-binding theory the

transfer integral is simply given by : : ‘
g = <¢m]H|¢n> o '(l)_ ,

- where # is the total Hamiltonian of the system and ¢, is the wave-
,functioné which is localized. on the nth moleculé.

The above conéideratiéns deal with ”undfessed excitons' in which.
the pure electronic excitation transfer.results'in a band free ffom
any distortion and is confined only to electronic_matrix elements.
However, the exciton could be dréssed by a Vibronif and/or lattice

exc»itatidn?-l3 which may couple to the pure electronic excitation,



resulting.in a direct or indirect perturbafion bn the st;tionary
stateslof the band; In dynamical-language this coupling of excitbn
Jstates to a phonon bath initially results in the damping of the wave.
?pagket (characterized by some specific momentum vector k) 14- 17
ménd ;_"' o these | new linear conblnatlons of wave vector
stateé'mill_then scatter further to other k States, say k', via the exciton-

phonon Hamiltonian on a time scale_determined°by the magnitude of the

coupling matrix element. This gives rise to a very important question

that pertains to the relationship between the scattering cross-section

and the coherent vs. incoherent properties of band'states A quanti-

tatlve extraction of the scatterlng times as a _measure of ‘the mechanlsm
of exc1ton phonon coupling is not an easy task, parrlcularly for
experlmentallsts. This is because we. are deallng with an ensemble of
'N;lével systems (N is the number of'molecules),'hence the fluctuations
of the off-diagonal elements of the time~depend¢nt.dénsity matrix,
“which measure the dégrée of coherence, are a ﬁbmpigx fumction for the
coupling betweem the relaxation Hamiltonian'and_the N-levels of the"
band. If one can study such scattefing-processes'én a two-level

system which has a direct relationship to the propertiés of the N-level
system , band states, the physics behind'these processes could be better
understood and a quantitative_treatment could lead into a clearer
picture of the relaXation'Hamiltonian, coherence,.and the influence

of band dimensionality on exciton dynamics.
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vA,dimér in a tfiplet state is electronically a system of two

levels which are separated by 28 where B is the intermolecular
interaction between the molecules.. This dimer splitting is direCtly
related to the triplet exciton splitting;18 Fof-eXample,_in the

nearest- nelghbor approx1mat10n 19,20 the splitting (28)'of

;‘translatibnally equivalent dimers is half the bandwidth (48; energy

”séparatioh between k = 0 and k = #n/a) for an exciton formed along the

same translational axis. . Moreover, the solution to the stationary

: Schr6dinger'eQUation yields y(+) and ¢(-) for thefdimer which are
‘conceptually related to the p(k) of the'band.'vThesevstates are

- coherent for the lifetime of the excited state unless there is

an interaction between them and the sﬁrrdundings via a relaxation
Hamiltonian. The Hamiltonian21’22 describing the_cbupling (withv

'amplitude A) between phonons of frequency w and‘the exciton is

Z E(k)ay a, + wa b * AZZ ak+q By Oy )

(2)

ex ph

- where b’ and b_ are the intramolecular phonon (with q momentum)

o . +
creation and annihilation operators, and ay and a; are those of the

‘exciton with energy E(k). For a dimer, the scattering causes local .

13

and transition'fluctuations which detemmine th¢_pqwer‘speCtrum,vJ(Q),-

J@Q) = .}(. < H(t) H(t + 1) > exp(-iQ1) dT ‘(3)

- Q0

23,24



where Q is the frequency correspondlng to the energy difference between

the two levels, ' The autocorrelatlon function has
a characteristic time, Tes which is the memory time or coherence-

time, since for this time
H(t) = H(t + 1) R “

Thus, the TC'S'Qf y(+) and Y(-) are determined:by fluctuations of
the of f- dlagonal matrix elements of the t1me -dependent density
matrix when the stationary states are solutlons to the zeroth
order'Hamlltonlan matrix respon51ble for the dlmer spllttlng

Experlmentally, there are two 1mportant parameters needed :

. to descr1be ‘the scattering, T, and the values at dlfferent p01nts

in the correlation functlon, so that the full»correlat;on function for

scattering may be deterndnedQ Specifically, T, Trelative to
the resonance transfer whose frequency is 28/h establlshes

whether or not there is a coherence in the d1mer | This is

because coherence can only be established bv determlnlng the rate

at wh1ch the time- dependent Hamlltonlan25 26

mpdulates the'energles of
the states relative to 28. _ | o
If.rC (¥) < h/28, the states are clearly incoherent'and possibly
indistinguishable. On the other hand, if T () > h/28, as when S 8
approaching the lifetlme of the exc1ted spec1es in the state, the~' | |

dimer is coherent because the phases of the wavefunctions are well-

defined during that period of time. However, it should be remembered

Ld]



that'the_meésurement.of ft is completely detefﬁined by the time-b
Scale‘of the experiment. ‘For example, in optical experiments if
the spectroscopic splittings between the two dimer states or,
'morevgenerally,vthe Davydov components, ggg'the Optical 1inewidtﬁ
of_the.glgg_and minus states are on the order.df B, the system’
can appear to a large extentvincoherent althOUththe off-diagonal
elemenfs-of the density matrix are not fluctuatiﬁg’at the rates 28
(or 88 for the Davydov splittings).. Iﬁ additibn, the availéble .
optical téchniQues cannot measure the linewidth of the minus

| sfate of a translationaliy equivalent dimer sincé.the'transition
.-‘moment ffom‘the ground state to that state is'zefO'by‘syﬁmétry.27
If 28 is less than the optiéal linewidth, then pdnventional optical
| techniques cannot measure any of thése parémetéré énd many of the
28-34

spectroscopic properties of dimers cannot be obtained

conventionally.

‘Avakian et 3135,36

have shown the importance of the linewidth
of the Davydov component as well as the separation between the

two components in anthracene in determiﬁing thevdynamics of |
exciton migration. Furthermore, they measured diffusion constanfs
and related them to the nature of excitation transfer. HoWever,fas
realized by these authdrs,35'37 the diffusion coﬁstants not only = -
depend oh the velocity38’39 of the exciton but aiso on the
scattering time and hence more experiments beside the diffusion

constant are needed.



Magnetlc Resonance spectroscopy (EPR), c

~ be performed on a time scale which is very sultable for the
measurements of coherence time and the detectlon of many of the
anlsotroplc properties of magnetlc interactions in the exc1ted

state. ‘Schwoerer and Wolf40 4 have shown that the EPR of the
naphthalene pair are different from that of the mcnomer whose>

EPR spectra were well known from Hutchison and Mangum experlments 42 43
Moreover, they identified the pa1r as translatlonally 1nequ1va1ent,
and a "dlffu51on constant'' for the excitation was computed from

their measUrements. However, the correlation time for‘scattering;'

4-4'cann'ot be deter-

in our opinion and aléo from the work of Hanson,
. mined from these high field linewidth measuremente,' Thie_is becausevr'
the resonanoe linewidth depends on (i) magnetic field.broadening--

| induced by'the field‘anisotropy, (ii)'hyperfineﬁsplittings |

which have been proven to exist in the dimer spectré of naphthaiene

by Hutchison and l_(ing,4S (iii) relaxation effecté,hand finally, -

(iv) the physics of stochastic Markoffian46‘proce$ee$ mist be

taken47,into account in extracting the coherence properties from such

measurements.



