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THE OGCC?V TION O CO”JRE;‘ ThTP*“T D(C1 HS

»AAND DEWSITY OW °TATE$ Fu "’mIOPS IN MOLFCULAR CRYSTALS

by,

A. H. Francis and C. B.vHarfisf

Deparumﬁnt of Chemlwtry Unlverfvty of California,
‘and .Inorganic Materials Research Division, Lawrence Radiation Laboratory

- .Berkeley, California Q4720

The observation of coherent triplet Frenkel excitons is reported
in a molecular crystal 1,2,4,5 tetrachlorobenzene. The results can be
interpreted in terms of a one-dimensional model in vhich the largest
intermolecular exchange interaction is associated with the translation-
ally equivalent molecules along the a axis., Using the theory developed
in the prcviouo paper [A H. Francis and C.B. Harris, Chem. Phys. Letters
__» XXX (19'1)], the bandwidth, coherence length and density of states
functions have been determined from a ‘zero field optically detected
microwvave experiment for the lowest triplet band in. tetrachlorobenzene
- at temperatures below 4.2° K.

T Alfred P. Sloan Fellow
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1. Introduction

The wge H of experimentzl date on tﬂ:ﬂJﬁu Freliul excitons in ncl;c-'
uldr‘cryéfgls is t“ﬁJv impress1ve;(l)' Despite this fact relat:vely little
is eyperlmgntally known about the er,mlcs of CXCLLOH mlgratlon at lom
temperaturcs. A fundamental pred1ct10n of encrgyvtran port at Nufxlc'ently
loﬁ‘témperatures is that the migration of tfiplet excitons should be de-
Séribed g&'the-grdup'vélocity of the delocalized states of the molecular

(2)

ThlS descrlptlon, known as cohorent m1gra1L01, has associ-

ated with ;t an 1mp11c1t 11fet1me of an exciton of waye vector k known

as the coherénce,lifetime;.f(k), and a coherence length, £, over vhich

the_excitbn sﬁate-is delocalized. In the simplest terms, the .coherence

lengﬁh is related to the gfoup velecity vvg(R), as

2< ) e, R ¢

any may be thought of as the dlstance betwcen scatterlng centers which

'destroys the coherence of the wave packet. Theorles descrlblng exc1ton‘

mlgratlon must therefore concern themoelves w1th among other thlngs,

(3,4,5,6)

the nature of exc1ton~gcatter1ng site 1nteract10no. At low

temperatures the densnty of localized molecular v1brat10ns and lattice

: phonons.1$‘_expected to become_low; thus,the length betveen scatter1ng~

centers would increase and, accordingly,.the coherence lifetime would

becoine lbngg“ Under.these‘conditions cohefence might be detected in

triplet excitons via a microwave experiment.

\
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.In the previous pzper''’ we decveloped o theory for microwave transi-
tions between the triplet exciton burds associated with the magnetic sub-
levels in the one-dimensional case where the coherilce lifetime was longer

than the intrinsic time scalé associated with the microwave freguency, i.e.,

(k) >n/a8(k), | - (2)
where Aﬁ(k)' is the cnergy Se?aration between £he maognetic sublévels of
the triplet exciton band.

Spec1f1cally, 1hen Eq. 2 is satlsfled one expects to measure both
the triplet bandwidth, 2/p, and the density of states-functions-for
the eXcitoﬁ‘band. In this cormunication we wi11 éhcw experiméntally
 cohcrent‘migfation of triplet-excitons on a microﬁave time scale in a
one-dlm»n51onal molecul@r crystal 1,2,k4,5 Tetrachlorobenzene at L. 2 K.
In addltlon, an approx1mate bandwidth and den51ty of states functlon
for the lowe t trlpleu state in this crystal have been determlned.-

The method employed is. optlcally detected mavnet:c resonance in

(8)

zero fleld where the Jnten81ty of exciton emission from 1, 2 L, 5 tetra-'

_chlorobenzene is monitored as a function of microwave frequcncy

- 2. Experimental

Crystals‘ofml,Q,h,S tetrachlofdbenzene_which show exciton emission
at 4.2°K were prepared by the Bridgeman technique using material purificd
by extensive zone refinement (120 passes at 1 inch/hr). -The crystals were

annealed for one week at ~10°C below Lheir melting point. Crystals



prepared in sucl a4 mamwer show coincicdent Ty - So phosphorcoaesnce and
A . .
Ty < 8 absorption at 37h8.2 A.

