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C H A P T E R 1

INTRODUCTION AND SURVEY

Many organic molecules diluted in a solid matrix exhibit phosphorescence

on illumination with ultra violet light. Jablonski (1933) was the first to

propose that a metastable intermediate state is responsible for this phenome-

non. Lewis and Kasha (1944, 1945), and also Terenin (1943) recognized this

"afterglow" as coming from the lowest triplet state. The paramagnetic character

of this phosphorescent state was unambiguously established in 1958 by Hutchison

and Mangum who observed microwave ESR absorption in a single crystal of durene

doped with naphthalene. Since this molecule plays such an important part in

many studies on the phosphorescent triplet state we have chosen its energy

level diagram as the first illustration of this introduction (fig. 1.1).

When illuminating a molecule like naphthalene with ultra violet light at

low temperature in a dilute crystalline solution it is excited from the ground

state S- to the first excited singlet state S.. From there it can either return

to the ground state under the emission of fluorescence, or cross over to the

lowest triplet state T~ via non-radiative processes. The optical pump-cycle is

closed by the decay from TQ to the ground state via the emission of phospho-

rescence or by radiationless processes.

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 1 and hence this state has three spin levels. In an

atom these three levels are degenerate owing to the spherical symmetry. However,

in a molecular system such as naphthalene with its lower symmetry, the magnetic

dipole-dipole interaction of the spins lifts the degeneracy completely, giving

a zero-field splitting. If the symmetry of the molecule is sufficiently high,

then in each of the three sublevéis of T the triplet spin is aligned in one of

the three principal planes of the molecule (van der Waals and de Groot 1967).

The states can therefore be characterized by the notation used in the centre of



fig. 1.1, where the zero-field sp'irting is shown on an enlarged scale. The

sublevéis are denoted by T . T . :.ú T , ind.
x y z

triplet spin is aligned in the plane x = 0.

sublevéis are denoted by T , T . ¡.Ú T , indicating that in the state T the

Fig. 1.1. Energy level diagram of naphthalene.

The molecule is excited to the first excited singlet state S^ by the

absorption of u.V. light. After intersystem crossing (ISC) into the

triplet manifold the moleaule cascades down to one of the components of

the phosphorescent triplet state TQ.

In the centre of this figure we have shown the zero-field splitting on an

enlarged scale. The labels of the triplet substates refer to the axis

system shown in the top of the figure. In the case of naphthalene the

upper state T is preferentially populated and also has the strongest
x

radiative character.

In a magnetic field parallel to the y-axis the upper and lower states

become linear combinations of T and T while the middle one T is not
x 2 y

affected. We have indicated the three X-band ESR transitions which can be

observed by measuring the absorption of microwaves or by looking at the

phosphorescence intensity (optical detection of ESR).

Because of its paramagnetic character the triplet state can be studied

with electron spin resonance spectroscopy. As an example we have indicated in

fig. 1.1 the ESR transitions of naphthalene when the nagnetic field is parallel

to the molecular y-axis. The resonance fields of the Am = 1 transitions, as

observed by Hutchison and Mangum, depend strongly on the orientation of the

magnetic field with respect to the molecule. From this anisotropy Hutchison
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and Mangum were able to derive the zero-field splitting and the direction of

the principal axes of naphthalene. Soon afterwards van der Waals and de Groot

(1959) observed the Am = 2 transition of the same molecule diluted in a glass.

From that time ESR has become a standard tool for the study of phosphorescent

triplet states.

The observation of transitions in the absence of a magnetic field was

first reported by Hutchison (1967) for phenanthrene. The advantage of such a

zero-field experiment is that there is no anisotropy introduced by the

magnetic field and in principle one can use randomly oriented molecules. However,

because of technical complications this type of spectroscopy has never become

a generally applied technique, since at about the same time the optical

detection of ESR was developed as a much simpler method for observing zero-

field transitions.

The use of optical methods for the detection of radio-frequency transitions

between magnetic sublevéis of excited states was first proposed by Brossel and

Kastler (1949) and realized by Brossel and Bitter (1952) in their experiments

on the fluorescent 6 P. state of mercury. The same method was applied to

solids by Geschwind, Collins and Schawlov (1959) who found ESR transitions in

the E( E) excited state of Cr + ions in A1J3-. These experiments led to the

suggestion that microwave transitions between the subcomponents of a

phosphorescent triplet state might be detected by looking at the phosphores-

cence intensity (de Groot, Hess'ílmann and van der Waals 1967). In 1967

Sharnoff succeeded in observing the Am = 2 transition of naphthalene in an

external magnetic field. Shortly afterwards Kwiram (1967) found the Am = 1

transitions while in 1968 Schmidt and van der Waals showed optical detection

of the zero-field transitions in the phosphorescent state of quinoxäline.

The success of these experiments is based on the strongly different

radiative rates of the three triplet substates. Since the work of Schwoerer

and Wolf (1967) who observed emissive ESR lines of naphthalene, and the phos-

phorescence decay experiments on, quinoxaline by de Groot et al. (1967), it is

known that in these molecules entry into and radiative decay from the triplet

state differ considerably for the three spin levels. Both processes are

determined by the spin-orbit coupling (van der Waals and de Groot 1967) which

gives matrix elements between singlet and triplet states. Because this

interaction is different for the three sublevéis, selective population and

depopulation occurs.

The attraction of the optical detection method for zero-field resonance

experiments is illustrated by the large number of publications that have
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appeared since the first successful attempt. As a mere illustration we mention

that recently optically detected zero-field transitions have even been observed

in DNA (Dinse and Maki 1976) and in photo-synthetic centres of bacteria and

plants (Clarke and Connors 1976, Hoff and van der Waals 1976). In the latter

systems no phosphorescence occurs and the transitions were detected in the

S + S- fluorescence!

However, we must also mention a disappointment regarding the use of

randomly oriented molecules in zero-field. The expectation that one could use

glassy solutions since the anisotropy introduced by an external magnetic field

is avoided has not been fulfilled. Due to strain and irregularities in the

glasses the zero-field lines, in general, are broadened too much to extract

useful information. As a result the vast majority of the reported experiments

have been performed in single crystals.

The optical detection has been used with great success in conjunction with

high resolution spectroscopy for observing the effect of microwaves on

individual vibronic lines of the phosphorescence spectrum. In this way one can

study the effect of vibronic coupling on the radiative and non-radiative

properties of the individual spin levels (Tinti, El-Sayed, Maki and Harris

1969).

A detailed study of the kinetics of populating and depopulating the

triplet state has proceeded from the discovery of'the "microwave induced

phosphorescence" method. Here one induces a sharp change of the phosphorescence

intensity by suddenly sweeping a microwave field through one of the zero-field

transitions at a temperature where the relaxation rates between the spin levels

are negligible. This phenomenon and some variants have been employed by Schmidt,

Antheunis and van der Waals (1971) who solved the dynamics of population and

decay for the triplet state of a number of (aza-) naphthalenes, and recently

by Antheunis et al. for the study of radiationless transitions (1974) and spin-

lattice relaxation (1975).

In 1971 Harris observed that a sudden c-weep through resonance at sufficient

microwave power may lead to a partial inversion of the population of the two

spin levels. The analogue of this effect is well-known in NMR and ESR, where an

adiabatic fast passage may cause an inversion cf the magnetization if the

amplitude of the applied radio-frequency field largely exceeds the spin packet

linewidth. Contrary to the earlier observed resonance phenomena in zero-field

which can be described by a time independent transition probability, Harris'

experiment was the first manifestation of coherence in photo-excited triplet

states brought about by strong microwaves.

12



Soon afterwards it was shewn experimentally by Schmidt, van Dorp and

van der Waals (1971) that the coherent interaction of a pair of triplet levels

with a resonant microwave field leads to a modulation of the phosphorescence

with a frequency u = y H where H. is the amplitude of the maguetic microwave

field and y the magneto-gyric ratio. This phenomenon can be visualized in an

elegant way by a geometrical model of Feynman, Vernon and Hellwarth (1957) from

which it follows that the behaviour of the system of triplet spins in the course

of time can be described by equations identical to the Bloch (1946) equations

for the familiar I = g nuclear spin system. The modulation of the phosphores-

cence then can be seen to correspond with a modulation of the population

difference of the two sublevéis and is analogous to the nutation of the

magnetization u of the nuclear spins about the radio-frequency field H. in the

rotating frame.

From the beautiful correspondence of the coherent behaviour of a triplet

system in zero-field with an I = j system it was clear that the full arsenal of

spin-echo techniques developed in nuclear magnetic resonance should be appli-

cable also to photo-excited triplet states. This expectation was confirmed by

the development in the next following years. In 1972 Schmidt observed electron

spin echoes analogous to the nuclear spin echo discovered by Hahn (1950).

Harris, Schlupp and Schuch (1973) observed the equivalent of nuclear spin-

locking (Redfield 1955) and of rotary echoes (Solomon 1959). Soon later van 't

Hof et al. (1973) succeeded in detecting multiple electron spin echoes in

imitation of Carr and Purcell (1954). It already appears from this enumeration

of coherence experiments that in addition to our results important contributions

in this field have been obtained by C.B. Harris and co-workers in Berkeley, and

we shall often refer to them.

The main purpose of the present thesis is to show that the coherence

experiments can yield valuable information about the processes which destroy

the phase coherence in the ensemble of triplet spins. This dephasinj may arise

either from the time dependent hyperfine interaction with neighbouring nuclei

or from energy transfer processes involving the triplet state. In the latter

case one may think of transitions to higher lying triplet states or even

transfer of the excitation to another site in the crystal.

In order to give an impression of the essence of things we show the

results of rotary echo experiments on isotopically mixed crystals of parabenzo-

quinone ( C g H ^ in C6D4O2) and of toluquinone ( C g H ^ . CH3 in C&D

fig. 1.2. Here we have plotted for both systems the decay rate of the phase

coherence in the ensemble of triplet spins against the reciprocal temperature.

. CH3) in
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Fig. 1.2. The influence of vibronic relaxation in p-bensoquinone (PBQ) and

detrapping in toluquinone (TQ) on the decay rate of the optically detected

rotary echo. The systems studied are isotopically mixed crystals of PBQ

(CJ1.O„ in CCD.OJ and TQ (CJ1-.00 . CH7-'in C„D„0o . CHJ. The microwave
6 S ¿ Otó O ó ¿ á bóü ó

field was tuned to the T -*-»- T transition at 1935 MHz for PBQ and at 3149

MHz for TQ. For both systems the decay rate can be described as the sum of

a temperature independent term and a term which is proportional to

exp(-&E/kT). For PBQ we derive SE = 22 + 1 cm , which is equal to the

energy splitting between the lowest triplet state and a higher lying

vibronic level. For TQ we find &E = 25 +_ 8 cm , which corresponds to the

trap depth.

Both curves are characterized by an abrupt increase of the decay rate on raising

the temperature. We interpret this behaviour as the result of two types of

processes. The first process manifest itself as the temperature independent

part of the curves and is related to the time dependent hyperfine interaction

with nuclear spins. The sudden increase of the decay rate represents additional

loss of phase coherence due to a second process, which depends on the temperature

according to a Boltzmann factor exp(-<5E/kT).

For parabenzoquinone the activation energy 6E is found to be equal to the

energy interval of 21 cm between the lowest triplet state and a higher lying

vibronic level, known from a spectroscopie study by Veenvliet and Wiersma (1975).

The value of SE for toluquinone corresponds to the trap depth (i.e. the energy

;i.
/••Mx

' . • $ , -
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difference between the lowest triplet state of the guest molecules and the triplet

exciton band of the host) of 25 cm~ , as measured by the same authors. Hence

we conclude that in parabenzoquinone the thermally activated dephasing process

has to be identified with vibronic relaxation between two triplet states, whereas

in toluquinone the shortening of the phase memory is caused by detrapping to the

exciton band of the host (van 't Hof and Schmidt 1975).

Of the processes which destroy the phase coherence in the above systems,

the vibronic relaxation and detrapping for us are the most interesting. However,

fig. 1.2 clearly shows that the nuclear spin induced dephasing always forms a

threshold for the observation of any temperature dependent phenomenon. For this

reason we first of all studied the dephasing mechanism in systems where no

temperature dependence is to be expected, such as quinoline in a single crystal

of durene. Here the guest molecule forms a deep trap in energy and transitions

to higher lying triplet states are very improbable at low temperature.

After an introduction to the magnetic and radiative properties of the phos-

phorescent triplet state in chapter 2, we discuss in chapter 3 the various

coherence phenomena in terms of the geometrical model of Feynman et al. In

chapter 4 we give an outline of the experimental set-up and a list of the

systems studied.

In chapter 5 we present the results of our electron spin echo study on the

dephasing mechanism in the photo-excited triplet state of quinoline in a durene

host. First, we have made a comparative investigation of the merits of the

different spin echo techniques. It turns out that the rotary echo generally

yields a longer phase memory time than the two-pulse echo, whereas in the Carr-

Purcell experiment the dephasing even can be largely suppressed. Secondly, we

have established that the dephasing mechanism is determined by the nuclear spins

of the guest molecules as well as those in the host material. We imagine that

flip-flop processes in the nuclear spin system slightly change the local magnetic

fields felt by the triplet spins. The resulting frequency instability, which is

often called spectral diffusion, leads to the loss of the phase relation between

the triplet spins. We interpret the decay curves of the two-pulse echo in terms

of the "sudden jump" model for spectral diffusion of Hu and Hartmann (1974).

In chapter 6 we develop a theoretical basis for the interpretation of the

effect of vibronic relaxation on the decay rate of the rotary echo, as observed

in parabenzoquinone. We consider the model where the molecules jump between two

triplet states, T and T , separated by an energy interval 6E, and derive

expressions for the loss of phase coherence, and also for a shift in the observed

resonance frequency that should occur. Both the decay rate of the phase coherence

15



and the frequency shift depend on the lifetime of the upper level T and the

difference in zero-field splitting of the corresponding transitions in T. and

T . A factor exp(-6E/kT) enters the equations because we assume that the

transitions between T and T maintain a Boltzmann distribution of their popu-

lations. The results of zero-field ESR experiments on yarabenzoquinone show

that a temperature dependent frequency shift indeed is observable. Combined

with the results of the rotary echo experiments, by which we measured the

temperature dependence of the loss of phase coherence, we derive both the life-

time and the zero-field splitting of the upper vibronic level in PBQ. Similar

experiments in aniline reveal that also in this molecule two close-lying triplet

states exist, which we attribute to an inversion vibration analogous to the

well-known example in ammoni?.. >
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C H A P T E R 2

THE PHOSPHORESCENT TRIPLET STATE

2.1 INTRODUCTION

The magnetic interactions related to the phosphorescent triplet state of

organic molecules have been widely studied. For a detailed treatment of spin-

spin interaction and spin-orbit interaction we refer to the review articles by

Hutchison (1967) and by van der Waals and de Groot (1967). On the hyperfine

interaction an extensive paper has been published by Hutchison, Nicholas and

Scott (1970).

In this chapter we confine ourselves to a summary of the theoretical and

experimental aspects relevant to the present investigation. In section 2.2 we

treat the zero-field splitting as the result of the spin-spin interaction. The

spin-orbit interaction is only mentioned in relation to the optical detection

of zero-field transitions and spin-alignment on optical pumping (sections 2.3

and 2.5). In section 2.4 the hyperfine interaction in zero-field will come up

for discussion. Since quinoline (1-azanaphthalene) is one of the molecules of

interest, we use it as an example throughout this chapter.

2.2 ZERO-FIELD SPLITTING

The splitting of the lowest triplet state in zero-magnetic field is pre-

nantly determined by

electron spins, given by

dominantly determined by the magnetic dipole-dipole interaction 3C between the
s s

2.2
t = y h
ss e I

r5.
1.1

(2.1)

where yQ is the magnetogyric ratio of the electron and s. and s. represent spin

angular momentum operators of electrons i and j joined by the vector r... To

17



calculate this interaction energy one must integrate over the spatial distri-

bution of the electrons in the phosphorescent triplet state. Now Van Vleck

(1951) has pointed out that within the triplet multiplet the microscopic

Hamiltonian (2.1) can be replaced by a phenomenological spin Hamiltonian in

which only operators of the total spin angular momentum occur. By introducing

S = s. we obtain

jfss = 3 . . 3 , (2.2)

where T is the zero-field splitting tensor. Its elements involve integrals of

the operator (2.1) over the electron wavefunctions.

If an axis system x, y, z is chosen such that T is diagonal and terms

containing S S etc. disappear, ïf reduces to

3C = -XS2 - YS2 - ZS2

ss x y z
(2.3)

For symmetrical molecules the location of the principal axes or spin axes of

the tensor Ï, in general, is determined by molecular symmetry . In naphthalene

(D_, ), for instance, they must coincide with the three two-fold axes. Although

it would be attractive to use a molecule with such a high symmetry as an

example, we have chosen quinoline-d._ diluted in a single crystal of durene,

because we have performed many of our coherence experiments on this molecule

(fig. 2.1a). Here the D~, symmetry of the naphthalene frame is reduced to C

due to the presence of the N atom. As a result, the in-plane spin axes may

deviate from the long and short molecular axes. From the ESR experiments of

Vincent and Maki (1965) it appears that the in-plane spin axes of quinoline

in durene deviate by 13° from the corresponding ones of naphthalene in the

same host. In order to distinguish the molecular axes we have labelled them

with primes in fig. 2.1a.

The parameters X, Y and Z are the zero-field energies. Only two of them

are independent because the tensor T is traceless (X + Y + 1 = 0). The magnitude

of these energies is determined by the interaction of two dipoles of strength

Y h at distances comparable with the molecular dimensions. This gives rise to

Intriguing exceptions to this rule are found in some methyl substituted
benzenes where the influence of crystal fields causes the principal axes to
deviate from the molecular axes. See for example Vergragt, Kooter and van
der Waals (1976).

18
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I-3597 MHz

1001.3 MHz

Fig. 2.2. a. The positions of the spin components of the lowest triplet state

of quinoline-d? diluted in a single crystal of durene. The arrow indicates

the dominant channel of radiative decay.

b. The optically detected T -M- T zero-field transition of quinoHne-d?

in durene at T = 4.2 K (Schmidt 1971). The double arrows indicate Lines

which we attribute to partly deuterated molecules.

zero-field spli t t ings in the range of 1-10 GHz.

An alternative notation for the ze.ro-field spl i t t ing Hamiltonian often

used instead of (2.3) is

Jf = D(S2 - iss z 3 +E(S2 - S2)x y (2.4)

Here D 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 D and E, and the zero-field energies X, Y and Z is given

by

1
'Sil

E = -Í(X-Y) (2.5)

The triplet eigenfunctions are linear combinations of the well-known

eigenfunctions of the S operator, |+1>, |o>, |-1>, corresponding with the

magnetic quantum numbers m = +1, 0, -1
s

19
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T = { | -1
X

Tr = i { | - l (2.61

T = ¡ 0 > .

These functions have the properties

ST = -S T = iT , etc. ;x y y x z'

ST = 0 for u = x, y, z .

(2.7)

(2.8)

The triplet funcLion T is an eigenfunction of the operator S with eigenvalue

0. In other words the triplet functions correspond to situations where the

spin angular momentum vector lies in one of the coordinate planes x = 0, y = 0

or z = 0. Moreover, it follows that

<T |S|TU> = 0 for u = x, y, z . (2.9)

Hence no magnetic moment is associated with any of the triplet substates in

zero-field. Therefore it is appropriate to use the word "spin alignment" for a

preferential spin orientation in the zero-field triplet state case, opposite

to "spin polarization" whenever a net magnetic moment results (Steenland and

Tolhoek 1957).

The second magnetic interaction with which we are concerned in the phos-

phorescent state is spin-orbit coupling. In molecules where no orbital

degeneracy exists, it hardly contributes to the zero-field splitting, and hence

we need not consider it here.

2.3 OPTICAL DETECTION OF ZERO-FIELD TRANSITIONS

As we have already mentioned in the introduction, the spin-orbit interaction

contaminates the triplet state slightly with singlet character and allows

electric dipole transitions to occur between the triplet state and the singlet

ground state. Because this mixing is highly selective with respect to the

different spin states, their radiative transition probabilities, in general, are

different. For example in quinoline the top level T is by far the most
z

radiative.