As We'will demonstrate, zero‘fiéld EPR speétroscopy of dimers
at low températures can be used to answer many.of fheuaboVe V
questions pértaining to the. coherent and incoheient properties,
_ particularly if the dimers are formed:in crystals_where the
band dispersion is “ ' one-dimensionéli48
| Recently,the zero field phosphorescence micfdwayé double
resonance _(PMDR)49 spectroscopy of pairs of 1,4?dibromonaphthalene.
where the band dispersion for the exciton iS one—‘<l;'1mension'al50-’51
- was reported.52 ‘ The identification of
the pairs as trahslationélly equivalent-was consistent with the
résdnanéé_fféduencies;and both the optical and EPﬁ results manifest
the strong interaction between the two molecuies of thé pair.sz’ss_
However, the dynamics of coherence could not be estéblished'ffom

the expefiments because of the interference between the D + |E| '

and D - |E| transitions which broadens the resonance lines and limits

the resolutiocr.

| The first paper54 of this series gave a brief account of our
results on coherence in excited dimers of 1,2,4,5-tetrachlorobenz¢ne cfyétal.
In this paper we present the detailed theoretical grounds for understanding
coherenCéﬂin_dimers and its.relationship to coherence in excitons. The ihfluenée
of the resonance interaction and the resdnance between the molecules |
composihg the pair on the stationary properties of the dimer is also

given. The effect of phonon scattering on the microwave absorption

in the dimer states is explicitly given and related to the physics



governing the scattering processes in. the different limits of -

exchange; slow, intermediate and fast.

II. THE STATIONARY STATES OF DIMERS AND EXCITONS_

In the rigid lattice approximation, the ;otaleHamiltonian of
' the crystél'is o
H o= Hm+m2<;1vm |  -(5)'
H is the Hamiltonian for a molecule et the mth'site and Vin is the
exciton interaction energy. This Hamiltonian may be wrltten in -
another.eommonly used notation, occupatlon numbervformal;sm, if -

we define the vacuum state .of the cryStai by the following

. 55
equation. ™
amIOOOOJ...ln...;OOO>_= ]0000.’..'.0.;..000>'6mn FG).;V

where a, is the well-known annihilation operatof and .
'[0000....ln....000> indicates that one quantum of excitation is’enﬁ-
the nth site while all other sites are in the greundestate. ‘Thus
m"em O 8y * an a, am , (1)
! k _ v -
If the unit ceil of the Iattice cOntaihs more than one molecule

the full crystal eigenstate for a spinless exciton i521

v, ®)> = Zc(") @ o, (> (8)
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where ua is the celi‘cordiﬁate (uvlabeis the ﬁnit cell, a the

moleculé in the unit cell), and |¢a (§)> is th¢ one-site exciton

function . These Bloch functions®®  can be formed from the anti-

symmetricized product of wavefunctions for the individual

molecules. v is the band index for the different éxciton branches,

which is-equal'to the number of molecules pér.unit cell. | |
For a paramagnetic (triplet) exciton, equation (8) may be

substituted by _
v, ), T,> = ;c&;) ® 1o, (i)’_Tf @)

. where Ti are the zero field spin functions.

It is now clear that:in order to determine the proper eigen-
states‘of the system, C —‘must be obtained. Grouthheoréticalsz
‘arguments may be used to evaluate these coefficiehté'at certain points

in thelBtillouin.zone. This is strictly true_fdr the k = 0 point at which
~the full symmetry of the Brillouin zone can bé'uséd to ;iassify the eigen-
functions. .Thus CC* = 1/2 at this point of the-zoﬁe; The same

kind of simplifications can be made if k is directed along av

. symmetry axis of the crystél; For a general k this is not

necessafily true. 'However:the "restricted Frenkel'limit” 58

‘was invoked to simplify the computation. Briefly; this approximation
eliminates the translational‘resonahce'interéctiéné skew to the
'érystallographic axes. Such an approximation_séems to describe

the triplet state excitonic properties of naphthalene and anthracene

type lattices, perhaps because of the unique nature of the spatial
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i 4
2

array of the molecules in thé‘lattice.' It is.withip this limit
that th§ eigenfunctions,'|wv (E), Tié,'fof each”ﬁland for all k
" (not jﬁSF'i = 0 and along symmetry direction) have equal aplitudes from |
the one%gife-excitén functions. The energies for lattices with two moiecules

in the unit cell are

Ev(E) = E,+ zaa(i) . (-1)VLaB(§)H a0

are the so-called translationally eqpivalent and

L and La

oo 8

translationally'ineqyivalent interaction terms, and'EO is the

center of gravity of the exciton band (which can be written as
the sum of the free gas excitation energy plusvthe,Crystal éhift).

More specifically, the dispersion relation of équation (10) for a -

’monoclihic.PZl/a lattice may be written in the following form.>
3 v i -k»-r -1:-+
: . _ T T
E (i) = E, + :E: 28 cos(k-T ) +(-1)V48 cos|- Ll cos 2
v 0 =1 u u 12 g )
(11)

where ru (u'= 1,2,3) represent a,b,c lattice vectors, respectively.‘

For a one-dimensional exciton, equation (11) reduces to

'S -> ] '.’ - v
E (k) = Ej + 28, cos(k * a) (12)

il

if the interaction is along the a-axis.
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The above equatlons can be used to descrlbe the stationary

. ,‘-‘A

electronlc propertles of a molecular dlmer in a crystal lattice,

since the Hamiltonian for a palr of molecules (A and B)- bound by

the intermolecular potential VAB

#P) = HDiner) = &, + Hy ¢V o (13)

which is derived from equation (5) for a two molecule chain. In

addition, the one-site function for the pair is simply
al 1,2 v G a9

in which the molecule B is excited into the triplet'state while

" molecule A is in the ground state.. ¢ stands for a particular triplet . -

spin sublevel, and w(rz, rm) is the'two—electron'antisymmetrized-

function of the electron coordinates r, and r . A permutes the

electrons-between‘the molecules and wA is the‘prqductvof a spatial
fuﬁction"@ (which is symmetric to electron interéhange for a
singlet state and anfisymmetric for a triplet stéte), and a spin-
function. |

Since Vg of equation (13) is a spatial opérétor on the

coordinates;of all four electrons, one can show that

@y ® " ABlAwﬁc)w(d)> - <w§a)(12)w(b)(34)l ABlwﬁc)(lz)w(d)(s4)> -

< ﬁa)(lz)w(b)(sa)l lwAc’(34)wéd)(12)> -y 8 as)
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. Writing jhe explicit form for the waﬁefuﬁctidhs clearly indiéates
that J =:0~for triplets if there is no‘spin-dfﬁital interaction
and thét_é~(exchange excitation transfer matrix element) is
primarily responsible for triplet dimer splittihgs,59 )

" In zero field, the spin is correlated 60 'along the.molecular"
axes which are coincident with the symmetry axes if the moleculaf
. point»gfoup is C,, or higher. Thus the total tfiplet function in
zero field canrbé w%itten as‘é ® 1% where i = x,y,z. The corres-

ponding Bloch functions for a dimer are therefore given by

7 B

which could be abbreviated as follows.

+ = .._l.'_ '
v (%) - [IA T,>

i+

(2

L RESONANCE SPECTRA OF DIMERS AND TRIPLET FRENKEL EXCITONS

If thé zero field splittings (ZFS) are comparable with the

energy separation between the bands (i.e., in regions of‘the.

Brillouin zone where there are band‘degeneracies61 or near

19

degeneracies), the spin energies” of the exciton states can

be obtained from the following secular equation.‘:'

l<ufv'(kJ, T, |2y + gy vy, (0, T - B, 6 [ =0 (18)

where the sum is over all the electrons in the crystal.