(9)

A.singlé cryvatal of l 2, 5 tetrachlerc éne is cui to it
inside a helical p¢0f~VdVC structure nntched to a 50Q rlg'd coarlal
line. The enﬁirestructﬁré is supported verticallyiinside avhelium dewar.
A microwavé,sweep gencrator drives a 1 watt broad band a@plifier whose
output ﬁ“Imlu~u0° in the llne. The sample is optically excited through
the open helical structure with a 100 watt Hg arc, 3100 A radiation
being isolated by means of an interference.filter (Schott—UVLR~3lO).

The phospﬁorescehce_is reéorded atv90° angle from_the exciting sourceb
using av3/h;meter Jérrell-Ash spectrometer capable of 0.15 K reéolutionl
in fifsﬁ»dfder at 3500 K. uAll eiperimcnts vere recordca under c.v.
optical excitation and 25'éps a@plitude'modulation of the microwave
radiation. The photomultlpller output (EMI 6256 B) was phase detected

aL the mlcrOVave moaulatlon frequency.

3. Results . . .

3.1 Tl 4,36 Phosphorescence and Il e-Sé Absorptién Spectra‘

The phbsphor§scence.spectfa of l,2,h,5 tetrachlorobenzene crystals
consist 6f an exciton origin (0,0: 37&8;2 K)‘and two trap origins
Ahereaftér.referréd to as X (0,0: 3751.2 &) and Y (0,0: 3755.7 K). In
additioﬁ_to the electroniC'origin, the phosphorescence'spectrum cOnsists of
a modcratelJ int ensc v1bron1c orngln JnVOlVLUﬂ a non-totally symmetr1c

carbon- ch]ornne bend, and several totally .ymmetric progressions. The
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cxciton and Y-trap emissicn have been ob e1§ed by othcr vorkers,(lb)
however, the percenitane ol cxclton and trap erit scion vary. In our
samples, 95% of the total eﬁissibn'intcnsity iz exciton in origin at
h}2°K; only: 5% being“distributed'equally‘to the'x-aﬁd-Y¥trap spectra.,
At'3.0°K;the Y-trap and exciton phosphorence ave of about equel intensity,
: while.Y-trap.remains the same as at 4.2°K. Bélow'EdK‘the“residual
excitonvphoSphorescence‘ is extremely.week while'the X<trap bhosphores-
cence intensity is greatly increased. Intensc Y-trap emission is alwa&s
obtaiﬁed froﬁeimpure samples. The enission continuum from a 75 watt
Xe high preSsure short arc was used'to'obtain the T «;So ebsorption :
spectrum, At both 1.6° and 4.2°K the (0,0) absorption is coincident
with the h;25K emission withvexperimentallerror. Partial reabsofptibn
of the excifonvbhosphoreSCence origin is cleerlyvﬁisible within the -
line width.of thevtransition at h.2°K

Although there ‘are two molecules per unit cell in the tetrachloro-
benzene space group(l 4 ‘?o Davydov spllttlng was resolved in the
T, « 8 o absorptlon.: Given the line halfw1dth of the (O 0) absorptlon
(~3 cnm ) and the resolv1ng power of our spectrometer, we can say that

the factor group spllttlng is less than 1.5 cm 1.

3.2vThe opﬁieail& detecﬁed>zero.field mierowave traﬂsitions of the X-
‘and Y-traps. | | | | - |
Tﬁe three,eleetron spin trensitions; those:associeted with fhe
T, " Ty,:Tz =T and'{ry - Tx,(defining the z axis as normal to the

molecular plahevof'tetrachlorobenzenc); of both the_X-‘and Y-traps vere



tions are:

N

‘ob"“rvel WLtn savisfootory reMOTutlo" nanlto*lnv the phosphorescence

'intensity of +he respective electronic origins. The values for the .

