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STELLINGEN

1. Het is onjuist conclusies te tre!-;en omtrent de verstrooiïngssnelheid

van tri pietexcitonen uit de absorptielijnvormen zoals die met behulp van

conventionele optische spectroscopie worden verkregen.

D.M. Burland, D.E. Cooper, M.D. Fayer en C.R. Gochanour, Chem. Fhys.

Lett. 52_ (1977) 279.

D.M. Buvland, U. Konzelnann en R.M. Maafarlane, J. Chem. Fhys. 67_

(1977) 926.

2. Naar analogie van de resultaten in hoofdstuk 6 van dit proefschrift mag

men verwachten dat de verstrooiing van tri pietexcitonen bij lage tempe-

raturen óók in meer-dimensionale systemen wordt veroorzaakt door mecha-

nische en chemische kristal verontreinigingen.

3. Aangezien Breiland en Saylor niet de noodzakelijke condities voor het

behoud van energie en quasi-impuls in de door hen toegepaste exciton-

verstrooiïngsmatrix hebben ingebouwd, is het twijfelachtig of hun con-

clusies gerechtvaardigd zijn.

W.G. Breiland en M.C. Saylor, J. Chem. Phys. 72_ (1980) 6485.

4. Het begrip "coherentie", in het bijzonder met betrekking tot excitatie-

overdracht, wordt in wetenschappelijke publikaties vaak onzorgvuldig

gehanteerd.

D.M. Burland en A.H. Zewail, in "Advances in Chemical Physios",

volume XL, ed. I. Prigogine en S.A. Riae, John Wiley <S Sons, New

York (1979) en de referenties daarin.

5. Bij het gebruik van de "superexchange"-interactie, ter verklaring van

excitatie-energietransport tussen "traps" in isotopische mengkristallen

van naftaleen, verwaarlozen Kopelman c.s. ten onrechte de exchange-

interactie in de ac-richting van die kristallen.

R. Kopelman, E.M. Monberg en F.W. Oohs, Chem. Phys. 19_ (1977) 413.

E.M. Monberg en R. Kopelman, Chem. Phys. Lett. S8_ (1978) 492; 497.



6. Aangezien Rafferty en Clayton een zeer grote interactie in het "special

pair" van de reactiecentra van Rhodopseudomonas eghaero-id.es R-26 veron-

derstellen ter verklaring van de lineaire dichroïsme spectra, is het

dubieus of hun interpretatie juist is.

C.N. Rafferty en R.K. Clayton, Bioóhim. Biophys. Aata 545 (1979) 106.

7. Het is in principe mogelijk om door middel van de detectie van het

tweede geluid in superfluïde helium ESR-experimenten te doen aan mole-

kulen die volkomen stralingsloos naar de grondtoestand terugvallen.

8. Of de snelheid en de verzwakking van acoustische golven en de daarvan

afgeleide parameters, zoals gemeten in het laboratorium aan* gesteente-

monsters onder hydrostatische 'belasting, nauwkeurig overeenkomen met de

waarden in situ is aan twijfel onderhevig. Bij een vergelijking tussen

laboratoriummetingen en veldgegevens dient hiermee rekening te worden

gehouden als mogelijke bron van discrepanties.

S.N. Domenico, Geophysics 42_ (1977) 1339.

D.H. Johnston en M.N. Tóksöz, J. Geophys. Res. 85_B2 (1980) 925.

9. Braun c.s stellen ten onrechte dat bij adsorptie van koolmonoxide op een

rhodium (lll)-oppervlak de C-0 molekulaire band verzwakt wordt door de

sterke bindingsinteractie van de 5a molekulaire golffunctie van CO met

metaal golffuncties.

W. Broun, M. Neumann, M. Iwan en E.E. Kodh, Solid State Comm. 27_

(1978) 155.

10. De zeer grote investering ten behoeve van de "powerclamp" voor het in

aanbouw zijnde schroefpinchexperiment Spica II zal slechts rendabel zijn

indien de siliciumverontreiniging ten gevolge van de plasma-wandwissel-

werking beneden de 0.5% gehouden kan worden.

R.M.O. Galvao, J.P. Goedbloed, J. Rem, J.M. Akkermans, C. Bobeldijk,

E.J.M, van Beesah, J.A. Hoékzema, A.F.G. van der Meer, U. Oepts en

A.AM* Oomsns in "Plasma Physios and Controlled Nuclear Fusion

Research 1980", volume II, 325-337, International Atomic Energy

Agency, Vienna (1981).



11. De veronderstelling van Kim en Bohandy dat de fotochemische reactie die

de twee waterstofatomen binnenin vrije baseporfine verplaatst irrever-

sibel is, getuigt van onvoldoende kennis van de vakliteratuur.

B.F. Kim en J. Bohandy, J. Mol. Speatv. 73_ (1978) 332.

S. Vó'lkev en J.H. van der Waals, Mol. Phys. 32_ (1976) 1703.

12. Het is onzorgvuldig dat Weissman c.s. niet specificeren welke variabele

er is gebruikt op de tijdas in de figuren die de resultaten weergeven

van de twee-puls elektronspinecho-experimenten aan pentaceen in p-ter-

fenyl.

D.J. Sloop, H.L. Yu, T.S. Lin en S.I. Weisenan, J. Chem. Vhys. 7S_

(1981) 3746.

13. Het schuimhechtvermogen van bier dat door veel consumenten als een niet

onbelangrijk kwaliteitsaspect wordt beschouwd, hangt niet alleen af van

het gebruik van schone bierglazen, maar ook van de atmosfeer daarboven.

14. De ontwikkeling van kunstmatige intelligentie zal gebaat zijn bij de

toepassing van "niet-logische" elektronische schakelingen.

D.R. Hofstadter, "Gödel, Esoher, Baah; an Eternal Golden Braid",

Vintage Bootes, New York (1980).

A.J. van Strien 23 december 1981
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C H A P T E R 1

INTRODUCTION

1.1. MOTIVATION

In this thesis we present the results of electron spin echo experiments
combined with laser flash excitation on triplet states of aromatic mole-
cules. There were two considerations which motivated us to undertake the
present study.

First, thanks to the work of Schmidt [1], van 't Hof [2] and Botter
[3], the electron spin echo (ESE) technique has become a tool for investi-
gating dynamic processes involving photoexcited triplet state molecules. It
allows one not only to study the dephasing of triplet spins, but also to do
time-resolved ESR spectroscopy on a microsecond time scale. Second, the
availability of powerful, high resolution, pulsed and tunable dye laser
systems has made it possible to excite triplet state molecules on a suitable
time scale at any wavelength between 300 and 700 nm.

The combination of these two techniques has opened unique possibilities
for studying very short-lived photoexcited triplet state molecules, which
are not observable with conventional ESR spectroscopy. This is illustrated
for example, by our investigation of pentacene, described 1n chapter 4. In
addition, the combination is extremely well suited to study dynamical pro-
cesses involving triplet exdtons in molecular crystals. This aspect is very
attractive because, in spite of much theoretical and experimental work,
until recently \>sry little was known about the time dependent behaviour of
triplet excitons. This particular problem is the main subject of interest in
this thesis, and is presented in chapters 5, 6 and 7.

The remaining part of this chapter is used to give a preliminary intro-
duction to the triplet state of isolated aromatic molecules and to triplet
excitons.» The chapter concludes with a summary of the contents of this
thesis.



1.2. THE TRIPLET STATE

In 1933 Jablonski [4] was the first to propose that a metastable inter-

mediate state is responsible for the long-lived afterglow, called phospho-

rescence often observed after irradiation with ultraviolet light of organic

molecules. Terenin [5], and Lewis and Kasha [6] attributed the phosphores-

cence to a radiative spin-forbidden transition from an excited triplet state

to a singlet ground state. In 1958 Hutchison and Mangum [7] provided tha

definitive proof of the paramagnetic character of this phosphorescent state

by means of the classic ESR experiment on naphthalene in a host single

crystal of durene. Since then the number of studies of triplets by ESR has

increased enormously and a wealth of information concerning the properties

of the triplet state has become available.

In order to illustrate the photophysical processes of the electronic

states of a molecular system, we depict in fig. 1 the energy level diagram

of 1,2,4,5-tetrachlorobenzene (TCS), since it plays an important part in the

studies presented in this thesis.

1. Energy level diagram of TCB.

The origin of the fluores-

aenae (Fl) and phosphores-

cence (Ph) is at 296 nm

(33830 am"1) and 375 nm

(26675 am ) respectively.

The zero-field spliting is of

the order of 3-6 GHz (0.1 -

0.2 am' ) and is shown on the

right on an enlarged soale»

When a molecule like TCB is illuminated with ultraviolet light at low

temperatures in a dilute crystalline-like solution it, is excited from the

singlet ground state So to the first excited singlet state Sj. From there it

can either return to the ground state under the emission of fluorescence
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(Fl), or cross over to the lowest triplet state Tg via non-radiative proces-
ses (intersystem crossing, ISC). From here the excitation can decay to the
ground state under the emission of phosphorescence (Ph), or by radiationless
processes. Because of the spin-forbidden nature of the TQ •»• Sg transition,
the phosphorescence lifetime (10"3 - 10 s) is usually much longer than the
lifetime of So (10"10 - 10~8 s). (An example of an extremely short (»10~5 s)
triplet lifetime is pentacene, which is discussed in chapter 4.)

Contrary to singlet states which are diamagnetic, the triplet state is
characterized by two parallel spins and is paramagnetic. The total spin
angular momentum S is equal to unity, and therefore the state has three sub-
levels. In an atom, with spherical symmetry, these three levels are degene-
rate, but in a molecular system this degeneracy is lifted due to the lower
symmetry. This zero-field splitting originates from the magnetic dipole-
dipole interaction between the unpaired electron spins. If the symmetry of
the molecule is sufficiently high, the triplet spin in each of the three
sublevels of Tg is aligned in one of the three principal planes of the mole-
cule (Van der Waals and De Groot [8]). The states can then be characterized |
by tha notation used in fig. 1; for instance in the stata T x the triplet '
spin is oriented in the plane x = 0.

Because of its paramagnetic character, the triplet state can be studied
with electron spin resonance (ESR) techniques. This can be done, as we shall
show in chapter 2, either in the absence or in the presence of an external
magnetic field, using microwave or optical detection.

The first manifestation of spin coherence in a system of triplet states
was found in 1971 by Harris [9], who showed that the populations of two
spin!eve!s could be inverted by sweeping through resonance. Shortly after-
wards Schmidt et al. [10] demonstrated that the coherent interaction of a
pair of triplet levels with a strong resonant microwave field leads to a
modulation of the phosphorescence intensity with a frequency proportional to
the amplitude of the microwave field. By using a model of Feynman, Vernon
and Hellwarth [11] they showed that the time evolution of a system of
triplet spins can be described by equations identical to the Bloch equations
[12] for a nuclear spin I = 1/2. This made it clear that the spin-echo
technique, which had been developed in nuclear magnetic resonance, should
also be applicable to photoexcited triplet states in zero-magnetic field. In
1972 Schmidt [13] did in fact observe electron-spin echoes, analogous to the
nuclear-spin echo of Hahn [14], in zero field.

11



I
So far we have only considered triplet state molecules diluted in a

suitable host crystal, where they form a trap which is deep compared with
kgT. In the last three chapters of this thesis, however, we present the
results of a detailed study of triplet exciton dynamics with ESE techniques
and selective laser flash excitation. In these systems the triplet excita-
tion no longer is localized on one molecule, but forms a collective excita-
tion of a region of the crystal. These collective excitations or excitons
must be considered as superposition states of individual molecules, charac-
terized by a wave vector it; they are responsible for very efficient excita-
tion transfer through the crystal.

1.3. OUTLINE OF PRESENTATION

In chapter 2 we discuss some of the theoretical and experimental as-
pects of the photoexcited triplet state in greater detail. This chapter is
divided in three main parts: the first describes about the magnetic and i
radiative properties of the triplet state; the second deals specifically I
with electron-spin coherence; and the third part contains a discussion of
excitons in molecular crystals.

Chapter 3 describes the electron spin echo spectrometers and laser
systems by means of which we carried out the experiments. All the experi-
ments described in this thesis are performed at liquid helium temperatures.

Chapter 4 gives an account of the ESE experiments performed on the
photoexcited, non-radiative, triplet state of pentacene in naphthalene. This
is an example of the ESE technique being used to ascertain the zero-field
splitting parameters, the populating and depopulating rates, and the
orientation of the pentacene molecules in the naphthalene host. These
experiments have been carried out to demonstrate the capability of ESE in
combination with laser flash excitation to study very short-lived, non-
radiative, triplet states. Pentacene is a particularly illustrative case
since conventional ESR experiments on this molecule have always been
unsuccessful.

Chapter 5 is the first of three chapters dealing with triplet exciton
dynamics. A combination of high resolution laser flash excitation and
electron-spin echoes in zero-magnetic field allowed us to observe directly
it + it' exciton scattering processes in the one-dimensional triplet excitons
in TCB for the first time.

\
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Chapter 6 provides additional experimental data about exciton scat-

tering. Moreover, it presents a theoretical model, based on impurity

assisted ic •»• it' scattering, to account for the observations. Both the low

temperature scattering pattern presented in chapter 5 and its temperature

dependence are fitted using a computer simulation based on the proposed

theoretical model.

Finally, chapter 7 describes a study of the orientational dependence of

the spin-lattice relaxation rate of the triplet excitons in an external

magnetic field. This enabled us to determine the interchain hopping rate of

the excitons in TCB.
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C H A P T E R 2

THEORETICAL SURVEY

2 . 1 . INTRODUCTION

As the magnetic properties of the t r i p l e t state of organic molecules in

molecular crysta ls have been extensively described, t h i s chapter w i l l merely

summarize the theoret ical aspects relevant to the work presented in t h i s

thesis.

In section 2.2 we deal with the sp l i t t ing of the t r i p le t sublevels as

the result of the spin-spin and Zeeman interaction. In addition, we discuss

brief ly electron-nuclear hyperfine interactions and spin-orbit coupling,

and give an example of a zero-field transition observed via detection of the

phosphorescence intensity.

In section 2.3 we outline the theoretical and experimental aspects of

the spin-echo phenomena that we have used in combination with laser flash

excitation to study dephasing processes and transient magnetic resonance

effects of t r i p le t state molecules.

Final ly, in section 2.4, we present some of the general aspects of

excitons in molecular crystals and of one-dimensional t r i p le t exciton

systems in particular.

2.2. THE TRIPLET STATE
2,2.1. Properties in zero field

The splitting of the triplet state in zero-magnetic field is pre-
dominantly determined by the magnetic dipole-dipole interaction between the
two parallel electron spins in conjunction with the low symmetry of the
molecule. The microscopic hamiltonian within the triplet multiplet is
usually replaced by a phenomenological spin hamiltonian H s s > in which solely
operators of the total angular momentum $ occur [1,2]. This leads to

14



HSS = M-5 , (ï)

where T is the zero-field sp l i t t ing tensor. I ts elements involve integrals
of the microscopic hamiltonian over the electron wave functions. The zero-
f ie ld sp l i t t ing tensor can be diagonal!zed and Hss reduces to

Hss = ~ XSx " YSy " Z Sz' ( 2 )

For molecules of symmetry C2v or higher the principal axes of f , further

referred to as spin axes, in general coincide with the molecular symmetry

axes.

The parameters X, Y and Z are the zero-field energies, and generally

have values in the order of 1-10 GHz. Only two of them are independent,

because the tensor f is traceless (X + Y + Z = 0). An alternative notation

for the zero-field sp l i t t ing hamiltonian is often used

Hss = D(Sz - ^ 2 ) + E ( S x • sy>' ( 3 }

Here 0 is associated with the spin-spin interaction along the z axis, while

E 'reflects the asymmetry of the interaction around this axis. The relation

between the parameters 0 and E, and the zero-field energies X, Y and Z is

given by

D = £ ( X + Y) - Z = - | z , E — J (X - Y ) . ( 4 )

The triplet eigenfunctions are linear combinations of the well-known
eigenf unctions of the Sz operator, T+, TQ and T_, corresponding with the
magnetic quantum numbers ms = +1, 0, -1

Ty ^ i v / 2 (T_ + T + ) t (5)Ty

Tz = T0 '

These functions have the properties

15



V
V y * -SyV iTz'

V u = ° for u = x' y' z *
Thus the tri pi et function Tu is an ei genf unction of the operator Su with
eigenvalue zero. In other words, the triplet functions correspond to situa-
tions where the spin angular momentum vector lies in one of the coordinate
planes x = 0 , y - 0 o r z = 0. Moreover, it follows that

<TU|£|TU> = 0 for u = x, y, z. (7)

Hence no .iet magnetic moment is associated with any of the triplet substates
in zero fisld. It is therefore appropriate to use the word "spin alignment"
for a preferential spin orientation in the zero-field triplet state, in
contrast to "spin polarization" whenever a net magnetic moment results [3].

From (6) we see that magnetic dipole transitions are possible between
the triplet sublevels. In order to account for the interaction with a micro-
wave field a time dependent term must be added to the spin hamiltonian (2)

V(t) = ^ YghS-^cos u,t, (8)

where Ye is the magnetogyric ratio of the electron and B^ is the amplitude
of the magnetic induction alternating with frequency to. From time dependent
perturbation theory we know that at low microwave power a time independent
transition probability arises, proportional to

i< T iHiy | 2 = B w

where the microwave field is supposed resonant with the T z <•+ T y transition.
Me see, therefore, that the zero-field transitions are linearly polarized,
in this particular case along the x axis. Under conditions of high microwave
power, where time dependent perturbation theory does not apply, the inter-
action (8) couples the spins in a coherent way to the driving field §, , as
will be explained in section 2.3.

1
16



2.2.2. The Zeeman -interaction

In the presence of an external magnetic f i e l d , a Zeetnan term appears in

the hamiltonian [2,4]

H = Hss + 4 ) ' 9 ^ * Hss

where 3 is the Bohr magneton, iL the magnetic flux density and g is the
spectroscopie splitting factor of the electron (here assumed isotropic).