One can benefit from the differing radiative decay rates for the optical

detection of the zero-field transitions. This is illustrated by the spectrum in
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fig. 2.1b which stems from the work of Schmidt (1971]. Here the phosphorescence

intensity of quinoline-d is plotted while sweeping a microwave field slowly

through the resonance frequency <i)„ = (Z-Y)/h of the T

a time dependent term appears in the spin Hamiltonian (2.3)

T transition. Then
y

V(t) = cos ut (2.10)

where H] is the amplitude of the alternating magnetic field. From time

dependent perturbation theory we know that a time independent transition

probability arises, proportional to

lx
(2.11)

Hence the zero-field transitions are linearly polarized; in this particular

case along the principal x-axis. At the temperature where the experiment was

carried out (T = 4.2 K) a Boltzmann distribution of the populations in the

triplet sublevéis exists. The microwave induced transitions tend to equalize

the populations of T and T . This leads to a net transfer of the population

from the "dark" level T to the radiative level T which manifests itself as
y 2

an increase of the phosphorescence intensity. The structure of the ESR line is

caused by hyperfine interaction with the nitrogen nucleus, to be discussed in

the next section.

2.4 HYPERFINE INTERACTIONS IN ZERO-FIELD

The degree to which the triplet ESR spectra are affected by hyperfine

interactions between the electron spin and the nuclear spins depends strongly

upon the presence and the strength of an externally applied magnetic field. In

general the"zero-field spectra only show a line broadening, while in a large

magnetic field often well-resolved hyperfine components are observed. The

hyperfine interaction is described by an extra term 3C to be added to the spin

Hamiltonian,

. Ä . I , (2.12)

where A is the hyperfine tensor and Í is the nuclear spin operator. If the

principal axes of the tensor A coincide with the spin axes x, y, z, (2.12) can

be written
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3f,„ = A S I
HF xx x x

A S I + A S I
yy y y zz z z

(2.13)

When a strong magnetic field HQ is applied parallel to u = x, y, or z the

zero-field splitting JC is only a small perturbation to the Zeeman interaction

jf _ Y flH s and hence the eigenfunctions of the operator S become the
z e 0 u u

approximate eigenfunctions of Jfz + 3CSS- In this representation one of the

hyperfine terms in (2.13) is diagonal and leads to a first, order splitting of

the electron spin levels. From the splitting of the ESR lines that results for

orientations of Hn along the three principal axes one then finds the tensor
elements A , A and A •. In this way Hirota, Hutchison and Palmer (1964)

xx yy zz
studied the hyperfine interaction with the protons in naphthalene, and Vincent

14
and Maki (1963, 1965) the interaction with the nitrogen N nucleus m aza-

naphthalenes.

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

(2.7) and (2.8) the hyperfine interaction (2.12) can only give matrix elements

between different zero-field triplet states, and hence no first order splitting

will occur in the electron spin levels. For the case of a single proton (I = |)

one even expects no 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 line shape

(Hutchison, Nicholas and Scott 1970). This arises because two equivalent protons

with 1 = 2 may be combined to nuclear states having 1 = 0 and 1 = 1 . Hyperfine

interaction with the nuclear singlet state vanishes, but the presence of a

nuclear spin with 1 = 1 gives rise to a second order splitting. In naphthalene

and related compounds one expects that the largest splitting is given by
2

A /(Y-X) and amounts to about 0.3 MHz. The total effect of all protons of

course will be slightly larger and generally a structureless resonance line

with an inhomogeneous broadening of 1-1.4 MHz results.

The zero-field transition of our example quinoline-d_ in fig. 2.1b shows
14

a resolved splitting caused by second order hyperfine interaction with the N

nucleus (I = 1). In this system the hyperfine broadening of the deuterons

(I = 1) is negligible (the magnetogyric ratio of the deuterons is 6.5 times

smaller than that of the protons). Using the data obtained by Vincent and Maki

in high field ESR, one can show that the observed splitting is equal to

2A^x/(Z-Y) (Schmidt and van der Waals 1969).
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2.5 SPIN-ALIGNMENT ON OPTICAL PUMPING

As we have seen earlier on in this chapter, the different radiative decay

rates of the triplet components are the result of selective spin-orbit coupling.

The populating rates of the spin levels likewise are determined by spin-orbit

coupling and are governed by analogous selection rules. A detailed description

of these processes is beyond the scope of this thesis and the reader is referred

to a review paper (van der Waals and de Groot 1967).

In this section we merely show that one can take advantage of the preferred

paths of entry into and decay from the triplet state. By carefully choosing the

experimental conditions one can create enormous population differences between

the spin levels. This is of particular importance for the observation of

transient signals such as electron spin echoes because the signal strength is

proportional to the initial population difference between the two triplet

levels connected by the resonant microwave field.

yx

Fig. 2.2. Definition of the populating,

depopulating and relaxation rates

in the phosphorescent triplet

state.

In order to illustrate these methods we have indicated in fig. 2.2 the

rate processes that govern the steady-state populations of the three

components T of the triplet state (u = x, y, z).

1. The populating rates P .

2. The total decay rates k consisting of a radiative part k and a non-

radiative part.

3. The spin-lattice relaxation rates w between T and T .
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k

ky

k
X

k'

kr

V

kr

X

p

p
y

p
X

Nz

N°
y
N°
X

quinoline-h_
in

durene

3.1 s"1

0.32 s'1

0.19 s"1

l

0.036

0.025

1

0.020

0.034

1

0.19

0.55

quinoline-d7
in

durene

1.05 s"1

0.069 s"1

0.068 s"1

1

0.028

0.043

1

0.044

0.067

1

0.68

1.03

Table 2.1. The decay rates k 3 relative radiative rates k } relative populating

rates P and relative steady-state populations N of quinoline~h? and

quinoline-dy in a durene host crystal (Sohmidt} thesis 1971).

In table 2.1 we have collected the values of these parameters for our

example quinoline diluted in a single crystal of durene. As one can see, not

only the radiative decay but also the intersystem crossing into the t r ip le t

state shows a remarkable preference for the top level T . Such a high

selectivity is a common feature of aza-aromatic molecules.

The way in which the t r ip l e t system has to be prepared in order to start

a transient experiment under the condition of high spin-alignment depends on

the relaxation rates wuv and hence on the temperature. We distinguish two

extreme cases.
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1. Isolation. On lowering the temperature to about 1.2 K one may reach a

situation where the spin-lattice relaxation becomes slow compared to the decay

of the individual spin levels

w « k , k , k .
uv x y z

(2.14)

Then the triplet substates behave isolated from each other and their populations

N change in the course of time according to the equations

dtydt = Pu - (u = x, y, z) . (2.IS)

From an inspection of the table 2.1 it follows that the steady-state populations

N = P /k may be very different. In some cases, for instance quinoline-d7> this

spin-alignment can even be enhanced considerably in the following way. First

the molecules are irradiated for a while until a steady-state distribution over

the levels is established and subsequently the exciting light is cut off.

Initially the decay of the phosphorescence is almost entirely due to the rapid

loss of population of the radiative level T . After about 3 seconds this level

is empty, but because the other two levels T and T still carry the major
y x

part of their populations the resulting spin-alignment is enormous. This method

was used in the first and simplest transient experiment carried out on photo-

excited triplet states: the "microwave induced delayed phosphorescence"

technique (Schmidt et al. 1969). Here, 3 seconds after cutting off the

excitation a microwave field is suddenly swept through the T •*-*• T transition,

for instance. This causes a repopulation of the radiative level T and a

spectacular increase of the phosphorescence intensity results.

2. Boltzmann equilibrium. The second extreme case arises generally at

higher temperatures where the spin-lattice relaxation is fast with respect to

the decay rates. A Boltzmann equilibrium is then established in the steady-state,

and the population differences amount to only a few percent. In this situation

one often has to improve the signal to noise ratio of the transients by

averaging techniques. Another method is to excite the molecules by a light flash

(e.g. a laser pulse) with a duration which is short relative to the shortest

relaxation time w~ . Immediately after the flash, the populations of the triplet

sublevéis are proportional to their populating rates P and thus may be very

unequal. Such a spin-alignment created by flash excitation can be put to

advantage by carrying out the experiment before spin-lattice relaxation levels

out the initial population difference.
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C H A P T E R 3

COHERENCE PHENOMENA IN PHOTO-EXCITED TRIPLET STATES IN ZERO-FIELD

3.1 INTRODUCTION

In this chapter we present the theoretical and experimental aspects of the

coherence phenomena that we have used for the study of relaxation processes in

photo-excited triplet states in zero-magnetic field.

A specific example of a coherent phenomenon, predicted by Harris (1970)

and first observed by Schmidt, van Dorp and van der Waals (1971), is shown in

fig. 3.1. This signal represents the modulation of the phosphorescence of

quinoline-d? in a durene host crystal induced by suddenly switching on a stro .g

microwave field resonant with the T *-+ T transition. It is obvious

that this oscillatory behaviour cannot be described in terms of a time-

independent transition probability. The interpretation given by Schmidt et al.

is based on the elegant geometrical model developed by Feynman, Vernon and

Hellwarth (19S7) for visualizing the coupling of a pair of states to a radiation

field. It appears from this model that the time development of the triplet

system can be described by equations identical to those set up by Bloch (1946)

for the familiar I = \ system in NMR. Since all our coherence phenomena can be

understood beautifully by using the FVH model, we shall explain it more fully

in section 3.2.

In section 3.3 we treat the rotary echo which merely is a restoration of

the modulation in fig. 3.1. The name originates from the first experiment in

NMR by Solomon (19S9) in which he suggested a phase shift of 180° in the driving

field to restore the coherence. The rotary echo has never found a widespread

application until Harris, Schlupp and Schuch (1973) realized that it is very

attractive for studying coherence in phosphorescent triplet states, because

here it can be detected optically.
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Fig. 3.1. Modulation of the phosphorescence ("transient nutation") of quino-

line-d? in a durene host produced by a microwave field resonant with the

T •<-»• T transition at 1001.0 MHz. Horizontal 1 us per division. T - 1.2 K.

In section 3.4 we discuss the electron spin echo induced by a sequence of

two microwave pulses in the photo-excited triplet state in zero-field, first

reported by Schmidt (1972). It is the analogue of the nuclear spin echo

discovered by Hahn (1950) and the photon echo, first observed in ruby by Abella,

Kurnit and Hartmann (1966).

Before 1972 the electron spin echo technique had only been used in the

presence of an externally applied magnetic field. Amongst the limited number of

experimental results available it is worth mentioning the profound study of

inorganic ions in the ground state (Mims 1965, 1972) and the more recent study

of organic radicals (Brown 1971, 1974). Very recently, a spin echo study of

photo-excited triplet states in the presence of a magnetic field has been

reported (Botter, Doetschman, Schmidt and van der Waals 1975).

In section 3.5 we examine the influence of an inhomogeneously broadened

ESR line on the echo experiments and we conclude this chapter by a brief

discussion of relaxation in section 3.6.

3.2 APPLICATION OF THE FEYNMAN, VERNON AND HELLWARTH MODEL TO ZERO-FIELD

TRIPLET STATES

Let us consider an ensemble of non-interacting triplet spins in zero-field

under the influence of a radio-frequency perturbation. Vie express energy in MHz

and write the spin Hamiltonian as
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ïl = V(t) (3.1)

where ÍC is the zero-field splitting Hamiltonian (2.3). The coupling between

the electron spin system and the microwave magnetic field is represented by the

second term. We concentrate on the T

coupling of the special form

T transition and thus consider a

cos (3.2)

If the microwave frequency u is chosen close to the resonance frequency,

a)n = 2TT(Z-Y), of the T T transition, it is permissible to a good approxi-

mation to disregard the presence of the third level T (Abragam 1961, Ch. II).

In this way we are left with an ensemble of two-level systems to be described

by the wavefunction

f (t) = a(t)Tz + b'(t)T (3.?;

We are interested in the behaviour of the triplet system in time intervals short

compared with the lifetimes of the spin levels and hence assume 41 to be

normalized; aa* + bb* = 1.

The change in time of our ensemble of two-level systems is given by the

equation of motion of the density matrix

gf = 2iri[p,K| (3.4)

The 2 x 2 matrix representations of p and Jf can be written as linear combina-

tions of the unit matrix E and the Pauli spin matrices a , a and a ,
x y z

p = 3I4E + ( r 1o x • r 2 a y + and

JC = |

(3.5)

(3.6)

Since the matrices p and X are hermitian the coefficients in the expansions

(3.5) and (3.6) are real. One finds that
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r. = ab* + a*b

= i(ab* - a*b)
(3.7)

r, = aa* - bb*

r. = aa* + bb* = 1

- V =
u = 2TT(Z-Y) = wö

(o. = 2it(Z+Y) = O ,

COS

(3.8)

where ?(Z+Y), the mean energy of the levels T and T , has been taken as the

zero of energy.

One finds by substituting (3.5) and (3.6) into (3.4), and because of the

commutation relations of the Pauli spin matrices

[<Jx,oy] = ioz , etc. , (3.9)

that

drl

IF = U2r3 - V 2

d r2

IT = V l - ulr3

(3.10a)

(3.10b)

dr3

IT = V2
(3.10c)

dt = 0 . (3.11)

We now follow Feynman, Vernon and Hellwarth (1957) and consider a linear vector

space in which we have two vectors r and u that are defined by the components .

rl' r2* r3 a n d ^l' U 2 ' W3 r e l a t i v e t 0 three unit vectors e., e2> e,. The

equations (3.10) can then be written in the short-hand form

d?
dT = u x r . (3.12)

2,2The vector r has a length (r + r + r,)2 which is equal to r. = aa* + bb* = 1

and thus constant in time.

The beauty of this description is that the behaviour of the ensemble as

described by the motion of the vector r in the abstract e ^ !_, e, space is

mathematically identical to the classical precession equation of a gyromagnet
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u in a magnetic field in real space. So in order to see what happens one may-

use the language developed for discussing transients in magnetic resonance

(see Abragam 1961, in particular Ch. IT).

The physical meaning of the components of the vector r for the specific

case considered is as follows.

The component r_ is the analogue of the longitudinal magnetization u in an

NMR experiment and is equal to the population difference of the two triplet

levels T z and T

,2 „2,
r = aa* - bb* = N - N = -<V S -S ]'¥> .
o z y ¿y

(3.13)

The component r represents the expectation value of the operator S connecting

the levels T and T and thus is proportional to a "transverse" magnetization

r = i(ab* - a*b) = -<ï|S (3.14)

Finally, the component r. is the expectation value of the quadrupole moment

operator connecting the levels T and T

r. = ab* + a*b = -<ï|S S + S S \t>
1 ' y z z y'

(3.15)

As we shall see later the physical observable r_ = -<S > plays an important

part in a Hahn echo experiment, while the observation of a rotary echo is

related to r. = N - N .

The pictorial representation of the precession equation (3.12) is shown in

fig. 3.2. In the absence of a microwave field (V(t) = 0) we have u. = ui_ = 0

and the vector r then precesses about the e, axis with Larmor frequency u = u .

This is illustrated in fig. 3.2a; clearly the zero-field splitting here plays

the role of the external magnetic field applied in NMR. In order to see what

happens when the perturbation V(t) is switched on, it is advantageous to follow

the practice customary in magnetic resonance of transforming to a primed frame

rotating at the microwave frequency w about e,. In this rotating frame the

equation of motion becomes

x r (3.16)



r ÍC

2YeH1cos out
Aw,;

e.Fig. 3.2. a. The FVH vector space with r referred to the fixed axes B ^ Kg,

b. The frame rotating at the microwave angular frequency m about the

e, axis. The microwave field y H~ is stationary along el. The

vector r precesses about the effective field u „-. with angular

frequency w ... '4
•'S

It thus turns out that due to the transformation the field component tu along
->• ->•

the e' = e, axis has been reduced to

Au = u n - oj . (3.17)

The linearly polarized field u>_ = 2y H. cos wt in the laboratory frame can be

decomposed into a left and a right rotating component. Only one of these has

the proper sense of rotation (i.e. the same sense as the rotating frame) and,

as usual in resonance phenomena, we neglect the other (Abragam 1961, Ch. II).

In the rotating frame the microwave perturbation now appears as a stationary

field y H. along the e' axis and the equation of motion (3.16) reduces to

) x V = Ü e f f x t . (3.18)

Hence the vector r precesses with angular frequency
A ti
'. ••'i;

"eff
(3.19)
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about the appropriate direction of the effective field u ^ in the rotating

frame as illustrated in fig. 3.2 b. At exact resonance u = w and the vector r

nutates with angular velocity u -. = y H about the e' axis according to

f (3.20)

Thus far we have assumed that all triplet spins of our ensemble have

exactly the same resonance frequency w,.. However, the zero-field resonance lines

are broadened by second order hyperfine interaction, nuclear quadrupole inter-

action (chapter 2) and also by slightly different environments of the molecules

in the host crystal. These effects give rise to a finite linewidth Auii (half

width at half height). We assume that this broadening is inhomogeneous, i.e.,

that the line consists of a distribution of spectral components, or "spin

packets", all independent of each other. In the absence of a microwave field the

spin packets precess with distinct Larmor frequencies about the e_ axis in the

laboratory frame, and in the equilibrium situation the components r. and r_ of

the spin packets cancel out.

When a microwave field is applied the different resonance frequencies of

the spin packets lead to a spread in the effective field u £ f in the precession

equation (3.18). Hence each spin packet has its own dynamical history and the

collective behaviour of the whole ensemble of spins is complicated. This will

be discussed in more detail in section 3.5. The essential features of the

coherence phenomena, however, can be described conveniently by considering the

special case in which the amplitude of the microwave field considerably exceeds

the linewidth of the zero-field transition (y H1 » AUM) . Then all spin packets

approximately feel the same effective field and the equations of motion (3.18)

and (3.20) may be applied to the overall ensemble of spin packets.

In the next sections we shall utilize the theoretical frame-work that we

have developed so far for discussing our electron spin echo experiments in

photo-excited triplet states.

3.3 THE TRANSIENT NUTATION AND THE ROTARY ECHO AS MODULATIONS OF THE PHOSPHO-

RESCENCE INTENSITY

We consider the experiment where a continuous microwave field, resonant

with the T T transition of a phosphorescent molecule, is applied from t = 0

onwards. For the time being we assume that the condition Y H, » Aun is fulfilled
ei 2
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so that the behaviour of the triplet spins in the rotating frame is given by

the equation (3.20). From this equation it follows that the vector r, initially

aligned along the e axis with a length r3> starts a precession about the e^

axis with angular frequency Y H. (fig. 3.2b) and hence

r3(t) = cos (3.21)

This "transient nutation" is a matter of common knowledge in NMR. In our t r iple t

state i t means, according to (3.13), that the population difference of the two

spin levels becomes time dependent

Nz(t) - N (t) = (N° - cos (3.22)

Since the radiative decay rates kr (u = x, y, z) amongst the levels differ so

strongly, the oscillation of the population difference manifests itself as a

modulation of the phosphorescence intensity. This intensity is

I = krN + krN + krN
x x y y z 2

(3.23)

and assuming N + N + N to be constant during the experiment, we find
x y z

Kt) = cos (3.24)

The depth of the modulation apparently depends upon the relative radiative

rates and the initial population difference between the two levels connected.

A beautiful example of this experiment with the largest possible modulation

depth has already been shown in fig. 3.1. Here the microwave field is tuned to

the T
z T transition at 1001.0 MHz of quinoline-d„ in a durene host aty /

T = 1.2 K. As we have mentioned in the previous chapter at this temperature the

spin-lattice relaxation between the triplet sublevéis is slow compared with

their decay rates to the ground state. In this situation it is advantageous to

carry out the experiment about 5 seconds after shutting off the exciting light

when the fast decaying level T is empty (N = 0) while the long lived state
z z

T still carries a population. Under these initial conditions, and since
r I* I*
kz » kx, k , the equation (3.24) simplifies to

I(t) =
z y - cos y H.t)

6 1 (3.25)
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We observe the coherent nutation of the triplet population via the "window" of

the radiative level T . The first maximum in fig. 3.1 reflects the inversion

of the population at t = ir/y H . The modulation frequency y^flv appears to

be 0.9 MHz, corresponding with the maximum available microwave power. Since

the ESR linewidth is about 0.35 MHz, the condition y Hj » Awi actually is not

fulfilled

Fig. 3.3. Description of the transient nutation and the votary echo in the FVH

rotating frame. The resonant microwave field is stationary along the e'

axis.

a) The dephasing of the veotor r in the time interval 0 < t < x.

b) The vefooussing of r in the time interval T < t < 2T as a result of a

180 phase shift in the microwave field at t = x.