(13

S~

spin W‘mul(oq"“, are given in Teble 1. The D + |E| ana D - ||
transitions corrcspond to increases in the phosnhoresccncc intensity,

transition corresponds to a decréase.' Tigure 1 <'how-

while the'f{E

the (D.- |E I) Lrangltlon of the Y-trep at 1.6°K.% The satellités as-~

vsociatedzwith-the-electron spin transiticn‘ ‘of tne trapu (cf Figure 1),

’result from ?501 and 3701 nuclear ouadrupole and hyperf;ne 1nteract10ng

(14)

as discu sed in an earlier publlcauwon.

3.3 Optically.detected zerofield microwave tranSiﬁiQns'ofvthc-magnetic
sublevels of the triplet exciton band.

.A11 three optically'detccted micfowaye band?to—band transitions
of the eigiton states were observed with reasonable éignal'to noise.
Tﬁo of tﬁeée, D - ]El‘-and D + IEI are:illustrated in Figures 2 énd 
3 respééti&ely. The important ¢Xperimental_featur¢s of these transi_
(a) ,Their half widths at half.heigﬁt of fhe' D + IEI, p - |E],
énd Q[El tranultlons are 18 Mﬁz, 11 MHz and 7 MHz, respectlvely.
-(b) The D + ILI and D - |E| transitions have two maxima
separated»by 13.5 Mz ahd'8;5 MHZ respectively. ,Thg tvo maxima
-werevnot élearlybrgsélved within the nérrower EIEI trénsiﬁion.
(¢) The sloﬁe on the high ffeﬁugncy side of thevtransition is-

greater than th t on the low freguency side.

X The apparent decrease in the base line ¢t ~ 3580 Mz is real and re-
producible. It occurs in the region of lhe exciton band-to-band traneltion"

and eVidontly resulls from spin selective exciton-trap 1nteract10§s. The

details of this observation will be reported subsequently.fl
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(d)-.There-e?e,ﬁg satelliﬁes separated atrmultipleé of ~35 Wiz
from‘fheize’.transitioﬂu even at Lhe highest mierovave pover (20 watte )
available. (ot shown 1n'the figure.)
(e) The intensity'ratio ofifhe douhle feak'spectra for boLh the

D +”'E[ and D - IE] tran 1t10n show & Boltzmann‘behafior with
tempevature. | |
(£) 7The line Shapes obtained are essenﬁially'indeﬁendent of.whethe#
or hot'qne_detecte the ﬁransitiqn moniteringvthe exeiton‘eleetronic

origin or the vibronic origin phosphorescence.

Y, Discussion

-h.l ‘;1;é,h;5 Tetrachlorobenzene Crystal Strﬁcture
71,2,ﬁ,5’tetrachlorobenzene_crystallizeé in abmonoclinic space-
group~(P </c) 'with two molecules per unit celﬁ'(ll) At 188°K a phase
transition occurs to a trlcllnlc modlflcatlon,( ) closely related in unlt
cell dLmen31ons and moleculdr orlentatlons to the hlgh temperature mono -
clinic modlflcatlon. In both structures, translatlonally equlvalent’
molecules;étack very‘hearl& plane-to~plane along - a, »ﬁith the molecular
out-of-plene axis almoet parallel with E'I The triclinic celi diﬁensionsb
are a = 3.76 A, b= 10;59'ﬁ,<and c = 9;60 A. Since we observe no Davy-
dov'Splittings and because the b  and ¢ dimensions are long we have
essentiaily-a model for a one-dimenéienal exeitoneassocieted with the,
tfanslatiqﬁall& equifalent'interacfion along the short axis‘ g!-.The
same featuies have been_fouﬁd.in btherihaldgenaﬁcd'afometic mpleeﬁlc

erystals such as 1,4 dibromonaphalene and the p-dihalobenzenes by

15)

lHochstrasser ( _) and coworkers.

o



4

L.2. Fxeiten Eand~td—Band Microwave Transitions

L1 Testures of the experimental wicrowave band-to-bund transi-

tions so far investigated are consistert with a one-dimenzioncl excitoen

whose k state lifetime, .1(k), is loriger thon the reciprocal of the
microvave transition frequency. We shall assuez initially thal cxciton

phosphorescence obeys the selcction rules, A =0 and k'=z> k''~ 0.