The energies of the spin components depend on the direction and
strength of the applied field. If we let £, m and n be the direction cosines
of ÉTQ with the spin axes x, y and z respectively, then the hamiltonian
matrix, in the basis set Tx, Ty and Tz> becomes

Tx
Ty
Tz

Tx

X

ige3Qn

-ige30m

-ig33Qn

Y

ig<V

Tz

ig3B0m

-igBBgê

Z

(11)

For a given orientation of the magnetic field the roots of the secular
equation of (11) give the energies of the three states as a function of the
magnetic induction, 8g. Suppose, for instance, the field is along the z axis
[a = m = 0, n = 1). Then it is seen from (11) that Tz remains an eigen-
function of the system, but Tx and T are mixed through the off-diagonal
elements ±igBBQ. The roots of the secular equation then yield the eigen-
values

E x - I, E 2 ) 3 =|(X + Y) ± \ a v (12)

with

a z = 2[J(X - Y ) 2 + (gfSB0)
2]\ (13)

The corresponding wave functions are readily found to be

17
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(14)

with

[1 + (X - (15)

In zero-magnetic field the states |+>, |0> and |-> are equal to T x, i'z and

Ty respectively. On the other hand, in infinitely high field we see, by

comparing (14) with (5), that |+> and |-> approach T + and T_, In other

words, the field decouples the electron spin completely from the molecular

framework. In this limit the magnetic quantum number ms becomes a constant

of motion.

Fig» 1, Triplet energy levels of TCB. Transitions are shown for a fvequenay

of 9 GHz with the external magnetic field along the principal axes

xt y and a.} The Am = il transitions are indicated by solid lines

and the da - ±2 transitions by broken lines. 1
18



The triplet state can be studied in an external magnetic field with

electron spin resonance (ESR) spectroscopy. In such an experiment a static

magnetic field is applied and the levels are split in the way described

above. ESR transitions between the spin states can be induced by a microwave

field if the distance between the two levels corresponds with the frequency

of this microwave field. The schematic diagram in fig. 1 shows the energy

levels of 1,2,4,5-tetrachlorobenzene (TCB) with iL parallel to x, y and z.

Three ESR transitions can be distinguished: two Am = ±1, and one

Am = ±2 transition. (It is often useful to retain the high-field terminol-

ogy throughout the whole range of magnetic fields.) The position of these

resonance lines depends on the orientation of it, and becomes stationary when

it. is parallel to one of the principal axes of the zero-field tensor. The

zero-field splitting parameters can be obtained from the values of the

external magnetic field where the ESR lines become stationary (the canonical

orientations).

2.2.3. Hyper>fine intevaotions

The degree to which triplet ESR spectra are affected by hyperfine

interactions between the electron spin and the nuclear spins strongly

depends upon the presence and strength of an externally applied magnetic

field. In general, the zero-field spectra only show a line broadening, while

in a magnetic field well-resolved hyperfine components often are observed.

The hyperfine interaction is described by an extra term H^p to be added to

the spin hamiltonian

HHF = § • I • t , (16)

where % is the hyperfine tensor and t the nuclear spin operator. If the

principal axes of the tensor A coincide with the spin axes x, y, z, (16) can

be written as

%F - \xVx + W y + W V <17>

As was shown above, in a large magnetic field parallel to u - x, y or z the

eigenfunctions of Su are the approximate eigenfunctions. In this represen-

tation one of the hyperfine terms of (17) is diagonal and gives a first

19



order splitting of the electron-spin levels (cf. fig. 2, chapter 4). The

tensor elements A x x, A y and A z z can then be found from the splitting of the

ESR lines in the three principal directions.

In zero field the situation is quite different. Because of the

relations (6), the hyperfine interaction (16) can only give matrix elements

between the different zero-field components, and hence no first order

splitting will occur in the electron spin levels. In the case of a single

proton (I = 1/2 ), one does not even expect any splitting at all, because a

state having half integral angular momentum is at least two-fold degenerate

in zero-magnetic field (Kramers' theorem.). However, groups of protons may

still affect the lineshape [5], This arises because two equivalent protons

with I = 1/2 may be combined to nuclear states having 1 = 0 anG 1 = 1.

Hyperfine interaction with nuclear singlet states vanishes, but the presence

of a nuclear spin with I = 1 gives rise to a second order splitting usually

in the order of a few tenths of a MHz. The total effect of all protons, of

course, will be slightly larger, and generally a structureless resonance

line with an inhomogeneous width of a few MHz results.

The zero-field ESR spectra may be further complicated by the quadrupo^e

splitting of the spin states of nuclei with I > 1/2. This splitting is

caused by the interaction of the electric field gradient with the non-

spherical charge distribution of the nucleus and is described by the

following term in the hamiltonian [6],

HQ = T.Q.I. (18)

Here the quadrupole energy tensor 5 is symmetric and traceless. In the

coordinate system x', y', z' in which the quadrupole tensor is diagonal one

obtains

H = |nQC3l|. - 1(1 + 1) + n(I*. - Iy.)J, (19)
Q 2 qL<"z' x ' 'v x' 'y

where nQ is proportional to the quadrupole coupling constant, and n is the
asymmetry parameter which vanishes in an axially symmetric field gradient.
In the case of I = 1 this description is similar to the one for the
electronic zero-field splitting in section 2.2.1.

In zero-magnetic field each of the electron spin states is split by the
quadrupole interaction of the nuclei. These levels are shifted further by
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second order hyperfine interaction leading to a broadening of the zero-field
transitions, again in the order of one MHz. However, in addition "forbidden"
lines occur displaced by the nuclear quadrupole splitting with respect to
the "allowed" transitions; they correspond with a simultaneous flip of the
nuclear spin and the electron spin [7], In the next section, where we
discuss briefly the principle of optical detection of magnetic resonance
(ODMR), we present as an example an optically detected zero-field spectrum
of TC3 where such satellites are present and which are caused by the
presence of the chlorine nuclear spins.

2*2.4. Spin-ovbit coupling

The spin-orbit interaction gives matrix elements between singlet and
tr iplet states and thereby allows electric dipole transitions to occur
between the excited tr iplet state and the singlet ground state [8 ] . Thus, as
a result of spin-orbit coupling (SOC), the wave function of the tr iplet
spin component u (= x, y, z) must be written

ru
where T° stands for the pure triplet component without SOC, the Ŝ  are the
perturbing singlet states and ETo and E s the related energies. Only a small
amount of singlet character is nMxed intb the triplet manifold but it allows
the intersystem crossing (ISC) to occur and it is responsible for the non-
zero electric dipole transition moment between the triplet state and the
singlet ground state. Hence the phosphorescence "borrows" its intensity from
allowed singlet-singlet and triplet-triplet transitions.

This mixing of singlets with triplets is very selective because SOC
only gives matrix elements between states of the same total symmetry. As a
result, the radiative decay rates for the three spin components of the
triplet state are in general very different. Moreover, since the ISC is
likewise determined by the SOC, the populating rates of the triplet spin
states also differ greatly.

One can take advantage of the different radiative decay rates for the
ODMR experiments. When magnetic dipole transitions are induced between two
components of the triplet state, the equilibrium populations of the levels
are affected and a change in the phosphorescence intensity occurs. This
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effect is more pronounced the larger the difference in radiative decay rates

of the individual levels, and the larger the population difference between

them. In order to maximize this population difference it is therefore advan-

tageous to perform the experiment at liquid helium temperatures.

A nice example of an ODMR spectrum is given in fig. 2 where we show the

Tv «•+ T., transition around 3.58 GHz in TCB. The central line is the

"allowed" transition. The two satellites are "forbidden" transitions and

correspond with a simultaneous flip of the electron spin and a chlorine

nuclear spin (I = 3/2). The satellites are separated from the central line

by the chlorine quadrupole splitting. Note that they are split into two

components. This is due to the fact that two chlorine isotopes exist ( Cl

and 37C1) both with I = 3/2 but with slightly different quadrupole split-

tings. For a more detailed analysis of this particular case, the reader is

referred to a paper by Francis and Harris [9].

Fig. 2. The optically detected.
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FREQUENCY [GHz]

3.65

Tx ' T zero-field tran-

sition of TCB. The central

peak is the allowed elec-

tron-spin transition. The

train side peaks are due to

the quadrupole interaction

with the chlorine nuclei,

and are split oioing to the

presence of both Cl and

Cl nuclei. For the order-

ing of the spin levels and

the directions of the spin

axes we refer to fig. 1 of

chapter 1.

At liquid helium temperatures spin-lattice relaxation (SLR) often

becomes so slow that the steady state populations of the spin levels depend

solely on their individual populating and depopulating rates. As a result of

the selectivity of these processes, large non-3oltzmann population distribu- t
22



tions may occur. At higher temperatures, where a Boitzmann equilibrium

exists in steady state, we may put to advantage the selectivity in the popu-

lating rates of the spin components by exciting the molecules with a short

flash (e.g. a laser pulse). Immediately after the flash the populations of

the triplet sublevels are proportional to their populating rates and thus

may be very unequal until SLR establishes a Boltzmann distribution. The

following chapters present experiments which illustrate this. The transient

population difference here is detected via electron spin echo (ESE) spec-

troscopy, a technique to be discussed in the next section of this chapter.

Laser flash excitation is also very advantageous when studying systems

with very short lifetimes, where it is difficult, by means of continuous

excitation, to create an appreciable steady state population of photo-

excited triplet molecules. A strong laser flash, however, can create a large

transient population difference which can be detected with time-resolved

spectroscopy, such as the ESE technique mentioned before. The experiments on

the triplet state of pentacene in a single crystal of naphthalene to be

presented in chapter 4 illustrate this nicely.

2.3. ELECTRON-SPIN COHERENCE IN THE TRIPLET STATE

2.3.1. The electron-spin eeho in an external magnetie field

Spin coherence may be treated quantum mechanically by means of the

density matrix formalism, or classically in terms of the model of a preces-

sing gyromagnet. We shall give the classical description first, because we

find it helpful in forming a clear physical picture of the coherence

phenomena.

We shall consider the situation where the photoexcited triplet state is

placed in an external magnetic field and where we assume the high magnetic

field limit. In this situation, contrary to zero field, a net magnetic

moment is associated with the spin levels. We also assume SLR (Tj) processes

between the triplet sublevels and decay of these levels to the singlet

ground state to be absent, so that the sublevels behave isolated from each

other. We may then neglect the third level and treat the system as a two-

level system. It will be clear that, when the above conditions are met, we

may adopt the terminology originally developed for analogous experiments on

the familiar I = 1/2 system in NMR.
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The equation of motion for the magnetic moment related to our two-level

system is

where fL is the static external magnetic induction and è\(t) is the oscil-
lating magnetic induction. We assume that iL is parallel to the z axis of
the laboratory coordinate system and that the microwave field of frequency
to is applied at right angles to it. In order to solve (21) it is helpful to

transform to a coordinate system which rotates about the Zeeman field at an
angular frequency represented by a vector u. In this coordinate
system C(t) will be static. According to the general law of relative motion
one then finds for the motion of M in the rotating frame

ft -s - T A « • <22>
where £ , f = (Bn - - )e , + B,e., with e , and e , being the unit vectors
along the z' and y axes in the rotating frame, and assuming u and y
positive. Thus in the rotating frame the magnetic moment M experiences a
static magnetic induction 5 -- about which it precesses at angular frequency

= YeBeff'

5 --

If there is no microwave field present (B^ a 0), and we choose a frame
rotating at frequency uu = yBQ , then the effective field vanishes, so that
3f?/at = 0: in the rotating frame ft is a fixed vector. With respect to the

laboratory frame, it precesses about Bg!zl with angular frequency u>0 , which
is called the Lannor precession frequency. If we now apply the microwave
field B p the effective magnetic induction is simply B.e .. Hence, the
vector I? will start a precession about the constant field B,e i at angular
frequency «^ - Y ^ in the rotating frame.

So far we have assumed that all spins have exactly the same resonance
frequency c^ . However, in general the magnetic resonance lines are
broadened, for instance by hyperfine Interactions or because the molecules
have slightly different environments In the crystal. This leads to a finite
linewidth &ui which consists of a distribution of spectral components, or
"spin packets" which are all Independent of each other. This is the case of
an 1nhomogeneous line broadening 1n contrast to the homogeneous width of a
single spin packet. In the absence of a microwave field, the spin packets



precess with slightly different Larmor frequencies about the z axis in the

laboratory frame, and in equilibrium there is no net component of the

magnetization in the horizontal plane.

When a microwave field is applied, the different resonance frequencies

of the spin packets lead to a spread in Beff in equation (22). Hence, each

spin packet has its own dynamical history and the collective behaviour of

the whole ensemble of spins is complicated. The essential features of the

coherent phenomena can, however, be described fairly easily by considering

the special case in which the amplitude of the oscillating magnetic induc-

tion considerably exceeds the magnetic resonance linewidth (Y B. » Aw,).

Then all spin packets experience approximately the same effective field, and

the equation of motion (22) may be applied to the whole ensemble of spin

packets.

In fig. 3 we have depicted schematically the formation of the two-pulse

Hahn echo [10] in the rotating frame in the presence of an external magnetic

field. Initially, all the spins point along the z axis, which is the

direction of the static magnetic induction, to produce a net magnetization

M Q . At time t = 0 the microwave field is switched on for a time tw such that

Y 3jt = 90°. Since we assume y B j » A<o,, all the spin packets start to

precess about the direction of 3j with approximately the same frequency

YgBj, so that, after the pulse, the vector MQ is aligned along the x' axis

of the rotating frame. Immediately after the pulse a macroscopic magnetic

moment, which rotates at angular frequency Ug in the xy plane, can be

observed in the laboratory frame. This is known as the free precession

signal. After the strong microwave field has been removed, the various

isochromatic pairs of spin packets MQ(+|A<U|), MQ(-|AU|) will precess at the

same frequency Aw about the z' axis in the rotating frame, but in opposite
*

directions. Hence, after a time Tg = 2TT/AO)J they are uniformly spread out in
the x'y' plane and the net magnetization has disappeared.

The phase coherence between the individual spin packets can be re-

stored by the application of a second microwave pulse at time t = T with

duration 2tw so that 2YgB1tw = 180°. Then all spin packets are turned around

the y' axis by an angle of 180°. Thus the spin packets, which at time t = T

had arrived in the angular positions $ = + TAU, are now put in the positions

$ = IT + TAU. However, they keep their original directions of rotation and at

time t = 2 T there is once again a net resultant magnetization, this time

along the negative x' axis. During both the free precession
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3. Schematic depiction of the formation of the two-pulse electron spin

echo in the rotating frame.

a) The speatral distribution of the spins along the z axis and the

aotion of the 90° pulse.

b) The situation in the x'y' plane immediately after the 90° pulse

when the magnetisation veator MQ is aligned along the x' axis. In

the time interval 0 < t < T the spins fan out, owing to their

spread in resonance frequency.

a) The angular positions of spin packets at ±Aw from exact resonance

before and after the 180° pulse applied at t = T. Re focussing of

the spins in the time interval T < t < 2T.

d) Phase convergence of all spin packets along the negative x' axis

at t = 2T which is detected as a spin echo.

At the bottom of this figure we have indicated the driving pulses,

the free precession after the 90° pulse and the echo.
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and the echo, the triplet system spontaneously emits microwave power, which
can be detected by a microwave receiver.

The phase memory time, T H, is defined as the characteristic time
constant of the decay of the echo amplitude, and is determined by monitoring
the echo height as a function of the time 2 T . If this decay is purely
exponential, it usually may be associated with a lorentzian homogeneous
linewidth.

2.3.2. Spin adherence in zevo-magnetic field

In the preceding section we have given a description of electron-spin
coherence in an external magnetic field by means of the classical motion of
a magnetic moment in a magnetic field. Since there is no net magnetic moment
associated with any of the triplet substates in zero field (see equation
(7)), it is impossible to treat the echo phenomenon in terms of a precessing
magnetization. However, by applying the general mathematical treatment of
Feynman, Vernon and Hellwarth (FVH) [11] one can develop a geometrical
picture of the Schrb'dinger equation for two-level systems, which is
analogous to the one used above.

Let us consider an ensemble of non-interacting triplet spins in zero
field under the influence of a microwave frequency perturbation. We express
energy in MHz and write the spin hamiltonian as

H = H s s + V(t), (23)

where H s s is the zero-field splitting hamiltonian (2). We concentrate on the
T *•*• T z transition and thus consider a coupling between the electron-spin
system and the microwave magnetic induction of the special form

V(t) = ^Y eS xB l Cos ut. (24)

If the microwave frequency to is chosen close to the resonance frequency,
<Ĵ  = 2ir(Z-Y), of the Tz <•->• T transition (we assume Z > Y), it is permis-

sible to a good approximation to disregard the presence of the third level
Tx. We are therefore left with an ensemble of two-level systems to be
described by the wave function
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•(t) = a(t)Tz + b(t)Ty. (25)

As we are interested in the behaviour of the t r i p le t system in time inter-

vals which are short compared with the lifetimes of the spin levels, we

assume ^ to be normalized; aa + bb = 1. The evolution in time of our

ensemble of two-level systems is given by the equation of motion of the

density matrix, p,

gf = 2n1[p,H]. (26)

In general, the integration of this equation poses an awkward problem,
especially when it is remembered that in echo experiments the amplitude 8^
of the microwave magnetic induction is a step function in time. Using the
FVH geometrical model vie can transform (26) into the following alternative
form:

g{ = « x r. (27)

The details of this transformation can be found in the theses of Schmidt
[12] and Van 't Hof [13].

The beauty of this description is that the behaviour of the ensemble as
described by the motion of the vector r in the abstract linear vector space
spanned by three unit vectors e,, <L, e~ is mathematically identical to the
classical precession equation of a magnetic moment in an external magnetic
field (21) in real space. To make the description useful we first have to
relate the components of r to physical observables of our system of triplet
spins.