It turns out that the modulation of the phosphorescence decays within a

few periods. This damping is caused by a spread in the effective field u ,.,.

over the triplet spins. According to (3.19) this spread may be due to the

finite linewidth Awj and also to an inhomogeneity of the microwave amplitude

H.. Later, in section 3.5, we shall show that the inhomogeneity of H. is

responsible for the damping and that the spread in resonance frequencies only

has a negligible effect. In fig. 3.3a we have indicated that, because of the

inhomogeneity of tL, the spin packets composing the vector r will start their

precession with slightly different angular frequencies y H. . In the course of

time the triplet spins completely get out of phase and consequently the

coherence reflected by the modulation of the phosphorescence disappears. The

phosphorescence intensity tends to a value of about one half of the first
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maximum. In this state of "satm-ation" the levels T^ and T are equally

populated.

The optically detected rotary echo in photo-excited triplet states merely

is a restoration of the modulation of the phosphorescence (Breiland et al. 1973),

This is illustrated by fig. 3.4 whore we have shown the result of a rotary echo

experiment in the T «->• T transition of quinoline-d_ in durene. For the

explanation we return to fig. 3.3a where we have indicated that the different

spin packets fan out due to the spread In y H • Now we perform a phase shift of

180° on the microwave field at t = T with the result that the direction of Y H^

in the rotating frame suddenly is reversed (fig. 3.5b). From then on each spin

packet is precessing at the same rate as before but in the opposite direction,

so that one may consider the behaviour of the system as going back in time.

Therefore the coherence, together with the modulation of the phosphorescence,

gradually increases and reaches its maximum at t = 2T when all spin packets

are again in phase along the e, axis.

Fig. Z.4. An optically deteoted rotary eaho of quinoline-d7 in a durene host.

The microwave field is resonant with the T

Horizontal 2 ]is per division. T = 1.2 K.

T transition at 1001.0 MHz.

The origin of the spread in Y H. is twofold. First the experiments are

carried out in a re-entrant cavity (chapter 4) where the amplitude and direction

of the microwave magnetic field H^ are rather inhomogencous. Secondly one

should remember that only the component of H. parallel to the principal x-axes

of the molecules comes into play (see equation 3.2). Hence different orienta-

tions of the molecules in the host crystal lead to an additional spread of

Y Hj. This spread can be minimized by looking for an optimum orientation of the

crystal in the cavity. In the durene unit cell two sites occur, but from ESR

experiments (Vincent and Maki 1965) it is known that four magnetically
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inequivalent quinoline molecules exist. Fortunately there are only two

different x-axes, which are almost perpendicular to each other. In the

experiment the sample was so oriented that H bisected the angle between the

two x-axes and the effective field was about the same for all quinoline

molecules.

5.4 THE FREE PRECESSION AND THE HAHN ECHO

The next coherence experiment to be described is the analogue of the

nuclear spin echo discovered by Hahn (1950). Again our microwave field is

resonant with the T

condition y Hj »

T transition of a photo-excited triplet state and the

holds. Contrary to the situation in a rotary echoHj Awj

experiment where from t = 0 onwards the microwave field is applied continuously,

in the present experiment the echo is induced by the application of two short

pulses. We suppose that the pulses last for times t . and t - such that

Y ii.t . = 90° and y H,t = 180°. The sequence of events is illustrated in fig.
e l pi e l p 2 l _>. 0

6

3.5. In the equilibrium situation the vector r only has a component r_ along

the e, axis, representing the population difference between the levels T and

T . We assume that this vector r can be decomposed into the contributions of a
y -v

number of spin packets with different resonance frequencies. Along the e, axis

of the rotating frame in fig. 3.5a we have indicated schematically the spectral

distribution of these spin packets.

At time t = 0 the 90° pulse is switched on. Since we have assumed that

Y H. » AüJi all spin packets start a precession about the e' axis with approxi-

mately the same angular frequency Y H. and at the end of the pulse they are in

alignment with the e' axis of the rotating frame (fig. 3.5b). Immediately after

the pulse one observes in the laboratory frame a vector rotating with angular

frequency ID in the e.-e_ plane and hence an oscillating component r„, which

has to be identified according to (3.14) with an oscillating magnetic moment

r2(t) = -< cos U()t (3.26)

This "free precession" decays very quickly. As soon as the strong microwave

field is removed, the approximate uniformity of the effective fields vanishes

and the spin packets precess with different angular velocities Au> about the e,

axis in the rotating frame. They will attain an isotropic distribution in a
*

time T_ = 2TT/AO)I. The phase coherence between the individual spin packets can

be restored by the application of the 180° pulse at time t = T. By way of

36



e;

A
time

Ftg. S.S. Description of the formation of the two-pulse electron spin echo in

the FVH rotating frame.

a) The spectral distribution of the spins along the e, axis and the action

of the 90° pulse.

b) The situation in the e'-el plane immediately after the 90 pulse when

the spins are aligned along the e' axis. In the time interval 0 < t < T

the spins fan out due to the spread in resonance frequency.

c) The angular positions of spin packets at +_ AGO from exact resonance

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

spins in the time interval T < t < ST.

d) The echo along the negative el axis at t - 2x.

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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illustration we follow the behaviour of the isochromatic pair of spin packets,

precessing at frequency AUJ in opposite directions (fig. 3.5c). During the 180°

pulse the whole pancake of spins is turned about the el axis by an angle of

180° and the moments which had arrived at t = T in the angular positions

(j) = +TAÜJ now suddenly find themselves in the positions (j> = IT + TAW. However,

they maintain their original directions of rotation and at t = 2x all moments

are aligned along the negative ej axis (fig. 3.5d). This phenomenon is what we

call the "Hahn echo".

At this point we like to remark that any two-pulse sequence gives rise to

an echo. The 90° - 180° combination is a special case which gives the largest

echo amplitude and is the easiest to describe. However, in experimental practice

pulses of equal length often are more convenient and it can be shown that in

this case the condition y H..t = 120° yields the largest echo signal, which is

65% of that obtained by means of a 90° - 180° sequence (Mims 1965).

Fig. 3.6a. A two-pulse electron spin echo of quinoline-d? in durene-d1 detected

by a microwave receiver. The pulses are resonant with the T •<->• T

transition at 1001.0 MHz. T - 1.2 K. Horizontal 2 v>s per division. Pulse

width 0.4 us. The upper trace represents the result of an experiment with

the exciting light shut off.

Both after the 90° pulse and in the echo the triplet system spontaneously

emits microwaves and this can be detected by a microwave receiver (chapter 4).

In the lower trace of fig. 3.6a we present an example of an electron spin echo

experiment, carried out in the T •<-»- T transition of quinoline-d_ in a single

crystal of durene-dj. at T = 1.2 K. The upper trace shows the same experiment

with the exciting light shut off. It can be seen that during the microwave
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pulses the receiver is completely overloaded. The pulses in this experiment are

of equal duration with y H,t = 120°. The proper pulse width may be derived

from the modulation period 2ir/y H. in a transient nutation experiment (fig. 3.1)

and is 0.4 ps.

R

e« '̂
0) to
Si K

rSf +1
cu s
tO "i

Fig, ¿.6b. tn optically detected Hahn echo in the 1'z •*-* T^ transition (3598 MHz)

of quinoline-d„ in durene-h^. at T - 1,2 K. Lower trace: a sequence of a

9C°, 180° and 90° pulse. Upper trace: the effect of the pulses on the

vhotsphii'eseence intensity. Horizontal: 0.5 \is per division.

The Hahn echo can also be detected optically, as first shown by Breiland,

Harris and Pines (1973) in 2,3 dichloroquinoxaline. The method is illustrated

in fig. 3.6b. In the lower trace we show a sequence of three microwave pulses

resonant with the T, -*-+ T transition at 3598 MHz of quinoline-d in durene and
u X /

in the upper trace the effect of these pulses on the phosphorescence intensity

at T = 1.2 K. Prior to the application of the pulses, the system is prepared in

a state viiere the radiative level T is empty and hence no phosphorescence is

emitted (see section 3.2). In the FVH rotating frame the vector r along the

pa-sitive e. axis thus represents the population of the "dark" level T . The

fivAt 90° pulse, applied at t = 0, brings r in alignment with the positive e]

axis. As a result the phosphorescence intensity increases to one half of

its maximum value, see equation (3.25). The second pulse, applied at

t = r, is a 180° refocussing pulse which leads to the formation of an

echo at t = 2T. The echo manisfests itself as a vector r along the

negative e. axis which is brought back along the positive e, axis by a

recording 90° pulse applied at t = 2T. Via this trick the echo in

Che transverse plane is transformed to a new population difference where T is
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more populated than T and hence we observe a decrease of the phosphorescence

emission. The echo waveform can be recorded by scanning the third pulse through

a small time region around t = 2T while measuring the change of the phospho-

rescence intensity.

The shape of the echo generally depends upon the ratio y H./Aaii. However,

if the condition y H /AUM » 1 is fulfilled the echo simply is the Fourier
e i. 2

transform of the frequency distribution. In the next section we shall go into

the influence of the linewidth on the echo shape.

3.5 THE INFLUENCE OF AN INHOMOGENEOUSLY BROADENED LINE

In order to keep the description of the coherence phenomena as simple as

possible we have assumed that y H. » Aioi. However, the observation of these

phenomena certainly is not limited to this condition. This is illustrated, for

instance, by the rotary echo experiments on p-benzoquinone and the Hahn echo

experiments on aniline (chapter 6) where y H. even is very small compared with

the linewidth. Because in such a situation the dynamical behaviour of a single

spin packet depends upon its position in the resonance line, the overall

development of the ensemble cannot be visualized easily in the rotating frame,

and one must turn to computer simulations.

Transient nutation and votary echo

In fig. 3.7a we have plotted the time development of the population

difference r3(t) of our ensemble of two-level systems under the influence of

a resonant microwave field. The curves have been calculated starting from the

assumption that the spin packets compose a resonance line with a Gaussian

profile and the microwave frequency w0 coincides with the center of the line.

First we have solved the precession equation (3.18) for an arbitrary spin

packet in the rotating frame with the appropriate initial conditions. After that

the total population difference has been calculated by integrating the contri-

bution of the individual spin packet over the line shape. The three curves in

fig. 3.7a belong to different values of the parameter y H^Aui. We have chosen

the following representative cases: the "narrow line" (y = 10), they H . / i

"broad line" (y H /Aim = 0.2) and an intermediate case (y Hn/AwT = 1 ) . In ordere i g e l g

to get a conveniently arranged set of graphs we have replaced the time t by the

dimensionless parameter t = y H..t/2TT.

It turns out that the depth and the damping of the modulation strongly
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t=veH,t/2Ti _

Fig. 3.7a. The calculated behaviour of the population differenae r- of two

triplet substates conneoted by a resonant miarowave field as a function of

the reduced time t = y fí7t/2u. The dimensionless parameter y H1/htal contains

the microwave amplitude #? and the half-width at half-height Awi of the

zero-field resonance line. We have choosen three values: y #,/AIÚI - 10

(narrow line)> 1 (intermediate case) and 0.2 (broad line).

0 1 2
t=VeH|t/2rc

Fig. 3.7b. The calculated shape of the rotary echo after a 180° phase shift in

the miarowave field applied at t = 3.2. The dimensionless parameter

•Ygff̂ /Atii! has been taken equal to 0.2 and 1.
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depends upon the parameter y H /Aui. First we shall discuss the case of the broad

line (y Hn/Aüii = 0.2). We roughly divide the triplet spins into three groups P,
e l 2

Q and R differing with respect to their positions ID = ID + Aw in the resonance

line. The P-spins, located in the wings of the line, are characterized by

|AtAipI > Y H and thus do not fulfil the resonance condition at all. This means

that the P.-spins do not take part in the experiment and consequently the

modulation cannot reach its maximum depth. The modulation in the tail of the

curve originates from the R-spins. Their frequencies will lie in the range

|Aw | < y H., thus close to the resonance condition. Finally the remaining
K e l

group of Q-spins in the intermediate regions of the resonance line, to which

applies |AIDQ| =B YgH-,, only contributes to the beginning of the modulation. This

contribution decays due to destructive interference.

Now vhe interpretation of the other two curves in fig. 3.7a follows

automatically by considering them as special cases. In the intermediate case

(Y H = 1 ) the major part of the spins cooperate in the experiment because

the resonance line does not contain P-spins. Hence the modulation is much

deeper than in the broad line case but still decays due to the presence of the

Q-spins. Finally, in the ideal case of a narrow line fY H /Aui = 10) also the
e l s

Q-spins are lacking an we are only left with resonant R-spins. Here the

modulation is as deep as possible and hardly shows any damping.

Further we note that the intermediate case, 7 H./Awi = 1, approximately

corresponds with the situation in our experiment on quinoline-d_ in durene

(fig. 3.1). From a comparison it follows that the damping of the calculated

curve, which is only due to the spread in resonance frequency, is much slower

than the decay of the observed modulation. This confirms the assumption that

in our experiments the rapid decay of the modulation is caused predominantly

by the inhomogeneity of the microwave magnetic field (section 3.3).

In fig. 3.7b we have simulated the rotary echoes for two of the above

cases. The behaviour in the ideal case of a narrow resonance line is very simple

and has been omitted. The phase shift of 180° in the microwave field is applied

at the reduced time t = Y Hjt/211 = 3.2. The curves show that at "time" t = 6.4

indeed an echo is induced, but there is no question of a complete restoration

of the original modulation. This can be understood with the help of the

rotating frame in fig. 3.8. For the Q-spins, outside the direct environment of

the line center, the application of the phase shift does not lead to a complete

inversion of the effective field ID __. Hence the contribution of the Q-spins to

the echo is smaller than to the modulation in the beginning of the curve.

• ..,1
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Fig. S.8. The behaviour of an off-resonance spin packet r(äa) in the FVH

rotating frame during a rotary echo experiment.

Further it can be seen that immediately after the phase shift a jump

appears in the average level of the curves. Its relative size decreases when

the number of spins that effectively cooperate in the modulation increases. The

jump also has been observed, see the rotary echo experiment in fig. 3.4. A

simple explanation of this phenomenon starts from the assumption that it

originates from the Q-spins for which |Aco[ s f Hj. In fig. 3.8 we consider a

packet of such spins r(Aio) which starts at t = 0 a precession on a cone about

the effective field u ff. After some time there is a random distribution of the

spins in the packet over the conical surface and only along the direction of

ai ££ a non-zero component, denoted by r*, exists. It is clear that for this

spin packet the populations of the triplet levels involved have not been

equalized, since the vector r* still has a component along the positive e

axis. When the phase shift is applied at t = T the vector r* starts a

precession about the new effective field u 1 ^ . After some time only along to'

a non-zero component of r* results, which corresponds with a new population

difference between the levels. This explanation is supported by the observation

of a modulation after the jump in fig. 3.4 which is a manifestation of the

precession of r* about the new field w',.,.. Moreover, the jump becomes larger

when the microwave power is reduced.

We conclude from our calculations that, particularly in the case of a

broad resonance line, it is advantageous to use the maximum available microwave

•:f

•#5
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Fig. 2.9. Hahn echoes of phenanthvene in a biphenyl host excited by two pulses

of equal duration t . The microwave frequency is tuned to the T
y

transition at 1613 MHz. T = 1.2 K. Horizontal 1 \is per division. The ratio

Y # , 0.06.

' a) t = 0.31 ps (120 pulses),

b) t = 0.46 vis (180° pulses),

c) t = 0.62 vis (240° pulses).
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power, because the number of spins that contribute to the formation of the

echo then will be proportional to H..

Hahn echo

For an extensive discussion of the influence of the linewidth on the Hahn

echo we refer to the work of Mims (1965). He has calculated the shape and the

intensity of the Hahn echo as a function of the pulse duration t in the case

of a broad line as well as in the intermediate case. It turns out that in the

broad line case the echo intensity is proportional to H, and thus here also a

strong microwave field can be used to advantage. However, the shape of the

echo depends strongly on the pulse width. In order to illustrate what kind of

echo shapes may appear we show in fig. 3.9 the results of an experiment on

phenanthrene in a biphenyl host (see "The systems studied", chapter 4). In this

experiment the microwave field was tuned to the T -*->• T transition at 1613 MHz,
z y

which has a very broad resonance line (AID-I/2IT = 15 MHz). The observed echo

shapes correspond very well with those predicted by Mims for a sequence of two

120°, 180° and 240° pulses respectively.

3.6 RELAXATION

Thus far we have considered the dephasing of the triplet spins as the

result of a spread in their resonance frequency. However, in practice one is

also faced with time dependent perturbations relaxing the mutual phase relation

between the spins. These relaxation processes will be discussed extensively in

the following chapters because it is the very purpose of the present thesis to

study them. At this stage we only give a brief introduction.

As an example we take the Hahn echo experiment for which we have described

the coherence after the 90° pulse by the precession of the FVH vector r in the

horizontal plane of the laboratory frame. The fast decay of the free precession

has been attributed to the static inhomogeneity of the resonance line. We

have assumed that the vector r can be decomposed into monochromatic spin

packets r^ which precess with different but constant rates about the e, axis

and hence cancel out in course of tine. The dephasing in this model can be

described formally by applying the precession equation (3.12) to all spin

packets composing the line,

dr v
dt = \ i x ri (3.27)



and the system then is essentially reversible since echoes can be generated for

times T of any length.

It turns out, however, that in a real experiment the echo intensity falls

off according to some decay function E(2x) which represents the ratio between

the signal strength at t = 2T and the unattenuated value at t = 0. The decay

reflects the irreversible loss of phase coherence due to relaxation towards

thermal equilibrium. In order to account for this effect we extend the

equation of motion (3.27) with phenomenological relaxation terms, linear in

the displacement from equilibrium (Bioch 1946),

dr
dt ri " el " e2 -

(3.28)

The last term in (3.28) defines the "spin-lattice" relaxation time T. in

which the population difference approaches equilibrium. Although this descrip-

tion has a wide range of validity for two-level systems, it is not correct for

the triplet state where relaxation between T and T may involve the third

level T . However, spin-lattice relaxation often is so slow that it does not

play any role on the time-scale of our experiments.

The relaxation time T_ accounts for the irreversible disappearance of any

non-zero value of r. and r„. From this model one would expect a purely

exponential decay of the Hahn echo according to E(2x) = exp(-2t/T2), which is

not always in accordance with our experiments. The reason is that the Bloch

formalism is only valid for spins in fast relative motion with respect to each

other, e.g. paramagnetic ions in liquid solution. The dephasing in an insulating

solid often is a complicated matter and may arise from two distinct causes

(Mims 1972) : spin flips of the echo generating spins themselves as a result of

their dipolar interaction, and flip-flop processes in the nuclear spin system

which modulate the local fields at the electron spin states and thus randomize

the phases of their precession. The latter process often governs the dephasing

in dilute crystalline solutions and is called "spectral diffusion".

Although these processes are not expected to give an exponential decay of the

Hahn echo, in the case of our triplet systems we often find a behaviour which

can be loosely described by a phase memory time T_.
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APPENDIX

9 ?

It is interesting to note that the operators §(S -S z), §Sx and g (S Sz +

S S ), which are related to the components r,, r and r1 in the FVH model (see

3.13, 3.14 and 3.15) obey commutation relations identical to those of the Pauli

spin matrices. This can be seen most easily by representing the triplet spin
operators S , S and S in the T , T , T basis

X j Z X y Z

10 0 0'
0 0 - i
0 i 0,

/ 0 0 i '
S = 0 0 0

y

0 - i 0
S = i 0 0

z o o o
(3.29)

-iä,

From these relations it follows that

/o o o1

S S + S S = O 0-1
y z z y o-i o,

and
2 2

V S z =
y o o i

(3.30)

S , S S 't S S and S -S are represented by matrices which are equivalent
x y z z y y z

to the Pauli spin matrices with an extra row and column of zeroes, and as a

result

[l(sysz.+ szsy), |

[äsx. h

sz * szsy)] = Ü sx ,

- Ji (sysz + szsy) .