The first selection rule will apply generally to both electronic and

vibrOnic»transitions, while the second restricts the electronic origin

to k =0 ‘only. Emission terminating on a ground state vibrational

qgantum_may arise from all thermally?populated k states of the tripletv
magnelic Sublevel‘manifqld;_ Assume additionally that the'lifetime

(k) is substantially shoiter than'thé.éxéiton lifelime. Under these
circumstances, a microwave band-fd~band’tran§ition associated with some
non-zero X value transfers populationnfrom one sﬁblevel to‘énéther at

a specific vk. However, because t(k) is shorter than the exciton life-

time the population is scattered to other k states, including k = O,

within the emission lifetime; thus the line shape of optically detected

o

microwave transitions does not depend on whether an electronic or

vibronic origin is monitored. Oﬁly it 1(x) ‘were longer than ~107*

secbnd would it be possible to see differeaces (0,0 vs O,V) and thén
only atvhigh microvave modulation frequcncies (~l'; 10 KHz). -

The lack of 7°C1 and ®7Cl satellites in the -.exc_ito_n band-to-band
transitibns is an important charapteristic which distinguishes excitons

(16,27)

from traps. In either the hopping model or in coherent migration a - .

feature of microwave transitions associated with triplet excitons is
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- that transiticns associabed with nivclear states must vanish when the
intermolecular interaction gives rise to an exchange frequency greator
than the microwave frequency associabed with ezciton electron spin

{rausitions.

Utilizing the theory developed in the previous paper, specifically

‘the relationship between the energy dispersion of:the band and the mi__c;vfow

vave transitions, e.g.,

. 8T

AElyZ(k) = ég cos ka ., (k = 0 to,ﬁ/a)’ (3)

vhere -

| A - AT
AF . g2 5 éT , : (W)

ve can egtimate the'width.of the microvave bahd4t0~bahd_transition.

¢ is a spin-orbit coupliné coﬁstént for avspeéific mégnetic Sublével
iﬁ l,2,h,5vtetrachlorobenzene, AS and A, are half the singlet and
is the. separation betweehlthe triplet

triplet bandvidths and E°

and excited singlel state. Reasonable values are

(AS'- AT)' ~ 200 em™ | | ) | k
O Ey, - 10000 cn™t b (5)
§‘ ~ 10 cm“l _ »
- we get‘ 7  | | _ } »
| ph . ~2x 107 e (6 Miz), : (6

ST
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Thus, the width Qf'the wicrovave trunsitions_would be N2 iz,
Ngturally thésc‘parameters arclsuﬁjecﬁ to Vari&tiéns but none the less
{the half ﬁidths of the obéei#éd‘transifions’aré conbiétenﬁ witﬁ fe,son~
able valucs of 1lhe parametéré. |

The V&fiaﬁion in “he observed bund-to-band transition line widths
is éttributed to spin—orbit ccupling to more than.ogé maénetic sublevel.
It istclear that within the_framewdfk"of the model, the same relabion-
ship exists between the observed line widths as between the‘effectife':
D and [El valves at k = 0 and k =tn/a. iﬁvpartiéular, given‘any
two bandwidths, the third mist be their sum or difference.b This can
be seéen more clearly by referring to Figure 1b in the previous paper.
It is precisely this feature that sllows the determination of the rela-
tive amourt of spin-orbit coupling to the individual sublevels. (18)

The most signifigant feature of the spectra in FigﬁreS'2'and 3
is the preSenceiof tvwo peaks of different intensity in each band-to-
band transiﬁioh. 'Both of these are expected fqr one4dimcnsiopal excitons
where the.lifetiﬁe‘of a k state is long compared to the micrbwave @ime
scale., _Thé ﬁaxima correspond to the maxima in the.density of states
function at k ~ 0 and k ~*n/a in the first Brillouin Zone and the
difference in heights of the two maxima correspond to the Boltzmgnn
factor across the band. The sharp onset at Xk ~ 0 -(cf. Figure 2 or 3)
results because the Gaussiax£l9) scattered density of étates function modified
by theABoltémann fac%or is steepest at k = 0. Using equations 22b and 23
developed in the previéﬁsvpaper for the intéﬁsity of the'band~to—band

s Y2z N
transition, l{@by (Li],
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I[&?’Z(za)] = coi(m),  (7)

vhere C - is an Ofpxllncntdl constant E is related to the energy dis-

persion of the band by,

E = Ap cos ka, o (8@) v

or the microvave frequency by

E = f.AT cds‘ka.' : - (8v)