The component r$ is the analogue of the net longitudinal magnetization
MQ of the preceding section, and is porportional to the population differ-
ence of the two triplet sublevels Ty and T2

r3 = aa* - bb* = - < ̂ S * - sj|* > ~ N2 - Ny. (28)

The component r^ represents the expectation value of the operator Sx connec-
ting the levels Tz and T , and thus measures the "transverse" magnetization

'2
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Finally, the component r̂  is the expectation value of a quadrupole moment

operator connecting the levels T z and Ty

* *
ab - a b = -

+ SzVU>. (30)

I f the applied microwave f ie ld is l inearly polarized in the x direction of

the laboratory frame, we can write the components of the vector u as

follows: u. = 0, au = 2y 3,cos ut, and u- = <»g •

' _ p

r *c

AU)

2V.B.COS Out
2 ! »

\ \f

\ \

4. a) The FVH vector space with r referred to the fixed axes e,, e? and

b) The frame rotating at the microwave angular frequenay 10 about the

e~ axis. The microwave magnetic induction B-, is stationary along

eA'. The vector r preaesses about the effective field u »f with

angular frequency a> « .

The pictorial representation of the precession equation (27) is shown

in fig. 4. In the absence of a microwave field (V(t) - 0) we have

w, = nu = 0, and the vector r then precesses about the e, axis with Larmor

frequency u, = au. This is illustrated in fig. 4a; here the zero-field

splitting o^ clearly plays the role of the external magnetic induction Bo of

the preceding section. To see what happens when the perturbation V(t) is
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switched on, it is advantageous, in complete analogy to (22), to transform

to a primed frame rotating at the microwave frequency u about e^. In this

rotating frame the equation of motion becomes

3t = «Vff x r' (31)

where u f, = y B^e^ + Auei and Aw = ov - o> as shown in fig. 4b.

The formation of a two-pulse Hahn echo in zero field at the resonance

frequency «K can now be explained by analogy with the high-field echo, by

realizing that at time t = 2x a macroscopic component r2 occurs, oscillating

in the laboratory frame with frequency ou, and which, according to (29), has

to be identified with an oscillating magnetic moment. This oscillating

magnetic moment can be detected by a microwave receiver tuned at the

resonance frequency of the zero-field transition.

2.3.3. Spin-looking

Another spin-coherence effect which we have used in experiments to be

presented in the following chapters is explained below by means of the FVH

picture developed in the preceding section for triplet molecules in zero

field.

The idea of spin-locking is illustrated in fig. 5. At time t = 0 a 90°

pulse is given followed immediately by a 90° phase shift of the microwave

field so that Y B, becomes parallel to the vector r which has been turned

into the ej direction by the 90° pulse. The vector r is now locked to ^ and

can only decay via spin-lattice relaxation processes because an energy of

(•Ye/2n)B, is required for the electron spin to change its orientation. The

characteristic time constant for this decay is usually indicated by T, .

In NMR the decay of the spin-locked magnetization usually is measured

by the intensity of the free induction signal observable when the locking

field is switched off. In our experiments this signal is difficult to

observe because it decays so quickly. We therefore prefer to give an addi-

tional 180° pulse at time T after the locking period to produce an echo

signal which is easier to measure. If T is small compared with the charac-

teristic dephasing time T^, the echo intensity is a good measure for the

free induction signal following the locking period. The formation of this

spin-locked echo signal is depicted in fig. 5.
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Fig. 5. The microwave •pulse sequence in our spin-looking experiment. The

width of the 90° and 180° pulses is tw and Ztw as indicated. The

looking field is switched on during an interval T which is long

compared with t. The phase of this field is shifted by A<|> = 90 with

respect to the two pulses, this is indicated by the dashed lines.

An important application of the spin-locking technique is in the study

of spin diffusion processes in inhomogeneously broadened resonance lines.

Spin diffusion processes are caused by instabilities of the resonance

frequency of the spin packets. In our triplet spin system at liquid helium

temperatures the fluctuations of the local field of the electron spins, as a

result of flip-flop processes amongst the surrounding nuclear spins, are the

dominating effect [13,15],

Let us consider the situation, which usually applies in ESR, where

Y B , << Aui . Then only the spin packets within a frequency range of about

+Y 3, around the frequency to of the microwave field will effectively be

locked. When a spin packet, initially within the range ±YeBi, suddenly

undergoes a change of its resonance frequency to a value outside this range,

it will be lost for the spin-locked signal. By varying the value Y.SJ one

can, in principle, establish the frequency distribution of these local field

fluctuations. An important aspect of the technique is that spin packets

originally outside the range +YeB,, which undergo a change in resonance

frequency to a value inside this range, will not contribute to the spin-

locked signal because their r vector is along the e^ axis. In a later

chapter we shall discuss experiments where we use this type of spin-locking

experimetït to study scattering processes in triplet excitons. I
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2.4. EXCITONS

2.4.1. Exoitons in rmleoülav ovystals

The photoexcited tri pi et states we have considered so far are assumed

to be localized on single, aromatic molecules dissolved in an inert molecu-

lar host crystal. At low concentrations of the guest molecules one can

neglect the interaction between these triplet state molecules. However, in

pure crystals the intersite interactions become important and give rise to

new properties which must be described by collective excited states of the

whole crystal. They were first described by Frenkel in 1931 [15] and are

called excitons. In the following description based on the one given by

Davydov [16], we shall discuss briefly some general aspects of excitons in

pure molecular crystals and then restrict ourselves to triplet excitons, and

in particular one-dimensional or linear chain triplet excitons.

Let us consider a large crystal with one molecule in the unit cell. We

also assume that the molecules are rigidly fixed in the equilibrium posi-

tions, i.e. we neglect the presence of phonons. A unit cell is a parallele-

piped with three non-coplanar basis vectors a^.a-.a-. The position of the

space-lattice points, where the molecules are fixed, is determined by the

lattice vector

3

where n7- are integers. If the length of the crystal edges is given by N.a.

(i = 1,2,3), we find for the total number of molecules in the crystal N =

NjN2N3. The total hamiltonian in this approximation is

H = 2 H + + ^ z ; V^, (33)
n n n,m nm

where H+ is the hamiltonian for a molecule at the n-th site, while V++ isn + + nm
the interaction energy operator of two molecules at site n and m. The prime

in the second summation indicates that terms with n = m are absent in the

sum. If for a moment we neglect V++ , we find for the total wave function

which describes the ground state of the crystal

+° • J •? . (34)
m m
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with 4& being the wave functions of an isolated molecule. The excited states
corresponding to the f-th excitation of the molecule at position n of the
crystal are given by

*• " *I +K *l • (35)
n n m*n m

Functions (34) and (35) must be anti symmetrized with respect to all
electrons. This antisymmetrization results in additional energy terms that
contain the overlap integrals of the wave functions of adjacent molecules.
For the sake of simplicity we shall ignore these terms in this general dis-
cussion, but we shall show their importance in the specific case of triplet
excitons.

The states given in (35) are "J-fold degenerate because any of the fl
molecules of the crystal can be in the f-th excited state. Since all mole-
cules are the same, instead of specifying the site of the excited molecule
in the crystal, it is customary to introduce N new orthonormalized functions

/(it) -lT*j£e1*-" . (36)
n n

These functions, known as Bloch functions, differ in wave vector &, which is
defined by

* - i ï i S j V i »-? Ni < * i « 2 N r (37)

The vectors £. are the basis vectors of the reciprocal lattice and are
related to the basis vectors a. of the direct lattice by S.»a. = &... The
set of all k vectors (37) is often referred to as the first Brillouin zone.
Transformation (36) may be considered as a unitary transformation of the
wave functions.

The N-fold degeneracy of the different Ê states associated with the
excited state f is removed under influence of the intermolecular interaction
Vnm * Since in roolecular crystals V++ is small compared with intramolecular
interactions, we may still use the wave functions (34) and (35) in first
approximation to calculate the energy of the ground state and excited state
of the crystal in the presence of V++ . If we take the difference between
the energy of the ground states and the excited states corresponding with
(36), we find the excitation energy
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Ef(ic) = Aef + D f + Lf(Ê). (38)

Here Ae, is the excitation energy of a free molecule, Df is the change in
the interaction energy of one molecule with all of the surrounding molecules
in its transition to the f-th excited state, and LA%) is an addition to the
excitation energy which is a function of the wave vector Ê,

Lftf) -$' £ e
1 * - ( " - i 5 ) . (39)

m nm
In this case, the matrix element

nm n m nm m n

determines the transition of the excitation f from molecule n to molecule m.
In large crystals, adjacent values of ic differ little from one another,

so the N values of the excitation energy E ̂(k) form a quasi-continuous band
of excited states. Each of these excited states, labelled k, is a collective
excited state of the entire crystal. These elementary excitations, or exci-
tons, are characterized by the quasi-momentum hk/2ir and energy EJt.) . Since
each molecule plays an identical role in the formation of an exciton state,
the excitation associated with it is distributed throughout the entire
crystal and is not concentrated on one molecule. The states associated with
excitations of a region of the crystal are represented by wave packets, i.e.
linear combinations of functions (36), for example

/ = i w(it)/(ic), (41)
k

where w('iT) differ from zero only in a small region of i< space. The excita-
tions Y do not have a definite energy or a definite wave vector value. The
smaller the region of excitation ( A X ) , the greater the indeterminacy of the
wave vector (Ak ):

A

Ax Ak « 2TI. (42)
3\
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When electromagnetic radiation acts on the crystal, the excited region

has linear dimensions in the order of the wavelength of the radiation. For

visible and UV light the wavelength is considerably greater than the lattice

constant; therefore, Ax » a and consequently Ak « 2ir/a. This leads to the

well-known optical selection rule, which states that only & = 0 excitons can

be created by light.

The main difference between singlet and triplet excitons is in the
matrix element for excitation transfer gï>. It involves the intersite inter-
action operator V •»••»•, which characterizes the Coulo-nb interaction of the

nm r
electrons and nuclei of both molecules. In the calculation of e+> in neutral

molecules with a center of symmetry, one first considers electric dipole-

dipole interactions of the dipole moment of the transition to the f-th

excited state. Clearly the transition dipole moments for the allowed singlet

singlet transitions are much larger than for the spin-forbidden triplet-

singlet transitions. In general, in an aromatic hydrocarbon crystal, the

calculation gives singlet exciton bandwidths of several hundreds cm" . For

triplet excitons, however, bandwidths no greater than 10 cm are predic-

ted, whereas in experimental practice values in the order of 1-10 cm are

found. The observed bandwidths in triplet excitons, are explained by consi-

dering the intermolecular exchange interaction which depends on the overlap

of the wave functions for adjacent molecules. It can be taken into account

by appropriate antisymmetrization of the wave functions (34) and (35).

If there is more than one molecule in the unit cell and if there is an

interaction between them, the above description becomes slightly more

complicated. The exciton bands will then be composed of several branches,

equal to the number of molecules in the unit cell. The energy splitting

between the k = 0 states of these branches is usually called Davydov

splitting [16]; its absolute value is proportional to the interactions of

the different molecules within a unit cell.

In the triplet exciton system of 1,2,4,5-tetrachlorobenzene to be

described in chapters 5-7, two molecules are present in the unit cell. The

interaction between them, however, is so small (no Davydov splitting is

observed) that we are allowed to apply the description for one molecule ir

the unit cell.

The above considerations deal with an ideal crystal without vibrations

and lattice defects In this situation the k vector can be interpreted as a

quantum number for the exciton problem. However, when translational symmetry

35



is destroyed, for instance in an imperfect crystal, or by lattice vibra-

tions, this is no longer true. The coupling of exciton states to a phonon

bath results in a scattering of Ic states , which generally increases with

temperature. As a result of this t scattering, the width of an exciton wave

packet (in k space) increases with temperature, and, as a consequence of the

uncertainty relation (42), the degree of delocalization decreases. When AX

becomes of the order of the lattice constant, the excitation becomes

localized and its motion can be described by a random walk on the lattice.

The model used to represent this situation is the "hopping model", and one

usually refers to it as "incoherent" exciton motion, in contrast to the

"coherent" exciton or wave-like motion as decribed by the band model treated

above. A large part of the experiments described in the literature is

related to the problem of "coherent" versus "incoherent" motion. For

instance, there has been some confusion about the notion of the "coherence

time" of an exciton which plays an important role in the decision whether an

exciton is "coherent". The "coherence time" is usually defined as the

inverse of the width, in energy, of an exciton wave packet. This problem

will be one of the major subjects of interest in this thesis.

2.4.2. One-dimensional triplet exaitons

In this and the following section we shall discuss some of the proper-

ties of one-dimensional or linear chain triplet excitons. Me shall go into

some detail, since the main part of this thesis deals with the problems

related to the exciton coherence and scattering in such a system.

The equations (38) and (39) describe the energy dispersion of the

exciton band in crystals with one molecule in the unit cell. These formulas

are derived in the general three-dimensional case, i.e. the interaction

energy V++ is between any pair n,m. We shall consider the relatively simple

situation where V++ is non-zero in one dimension only. For triplet excitons

where the interaction energy depends on the overlap of molecular wave

functions, in good approximation V++ is non-zero solely between neighbouring

molecules. The energy dispersion then becomes (we omit the vector signs in

this linear case)

E(k) = EQ + 2ecos ka, (43)
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where eis the one-dimensional, nearest neighbour intermolecular exchange

interaction, and EQ is the energy of the center of the band. The interaction

parameter 3 can be either positive (k = 0 at the top of the band) or nega-

tive (k = 0 at the bottom of the band).

Fig. 6. A schematic depiction of the

k dependence of the ze^o-

field splitting in linear

chain triplet exaitons as a

result of selective SOC.

Without SOC the zero-field

resonance frequency is

Vp. for eoery k. The dashed

line indicates the disper-

sion relation of r_ in the

presence of SOC. The resul-

ting change in resonance

frequency at the band edges is Zv (see eq. 44, with p taken negative). Note

that the zero-field splitting and the exaiton dispersion are not drawn to

"scale for illustrative purposes.

Each of the triplet exciton k states is split into three spin compo-

nents, and at first glance one expects this zero-field splitting to be

independent of k. However, about a decade ago Francis and Harris [17] showed

that this is not always the case. They considered the spin-orbit coupling

which gives matrix elements between triplet and singlet excitons with the

same k. The singlet character is admixed in a selective way into the spin

sublevels according to an equation similar to (20). Since the singlet

exciton bandwidth is significantly larger than the triplet exciton bandwidth

this admixture varies slightly with k, and as a result the zero-field

splitting varies also. A simple perturbation calculation leads to the

following dispersion relation for the zero-field splitting

2ycos ka,

with

(44)

(45) 1
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Here, ? is the spin-orbit coupling constant for a specific magnetic sub-

level, 3C and 3T are the singlet and t r i p l e t intermolecular interaction
I Q

energies, and E S T is the separation between triplet and singlet states in

the absence of intermolecular interaction. In fig. 6 we give a schematic

depiction of the resulting variation of the zero-field splitting with k.

An important consequence of this model is that the lineshape of a zero-

field transition "mirrors" the triplet exciton band, provided that the

"coherence time" of a k state is longer than the time associated with the

linewidth of the zero-field transition. Assuming a thermal equilibrium

population in the triplet exciton band one can then find the zero-field

lineshape from the exciton density of states [17].

2,4.3. 1,2,4,5-tetvaahlovobenzene

One of the crystals exhibiting linear chain triplet exciton behaviour

is 1,2,4,5-tetrachlorobenzene (TCB), which has been used by Francis and

Harris to support the model mentioned above. In fig. 7 we show schematically

the room temperature crystal structure of TCB [18,19]. It is monoclinic with

two molecules (A and B) per unit cell. As might be inferred from the crystal

structure, the intermolecular exchange interaction responsible for the

formation of energy bands is predominantly one-dimensional along the short

a axis. The generally accepted value is p = +0.34 cm" , implying that k = 0,

is at the top of the exciton band. The intermolecular interaction in the

other directions is estimated to be at least an order of magnitude smaller.

Consequently there are two types of exciton chains (A and B) between which

only a very weak interchain interaction exists. Obviously, the A and B

chains are indistinguishable in zero magnetic field.

Here we want to point to the important fact that the crystals used in

the experiments are not free from impurities and lattice defects. These

impurities have a dramatic influence on macroscopic and microscopic exciton

behaviour. At low temperatures, for example, very weak exciton phosphores-

cence is observed in TCB; most of the phosphorescence from a crystal stems

from X-trap molecules. These X-traps are TCB molecules near chemical or

mechanical impurities which break down the translational symmetry. An

excitation on such a molecule will not be delocalized within a region of the

crystal but confined to that single X-trap molecule. Since its energy level

is about 17 cm"* below the triplet exciton band, it acts as a trap for the
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Fig. ?• The voorn temperature crystal structure of TCB. We have drawn sdherra-
tically a unit aell of the monoalinio crystal structure. One edge of
the unit oell is extended along the short a axis to illustrate the
direction of the largest intermlecular interaction, giving rise to
one-dimensional triplet exaitons.

delocaiized excitation at low temperatures. Trapping of excitons at liquid
helium temperatures can be nicely illustrated by observing the strong
increase in the trap phosphorescence after the creation of excitons by a
resonant laser flash. The decay of the exciton phosphorescence then consists
of two parts, a trapping part and a part due to decay to the ground state.
From the experiments to be discussed in chapters 5-7 it will become clear
that electron spin echo experiments are very useful to study the time
dependent behaviour of triplet excitons such as k scattering and trapping.
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C H A P T E R 3

EXPERIMENTAL CONDITIONS

3.1. INTRODUCTION

The experiments to be described in the next chapters have been

performed in the absence as well as in the presence of an external magnetic

field. In the first kind of experiment the microwave frequency is tuned into

resonance with one of the three zero-field splittings of the photo-excited

triplet state. The other kind of experiment is performed at a fixed

microwave frequency of about 9 GHz (X-band) by tuning the energy levels of

the triplet state into resonance with the help of the variable external

magnetic field. Therefore, although the basic principles for observing

electron spin coherence are the same, we use two distinctly different

electron spin echo (ESE) spectrometers.