1 [ 00 0.0 * 1
Y. () = VR [I?A Ti_¢ §> + |¢, S ¢B‘Ti>] ‘ 16)

lB.Ti>] | E an -

w5



be determined by the local symmetry
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For a dimer the solution is rather simple. The above six

basis fuhttions (see equation (17)) can be used to obtain the dimer

‘ energies'fof any value of <VAB>' A general matrix element for the

lHamiltonian of equation (13) in the above basis.is

< () [Hy + Hy + Vg v B HBlw (£)> =

+ AB

-+

§ [-dijDij-'t <V ><T§A)|T§B)>]‘ ; | (19)

Dij are the fine-structure tensor elements, e.g. D, = -X, etc. The

magnetic quantization in the dimer will therefore be determined

by these spin projections, <T§A)IT§B)>, which are simply the

geometricai'factors62 for the molecules in the UHit‘cell. In.
additio¢; this quantity does not hecessarily'eQualthe'Gij Dirac
function for translationally equiValent pairs,52 since this will
>3 of the dimer.

The resonance between the two molecules compbsing the pair
will be manifested in the magnetic spectrum of theidimer. This
is because the dimer spin Hamiltonian. can be generaily written ae

HS(Dimer)v' Z ch C H (o) o (20)
a=A,B :

where H (a) is the spin Hamiltonian for the ath molecule Thus
the degree of resonance between the two molecules the matrix

elements of VAB and the relative orientation of the molecules
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determine the dimer EPR resonance frequencieSki'In thé limit of
lafge {VAB> and for resonating molecules, [Cd[z - 1/2 for Both
tranSIafibnally equivalént and translationélly inequivalent
dimers; |

One might think thét the ZFS for translationally eduivalent
dimers will not change from that of the isolated mblecule, even if
BfE>Dii of the molecule. This is only true if the molecules are
centroSymmetric.52 ' On the other hénd, the ZFS for translationally
inequivalent dimerslg 'is very sensitive to <VAB> = B, even if the
molecules have a center of symmetry. This &sAsimply becadse the
molecules in the unit cell have different orientation. For example,
if the configuration of the pair magnetic axes‘is as those given in
Figure 1 for the translationally inequivalent paits of 1,2,4,5-
tetra;hlofobenzene (approximate representation), the energies of
the six.spin states of TCB dimef can bebeasily defived from
equation (19). The.results, neglecting intermolecular Maghetic
~interactions, are rather simple for this particular'configuratioﬁ

of the molecules. Specifically,

Yo e XY L g - 2 eag?y 12 (21)

and

Z =7:8 - L (22)
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The above equations show the dependence of dimer spin splittings on B. If
B.is'very small compared to D and E (zero fieldvpérameters) of the

molécule; then
Y,Z=X,Y,1Z : S - (23)

respectively, However, in the limit where B:EQD,E, only one

transition in both the plus and minus components will be located

at 7 - [X ; Y] . It should be

noted that to have an anisotropy in the Larmor frequencies of

the two dimer'(or, more -generally, the exciton) states, a mixing between

the plus and minus states via the magnetic Hamiltonian or spin-
orbital interactions between the singlet and triplet (or triplet-
triplet, for that matter) states must be considéred. The former

clearly depends on the symmetry of the-Elus'and minus states.. -

For states.which are derived from centrosymmetfic*sites;
these magnetic interactions will shift the spin levels to the

same extent. The spin-orbital. interaction, however, induces

an __anisotropy, even in centrosymmetric systems, as will be

demonstrated in later sections.

IV. COHERENCE IN THE EXCITED STATES OF MOLECULAR AGGREGATES

-~

(A) The Relationship between the Coherent Properties of Dimers

and Those of the Band States.

- 'The unique feature of the dimer is that it’préserves many of the

excitonic properties of interést, yet the problem is reduced
. : : ) .
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to a twé—level system. For thé discussion Of'excitation transfer
in dimérs,'the time-dependent Schrodinger equation,

. 7h M = HY(t) ' " (24)
at o
can be used. The stationary states of the dimer are then given by
b () = v(s) exp[-(MEL] (25)

and a general non-stationary state by

#(t) = a,p(+) expl-((ME,t] + a_y(-) expl- GAIE t] = Cu(+) .+ Cy(-)

| (26)
If.E+ #E, an oscillation of the excitation is expected
in this dynamical picture and = the resonance fransfér rate,

f<¢(t)f¢£i)¢3>’2 divided by t, is given by

R

A <>

g = 4wt o @n

wﬁt)wB is the one-site function for the dimer. This rate of

transfer isbdirectly related to that of a one-dimensional triplet -

exciton,(8|8]/h).  The comparison between the coherence time with
the rate of transfer establishes whether or not the dimer (Or |
exciton) states are coherent. |

In'order to.différentiate between coherenf.and diffusion
limited triplet Frenkél exciton migration in moleculaf crystals,
one must specify both the coherence time associafed with the

' —* g - - . .-v> - k
wavevector k and the correlation time associated with the particular
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experimentai approach used. It has Been sho;s_m.63 ~ that phdtons
in the:microwavq region ~ give the éuitabie expefimental
time séale for which the k stateYOf‘én exciton willrnot deéay
complétéiy; hence the coherent pfopertiés'of such states may be'v
extracted. Triplet states offer such great poésiblities sin;é

the ZFS1energies lie 1in the microwave region. At very low

temperature, the influence of the phonon bath

on the excitation dynamics is expected to be small and one might

expett ‘the {requency of scaftering to be mﬁCh less than the
intermoleccular exchange time. ff the-eyénts of scattéring
take placc on a time scale much longer than the total (radiative

and radiatidnless) lifetime of the emitting state, a Frenkel

exciton can be thought of as an excitation prdpagating6 ’
coherently (wave packet) ét a vélocity characieristic of both its .
energy énd_the linear combination of crystal E states which describe -

the wave packet. This velocity is known as the group velocity and

is given by
AR (2n/h) [dE(K) /dK] (28)

E(k) is defined in equation (12) for a one-dimensional system,.
In the ‘absence of scattering the groupvvelocity-of:the wavevector
stdtes.ut_tho center of the band in one-dimensional systems js
approximately 106 times the velocities of those associated with réndom

walk migra‘cion.o5 In a stochastic model?®

‘the distance, . Z(k), which an exciton propagates in a coherent fashion
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without changing either its direction or'velotity is
JORRN ORI B ¢

where t(k) 1s the lifetime.of the coherent stéte! Thus (k) 1is
equivalent to aﬁﬁéén—free_path and 1(k) correspoﬁds'to a correlation
time for the wdvévector'state k or linear combination of k states
and an energy E(k) associated with th¢4zeroth dfdef Sgate.

' These coherent properties for excitons are all related,

conceptually, to the coherent properties of dimers; I(k)‘is

simply ¢(+) and 1(-) for the two dimer states and'Z(k)‘is just

the lattice constant which i; the distance between'the‘interacfing*
molecules of the pair. However, the physics thét describe these;"
scattering times 1in a dimer ére much simpler tolﬁnderstand than.those
of the exciton. The lifetimes of the plus and miggg_Statesvof a

dimer in a.host,lattice (characterized'by kh band‘ﬁtates) are gi&éﬁ_"
N : .

HOIRIEE RS ) (e ) =T (30)
| R L

In the zeroth order approximation (such as in the case of a dimer
gas), the uncertainity width is the same for both the plus and

minus states:

T(x) = T = (T)"l ‘ (31)
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Figure 2 shows the experimental observables associated with coherence

in the plus and minus dimer states. -For an exciton the picture

is more complicated since a sum over all k states of the band

must be carfied out, even in the zeroth order_apprdximation: -
SIS IR IR DRSS (32)
. k! .

