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MAGNETIC FIELD EFFECT ON TRIPLET EXCITON QUENCHING IN ORGANIC CRYSTALS
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The rate of quenching of triplet excitons by paramagnetic impurities in anthracene
crystals at room temperature is found to be magnetic-field dependent. A theory of the
effect is presented.

We wish to report discovery of a magnetic
field dependence of the rate of quenching of trip-
let excitons by free-radical impurities in organ-
ic crystals at room temperature. The existence
of a field dependence of the triplet-doublet inter-
action was suggested by the theory developed by
one of us' to account for the field dependence of
triplet-triplet annihilation. The experimental
confirmation of this prediction was sought through
measurements of triplet exciton lifetimes in x-
irradiated anthracene crystals. It is known' that
room-temperature triplet exciton lifetime in an-
thracene is drastically shortened by low dosages
of high-energy radiation. Although the exact na-
ture of the radiation damage is not known, it was
expected that mostly paramagnetic quenchers
(i.e. , free radicals) are introduced by irradia-
tion and that a magnetic field dependence of trip-
let quenching could be observed in this system.
We have indeed observed such an effect in x-ir-
radiated anthracene crystals.

Anthracene crystals, about 3 mm thick, were
either cleaved along the ab plane, or ac-plane
cut and polished from melt-grown ingots of high-

ly purified anthracene. ' The samples were irra-
diated with x rays from a lead target placed in

the beam of a General Electric 2-MeV Electron
Beam unit. The irradiation rate was 6X 10' R
min '. Dosages ranged from 1 to 4x10' R. The
decrease of triplet exciton lifetime upon irradia-
tion was consistent with the results of %eisz et
al. 3 for similar doses of gamma radiation. In a
typical case, a triplet exciton lifetime before ir-
radiation (7) of 22.0 msec decreased to a value
(v') of 1.5 msec after a dose of 4x10' R.

Magnetic field dependence of the triplet exci-
ton lifetime was measured from the time depen-
dence of delayed fluorescence resulting from the
triplet-triplet annihilation for several field
strengths and orientations relative to the crystal
axes. All measurements were done at room tem-
perature. The beam of a He-Ne laser (6328 A,
Spectra Physics Model 125), focused on a chop-
per blade and recollimated, fell onto either the
ab or ac plane of the sample. Magnetic fields of

(0.3, 0.6, 0.9, 1.2, and 2.0) &&103 G were applied
in the plane of the sample by adjusting its posi-
tion with respect to the two pole pieces of a per-
manent magnet. The field was measured to be
uniform within +20 G over the excited volume of
the crystal (ca. 0.08 cm'). For each field strength
crystals were rotated around the beam axis so
as to apply the field along preselected crystallo-
graphic directions. Laser beam intensity was
controlled with a pair of Gian prisms to a suffi-
ciently low level of excitation to assure a negligi-
ble contribution of triplet-triplet annihilation to
the measured triplet lifetime. The blue delayed
fluorescence from the crystal was led by a 1-m
fiber-optics light guide to a photomultiplier
(RCA 6199 with Corning filters C.S. 5-57, 5-56,
and 4-72), and simultaneously the exciting-light
wave form was observed by another photomulti-
plier (RCA 6199 with C.S. 2-59 and 1-69 filters).
The outputs of the photomultipliers were fed via
identical operational amplifiers to the two chan-
nels of a fixed-bandwidth (5 cps) tracking filter
(Ad-Yu Electronics, Type 1034) driven by a syn-
chronous converter (Ad- Yu Electronics, Type
1036) tuned to the frequency of the first harmonic
of the exciting-light wave form. The outputs of
the tracking filter, phase coherent with the
first harmonics of the input wave forms, were
fed to a digital phase computer (Ad-Yu Electron-
ics, Type 524A3), and the phase lag of delayed
fluorescence with respect to the exciting light
was measured. For square-wave excitation the
phase shift in the first harmonic is y = arctan(+7),
where co is the angular chopping frequency and
7. the triplet exciton lifetime. Maximum sensitiv-
ity for changes in & is obtained when e7 = 1. For
the range of lifetimes studied here, this required
chopping frequencies between 25 and 90 cps. The
standard deviation in the phase-angle measure-
ments was estimated to be less than 0.2', and
therefore a change of +1% in triplet lifetime
could be detected by this method. In some runs
the delayed fluorescence decay curve was also
accumulated in a computer of average transients
(CAT 400, Technical Measurement Corporation).
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FIG. 1. Comparison of decays of delayed fluores-
cence of x-irradiated (2x 10 R) anthracene crystal:
A, no magnetic field; B, H =2 x103 6 applied parallel
to the crystal b axis. CAT 400 resolution: 1x10 4

sec per channel. Both decays normalized to same
CAT channel.
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The magnetic field dependence of steady-state
delayed fluorescence intensity, before and after
irradiation, was recorded using an experimental
setup similar to that described by Johnson et al. '

The increase of triplet lifetime in irradiated
anthracene upon application of a field of 2&&10' G
is illustrated in Fig. 1. Figure 2 shows typical
magnetic field dependence of lifetime for several
field orientations with respect to the crystal
axes. The directly measured points are shown
together with the dependence as deduced from
the ratio at each field strength of steady-state
intensities before and after irradiation. Thus,
within experimental error, the only effect of ir-
radiation on the magnetic field dependence of de-
layed fluorescence intensity is the introduction
of a field dependence of the triplet lifetime.

