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COHERENCE IN ELECTRONICALLY EXCITED DIMERS.
I. THE OBSERVATION OF COHERENT DIMERS AND ITS RELATIONSHIP

TO COHERENT EXCITONS.

*
A. H. Zewail and C. B. Harris

Department of Chemistry, Unlver31ty of Callfornia and
Inorganlc Materials Research Division, Lawrence Berkeley Laboratory
 Berkeley, Callfornla 94720

ABSTRACT _ ‘
The coherent nature of_molecuiar excited dimers in their triplet
states is unequivocally established by a series of low temperature
optically detected magnetic resonance experiments in 7erofield The

results clearly establish that a minimum coherence time for the dimer

Y(+) state in 1,2,4,5- tetrachlorobenzene "(~1.7°K) 1is .longer than 5 x 10 -7
=12

sec. while the exchiange time in these sysiews is approx1maLe1y 16 x 10

‘ 5

sec. This implies that the coherence persists for time approximately 10
that associated with the Stochastic'limit The coherence time could,
however, be even much longer. Moréover, these new résults cleafly
demonstrate fhat there is a direct and quantitative relationship between
coherent properties of dimérs and the coherent properties of triplet-

Frenkel excitons.

Alfred P, Sloan Fellow . -



1. GENERAL BACKGROUND -

The thedry1_7 of dimer states in coupléd moleéules has been and still
is an area ofimodérate activity. Being a model for a two-level system,
it has attracted a considerable amount of attention in the optical

spectroscoby of dimer states isolated in molecular crystals.. Although
the solution to the statiénary Schrodinger wave eQuaﬁion yields the
symmetric and antisymmetric states separated by Zﬁ-whére B is tHe :
intermolecular interaction between the two isolatedﬁmélecules, there has -
been some cohfusion on what criteria are necessér? to establish whether
or not a.dimer state is coherent or incohé;eht. The fé¢t which should

be self-evident is that the dimer states Y(+) and Y(-) which contain the

well-defined phases are not necessarily conerent for infinite time because

of the interaction between the dimer states and the envirdnments'via the

relaxation Hamiltonian. Coherence in dimer states is established'by the

: lifetime df:a specific single state,‘¢(+) or ¢(-); télativé to the
reéonance transfer whose frequency is 1/h times the éeparation be;ween

~ the twd levels, 2B. Specifically,lone-must‘conétruct a weil;defiﬁed set
of criteria tb‘establish whethér the lifetime ofﬂﬁhé stateé, T(+) and
T(-) for the plus and minus states respectively, afe‘lbnger or shorter -
than h/28.

If 1(¢) < h/28, fhe states are cléarly incohereht and possibly
indistinguiShabie. On the other'hand,'if (%) > ﬁ/ZB? say, appfoaching
.the lifetime of the excited species in the.stafe, the dimer is coherent
because there has not been an energy fluctuation during that time.period,

and hence the phase of the wavefunctioﬁ is well-defined from the initial

-



time, t = 0, the time at which the excited state is created, to some latter

time t = T. In other words, coherence times are determined by fluctuations

of the off-diagonal matrix elements of the time-dependent density matrix

when the stationary states are solutions to the zero order Hamiltonian

matrix responsible for dimer splitting. The important point to remember is
that, expefiméntally, coherence can only be established by determihing the
rate at which the time-dependent Hamiltonian modulateé the energies of
e 11,12,13 '

the states relative to 28. v

Couched in this language there are three terms which are interrelated,
two of which can be used to establish coherence in dimers, and all are
g ' - , L 13-17 L
directly extendable to coherence in exciton states by simple analogy.
They are, for dimers, 28, T(+) and T(-) [hercafter called the coherence
times of Y(+) and P(-)], and a, the separation between the isolated molecules;
the relatibnghip to excitons is as follows: (1) For one-dinensional exciton
states, where the band results from the same B_aé is in the dimer case, a

band dispersion of 48 results, '8

" The spiitting, 483 between the

k = *7/a and k = 0 étates in the exciton, is‘directly-felated to the
splitting between the two states,2B, in the dimer case. (2) The exciton
coherence time T(k) for a specific k state in the exciton.band can be
coﬁcéptually related to T<+) or T(-) of the dimer. (3) Finally, 2(k)
for the‘excitOh state is the length of propagation of a coherenﬁ exciton
at a group velocity Vg(k). For bands; this veldcityld depends on many
featufes of the physics of energy migration in cdhérent exciton states
not found in the more simple dimer problem.’ For the ‘dimer, the distance

the excitations travel by analogy to the exciton iéisimply the distance

‘ >
between the two isolated molecules, a.