3.2. OPTICAL ARRANGEMENT

The success of the experiments depends heavily on the availability of

appropriate light sources which, in order to take full advantage of the

pulsed microwave technique, should preferably be pulsed sources. One of the

first successful experiments combining ESE techniques and laser flash

excitation is described in the next chapter and has been performed with the

aid of a flashlamp pumped dye laser (Chromatix CMX-4). The disadvantages of

this laser turned out to be its relative unreliability and, what was more

serious, its inability to give substantial output energy in the blue-green

spectral region where most of the small aromatic molecules absorb. This is

of crucial importance since, as a rule of thumb, one needs around 1 mJ of

flash energy to create a sufficient number of triplet spins for a successful

ESE experiment. Fortunately these specifications can be met with relative

ease using an excimer pumped dye laser system.
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The excimer laser system consists of two parts, the pump laser and the
dye laser. The former is a gas discharge laser similar to the well-known
nitrogen laser, the difference being that the lasing medium consists, for
example, of a mixture of HCL, Xe and Ar gases. The principle can be
described in a very simplified way as follows. An electrical discharge in
the gas mixture creates, via a sequence of collisionally induced processes,
a XeCl excimer (or rather exciplex), a molecule which exists in the excited
state only. Since this excited state is unstable, it will fall back to the
ground state and consequently breajc apart into two atoms (Xe and Cl) while
emitting a photon of 308 nm. If tjhe gas mixture is enclosed in an optical
resonator consisting of two parallel mirrors, one can obtain under the
appropriate conditions a laser with a vary high output energy. We used a
Lambda Physik EMG 102 excimer laser with an output energy of approximately
150 mJ per pulse and a maximum repetition rate of 100 Hz. The maximum
average output power is about 12 watts and the maximum pulse power •> 10' W.
By using gas mixtures of various compositions, it is possible to change to
other excimers, and so to choose the output wavelength in discrete steps
between about 150 and 400 nm. For continuous tuning with high spectral
resolution an additional dye laser is needed which converts the output of
the excimer laser into a longer wavelength with a typical efficiency of
» 10% (Lambda Physik FL 2000). With the currently available dyes one can
choose any wavelength between 310 and « 650 nm with a bandwidth of about 0.7
c m . It is impractical to work above « 650 nm as the extremely powerful
pump laser beam makes the dye deteriorate very quickly at these wavelengths.
The FL 2000 laser consists of two stages. First, about 10% of the pump beam
is used to excite the oscillator stage. This is an optical cavity with a
rotatable grating as optical selection element. An intra-cavity etalon can
be introduced to reduce the bandwidth by a factor of 3-5 to about 0.1-0.2
cm" . The output of this oscillator stage is then directed to an amplifier
dye cell which is excited by the remaining 90% of the pump beam just at the
moment the oscillator beam arrives. The oscillator output is thus amplified
10-30 'mes to typical values of 10-15 mJ per pulse at the peak of the dye
gain curve. In the course of the experiments described in the last three
chapters we discovered that an output energy of this magnitude can not only
destroy the sample inside the cryostat, it is also capable of damaging the
quartz windows of the cryostat. This made us decide to use only low repe-
tition rates (up to 20-30 Hz), to take out the lenses used for focussing
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the laser beam on the sample and, if enough signal is available, to misalign
slightly the dye laser to reduce its output energy. (Later an adjustable
rectangular diaphragm was introduced in the pump beam between the oscillator
and amplifier dye cell to reduce the output power in a simpler way.)

Some of the experiments have been performed by exciting the sample with
a mercury arc (Osram HBO 200 W ) . The light beam is then filtered by a water
solution of Ni- and Co-sulphate, a Schott und Gen UG-5 glass filter and
focussed on the sample with quartz lenses. The phosphorescence or fluo-
rescence of the sample is collected by a quartz light pipe and either passed
through a suitable combination of high and low pass filters (Optics Techno-
logy Inc.), or a 0.5 m Spex monochromator (in zero field), or a 0.25 m Spex
double monochromator (X-band). It is then detected by a photomultiplier (EMI
9524B or EMI 9658).

3.3. ZERO-FIELD ELECTRON SPIN ECHO SPECTROMETER

The zero-field electron spin echo spectrometer is in principle identi-
cal to the one described by Van 't Hof in 1977 [1]. Since then, however, an
improvement in the performance has been achieved by introducing recently
developed microwave components. In fig. 1 we show schematically the present
configuration of the apparatus. Our microwave equipment covers three fre-
quency octaves 1-2, 2-4 and 4-8 GHz. This means that we have most of the
active and passive components in triplicate.

First we shall describe the microwave pulse generating part. The signal
oscillator (SO) consists of a Hewlett Packard sweep oscillator (HP 8690 3)
which can receive a backward wave oscillator (3W0, HP 8690 B series) as a
plug-in unit. In order to create a phase shift in the microwaves, essential
for example in spin-locking experiments, the output of the oscillator can be
switched by a SPOT PIN switch (HP 33005 A) between two parallel coaxial
lines. A variable phase shifter (Narda-Microline) is incorporated in one of
the arms, while in the other an adjustable attenuator compensates for the
power loss in the phase shifter. The parallel branches are joined in a
hybrid junction and the continuous microwaves are then converted by a PIN
modulator (HP 8730 series) into appropriate pulses. These pulses then go,
via a step attenuator (HP 8496 B), into a Varian travelling-wave tube
amplifier (TwTA) for further amplification to a maximum power of 10 watts.
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Fig. 1. Schematic diagvam of the zero-field electron spin echo spectrometer.

Owing to the extremely high noise figure of this power amplifier («33 dB), a
third PIN switch (HP 33144 A + 33190 3 or Narda 412 AJ 201) is incorporated
in the system. It is triggered synchronously with the first PIN modulator
and serves to attenuate the noise produced by the power amplifier at the
moment the echo appears. The triggering of the PIN modulator, the PIN
switches and, if present, the pulsed laser is controlled by a Bradley 176 B
pulse generator system, which can, if necessary, be combined with a scan
delay generator (Ortec Brookdeal 9425). At two points A and D in the circuit
a small fraction (-20 dB) of the microwaves is sampled via a directional
coupler. At A the frequency of the microwaves is determined by an electronic
counter (HP 4246 L), at D the microwave pulses are monitored by a crystal
detector (HP 423 A) calibrated against a power meter (HP 435 A) to determine
the pulse power and shape. At two other points B and C in the circuit, we
introduced an isolator to absorb the microwaves reflected from the switches
in order to protect the SO from frequency instabilities and the TWTA from
mismatch. The pulsed microwaves are then guided through a circulator to the
cavity.

The other part of the microwave circuit serves to detect the echoes
generated in the cavity. The echoes, together with the reflected driving
pulses, pass via the circulator through a Uatkins and Johnson low noise i
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travelling-wave tube amplifier (LNTWT, WJ-268 or WJ-269) or a Varian GaAsFET

(VSC 7463 LE) solid state low noise amplifier which serves as amplifier for

the echoes and as limiter for the driving pulses. The detection takes place

in a heterodyne receiver consisting of a balanced mixer (BM) plus pre-

amplifier (Varian SBC-7-30-12-50 or RHG DMO .5-12/100 8-836-2). The local

oscillator (L0) is usually a Mi-Sanders signal source (6055 3 or 6056 A) and

is tuned to an intermediate frequency (IF) of 30 MHz. The IF signal from the

pre-amplifier is further amplified in a variable gain Varian amplifier (ITA-

34-30-08-50) with an IF as well as a rectified "video" output. The echoes

can be observed by connecting one of these outputs to an oscilloscope

(Tektronix 7633) or, to improve the signal-to-noise ratio, to a fast tran-

sient recorder (Biomation 8100) and subsequently to a signal averager (HP

5480 A CAT). Another means of detection is a 3oxcar integrator (PAR 160)

with its aperture centered on the peak of the echo. This system is used in

combination with a scan delay generator and an XY recorder (HP 7044 A). The

apparatus has a threshold sensitivity of about 10 W with a bandwidth of

8 MHz.

plunger

light pipe

sample —

— coaxial line

Fig. 2., a) A tunable microwave

cavity.

b) A schematic drawing

of the electric and

magnetic field configu-

rations. The electric

fields are indicated by

lines and the circumfer-

ential magnetic flux

density by dots.

(b)

The crystals are placed in tunable re-entrant cavities of the type

described by Erickson [2] and Schmidt [3]. Their dimensions have been

calculated from design curves given by Moreno [4]. In fig. 2 we show one of

the cavities together with the approximate electric and magnetic field con-

figuration. By changing the position of the plunger, the resonance frequency

can be varied from 2 to 4 GHz. The quality factor (Q) of the cavity is 4
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around 500. A pulse of 10 W fed into this cavity will create a rotating
magnetic induction equivalent to a precession frequency of about 3 MHz. The
recovery time of the receiver after a 10 W pulse is about 800 ns enabling
the observation of a two-pulse Hahn echo 1.6 us after the first microwave
pulse. The. sample is mounted at the end of the quartz light pipe in a small
teflon container with a quartz bottom. It is positioned in the region of the
highest magnetic flux density in the upper part of the cavity and is
irradiated through a hole in the bottom. The light pipe can be turned around
its axis and moved up and down slightly so that the orientation of the
sample giving the largest signals can be determined.

3.4. THE X-3AN0 SPECTROMETER

I-

Since the basic principles of the high-field electron spin echo spec-

trometer are similar to those of the zero-field ESE spectrometer described

above, we shall confine ourselves to some of the differences only. In f i g . 3

a schematic diagram of the X-band spectrometer is shown. Apart from the I

XY
recorder
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obvious lack of a microwave phase switching assembly, the main difference is
that it is capable of homodyne or phase sensitive detection. In the homodyne
scheme a small fraction ( • 6 mW) of the CW microwaves generated by the SO
(Vanan klystron VA-297V or a Hewlett Packard BWO) is guided via an adjust-
able phase shifter into the LO input of a double balanced mixer (Varian VSX-
9755). The LO and SO signals are not mixed to an IF frequency of 30 MHz as
in the zero-field set-up, but to a DC signal with a 500 MHz bandwidth. As a
result of this mixing scheme there is a well-defined phase relation between
the LO and SO inputs of the SM, and it is possible to obtain information
from the phase of the echo signal (microwave absorption or emission). For
instance from a comparison with the free radical signal which occurs around
g = 2 and always has an absorptive phase, one can determine whether the
triplet echo signal corresponds with absorption or emission.

The experiments described in chapter 4 have been performed in a conven-
tional rectangular X-band cavity operating in the T E ^ mode with a grid in
the bottom for the optical access, and a loaded Q of about 3500 [5]. This
high Q value gives rise to a relatively long ringing time and it is impos-
sible for short pulses to build up to a peak power of more than a few watts.
At a later stage a slotted tube resonator (STR) was built according to a
design by Mehring et al. [6], This cavity is shown in fig. 4. Its great
advantages are its open structure allowing easy optical access and its
relatively low quality factor (Q » 1500). This makes it possible to reduce
the recovery time of the apparatus from approximately 700 ns to about 400 ns
while taking full advantage of the available 10 W power. To obtain even more
intense microwave pulses the TWTA, PIN switch combination can be replaced by
a Litton (model 624) pulsed amplifier capable of delivering 1 kW pulses with
a minimum width of 100 ns. This increases the microwave magnetic induction
inside the cavity from an equivalent precession frequency Y ^ » 3 MHz to
Y B, « 30 MHz. Since such driving fields can achieve a 90° rotation of the

magnetization in * 10 ns, a very fast Microwave Associates (MA 8429-112)
switch has to be used to provide these extremely short pulses to the input
of the amplifier. For the necessary reduction of the ringing time of the
cavity, the quality factor Q has to be reduced to 50. The dead time of the
apparatus then appears to be in the order of 300 ns and is almost entirely
determined by the tail of the pulsed amplifier after it has been switched
off. A further decrease in recovery time seems possible only by using a
dual-mode cavity.
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The sample tube is mounted in a gear arrangement on the body of the
cavity (fig. 4), allowing rotation of the sample about a horizont"i axis.
The static magnetic field can be rotated about a vertical axis. In this way
all of the crystal axes can be aligned parallel to the magnetic field. The
reproducibility of the drive system for the gear and the rotation of the
magnet is 0.1°. Magnetic field values are measured by means of a proton
resonance gaussmeter.

to woveguide
adapter

quartz tube

Fig. 4. An exploded view of the slotted-tube resonator.
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AN EPR STUDY OF THE TRIPLET STATE OF PENTACENE BY
ELECTRON SPIN ECHO TECHNIQUES AND LASER FLASH EXCITATION*)

' This work has been published in Chemical Physics Letters, volume 70,
1980, page 513-517.
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By combining the electron spin-echo technique with pulsed-laser excitation we have been able to perform an KPR study
of the very short-lived (=30 ,us) triplet state of pentacenc in naphthalene. We have obtained the orientation of the pen-
tacene molecule in the naphthalene host crystal, the zero-field splitting parameters, and the kinetic properties of the trip-
let spin levels.

1. Introduction

Since the first EPR experiments of Hutchison and
Mangum [1] and van der Waals and de Groot [2] in
1958 and 1959 the EPR technique has been applied
with great success to photoexcited triplet-state mole-
cules. The experiments work particularly well for
systems with relatively long triplet lifetimes where
one can build up a relatively large steady concentra-
tion of triplet molecules under continuous illumina-
tion. Later in 1967, when optical methods for the
detection of EPR transitions were introduced [3,4],
it proved possible to study short-lived, strongly radia-
tive, triplet states by taking advantage of the differ-
ent radiative decay rates of the triplet sublevels. A
problem remained however, with systems decaying
rapidly via non-radiative processes, although here op-
tical detection methods via fluorescence sometimes
can be applied with success [5,6].

In this paper we show that the electron spin-echo
(ESE) technique, in combination with pulsed laser
excitation, is very attractive for the study of short-
lived photoexcited triplet-state molecules. In this
method we take advantage of the large differences
in populating rate of the triplet sublevels [7] by
creating the electron spin-echo signal immediately
after a short laser flash and before the transient,
strongly non-Boltzmann, population distribution has

disappeared. The method allows us to do a complete
EPR study of the excited state, provided of course
that the time required to produce the ESE signal is
short compared with the decay time of the triplet
state and the relaxation times 7"] and T2. The experi-
ment to be presented here has been performed on
pentacene present as a guest in a single crystal of
naphthalene. This system lias been chosen because
its triplet state is known to decay very rapidly via
non-radiative processes. As a result conventional EPR
signals cannot be observed on this system and the on-
ly data available are those of Kim and Weissman [8]
who reported transient EPR signals using a modified
conventional EPR spectrometer in combination with
a pulsed laser. The system can be excited very con-
veniently with a dye laser because its singlet absorp-
tion origin at 602.8 mn [9,10] is in the center of
the rhodamine 6G dye range.

2. Experimental

Our pulsed X-band spectrometer is essentially the
same as the one described previously f 11 ] . The main
difference is the incorporation of a pulsed microwave
amplifier (Litton, model 624) to give about 10 W
pulses with 100 ns duration. The time resolution, i.e.
the minimum time elapsed between the onset of the
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first pulse and the echo, is about 3 fxs. Further we
can change easily from heterodyne to homodyne de-
tection of the signals. In the homodyne detection
scheme we take a small fraction of the signal oscilla-
tor power to bias a double balanced mixer. In this
way we can determine the relative phases of the echo
signals, and by comparing them with the free-radical
signal, which is assumed to be absorptive, we even
establish their absolute signs.

The laser is a tunable flashlamp-pumped dye laser
(Chromatix CMX-4), operating with a solution of
1.3 X 10-4 M rhodamine 6G in 50% methanol and
50% water. The bandwidth is 3 cm" ' , the pulse length
1-2 ps and the typical energy per pulse 2 -4 mJ.
For exact tuning of the laser in the narrow (1 cm~')
So -»Si, 0 -0 absorption band at 602.8 nm, we mon-
itor the fluorescence emitted by the sample in the
cavity via a quartz light pipe and a 0.25 m Spex
double monochromator placed on top of the cryo-
stat. The monochromator, with a spectral resolution
of about 0.5 nm is set at an emission line 750 cm"1

from the origin [9,10]. The laser is adjusted manual-
ly for maximum fluorescence emission which proves
to correspond with the maximum echo intensity.
The triggering of the microwave pulses and detection
electronics (PAR boxcar integrator or a Biomation
8100 transient recorder with HP 5480B signal aver-
ager) is achieved by shining a small fraction of the
laser intensity on a fast light-sensitive diode. The
typical delay time between laser flash and the first
microwave pulse is about 3 jus.

Before placing the sample in the cavity, the ab
cleavage plane and the direction of the 6-axis were
determined by optical and X-ray measurements. The
crystal can be rotated about a horizontal axis and
the magnet about the vertical axis. In this way the
crystal can be set to any orientation relative to the
direction of the magnetic field. All experiments have
been performed with the sample immersed in liquid
helium: the temperature is about 1.2 K; the concen-
tration öf pentacene in the naphthalene crystal has
been reported to be about 10~6 M [12].

3. Results and discussion

3.1. Zero-field splitting and orientation of the
pentacene molecules

At an arbitrary orientation of the sample relative
to the magnetic field, we always find four resonances;
two at fields lower, and two at fields higher, than the
free-radical signal, indicating two magnetically in-
equivalent pentacene molecules. In fig. 1 we show
1 kG scans with the magnetic field parallel to the
long in-plane axisx, the short axisy and the perpen-
dicular axis r. Note that the ESE technique produces
the normal lineshape and not its derivative as is the
case in conventional EPR experiments. As discussed
below, the x-axes for the two inequivalent pentacene
molecules are parallel, so only two resonances are
observed in fig. 1 a. The scans are made with the ho-
modyne phase-sensitive detection method in such a

H//X

H//Y

H//Z

1
26

' 1 '
28

1
30

' 1
32

1 1
3.4

' 1 '
3.6

H/kG

1
3.8

Fig. 1. ESE spectra of pentacene in naphthalene with the
magnetic field H parallel to x,y and z. The spin-echo signals
have been obtained by exciting the pentacene molecules
with a flashlamp-pumped dye laser, followed by a sequence
of two microwave pulses with fixed T. The spectra are re-
corded via a boxcar integrator with its gate at the position
of the echo signals, while the magnetic field is slowly scan-
ned. T= 1.2 K.