Ty 1S the probability of an exciton initially in an energy
associated with the kth state scattered to a final énergy with
fhe staﬁe k'. 'The relationship between Vg(k) and.the band disperéion.
for excitons 1is givén in Figure 3, which should be-compared with
the dimef coherent parameters given in Figure'z.:

In addition to the above mentioned considerations needed for
the description of coherence in dimers and excitons; the statistits
of populatidn distribution ~must be included. This is becausé
the‘popUlation:distribution amongst the E}gﬁ_éﬁd}the minus States
(or the different k states of the band) may determiné the appro-

priate modello’ll’12 for phonon-exciton scattering as well as the reso-
nance interactions between the molecules.
If a Boltzmann distribution of population is attained

over all the k states, the number of excitons,,N(k), propagating

with a velocity, Vg(k), at a given temperature 1is
N(K) = p(E) exp[-E(K)/KT] « 27 33

where p(E) is the density of states and z is the partition function.
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Such.bopulation distribution may arise‘at'iptefhediaté tempefatufés,'“
wherg.the inelastic phonon-exciton scattering conditions the mégnitude
of t(k). In such cases, an exciton initially at an energy E(k)
scatterslto other energies E(k') via phonon iﬁteraCtions in a
time short céﬁﬁéred to the lifetime, but in a time long compared to
h/SB. As a result the coherence time is shorﬁenéd, the mean-free -
path or'coherencé length is reduced, and the_indiVidual k states
acquire a width I'(k), given by the equation (32). |

In the case of dimérs, howeVer, the partition functiénvtakes

a very simple form:
2=1+e BT _ ). ¢ B 73

N

and therefore a simple temperature dependent éxperiment give
directly B.and establishes whether or not.Boltzhaﬁﬁ'statistics.f
determine the routes of excitation transfer in the pair. This -
will lead into a very important question:~ DQ.the radiétive:and .
non-radiative channels in the crystai lead 'té differencesvin thé  ‘

coherence time of Y(+) and'w(—) states?.

(B) Detection of Coherence in Dimer States: ‘ngnetiC'Propertiesl:f

of Dimers in the Rotating Frame

So far, we have given all the recipes. for measuriﬁg the.degféé 
of coherence ih excitons and dimers. However, the fundamental
question is: What kind of experiment is needed for the extraction:
of coherent observables? In order to answer this questioﬂ, let us |
treat the dyhamics of the whole spin en;émble fof a Strongly coupled

dimer using the density matrix fonnalism.67’68
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fn the presence of a time dependent rf Hamiltonian connecting,
for example, the I&* and Tyﬁ magnéti; sublevels of the dimer,

the total‘spin Hamiltonian is
B = 2 ¢ HA Hg) - YH, S, cOSGL = H(D)(O) + 1D (1)

where YH, is the magnitude of the rf field, yvis the magnetogyric
ratio of the eiectron, w is the {f frequency, and Sz* is the
magnetic dipole transition operator. The proper'description of
the spin system in the laboratory frame is given by the time-

dependent density matrix, p, where
b = itk [p,A] | (36)

; . .. 69 R .
In the interaction representation the appropriate description
. i .
of the spin system is again a time-dependent density matrix, p ,
where

* _1 ) :
o = U0, o (37)

and the unitary transformation U connecting the laboratory and

interaction representation is given by

U= epGeA) (38

|

- * . . .
and the Hamiltonian, HS’ associated with p satisfies the following

equations:

g = v wu - @y O (39)

(35)
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ok ) K : , '
p = iM [p, H] | - (40)

The interaction representation can be viewed as a unitary
transformation of the laboratory frame which effectively removes the zero
field Hamiltonian of the dimer provided the'trahsfdfmation matrix

U is explicitly défined as:

UDimer) = exp[(i/2)(Hg + HY (M ()
* % ‘ . ‘

Therefore, the Hamiltonian matrix in the x y basis is

g = -(HE/2) epl-iX - YOUR v det] - (42)

and is nonsecular unless w = (E

x* Ey*)/ﬁ"whefe Ex;‘ and EY* are .

the eigenvalues of the zerofield dimer Hamiltonian; 1/2(H§ + Hg).

At resonance the interaction Hamiltonian becomes secular in first

“order, and has the form of a ”Zeeman Hamlltonlan” in a rotatlng

frame 70,71 at the resonance frequency Thus -

iy = -(H[F/2) S, e - ';(43)"

where the effe;tive field YH| causes a ”Eseudo” magnefization
to precess around z*. Stated in simplest:terms; the;motibn»of fﬁe
pseudomagnetization in the rotating framevis equivaant to the -
- dynamics of the zero field alignment of the populations _associated‘
with the dimer spin sublevels in the laboratory frame

The detection of coherence in dimers will depend on the rate

at which the well-defined phases in the wavefunction of equation (26)

become random due to ensemble fluctuations. If we define o as
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 the ‘density ‘matrix in the basis y(+) and ¥(-), the probability

matrix which describes the time-evolution of dimer states is

[ — -
| C+C+ C+L_
o(t) = T (44)
' * % - .
c.C, cc
L J
where
* o o v :
C,C. = aa exp[-<(E - E)tA] o (45)

The star on the matrix elements denoting the complex cOnjugaté_charactér
should not be confused with the star on p which.was used to characterize
another representation of the density matrix. The bar on the products of
the coeffiéients in the above‘matrix represents the ensemble average.
Another form for the above matrix can be deduced from Feynman, Vernon

and Hellwarth (FVH)72 geometrical representatibh of the Schrodinger
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equation:

I
]

o(t)

(46) .

where r) = (012 + 021) and T, = (021_- 012)(-i) give the coherence'

information of the ensemble. It is now clear that the coherence

information in the dimer is contained in the off-diagohal elements

of the density matrix, and that the polarization of the spin is

manifested in the pseudomagnetization vector, rg, which in turn

depends on B8 and on the relative geometrical orientation of the

“molecules in the pair.

Measurements of the EPR resonance'frequencies'in the pair aien
‘therefore not expected to give information about the off-diagonal B
elements of the density matrix and only can be expressed in terms -

of r, which is given by

} 2 2_ T T
ry = lopl® - logl™ = g )% - je® “n

For a dimer in a mbngclinic lattice, e.g: naphthalene-1like ciystélé,
5 . v .73 o . L -
(Czh point group symmetry) the spin Hamiltonian of the pair, HS(D)"

can be written in terms of Hg(M) in the following form:
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@) = X Vs sl
AI(SX*SY* + Sy*S%;) +
A2f3($¥*sz* + sz*sx*) +
A3r3(sy;sz* # sz§$y*} | (48). 

* % * ‘ .
where X-, Y and Z are the fine structure constants of the pair, and Al’-AZ

and A; are given by D and E of the monomer and the geometrical factors for the

1
|
|

molecule in the lattice (direction cosines). ré now defines the differehce

. . . s
‘in probabilities of finding the excitation on the molecules of the dimer.
Of course, the above Hamiltonian can be transformed into a new set of principal ;

axes which remove the off-diagonal terms and redefine the fine structure constants.