(3.31)

We can now construct unitary transformations, which correspond to rotations of

the FVH frame about one of i t s three axes. For example, the exponential operator

exp{-iu i(S2-S2)t} (3.32)

induces a rotation with frequency u about the e, axis. This rotation is also

generated by a transformation to the interaction representation as given by the

exponential operator

expC-i (3.33)

C =This can be seen by writing 3C = in a more appropriate form

X { S3f
ss

S S ) (3.34)

¿T'
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Here the first term at the right hand side commutes with S , S S + S S and
no x y z z y

S -S . Hence any Hamiltonian containing these three operators is transformed
y z _>.

by (3.33) in a way similar to a rotation about the e, axis of the FVH frame

related to the T z -*-*• T transition.

So far we have only considered the set of commuting spin operators related
to the T •*-»- T transition. It will be clear that the appropriate sets ofz y

operators for the other two transitions follow directly from (3.31) by cyclic

permutation of the indices.

The attractive feature of this description is that one can find the form

of the effective Hamiltonian in the interaction representation. This may be of

considerable importance when studying the effect of hyperfine interactions on

the dephasing of the triplet spins.
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C H A P T E R 4

EXPERIMENTAL

4.1 THE EXPERIMENTAL ARRANGEMENT

The schematic diagram of the experimental arrangement used for the study

of coherence in photo-excited triplet states is shown in fig. 4.1.

The optical arrangement

The light source is an Osram HBO 200 W or a Philips SP 1000 W high pressure

mercury arc. The excitation beam passes through filters F, and F_, and is

focussed on the sample by a Suprasil quartz lens via the windows in the bottom

of the cryostat. The sample is mounted against the end of a quartz light pipe

in a teflon container with a quartz bottom. The phosphorescence of the sample

is observed by a photomultiplier (EMI 9524 B) via the light pipe and a filter

F... The filter F, is a solution filter transmitting in the ultra violet (Kasha

1948). For the excitation of quinoline and aniline we have used a solution of

240 g/1 NiSO. . 6H_0 plus 45 g/1 CoSO. . 7HJ3. In the case of p-benzoquinone a

solution of 100 g/1 CuSO. . 5H„O is preferable. The filter F„ is a Schott und

Gen UG-5 glass filter. When it was important to know the exact temperature of

the sample, we incorporated a small diafragm or a Fociflex monochromator

in the light beam in order to reduce excessive heating of the sample. F,

usually is a suitably chosen combination of high and low-pass interference

filters (Optics Technology Inc.).

The microwave circuit

The microwave circuit has been used for three kinds of experiment: Hahn

echoes, rotary echoes and the optical detection of zero-field transitions. Our

49



microwave equipment covers three frequency octaves: 1-2, 2-4 and 4-8 GHz. This

means that we have most of the active and passive microwave components in

triplicate.

LO

( ) scope
or

biomation+cat

SO

1—

A
Ji

1

i
1

switch

counter

ftkgifr
3dB

hybrid

• i

LJ,
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phase shifter |

pulse
generator

T
power
meter

PIN

X-tal

F ig. 4.1. Schematic diagram of the experimental arrangement.

First we treat the set-up for generating Hahn echoes (fig. 4.1). The

signal oscillator (SO) consists of a Hewlett Packard sweep oscillator

(HP 8690 B) which can receive a backward wave oscillator (HP 8690 B series) as

a plug-in. For realizing a phase shift in the microwaves the output of the

oscillator can be switched by a PIN switch (HP 33006 A) between two parallel

coaxial lines. In one of the arms a variable phase shifter (Narda-Microline) is

incorporated, while in the other one an adjustable attenuator compensates for

the power loss in the phase shifter. The parallel branches are joined in a

hybrid junction and the microwaves are then amplified by a Varian travelling

wave tube amplifier (VZL-6941AL, VZS-6950E2 or VZH-6970F1). The continuous wave

is converted by a PIN modulator (HP 8730 series) into short pulses which are

guided through a circulator to the cavity. The triggering of the PIN modulator

and the PIN switch is controlled by a Bradley 176 B pulse generator. At three

points A, B and C in the circuit a small fraction (-20 dB) of the microwaves is
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sampled via a directional coupler. At A the frequency ox the microwaves is

determined with an electronic counter (HP 4246 L), at B the power is measured

with a power meter (HP 435 A) and at C the microwave pulses can be monitored

with a crystal detector (HP 423 A). The phase shifter normally is not used in

a Hahn echo experiment, except for generating multiple spin echoes (chapter 5.3).

The other part of the microwave circuit serves for the detection of the

echoes generated in the cavity. The echoes, together with the reflected driving

pulses, pass via the circulator through a Watkins and Johnson low noise

travelling wave tube amplifier (WJ-268 or WJ-269) which serves as an amplifier

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

place in a heterodyne receiver consisting of a Varian balanced mixer plus pre-

amplifier (LAC or SBC-7-30-12-50). The local oscillator (LO) usually is a Mi-

Sanders signal source (6055 B or 6056 A) and is tuned to an intermediate

frequency (IF) of 30 MHz. The IF signal from the preamplifier is further

amplified in a variable gain Varian ITA-34-30-08-S0 amplifier with an IF as

well as a rectified "video" output. The echoes can be observed by connecting one

of these outputs to the oscilloscope (Tektronix 7633). The system has a threshold

sensitivity of about 10~ W with a bandwidth of 8 MHz. When using a low noise

TWTA the recovery time of the receiver after a microwave pulse of 1 W is 0.7 us.

'Vi

••9-

Fig. 4.2. a) A tunable microwave cavity,

b) A schematic drawing of the

electric and magnetic field

configurations. The electric

fields are indicated by the

lines and the civcwnferential

magnetic fields by dots.

— coaxial line

(b)

We have used tunable re-entrant cavities of the type described by Erickson

(1966) and Schmidt (thesis 1971). Their dimensions were calculated from design

curves given by Moreno (1946). In fig. 4.2 we have shown one of the cavities

together with the approximate electric and magnetic field configurations. By
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changing the position of the plunger the resonance frequency can be varied from

2-4 GHz. The Q of the cavity has been reduced artificially to a value between

2J0 and 500 in order to obtain a short ringing time after the microwave pulses.

When a microwave power of 1 W is fed to the cavity the maximum amplitude of the

microwave magnetic field (H.) is about 0.4 G. The sample, fixed against the

light pipe, is positioned in the region of the highest magnetic field and is

irradiated through a hole in the bottom of the cavity. The light pipe can be

turned about its axis and moved up and down slightly.

The echo generating part of the microwave circuit just described is also

used in a rotary echo experiment. Here the PIN modulator serves for switching

on and off the microwaves and the phase shifter is adjusted for a phase shift

of 180°. The rotary echo, which manifests itself as a modulation of the

phosphorescence intensity, is detected by connecting the output of the photo-

multiplier via a pair of Avantek AWL-500 amplifiers to the oscilloscope. The

microwave detection system is only used for tuning the cavity to the zero-field

transition.

Often we had to improve the signal to noise ratio of the echoes by

averaging techniques. The choice of the averaging system is determined by the

maximum repetition rate with which the signal can be generated. This rate

depends upon the slowest recovery time of the triplet system (lifetime or spin-

lattice relaxation time]. For low repetition rates (< 100 s ) the signal is

first stored in a fast transient recorder (Biomation 8100) and subsequently

read out in a signal averager (IIP 5480 A CAT). For higher repetition rates we

have used a Boxcar integrator (PAR 160).

The experimental arrangement for the optical detection of zero-field

transitions has been described extensively by Schmidt (thesis 1971). Here too

we use a slow wave helix (Webb 1962) instead of a cavity. The transitions are

observed by looking at the phosphorescence intensity while sweeping the

microwave frequency slowly through resonance. In order to prevent noise from

low-frequency instabilities of the light source we usually apply amplitude

modulation or frequency modulation of the microwaves and phase sensitive

detection of the modulated part of the phosphorescence with a Princeton Applied

Research 220 lock-in amplifier.

The oryosbabs

Experiments in the liquid helium temperature range are carried out in the

stainless steel cryostat of fig. 4.3, made by J. van den Berg in this laboratory.
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The vacuum between the helium and nitrogen reservoirs is separated from the

outer vacuum. This design allows a clean and quick precooling of the helium

chamber by admitting in the inner vacuum a small amount of nitrogen as a

contact gas which freezes out after the cryostat has been filled with liquid

helium. The cryostat contains three Suprasil 1 quartz windows in the bottom.

The temperature of the sample is controlled and measured by the vapour

pressure above the helium bath.

HELIUM INPUT-

VAPOUR
PRESSURE -

THERMOMETER

VACUUM

HELIUM RETURN UNE

RADIATION SHIELD

•HEAT EXCHANGER

CAPILLARY

EXPERIMENTAL CHAMBER

Fig. 4.3. The bath cryostat. Fig. 4.4. The evaporator aryostat.

For experiments above T = 4.2 K we have used the evaporator cryostat of

fig. 4.4 (Leybold-Heraeus). The cryostat consists of a vacuum jacket, a radiation

shield and a closed chamber in which the experiments are done. The heat

exchanger is in the lower, heavy part of the experimental chamber which is

filled with helium gas as a heat conducting medium. The liquid helium is

transferred from a storage vessel through a special siphon and the capillary to

53



the heat exchanger in which it evaporates. Since the evaporated helium cools

the radiation shield before being carried off, one does not need a liquid

nitrogen jacket and hence the construction can be kept very compact. The

helium flow is controlled by the pumping pressure and a needle valve in the

siphon. The evaporator body contains a vapour pressure thermometer, a carbon

resistor and a thermistor for temperature measurements, and a heating resistor.

We have employed an electronic feed-back system for controlling the tempera-

ture. The temperature in the evaporator body is measured by the carbon

resistor in an AC Wheatstone bridge with phase sensitive detection. The current

through the heater is regulated by the DC output of the detector. Since the

sample may have a slightly higher temperature than its surroundings, its

temperature is measured independently by a Au + 0.03% Fe versus chromel

thermocouple mounted against the sample. This thermocouple has been calibrated

in the thermometry group of the Kamerlingh Onnes Laboratory.

4.2 THE SYSTEMS STUDIED

In fig. 4.5 we have listed the systems studied, which are all dilute

crystalline solutions of the guest molecules in a host material. Further we

have indicated the zero-field splittings and the relative radiative rates of

the triplet substates. In the Appendix we shall go-into the details of the

origin and preparation of the crystals.

Quinoline in a single crystal of durene has been studied with conventional

X-band ESR by Vincent and Maki (1965). The phosphorescence spectrum covers the

region between 458 ran (0-0 band) and about 550 nm (Ziegler and El-Sayed 1970).

By filtering, the phosphorescence can easily be separated from the exciting

light, which usually lies between 250 and 320 nm. The zero-field transitions

were detected optically by Schmidt (thesis 1971) who also solved the kinetics

of populating and depopulating the individual triplet components.

Phenanthrene in a crystalline solution of biphenyl has been studied by

Hutchison (1967) and Sixl (1971).

For a detailed information about the isotopically mixed crystal of para-

benzoquinone (PBQ) and toluquinone (TQ) we refer to the profound study of

Veenvliet and Wiersma (1973, 1974 and 1975). The lowest triplet state of PBQ

in a single crystal of para-dibromobenzene has first been investigated by

Attia, Loo and Francis (1973). The phosphorescence spectrum of these systems

roughly lies between 530 and 650 nm.

The zero-field transitions of aniline in a para-xylene host crystal have
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been measured by Vergragt (1975) in our laboratory.
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Fig. 4.S. The positions of the triplet sublevéis of the systems studied. The

downwards sloping arrows indicate the levels with the highest rate of

radiative deaay. Besides quinoline in durene we als studied the corre-

sponding systems where the guest and/or the host is deuterated. The zero-

field splittings of these systems are slightly different.
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C H A P T E R 5

THE EFFECT OF SPECTRAL DIFFUSION AND SPIN-LATTICE RELAXATION

ON THE PHASE RELATION OF PHOSPHORESCENT TRIPLET SPINS

5.1 INTRODUCTION

From the first electron spin echo experiments in zero-field it already

became apparent that at very low temperatures, when the triplet excitation is

strictly localized, the nuclear magnetic moments play an important part in the

dephasing of photo-excited triplet spins (Schmidt 1972, Breiland, Harris and

Pines 1973). Such a dephasing sets a threshold to the observability of

transfer of the triplet excitation to higher lying triplet states or to

another site in the crystal. Hence it appeared important to make a systematic

study of systems where we know that at liquid helium temperature the excitation

remains in the lowest triplet state of the guest molecule. For this purpose we

have started an investigation on quinoline (CqNH7) diluted as a deep trap in a

single crystal of durene (C.„H..) and the related systems where the protons of

the guest and/or the host molecules have been replaced by deuterons. The titles

of the following sections refer to the experimental techniques that we have

applied in this study.

In section 5.2 we discuss the results of a systematic Hahn echo study in

terms of the "sudden jump" model developed by Hu and Hartmann (1974) for describing

spectral diffusion within an inhomogeneously broadened ESR line. In section 5.3

we demonstrate that the effect of this spectral diffusion on the phase memory

of the triplet spins can be largely eliminated by using a multiple spin echo

train in imitation of Carr and Purcell (1954). In section 5.4 we compare the

results of single and multiple rotary echo experiments with the results of the

corresponding Hahn echoes. Finally we briefly show in section 5.5 that the

electron spin echo is not only suited for studying T mechanisms, but can also

be used for an investigation of T. processes.
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5.2 TWO-PULSE HAHN ECHOES

Experimental results

In this section we present the results of an electron spin echo study on

the lowest triplet state of quinoline (CgNH? or CgND7) diluted in a single

crystal of durene (CJQH.. or CIQDIA)' W e have measured the attenuation of the

echo intensity E(2T) as a function of the time interval T between the driving

pulses. The experiments have been carried out in the T -<-> T and T «->• Tx

transitions at the temperatures T = 1.2 K and 4.2 K.

We have employed a sequence of two identical microwave pulses with a peak

power of 1 W. Then the echo height is maximized by a pulse width of 0.4 ys. The

corresponding microwave amplitude H. = 0.4 G and y H./Aui = 1 ä 2. In order to

increase the sensitivity we have turned to averaging techniques. Care has been

taken to make the repetition rate of the experiment slow compared to the

slowest recovery time of the triplet state (lifetime or spin-lattice

relaxation time). This can be verified by increasing the repetition rate until

the echo height starts to decrease. The experiments at T = 4.2 K, where the

triplet populations are in Boltzmann equilibrium, have been carried out under

continuous illumination of the sample. At T = 1.2 K the isolation condition

(2.14) is almost fulfilled. In this case it was often more advantageous to

perform the experiment during the decay of the triplet system after shutting

off the exciting light (chapter 2.5).

By way of example we have plotted in fig. 5.1 on a logarithmic scale the

decay curves of the Hahn echo, measured in the T -<-»• T transition at T = 1.2 K.
Z X.

We have not observed a significant difference between the curves for T = 1.2 K

and 4.2 K. Further the two zero-field transitions studied appear to yield

approximately the same results, although it is worth noting that the decay of

the echo in the T *-+ T transition can be followed over one decade more than
in the T -*->• T transition. This difference reflects the higher sensitivity ofz y

the microwave detection system at higher frequencies.

By neglecting the first part of the decay curves in fig. 5.1, three of

them can be described fairly well by an exponential function, E(2T) = exp(-2-r/T2),

thus defining the phase memory time T2> For the system CgNH? in C1QD . we have

estimated T by "smoothing" out the modulations on the decay curve. The results

have been summarized in table 5.1. It turns out that the phase memory time

strongly depends on the magnetic moments of the nuclei on the guest as well as

on the host molecules. By deuterating both the guest and the host, the phase
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memory time increases by a factor of 26

1000
.• i-fi

Fig. 5.1. Decay curves derived from two-pulse Hahn echo experiments in the

T •*-+ T transition of quinoline CgNH„ or C„ND„ in a single crystal of

durene C-Ji- or C. £L at T - 1.2 K. The echo height is plotted as a

function of the time interval 2T between the first of the two driving

pulses and the formation of the echo.
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Table 5.1. The phase memory times T„ derived from two-pulse electron spin echo

experiments in the T +-+ 2" transition of quinoline C.NH„ or CnND„ in

durene C-l(pi4 or C1(pi4 at T = 1.2 K. The parameters W and Ao£ are related

to the model of Hu and Hartmann (1974) and have been calculated from

Aw, - 2v1/3/TC} and 2f//Aw" = 0.25.
*S ó i£
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Finally, we remark that initially the reproducibility of the experiments

was poor, until we discovered that the decay time of the echo is slightly

shortened when the intensity of the exciting light is increased. Therefore,

if necessary, we reduced the light intensity until the phase memory time

became stationary. The largest effect has been observed in the perdeuterated

crystal with the longest phase memory time where it amounted to about 20%.

discussion

On the irreversible dephasing in an ensemble of spins during a Hahn echo

experiment in the presence of an external magnetic field some excellent papers

have been published (Herzog and Hahn 1950, Klauder and Anderson 1962, Mims

1968, Hu and Hartmann 1974). The problem usually is treated as follows. One

distinguishes two types of spins: the echo-generating A spins and the

environmental B spins. Between the two spin systems some hyperfine interaction

exists and it is customary to consider only that part of the interaction which

commutes with the Zeeman Hamiltonian. This "truncated" interaction is inter-

preted as a local magnetic field at the sites of the A spins and it leads to

an inhomogeneous distribution of their Larmor frequencies. However, the B spins

may flip in a random way from one quantum state to another, thus slightly

changing the local fields felt by the A spins. The resulting frequency insta-

bility, which is often called spectral diffusion, leads to the loss of the

phase relation. Starting from an appropriate distribution of the resonance

frequencies and a stochastic model for the fluctuations, one has derived

expressions for the echo decay.

We shall follow the formalism of Hu and Hartmann (1974) for the explanation

of the dephasing in our quinoline systems by identifying the triplet spins with

the A spins and the surrounding nuclei with the B spins. Our system, however,

differs in two respects from their model. First, they assume their B spins to

flip via spin-lattice relaxation processes, whereas in our crystals it is more

probable that flip-flop processes occur in which two nuclei exchange their

quantum states. Secondly, in our Hamiltonian describing the interaction between

triplet spins and nuclei in zero-field, not a single term commutes with the

zero-field Hamiltonian (chapter 2.4). This means that here the entire hyperfine

problem is represented by non-secular terms, which normally are neglected when

dealing with spins in a magnetic field. Nevertheless, we shall take the point

of view that the basic ideas of Hu and Hartmann also are applicable to our

case.
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Let us first consider briefly the expressions derived by Hu and Hartmann

for the decay of the two-pulse echo. In their equations two important parameters

W and Ato* occur. W is to be identified as the average nuclear flipping rate and

Aw* can be considered as the broadening of the A resonance line by dipolar
2

interaction with randomly oriented B spins. Three time regions can be distin-
2

guished according to the magnitude of WT. The decay is exponential with a T

dependence for WT « 1 and a T 2 behaviour for WT » 1. In the intermediate

region a very complicated expression results. We have plotted the exact
*

behaviour of the two-pulse echo decay with the ratio 2W/Aii>i as a parameter in
g -1/3 *

fig. 5.2. Here the dashed common tangent is described by exp(-iT AW-IT).