53



Table 1
The zero-field triplet sublcvcl energies and the jr-values of
pentaccne in naphthalene. The standard deviation a has been
obtained from three measurements on each site

X
Y
Z

l.ncrgy
(MHz)
503
418

-921

o

2
2
2

«XX 2.0015
2.0009
2.0005

a

0.0003
0.0003
0.0004

way that the upward signals correspond to absorp-
tion as indicated by the free-radical signals in the
center of the scan's. The zero-field triplet sublevel
energies derived from these measurements are pre-
sented in table 1 together with the g-values. We as-
sume the same order of the triplet sublevels as in
naphthalene and anthracene, hence D = 1381 MHz
and £"=-42 MHz.

The relation between the experimentally observed
canonical orientations and the pentacene molecular
axes were determined from the linewidths, assuming
that, by analogy with naphthalene and anthracene
[13,14], the values of the hyperfine interactions are
in the following order UFX > HFZ > H F r In fig. 2
we show the high-field x-extremum. One observes
a pronounced hyperfine pattern due to interactions
with the a protons. The full linewidth at half height
is about 15 G. We did not try to fit this hyperfine
pattern to a theoretical hyperfine interaction with
the 10 a protons. The EPR lines in the z and ƒ direc-
tion show a poorly resolved structure; their widths
are 12 G and 6 G, respectively.

Gauss

Fig. 2. The high field H II x transition of the triplet state of
pentacene. Note the larger noise on the signal caused by varia-
tions in the intensity of the laser flashes.

Fig. 3. A stcrcographic projection of the spin axes of pen-
tacene in naphthalene. The closed circles (pentacenc) and
squares (naphthalene) indicate points on the front half of
the sphere and the open ones on the rear half. The bars de-
fine negative directions so that right-handed axis systems re-
sult. The subscripts 1 and 2 refer to the two sites of pen-
tacene and naphthalene. Further, we have drawn the three
principal planes of site 1 of pentacene.

The orientation of the spin axes of pentacene with
respect to the naphthalene crystallographic axes is
shown in fig. 3. In the same projection we have indi-
cated the directions of the naphthalene molecular
axes (the crystal structure is monoclinic of space
group P2j/c with two molecules per unit cell, a =
8.2 A, b = 6.0 A, c = 8.7 A, 7 = 123° [ 15]). From
this picture it is seen that the long molecular x axes
of the pentacene sites are parallel and consequently
lie in the ac' mirror plane. They make an angle of on-
ly about 10° with the c-axis of the naphthalene crys-
tal. The out-of-plane axes of both sites make an angle
of 47 ± 3° with each other. Inspection of the naph-
thalene crystal structure reveals that the pentacene
molecules replace two translationally equivalent
naphthalene molecules along the c-axis, as already
anticipated by Brillante and Craig [9].

It should be noted that the ESE spectra in fig. 1
show a splitting of the lines when the magnetic field
is not parallel to the canonical axes. This indicates
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two slightly different orientations of the pentacene
molecules for each site. From the spectra we esti-
mate this difference to be about two degrees. In crys-
tals with higher concentrations of pentacene even
more lines are distinguishable, indicating that this
effect is concentration dependent.

3.2. Kinetic properties of the triplet sublevels

For the high-field, as well as the low-field, transi-
tions, in the three canonical orientations, we first
measured the phase memory time 7"M. As is often
observed in ESE experiments, the two-pulse echo
signals do not decay exponentially [16]. Typical val-
ues for r M are between 2.5 and 4 us, depending on
the orientation of the magnetic field. Then we meas-
ured the decay of the population difference between
the two spin levels by probing the height of the echo
signal at fixed interval r between the microwave
pulses as a function of the delay after the laser flash.
No change of sign occurs in this decay of the echo
signals. The results of these measurements on the
high and low field transitions with H II x,y and z are
in table 2.

The relative populating rates and the decay rates
of the zero-field sublevels can, in principle, be de-
rived from the relative signs of the ESE signals in the
different canonical orientations and their decay be-
havior, provided spin—lattice relaxation (SLR) is
negligible. Here we have a problem, because the high-
field decay times (table 2) are somewhat longer than
the low-field values. This cannot be explained by
the difference in mixing of the zero-field spin states.
Probably there is a non-negligible SLR which affects
the low-field transitions more than the high-field
transitions. Such behavior is not uncommon [17,18],
although it is surprising that in this short-lived triplet

Table 2
The decay times of the echo signals as measured by the echo
height as a function of the delay after the flash with fixed
interval r between the two microwave pulses

Low field (ias) High field (MS)

H\)x

Hiz

14i 1
35 ±2
21 ±2

22 ±1
43 t 1
31 ±1

Table 3
The lifetimes and relative populating rates of the zero-field
sublevels resulting from our analysis as described in the text

Lifetime
(MS)

20
40

Decay rates
(s-1)

5X 104

2.5 x 10"
«0.14 x 104

Relative populating
rates

>5
1

state at 1.2 K, SLR has a measurable effect. For our
analysis, we used the mean of the high and low field
decay rates.

In table 3 we give the decay rates ku (« = x, y, z)
and relative populating rates Pu for the zero-field
spin levels resulting from our analysis. Here we shall
not give a detailed account but only indicate how
the main conclusions are drawn. From the sign of
the ESE signals for the different canonical orienta-
tions and the observation that in the decay .the sig-
nals do not change sign, we find that the initial pop-

ulation N%of Tx is at least times larger than JV
d

% x g ,
and that N® is negligible. Since in our case, to a good
approximation, Pu is proportional to N^ we conclude
that the main populating route is via Tx . A good fit
of the observed decay rates is obtained with the pa-
rameters of table 3. The upper limit for kz is derived
from the observation that the average of the decay
rates with H parallel to x and y equals the decay rate
with H II z within the experimental accuracy. To ob-
tain more precise data it is necessary to perform sim-
ilar experiments in zero-field. These experiments are
in progress in our laboratory.

4. Conclusion

The experiments presented here show that the
ESE technique, in combination with laser flash ex-
citation, is a very convenient method to study short-
lived nonradiative photoexcited triplet-state mole-
cules. The method not only allows a determination
of the "conventional" spin hamiltonian parameters
but also of the dynamic properties of the triplet sub-
levels. Generally speaking the technique is attractive
for studying transient paramagnetic species, as has
been demonstrated already by studies on free radicals
produced by photolysis and radiolysis [19,20].
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Note added in proof

Very recently we have also observed microwave
detected electron spin echo signals in zero field.
These experiments allow us to determine the zero-
field frequencies and the kinetic properties of the
spin levels in a very direct and accurate way. We find
for the D and K values, D = 1389.5 ± 1 MHz and E
= -42.5 ± 1 MHz in very good agreement with the
results of the high field measurements. The kinetic
data are listed in table 4. The main difference is that
the decay rate kz of the Tz level is somewhat faster
than the value estimated from the magnetic field
experiments. This is related to the fact that in mag-
mctic field the properties of Tz are difficult to ob-
tain because this level hardly participates in the ISC
process. In zero-field however we succeeded in popu-
lating Tr with an auxiliary microwave pulse which
transfers population from Tx to Tz. This trick makes
it possible to determine kz very accurately. We like
to remark that our value of kz is at variance with the
result obtained by Hesselink and Wiersma via pho-
ton echo experiments on the Sj *- SQ transition
(Phys. Rev. Letters 43 (1979) 1991).

We acknowledge the cooperation of J.F.C. van
Kooten in these zero-field experiments.

Table 4

Lifetime
(xs)

Decay rates
fs"1)

Relative populating
rates

i
15 i 3
35 ± 5

280 ± 40

6.7 X 104

2.9 X 104

3.6 X 103 •0
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Direct excitation with a pulsed laser into the 0-0 band of the To «- So absorption of a single crystal of 1,2,4,5-tetra-
chlorobenzene creates a large excess population in the k * 0 region of the triplet exciton band. This non-thermal distribu-
tion and subsequent evolution towards equilibrium is measured by spin-echo spectroscopy of one of the triplet exciton
zero-field transitions.

I. Introduction

The study of triplet excitons in molecular crystals
has been the subject of considerable interest in the
past decade [1]. Much effort has been concentrated
on the system 1,2,4,5-tetrachlorobenzene (TCB) be-
cause of its simple one-dimensional structure. For in-
stance it has been studied very extensively by optical
spectroscopy [2-4] and by electron spin resonance
spectroscopy in zero-field [5-7] as well as in a mag-
netic field [8]. Many of these experiments were di-
rected towards the solution of two important ques-
tions: First, is it right to describe the exciton in a co-
herent, wave-like way or does an incoherent hopping
model apply? Second, what is the influence of lattice
distortions by impurities or phonons on the exciton
wave packet when the coherent, wave-like description
is valid?

In the literature there is agreement on the answer
to the first question, i.e. at liquid helium temperatures
the excitons in TCB are one-dimensional and behave
as wave packets. The first detailed analysis leading to
this conclusion was made by Francis and Harris [5]
who studied the lineshape of the zero-field magnetic
resonance transitions of the triplet exciton band.
Further information was obtained from a study of
the optical absorption lineshape of the exciton band

[4] and from measurements of the relative emission
intensities of the exciton band and the traps [2,3,9].
In these experiments it was also definitively estab-
lished that the exciton bandwidth 4/3=1.36 cm"1 .

It was soon realized that the width of an exciton
wave packet is related to the homogeneous linewidth
of a spin packet in the zero-field magnetic resonance
transitions, and thus that more detailed information
about the coherent character of the triplet excitons
could be obtained from a measurement of the phase
memory time 7"M of the triplet exciton spins. This is
a direct consequence of the analysis of Francis and
Harris [5] who showed that the observed linewidths
of the zero-field transitions are inhomogeneously
broadened by A-dependent spin-orbit coupling with
the singlet exciton band. In fact they could establish
a reduction factor /which relates the it-dependence
of the zero-field frequencies with the triplet band dis-
persion. The first estimate of TM was obtained by
Dlott and Fayer [9] from an analysis of the zero-
field lineshape. Later Botter et al. [6] measured 7"M

directly by electron spin-echo experiments and found
values in the order of a few microseconds in the tem-
perature range of 1-2 K. The interpretation of this
result in terms of exciton dephasing times however
presented problems because Burland et al. [4], from
an analysis of the To <- So 0 -0 absorption lineshape,
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concluded that the exciton dephasing time had to be
in the order of 20 ps. To bring these two results into
line Wieting and Fayer [10] recently proposed that
the optical experiments directly measure the k -* k'
scattering rate of the exciions whereas the magnetic
resonance experiments, due to the much narrower
linewidth (10 MHz versus 41 GHz), only measure the
range of scattering. If this were true the phonon and
impurity induced scattering should only occur in a
range of 5% of the total band. This idea of limited
scattering also seems to be supported by the results of
so-called stimulated echo experiments of Botter et al.
[6] and by a recent analysis of Breiland and Saylor [7]
who concluded for a scattering restricted to =*30% of
the band at a rate of 106—107 s~'.

The above description shows that there is a need
for a direct measurement of the rate and range of
k -* k' scattering in the triplet exciton band of TCB.
Such intraband scattering has been observed in anor-
ganic systems [11,12] and recently also in 1,4-di-
bromonaphthalene [13]. In this paper we report ex-
periments in which we use the k * 0 optical selection
rule to create a non-Boltzmann distribution over the
exciton k-states of TCB via direct excitation in the
exciton 0-0 band with a narrow-banded (0.2 cm"1)
pulsed (15 ns) tunable dye laser. The subsequent
thermalization of the band by k •* k' scattering then
is monitored by time resolved electron spin-echo spec-
troscopy of the zero-field magnetic resonance line. It
appears that this method is extremely well suited to
determine the time constants involved in the scatter-
ing process. In addition we also report on similar ex-
periments where the optical excitation takes place in
vibrationally excited levels of the triplet exciton band.

2. Experimental

The experiments have been performed in a zero-
field electron spin-echo spectrometer described al-
ready previously [14]. Here the sample is placed in a
tunable re-entrant cavity with a Q « 300. The two
microwave pulses for the generation of the echo sig-
nal have a width of 100-300 ns and a power of 10-1
W. The minimum pulse distance r is 750 us allowing
the observation of an echo at «1.5 /us after the onset
of the first microwave pulse. The echo signals are de-
tected with a superheterodyne microwave receiver

with a sensitivity of 10~12 W at a bandwidth of 8 MHz.
In addition to the microwave detection the apparatus
also allows optical detection of the zero-field transi-
tions. The phosphorescence then is collected by a
quartz light pipe and fed into the photomultiplier
via a 0.5 in Spex monochromator or a set of appro-
priate filters. To improve the signal-to-noise ratio the
signals are either recorded by a Biomation 8100 tran-
sient recorder and a signal averager (HP 5480) or di-
rectly averaged by a PAR 160 boxcar integrator.

The optical excitation is provided by a dye laser,
consisting of an oscillator and amplifier stage, which
is pumped by. the 308 ran emission line of a xenon
chloride excimer laser (Lambda Physik FL 2000 and
EMG 100). Using PBD dye we obtain 3 mJ pulses at
375 nm with a duration of 15 ns, a maximum repeti-
tion rate of 5 Hz and a bandwidth of 0.7 cm" i . With
an etalon in the oscillator stage of the dye laser the
bandwidth is reduced to 0.2 cm"1 with a very small
loss in output energy. The laser is triggered external-
ly allowing a very precise timing with respect to the
microwave pulses.

The crystals have been made in the way described
earlier [6]. The orientation of the crystal axes was es-
tablished by optical inspection before mounting the
crystal in the cavity. The temperature is controlled by
the vapor pressure above the helium bath and can be
stabilized between 1.12 and 4.2 K.

3. Results

In fig. 1 we show the time-dependent behaviour of
the lineshape of the T,,-Tv zero-field transition of
the triplet excitons in TCB at 1.13 K following laser
flash excitation at 374.8 nm with a bandwidth of 0.2
cm"1 into the k «* 0 region at the top of the exciton
band. The three-dimensional plot has been obtained
by tuning the zero-field ESE spectrometer to 16 dif-
ferent microwave frequencies in the zero-field reso-
nance line and by measuring the intensity of the mi-
crowave detected two-pulse Hahn echo as a function
of the delay between the laser flash and the onset of
the first microwave pulse. Note that at short delays
the lineshape corresponds with a strong non-Boltzmann
population distribution over the exciton fc-states. This
signal is strongly peaked at the low-frequency side of
the resonance line showing that the corresponding
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delay after laserflash =0 5 us

3670

Fig. 1. A three-dimensional representation of the time evolution of the ESE detected lineshape of the TV-TY triplet exciton zero-
field transition in TCB following laser flash excitation into the absorption origin at 374.8 nm. The laser'bandwidth is 0.2 cm"1

and the pulse energy is 3 mJ. The microwave pulses have a peak power of 1 \V and a duration of 250 ns. The delay time t indicates
the time interval between the laser flash and the onset of the first microwave pulse. The interval between the microwave pulses is
1.5 ns.

k » 0 excitons have been selectively populated by the
laser excitation. After a delay of 10—15 us the line-
shape has evolved to its thermal equilibrium value
[5-7] .

The time constant for the build up of the signal of
the i t « ± via excitons at 3582.5 MHz is 1.1 ± 0.1 pis
while the decay time of the signal of the k « 0 exci-
tons (further indicated by Ts(k * 0)) at 3572.5 MHz
is 2.7 ± 0.2 /us. These values are almost independent
of the crystal quality and "history". When increasing
the temperature to 2.5 K, Ts(k = 0) shortens to 0.8
± 0.2 us. Further it is important to mention that the
spin-lattice relaxation time Tj at 1.13 K is 135 us
and thus can be neglected on the time tcale of these
experiments.

In addition to the above experiments we have also
measured the phase memory time r M . For the k « 0
excitons we find r M = 1.5 ± 0.1 us and for the k *
± n/a excitons 7"M = 3.0 ± 0.2 us. These values are
somewhat longer than our previous results [6] which
also did not show a variation over the band. The dif-
ference is due to better crystal quality and a much
better signal-to-noise ratio. Further it is important to
remark that TM for the k =s 0 excitons always remains
shorter than Ts (k « 0) when increasing the tempera-
ture.

3570 3575 3580

— » FREQUENCY IMHzl

3585

Fig. 2. An ESE detected lineshape obtained in the same way
as in fig. 1. The power of the microwave pulses however has
been reduced to 0.25 W to prevent power broadening of the
lineshape. The microwave pulse length accordingly has been
lengthened to 500 ns. The dashed line around the resonance
frequency of the k = 0 excitons indicates the spread in mi-
crowave frequency corresponding with the bandwidth of
0.2 cm"' of the laser. Since the delay time now is 0.5 us one
observes already the effect of scattering in the exciton band
especially the presence of a signal corresponding with the
k « ± n/a excitons.

In fig. 2 we show the result of an ESE experiment
where we have taken great care to obtain the narrow-
est possible line after the laser excitation. Here the la-
ser is tuned very precisely to the k «* 0 region at the
top of the triplet exciton band, and the microwave

\
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power is reduced to obtain a minimum power broaden-
ing of the magnetic resonance lineshape. As a result
the pulses had to be lengthened somewhat, leading to
a minimum delay time of 0.5 /us. Therefore the effect
of scattering is already visible, in particular one ob-
serves an asymmetry of the line in the k « 0 region
and the presence of a small signal in the k = ± n/a re-
gion. The broken line indicates the spread in micro-
wave frequency corresponding to a width of 0.2 cm"1

in the exciton band. This result shows-that the ob-
served linewidth at short delays is determined largely
by the laser bandwidth of 0.2 cm"1 . When exciting
with a bandwidth of 0.7 cm"1 the ESE detected line-
shape at short delay is about a factor of 2 broader.
The characteristic times for the evolution towards the
thermal equilibrium lineshape however, do not change
appreciably.