V. OPTICAL DETECTION OF MAGNETIC RESONANCE IN COHERENT STATES

In this section we shall treat the relationship between the
dispersion in Larmor frequencies for dimers and excitons and the
Tesonance interactions between molecules, using the properly

antisymmetrized eigenfunctions. It will be shown that there is a

direct correspondence between both dispersions. Although the
solution to the dimer problem is simpler than that of the exciton,

we shall treat the latter ‘first since the solution to the former
problem will emerge from the general case, exciton, if the

number of k states is just two.
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(A) Microwave Band-to-Band Transitions in Coherent Exciton States:

Manifestations of k-dependent Interactions

The stationary properties of electronie'triplet bands can
be understood by the simple dispersion relationship of equatlon (12)
if the coupllng between the linear chains is neglected Thus
the one551te exciton functlons can be explicitly written as
S = oam e sy (49)
ua ¢ B

for the ground singlet state, and as

t;

- o o go | Cen:
T AU T 0,5 (s0)
f
me

the aﬁtisymmetrized-molecular wavefunction and A is the pennutatlon

‘for the Zth spin state of the fth excited state. and w
74 : L PN
operator effecting an interchange of electrons between

molecules. The crystal eigenfunction is

£ 1 & ' £; ' I
010 = =3 ewlngl g Oy
. where kv(one—dimensional wavevectoré) classifies.bOth the symmetrv '
and the energy of band states. In the zeroth order approx1mat10n

Y T has no electrle dipole strength to the ground state 51mply
because of the spin orthogonality between S and Ti' The orbital
part of the wavefunction, wf, transforms like the polar fectors

of the molecular point group while the spin part transforms like the

axial vectors. However, the molecules do not enjoy the full
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molecular symmetry because of_the crystal fieid;énd thus the
éffegtiye'hplecular symmetry; site §ymhetry,vmusf be uéed to
classify the different’spin-orbit states. _Sihce'|<HSO>[ is
much less than singlet-tr{blet splittings,75  .thé molecular
function (to a first order) is given by | |

. . £ r -
o fn () f (0) YT, [Hgglv'o> |
Yy T.> = afy"T.> "7 + : 52

where |wro> (space @® spin) is either a singlet or a triplet state,
and a is a normalization constant. | -

The magnetic anisotropy introduced to thé‘thfée spih bands
.by the moiecular spin-orbital coupling will certéihly depend on ;
the nature-of the interaction between molecules in'the lattice
which could lead into different splittings in the difféféﬁt
electronic states. Two cases would arise.

(i) B is relatively large and no spin-orbit anisotropy:

k-independent microwave dispersion.

Becéuse of the nature of the exchange Hamiltgﬁian
the triplet exciton bands are formed from each of the individual
subievels separate1y, in the absence of spin—orbitél coUpling..”
Thus in the absence éf spin—orbital anisotropy a one-dimensional
band is composed of three parallel spin béhds with-éeparations ‘
equal to the molecular ZFs, ' Hence, tﬁe_microwave |
band-to-band transition is a single homogeneous liné'Whose fre-

~quency is independent of the energy of the k state ih the band,
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even iffthe band width is very large; This is shown in Figure 4.

(ii) B is relatively large and there is a finite spin-orbital -

anisotropy: k-dependent microwave dispersion.

Combining equations (50) and (52), we get |

£.(1) o .
(2 = T 0 0 f ) : . -1, .r . }
me - Aga#mswucxs [ameTi ¥ Z <HSO>fr AEfrlw O>v] : (53a)
ff;(Oj | : n ' :
-ay }; <Hgy>¢ AELL[yTo>(an CHE (53b)

uafm

The corresponding Bloch functions are thus given by .

.f.(l) ' f.(O) ' f
1/ B ] L
6° ) =ap b (k) + ;<Hso>fr ME ¢ T (k) (54)
a is now given by
(1 - }: [<1150>frl2AE;i)1/2 . (55)
. T . ' R

The energy spectrum of the crystal can be determined from
the above equations 'by using the crystél Hamiitonian. Tﬁus
for singlet-triplet mixing, i.e. f = triplet (t), and r = singlét (s),
we havé
t

it _ Uk et :
E"(k) = a a[l:g + D"+ 28t coskea] +

12,272 (S s .S
ZS: |<Hgy>¢s | “BE¢ S [;g +D° + L7 (K)]

(56)
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For a'one-dimensional singlet dispersion, the total énergy of the

ith spin state is thus given by

E;(k) = (B + D') + 28, coskea -

2 -1 2.t s -2
| <Hgg>s | BB - I<HSO>ts, (D7 - D)AE S -
-2, e
l 'S0 stI AE ZBt-_ 285)'C05k.a +vDii (57)

(E; + Dt) is the crystal molecular energy in the tfiplet state;
v.Et is the gaéeous eXcitation_energy and Dt_is the crystal shift,"Dii
is the molecuiar fine -structure constant in thé absence of HSO’ .

' Equation (57) states that the spin-orbitél;inferaction modulates
the band energy and leads into a k-dependent anisofropy in the three
spin bands, across the Brilloun zone. Of courée thevselectivity'
of HSO in coupling singlet (or triplet) moleculgr.states with |
the lowest triplet will ensufe such anisotropy in the band-to-band
energy'digpersion. To‘caléulate the microwave fféquencies for |
all values of k, the energieé in équation (57) must be corrected
for the energy of the molecule in thé crystal 1atti§e. For tWovmagnetiC

sublevels,‘EZ(k) and Ex(k), the transition energy is given by

AE, (k) IBx(k) RAO)

| a1 ap (8- 28)
x - z] - [<P(Z)>|2AE l(1 f‘AD + t e coska)
. : . AE :

1]

(58)
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Some of the subscripts were omitted for the purpose 6f simplification, :

and the z-component of the spin-orbit interactién waé.Selected to |

give/a‘simple solution. However, the extension to more thén one - .
level coupling‘}§,straightfon~ard. A molecule at the crystal

site has the fdiléﬁing zero field transition energy:

Mgy = (x-2) - <5127t 1+ an/an )__]" (59)

Thus the microwave transition frequency in the k-domain :is given by

(4E,, (k) - A _)/h = 1<H§é)>,?AEf2 h'l(z8, - 28,) coska (60)
Letting .
. (2) 12, ) -2
sl e, - 20 )
28 '
. t . ZBt

the band dispersion, ZBt coska, of the lowest triplet state can .

" be directly related to the microwave frequencey spectrum of the band:

L
v

: N .‘1_," :b -
(Asz(k) AExz)f = Zst coska v ,(62).

”Equationl(GZ) indicates that the microwaveffrequency,diépersion in

_the first Brilloun zone is linear in coska, a relation whi¢h-is very
important in discussing the maghetic aniéofropy in dimeréf This R P
-equation 1is identical to the Qne.derived by Francis and Hafrisls for one?aimen--.
‘sional excitohs.. Moreover, the microwave band-to-band tranSition,derivéaff¢rnthe “

above equations, will take a shape which is related to the density

of states function (cf. Figure 4).
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One’ should notice that although the anlsutropy in the microwave
band to- ~band transitions is explained by 1ncorporat1ng H50 in the
total Hamlltonlan, there is a very simple fact: behlnd th1> 1dea,_
namely that the matrix elements between the k band states of»the
upper eXéited level and the k states of the 10wést energy band are.
very seléctive Thus if the two bands have dlfterent bandwidths
(as is usually the- case) the anisotropy is : transmitted to
the lowest sublevels of the band. We feel that these obéervatiohs_
could be quite general, even in mblecular cfyétals where the |
molecular spin-orbit routes are not highly selective.

To prove the band-td-band spin-orbit selectivity, one can
write the Bloch functions for both the singlet and triplet bands,

and take the matrix elements of Hey. It follows that
. t ‘ » S " _ S - . . .o
< (k)'“so'q’ (k')> = <_Hso>st 5(}; k') (63)
if thévéxciting photon length is much larger than -
molecular spacing. Intermolecular spin-orbital coupling is not
included in these computations, and <HSO> t is again the molecular

spin—orbital coupling matrix element. Exten51on of the above theory to

any band dlsperslon 1s " stralghtforward

(B) Microwave Absorption in Coherent Dlmer States

The treatment of the dimer case will be essentially like that
developed for excitons, except the complication induced by the many
k states of the band is now resolved since there are 6nly two

states in the dimer. Moreover, the anisotropy induced in the dimer
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by HSO should be related to the fullnband:aniSOtropy (by extrapolation).
The relationship is simple if the band diSperéioﬁ is one;dimensional,.and
thus the observation of dimer microwave absorption could be very
;important in determiniﬁg the band diménsionality..