The foregoing experimental results can be
qualitatively understood on the basis of the theo-
ry' of the magnetic field dependence of triplet-
triplet annihilation, modified to take account of
the different set of spin states involved in the
present case. For an interacting triplet exciton
(S = 1) and free radical (S= &) there are six spin
states which will in general be doublet-quartet
mixtures. There are two possible outcomes of
an exciton- radical collision: scattering, for
which there are no spin selection rules; and

quenching, whose final state consists of a singlet
(presumably an excited vibrational level of the
ground state) and a doublet. There are spin se-
lection rules for the quenching process since the
final state is a pure doublet while the initial state

H (qoussj

FIG. 2. Typical magnetic field dependence of the
normalized (to zero field) triplet exciton lifetime,
7'(H)/v'(0), in x-irradiated anthracene. (a) ab-plane
cleaved crystal, dose 4x10 R, v'(0)=1.55&10 sec.
H in ab plane in directions at 65' (resonance) and 0'
with respect to the a axis. (b) ac-plane cut crystal,
dose 1x 103 R, 7'(0) =4.95x10 3 sec. H in ac plane
along 70' (resonance) and 25' to a directions. Open
circles: direct measurements. Curves drawn from
steady-state fluorescence intensity ratios.

is a doublet-quartet mixture. The transition
rate for quenching from the lth initial state can
be written kf =k(IDf+I + IDf I ), where Df =(gf
x)'((~i) is the amplitude of the MS =+—,

' doublet
2

component of the initial state. If 0' denotes the
transition rate for the scattering process, the
probability of quenching from the lth initial state
is kf/(k'+kf) and the total exciton quenching rate
due to the presence of paramagnetic impurities
becomes

where A is the total rate of exciton-radical colli-
sions.

The doublet amplitudes are constrained by the
sum rule gi(D& I'=1; when these two units of
doublet character are shared equally by all six
states, i.e. , when IDl+I'+ Ial I'=3 for all l, Eq.
(1) attains its maximum value. Concentration of
the doublet character in fewer states reduces Q,
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the minimum value occurring when the initial
states comprise an exact doublet and quartet.

The spin Hamiltonian for the triplet exciton
has the form'

K=gPH S+DS '+E(S '-S '),
z x

where the first term is the Zeeman interaction
and the remaining terms describe the zero-field
splitting. At zero field the eigenfunctions of (2)
are' Ix), ly), and Iz) with the property that, e.g. ,

Sx lx)=0, S& Ix)=i Iz), and SzIx)= iIy). C-om-

bining these with the I+2) states of the radical,
assumed to be adequately described by an iso-
tropic g factor, yields the zero-field states
Ia, +-', ) (o =x,y, z). In terms of these states the
doublet components are I'g+», ) = 3 "'(+ Ix, +-,')
+i ly, a—,')+ Iz, +&)), so that the condition IDf+I'
+ ID) I'= 3 is satisfied for all six zero-field
states and hence the quenching rate is expected
to be a maximum at zero field, as found experi-
mentally.

In the high-field limit, i.e. , when the Zeeman
energy is large compared with the zero-field
splitting, all spin states are quantized along the
external field and in terms of these states the
doublet components are

)=3 "'(10 +-')-2"'I+1 +-')) (3)

Thus there are at most four states with doublet
character and hence a smaller Q than at zero
field. From (2) one finds for the difference in

energy of the 10, +2) and I +1, +z ) states in the
high-field limit

E(0, + ,) E(~1-,+-z) —2D(1-3cos'y)

+ 2E (cos'P- cos'o. ), (4)

where n, P, and y are the angles made by H with
the x, y, ands axes, respectively, of the zero-
field splitting tensor. In general (4) will be non-
zero and the states IO, +z) and I+1, +z) individual-

ly will be eigenstates. At the special field orien-
tations at which (4) vanishes~ the pure doublet
combination (3) will become one of the eigen-
states, and hence the quenching rate will be a
minimum. Thus one expects to observe high-
field level-crossing resonances for quenching
similar to those found for triplet-triplet annihila-
tion. '

The experimental results confirm the principal
qualitative predictions of the theory, namely,
that the maximum quenching occurs at zero field,

that the field dependence saturates when the Zee-
man splitting is large compared with the zero-
field splitting, and that the high-field quenching
rate is anisotropic with minima for field orienta-
tions at which the 10, +2) and I+1, +-, ) levels cross.
Quantitative comparison of theory and experi-
ment will require diagonalization of (2) and eval-
uation of Eq. (1) under the appropriate conditions
as well as knowledge of the actual number of
paramagnetic impurities present in the irradiat-
ed crystals.
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