Refer to the previous paper(7) for the definition of the reduction

factor £, DB(E) is related to a Gaussian broadened-Boltzmannized
(20)

Van Hove den°1ty of states D(E'), by,

oP(E) = ¥ '1258 / D'(E") exp(-E'//\'T)exp[—_(E - £)%n 2/62]d13',
. o : . ‘ :

(9)

where AT is the Boltzmann factor, we note that the slope of I[éEyZ(Ei]
is appreciably grcater ‘around k =0. '
Similar ratios of the peak heights, k ~ 0 vs. k ~#t/a, for both
microgéve band-to-band transitioné'shown in'Figu:cs 2}and 3 are observéd.
Small?differences are, however, apparent and may be_due‘to a variety of
reasons, bné‘being that the lifetime of the k state, 7(k), .may be

approaching the slow exchange region in D - lEl transition. This may

account in part for the lack of resolution of the 2|E| transition. If

that is 50, it is be°L to use the D+ |[E| data to obtain the triplet

bandwidth since the experimental time scale is shorter. A theoretical -

fit can.be obtained wsing the expe )Juonual valu s {or the tcmpgrgtulc(3 2°K)
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and the intervsl between the maxima while varying the scatbering pzra-

meter and bendwidth.  Figures 2 and 3 illustrate the agreement between

theory and experiment. The bandwidth and scattering parameter obtained
. 7 .

from the beést it to the D + |E| band-to-band trensition (cf. Fig. 3)
were used to predict the D - |E| trensition (cf. Fig. 2) and the 2|E]
transition (not shown). The calculated spectra in Figures 2 and 3 were

obtained usirg a scabiering parsmeter, & = 0.14% cm ™ and a triplet
exciton bandwidth, 247 = 1.3 cm . The minimum coherence time neces-
e sl -9 C o ..
sary for this fix is ~ 10 “scec. This.corresponds to a minimum coherence
. o . . » / . .
length of ~ 50-100 A, The actual coherence length, however, may be

. longer.

It is important to note that the same scatltering parameter © was
used to fit both transitions. This is reasonsble because b ShOuld be
a feature of the crystal states, not the inhomogeneity of the microwave

tranéiti¢n. In all likelihood the scattering parameter has its lafgest

contribution from the fact that we do not have a homogencous sample.

Specifically all the exciton chains are not of thé séme length and thus

- for any encrgy difference there.corresponds_different k values fdr

chainsvof differing length.
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TARLE T

Trap and Fxciton Wicctronic Origins and Mlerowave Transition Fregquencies

| .Ori_girll : D+ |B] () D - |z (1~ﬁ-iz) : elml‘_(z-mz)'
Y-Trap- o 3155.7 & - 5439,8 + 1 _-3612.8.. £1 1829.1 + 1.
X-Trap - 3751.2 A 5525.9 &+ 1- 3600.0 £ 1 1928.2 * 1
Exciton® 3743, 2 K | 35537.h 4 0.5 :3577.9 + Q.5' 1960.0 * 0;5

#Frequéncies correspond to band centers: (k =4x/2a).
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Figore Coaptions

Figure 1.  The optically detected D—IE} zerofield lransition off the Y-trap
in tctrach]orobenzcne. Phosphorescence monitored is the Y-trap

electronic origin.

Figure 2. The optically'detécted D—IE! band-to-band transition associoted
Vith'the {riplet exciton. The phosphoryovcnce 1nten81ty of the
exciton e]ectronJc origin (0,0) 15 mon)tored as a functJon of fre—

quency. The solld line 1$ the theoretlcally predicted spectra.

Figure 3. The‘optically detected D+lEl band—to—Band transitiqn asso-
' ciated with the tripletvexciton{ The phosphorescence intensity of
.the exciton electronic orinin (0,0) is monitored as a function of
frequency. The’ °Olld line is the theoretically "best" it spectrav

using the theory developcd in the prev1ous paper.
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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.




R Rt

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