:-Naturaliy, the above discussion is ovefsimplified; 'Té approach
the problem more completely, oﬁe makes the'asépmptioﬁ that the
physics that limit T(+) or T(-) are governed by fiysgéorder Stochastic-
Markoffian'proceséés.lg In addition;zo one musf>inélude the.full time
correlation function into T(+)‘aﬁd T(-), since one has to measure T(+) and
T(-) as a function of some experimentally imposed observation tiﬁe; t.
Hence, weFWill define 1(+) = Tt(+) and 1(-) = Tt(-) where t is a Single
point in tﬁe time correlation function which is always determined by the typé
of experiments one performs. For example, in opticai‘absorption,Aif 28 is
much.less than the electrémagnétic radiation energy uéed to measure the
enérgiés of the two states,the single point in theitime correlation function
of T(+) 'is h/2B. Thus‘eﬁen if T(+) ~ h/2B, the pfobiem can appeér to a.large
extent coherent although the_off—diagonal elements.of'the time—dependent ”
éensity ﬁatrix can be fluctuating at rates comparablg'to 28, In such ar
example, the»céherence time is apProximatel&_the éxchange time. :By
anglogy to the exciton prqblem, this would mean when all k states of the
- band have.ffk):svh/48, it propagates in an incoherent. random walk fashion
and 2(k) would be reduéed to a single Site trahsfef'distance 2.

To the best of our understanding and knowledge,_there has ﬁever been
-a c;éar and.definitive demonstration of'éoherence'in dimers on a time scale
_ longer than approximately 2B and theselare confiﬁed,tb_thebspectroscopic
ﬁeasurements OS the dimer splitting from optical spectroscopy. :

.High FieldvElectron Pafamagnetic Resonaﬁce (EPR) spectroscopy, on the
othér hand, can be used to measure qualitatively énd.quantitétiyely the

21,22

prdperties of dimers. Schwoerer and Wolf have shown that the dimer EPR

frequencies in ﬁaphthaléne are different from thosé of the monomer and



identified-the pair as translationally inequivalent. A "diffusion" conétant_
for the excitation was computed from their measurements. However, the
correlation-time for scattering, in our opiqion and.éléo.from the work of
Hanson,23 cannot be determined ffom these high field linewi&th measure-
ments. This is because the resonance linewidth is limited by’thé magnetic
‘field broadening, hyperfine splittingsz4 and'felaxétion-effeCts. Mofedver,
the contfibutibn of the latter becomés more difficult to obtain if the inter-
molecular:intéractions are multidimensionél,as in.‘néphthalene.25 : Finally;'
considerations based on understanding‘of the fu11 cotre1ation function fof
coherence must be taken into account in exﬁracfiﬁg'the cohérenﬁ propertiés.

Zerofieid EPR, at low témperatures;vof dimers, as we will demonétréte,
can be extremely important in answering questions about coherent and-

. Y- T T S
L = el 14 Ciydradd

incohérent properties, particularly i
where the band dispersion is very simpie,

| Recently-the phospﬁorescence ﬁicrbwave doublé résonahcei(PMDR)26
spectroscopy of pairs of 1,4—dibfomonaphthalené in-zgrofield was reported.10
The identification of the”pairs as tfanslationall& eduivaient was consistent
with the résonance frequencies, and the strong coupliﬁg between the two
- molecules was evident from both the opticél and EPR fesults;lo However, the
dynamics of cdherencé could not Be establiéﬁed'frombthese experiments
because of the.inferpenetration between the ﬁ.+ IEIaﬁd D - IEl'traﬁsitions
as well as the large hyperfine interactions. o

" We will show in a series of éxﬁeriments a cleat demonstration of

coherence in dimers and its reiationship to coherence in exciton states.
In this first paper of a series we will (a) establish ¢oherence in

translationally equivalent dimers of 1,2,4,5-tetrachlorobenzene; (b) demon-
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' . a7
strate that the experiments of Francis and Harris-  on ccherence in
excitons unambiguously measured coherence, and finally (c) we will give
an estimate of the coherence time in these dimers by a series of low

‘temperature PMDR experiments in zero applied magnetic fields.
2. EXPERIMENTAL

_Both 1,2,4,5-£etrachlorpbenzene—h4 and the perdeutero materials
were extensively zone refined. The isotopicaliy mixéd singleléfysfals
vwefé grown f;om ﬁhe'melt by conventional Bridgemahlﬁéchniques and.the
composition of these crystals was -deterﬁiqed from their NMR specﬁra.'
"‘All théée crystals show the characteristic emission of both tetrachloro~r
'benzene—ﬁ2 (Hz) and tetrachlorobenzene-hd (HD) traps.