To form such dimers, wé need to shortenvthé;éhains somehow, '
e.g. by introducing.barriers76’50 at cerfain'sitéé in the crystal
Howevef'in moét'experiments performed one does hbt have a contfdl
over the randdmization77 - in these chains. Thus.the tréatment

of N-mers is necessary. The energies of an N-mer in a given chain

is given by

¢ - €+ 2 coslkn/(N+ D] (64)
' where K= 1,....N and should not be confused with k Siﬁcé the
translational symmetry is removed. |

The. energies of these N-mers in the band aréigivén in Figufé-S;
Ideally the monomer, K = 1, is at the center of the band (k = tﬁ/Za) and the
infinite chain is at the band edge. It follows frém equationv(62)“
that the two dimer states, which are located ét'ts felative'to thei

monomer energy, should have a microwave transition frequency at
() ~ ) = BEA (65

Therefore the frequency spread across the band‘(frequency'differén¢e
of the transition at k = 0 and k = 7/a; Ak) is réiated to the dimer

spread (freQUency difference of the transition at K = 1 and K = 2;
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AK) by

A, = 2A ~ (66)

k K

This relationship is demonstrated in Figure 5 for a one-dimensional

system. Similar equations can be derived for higher members of the
chain (trimer, tetramer,...etc.). Figure 6 shows the microwave

frequencies calculated for the N-mers of translationally equivalent

~ molecules and compared with the calculated exciton resonances.

It ié clear from equation (65) that the'Lafmor frequency will
be different for the two different states of the dimer. - Such
, . ) .
eQuationé, allowing for different states of the dimer to be probed
by eitﬁér conventional EPR spectroscopy or by optical deteétionf
of magnetic resénance as we shall demonstrate;ih_the following

section.

VI. THE INFLUENCE OF EXCITON-PHONON SCATTERING ON THE ZERO FIELD

EPR TRANSITION PROBABILITIES IN THE TWO DIMER STATES

It is well-known that the shape and the cross section for the

absorption of magnetic oscillators by a two spin level system can

be deduced ftrom the phenomenological Bloch equatibns.78

In the dimer case, where each state has its own Larmor frequency,

one additional parameter, namely the transfer probabilities
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-bétween the  two subsystems, must be invoked in order to fully
understand the relationship between the absorbtion of microwaves
or radidfrequency (rf) fields énd the scattering prdbabilities.
The studies of these scattering rates by zero‘field EPR
spectroscopy is particularly suitable since the coherence time is

expected to be on the time scale of the correlation time

associated with -

the oscillating magnetic field. Naturally, if the coherence
time is much shorter than the experimental correlation time, the -
coherence information cannot be extracted. On ‘the other hand,

“the rate of scattering between the two states and the difference .

in their Larmor frequencies determines the limit of exchange-qu,thé_

spin. Hence, three cases are known: fast, intermediate and slow

exchangé.

Mathematically, the three limits for the-dimef'can be obtained

by using the Bloch equations in the rotating frame with the inclusion

of scattering time constants, i+_ and 1_,. In the pfesence of a
weak oscillating rf field of the form
H(t) = -yH; coswt . S (67)

The Bloch equations without the exchange part také3fhe fbrm;78
(du/dt) + (WT) - v = O (684)

(dv/dt) + (V/T,) + dwu - ylM, = 0 (68b)
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(@M /dt) + (M_ - M) Til +yHY = 0 | (68¢)

where Aw = Wy T w; wy is the resonance frequency, and u and v are .
the inphase and out-of-phase components of a complex moment defined

by
G = u+idiv ' | - (69)

~ Since the macroscopic pseudomégnetization of the triplet
state Spin ensemble is not strongly disturbed;-the equilibrium
. . . . ' 0 : : .
magnetization is approximately equal to M (r_); therefore equation
z 3 _

(68) can be written as

(dG/dt) + Z(AB)G - iYHlMO =0 . (70)

where AD = (QO -'w). The complex frequency QO includes the
spin-spin relaxation time: QO =Wy - iTZ_l. ‘The Bloch equations
in the rotating frame, for both y(+) and y(-) states of the dimer

can readily be written in the following form in the absence of scattering:

(dG,/dt) + £ (86,)G, - iyHM, 0 ERGON

I
(=T

(dG_/dt) + $(AB)G_ - iyHM, (71b)

For dimers isolated in molecular crystals, the resonance
frequencies, wg and wé, in the two stationary stafés, y(+) and y(-),
could be different and at low temperatures(=1.5K) the spin-lattice

. . 0. . : . .
relaxation time 6 is expected to be longer than, say, the lifetime
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of the excited state. HoweVer,vexcitdn;phonon+ boppling may
connecf tbe two states (T1 process). Motedvef, if may alSo |
contribute to the linewidth of the EPR resonances in the plus
and minus states (F, process). Thus the magnltude of the

' scatterlng tlme ‘Can be obtalned from the EPR spectra of dimers -
by two means;vllnew1dth measurements and the dlfference in Larmer
frequencies,‘as we shall demonstrate later. FbilOwing the

- ' 2 ' 24 : ?
formalism of kubo, > Anderson, 4 ‘and McConnell79 for chemical

exchange, and defining 1, and t_, as the scattelrng tlmes between N

. the two states, the modified Bloch equations are glven by

(dG+/dt) = [N wl

and

It

(dG_/dt) = Z[N_w

The power factor, yHl, is abbreviated by wl,and N+bié the fraction

of spin in the plus and minus states..

In the'steady state, where dG,/dt = 0, the solution is simple
since we are only dealing with two exciton states (E us and minUS)
The - 11neshape function g(w) of the microwave tran51t10n 1n‘

the dimer is simply given by

gD(LU) = ImGD = Im(G+ + G-) (73)
whereas in the case of one-dimensional excitoné12 _
gg@ = InG, = Im 2 G (74)

k

+By exc1ton phonon coupling in the dimer case we ‘mean to imply a
two-molecule exclton chain coupled to the lattice.

) - 806, + (G_/_r_;)i'; /e ) (722)

My - 8861+ G/, ) - (6/t,)  (72b)
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kbreover,:the'solution of Bloch magnétic equations for the dimer is
straightfdrward whereas in the case of exciton states, where the
scattering probabilities betweenvény tWo k states, k and k', aré
finite, the equations become mbfe'difficult to solve since a sum

of all k' states must be 1included:

@ /a) G My - X (/) - Glga)) =0
| B . - (75)

Recently the (Zk + 1) equations, obtained from equation (75)

under the steady state approximation, were discussed12 for the.slow,

intermediate and fast e*chahge limits using the experimentally6

determined values for wg and the population distribution among the

k states _ o ' of the one?dimensional_

exciton band of tetrachlorobenzene crystal. . It is clear that

both the energy dispersion of the band and the population distri--

butioh-bétWeen the different k-states determine thé magnitude of

Mg. Thus, the analysis of the lineshape of the exciton resohance.

must givé the band dispersion, density of states‘and the coherehce

time. Hdwever, the physics63 of scattering must be assumed

since the lineshape‘is avmanifestation’of many (nunber of molecules

in the chain) states, each with a characteriSti¢vLorentzian.lineshapeb

For exahple, one has to assume that the actual sﬁattering time from

k to k' is much shorter than the time in a particulér k state, and

that there is no spin memory between the different k states.

| In the case of dimers, the above'assumptionsvéan be verified

if the resonances of the two states can be observed. The relative
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absorption intensities and energies in‘the’plus and minus states,

can dlrectly glve the physics of scatterlng and the 1nf1uence of
the scattering amp11tudes on the populatlon of the two states If there
are . no large host influences on the dimer states,»the scattering
probabilities, 1/v, and 1/1_,, should determine the explicit form
of the excftdﬁiphonon interaction,. |
| ~ On the other hand, if the tﬁo states‘
of the-dimer scatter utilizing different channelé ef the host, the -
- resonarnice lineshape will depend on 1/t' .