In the next set of experiments we have measured
the time evolution of the same zero-field transition
after excitation in vibrationally excited states of the
triplet exciton. First we measured the absorption spec-
trum by scanning the laser wavelength (without the
etalon and thus with a bandwidth of 0.7 cm"1) from
the 0-0 absorption line to shorter wavelengths and
detecting the intensity of the ESE signals of the
k"±Ttla excitons at long delay after the flash. This
spectrum is essentially the same as the one published

k:0

by George and Morris [15] from whom we have also
adopted the assignments. Then we measured the time
evolution of the k =* 0 and k = ± via ESE signals with
the laser set at the various peaks in the absorption
spectrum. The results in fig. 3 show that excitation
into the lattice vibration (26 cm"1 above the 0-0
band) leads to the same behaviour as the excitation in
the 0 -0 band. After excitation in the molecular vibra-
tional states however, the k: * ± uja exciton popula-
tion first builds up with the same fast time constant
as the k = 0 excitons, followed by a slow one of a few
fiS.

Finally we. have tested the selection rules for emis-
sion from the exciton A--states by applying microwave
pulses to their corresponding zero-field transitions
and studying the response in the phosphorescence in-
tensity. It appears that a microwave pulse resonant
with the zero-field frequency of the k = 0 excitons
leads to an immediate change in the intensity of the
0-0 emission band. A pulse at the transition of the
k = ± w/a excitons however, results in a build up of
the optical signal with a time constant in the order of
10 /us. This result can be explained by assuming that
the k = 0 optical selection rule applies for the 0-0
emission band and that the k-k' scattering makes it
possible to observe the zero-field transition of the
k * ± w/a excitons [5,7]. When monitoring the total

0 1 2 3 4 0 1 2 3 4
t i m e l j j s ] >

Fig. 3. The time-dependent behaviour of the zero-field transition of the k « 0 excitons at 3572 MHz and the k * ± n/a excitons at
3582 MHz after excitation into the electronic origin and two higher lying states, corresponding with a lattice vibration of 26 cm"1

and an a„ molecular vibration of 596 cm" respectively.
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phosphorescence however it appears that the applica-
tion of sudden microwave pulses leads to immediate
changes of the phosphorescence intensity for any fre-
quency in the exciton zero-field line. It is then even
possible to observe optical nutations and rotary echoes
[16]. This shows that the emission to vibrational lev-
els does not exhibit a k * 0 but rather a M = O selec-
tion rule as discussed already by Colson et al. [17].

4. Discussion

The most important result of our time-resolved
ESE experiments is that it allows us to measure direct-
ly the rate of thermalization of the initial non-Boltzmann
population distribution over the A-states. Interesting-
ly enough there seems to be no restriction on the size
of the jumps in the band. Since in our experiment we
start with a strong overpopulation of the k * 0 exci-
tons at the top of the band we directly measure the
scattering rate of these excitons via the decay rate
T~l(k « 0) = (2.7 ± 0.2 txs)-1 at 1.13 K. From the
simple argument that Boltzmann equilibrium has to
be established one derives, via the Boltzmann factor
exp(-40/kT) = 0.18, that the scattering rate of the
k<*±irla excitons T~l(k «= ± 7r/a)= (15 ± 1 pis)"1.
The fact that T~l{k « + ir/a) is considerably slower
than T~ (k =» 0) is supported by our observation
that sudden saturation of the zero-field transition of
the k « ± ir/a excitons leads to a response in the 0-0
band emission with a delay of «10 ys.

The next question is how these rates relate to the
observed phase memory times 7"M and how one can
derive a value for the width of a wave packet in the
exciton band. To solve this problem we propose that
the dephasing rate of the triplet exciton spins consists
of two contributions:

Here T^ is an intrinsic, temperature and /c-state in-
dependent, dephasing rate caused by impurities and
T~* (T) is the phonon induced scattering rate dis-
cussed above. In principle one should add also the
contribution of the spin-lattice relaxation rate 7y 1

but since Tx = 135 jus at 1.13 K this can be neglected.
From the observed value of 7*M for the k « 0 and
k*»±nla excitons and the values for T~' derived
above we find that the intrinsic dephasing rates for

the k « O and k * ± n/a excitons indeed are remark-
ably close:

77'(**())= (3.4 ±0.5 jus)-'

and

7 7 ' (k = ± w/a) = (3.7 + 0.8 ps) ! .

These values for 7 7 l correspond with an intrinsic,
impurity induced linewidth .ii'(EPR) = (nTi)"1

=« 100 kHz. In our point of view this is related to the
width of an exciton wave packet via the reduction
factor/, given by Francis and Harris [5]. As men-
tioned already in section 1 this factor ƒ relates the
zero-field frequency of an exciton A'-state with the
band dispersion. In our case ƒ = 4100, since the width
of the exciton band is 1.36 cm"' = 41 GHz compared
with 10 MHz for the T>.-Tv transition. Hence we
conclude that the width of the wave packet Av(opt)
* 0.01 cm"1 corresponding with an exciton coher-
ence time T2 (opt) = 1 ns. As we have mentioned
however 7\| depends somewhat on the crystal qual-
ity and we estimate that J2(opt) in our samples varies
between «500 ps and 1 ns.

It is worthwhile to comment briefly on our earlier
conclusion [6], based on the results of stimulated
echo experiments, that at 1.13 K k -» k' scattering oc-
curs only in a region of a few percent of the band.
Obviously this conclusion is not correct as shown by
our present results. This may be related to the fact
that the stimulated echo method is very sensitive to
small changes in k which escape detection with our
time-resolved ESE technique.

As we have mentioned in section 3 the phonon in-
duced scattering rate 7""1 increases with temperature.
One expects that this will lead to a motional averaging
of the magnetic resonance line at a temperature where
T~^ is faster than the inhomogeneous linewidth Av
« 10 MHz. This indeed occurs at 5 K as observed by
Botter et al. [6], At even higher temperatures one ex-
pects 71"1 to become even faster than the exchange
interaction and the exciton then loses its coherent char-
acter. There exists no agreement however on the exact
temperature where this happens [4,6]. The observed
behaviour of T~l(T) points to a T3-T4 temperature
dependence indicating that the phonon induced scat-
tering probably is a Raman-type process.

Recently Smith and Zewail [13] have published
preliminary measurements of k -*• k' scattering in the
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triplet exciton band of 1,4-dibromonaphthalene (DBN)
by time-resolved phosphorescence line narrowing. This
system in good approximation also exhibits a one-di-
mensional structure but the bandwidth is *24 cm"'
compared with 1.36 cm"' in TCB. The authors con-
clude that at 20 K the scattering time is * 2 pis. This
long scattering time might be related to the large band-
width in DBN, but since they used crystals heavily
doped with DBN</6 (5-16%) it is difficult to com-
pare their results with those on TCB.

Finally we comment briefly on two observations.
First the fact that upon increase of the laser band-
width from 0.2 to 0.7 cm"1 the width of the magnet-
ic resonance line at short delays broadens from * 1.5
to == 3 MHz. This is difficult to understand on the ba-
sis of a simple k « 0 optical selection rule. We think
that it is caused by a slight inhomogeneous broaden-
ing of the optical as well as the magnetic resonance
transition due to a spread in environment. This in-
homogeneous broadening however is small compared
with the optical and magnetic linewidth. For instance
when setting the ESE spectrometer at resonance with
the k « ± rr/a excitons we could not detect an echo at
short delay while scanning the laser around the 0-0
absorption band.

The second observation is that after excitation in
molecular vibration bands the system does not end up
preferentially in the k = 0 exciton states in contrast
with excitation in the lattice vibration band. This is
probably due to the fact that ^-branching occurs in
the decay from the molecular vibration states. This
decay is a multiphonon process, every step leading to
a small change in k, whereas decay from the crystal
vibration state can occur via a one-phonon process.
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C H A P T E R 6

EXCITON DYNAMICS: IMPURITY ASSISTED k • k' SCATTERING IN
A ONE-DIMENSIONAL TRIPLET EXCITON SYSTEM*)

*' The contents of this paper will be submitted for publication in Molecular
Physics.
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5.1. INTRODUCTION

In the past decade many papers have appeared dealing with the problem

of exciton motion in molecular crystals. A common element in the different

viewpoints is that one usually tries to understand exciton motion in real

space. It is generally agreed that at high temperatures the motion is "inco-

herent", and that it can be described by a hopping model, but the various

authors use different approaches [1-8] for the low temperature wave-like

motion. However, in all the theories exciton-phonon coupling is considered

to be the dominant mechanism responsible for exciton scattering. Consequent-

ly, two selection rules must be taken into account: the conservation of

energy and the conservation of quasi-momentum. 3oth of these set severe

restrictions on the probability of the exciton-phonon scattering process.

In two experimental studies Burland et al. [9,10] measured the optical

absorption lineshapes of linear chain triplet excitons in 1,4-dibromonaph-

thalene and 1,2,4,5-tetrachlorobenzene (TC8) as a function of temperature.

They applied the formalism developed by Oavydov [1] and Sumi [11] for

exciton-phonon scattering to explain the observed lineshapes. Later, Harris

[12] attempted to explain these data with the help of an exchange model. The

interpretation of these experiments, however, has to be considered with

great care, especially since it appears from findings by Port et al. [13]

that the absorption lineshapes are extremely sensitive to sample preparation

and handling.

The TCB system is of particular interest because it also enables one to

observe the magnetic resonance transitions between the triplet exciton sub-

levels in zero-magnetic field via optical detection (OOMR). Since the

exciton k states have slightly different zero-field frequencies, the resul-

ting lineshape "mirrors" the dispersion of the triplet exciton band [14].

'Harris and Fayer [15] and Wieting and Payer [16] have tried to make an

estimate for the scattering rates from an analysis of the zero-field

lineshapes. In a more recent paper, 3reiland and Saylor [17] introduce a

scattering matrix in the momentum representation to fit the OOMR lineshapes.

To obtain the best fit with their results they have to assume that the

scattering occurs preferentially to nearby k states. They do not discuss

their results in terms of existing exciton-phonon scattering theories, in

which the conservation laws of energy and quasi-momentum must be obeyed. In

the case of TC3, where the dispersion of the triplet exciton band is much
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smaller than the dispersion of acoustic phonons, this *rc>uld only lead to

scattering in a very limited range in k space [15], a behaviour which

differs from their conclusions.

In a recent paper v/e described an experiment which makes the direct

observation of k * k' scattering in the triplet exciton system of TC3 [18]

possible. The experiment is performed in the following way. A short laser

flash with a duration of 15 ns excites the system selectively from the Sg

ground state into the k = 0 region of the triplet exciton band. The Tx - T

zero-field lineshape is then inspected via electron spin echo (<-SE) signals.

The signals show that initially a strong overpopulation has resulted for the

k » 0 excitons at the top of the exciton band. 3y varying the delay of the

ESÊ signal with respect to the laser flash, one can follow the evolution of

the population of the various k states via the time dependence of the ESE

signal at the corresponding zero-field frequency. The results prove that the

probability of scattering is not restricted to small ranges in k space. This

contrasts very sharply with the prediction based on the existing theories

for exciton-phonon scattering, and also with the previous conclusions of

Breiland and Saylor [17] and Botter et al. [19].

In this paper we present two new experimental results on exciton-phonon

scattering in TCB. First, we measured the temperature dependence of the

scattering rate 1$'^ from the k ~ 0 excitons to all other k states. Second,

we give the results of spin-locking experiments, which support the idea that

the principle of detailed balance applies to scattering among the k states.

To explain these data, we propose that the exciton-phonon scattering pro-

ceeds via impurities, thus eliminating the selection rule for conservation

of quasi-momentum. With the help of this model we have derived expressions

for the k dependence and the temperature dependence of the scattering rates

in the region of low temperatures, where only one-phonon processes are ex-

pected to occur. The resulting expressions give a very good account of the

observed low temperature dependence of the scattering rate T$~ . In addi-

tion, we are able to fit the observed scattering pattern amongst the exciton

k states with a computer simulation based on our expressions for this

impurity-assisted scattering. At high temperatures where kgT is large com-

pared with the exciton bandwidth, the temperature dependence of the

scattering rate deviates strongly from the behaviour predicted on the basis

of one-phonon processes. We think that two-phonon type processes dominate

the exciton k scattering here.
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6.2. THEORY

As we already mentioned in the introduction, the experimentally obser-
ved k + k' scattering in the triplet exciton band of TC8 does not indicate
any restriction in the scattering probabilities. This rnight give rise to
doubts as to whether direct exciton-phonon coupling is responsible for the
observed scattering process, since according to the laws of conservation of
energy and quasi-momentum scattering should occur solely in limited regions
of k space. However, in this section we present a theory which can account
for the experimental observations. It is based on impurity-assisted scat-
tering by one-phonon processes and is therefore only valid at low tempera-
tures where kgT is small compared with the exciton bandwidth.

We start by considering an unperturbed chain of N molecules with an
exchange interaction e between nearest neighbours. The hamiltonian descri-
bing the excited states of the chain is given by

Hn = S E . | k X k | + I ü>( |qXq| + 4 ) . (1)
u k K q q c

Here |k> describes the exciton state with energy Ek and quasi-momentum k,
and jq> a phonon state with energy u and quasi-momentum q. We assume that
under the influence of an impurity a molecule at site n is displaced from
its equilibrium position to a new position defined by the coordinate Qn.
This leads to a perturbation

V = ̂ H"^O^n'n><n'' ^
n

where |n> describes an excitation localized at site n. If we change (2) from
the site representation to the momentum representation we have

J
" k,k' q

Here we have used the fact that there are N p h "phonon sites" with N p h in the
order of magnitude of the total number of molecules in the crystal. In order
to find a form for the coupling constant (9^/3Qn)o»

 we aPPly tne deformation
potential approximation for acoustic phonons [20] and write

K. (4)
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Low frequency phonons are expected to contribute negligibly to the site
perturbation V; this is assured by taking A a constant in (4). We obtain

X Z
k,k' q

k,k'

with

(5)

V^.lkXk'l.

We now apply Fermi's golden rule to get the transition probability for

scattering from state k to k' [21]

n °° 1 ( E k - E k , ) t
«!•*•_! «kk'^VkW* d t

2 1 2 " ^ V h'K {?)

~n\tfz ox.,, ƒ <Qn(t)Q ,(0)>e k k dt.
H q,q' ̂  " -» H ^

The autocorrelation function <Q (t)Q .(0)> for a harmonic oscillator is

•• -io) t ioj t
<Qq(t)Qq.(O)> - ̂ [ ( S q + l)e q + nqe

 q ]6 q l q , (8)

where fi is the occupation number of a phonon q. This leads to

WkVk = N'2Nph x2 j -q^Rq+ lWh- Ek- uq) + « q ^ V Ek'+ ^'^

Here the first term corresponds to phonon creation and the second to phonon
destruction. We assume that the lattice phonon spectrum is given by a Oebye
density of states function, i.e. p(o>)do>= Aw do), and therefore

1)
Wk'*k = N"2x2 ̂  p(»MCn((o)+l]6(Ek- Ek,- »)+n(u)6(Ek- Ek,+ u)}du (10)

- AX2N-2[n(AE) + 1](AE)3 ;

- AA2N"2 n(AE)(AE)3 ;
(11)

with AE = |E^ - E k , | . The f i r s t part of (11) corresponds to one-phonon
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emission, and the second part to one-phonon absorption. With m uncorrelated
impurities present in the chain, we find for the total scattering probabi-
lity

Since the impurity concentration c = m/N, we finally obtain for the total
2

exp(AE/kRT)

2
scattering probability using W = Ax c,

^ e x p U E / k^ . i (13)

for Ek > Eki and

Wk'k = I ( A E ) 3 "(AE) = ^(AE)3Cexp(AE/kBT) - I]"
1 (14)

forE k < E k , .
The expressions (13) and (14) have been derived assuming only one-

phonon processes to occur. The next section shows that they account nicely
for the observed low temperature dependence of the scattering rate T$ . At
temperatures where kgT is large compared with the width of the triplet
exciton band this is no longer the case, as two-phonon Raman type processes
then have to be considered. In the above formalism this can be done either
by considering quadratic terms in the perturbation V, or by second order
perturbation theory.

6.3. EXPERIMENTAL RESULTS

In fig. 1 we have plotted the temperature dependence of the decay rate
T$ (k - 0) of the initial excess population of the k - 0 triplet excitons
in TCB after selective laser excitation in the 0-0 band of the TQ * SQ

absorption. The results have been obtained by measuring the decay of the
electron spin echo signal at 3572.5 MHz (the frequency in the Tw - Ttf zero-
field transition corresponding with the k • 0 excitons) as a function of the
delay after the laser flash. The rate Ts"* therefore represents the total
scattering rate from k « 0 to all the other exciton k states.

The scattering rates from other regions of the exciton band cannot be
found directly from the above experiments. However, in the following we
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Fig. 1. The experimentally determined

„ temperature dependence of the

scattering rate Ts (k * Of,

as obtained from the decay of
1.0-

0.8 H

\

<j> the excess population of the

k - 0 excitons at various tem-

05_l i peratures. The dashed line
* * indicates the calculated tem-

0.4-

0.2-

0.0-

x _ - -©oS" perature dependence of Ts~
£

(k m 0) using the impurity

assisted exciton-phonon scat-
1.0 1.5 2.0 2.5 . ,

temperature IK] tervng model.

present the results of spinlocking experiments which, in principle, allow

one to obtain the scattering rates from any part of the band. In the spin-

locking experiment a ir/2 microwave pulse is applied, followed immediately

by a IT/2 phase shi f t of the driving microwave f i e l d . In this way the direc-

t ion of the microwave magnetic induction ^ is made parallel to the macros-

copic magnetization in the horizontal plane of the rotating frame. Since at

1.15 K spin-latt ice relaxation is slow [18,19], this magnetization can only

decay via jumps in the resonance frequency, which d i f fer from the microwave

frequency by an amount larger than YgBj. When tuning the spectrometer to

3582.5 MHz (the frequency in the Tx - T transition corresponding to the

k «+Va excitons) we find at 1.15 K T l p(k « ±ir/a)=10+l us. At 3572.5 MHz

we f ind T1 ( k« 0) = 2.2 + 0.2 us.