'Thétsingle-crystal wés cut to fit in.ide a helical slow-wave
étructqre matched to a 50 £ rigid coaxial liné; 'Thebassembly'was immersed
in a liquid helium Dewar which could be pumped to teﬁperatures between
1.4°K - 2.0°K, depending upon the specific experiment. Microwaves were
oﬁtainéd'frOm.é Hewlett-Packard Model 8690B sweep generator and modulated
byvtwo'PIN_diodés (HP.Modei 33124A) in séries giving a total modulétioﬁ
v,déﬁth greétér.than»sovdb.' ihe rf fieid was.fheﬁ.t;gnsmit;ed ﬁhrough a
:nérrow pa§s-Band filtef and'amplifiedfﬁy‘a'ZO‘Waft TWT;:Qhése oﬁtputvw;é
iérminated in thé-coaxial iine. | | |

" The cfystal was e#ﬁited through”the opén heliéal.structure with a
. in.watt Hg-Xe lamp and a broad bagd filter whose peak is centéred,a§ 
”abprdximafely ZéOO X. The phosphorescence was collected at right angles

to the éxciting light, using a 0.75 m Jarrell-Ash spectrom: + and an EMI



6256—8.(cqoled to:—20°C) photomultiplief, whose output was‘phaée sensitive
detected'at:the microwave modulation'frCQUency; The tempérdturé of the
bath was méasured usiﬁg the vapor pressure of fhe ﬁelium above the
immersed cryétals. Furthcr.detailé on these expeyiments wiii Be'publiéhed

elséwhere._2

3. RESULTS

3.1 The thSphoréscénce Spectra

~The emission.spebtrg of the'isotopically mixed crystal shows:the
éﬁissioﬁ of HZ,.HDland D, A‘resolvéble:rééonanse multiplet emission
(emission of the different éluste:s) was not seen, eveﬁ‘in'tﬁe high
concentracion iiwmitu, - Giveu_phe halfwidthiof:tner,Uuem1331on orvnz.in'the
high_concentféted"crystals (approxirately 2 cm_l) andbthe resolving‘poﬁer'

of our instrument, we estimated Ba must be less than 1.0 cm-l.

- 3.2 The Zerofield OﬁMRASpectfum of Hz Traps

A) Moﬁomers. | o

The’ieiofield transitions ;ogether with their q@adrupéie;satellitgs
were observed:invthe-isofopicaliy-miXed-crystals'at temperatures.between
1.4°K and 2.1°K." A typical spectrum is shown in Figure 1. The anélysisr
of thelépecfrum feveals_all the features of isolated §o1ecule épéctrUm

- with the characteristic quadrupole coupling constants for 35Cl and 3701

? One additional feature appeared in the spectrum of H2 traps,

e 2
" isotopes.
'namely‘the shallow trap resonance transition at 3560.3 MHz. This imblies

that therc is a communication between the traps below the exciton band,



: ' ' 14,30
as has been discussed at length in an earlier publication. >”7- The

mechanism for such excitation transfer in these'sysﬁems is under
iﬁvestigation. |

B) Dimers. ~ .~

At relafively low concentration (0;06% Hz),'boﬁh the D + |E| and
D - IEIvtransitions have feasbnably sharp lines with a half band width
of ~3 MHz, at very low power (0.1 mw). Furthermoré,>no quadfupole »
satellites were obser?ed. .With higher power levei; (62 mw) the.lines
become -somewhat broader, and the forbidden satellites appearéd, dué:;o
'nuclear”35C1‘and'37Cl'quadrupole transitions.z9 - It is important to note
(alfhoﬁghinoé illﬁstrated) that at‘the low power iévels (0.6 mw),_at' |
which the experiments were performed on the low and.high concentrated
crystais; no ULMK diméf signals were observed arouﬁd the monomer line
(Cf.,Figu?e 2)vin.thé low concentrated crystals. Inéreasing.the guest
concentrétion, however, resulted in the appearance of new satellites on
the monomer eléctron spin fraﬁsitibn.  Figure 2 $hows the>5.05% H,
spectrun compared with the 0.06% H, SPethum under:identical power output
for the D + [EI and D - IE] transitions. A complete power dependence study
vwaé done Onvtﬁe D - |E| transition. The results ciearl& indicate tpaf the
saturation behavior for the sateliiteé is different from tﬁa; of‘tﬁe cehtrél
resonance.line. At'higher concentration (>5%,H2)’vthé lines which.afe very
‘close to the monomer line (<3 MHz) could be seen (cf. Figure 3); hence,‘
the frequency could be measured. The conclusionsvof.fhese concentratién 
dependence studies are:

(a) The satellites are absent from‘the zerofield ODMR spectru@ of

the low concentrated crystals, even at high power.
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(b) Thevseparation'between the two dimer states on the D - |E|
transition is 5.7 * 1 MHz and on the D +|E| transition-is 7.6 * 1 MHz.
(¢) The linewidth of the D —'|E| transition. in the Y(+) state is

-

.approximately 2 MHz.
4, "DISCUSSION

4,1 1,2,4,5-Tetrachlorobenzene Crystal Structure-

There afe two molecules in thevuhit Cell of .s-tetrachlorobenzene
which belongs to ?2l/c space group.31 .“At 188°K“§ ph;sé transitién changes
the lattice into a tricliﬁic,32 closely:related:in mb1ecu1af~orientations
and-gnit.céll dimensions to the foom temperature monoglinic structure.
Transiationally equivalient molecules.staék verykﬁé;fly along the :
a-crystallographic axis in Both phases (mnnoclinic:aﬁa triclinic); The
out-of-plane molecular axis is-almbstfparallel.to axis a. This fact,
together with the small 1éngth‘of a cdmpared to tﬁe b and ctlattiéé
constants;'led to’thé'conclﬁsibn that'this system-co§1d be essentially
a linear‘chaig exciton
‘interaction aléng_thé'axis a.

4,2 Zerofield Microwave Transitions in the Symmetric and Antisymmétric

Dimer States and Their Relationship to the Exciton Transition in

1,2,4,5-tetrachlarobenzene

'We will not present details at this point but will simply state

that when one diagonalizes the full Hamiltonian in the properly anti-

symmetrized basis for the exciton and dimer states; including spin—drbit

-27,33,34 associated Wj_._th the tr—ans]_atlonally 'equivaleht '



coupling, an expression for the k dependence of thé.exciton band-to-band

microwave dispersion in the first Brillouin zone‘yi_eldé:ll
'ﬁ(wxé(k)_— wxz)_= 28tfxz cos»kg. ' L 4—1_
‘r‘(“’yz(l_‘)' - wyz') = ZBtfyz cos ka | 4-2
 where wij(k)'cofrespouds to the Zjth exciton microwave'band—to—band
transition frequency and wij correspond to the Zjth microwave transition

of the monomer. Thesg equations are'identical tg.those derived by Francié
and Harr:i.s..l3 |

The same‘treat@ént for the symmetric and an;iéymmetric states of
the dimer clearly shows the direct relationship betwéén the exciton

spread in Larmor frequency and the dimer spread [w(+) - w(=)]. Specifically,
[WE) - 0(=)] = 1/2[w(k=0) - w(k=tr/a)]. | 4-3

Physically, this is because the dimer splitting, 2B, is half the total

band width,fﬁB,‘fot a one-dimensional exciton.' As_é.result; the k¥de§endent .

spin orbit perturbation in the exciton is reduced by a factor of two for

a two-molecule chain. Furthermore, the monomer EPR frequency should be

at k = tn/2a (the center of the band).if there is no polafization'induced

by the.D2 Band;

| The observéd27 exciton bahd-spread'in Larmo;sfréquency wasxexplainedb.
bj invokihg two important conditioms, qamely 1) sftetrachlorobeﬁiene |
crystal is.a one-dimensional exciton system; and (ii) the lifetime of thé
individual k states of triplef band, T(k), is longetffhan the reciprocal

6f the micrdwave‘dispersion across the band. Hence there isva finife

| | -7
coherent time for the excitons in these systems on the time scale of 10
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seconds.

Figureié shows the direct relaﬁionship betweeﬁithe'ﬁeasureménté of
band-to-band microwave‘transitions of the'éxcitdnrand those of the *
states of the dimer. The variation in the + to fAspliftings of D + IEI
and D —‘[El.transitions is attributed to the differentbstrengths of

spin—orbital coupling routes, as would be expected for both excitons and

dimers (equations 4.1 and 4.2). The most significaht feature of the

spectra is the presence of two peaks of different intensity in each

dimer traﬁsition'locatedvatvthe'expected frequency (from the band measure-

ments). Wé,therefore conclude that (a) these new experiments on the dimers =

could be used as a versatile tool in obtaining the coherent properties

of triplet excitons, as well as the magnitude of intermolecular

L IS S

R e e T S C N e o S W OV T o
H el aal

of dimers can be directly measured, a quantity which has not been reported
yet'for molecular excited dimers, and finally (c) thé coherent properties
and the band dimensionality for s—tetrachlorobenzene, obtained by Francis

and Harris, are unambiguously confirmed.