-+

-+

RASEERTN Zl/r . S ey

and the eum over kh could be different for the plus and minus stétes,
Therefore the absorption intensities and the
transition lineshape are crucial in.determining the nature of
" scattering in the pair. A

TQo casesbare considered here: 'a Boltzmann distribution.Betweeﬁ
the + and - states and a non-Boltzmann distribdtidﬁ'with N, |
N = 1/2 although the solution for any other 11m1t is stralght- B
fofward. The contribution to the 11neW1dth due to processes othet .vi

than exchange will be neglected 1n>thls calculation for the sake

of simplicity.
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(A) Non-Boltzmann Distribution; N, = N_ = 1/2 and 1, = v, = 1
IR R - '3,
Gy = (u/2My) —— s 0
(@ w)w - w) R, - w ) (- B)2

(77)
where & is the average frequency and R is the ratio of the scattering
rate to the difference in Larmor frequencies'offfﬁe plus and minus

states, i.e.
(@, - w) = 1/t x /R - (78)

It is evident from equation (78) that if R is small, both transitions
of the dimer will be sharp and well separated. This means that

if the exciton-phonon scattering rate is much slower than the rate

'corresponding to the difference in Larmor frequehcies, the spin

in each state can absorb the microwaves as if thé‘two states are not
connected. On the other hand, if the two dimer states are strongly.
coupled via the relaxation Hamilténian, the spin can no longer
distinguish between the two subsystems and avéraging will take

place. : Increasing the value of R will result in

overlap between the two transitions since the spin is no longer éffectively

quantized in one state. Figure 7 shows the dimer resonance spectra

for different values of R, which cover the fast; intermediate and

- slow exchange limits. We notice also that for small R and when

W Wy, a single Lorentz line will be obtained with a width given by

1/T2e = l/T . ;‘:.v- . (79),
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This exchange time, T,e» gives the time the spin spends in the

plus staté during the exchange. This, of course,imeans'that the

linewidth of the plus and minus state is zero in the absence of
exchange. If there is a residual linewidth (Tz;'lv and TZ_-I)

due to e.g. crystal and/or hyperfine fields, the total width will

be given by

/1y = T

2 2e * UToe (80)

(B) Bol tzmann Distribution

~In this case the exchange is between states of unequai popu-,f"
lation and the whole thermalization mechanism depends on the magnitude

of the resonance interaction, 8, and the temperature of .the bath..

~

Utilizing the partition function, z, of the system, the imaginaryv
part of the magnetization is given by

R(w, - w;jS

Gy = wM, (€/2)

(81)
Again if R is small the characteristic resonances in the plus and -

minus stétes.will be resolved. lowever the relative:inténsities will:‘e
different. Figure 8 shows thé.dependence of resbnénce spectra oﬁfthe.”v
magnitude of R for a fixed temperaturerand constéﬁt value of 8,

while Figufe 9 gives the spectra as a function o%ls for a fixed vaiuel
of R. 'The scnsitivify of the intensityfratio to both the temperature

and 8 makes . zero field EPR techniques Very.Vefsatile in extracting

T w2 - w )2+ R, - w)lew - w) * (0 - wy)]?
_ + v + v



-41-

8 and hénce the bandwidth for Frenkel excitons. Within this
thermalizéfionvmechénism, the relative ratios of the resonance
transitioﬁvintensities as a function of B are givén’in Figure 10.
The knowledge of such ratios from experiments will directly
'providevB and establish the band dimensionality as well.

In addition, for bofh the Boltzmann and nanBoltzmann regimes,
T can be detennined; The above considérations'bear a direct
relationship to the exciton case. Both the band dimensionality
and the bandwidth were obtained from'the exciton band-to-band
transitions, observed by Francis and Hafris.63  Based on_these
experimental results " and on their theofetical ~ development,
a detailed investigation of the effect df exciton~ph§non scattering
on the coherent properties qf exciton states was recently given by
Harris énd Fayer.12 It was also shown that in thé fast exchangé
limit the coherent prdperties of individual k states‘average
out resuiting in a single homogeneous line centered around
k = *n/2a, in agreement with the above findings for the dimer case.

Finally, we should mention here that the ihtehsity of the
microwave resonances is given by -the imaginary part of G as in

80

the case of conventional EPR spectroscopy. However, in the

case of optical detection of magnetic resonance from triplet states,

81 81

It was shown recently

the ‘intensity is proportional to rs.
that the frequency spectrum is almost the same and therefore

no attempt was made in this paper to express the resonance intensities

in terms of rs.
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VIT. SUMMARY

(1) The mégnetic properties of tranSlationally équivalent and
translationally inequivalent pairs of moleculéS'in.trystals'wére
explained and related to the magnitude ofbthe fesoﬁanée interaction
betweeﬁ.the two molecﬁles. The effect of locaiisyhmetry of |
the eXC1ted dlmer on the induced anisotropy in the Larmor frequencles

of Y(+) and w( ) states was discussed in deta11

_(2).The'dispersion of microwave absorption in chains of N-mer
molecules was directly related to the microwave band-to-band
dispersions of the infinite chain (exciton). This offers a new.

metﬁodffor‘studying exciton dimensionality.

(3) Factors which determine coherence in exéited states were
explained and related to the magnitude of both intermolecqlar
interaétioﬁs between molecules and the exciton4phonqn'coupling
matrix elements. The influenée of the latter dn the resonance -
absorption in the dimer states was.shown in three iimits of spiﬁ_

exchange; slow, intermediate and faét. In the 1imitbwhere the

scatterlng probab111t1es are small, the sp1n can absorb the
rf fields in each state of the dlmer and hence the two Larmor
frequencies can be measured.' On the other hand, fast scattering was

shown to lead into a collapse of the resonance absorptions of
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v(+) énd v(-) ( | into one line centered around [w(+) + w(-)]/2.

Moreover, the linewidth of these transitions in the slow exchange

limit can give a lower limit for the coherence time associated with

the excited state.

(4) Finally, we have related the coherent properties of dimers to

those of the exciton, hoping that the details of the physics behind
scattering and their influence on energy»migrétion in solids can be eluci-
dated by studying the simplest member, the dimgr. The different

models of excitation scattering were discussed in terms of the |
population distribution in the pair. Both Boltzmann and non-Boltz-

mann thefmalization regimes were considered and used as a tool in
extracting both the magnitude and theAsign of the resonance transfer

matrix elements.
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FIGURE CAPTIONS

Figure 1: The magnetic:axeé of 1,2,4,5-tetrachlorobenzené monomer

(0,,) and dimer (translationally inequivalent). X,, yA,'ZA and

Xg, Yps zB are the molecular axes of molecules A and B'respectively,

while X, Y, Z are the crystal principal axes. The figure‘démonstfates that
in the large limit of intermolecular interaCtién;_the in-plane spin'
energiesbwiil average While the out-of-plane is appfoXimately o

unchanged for this particular geometry. .

Figure 2: Coherent properties 6fbelectronically eXcited”dimers.; (a)
represents the two dimer (decoupled) functioﬂs while (b) represents i
the'stdtibnary (cdupled) states; w(;) and v(-), Qf the dimer that éré.,:
separated_by 28. (¢©) Coherence times assoéiatéd'with.the‘ElEE and
'giggg_stafes of the diﬁér. (d) The.éffect of population distributioﬁ;"

>_‘N N, on the expected intensities of‘w(+),and Y(-) resonance

+’
transitions. B generates a rate of energy transfer between molecules and the
coherence lifetimes, . 1(+) and t(-), generate a width to the state and are

a measure of the coupling of the dimer to its environment (see text).