0.001

Fig. 5.2. The calculated decay of the echo amplitude E(2T) as a function of the

reduced time Awfr for several values of SiZ/Aid?. The curves have been obtained

from the model of Hu and Hartmann (1974). The parameters W and Amp are

explained in the text. The influence of the ratio 2W/hu* on the shape of
* *

the decay curves is clearly visible: the curve for which 2W/hu¡j = 0.05 can
2 **

be described by In E(2i) ~ -T ; apart from small values of AU^TJ the curve
* h

for- which 2W/hwp - 2 is to be described by In E(2x) T . The common
tangent of the curves is plotted as a dashed line.
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When considering our two-pulse echo decay curves (fig. 5.1) it is clear

that we are not fulfilling WT » 1 because no T S dependence can be observed

even for long T. Instead a linear exponential decay is present which in most

cases bends off for short times. This suggests that for very small values of T

we probably are in the WT « 1 limit, and that for the main part of the decay

curves the condition WT a= 1 applies. By comparing the theoretical curves with

our results we see that there is reasonable agreement for 2W/Aw3 *> 0.25, in-

dependent of the system studied. On the assumption that in this particular case

the linear pavt of the decay curve can be approximated by the tangent, we have

estimated for each of the quinoline systems a value for Aun, using Aun =
1 /T, * 2

2ir ' /T9. Then the order of magnitude of W follows from 2W/Au)i * 0.25. In table
*• * 2

5.1 we have summarized the values of W and Aui.
2

At this point it is useful to make a few remarks about the results for W

and Atoi. It is clear that we are neither in a situation of a high jump rate W

(extreme narrowing) nor of a slow jump rate, but in a situation where AHM and

W roughly have the same value. This is a kind of "resonance" condition which

corresponds with a minimum value for the phase memory time T_ (see Hu and

Hartmann, fig. 5).
Further we see that Aun is smaller than the linewidth Ann of the Zero-

s' 2

field transitions (chapter 2.4). This can be interpreted as follows. In the

picture of Hu and Hartmann the states of all nuclei contributing to the static

broadening become time-dependent through spin-lattice relaxation and they all

contribute to the dephasing. In the systems studied by us, however, we expect

nuclear T.. processes to be extremely slow (Kolb and Wolf 1972). Moreover, we

have not observed any temperature dependence. Hence we believe that in our

systems the nuclei flip via spin-spin interaction. Then one would expect that

only those nuclei can exchange their quantum states for which the hyperfine

interaction with the triplet spin is of the same order of magnitude as the

dipolar interaction amongst the nuclear spins themselves. Hence the nuclei close

to the electron spin, having a large hyperfine interaction, can no longer

communicate with the bulk nuclei via flip-flop processes, because the corre-

sponding change in energy would be too large. In other words, the flipping

rate of these nuclei, which predominantly determine the static line broadening,

is reduced and they do not contribute to the dephasing. Consequently, the

broadening Ann due to the nuclei, which do effectively cooperate in the

dephasing process, is smaller than the total linewidth Aun .

The ratio of the values derived for Aun can be explained by the following
2

model. Let us assume that the nuclei which do not contribute to the dephasing
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are those located on the guest molecules, while the flipping nuclei belong to

the host material. We write the spin Hamiltonian for the zero-field splitting

and the hyperfine interactions as follows

3f = 3f + y 3.G + y §.fí • (5-D
s ss 'e 'e

Here the "local fields" G and ñ represent the effect of the hyperfine inter-

actions with the guest and host nuclei respectively. Then G is stationary,

while H is slowly modulated owing to the flip-flop processes.

Assuming that Y S.H is a very small perturbation, we first calculate the
e -v ->

eigenstates of the molecular spin Hamiltonian 3C + Y S.G to the first order
S S 6

Tz = Tz - V y - BxzTx
T = T - ß T - ß T
y y zy z yx x

T = T - ß T - ß T
x x yx y xz z

(5.2)

where

(5.3)

etc., by cyclic permutation. As we have already mentioned in chapter 2.4, this

interaction leads to a second order energy perturbation. It is easily shown

that the resonance frequency of the T <-> T transition, for instance, 'is

shifted by

(5.4)

On the basis of the eigenfunctions (5.2) the interaction with the host nuclei

Y S.H, however, has diagonal elements. The related frequency shift for the

T transition is

GH GH

Z-X ' Y-X (5.5)

The perturbation (5.4) only contributes to the static line broadening.

However, the perturbation (5.5) due to the interaction with the host nuclei

becomes time-dependent and destroys the phase coherence between the triplet

spins. Now it should be realized that the term (5.5) is proportional to the
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product of the magnetogyric ratios of the guest and host nuclei:

Accordingly, we expect that the Aw* values of the four quinoline systems studied

must be in the proportion of 1 : 6.5 : 6.5 : 42, in fair agreement with the

observed ratio [see table 5.1).

Another remarkable observation is that the ratio W/Aw* remains practically
2

the same upon deuterating the crystals. This tendency seems reasonable because

a reduction of the nuclear magnetic moments not only reduces the effect on Auii,

but also their mutual interactions and consequently the probability for flip-

flop processes.

Finally, we have to comment upon the modulation on the echo decay curve for

CgNH7 in C...D (fig. 5.1). Such a behaviour is well-known under the name of

the "nuclear modulation effect" (Mirns 1972). The modulation contains frequencies

originating from the hyperfine splittings in the electron spin levels. The

depth of the modulation is determined by the off-diagonal elements of the

hyperfine tensor which occur when the principal axes of the hyperfine and zero-

field splitting tensors do not coincide. Hence the modulation may be induced

by the ß-protons in the skew 2, 3, 6, 7 positions. In the other three systems

no modulation is observed. The reason is that for the system C_NH7 in C.J-1. .

the phase memory time is too short, while in the two systems with deuterated

guest molecules the modulation effect is greatly reduced.

5.3 CARR-PURCELL MULTIPLE ELECTRON SPIN ECHOES

Experimental results

In 1954 Carr and Purcell showed that in a liquid the effect of spatial

diffusion of nuclear spins in an inhomogeneous magnetic field can be (partly)

eliminated by using a multiple spin echo train. To our knowledge such an

experiment had never been tried in a paramagnetic system in solids where

spectral diffusion within the inhomogeneously broadened ESR line occurs. Since

the results of our two-pulse spin echo experiments suggest the presence of such

a diffusion process in the zero-field lines, we have applied the Carr-Purcell

technique to study this phenomenon (van 't Hof et al. 1973). Later Breiland,

Brenner and Harris (1975) used a similar technique in their study of tetra-

chlorobenzene.

We have carried out the experiments in the T -«-»• T transition at 3598 MHz
2» X

of cgND7 in a durene host at 4.2 K. The sample is subjected to a resonant 90°

pulse at t = 0 and then to a series of 180° pulses at times x, 3T, 5T ..., which
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give rise to the formation of echoes at times 2T, 4T, 6T ... In designing the

experiment a complicating feature had to be taken into consideration. Because

of the inhomogeneity of 11. over the sample (chapter 3.3) the nominal "180°

pulses" in the train will not be felt as such by all molecules, but there will

be a spread around this mean value. Now it is known from NMR experiments that

che pulses in the Carr-Purcell sequence must be of a duration exactly corre-

sponding to 180° for all spins, since a systematic deviation has a cumulative

effect and spoils the refocussing of the echoes in the train. This complication

has been investigated by Meiboom and Gill (1958) and they have shown that a

small deviation of the pulse duration from the nominal value 180° is acceptable

in a multiple echo experiment, provided the pulses are coherent and a 90° phase

shift is introduced between the 90° pulse and the first of the 180° pulses. The

same refinement was incorporated in our microwave system (chapter 4.1).

Fig. 5.3. Multiple spin eaho signal of quinoline C ND in durene C^Jl .. The

microwave pulses are resonant with the T

Horizontal 4 \is per division. T - 4.2 K.

T transition at 3598 MHz.

In fig. 5.3 an example is shown of the multiple echoes with x = 1 wsec;

the high narrow spikes are the driving pulses, and the signals in between, the

echoes. Fig. 5.4 is a photograph of the same experiment on a longer time base;

the echoes are no longer separately observable and the microwave pulses

manifest themselves as a hazy background. Almost at the end of the time base

the microwaves have been cut off in order to get an impression of the noise

level. While from a single echo experiment at 4.2 K we derived T =9.2 ysec,

the multiple echo experiment yields echoes during more than 500 used The

decay of the echoes has been reproduced in fig. 5.5 for several values of x.
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Fig. 5.4. The same experiment as shown in fig. 5.3. Horizontal SO \ÍS per

division.

Because of the recovery time of the receiver the interval T had a lower limit

of 0.75 usec. To illustrate the power of the Meiboom-Gill "trick" it is worth

mentioning that without the 90° phase shift only a few echoes could be

observed.

Fig. S.S. Deaay of the multiple spin echoes as a function of time for quinoline

CgND? in durene Transition: T T at 3598 MHz. T = 4.2 K. Thex
repetition parameter T is defined in the text.
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The remarkable lengthening of the phase coherence up to hundreds of usec

indicates that also spectral diffusion within an ESR line may be partly circum-

vented by a multiple pulse sequence. As in Carr and Purcell's original NMR

experiments, the loss of phase coherence of the triplet spins due to "diffusion"

effects is gradually eliminated by making T shorter. But contrary to their

results, the decay of our echoes is not exponential.

Dzsaussion

We only give a qualitative explanation of the lengthening of the phase

coherence with the aid of fig. 5.6. In this picture the evolution of the phase

of one triplet spin, off resonance by an amount. Aoo, is followed during both the

single echo and the multiple echo experiment. The phase is defined as the

angular position <i> = /Audi in the horizontal plane of the rotating frame. First

we consider a single echo experiment without fluctuations in Aw. After the 90°

pulse the phase increases proportional with time: § - tAu. The effect of a 180°

pulse at t = T can be considered as an inversion of the phase: TAU ->• -TAOI.

After the 180° pulse the phase again increases with time and is zero at t = 2T.

Then the spins again are all in phase and we observe the echo. However, if we

allow for some frequency jumps (i.e. spectral diffusion) during the experiment,

the phase at t = 2x will differ substantially from zero. Since the contribution

of each spin to the formation of the echo is proportional to cos[i|>(2'0], the

echo will be attenuated. From fig. 5.6 it is clear that this attenuation will

depend on the rate and the size of the jumps in frequency.

Now we consider the Carr-Purcell cycle for frequency jumps identical to

those just considered. It has the property of dividing the original time

interval 2T into many small parts, in which the phase is alternating due to the

action of the 180° pulses. Figure 5.6 illustrates the effect: the phase is

forced to stay the closer to <js = 0, the smaller the time elapsed between the

pulses. As a result the attenuation of the echo due to the frequency jumps can

be reduced considerably. In the limit x -> 0 this effect will even disappear

completely.

The Carr-Purcell-Meiboom-Gill method in the limiting case T -> 0 is

equivalent to spin-locking (Redfield 1955). In the photo-excited triplet state

this experiment was first performed by Harris, Schlupp and Schuch (1973) in

the following way. A 90° pulse, applied at the resonance frequency of one of

the zero-field transitions along the e' axis of the FVH rotating frame, turns

the pseudu-magnetization r from the e, axis along e'.
«J 1
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II
9-

Hahn - echo without
frequency lumps
Hahn - echo with
frequency jumps
Carr- Purcell echo tram

Fig. 5.6. Comparison between the phase behaviour of a single triplet spin in a

two-pulse Bahn echo and a multiple spin echo experiment. The phase is

defined as the angular position <f> - fhwdt in the transverse plane of the

FVH rotating frame after the 90° pulse u, 7 is inverted

180° pulses.

-$) by the

Immediately after the pulse the H. field is shifted 90°, locking the spins

along e' and preventing the free precession decay from occurring. With the

magnetization parallel to the H, field, the spin alignment in the rotating frame

decays to an equilibrium value with a characteristic time T. . In phosphorescent

triplet states 1' can be determined optically. After a time interval T the

locking field is switched off and a second 90° pulse is applied at the same

phase as the first one. Then the remainder of r is placed along the negative

e, axis, resulting in a new value of th? triplet sublevel populations and hence

in a change of the phosphorescence intensity. The measurement of this change as

a function of the spin-locking time T yields T. . For tètrachlorobenzene-d. in

a durene-d,. host .l/T. is found to be only slightly larger than the mean rate

for decay to the ground state of the two triplet sublevéis involved (Harris et

al. 1973, Schuch and Harris 1974). Hence it appears that in this case the

effect of spectral diffusion is completely eliminated by spin-locking.

It is clear that an effective locking of the spins along the H, field is

only possible if the amplitude of the microwave field considerably exceeds the

linewidth of the zero-field transition (y H, » Awj). In experimental practice,
6 1 2
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however, this condition cannot always be fulfilled.

5.4 ROTARY ECHOES

Experimental results

T transition
X

The rotary echo experiments have been carried out in the T z

of the four quinoline systems at T = 1.2 K. We have measured the echo attenuation

E(2T) by varying the delay time T between the moment the resonant microwave field

is switched on and the application of the 180° phase shift (chapter 3.3). The

decay curves are shown in fig. 5.7. It turns out that a logarithmic plot yields

an almost straight line, described by E(2T) = exp(-2x/T2 ). The values for the

phase memory time T are presented in table 5. II, together with the T.¿ values

derived from the Hahn echoes.

Fig. 5.7. Decay curves derived from rotary echo experiments in the T «-+

transition of quinoline CgNH or CgND? in a single crystal of durene

or ClfíD at T = 1.2 K. We have plotted the echo height as a function of

the time interval 2x between the moment the microwave field is switched on

and the formation of the echo.

In order to check the influence of the microwave power on the rotary echo

decay time T_ we varied it over three decades from 10 Watt (y H./Auj « 6)

Y IL/e lto 0.01 W (YJVAWI
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phase memory time. At the microwave power of 1 W commonly employed by us, the

phosphorescence intensity is modulated at a frequency y H./2ir =B 1 MHz corre-

sponding with y H /Ami = 1 to 2.
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Fig. 5.8. Decay of the rotary echo train for quinoline C ND in a durene host

at T - 1.2 K. Transition: T *-* T at 3598 MHz. The repetition parameter

x is defined in the text.

We have also studied the dephasing during a rotary echo train, as first

observed by Harris, Schlupp and Schuch (1973) in the phosphorescent triplet

state of tetrachlorobenzene. Here 180° phase shifts are applied at times = T,

3T, 5T, ... and the echoes appear at t = 2T, 4X, 6T, .... analogous to the

multiple Hahn echoes. We have carried out this experiment in the T •*->• T

transition of quinoline C ND-, in durene C.Ji at T = 1.2 K. The results have

been plotted in fig. 5.8 for three values of the parameter T (1, 2 and 3 us).

Discussion

From an inspection of table 5.II it follows that the rotary echo decay time

also depends upon the nuclear magnetic moments in the crystal. For all systems

T9 is longer than T_ but the dependence of T- on the nuclear magnetic moments
¿P ¿ ¿p

of the guest and host molecules is less pronounced. We shall give an explanation

for these phenomena in the following simple model.
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5.II. The phase memory times T derived from rotary echo experiments in
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vhe T
z

comparison we have also listed

T transitions of the four quinoline systems at T = 1.2, K. For

Consider a spin packet off resonance by an amount Aw. In a Hahn echo

experiment, during the off-periods of the microwave field, the spin nacket

precesses at a frequency Aw in the horizontal plane of the rotating fíame.

Variations in the local field felt by the triplet spins, which are due to

flipping nuclei, manifest themselves as fluctuations SAw in the precessional

frequency which directly lead to the dephasing of the spins.

In a rotary echo experiment the situation is quite different. Here the

microwave field is continuously present and the .spin packet precesses about the

direction of the effective field with angular velocity m « = [(ï H.) +
2 i err e i

(Au) ] ; see fig. 3.2. Dephasing, in a first approximation, occurs in the plane

perpendicular to this field by variations SUJ f f which are related to 6Aw by

the expression

fia)eff (5.5)

Now we remember from chapter 3.5 that one can distinguish three groups of spins.

First the R spins, which are very close to the microwave frequency and are

characterized by |AU| « y H . According to (5.5) they no longer contribute to

the dephasing. Secondly, the P spins, to which applies |&w| » y H . They take

no part in the experiment and thus do not contribute to the dephasing. Hence

we conclude that the loss of phase coherence mainly originates from the third

group Q with | Ato| « y^. However, for these spins the dephasing is even reduced

in the ratio Ato/u

From the above picture we expect T_ to be longer than T_ and moreover to

be independent of the microwave power as long as the condition Y H < AUH
e l g

applies. These two conclusions are in agreement with our findings. On the other
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hand, we predict a lengthening of To if y f

not been able to verify this because of the limited microwave power available.

» Aui. Unfortunately, we have

Further, we observe that the ratio T2 /T2 which is 9.3 for CgNH7 in

strongly decreases upon deuteration of the crystals. T_ seems to have an upper

limit of about 50 us. We mention two possible causes of this phenomenon which

are both related to the non-fulfilment of the condition y H » Aui. Firstly,
e i 2

the 180° phase shift actually does not invert the effective field in the

rotating frame for those spins to which applies .(&tl)l « 'Y^l' T'lis i mP e rf e c ti° n

may ]ead to an additional decay of the rotary echo, which will manifest it'self

in particular in the system with the longest phase memory. Secondly, we have

investigated roughly the influence of the inhomogeneity of the microwave field

over the sample. For one of the systems, C_ND_ in cigHi4> we have observed that

T., is reduced by about 20% when, instead of using the re-entrant cavity, the

experiment is done in a helix where the microwave field is much more inhomoge-

neous. Hence we believe that a field inhomogeneity may also have affected the

phase memory time artificially.

Finally, we comment upon the results of the rotary echo train. Figure 5.8

shows that the decay curves are very analogous to the curves derived from the

Carr-Purcell multiple echoes. Since T_ > T~ one would expect the rotary echo

train to decay more slowly than the Hahn echo train. This is contradicted by

the experiments and, moreover, the decay curves of the multiple rotary echoes are

affected by irregular modulations. The reason is that this multiple echo decay

is extremely sensitive for imperfections in the 180° phase shift. A deviation

from 180° accumulates after a number of shifts and destroys the recovery of the

echo. Recently Dr. W.S. Veeman has pointed out to us that an improvement of this

method has been devised by Kessemeyer and Rhim (1972). In their NMR experiment

they keep the H. field along the positive e' axis. Instead of applying 180°

phase shifts they give 180° pulses with H. along the perpendicular e' axis. We

have not yet been able to use the same trick, which somewhat resembles the Gill-

Meiboom method for Hahn echoes, to our phosphorescent triplet states.

5.5 SPIN-LATTICE RELAXATION

In the preceding sections we have described the dephasing of the triplet

spins as the result of flip-flop transitions in the nuclear spin system. In th-

liquid helium temperature range the phase memory time T_ does not depend on the

temperature and this is in agreement with our model, because we expect the

flip-flop processes to be independent of temperature. At higher temperatures,
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however, spin-lattice relaxation should come into play and this will lead to an

additional decay of the phase coherence. In this section we shall show that in

quinoline above T = 20 K spin-lattice relaxation even becomes the main

dephasing mechanism of the triplet spins. Moreover, it will appear that at

least up to T = 20 K the spectral diffusion remains independent of the tempera-

ture.

The study of spin-lattice relaxation is a subject of current interest. The

first results have been reported by Schwoerer et al. (1970, 1972) and Wolfe

(1971), and later a more elaborate study appeared from Konzelmann et al. (197S) on

quinoxaline. Their experiments have been carried out in an external magnetic

field, employing various techniques such as saturating an ESR transition with

a microwave pulse and then monitoring the evolution towards equilibrium by a

weak non-saturating microwave field, or by measuring the relative intensities

of the two |Am | = 1 ESR signals.

Inspired by the success of ne optical methods for studying the kinetics

of populating and depopulating th¿ triplet state, Antheunis et al. (1975)

started an investigation into the possibilities of extending these techniques

to measure spin-lattice relaxation in zero-magnetic field. Their study is being

continued by Verbeek (1976).

In this section we treat an alternative experiment in which the two-pulse

electron spin echo is used. The method, well-known in NMR, may be particularly

useful for triplet systems with little or no phosphorescence emission. Since it

is not the main purpose of the present thesis to study spin-lattice relaxation,

we confine ourselves to an outline of the experiment and the presentation of

some preliminary results.

As an example we have chosen the T •*->• T transition of quinoline-d_ in

durene in the temperature range between T = 5 and 25 K. In the experiment the

sample is illuminated continuously and the molecules are subjected to a series

of three microwave pulses (see insert of fig. 5.9). At time t = 0 the populations

of the levels T and T are "equalized" by a 90° pulse. While the populations

return towards equilibrium a spin echo is generated by a 90°-180° pulse sequence

with a fixed T which is small compared with T„. The increase of the echo height,

measured as a function of time, reflects the recovery of the original population

difference.

In the temperature region studied the relaxation rates w , defined in

fig. 2.2, by far exceed the rates k for decay to the ground state (u, v =

x, y, z). Under this condition one can show that after a perturbation the return

of the populations towards equilibrium, in general, has a bi-exponential
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character (Wolfe 1971). The related decay constants are complicated functions

of the relaxation rates w (Antheunis 1974).

T-1 Is"1] .

Fig. 5.9. The spin-lattice relaxation rate

1/T^ as a function of the tempera-

ture for quinoline C W? in durene

C1f)H-4. 2
1, has been measured in the

T •*-*• T transition at 3598 MHs by
z x *

the sequence of resonant microwave

pulses as indicated in the insert

of this figure.