35

Utilizing exchange theory for dimers, the minimum coherent time

of an isolated dimer can be estimated from the following equality:

[wWH#) = w=)] T~ 1 - : o 4-t4

Therefore, a lower limit on the coherent time, T, . can be established

from our experiments: T > 10_7 sec. while h/2B is. approximately 16 X
-12 | | -

10 sec., indicating a persistent coherence at one point in the time

correlation function, namely, t = 10_7sec.-
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‘ ABSTRACT v
The coherent nature of molecular excited dimers in their triplet
states 1is unequivocally establlshed by a serieé ofﬁlow:temperature.
optically detected magnetic resonance experiments in 7erofield The
results clearly establish that a minimum coherence. tlme for the dimer

Y(+) state in 1,2,4, 5-tetrachlorobenzene (~1.7°K) is longer than 5 X 10 -7

=12

sec. while the cachangc time in these sysiews is approximatelv 16 x 10
' 5

sec. This implies that the coherence persists'for time approximately 10
that . associated with the Stochastic limit The coherence tine could,
however, be even much longer. Mdreover, these new results clearly
demonstrate that there is a direct and quantitatine relationship between
' coherent properties of dimers and the coherent properties of triplet

Frenkel excitons.

* L | .
Alfred P, Sloan Fellow = -
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We should point. out, however, that it is known that dimers\have a

. |
10,24 :

nuclear-electron spin hyperfine interaction of appr¢ximateiy half

the monomer, in the strong coupling limit. This’meéns thét the ~2 MHz
v‘linewidtﬁ of the dimer could be significantly inhomégeﬁeously broadened:
It is quite possible therefore that the hOmogeneous‘iinewidth could be
significantly narrower, implying'much longerwcohereﬁéevtime, i.e.,vT

must be longer than 5 X 10--7 sec. This point is currently under

investigation.
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FIGURE CAPTIONS

Figure 1 _ _

The ODMR spectra of 1,2,4, 5~tetrachorobenzene—hé traps in the D2

host at 1. 7°K The strongest 11ne in the spectrum ]S the allowed electron
.spin transition of the D - IEI manifold, while the satellltes are due to

37 Cl and 3SCl nuclear spin transitions.

- Figure 2 .
The zerofield ODMR spectra of isotopically mixed 1,2,4,5—tetraehloro—

" benzene erystals, at different'H2“concentrationsf ‘The spectra on the left

is the D - |E| transition of the 0.06% and 5.05%.H2 crystals while the one

on the right is the D +‘|E[ transitions. 'The_epectrum of eaeh transition

at different concentrations was scanned at identical power levels.

The zerofield ODMKR spectra of Hz traps (nign.cbpcentrétion > 5%) in
D, host, for both the D + |E| and D - |E| transitions. The‘spectra cleafly
shows the dimer * satellites, and they should be compared with the 0.067
H2 spectfa. It should be mentioned here that . > } B the actual
energy position of the allowed electron spin transition is not necessarily
- the péak of the EPR band (cf. reference 10,29). This is due to the fact that
the hyperfine interaction makes the apparent peak'mQXimum correspond to
frequencies different from those expected from theeD and E values of the
zerofield spin Hamiltonian. -Therefore, the shift'betWeen the peak positibn
- of both the D + IEI and D - IEI tran51t10ns and the center of the band is

expected

' Figure 4

The right hand section of this figure demonstfatestheﬂielationship
between exciton and dimer microwave dispersions in coherent states: The
energy dispersion of the band is one-dimensional. _Tﬁe'dashed 1ines-represent
the position of the monomer and dimer energies, E(t) and E(M), in'the_band_

and their relationship to the microwave resonance'frequencies, w(t) ‘and
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FIGURE CAPTIONS (continued)

w(M), which depends on the magnitude of the reduction factor, fi" The

spectra on the left are the band-to-band microwave transitions taken from

reference 27. The dashed vertical bars in the figures represent the

experimental frequencies of the dimer in the D + |E| and D - [EI transitions

and the width of these bars is the estimated error on thése frequencies.
The intensity relétionshiﬁs'of the ODMR transitions in the plus and minus
states are related both to the transition dipole moments and the dynamics
of the decéy channels from each state. Details of these features will

be reported'later.
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THE RELATIONSHIP BETWEEN EXCITON AND DIMER !\/‘ICROWAVE DISPERSIONS
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