The fact that T7 (k * 0) is almost equal to the scattering rate T5"1

(k - 0) = (2.7 + 0.2 us) indicates that the spin-locking experiment indeed

measures the scattering rate from k - 0 to the other k states. This supports

the idea that T7 (k« ±ir/a) is a good measure for the scattering rate from

the k - tn/a excitons to the other k states. In particular the ratio

T^ (k « Oj/T^kss+ir/a) = 4.6 is close to the Boltzmann factor exp(AE/kgT)=

exp(4e/kBT) = 5.5 (4e = 1.36 cm"1 and T = 1.15 K). This finding shows that

the principle of detailed balance applies to scattering in the band.

As a f i r s t test of our model presented in the preceding section, we

performed computer calculations of the evolution of the population d i s t r i -

bution over the exciton k states. We assumed that the scattering probability

is determined by impurity assisted one-phonon processes described by (13)
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Fig. 2. A three-dimensional representation of the time evolution of the ESE

detested lineshape of the T - T triplet exaiton zero-field transi-

tion in TCB following laser flash excitation into the absorption

origin at 374.8 nm. The laser bandwidth is 0.2 am and the pulse

energy 3 mJ. The microwave pulses have a peak power of 1 W and a

duration of 250 ns. The delay time t indicates the time interval

between the laser flash and the first mierowave pulse. The

interval T between the microwave pulses is 1.5 us. The k - 0

exaitons have a resonance frequency of about 3572.5 MHz, and the

k « +ir/a exaitons about 3582.5 MHz. The temperature is 1.15 K.

and (14). Our aim is to see whether we can reproduce the experimentally

observed time evolution of the ESE detected lineshape of the Tx - T zero-

field transition at 1.15 K, following laser flash excitation into the origin

of the TQ «• Sg absorption band [18]. To facilitate the comparison we have

reproduced this curve in fig. 2.

In the numerical calculation it is convenient to adopt a slightly

different notation for k [7,17]. We write the dispersion relation for the

energy E^ of exciton state k in a chain of N molecules, E^ = EQ + 2&cos ke

with e = ir/(N + 1) and k = 1,2 N. For TCB 3 = +0.34 cm"1, and the opti-

cally accessible state (in this notation k = 1) is at the top of the band.

The Pauli master equation [22] governing the population Pk(t) of

exciton state k is given by
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= Z Pk'(t)Wkk, - P
k(t) Z U, (15)

k<=1 kk k<=1 k k

where W ^ is the probability for scattering from k to k'. We assume that
the Markovian approximation is valid, i.e. each scattering event is
independent of the preceding ones, which implies that the W ^ are time
independent [5]. The solution of (15) is found with the help of laplacian
transformation techniques,

Pk(t) = Pk(0)e"W * + 2 ML . ƒ eW Ct' " ^ ' ( t ' J d t 1 , (16)
k'=l KK 0

N
where WK =. ,^ wk'k *s the tota1 scattering rate from state k to all the
other k' states. Since the convolution integral in (16) cannot be solved
analytically, we have used a numerical method to calculate P (t). To this
end we have developed an iterative computer program using the linear approx-
imation of (16)

k k N
Pk(t + fit) = Pk(t)e"W 6t + i-(l - e"W 6 t) z Wtlf.P

k'(t). (17)
WK k'=l KK

This approximation is valid only if 6t is so small that P (t') can be con-
sidered a constant and consequently taken out of the integral in (16). To
solve the Pk(t), we have taken for W ki k the expressions (13) and (14)
derived in the preceding section, assuming that the scattering proceeds via
processes where one phonon with an energy AE = |2p(cos ke - cos k'e)| is
absorbed or emitted.

Fig. 3 depicts the three-dimensional representation of the time
evolution of the T x - T y zero-field lineshape, resulting from the computer
calculation. To relate a given exciton k state to a particular zero-field
frequency, we have used the dispersion relation v(k) = v„ + 2ucos ke [14],
with v = -2.5 MHz and vQ = 3577.5 MHz. In addition, we have used N = 50 for
the number of molecules in the chain, and a gaussian inhomogeneous
broadening of 1.5 MHz for the spin packet related to a particular k state.
The value of N = 50 seems to be a reasonable estimate for the actual average
chain length '. The inhomogeneous width of 1.5 MHz is larger than the homo-
geneous spin packet linewidth of about 0.1 MHz as derived from spin-echo
measurements [18]; it has been estimated from the overall zero-field line-
shape, and from the variation of the initial ESE detected lineshape with
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Fig. 3. A three-dimensional representation of our computer simulation of

the experiment depiated in fig* 2, using the impurity assisted

exciton-phonon scattering model described in the text.

the bandwidth of the exciting laser [18]. The only adjustable parameter in

the fit is the constant W in the expressions (13) and (14), which is given a

value such that the computed decay rate Ts"
1(k * 0) is the same as the

experimentally observed one. It can be seen that, on the basis of the

assumptions given above, a very good reproduction is obtained of the

experimentally observed time evolution of the T x - T lineshape.

As a second and perhaps even more important test of the validity of our

model, we calculated the temperature dependence of the scattering patterns

as presented in fig. 3 to obtain the temperature dependence of T$ (k » 0 ) .

The result is indicated in fig. 1 by the dashed line, which very nicely re-

produces the experimentally observed temperature dependence of T$ (k « 0)

up to 2 K (where kgT is almost equal to the bandwidth 43 of the triplet

*) An estimate of the average chain length is obtained from the dependence
of the phase memory time on the zero-field frequency, i.e. on the parti-
cular value of k. An account of this experiment will be presented in a
future paper. The results of the computer simulations, however, turn out
to be independent of the chain length, since Wk becomes independent of N
for N > IS.
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exciton band). We consider this to be an important support for the validity
of our one-phonon impurity assisted scattering model, which applies up to a
temperature where kgT is equal to the bandwidth.

6.4. DISCUSSION

We have shown that the temperature dependence of the scattering rate
TJJ"1 (k « 0) between 1.15 and 2 K can be explained very well by our model
for impurity assisted exciton-phonon scattering which takes only one-phonon
processes into account. Further support is provided by the close fit between
the experimentally observed and computer simulated time dependence of the
T x - Ty zero-field lineshape where a scattering matrix is used based on the
same process.

It is known from earlier measurements that impurities can play a role
in the exciton scattering process. For instance Botter et al. [19] have
shown that the phase memory time TM of the triplet exciton spins depends on
the crystal quality, and therefore on the concentration of impurities and
defects. Naturally the question arises as to what kind of traps are involved
in the scattering process. We do not have a complete answer to this ques-
tion, but it is almost certain that the X-traps, which lie about 17 cm"1

below the triplet exciton band, and which correspond with slightly distorted
TCB molecules [23,24], are involved. This is supported by other, at that
time unexplained, observations by Botter et al. [19]. It was found that the
phase memory time TM of the X-traps varies with the temperature in a way
similar to that of the triplet excitons. This effect cannot be explained by
trapping or detrapping mechanisms, because the related rate constants are
much too slow. Moreover phonon assisted excitation exchange between trap and
band can be excluded. We think that in the exciton scattering process the X-
trap molecule changes its position slightly, resulting in a small change in
its zero-field splitting frequency. This fluctuation of the resonance
frequency results in a shortening of the phase memory time of the X-traps
with increasing temperature as observed experimentally.

The scattering model discussed above cannot account for the temperature
dependence of T5 above T « 2 K. This is not very surprising since above
this temperature two-phonon Raman type processes are possible. Such
processes are expected to induce a uniform scattering probability over the
band, since they are roughly independent of the energy separation AE of the
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two k states involved. Furthermore, a strong temperature dependence is

predicted, usually of the order of T - T . In the limited temperature range

between 2 and 2.5 K it is difficult to determine the exact temperature

dependence. We do, however, have an important additional piece of

information, also from the work of Botter et al. [19], At 5 K it was

observed that a motional averaging of the whole Tv - T,, zero-field lineshape

sets in. This indicates that at this temperature the scattering rate must be

of the order of the total linewidth, i.e. « 2w x 10 s" . Comparing this

value with the estimated contribution of two-phonon processes to the scat-

tering rate T$ at 2.5 K, we derive a temperature dependence between these

two temperatures ~T^°* ~ " '. We are therefore led to believe that Raman-

type processes dominate the scattering in this temperature range. Whether

impurities also play an important part here remains an open question. In

principle, Raman-type processes, without involving impurities, can fulfil

both the condition for the conservation of energy and that for quasi -

momentum. However, impurities again eliminate the second condition, and this

may facilitate the scattering process.

Another two-phonon process is the Orbach process, where a third, inter-

mediate level is involved. <\t low temperatures any of the exciton states can

in principle, act as an intermediate, facilitating the scattering to nearby

k states for which the one-phonon process gives only a very low probability.

At present it is not clear to us if, and to what extent, these kinds of

Orbach processes are important.

Finally we would like to make a brief remark about the probability of

interchain hopping, which has been neglected in the present model. Since the

impurities are involved in the k * k' scattering, it is conceivable that

they also induce interchain hopping with a simultaneous change in k state.

Since our experiments are performed in the absence of an external magnetic

field, we cannot distinguish between intra- and interchain scattering. To

check this, we have completed a study of the orientational dependence of the

spin-lattice relaxation rates amongst the Zeeman levels of the exciton

triplet states in an external magnetic field to obtain a measure for the

interchain hopping rate. These results will be presented in a another paper

and show that the interchain hopping rate is only slightly slower than Tr"1

[24].
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C H A P T E R 7

EXCITON "DYNAMICS: SPIN-LATTICE RELAXATION AND INTERCHAIN
HOPPING IN A LINEAR CHAIN TRIPLET EXCITON SYSTEM*-*)
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7.1. INTRODUCTION

Triplet excitons in molecular crystals are attracting considerable

attention. An important question is whether they have to be considered as

excitations moving stochastically through the crystal, or as collective

excitations characterized by a well-defined wave vector k. For the one-

dimensional system 1,2,4,5-tetrachlorobenzene (TC3) it is now agreed that in

the liquid helium temperature range the "coherent", wave-like description

applies. In a previous paper we confirmed this model by showing that after

laser excitation the excitons in this system are selectively excited in a

narrow range around k = 0 [1], The subsequent k -»• k1 scattering could be

followed with the help of electron spin echo (ESE) signals in zero-magnetic

field, and it was established that the scattering rate at 1.15 K is about

4 x 105 s , i.e. slow compared with the exchange interaction 3 =+0.34 cm"1.

Furthermore, from the temperature dependence of the scattering rate, we

could establish that the exciton-phonon scattering is an impurity induced

one-phonon process [2], at least for temperatures where kgT is small com-

pared with the exciton bandwidth 43 = 1.36 cm" .

The ESE study in zero-magnetic field does not allow us to decide

whether the observed k •>• k' scattering is due to intra- or interchain scat-

tering. However, several years ago it was suggested that interchain hopping

is responsible for the spin-lattice relaxation (SLR) in triplet exciton sys-

tems [3,4]. Therefore a study of the SLR rate could, in principle, provide a

means of ascertaining the interchain hopping rate, and its relative impor-

tance in the scattering process.

The first measurements of SLR in a linear chain triplet exciton system

were performed by Schmidberger and Wolf [3] on 1,4-dibromonaphthalene, and

later by Zieger and Wolf [4] on TCB. In both cases the SLR rates were deri-

ved from saturation curves of the ODMR and ESR lines for only one direction

of the external magnetic field. In the case of TCB SLR rates of about 10 s"1

at 4.2 K were obtained, and it was concluded that the interchain hopping

rate had to be < 4 x 10 s . More recently, experiments on the same system

in very high magnetic fields have been reported by Wolfrum et al. [5]. These

authors found at 5 Tesla and 2 K a SLR rate of only 2 x 103 s"1; from the B2

- B field dependence they concluded that a one-phonon process is respon-

sible for the SLR rate. Experiments in zero field by Botter et al. [6],

using electron spin echo techniques, yielded SLR rates of 3 103 s at
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1.15 K, but later Lutz et al. [7] derived a much lower value of only a few
s"1 at 4.2 K from an analysis of the phosphorescence decay curves. Clearly,
no agreement exists on the magnitude of the SLR rates in the TC3 triplet
exciton system.

Although the experimental results so far are not conclusive, it is
tempting to explain the SLR in the triplet exciton system of TC3 as resul-
ting from a hopping process between the magnetically inequivalent stacks of
type A and B. To check this we decided to measure the orientational depen-
dence of the SLR rates in the presence of an external magnetic field using
ESE techniques. If the SLR is caused by interchain hopping its orientational
dependence can be predicted on the basis of the relative orientations of the
spin eigenvectors in the two inequivalent stacks [8,9]. Therefore, a compa-
rison between the experimentally observed SLR rates and the theoretical
prediction should provide a good test for the reliability of this model for
the SLR. Our experiments show that a striking resemblance indeed exists
between the experimentally observed and theoretically predicted orientation-
al dependence of the SLR. However, the absolute values cannot be explained
exclusively by a model based on the assumption that the exciton moves sto-
chastically between the two magnetically inequivalent stacks.

7.2. EXPERIMENTAL

The electron spin echo experiments have been performed in an X-band ESE
spectrometer, already described in a previous paper [10]. Instead of the
usual rectangular cavity, we have used a slotted tube resonator as described
by Mehring and Freysoldt [11]. The main advantage of this resonator is its
open structure allowing an easy optical access. Its quality factor is about
1500; it is possible to observe the ESE signal 0.8 us after the first micro-
wave pulse.

The laser system consists of a double stage dye laser (Lambda Physik FL
2000) pumped by the 308 nm emission line of an excimer laser (Lambda Physik
EMG 102) filled with XeCl. At the excitation wavelength of 375 nm we obtain
pulses with a duration of 15 ns and an energy of 5mJ using BiBuQ in cyclo-
hexane as a dye. The maximum repetition rate is 100 Hz, but in order to
avoid excessive heating of the sample, the repetition rate usually is redu-
ced to 10 Hz. Moreover, the laser beam is never focussed on the sample.

In addition to electron spin echo spectroscopy we also apply conven-
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tional ODMR techniques to determine the direction of the spin axes. In these

experiments we excite the sample by means of a 200 W mercury arc (Osram HBO

200 W) via a NiS04/CuS04 liquid solution filter and a UG5 optical filter,

while the phosphorescence is guided to the photomultiplier via a quartz

light pipe.

7.3. RESULTS

In fig. 1 the open circles represent the values of the average SLR

rate w as a function of the direction of the magnetic induction 3 for the

high-field transition in the yz plane. It can be seen that a remarkable

orientational dependence exists which, we think, is caused by a hopping

process between the two inequivalent stacks. Let us first discuss the expe-

rimental procedure followed to obtain the results presented in fig. 1.
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Fig* 1» The open circles represent the measured angular dependence of the

spin-lattice relaxation rates in the (high field) yz plane of the

TCB exaitons. The dotted and solid lines are the calculated orien-

• tational dependences as explained in the text. For the direction of

the exaiton spin axes we refer to fig. 3.
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In the first step we determined the direction of the spin axes of the

X-traps with conventional ODMR and continuous illumination. This orienta-

tional study can be completed in a relatively simple *ay since at 1.2 K the

ODMR signals of these traps, which are about 17 cm"1 below the exciton band,

are much stronger than those of the excitons. To our surprise we found that

the angles between the equivalent spin axes of the two sites differ from one

sample to the other. In three out of five samples we found that the direc-

tions of the spin axes corresponded to the high temperature monoclinic

crystal structure, while in the other two samples they corresponded to the

low temperature triclinic structure. The phase transition in TC3 occurs at

188 K [12], and we therefore conclude that it is possible to undercool the

high temperature phase.

Once the directions of the principal axes of the two X-trap sites in a

particular sample are known, we switch from OOMR detection of the traps to

ESE detection of the triplet excitons. In this experiment we generate the

ESE signal by two microwave pulses following the 15 ns laser flash tuned to

the 0-0 band of the Tg <- Sg exciton absorption. Since at temperatures below

2 K the exciton trapping time is in the order of 1-10 ms [13,14], either the

exciton or the trap signals can be observed. This is done simply by varying

the delay, td, between the laser flash and the first microwave pulse while

keeping the interval T between the microwave pulses constant. With

tj << 10 ms the exciton signals only are observed, whereas for times longer

than 10 ms the trap signals dominate. In this way it can be established that

the directions of the spin axes of the X-traps deviate a few degrees from

those of the excitons. The fact that a selection can be made between exci-

tons and traps is very useful because the ESR transitions of excitons and

traps overlap in almost all orientations.

In fig. 2 we illustrate the time resolving power of the ESE technique

by presenting the triplet exciton signals of the low-field $//y signal with

td - 5 us and 1 ms. The change in sign is a result of SLR in the triplet

exciton system, and can be understood with the aid of the energy level

scheme in fig. 3, in which we have also indicated the relative populating

rates of the sublevels. Immediately following the laser flash the ms - 0

sublevel carries a strong overpopulation resulting in the emissive low-field

signal at td = 5 us. Since we have found that at 1.2 K SLR is fast compared

with the exciton decay rate of about 1200 s and the trapping rate of 100

s [13,14], the spin system first evolves to a Boltzmann distribution over
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Fig. 2. An illustration of the time evo-

lution of the low-field electron

spin echo signals of the TCB ex-

aitons with B//y. The strong

signal is recorded 5 JJS after

the laser flash when a large ex-

cess population exists in the nzg
= 0 sublevels. The snail signal

is taken at a delay of 1 ms when

a Soltzmxnn distribution is es-

tablished. The smxll signal at

the right of the large one is

due to a smxll piece of the

crystal, broken off the sample.

the sublevels. As a result , i t is observed that the signal at t d = 1 ms has

changed sign and also has decreased in intensity. With increasing delay the

ESE signal of the exciton decreases further, owing to trapping and decay.