Figure 3:“Coherent properties of one—dimEnsionél excitons.
(a)'ﬂiévisolated.nmlecule functions (oneasité) and gnergy,_EO,
(b) The stationary states of one-dimensional band dispersioh{
(c) Coherence time, t(k), associated with the different k-states

of the band.
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Figure Captions continued

FigureVS fcontinued):
(d) knergy dispersion, E(kj, fpr a one-dimensional exeiton with
a band width, 48. | |
(ej Group velocity distribution, Vg(k); in‘the band, which is
maximum at k = n/2a. -
(f) Theoretically calculated density of State function, p(E),
for a one-dimensional exciton. |
(g) Population distribution funetion N(k),:for the band states.
B generates a rate of energy transfer, V (k), between |
“molecules and 1(k) generates a width to the state k and a mean-
“free path, 7(k), for coherent energy migration. N(k) detenplnes

:the-partitibn.of'energy between states of different velocities.

Figure 4:~»Expected Larmor frequencies for7one;dimensienal systems..
,wﬂwj‘is the Larmor frequencey of two spin sublevels; Tx’ Ty’ of the
excited'ffiplet state. Q(+) and-w(-) are the two different frequencies

in Y(+) and.w(-) dimer states. w(k=0), w(k=m/a) and w(k=n/2a) are |
the Lammor frequencies of k = 0, k = n/a.(band‘edges) and k - n/2a

(band center) stutes respectively. Extraction ofvthe LannOr.freqUency‘

for any‘other k-state from the_schematic7is straightforward. The right v
hand side of!the fignrcvdemonstratesthe effect of'exchange on the microwave

absorption in dimer and exciton states.
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Figure Captions cohtinued

Figure 4 (contiﬁued): ' : e o
(a) The isolated molecule transition. |
(b) Microwave absorption in dimers for a slow exchange limit;
Ay 1s the difference in Larmor frequencies of y(+) and
w(-) states. =
(c) Microwave absorption in dimers for a fast exchange limit.
" Both w(+) and Q(-) are centered around w(M)v
(d) Ixciton band-to-band transition extrapolated from the
dimer case 'b" in the slow eichénge'iimiti"Ak is directly

related to AK (see téxt).

(e) Lxciton resonance in the fast exchangé‘limit; w(k) is centered

arqhnd wM).

Figgfe 5: The relationship between exciton ahd N-mer dispersions

for one-dimensional systems. The figure on fhe left gives the k
dispersion (cosine curve) for the excifon while fhe Veftical'lines,

give the energy position of the N-mers. The rest of the K states
_are not shbwn for the sake of clarity. The position.of fhe monomer

at the cénter of the band is only true if there isvno host polarization
or hyperfine effects. 'The schematic on the righf—hand side of the [igure
gives  both the energy and microwave dispersions for the

different states of the different clustefs. ThevaSifion of the K =0

level is arbitarily chosén. The figure clearly shows that there is
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Figure Captions continued

Figure § (continued): a one—to—Oﬁe_correspondeh¢é,between thevopticalr

and microwave dispersions.

Figure 6:v Calculatéd Larmor freQuencies for aggregates of one-dimen-.
sional syétens. The continuous double-humped curve is the exciton
band-to-band transition| calculatedIS, for a Bpltzmann'diétribution
amongst the k states and w(R = m/2a) = 5539 N&&, 'lhe vertical lines
fepresent the relative positions of the N-mer reSohance transitions. -
The inteﬁsity distribution émong the N-mer states is not calculated

and only drawn this way to follow thé exciton line shape.

Figure 7: Fasf,intenmediate and‘slow'éxchange:of spin.between the

dimer Statcs. ihc two states afe equaliy populated and the tranéfer
times fbr‘the two channels are equal. |
0.1 - h ~(c) R
. (b) R =0.2 . (d R

Higher values of R will lead into a much sharper line which

1
1t

(a) R 0.5

1.0

ultimately will have a width of zero (see text); _'3'

Figure 8: Fast, intermediate and slow exchangé of spin between the
dimer states. The two states are in thermal equilibrium with

18] = 0.25 em L.
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Figure Captions continued

~

Figure 8.(continued):-
0.2 (€) R

0.5 @R

1.0

il
-t

() Rv
(b) R-

i
1

2.0 : ~
R is defined for one-way transfer since the system is in Boltzmannian
distribution. Notice the shift of the peak, in the fast exchange

limit, from“the [w(*) + w(-)]/2 value.

Figure 9: Effect of the resonance ihtefaction; 8, on the EPR line
shape of a dimer. The calculated spectra is for the slow exchange

limit; R = 0.1. The temperature is 1.75 K.

1 1 1

(a) B = 0.5 cm (b) B = 0.25 cm’ (c) 8 = 0.05 cmi
lncfeasing the magnitude of B results in the disappearance of the

line with low intensity (frequency units = 7).

Figure 10} Effect 6f resonance interaction, B8, on theirelative

intensities of the_EPR tranéitions in y(+) and w(f)‘statés of thé‘j
dimer. _The'temperafurevis 1.75 K. At this tempefature it is Cleér
from the figﬁre that in order fo see bdth trénsitions df the dimer;
B must be small; for an intensity ratiovof=§5, 8 must bé less than

0.5 an 1.
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MAGNETIC AXES OF TETRACHLOROBENZENE
~ MONOMER AND DIMER

N

XBL747- 6800

Fig. 1 - =



COHERENT PROPERTIES OF DIMERS

Isolated  Dimer ~_ Coherence Populotion
Molecules States Time | Distribution

(a)  (b) . @ (d)
S o o XBL 747- 680l

- Fig. 2

_9g._
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COHERENT PROPERTIES OF ONE-DIMENSIONAL EXCITONS

1
1
'
t
-4
1
|

0 Mz T
B - K .
Isoloted = Bond ~~  Coherence  Energy - Group Velocity
Motecules States Time Dispersion . Distribution
(a) (b) (c) o (d) ' o (e)
]
1
: |
p(E) i
]
: !
o) M2a T/
k
‘Density of k-states Popuiation Distribution

() o (@)
| | XBL 747-6802

Fig. 3



EXPECTED LARMOR FREQUENCIES FOR DIMERS AND EXCITONS OF ONE- DIMENSIONAL CRYSTALS
IN THE SLOW AND FAST EXCHANGE LIMITS ;
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THE RELATIONSHIP BETWEEN EXCITON AND N-MER DISPERSIONS
IN ONE - DIMENSIONAL CRYSTAL

c ks
| s | : 2 +2 81
0 E (M) Bty ey o w (M)
= -2 3f
=Th
-28 -28
k=T/a ' )
: Microwave
Exciton k-Dispersion Energy Dispe‘rsipn Dispersion |
AE (k) = 2B cos ka - OE K)=2B coska hAw(k)=2,chosko -
N-mer k-Dispersion
O€(K) = 2,8- cos (KT/N+l)
| K=l,---N
XBL 747-6804

Fig. 5
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" CALCULATED LARMOR FREQUENCIES FOR

T T T 7 -7 T

AGGREGATES OF LINEAR CHAIN EXCITON

“wlk=T/2q) =5539 MHz
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_ Fig. 6
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Intensity

T 1 | T — T
FAST, INTERMEDIATE AND SLOW EXCHANGE OF SPIN
BETWEEN DIMER STATES
¢
Non-Boltzmann Distribution ~ §
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FAST, INTERMEDIATE AND SLOW EXCHANGE OF SPIN
BETWEEN DIMER STATES

\ : Boltzmann Distribution

Frequéncy (arbitrary units)

~ XBL747-6807

Fig. 8

10

= 1]



63—

Intensity
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Fig. 9
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~LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their.employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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