10 15 20 30
T [K]

From our experiments it follows that in the temperature range between

T = 5 and 25 K the increase of the echo intensity, and consequently the return

of the populations towards equilibrium, can be described fairly well by a single

time constant, denoted by T... Only below T = 10 K the behaviour seems to be bi-

exponential which would agree with the results of Verbeek (1976) between T =

1.2 and 4.2 K. However, the two exponents can not be distinguished with

reasonable accuracy. In fig. 5.9 we show a double logarithmic plot of 1/T. as

a function of the temperature. It is worth noting that this result for

quinoline-dy in durene much resembles that for quinoxaline in the same host,

measured by Antheunis (1974) by optical means.

It follows from fig. 5.9 that at about T = 20 K the spin-lattice

relaxation time T.. becomes equal to the phase memory time T_ = 9.2 us as

derived from a two-pulse Hahn echo experiment in the liquid helium temperature

range. Therefore we expect that around T = 20 K spin-lattice relaxation will

lead to a considerable shortening of the phase memory time. In order to verify

this we have carried out Hahn echo experiments around T = 20 K. It turns out

that the echo attenuation is exponential and that the value of the decay rate

is given by 1/Tj + 1/T„. Here the temperature-dependent term 1/T, is found from'

fig. 5.9 while T 2 is equal to the low temperature value 9.2 ps. Hence the
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shortening of the phase memory time is only due to spin-lattice relaxation,

and the spectral diffusion mechanism does not vary significantly with the

temperature up to 20 K.

5.6 CONCLUSION

Let us summarize the most important conclusions that follow from the

present work and discuss the potentialities of the various coherence experi-

ments.

Thus far we have only studied the spectral diffusion caused by flip-flop

processes in the nuclear spin system of the host material, which modulate the

hyperfine interaction. The resulting fluctuations in the resonance frequencies

of the triplet spins lead to the loss of their phase relation. It turns out

that this dephasing mechanism does not vary significantly with the temperature

up to 20 K.

Although the spectral diffusion caused by hyperfine coupling is a very

intriguing effect, it may be an obstacle for observing other dephasing

mechanisms like vibronic relaxation and transfer of the triplet excitation in

molecules and molecular crystals. Such processes are usually thermally

activated and are expected to manifest themselves as a variation of the phase

memory time with the temperature. In order to improve the chances of observing

such effects, one would like to reduce the influence of the nuclear spin

induced spectral diffusion. One may do this in one of the following ways.

(a) By deuterating the crystal one decreases the hyperfine interaction, and

thus the phase memory time T-, as derived from the two-pulse Hahn echo, is

lengthened considerably. In the system quinoline in a durene host the

lengthening amounts to a factor of 26.

(b) When applying the Carr-Puraell-Meiboom-Gill method, the influence of

spectral diffusion, in priiciple, can be reduced to any degree, depending

upon the time interval between the pulses. The explanation given in fig.

5.6 is based on the phase-inverting effect of the 180° pulses. In practice,

the efficiency of this method for circumventing spectral diffusion is

limited by the minimum time interval (2T «=1.5 us) required for observing

the echoes between the pulses.

(c) The phase memory time T as measured by means of the rotary eaho is found

to be longer than T_. In this experiment the precessional frequencies of the

triplet spins in the rotating frame are less sensitive to spectral diffusion,

because the fluctuations in the resonance frequencies appear in a direction
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perpendicular to the continuously present microwave field Hj. In the limit

Y ti, » Auii we expect the effect of spectral diffusion to be reduced even

more. Since we had not sufficient microwave power at our disposal to

satisfy this condition, the phase memory time T 2 , observed by us, still

depends upon the nuclear magnetic moments in the crystal,

(d) In a spin-looking experiment the effect of spectral diffusion may be

completely eliminated. The decay of the magnetization, locked along the

H -field in the rotating frame, is to be compared with a spin-lattice

relaxation process. Harris, Schlupp and Schuch (1973] have observed that

the related decay rate 1/T , in certain systems, approaches the mean

depopulating rate of the triplet substates connected by the microwaves. We

have also carried out a spin-locking experiment, to be discussed below, from

which it follows that to suppress the affect of spectral diffusion one

need not meet the condition y H. » Awi. We believe, rather, that y H has to
e i g e i

exceed the time-dependent part of Ami, a condition which is much easier

fulfilled. We shall see below that for other reasons, related to the

kinetics of populating and depopulating the triplet state, i t nevertheless

is advantageous to have y H » Aoii.

e l 2

The application of the above methods for suppressing the influence of

nuclear spin flips is only of some use, if the effect of the thermally activated

processes is not impaired. Fortunately, the properties of the two dephasing

mechanisms are often so different that this condition indeed applies. We shall

illustrate it by means of an example and anticipate the last chapter, in

which we discuss the results of an electron spin echo study on vibronic

relaxation.

In parabenzoquinone we have studied the dephasing of the triplet spins as

a result of transitions between the lowest triplet state T_ and a higher lying

vibronic level T with an extremely short lifetime. The difference in zero-field

splitting of the corresponding transitions in T and T. is very large compared

with the value of y H which corresponds to the maximum available microwave

power. During the cycle of excitation to, and decay from, T the spins

accumulate phase differences which in the course of a number of such brief

excursions lead to the destruction of the phase relation.

First we indicate the difference between vibronic relaxation and spectral

diffusion due to nuclear hyperfine interaction regarding their effect on single

and multiple Hahn echo experiments. The effect of spectral diffusion is

characterized by discontinuities in the resonance frequencies of the triplet

spins, which result in stochastic changes in the rate at which phase
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differences are accumulated in the course of time; see fig. 5.6. The loss of

phase coherence by vibronic relaxation, however, is caused by transitions to a

state T in which the spins during an extremely short time experience another

resonance frequency. Hence the phase accumulations in this state manifest them-

selves as discontinuities in the phase itself. As illustrated in fig. 5.10, the

effect of such phase jumps is not reduced by applying the Carr-Purcell -Meiboom-

Gill method instead of the single Hahn echo technique.

Hahn- echo without
phase jump
Hahn - echo with
phase jump

Fig. 5.10. Comparism between the phase behaviour of a single triplet spin in

a two-pulse Hahn eaho and a multiple spin echo experiment. The phase is

defined as the angular position $ = fhwdt in the transverse plane of the

FVH rotating frame after the 90° pulse and is inverted fij> •+ -<\>) by the

180 pulses. The arrow indicates the moment at which a phase jump occurs.

In a rotary echo experiment the influence of spectral diffusion caused by

nuclear spin flips is reduced, and in a spin-locking experiment it is even

eliminated. The dephasing due to vibronic relaxation, however, is not affected

when the difference in resonance frequency between T and T_ is very large

compared with yH,. The reason is that during the stay in T the spins

experience an effective field in the rotating frame which is predominantly

determined by the difference in resonance frequency and hardly by the presence

of the microwave field.

Since T, > 1 > T one would expect that for the study of processes like
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vibronic relaxation spin-locking is the most appropriate technique, followed

by the rotary echo and the two-pulse Hahn echo in deuterated crystals. (The

position of the Carr-Purcell-Meiboom-Gill method in this series depends upon

the time interval T ) . In experimental practice, however, other considerations

also play an important part.

(a) Spin-locking may yield a phase memory time of the order of the triplet

lifetime, but one must also take into consideration the effect of the

populating process via the optical pump-cycle. Theoretical aspects of this

problem have been considered by Breiland, Fayer and Harris (1976). Because

the spins are created in a stationary state, they enter t"he FVH rotating

frame along the e, axis. Under the condition y H. » Awi the incoming spins

fan out in a plane perpendicular to y H. and hence they do not contribute

to the locked magnetization. However, if the condition y H » AUM cannot

be fulfilled, this is no longer true. We have experienced this in a trial

carried out in the T «-• T transition (3149 MHz) of toluquinone at T = 1.2 K.

The decay of the locked magnetization was measured by the optical method as

explained in section 5.3. It turns out that initially the signal height

does decay, but after a time comparable to the triplet lifetime it becomes

stationary (fig. 5.11a). We have interpreted the stationary tail as the

result of populating the triplet state. The spins which are created in a

state off resonance by an amount A H * f H. are partly locked along their

effective fields in the rotating frame and keep contributing to the signal.

This explanation is confirmed by the observation that the stationary tail

of the decay curve vanishes when the experiment is carried out following

flash excitation (fig. 5.11b). Here the observed decay rate 1/T, = 1400 s~ ,

however, is considerably lower than the mean depopulating rate of the levels

Tz and T (% 5000 s~ ). We have not yet been able to find a satisfactory

explanation for this anomalously long decay time. We suspect that, here

also, the large width of the resonance line plays a role and that spin

packets with Aw = y^ are responsible for this effect.

(ß) Compared with spin-locking, rotary and Hahn echoes, the Carr-Purcell-

Meiboom-Gill method is relatively complicated from an experimental point of

view. The reproducibility of the results strongly depends upon the

accuracy with which the time interval T can be adjusted. Moreover, the

decay of the phase coherence shows a non-exponential behaviour which is

always difficult to interpret.
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Fig. 5.11. Results of optically detected spin-looking experiments on an

isotopically mixed crystal of toluquinone (C H700 . CH? in CJ)-0o . Cti„)
Ö ó o O Ó 0 £J 0

in the T3 «-> T- transition at 3149 MHz. We have plotted the decay of the

looked magnetization as a function of time under continuous excitation

(a) and following flash excitation (b). T - 1.2 K.

(Y) The choice of optical versus conventional (microwave) detection is

determined by the properties of the system to be studied. In principle both

methods can be applied because one can always transform a transverse

magnetization into a population difference, and vice versa, by a 90° pulse

of the correct phase. For the detection of rotary echoes and spin-locking

the optical method is more suited, whereas we prefer the conventional method

for the detection of single and multiple Hahn echoes. From the point of

view of sensitivity the conventional microwave technique is more successful

in long-lived, weakly phosphorescent triplet states, whereas in strongly

emitting triplets the optical detection is preferable. This question of

sensitivity has already heen brought up by Harris et al. (1973) who claim

that the optical detection is by far superior because as few as 10 spins

can be detected. One should realize that this is only possible if the echo

signal can be converted in a pulse of light against a zero-background. In

practice, there is usually a "noise" arising from background radiation, e.g.

from impurity emission or the unmodulate«. . rt of the phosphorescence. For

these reasons it is often more advantag- • i in weakly phosphorescing systems

to use a microwave detector where the si<,.. „ is discriminated against the

noise level of the microwave receiver.
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C H A P T E R 6

THE EFFECT OF VIBRONIC RELAXATION

6.1 INTRODUCTION

An interesting application of coherence experiments is in the study of

dynamic processes between different vibronic states, and "detrapping" in mixed

crystals. An example of the latter type of experiment was first reported

by Payer and Harris (1974]. They used spin-locking for studying the decay of a

trap excitation to the delocalized band states in isotopically mixed crystals

of tetrachlorobenzene. Later, we also observed detrapping in an isotopically

mixed crystal of toluquinone with the aid of the rotary echo technique (van 't

Hof and Schmidt 1975; see also chapter 1). In the present chapter we

concentrate mainly on the relatively simple case of transitions between two

vibronic states.

For parabenzoquinone (PBOJ in a dibromobenzene host we have observed a

shortening of the phase memory time of the rotary echo and a shift of the zero-

field ESR lines when the temperature was raised (van't Hof and Schmidt 1975). The

temperature dependence can be described by an activation energy 5E which nicely

corresponds with the energy difference, known from optical spectroscopy, between

the lowest triplet state Tn and a higher lying vibronic level T . Hence, we have

concluded that the additional loss of phase coherence and the frequency shift

are caused by transitions between T and T (vibronic relaxation).

In order to extract more information from experiments of this type, we

first develop a theoretical model for the effect of vibronic relaxation in

section 6.2. This model gives expressions for the phase memory time and for the

shift of the observed resonance frequency. Both expressions contain the

Boltzmann factor exp(-6E/kT), the lifetime of the upper vibronic level T and

the difference in zero-field splitting for corresponding transitions in T~ and



In section 6.3 we report the experiments on PBQ. By confronting the

experimental results with the expressions of our model, we have been able to

calculate both the lifetime and the zero-field splitting of the upper vibronic

level Tß.

Finally, we present in section 6.4 the results of similar experiments on

aniline. It turns out that in this molecule also a vibronic level is present

close above the lowest triplet state.

6.2 A MODEL FOR THE EFFECT OF VIBRONIC RELAXATION ON THE SPIN COHERENCE

In fig. 6.1 we consider the sicuation where molecules may jump between two

triplet systems T and T separated by an energy difference 6E. We assume that
U Q

the systems have the same spin axes and hence the same spin eigenfunctions,

but different zero-field splittings. We shall study the effect of the jumps on

the resonant behaviour of the triplet spins in the T «-> T transition with a
z y

resonance frequency to- in the lower system and u + A in the upper system.

Hence, the applied microwave field with frequency w is x-polarized.

The behaviour of the molecules in the lower level Tn is controlled by an

appropriate spin Hamiltonian. We suppose that they have a probability W for a

sudden jump to the upper level T . Here their behaviour is determined during a

mean lifetime T by a slightly different spin Hamiltonian, after which they

return to the lower state. When translating the situation into the FVH model

we separate the ensemble into two parts. The first part consists of the spins

residing in the lower triplet; its state is denoted by the vector r, which

experiences a "field" u. The other part, residing in the upper system, is

represented by R and is driven by a "field" fi. These ideas are reflected in the

following formulae

ör/ót = w x r - Wr + $/T

SR/St = fi x R + Wr - R/T

(6.1)

(6.2)

The transitions between T Q and T are expected to originate from the interaction

with a phonon bath in thermal equilibrium (Abragam 1961), thus

WT = exp(-6E/kT) . (6.3)

We shall use the rotating frame representation, but for simplicity drop the

primes. In this representation the components of the fields u and ñ are
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O , Ü) 2 =

= o ,

- w ;

+ A -

(6.4)

(6.5)

The two rotating frames are represented in fig. 6.1.

'V*A

AE

""*;

e'.

tg'. ff.l. TTze positions of the spin components of the lowest, triplet state T

and a higher lying triplet state T . The FVH rotating frames for the

T *->• T transitions of Tn and T are shown at the right.2 j / u e

Before elaborating on this model, we first introduce a simplification. The

microwave frequency to is chosen so close to IO- that fi, = Ü>_ + A - u » A. Later

we shall justify this choice.

Further, we assume that for the difference in resonance frequency A the

following condition applies

h » y H. .
6 X.

(6.6)

Then we may neglect fi = y H with respect to Í2, «s A. This mear.s that the upper
¿ e i j

system ís hardly perturbed by the microwave field.

The differential equations for the components of r and R now form the

following coupled sets



R,/T , (6.7)

SR /6t = -¿R7 + Wr

6R2/6t = AR: + Wr2 (6.8)

At this stage we assume that also a second condition

WT = exp(-SE/kT)<< 1 (6.9)

is fulfilled. In this low temperature approximation the vast majority of the

triplet spins finds itself in the lower level T„. In a first approximation

the time development of r is then governed by the microwave field y H-, while

the effect of the jumps is to be considered as a small perturbation. In order

to calculate this perturbation we have to eliminate R., R2 and R, from (6.7).

For this purpose we derive from (6.8) expressions for R., R. and R., as

functions of r., r_ and r,. Starting from the initial conditions R,(0) = R„(0) = 0
0 i ¿

and R,(0) = R3 we find with the aid of Laplace transformations:

t

W .i e

O

A(t-t')-r2(t')sin A(t-t')}dt'

R2(t) = W

(t-t'

{r (t')sin A(t-t')+r2(t')cos A(t-t')}dt' (6.10)

R3(t) = W e. r3(t')df R° e" t / T

The integrands in (6.10) are only substantially different from zero for

t - T < t' < t and since we do not expect that r (t1), r2(t') and r,(t') vary

significantly in this small time interval T we replace them by r (t), r.(t) and

r3(t) after which the integrals can be calculated. Physically, this means that

the experimental time constant (y IL)~ is long compared with the lifetime T of
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the excited state T , which is a reasonable assumption. The result for t > T is
6

WT
•y 2 ^ri - A T 1 V •

1+A T

WT

1+A T
A T r l ) '

(6.11)

R = W-cr .

Substitution of these equations into (6.7) yields

6ro/6t = (6.12)

where we have used the abbreviations

„,.2 2
WA T
-—^2
1+A T

.2 2
- _ . exp(-6E/kT)
1+A T

(6.13)

WAT

1 + A 2 T 2 I+AV
exp(-6E/kT) (6.14)

This system of differential equations (6.12) leads us to the following conclu-

sions:

(a) The terms with the coefficient 1/T are relaxation terms and represent the

loss of phase coherence due to the jumps between T_ and T .

(b) The coefficient E has to be identified with a frequency shift. The observed

resonance frequency is si t e,

(c) The combination of a coherence experiment which yields T„ with the measure-

ment of the frequency shift e, both as a functior of the temperature, should

enable one to derive the lifetime T as well as the zero-field splitting of

the upper level T .

Before proceeding, we remark that the relations (6.13) and (6.14) for T'

and e are very similar to equations derived by Swift and Connick (1962), based

on a treatment of McConnell (1958). They describe the effect of chemical ex-

change on the resonance frequency and transverse relaxation time T. of 0
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nuclei in aqueous solutions of paramagnetic ions, in these experiments the 0

nuclei occur in two environments a and b with different resonance frequencies:

a corresponds with the bulk waters which are observed experimentally, whereas b

corresponds with the waters in the coordination sphere of the paramagnetic ions.

From the concentration condition [a] > [b] it follows that the rate for exchange

towards the coordination sphere is much smaller than the rate to the bulk waters.

This is analogous to our condition WT < 1.

Finally we have to verify that the above approximation fi, = w o + A - w s = A

is allowed. As long as the microwave frequency oi is close to the observed

resonance frequency, we have u =B w. + e and thus Q, =s A - e. From the condition

WT « 1 and equation (6.14) it follows that e « A and hence n, =s A.

The set of equations (6.12) allows us to calculate the effect of the jumps

between T and T on the phase coherence of the triplet spins. Now we shall

discuss the consequences for the phase memory times as measured with the various

coherence experiments.

Application to the transient nutation and rotary echo

At t = 0 we switch on a microwave field tuned to the observed resonance

frequency (w = tun + e). Using the initial conditions r (0) = r9(0) = 0 and
0

r3(0) = r , the general solution of r (t) from (6.12) is (Torrey 1949)

r3(t) ° exp(-t/T' ) (cos at
2p

(6.15)

with

(6.16)

and

Tl = 2T1 .
2p 2 (6.17)

For sufficiently high microwave power, y H » 1/T' , the equation (6.15) becomes

r3(t) = expC-t/T^lcos y ^ t . (6.18)

According to the definition of r3 (3.13), the equation (6.18) represents a

damped oscillation of the population difference of T and T , observed as a
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modulation of the phosphorescence intensity.

In a real experiment the observed damping is mainly caused by a spread of

Y 11, over the sample and hence T* cannot be derived from the envelope of the
el 2p

modulation. As we have described in chapter 3 the decay constant is determined

from the rotary eaho.

Application to the free precession and Hahn eaho

We again assume that before the experiment the vector r has a component

r,e, only. After a 90° pulse applied at t = 0 with a resonant microwave field

(ui = to + c) this component is aligned along the e. axis. Then the time-

develoyiment of the spins is given by the equation? (6.12) without the y H -

terms. The solution is

r (t) = r, exp(-t/T?) ,

r2(t) = r3(t) = 0 .
(6.19)

Remembering that we used the rotating frame representation, it

follows from (3.14) that the magnetization<S > in the laboratory frame can be

written

<Sx> = -r° sin e)t . (6.20)

Comparing (6.17), (6.18) and (6.19) we conclude that for relaxation processes

caused by jumps between two triplet manifolds the free precession must decay

twice as fast as the modulation of the phosphorescence. Further, the frequency

shift e manifests itself in the microwaves spontaneously emitted by the triplet

spins.

In practice the phase memory time cannot be derived from the free

precession decay because of the spread in resonance frequencies u . Usually T?

is measured as the decay constant of the Hahn eaho, which can be induced by a

second microwave pulse (chapter 3).