Simultaneously we observe the growth of the broader X-trap signal which cor-

responds with a Boltzmann distribution over i ts sublevels. The trap signal

subsequently decays with a time constant of 35 ms, the average X-trap l i f e -

time [13,14]. By combining the results for the high- and low-field transi-

tions in the three canonical orientations, we deduce that the relative

populating rates Px, P and ?z of the zero-field levels of the exciton are

Py > 2PZ Px.

During the first few hundred microseconds after the laser excitation,

in which we study the SLR of the triplet exciton, its total population is

approximately constant. We therefore expect the decay of the ESE signal to

contain two time constants, x̂  and \^t from which the average SLR rate w =

(XJ + P O / Ö is obtained [15]. In practice, however, it is difficult to

distinguish the two time constants; only a mono-exponential decay can be

observed with decay constant A. In fig.l we have plotted w = A/3 for a

sample with a triclinic structure. For the monoclinic structure the w values

differ only slightly and the same general picture results.

The most complete orientational dependence of the SLR rate has been

obtained for the high-field signal in the yz plane and is shown in fig. 1.

For orientations of the external magnetic field 40° to 50° away from
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2. The energy level

scheme of TCB as a

fimation of the exter-

nal magnetic flux den-

sity § -parallel to the

y axis (10 kG = 1 T).

We have illustrated

the situation where

the SLR is faster than

the exaiton decay, re-

sulting in a change of

sign of the signal in

fig- 2.

0 1

the canonical orientations, the populating rates of the triplet sublevels

are almost equal, and the signals are so weak that it is difficult to obtain

reliable data for the relaxation rates. For the same reason the orienta-

tional dependence of the SLR rates in the other two planes could only be

measured in a range of +20° around the principal axes. In table 1 we give

the observed values of w with § parallel to the three principal axes.

Table 1

The average spin-lattice relaxation rates at 1.2 K of TCB exaitons in an

external magnetic field at the various canonical orientations. The data are

obtained using ESE techniques combined with laser flash exaivation.

w / s"1
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.7 +

.7 +
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(5
(6
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.6 + 0

.5 + 0

.9 ± 0

field

.9) x

.4) x

.4) x

103

103

103

\
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In addition, we have also measured the average SLR rate in zero-

magnetic field; this experiment is performed in the same way as in magnetic

field. Again the decay is characterized by one time constant A, which de-

pends somewhat on the particular zero-field transition studied, and moreover

varies somewhat between different samples. Once more we take for w = x/3

and obtain w = (3.2 + 0.5) x io3 s"1. It should be mentioned that in the

zero-field experiment we have no means of determining whether we are dealing

with a monoclinic or triclinic crystal structure.

7.4. DISCUSSION

As we mentioned in the introduction, our aim is to test whether the SLR

amongst the spin levels of the triplet exciton is caused by a hopping

process between the two inequivalent stacks. As shown by Verbeek et al. [8]

such hopping leads to a characteristic orientational dependence of the SLR

rates in the presence of an external magnetic field. These authors studied

SLR in the lowest triplet state TQ of naphthalene in durene, and proved that

it is caused by thermal excitation to, and decay from a nearby state T e.

Here, in addition to the electronic excitation, a local phonon state is

excited in which the spin axes are rotated with respect to those in the

lowest triplet state Tg. Therefore the spin eigenvectors in Tg and T e differ

slightly. Since spin angular momentum is conserved during the excitation, a

triplet spin originally residing in an eigenstate of Tg is transferred to a

non-stationary superposition of the eigenstates of T e. During the lifetime

of Te, the system evolves in time, and on returning to TQ the spin does not

end up in the spin state from which it departed. The SLR rate resulting from

this exchange process depends on the angle between corresponding pairs of

spin eigenvectors in Tg and Tg. By calculating the average value of these

angles for the three pairs of eigenstates, an orientational dependence was

found similar to the experimentally observed one.

In our system of TCB, assuming a hopping process between the two in-

equivalent stacks A and B, we have a situation which is almost identical to

the one described above. An important difference is that the "lifetimes" of

both sites A and B are long -at least in the order of a few ws- so that af-

ter a transfer from one stack to the other, the non-stationary terms have

completely averaged out before the next transfer occurs. Moreover, since no

energy difference exists between the two stacks, we may assume the proba-
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bility W for jumping from one stack to the other to be equal to the reverse
one. If the angles * • between corresponding eigenvectors u and u1 of
t r ip le t exciton A and B are small (in our case the <}> , < 4° in a magnetic
field of about 0.3 T), we may write for the average SLR rate [8,9] ,

2 < V * 2U « W » ' (1)

At this point it should be mentioned that the expression given by Verbeek et

al. [8] applies to the SLR rate T^"1 in a two-level system, and therefore

differs by a factor two. Equation (1) can be rewritten

w «2W <1 - |PUU.|
2> • (2)

2
Here |P >| stands for the scalar product of two corresponding eigenvectors

of the triplet excitons A and B.

The first aim of our study is to check whether the observed angular .

dependence of the SLR rates in the presence of a magnetic field can be • 1

explained by this model. We have therefore made numerical calculations of ' "

the factor <1 - |P .| > as a function of the direction of the magnetic

field in the yz plane for the triclinic structure. To our satisfaction this

theoretical curve shows maxima and minima at exactly the orientations where

we found them experimentally, although the amplitude is too large. The best

fit is obtained with W = 2.6 * 10^ s , and is indicated by the dotted curve

in fig. 1.

The next test is to check whether the value of W derived from the

magnetic-field 'experiments can account for the observed average SLR rate in

zero-magnetic field. Here we have to realize that the angles A . between

corresponding eigenvectors in stack A and B are not very small (they range

from 4° to 10° for the triclinic, and from 5° to 25° for the monoclinic

structure) and that the approximation used for deriving (1) does not strict-

ly apply. However, this appears to be a minor problem in the interpretation

of the data, as we shall see when comparing the theoretical and experimental

results. On the basis of equation (2) and using W = 2.6 x 105 s"1, the aver-

age SLR rate w in zero field is predicted to be w = 3 * 1(F s for the mo-

noclinic, and w = 0.7 x 10 s for the triclinic crystal structure, whereas

the observed SLR rate w = (0.32 ± 0.05) x 104 s"1. These numbers suggest

that in the zero-field experiment we have been dealing with a triclinic i
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structure. This does not seem unreasonable since the cooling of the samples

was done very slowly in a period of 12 hours, in contrast with the high-

field experiments. In the latter the cooling is done much more quickly, thus

increasing the probability that the room temperature phase will be under-

cooled. Nevertheless, there is a discrepancy of at least a factor of two.

A much better fit of the magnetic field data, and at the same time a

better prediction of the zero-field SLR rates can be obtained by assuming

that a "direct" SLR process also contributes. This process, which corres-

ponds to a transition between the triplet sublevels accompanied by the emis-

sion or absorption of a phonon, has a B field dependence [15] and leads to

a less pronounced variation of w as a function of the direction 3 in the yz

plane. In fig. 1 the solid line indicates the best fit, considering inter-

chain hopping and this direct process. The average contribution of the

direct process to the SLR is 0.05 x 1Q5 s"1; the interchain hopping rate

then is W = 0.8 x 105 s . Using this "corrected" interchain hopping rate,

the average SLR in zero field is predicted to be w = 1 x 10 s for the

monoclinic, and 0.2 x 10^ s"1 for the triclinic structure.

7.5. CONCLUSIONS

The measurements of the SLR lead to an estimate for the interchain

hopping rate W at 1.2 K between 0.8 x 105 s"1 and 2.6 x 105 s"1. It is

interesting to compare these numbers with the rates for intrachain k + k'

scattering, as derived from our zero-field experiments at about the same

temperature [1,2]. The scattering probability for the t - 0 excitons Tg"1

(it " 0) = 4 x 105 s"1, and for the it - +ir/a excitons T s
- 1(^ * + n/a) =

1 x 105 s . We see that the interchain hopping rate W, which is an average

over all k states, is only slightly lower than the average intrachain scat-

tering rate. These results support the idea that there is no simple relation

between the relative values of the intra- and interchain scattering rates

and the exchange interactions in the various directions of the crystal. For

instance, in TC3 the intrachain interaction 8 = +0.34 cm"1 is at least an

order of magnitude larger than the interchain interaction.

In another paper [2] we show that the k + ic' scattering in the triplet

exciton band of TCB between 1.13 and « 2 K is the result of an impurity

assisted one-phonon process. It is tempting to attribute the interchain

• hopping to the same process. We hope to discuss this problem in the future.
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SAMENVATTING

De doelstelling van het onderzoek dat wordt beschreven in dit proef-

schrift, is de bestudering van het tijdafhankelijke gedrag van de fotoge-

exciteerde tri piettoestand van aromatische tnolekulen met behulp van afstern-

bare, gepulste lasers en elektronspinechotechnieken (ESE-technieken). Aange-

zien het tijdoplossend vermogen van deze combinatie een fractie van een

microsekonde is, kunnen zeer kort levende fotogeëxciteerde tri piettoestanden

worden onderzocht en hun evolutie in de tijd worden gevolgd. Deze experi-

menten kunnen zowel zonder een uitwendig magneetveld (nulveldexperimenten),

als in de aanwezigheid van een uitwendig magneetveld worden gedaan.

In hoofdstuk 1 wordt de motivering van dit onderzoek kort weergegeven,

gevolgd door een beknopt historisch overzicht met een inleiding in enkele

aspecten van de tri piettoestand.

In het eerste gedeelte van hoofdstuk 2 gaan we nader in op enige

theoretische aspecten van de tri piettoestand. Voornamelijk wordt aandacht

besteed aan de verschillende soorten magnetische interacties, zoals: spin-

spin-, Zeeman-, hyperfijn- en quadrupoolinteracties, alsook de spinbaan-

koppeling. In het bijzonder wordt verklaard hoe deze interacties zich mani-

festeren bij de magnetische resonantie-experimenten. Het tweede deel van dit

hoofdstuk behandelt de verschillende soorten elektronspinecho-experimenten

in nulveld en in magneetveld, alsmede de factoren die de faserelatie tussen

de spins beïnvloeden. In het derde en laatste deel van hoofdstuk 2 bespreken

we het begrip "exciton"; voornamelijk komen hier ééndimensionale tripiet -

excitonen aan de orde.

Hoofdstuk 3 bevat behalve een korte beschrijving van de gebruikte

lasersystemen, ook een uiteenzetting van de elektronspinecho-apparatuur.

Hoofdstuk 4 geeft de resultaten van ESE-experimenten aan pentaceen dat

verdund opgelost is in naftaleen. Gebruik makende van ESE-technieken in een

uitwendig magneetveld, gecombineerd met laserflitsexcitatie, bleek het voor

het eerst mogelijk de laagste triplettoestand van pentaceen te bestuderen.

Behalve de bepaling van de fijnstruktuurkonstanten (nulveldsplitsing) van de

triplettoestand, is ook de levensduur van de drie tripletsubniveaus gemeten

en de oriëntatie van de pentaceen molekulen in het gastheerkristal van naf-

taleen vastgesteld. Vervolgens zijn identieke experimenten uitgevoerd in

nulveld, waardoor de dynamische eigenschappen van de drie tripletspinniveaus

nog nauwkeuriger konden worden bepaald.
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In hoofdstuk 5 wordt een begin gemaakt met de bestudering van ééndimen-

sionale tripletexcitonen in éénkristallen van 1,2,4,5-tetrachloorbenzeen

(TCB). Bij deze experimenten wordt door middel van een zeer nauwkeurig afge-

stemde, gepulste laser een sterke overbevolking gecreëerd van excitonen met

golfvector t « 0. Doordat elke ^-toestand een iets andere magnetische reso-

nantiefrequentie heeft, is het mogelijk om, gebruik makende van het grote

tijdoplossend vermogen van de ESE-technieken, de evolutie naar de Boltzmann-

bevolkingsverdeling over de excitonband waar te nemen. Wij kunnen zodoende

voor het eerst op direkte wijze de t •*• t' excitonverstrooiTng bestuderen.

In hoofstuk 6 worden de experimenten van het voorafgaande hoofdstuk

aangevuld met de bepaling van de temperatuurafhankelijkheid van de snelheid

van de excitonverstrooiTng; voorts geven "spin-locking"-experimenten extra

aanwijzingen over de details van deze verstrooiTng. Het grootste gedeelte

van dit hoofdstuk is echter gewijd aan de beschrijving van een model voor de

excitonverstrooiTng. Oit model is gebaseerd op de veronderstelling dat de

waargenomen verstrooiTng beneden 2 K veroorzaakt wordt door emissie of

absorptie van één fonon, waarbij de altijd in het kristal aanwezige veront-

reinigen en struktuurfouten een centrale rol spelen. Om dit model te onder-

steunen worden modelberekeningen gepresenteerd, die op overtuigende wijze de

experimentele resultaten van de hoofdstukken 5 en 6 nabootsen.

In hoofdstuk 7 tenslotte, worden metingen behandeld van de spinrooster-

relaxatiesnelheden van de excitonen in TCB in een extern magneetveld. Deze

relaxatie hangt af van de oriëntatie van het uitwendige magneetveld ten

opzichte van de spinassen van de excitonen en kan worden verklaard aan de

hand van een eenvoudig model. Hierdoor is het mogelijk de orde van grootte

van de snelheid van de excitonverstrooiTng tussen twee magnetische niet

equivalente excitonketens te bepalen.
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RIASSUNTO

Lo scopo della ricerca che viene descritta in questa tesi, è lo studio

del comportamento istantaneo degli stati fotoeccitati di tripletto di mole-

cole aromatiche, con l'aiuto di impulsi laser regolabili e di tecniche dello

spin eco elettronico (tecniche ESE). Considerato che la risoluzione nel

tempo di questa combinazione è inferiore ad un microsecondo, possono essere

studiati i tripletti fotoeccitati di brevissima vita e la loro evoluzione

nel tempo. Questi esperimenti possono essere eseguiti sia senza campo ma-

gnetico esterno (esperimenti in campo zero), che in presenza di esso.

Nel primo capitolo viene descritto in breve il motivo della ricerca,

seguito da una veduta storica che contiene l'introduzione di alcuni aspetti

dello stato di tripletto.

La prima parte del secondo capitolo tratta lo stato di tripletto in

modo più dettagliato. Principalmente vengono descritti i vari tipi di inte-

razioni magnetiche come: interazione spin-spin, Zeeman, iperfine, quadripola

e accoppiamento spin-orbita. In particolare viene spiegato come queste inte-

razioni si manifestino negli esperimenti di risonanza magnetica. La seconda

parte del capitolo esamina i diversi esperimenti dello spin eco elettronico

in campo zero e in campo magnetico, come anche alcuni fattori che influi-

scono sulla relazione di fase tra gli spin. La terza e ultima parte del

secondo capitolo spiega il concetto di "eccitone" e tratta principalmente

gli eccitoni lineari di tripletto.

Il capitolo 3 contiene una breve descrizione dei sistemi laser usati

nonché una illustrazione degli apparecchi ESE.

Il capitolo 4 da i risultati degli esperimenti ESE su pentacene diluito

in naftalina. Usando le techniche ESE in campo magnetico esterno, ed

eccitando con impulsi laser, era possibile per la prima volta, lo studio del

più basso tripletto di pentacene. Oltre alla determinazione delle costanti

della struttura fine (separazione dei tre sottolivelli in campo zero) del

tripletto, è stata misurata anche la loro vita e l'orientazione delle

molecole di pentacene nel cristallo ospite di naftalina. In seguito sono

stati eseguiti esperimenti identici in campo zero, per mezzo dei quali si

potevano determinare più accuratamente le caratteristiche dinamiche dei tre

sottolivelli di tripletto.

Il capitolo 5 inizia con lo studio degli eccitoni lineari di tripletto

in cristalli puri di 1,2,4,5-tetrachlorobenzeno (TCB). In questi esperimenti
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viene creata una eccessiva popolazione di eccitoni con vettore d'onda t » 0

tramite impulsi laser sintonizzati accuratamente sulla frequenza di assorbi-

mento. Poiché la frequenza di risonanza magnetica è leggermente diversa per

ogni vettore, si può osservare, usufruendo della grande risoluzione nel

tempo delle techiche ESE, l'evoluzione verso la distribuzione Boltzmann

della popolazione nella banda degli eccitoni. Di conseguenza è possibile

studiare per la prima volta in modo diretto, lo "scattering" t •*• t' degli

eccitoni.

Nel sesto capitolo vengono completati gli esperimenti del capitolo

precedente determinando come lo scattering degli eccitoni dipenda dalla

temperatura; inoltre gli esperimenti "spin-locking" danno altre indicazioni

sui dettagli di questo scattering. La maggior parte del capitolo però è

dedicata alla descrizione di un modello di scattering degli eccitoni. Questo

modello è basato sulla supposizione che lo scattering ossevato sotto 2 К

venga provocato da emissione о assorbimento di un singolo fonone, nel qua!

caso le impurità e imperfezioni sempre presenti nel cristallo assumono un

ruolo centrale. Per sostenere questa teoria vengono presentati calcoli

basati sul modello, che simulano in maniera convincente i risultati speri-

mentali dei capitoli 5 e 6.

Infine, nel capitolo 7 vengono descritte misure in campo magnetico

esterno della velocità di rilassamento spin-reticolo degli eccitoni in TCB.

Questo rilassamento dipende dall'angolo tra la direzione del campo magnetico

esterno e il vettore di spin degli eccitoni e può essere spiegato con l'aiu-

to di un semplice modello, per mezzo del quale è possibile determinare

l'ordine di grandezza della velocità di scattering uegli eccitoni, fra due

catene di eccitoni magneticamente inequivalenti.
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