Application to spin-locking

After a 90° pulse, when the spins are aligned along the e1 axis, they can

be "locked" along this axis by applying a phase shift of 90° to the microwave

field immediately after the pulse (Harris, Schlupp and Schuch 1973; chapter 5.3),
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This means that by the phase shift the stationary microwave field Y Hj in the

rotating frame is turned by 90° from the e. to the e. axis. Then the vector r

only has a component parallel ¿o the field y H, e.. The solution of the

equations (6.12) tiicn becomes

= -r° exp(-t/Tjp) sin {uQ + e)t (6.21)

with

T = T"
lp 2 (6.22)

Discussion

In the development of our model we have been guided by the ideas of Cohen-

Tannoudji (1962), and Barrat and Cohen-Tannoudji (1961) who describe similar
1 199

resonance phenomena in the 6 S- ground state of Hg due to optical pumping

to the excited 6 P. state. However, in our case the excitation to the higher

lying state is caused by the phonons in the crystal, while in their experiments

the excitation is produced by the absorption of a photon.

From our model in which we have assumed that the molecules may jump between

the lowest triplet state Tn and a higher lying state T , we have derived
U e

expressions for the decay of the phase coherence in a rotary echo, Hahn echo

and spin-locking experiment. When taking the decay rate of the Hahn echo (6.13)

as an example, the physical meaning of this expression becomes clear after

writing i t in a slightly different form
I/T2 = W - W/ (1+A 2 T 2 ) (6.23)

Following Cohen-Tannoudji one can interpret the two terms in (6.23) as follows.

The first term W represents the contribution of the excitation process which

takes the molecules away from T_ and it can be considered as a lifetime effect.

The second one with the opposite sign and an absolute value < W represents the

conservation of the phase memory during the cycle of excitation to and decay

from T . This can be understood by recognizing the product Ax as the phase

difference accumulated by a spin during its stay in T , and by considering two
-1 e

extreme cases. If the decay rate T of the excited state is large compared

with A then Ax vanishes in the expression (6.23) and no dephasing occurs. If,

on the other hand Ax » 1 then the molecules have completely lost their memory
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in the excited state and the contribution of the second term vanishes. The

decay rate of the Hahn echo 1/T? is then equal to the probability W for

excitation from T_ to T .

It turns out that the decay rates for the Hahn echo and spin-locking, as

far as they are determined by the transitions between T_ and T , are equal, but

twice as fast as for the rotary echo. We believe that this difference is related

to the fact that in the rotary echo the vector r, on average, spends one half of

its time along the e, axis, where no dephasing occurs after a jump to the

excited state T .
e

Our model not only describes the influence of transitions between two

close-lying triplet states on the spin coherence, but also gives an expression

for the frequency shift that should occur. This is not a surprising result,

because the spins, residing part of their time in the upper level T , will

experience a resonance frequency which is partly determined by the zero-field

splitting of T . Such a frequency shift has also been observed, for instance

in the high-field ESR experiments on mesitylene by de Groot, Hesselmann and van

der Waals (1969).

In the next sections we shall show that our model can be used to advantage

for the interpretation of the spin echo and ESR experiments on parabenzoquinone

and aniline in host crystals in which these guests form deep traps. For both

molecules we derive the position, lifetime and zero-field splitting of a

vibronic level close above the lowest triplet state.

6.3 OPTICALLY DETECTED ROTARY ECHO AND ESR EXPERIMENTS ON PARABENZOQUINONE IN

ZERO-FIELD

The effect of vibronic relaxation on the phase relation of photo-excited

triplet spins has been observed for the first time in an Ísotopically mixed

crystal of parabenzoquinone (PBQ-h. in PBQ-d.). In chapter 1 we briefly

reported the results of the experiments on this system as well as on the

Ísotopically mixed crystal of toluquinone (C,H_O_ . CH, in C,D_O„ . CH_) in
O O ¿ O O O £ O

which we have observed the effect of detrapping.

Later, when a mixed crystal of PBQ-h. in paradibromobenzene (DBB) was put

at our disposal, we continued our study of vibronic relaxation on this

system, rather than on the Ísotopically mixed crystal. The trap depth of PBQ-h

in DBB is much larger than in PBQ-d and ths former system, therefore, has the

advantage that one excludes the possibility that detrapping interferes with

vibronic relaxation effects in the liquid helium temperature range. In this
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section we shall only present the results of the experiments on the system PBQ

in DBB.

Fig. 6.2. a) Definition of the axes system of parabeuzoquinone (PBQ).

b) The relative positions of the lowest (vibronio) triplet states with

A and B~ symmetry for PBQ in a paradibromobenzene host crystal. The
u iQ 2

zero-field splitting of the B state is indicated on an expanded

scale.

We define the axes system of PBQ with z along the carbonyl axis and x

normal to the molecular plane, see fig. 6.2. PBQ belongs to the point group D2j,-

Sidman (1956), who reported the first spectroscopie measurements on crystalline

PBQ at low temperature, already proposed that its lower excitations are caused

by promotions of oxygen lone pair electrons into the quinoid ir-electron system.

PBQ contains two such oxygen lone pairs, related by inversion symmetry, and

therefore rur* states of opposite parity can be formed. The visible S

absorption spectrum of the PBQ single crystal is characterized by a weak line,

separated by only 320 cm' from a much stronger absorption. The assignment of

the stronger line as the origin of the A (nir*) triplet state is well

established, but the weak line has led to many controversial interpretations.

Trommsdorff (1972), for instance, in a review paper concluded this absorption

to be the origin of the lowest triplet state with B. (nir*) symmetry. However,

the inversion symmetry of the molecule is preserved in the crystal and hence

the origin of the spectrum should be strictly forbidden.

Veenvliet and Wiersma (1973, 1975) have performed an extensive spectroscopie

study of PBQ and have clarified the situation. In a single crystal of PBQ-h

they induced by the Stark effect a transition at 17 cm" to the red of the weak
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line in the S -* Tn absorption spectrum, which they interpreted as the true

electronic origin of the lowest B. state. The false origin then is attributed
3 ^ 3

to a vibronic level with B, (x) b, = A symmetry, induced by strong vibronic
ig lu 3 u 3

coupling between the near-degenerate B. and A electronic states.

For PBQ diluted in a single crystal of DBB the "inversion splitting"

B d A i b i t t s f n d to b 159 cmbetween the lowest

Veenvliet. In this system the position of the

B. and A vibronic states was found to be 15.9 cm by
ig u 2

j state was also determined

with a Stark field but. this time by inducing the origin of the phospho-

rescence spectrum. The position of the A state has been derived from a

temperature dependent emission study.

In view of the interpretation of our results vie shall use in this section

the zero-field splitting parameters D and E. The relation between D and E, and

the eigenenergies X, Y and Z of the triplet substates is given in chapter 2.2.

From a study of Attia, Loo and Francis (1973) we know the zero-field

splitting parameters of the lowest triplet state of PBQ in a DBB host at

T = 1.8 K: |D| = 5302 MHz and |E| = 77 MHz. Veenvliet and Wiersma (1975) have

oor.rirmed these data and shown that the level ordering is T , T , T in order
z y x

of decreasing energy. Under continuous excitation and at a temperature of 1.8 K,

where spin-lattice relaxation is negligible, the upper level T is under-

populated with respect to T and T and is by far the most radiative. Its life-
y x

time is 35 us, while the lifetimes of the other two levels are of the order of

several milliseconds.
Experimental results

We have applied two kinds of zero-field magnetic resonance techniques. For

measuring the loss of phase coherence we have chosen the optically detected

rotary spin echoes. This method is well suited for the short lived and highly

radiative triplet state of PBQ. Owing to the short lifetime the

triplet concentration is low and hence it is very difficult to observe

conventionally detected Hahn echoes in this molecule. Further we have looked

for a shift in the position of the resonance lines with optically detected ESR

spectroscopy. Both experiments were done as a function of the temperature.

The experimental arrangement has been described in chapter 4. In order to

reduce excessive heating of the sample, we used a Fociflex monochromator

with abandwidthof 10 nm in the excitation beam. The temperature of the sample

was controlled and measured by the vapour pressure above the helium bath.

We have detected the rotary echoes by monitoring the intensity of the phospho-
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rescence emitted between 500 and 650 nm.

In the rotary echo experiments the microwave frequency was tuned to the

T +.+ T m_E) transition at 5377 MHz. The echoes prove to decay exponentially
z x
with time and we denote the corresponding phase memory time by T 2 p. In fig.

6.3 the decay rate 1/T? is plotted as a function of the reciprocal tempera-

ture. It turns out that the rate can be described as the sum of a constant part

1/T" and a temperature dependent term 1/T' :

1/T2p = 1/T2p 1/T2p
(6.24)

with

1/T2p = k^ exp(-6E/kT)

10'

T

01

s
8
•o
O
.C

a
o

10'
0.3 0Á

(6.25)

PBQ

0.5 0.6
"MIK"1]

0.7 0.8 0.9

Fig. 6.3. The decay rate 1/T- as derived from an optically detected rotary spin
¿p

echo experiment in the T -e-+ T (D-E) transition at 5377 MHz of parabenzo-

quinone in a paradibromobenzene host crystal as a function of the inverse

of the temperature.

In the same T T zero-field transition we carried out precise measure-
x

ments of the resonance frequency as a function of the temperature in the

following way. The sample is excited by a flash of an NRG nitrogen laser. About

1 ms after the flash, when the upper level is empty but the lower one still

carries a population, a microwave pulse of 100 mW is applied to the sample.

This results in an increase of the phosphorescence intensity. The ESR line

shape is obtained by the measurement of the height of this signal as a function
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of the microwave frequency. The lines are very broad (fig. 6.4), but because

they are symmetric their centre is well-defined. It turns out that the line

shifts as a function of the temperature. A significant broadening has not been

observed. In f ig. 6.5 we have reproduced the temperature dependence of the

observed resonance frequency, which can be described by

u(T) = e(T) (6.26)

with

= e exp(-SE/kT) . (6.27)

The parameters of the expressions (6.24) to (6.27) are summarized in table 6.1.

5360 5380 5400
> microwave frequency [MHzl

Fig. 6.4. Optically detected ESR lines for the T T transition of para-

benzoquinone in a paradibromobenzene host crystal at T = 1.2 and 3.92 K.

Later, when we had more microwave power availabe, we also studied the

temperature dependence of the shift of the resonance frequency of all three

zero-field transitions by measuring the position of the lines with conventional

phosphorescence microwave double resonance. The sample then is illuminated

continuously and the microwave frequency swept slowl} through resonance. The

transitions are detected with AM or FM of the microwaves and lock-in detection

of the phosphorescence intensity at the same frequency. We find for the T •*-»• T

(D-E) and T T (D+E) transitions equal shifts in frequency while the

T (2E) transition does not change its position within the experimental
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accuracy of 0.2 MHz.

5395 -

N

X

§
§"5385
uocac

i r

0
PBQ

5375'—
0.2 0.3 0.4 0.5 0.6 0.8 0.9

Fig. 6.5. The observed resonance frequency of the T *-*• T zero-field transition

of parabenzoquinone in a paradibromobenzene kost arystal as a function of

the inverse of the temperature.

Finally we carried out optical detection of Hahn echoes (Breiland et al.

1973) in the T •*-»• T transition. There is an undeniable shortening of the phase

memory when the temperature is raised from 1.2 to 2.4 K, but unfortunately we

were not able to observe the echoes at higher temperature.

Rotary Echo

12.5 < 6E < 16.5

k = (1.0 + 0

l/T^ = (55 +

3)

3)

cm

X

X

-1

i o 9

i o 3

s

s

-1

-1

Zero-Field

6E - 16 .0 +_ 0.5

e /2TT = 3800 +
QO

ü) /2ir = 5377.3

ESR

-1
cm

700 MHz

+ 0 . 3 MHz

Table 6.1. The parameters of the equations (6.24) to (6.2?) describing the

decay rate of the rotary echo and the shift of the zero-field ESR line for

the T «-+ T (D-Ej transition of the system PBQ/DBB.
Z 2C

Discussion

It is gratifying to find that the shortening of the phase memory time as
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as well as the frequency shift, which both follow from our model for the effect

of vibronic relaxation, are observable.

We interpret the decay rate J/T" , which does not measurably depend upon

the temperature, as the result of fluctuations in the resonance frequency of

the triplet spins due to flip-flop processes in the nuclear spin system (spectral

diffusion).

The temperature dependent rate 1/T, and the frequency shift e can be

described by a Boltzmann factor with the same activation energy SE. Since we

were able to measure the ESR lines to higher temperatures than the rotary echoes,

the value 5E = 16.0 +_ 0.5 cm" derived from the >.cequency shift is the more

accurate. From the excellent correspondence with the inversion splitting between

the Blri and A states (15.9 cm" ), as determined by optical spectroscopy, we

conclude that it is the vibronic relaxation between these two levels which is

responsible for the shortening of the phase memory time and the frequency shift.

When comparing the experimental expressions (6.25) and (6.27) for 1/TI

and e with the relations (6.13), (6.14) and (6.17) of our model, we are led to

the following interpretation of the experimental constants k and e

k = — (6.28)

(6.29)

2k /e = AT , (6.30)

where A represents the difference in resonance frequency of the two T •*-* T

(D-E) transitions for TQ =
 3B and Tg =

 3Au> and x the lifetime of Te> These

relations, together with the values of the parameters k and E in table 6.1

enable us to calculate both T and A

T = (5.2 + 0.5) x 10-12 (6.31)

A/2-FT = 3 8 0 0 + 700 MHz . (6.32)

Hence the resonance frequency of the T *-* T (D-E) transition in the excited
3 z x
A state is equal to

-(D-E)e = (u)Q + A)/2TT = 9177 +_ 700 MHz . (6.33)
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Further, it follows from our ESR experiments that the D+E and D-E

transitions show the same frequency shift, while the 2E transition does not
3 3

change at all. We conclude that the E-values of the Bj and Au states are

equal, while the D-values are quite different

j

E = En = 78.0 + 0.2 MHz ,e 0 —

D = -9100 + 700 MHz ,
e —

DQ = -5301 +_ 1 MHz .

(6.34)

(6.35)

(6.36)

The remarkable difference between the D-values has also been observed by

Lichtenbelt, Fremeyer, Veenvliet and Wiersma (1S75) in high-field ESR experi-

ments on PBQ-h. as a guest in PBQ-d4- They pointed out that the C = 0 stretching

mode of symmetry b, is the active vibration in the coupling of the electronic
3 3

states B, and A (Veenvliet, thesis 1976). A vibration of this type is

likely to influence the zero-field parameter D related to the carbonyl axis

rather than the E-value, which reflects the asymmetry around this axis.

Finally we briefly comment upon the question whether spin-lattice

relaxation might have affected our results. In the isotopically mixed crystal

PBQ-h. in PBQ-d. the lifetime of the triplet substate T z is found to be

independent of the temperature between 1.8 and 4.2 K (Veenvliet and Wiersma

1975). This means that in this temperature range the level T is isolated from

z
the long-lived levels T and T . It seems reasonable to assume that the same

y x
applies to PBQ in a DBB host. Hence, we conclude that the spin-latt ice relaxation

rates involving T are slow compared with i t s lifetime and may be

neglected on the time scale of our experiments. This argument does not preclude

a fast relaxation between T and T , but we have not investigated this problem
y x

further.
6.4 HAHN ECHO AND ESR EXPERIMENTS IN ZERO-FIELD ON PERDEUTERO-ANILINE

* 'i.'.í

In the preceding section we have shown that vibronic relaxation in PBQ has

a very pronounced effect on the dephasing of the triplet spins. An interesting

molecule where similar phenomena occur is aniline. In this molecule with a

benzene-like n-electron system one expects strong vibronic coupling between the

two lower triplet states. In fact, in toluene, which is isoelectronic with

aniline, a temperature dependent zero-field splitting has previously been
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observed in high-field ESR experiments (de Groot and van der Waals 1963).

On the gas phase spectroscopie properties of aniline of various isotopic

composition numerous publications have appeared. Here we will only mention the

investigations by infra-red (Evans i960) and ultraviolet absorption spectroscopy

(Brand et al. 1966), by resonance fluorescence (Quack and Stockburger 4972) and

microwave spectroscopy (Lister et al. 1974). Further, a study has been reported

on the ultraviolet absorption spectrum of aniline embedded in an argon matrix

at low temperatures (Brand et al. 1971).

From the analysis of their spectra the authors conclude that in the ground

state the molecule is non-planar: the amino group occupies a plane which is

inclined to the phenyl ring. Just as in the well-known example of ammonia

(Herzberg 1945, vol. H , ch. II), aniline has two identical potential minima

corresponding to the two equilibrium positions of the nuclei that result from

an inversion of the pyramidal structure around the nitrogen a>.om. The minima

are separated by a finite potential hill, the top of which belongs to the

unstable planar configuration of the molecule. Because of this possibility of

inversion, the two-fold degeneracy of the vibrational energy levels is lifted

("inversion doubling"). Usually the lower doublet component is labelled v

and the upper one v where v is the vibrational quantumnumber.

From their spectroscopie data the above authors have calculated the

inversion splitting between the sublevéis O and 0 of the lowest doublet

(v = 0), hereafter denoted by SE. For the ground state of aniline-h7 they

derive various values with an average 6E = 45 cm ; for the ground state of

aniline-Nd- only one figure, 6E = 7.1 cm , is available (Brand et al. 1966).

The angle between the ring-to-N bond and the amino plane amounts to about 45°

for both molecules. The first excited singlet state appears to be quasi-planar,

i.e., it has a flat-bottomed potential well (Brand et al. 1966).

The lowest triplet state appears to be different, since, as we shall show

in this section, a vibronic level is present quite close above it. This result

strongly suggests that also in the lowest triplet state the aniline molecule is

non-planar, as postulated by Scheps et al. (1974) in their study on intersystem

crossing in gaseous aniline.

The properties of the lowest triplet state of aniline have already been

studied in our laboratory by Vergragt and Shadid. They determined the steady-

state populations, lifetimes and relative radiative rates of the triplet sub-

states, and the zero-field splitting parameters of aniline-h_ diluted in

crystalline paraxylene-h.« (private communication). We have chosen for our

study the perdeuterated compound, aniline-d- in paraxylene-d ., in order to
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reduce the effect of spectral diffusion and nuclear modulation on the decay of

the echo (chapter 5.2). From the experiments of Vergragt we deduce the situation

as indicated in fig. 6.6 where the radiative rates of the triplet sublevéis Tx>

T and T are in the proportion of 1 : 0.5 : 0.1. The lifetime of the upper level

T is about 2.5 s. The positions of the spin axes have not been determined

experimentally, but from the analogy with methyl substituted benzenes (Vergragt

et al. 1976) it follows that also for aniline complications could arise. While

it is reasonable to assume that the z-axis belonging to the non-radiative bottom

level T will be approximately perpendicular to the phenyl ring, the two other

axes may well be asymmetrically located in the molecular plane.

!— 4822.5 MHz

¡-2612.0 MHz
J T

ANIUNE-D 7

Fig. 6.6. The positions of the spin levels in the lowest triplet state of

aniline-d7 in a paraxylene-d1Q host crystal. The arrows drawn in full lines

indicate the relative radiative rates of the triplet substates. The z-axis

is approximately normal to the molecular plane. The precise location of

the x and y axes for an aniline molecule in a paraxylene host crystal is

not known.

Experimental results

Just as for PBQ, we have studied the temperature dependence of both the

observed resonance frequency and the dephasing of the triplet spins. The

experiments have been carried out in the temperature range from 1.2 to 12 K,

and in the T x -<-+ 1^ (D-E) and T *-*• T z (D+E) transitions (fig. 6.6).

We have measured the positions of the zero-field ESR lines by means of the

same optical detection method as used for PBQ. By way of example we show in

fig. 6.7 the results for the T •<-> T (D-E) transition at two different
X i»

temperatures. It turns out that the resonance lines of both zero-field

transitions shift as a function of the temperature, but in opposite directions.

Figure 6.8 shows the temperature dependence of the observed resonance frequencies

which, again, can be described by the relations (6.26) and (6.27).
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Fig. 6.?. Optically detected ESR lines for the T^ •<-> T^ zero-field transition

of aniline-dy in a paraxylene-d1ß host crystal at T - 5.0 K (right) and

T - 11.1 K (left). Horizontal: 3 MHz per division.

0.15 0.2 0.25 0.3 0.35

T and T «-»• T zero-Fig. 6.8. The resonance frequencies observed in the T
3j — fj

field transitions of aniline-d? in a pavaxylene-dln host crystal as a

function of the reciprocal temperature.

For the investigation into the loss of phase coherence we have chosen the

two-pulse Hahn echo technique. In fig. 6.9 we have reproduced the decay rate

1/T_ as a function of the reciprocal temperature. Both curves can be described

by an expression

I/T2 = (6.37)
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where

•i-i

exp(-SE/kT) (6.38)

and 1/T" does not depend upon the temperature.
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Fig. 6.9. The decay rates 1/T? as measured by two-pulse Hahn echo experiments

in the T <->• T and T -*-+• 2" zero-field transitions of cmiline-d7 in acc z y z r
paraxylene-d~„ host as functions of the inverse of the temperature.

Table 6.II gives the results of these experiments expressed in the parameters

of the relations (6.26), (6.27), (6.37) and (6.38).

T «-* r
y z
(D+E)

T «->• T
X 2

(D-E)

1/T'2' = (14

2k = (25
OO V

6E = 24.5

1/T'J =•• (19
2ka, = f37

6E = 27 +_

iahn Echo

.5 +_ 0.3) x 103

+_ 6) x 106 s" 1

+ 4 cm

.5 +_ 1) x 103 s

i 11) x 106 s"1

4 cm"1

s~~

-1

e
OO

6E

u

e «

6E

Zero-Field ESF

/2TT = 2612.0 + 0

/2ir = + 183 +_ 30

= 26 i 2 cm"1

/2ir = 4822.5 + 0

I

2 MHz

MHz

2 MHz

/2TT = -281 +_ 40 MHz

= 26 *_ 3 cm"1

Table 6. II. The results of Hahn eaho and ESR experiments in the T <-+ T and
y %T

x

y
zero-field transitions of aniline-d„ in paraxylene-d-n, expressed

in the parameters of the equations (6.26), (6.27), (6.37) and (6.38).

A'

•#••
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Discussion

The Hahn echo and ESR experiments in the two zero-field transitions supply,

us with four independently derived values for the activation energy SE which are

equal-within the experimental error. The average value is

¿E = 26 + 1 cm
-1 (6.39)

and we interpret it as the inversion splitting corresponding to a non-planar

configuration of the molecule in the lowest triplet state. It is'not possible

to calculate from this splitting alone the angle between the amino group and

the phsnyl ring. To do this one would need at least two more quantities, e.g. an

additional energy splitting in the vibrational term scheme and an isotope

shift (Coon, Naugle and McKenzie 1966).

From our model we know that the loss of phase coherence due to transitions

between close-lying triplet states is twice as fast in a Hahn echo experiment

as in a rotary echo experiment. We have taken this difference into account by the

factor 2 in the equation (6.38). Then, the interpretation of k^ and e^, "again,

is given by the expressions (6.28) - (6.30) and we may derive the lifetime i

and the zero-field splitting of the upper inversion level in the same way as

explained for PBQ. Since we have determined for two of the zero-field

transitions a set of parameters e and k we are able to calculate the lifetime

T in two independent ways. From the results of the experiments in the T •*-*• T

and T «-> T transitions we derive respectively

= (18 + 6) x 10"12 s

T = (12 + 4) x 10
-12 (6.40)

'•ß,

It is gratifying that these values are compatible with each other. Further, the

difference in zero-field splitting between the upper inversion level T = o"

and the lower one T Q = 0 is for the T «->• T (D+E) transition

A/2ir = + 183 +_ 30 MHz , (6.41)

and for the T •«->• T (D-E) transition
X Z

&/2TT = -281 + 40 MHz . (6.42)
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The calculated zero-field splitting parameters of the uppei inversion level T ,

together with the corresponding ones of the lower level T_ are the following.

D = +3668 .+ 40 MHz ,
e —

Do =" +3717.2 "+_ 0,.2'MHz ,

E = -873 ¿ 4 0 MHz ,

EQ = "-1105.2 •+_ 0.-2 MHz .
(6.43)

We conclude that the D-values are approximately equal while IE is about 20%

smaller than | E J .

One should realize that we owe the success of our experiments to the

difference in zero-field splitting between the inversion levels. The origin of

this difference, however, is not obvious. Contrary to the situation in PBQ,

where the level T arises from vibronic coupling between two near-by electronic

states with different zero-field splittings, the state T in aniline corresponds

to excitation of the inversion vibration. Therefore, it is remarkable that we

have observed such a large difference between the E-values for the inversion

levels of aniline.

The parameter E is related to the in-plane (x and y) spin axes, and we

know that in benzene-like molecules the position of these axes is very suscep-

tible to the crystal field. Further, the ratio of the radiative rates of the
r r

triplet components T and T (k /k = 2) suggests that also in aniline the
x. y x y

in-plane spin axes occupy an asymmetrical position in the molecular frame

(Vergragt et al. 1976). Hence we must take account of the possibility that the

orientations of the in-plane spin axes in the inversion levels are not identical,

Our model for the effect of vibronic relaxation has not been constructed to

take account of such a situation and we have not yet been able to assess the

consequences for the validity of our interpretation. At first glance, however,

it might be possible that the inequality of the calculated E-values is not

related to a real difference in zero-field splitting of the inversion levels,

but merely reflects a somewhat different position of their in-plane spin axes.

In the latter case one would expect a temperature dependent rotation of the

observed orientation of these axes. It would be interesting to verify this by

a high-field ESR experiment.
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6.5 CONCLUSION

The beauty of the coherence experiments is that one can observe line

broadening effects which escape"observation when using normal ESR techniques.

For example, the shortening of T~ :in PBQ to about 3 vis by the vibronic

relaxation corresponds with a line broadening of I/ITT, = 100 kHz, which is very

small compared with the total inhomogeneous linewidth of 10 MHz. Further, the

combination of the coherence experiments with ESR spectroscopy yields valuable

information about this vibronic relaxation; one not only detects the presence

of excited levels but also obtains their lifetimes and zero-field splittings.

A remarkable consequence of our experiments on PBQ and aniline-dy is the

presence of a strong spin memory in the cycle of excitation to, and decay from,

the upper vibronic level. It turns out that in PBQ Ax = 0.08 « 1 and in

aniline-d-, AT = 0.02 « 1. This means that the loss of phase after one cycle of

the relaxation process is small, so that a high transition probability W is

needed in order to observe an effect on the decay of the spin coherence. This

can also be seen from relation (6.13)

- ^ ¿ « WA2x2 « W . (6.44)
2

1+A

It is interesting to mention that recently similar experiments have been

performed by Botter et al. (1976) on the triplet "mini-exciton" in a pair of

translationally inequivalent naphthalene-hg molecules in a single crystal of

naphthalene-dg. From the temperature dependence of the phase memory time T 2

and of the resonance frequency they have derived the lifetimes and zero-field

splittings of the two Davydov components of the pair molecule. It turns out

that also in this system AT « 1.

We emphasize once more that our model for the influence of transitions

between a pair of triplet states is only valid in the low temperature limit

where Wx = exp(-6E/kT) « 1. This is illustrated by the following observation

of Botter et al in the naphthalene dimer system, where the level splitting

5E = 2.5 cm and thus about equal to kT at A X. Below 2 K their decay rate

1/T2 increases exponentially with temperature, according to our equation (6.13),

but at higher temperature 1/T2 decreases again. This situation is well-known

in NMR and ESR under the name of "exchange narrowing" (Carrington and

McLachlan 1967, ch. 12).

Finally, we want to make a short remark about our preliminary experiments on
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detrapping in the isotopically mixed crystal of toluquinone (chapter 1). We

have not yet investigated this problem further. The theoretical analysis of

the effect of detrapping on the spin coherence would involve a large number of

exciton states of the host, and be much more complicated than in the simple ~

two-level system of PBQ. Moreover, after a jump to the exciton band, the .

triplet"spin need not return to the same trap, but, owing to the exciton

mobility, it can also end up in another site of the crystal with a different

resonance frequency. It will be interesting to look for a temperature

dependence of the resonance frequency in such systems. Perhaps it is possible

to obtain information about the properties of the triplet exciton.
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The crystals of quinoline-h7 in durene-h14J quinoline-d7 in durene-h14,

quinoline-lu in durene-d... and quinoline-dy in durene-d. . were made by Mr. M.

Noort. Quinoline-h7 was prepared from a commercial sample (Fluka or Baker) by

vacuum distillation. Quinoline-d7 was synthesized by contacting quinoline-ïu

with a large excess of 0.8% DC1 in D-0 for 150 hours at 180-190° C in the presence

of a Pt-catalyst. The product was isolated from the reaction mixture by

extraction and then purified by vacuum distillation. The sample of quinoline-d.,

thus obtained had a d/h ratio of 96.8% and the total mass spectrometric

analysis showed that it consisted of 78.8% quinoline-d._, 19.2% quinoline-d,-h,,

2.1% quinoline-ds-h2-

Durene-h,. (Baker) was submitted to multiple zone refining and then

chromatographed over a column of A1_O_. Durene-d14 (Merck, Sharp and Dohme) was

purified by column chromatography only. The mixed crystals were grown by slovjly

passing a sealed tube containing a 1% solution under nitrogen through a sharp

temperature gradient.

The sample of aniline-d_, diluted in p-xylene-d was prepared by Dr. Ph.J.

Vergragt. p-Xylene (Merck, Sharp and Dohme) was refluxed for some hours over a

potassium mirror and distilled under vacuum into a crystal growing tube. After

doping with 1% aniline-d-, (Merck, Sharp and Dohme) the solution was degassed

several times and sealed off under vacuum. The crystal was grown by slowly

lowering the tube into an ice-water mixture.

The isotopically mixed crystals of p-benzoquinone (0.3% C^H.O, in C,D 0 )

and toluquinone (1% C,HO . CH3 in C.DO . CH_), and the crystal of 1%

p-benzoquinone in p-dibromobenzene were kindly supplied to us by Dr. D.A.

Wiersma of the University of Groningen. For a description of their preparation

we refer to the literature (Veenvliet and Wiersma 1975).

. - • : - • -?

Sí
¡A;

A P P E N D I X

PREPARATION OF THE CRYSTALS

if-
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SAMENVATTING

Dit proefschrift bevat een onderzoek naar het gedrag van foto-geëxciteerde

tripletspinSj die door een coherent en resonant microgolfveld in een toestand

van fasecoherentie worden gebracht. In het bijzonder is bestudeerd de vernieti-

ging van de faserelatie tussen deze spins onder invloed van hyperfijninteractie

en vibroniscïie relaxatie. Hierbij is gebruikgemaakt van electronspin echo

technieken in afwezigheid van een uitwendig magneetveld. De experimenten zijn

uitgevoerd aan organische moleculen, die onder grote verdunning zijn ingebouwd

in kristallijne matrices en bij temperaturen variërend van 1.2 tot 25 K.

Met behulp van een model van Feynman, Vernon en Hellwarth is op elegante

wijze aan te tonen, dat het gedrag van een systeem van tripletspins in "nul-

veld" strikte overeenkomst vertoont met de beweging van een gyromagneet in een

magnetisch veld. Het is dan ook niet te verwonderen, dat de experimentele

technieken, ontwikkeld in de kernspinresonantie, eveneens toegepast kunnen

worden op de fosforescerende triplettoestand. Zo werd door Schmidt in 1972 de

eerste electronspin echo waargenomen in de foto-geëxcitearde triplettoestand.

In de loop van het in deze dissertatie beschreven onderzoek werden door de

groep van C.B. Harris in Berkeley de rotary spin echo en spin-locking gereali-

seerd en door ons de Carr-Purcell echo serie opgewekt.

De echo-experimenten stellen ons in staat om de snelheid te meten waarmee

een systeem yan tripletspins zijn fasegeheugen verliest. Reeds uit de eerste

proeven van Schmidt bleek, dat de kernspins hierbij een belangrijke rol spelen.

Hoewel dit mechanisme op zichzelf een interessant object van onderzoek is, kan

het een belemmering vormen voor het waarnemen van thermisch geaktiveerde pro-

cessen, zoals energie-overdracht en vibronische relaxatie.

Het doel van het promotie-onderzoek is tweeledig. In de eerste plaats een

systematisch onderzoek te verrichten naar het door kernspins geïnduceerde fase-

verlies en na te gaan of er mogelijkheden zijn om dit effect te onderdrukken.

Ten tweede het bestuderen van vibronische relaxatie.

In hoofdstuk 1 wordt een historisch overzicht gegeven en hoofdstuk 2 is

bedoeld als een inleiding in de eigenschappen van de fosforescerende triplet-

toestand die voor ons onderzoek van belang zijn. In hoofdstuk 3 behandelen we

het model van Feynman et al., de theoretische en experimentele aspecten van de

echo's en de invloed van een inhomogene verbreding van de resonantielijn. In

een appendix laten we zien, dat voor elk paar van tripletcomponenten een stelsel

"rotatie-operatoren" kan worden gevonden, die aan dezelfde commutatierelaties

voldoen als de componenten van het spinimpulsmoment. De meetopstelling wordt
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beschreven in hoofdstuk 4.

Hoofdstuk 5 bevat de resultaten van experimenten aan het molecule chino-

line, verdund opgelost in een éénkristal van dureen. In dit systeem kan men

zich volledig concentreren op de invloed van de kernspins, omdat in het onder-

zochte temperatuurgebied de fosforescerende triplettoestand thermisch geïsoleerd

is van hoger gelegen energieniveaus.

De fasegeheugentijd van de tripletspins, zoals deze gemeten wordt met be-

hulp van de "Hahn-echo", wordt volledig bepaald door hyperfijninteractie met

de omringende kernen. Dit wordt duidelijk gedemonstreerd door het effect van

deuterering. Een meetbare temperatuurafhankelijkheid is niet waargenomen. We

hebben het mechanisme geïnterpreteerd in termen van spectrale diffusie: door

flip-flop processen in het kernspinsysteem wordt de hyperfijninteractie tijds-

afhankelijk; de resulterende variaties in de resonantiefrequentie van de trip-

letspins leiden tot het verloren gaan van de faserelatie. Door onze resultaten

te vergelijken met een model van Hu and Hartmann kunnen we een schatting maken

van de grootte van de fluctuaties in de resonantiefrequentie van de triplet-

spins en van de frequentie waarmee deze fluctuaties optreden. Omdat deze

"diffusie" in de frequentieruimte beperkt blijft tot een fractie van de totale

lijnbreedte, concluderen we, dat alleen de kernen in het gastheerkristal hun

quantumtoestand kunnen uitwisselen.

De invloed van spectrale diffusie kan vrijwel geheel worden geëlimineerd

met behulp van de multipele pulstechniek volgens Carr en Purcell. Terwijl een

Hahn-echo experiment in chinoline-d_ in dureen een fasegeheugentijd van 9.2 ys

oplevert, kunnen met de Carr-Purcell methode echo's worden gegenereerd tot 1 ms.

Ook in een rotary echo experiment wordt het effect van de kernspins gereduceerd,

hoewel in veel minder sterke mate. Dit laatste is vermoedelijk een gevolg van

het feit dat wij niet in staat zijn om de amplitude van ons microgolfveld veel

groter te maken dan de lijnbreedte van de nulveldovergangen.

In hoofdstuk 6 geven we de resultaten van het onderzoek naar vibronische

relaxatie in de moleculen p-benzochinon en aniline-d_, respectievelijk inge-

bouwd in éênkristallen van p-dibroombenzeen en p-xyleciï-din.

In beide systemen hebben wij een verkorting van de fasegeheugentijd en een

verschuiving van de nulveld resonantielijnen waargenomen bij toenemende tempera-

tuur. De temperatuurafhankelijkheid van het faseverlies en van de frequentie-

verschuiving is te beschrijven met een Boltzmann-factor exp(-5E/kT). Voor

p-benzochinon komt de activeringsenergie 6E overeen met het energieverschil

tussen de laagste triplettoestand en een hoger gelegen vihronisch niveau, waar-

van de positie reeds bekend was uit eerdere onderzoekingen m.b.v. optische
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spectroscopie. We concluderen dan ook, dat de waargenomen verschijnselen in

p-benzochinon het gevolg zijn van overgangen tussen deze dicht bij elkaar

liggende triplettoestanden. Dezelfde situatie doet zich blijkbaar voor in

aniline-d_, wat erop wijst, dat dit molecule in de triplettoestand een inversie-

vibratie uitvoert analoog aan het bekende voorbeeld ammoniak.

Voor de verdere interpretatie van deze resuitaten hebben we een theoretisch

model ontwikkeld, dat uitdrukkingen geeft voor het faseverlies en de frequentie-

verschuiving als gevolg van overgangen tussen twee tripletten. Dit model stelt

ons in staat om uit de meetresultaten niet alleen de nulveldsplitsing, maar ook

de levensduur te berekenen van het bovenste vibronische niveau in p-benzochinon

en aniline-d7.

''M
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STUDIEOVERZICHT

Op verzoek van de faculteit der Wiskunde en Natuurwetenschappen volgt hier

een overzicht van mijn studie.

Na het behalen van het diploma Gymnasium-ß aan het Christelijk Lyceum te

Dordrecht begon ik in september 1965 met de studie voor natuurkundig ingenieur

aan de Technische Hogeschool te Delft. Het propaedeutisch examen werd afgelegd

in juni 1968, het kandidaatsexamen in oktober 1969 en het doctoraal examen in

oktober 1970.

Het laboratoriumwerk voor het kandidaats- en doctoraal examen werd uitge-

voerd in de vakgroep Lage Temperaturen onder leiding van Prof.Dr. B.3. Blaisse.

De eerste beginselen van het wetenschappelijk onderzoek leerde ik van Dr.Ir.

R. de Beer, die ik assisteerde bij zijn ESR en ENDOR experimenten aan dubbel-

nitraten. In februari 1970 kreeg ik een aanstelling als student-assistent met

de opdracht een handleiding samen te stellen bij het college Trillingen en

Golven van Drs. H.J.M. Lebesque.

In november 1970 werd ik ingelijfd bij de Koninklijke Landmacht. Het

grootste deel van mijn diensttijd bracht ik door op het Physisch Laboratorium-

TNO, waar ik ervaring opdeed op het gebied van infrarood lasers.

In mei 1972 werd ik in dienst van de Stichting voor Fundamenteel Onder-

zoek der Materie als wetenschappelijk medewerker verbonden aan de werkgroep

Moleculen in de Aangeslagen Toestand, waarvan de leiding berust bij Prof.Dr.

J.H. van der Waals en Dr. J. Schmidt. In deze werkgroep is het onderzoek ver-

richt dat aan dit proefschrift ten grondslag ligt. De experimenten werden tot

maart 1975 uitgevoerd op het Kamerlingh Onnes Laboratorium, daarna op het

Huygens Laboratorium van de Rijksuniversiteit te Leiden. Naast het promotie-

onderzoek heb ik geassisteerd bij het'natuurkundig practicum voor pre-kandidaten.

' A

'•ßi

•'¡i

Allen die hebben meegewerkt aan het tot stand komen van dit proefschrift,

betuig ik mijn hartelijke dank.

In de eerste plaats dank ik mijn promotor voor zijn stimulerende begelei-

ding. De leerzame gesprekken met Prof.Dr. J.H. van der Waals heb ik ten zeerste

gewaardeerd. Goede herinneringen bewaar ik aan de contacten met mijn collega's

in de werkgroep MAT, die mij vaak met raad en daad bijstonden. In het bijzonder

denk ik hierbij aan de heren Drs. P.J.F. Verbeek, M.L. van der Dussen, Drs. IV.

Schoemaker en A.J. van Strien, die mij achtereenvolgens hebben geassisteerd bij

talrijke experimenten.
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Dr. D.A. Wiersma en zijn medewerkers van de Rijksuniversiteit te Groningen

ben ik erkentelijk voor het ter beschikking stellen van enkele essentiële

kristallen.

Technische problemen werden deskundig opgelost door de heren J. van den

Berg, J.A.J.M. Disselhorst, L. van As en Ing. J. de Vreede. Voor het prepareren

van kristallen werd nooit tevergeefs een beroep gedaan op de heer M.'-'Noort.-"Dé

voorziening van het onmisbare vloeibare helium was bij de heren J.D. Sprong en

W.E. Frans in goede handen.

Maria Muns verzorgde met grote toewijding het typewerk. Het merendeel van

de tekeningen werd gefotografeerd door de heer J.J. Ober. Drs. B.J. Botter en

echtgenote corrigeerden gewetensvol de tekst.
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