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Abstract. The optical densities of the F and F~ absorption bands are measured at 10-15 K in a

static magnetic field (0-0.5 T) and a resonant microwave or rf field in additively doped crystals (CF 1017

to 1018 cm"3), under F band excitation. For distant pairs, the effects on the F optical density follow those
on the luminescence but are opposite for the F~ optical density. The transient behaviour under pulsed
excitation is also measured and shows a field dependent relaxation time of about 1 s. The results are
compatible with a non radiative disexcitation mechanism of F center pairs involving the fast formation
of F "-vacancy pairs which transform back slowly into F pairs, either in their ground or in their excited
state. No effects on the optical densities have been found for close pairs.

1. Introduction

In alkali halide crystals at low temperature, the emission quantum yield of the
optically excited F centers depends on the concentration of these defects [1]. It also
varies on application of static magnetic field [2, 3], and when the EPR conditions
are satisfied for the F center electron. The emission quantum yield is also influenced
by nuclear magnetic resonance of the neighbouring ions. Optical detection of these
resonances has been performed on the F center luminescence in two cases: (1) In
well quenched crystals the EPR [4] and the NMR [5] correspond to a decrease of the
luminescence intensity ; (2) when crystals have been submitted to a short irradiation
in the F band at room temperature, resonances appear as an increase of the
luminescence intensity [6]. These phenomena are generally attributed to the presence of
F center pairs among which two classes have been considered. They correspond to
the cases mentioned above : distant pairs (separation of 5 to 8 nm) and close pairs
(separation of 2 to 5 nm) respectively. The origin of the discrimination lies in the
relative magnitude of the electronic exchange energy with respect to the hyperfine
energy. The models are based on the competition between the well known radiative
disexcitation of the isolated centers Jrom their relaxed excited state F*, and a non-
radiative disexcitation of pairs F-F*, with a probability depending ön the spin
symmetry as it is revealed by the effects due to the magnetic field. According to
Markham [7], the non radiative disexcitation can be explained by an electron
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transfer from the F* center to its F neighbour, yielding a F" center and an anionic
vacancy F+.

The effects of the static magnetic field and of the electron and nuclear resonances
have been measured exclusively on the F luminescence in previous experiments.
In this paper, we present corresponding effects examined on the F and F" populations
in order to verify the assumed non-radiative mechanism. The experimental conditions
are briefly presented in the next section. The experimental results, given in Section 3,

are interpreted in the last section by a simple model of the distant pairs in terms of the
transition rates for the different disexcitation channels.

2. Experimental

All measurements are performed at a temperature of 10 to 15 K on KCl single
crystals (K. Korth, "Ultrapur') doped with F centers by additive coloration to
concentrations between 1017 cm-3 and 1018 cm-3. The samples, cleaved to the
approximate dimensions 5 x 5 x 0.3 mm3, are quenched just before the measurements

in order to obtain a homogeneous distribution of the F centers. The equipment
for the static magnetic field (0 to 0.5 T), the EPR (X-band spectrometer with cylindrical
cavity and optical accesses), the NMR and the luminescence measurements are
described elsewhere [4, 6, 8, 9].

Two optical beams reach the sample. One of them, used to excite the F centers,
is produced in a conventional optical system by a halogen lamp (250 W) followed by
anticaloric filters (Schott KG3, thickness: 3 mm), a filter limiting the excitation to
the F band (Wratten 74 or interferential Oriel with kmsaL 546 nm and AX 10 nm)
and possibly grey filters (Schott NG9). The incident flux /F in the F band, previously
measured by a calibrated thermopile (Kipp E 20) reaches up to
2 x 1017 photons s_1 cm-2. The second beam, called here photometer beam,
measures the light which is transmitted through the sample at any point of the F
band and in part of the F~ band. Particular care has been taken to limit its intensity /
to a small value. The incident light is filtered by a monochromator. The transmitted
light is detected through a second monochromator by a photomultiplier (Philips
XP 1002 or XP 1005). The optical density can be calculated by comparing with
measurements without sample.

NMR and EPR spectra are detected selectively by chopping at 13 Hz the rf or
microwave power and sending the photomultiplier signal into a lock-in amplifier
(PAR 124). In order to study the effects of a slowly varying magnetic field at one
point of the F or F~ absorption band, the incident light of the photometer beam is

chopped at 22 Hz and the signal is detected as mentioned above. Besides, a large
continuous background is eliminated electrically and the interesting part of the signal
is averaged in a signal analyser (HP 5480 A). The transient response of the F and F"
absorption bands when turning on or off the F excitation is obtained with a mechanical
chopper (0 to 5 Hz, rise time 1 ms) placed in the excitation beam. In this case the
photometer incident light has a constant intensity and the signal is averaged after
subtraction of the continuous level.

In order to extend the results appearing at a particular point of the F and F"
bands, the variation ofthe transmitted light due to EPR has been detected continuously
versus the wave length. The optical excitation is then limited to a very small part of
the absorption band and one monochromator alone is used in the photometer beam.
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The signal is detected selectively according to the frequency and phase of the microwave

pulses. It can be normalized by means of the response of the optical system.

3. Results

It has been verified first that the optical density of the F band is independent
of the magnetic field without excitation of the F centers. When the excitation is
switched on the optical density of the F band decreases. It increases then when the
magnetic field grows from 0 to 0.4 T. This behaviour of the optical density is exactly
the same as for the luminescence intensity studied by Jaccard et al. [3]. The optical
density of the F" band shows an opposite behaviour. It is zero without optical
excitation in the F band. It grows when this excitation is switched on and decreases
when the magnetic field increases. The variations of the F luminescence and the
optical densities of the F and F~ bands, measured under identical conditions, are
shown in Figure 1 as a function of the magnetic field.

The decrease of the luminescence which appears at 0.346 T (for a microwave
frequency of9,58 GHz) corresponds to the EPR of the F center, studied by Ruedin [4].
The same lines occur on the optical density curves. They correspond to a decrease

110

i i i

Q -
100

0DF

1.05

-f1.00
b -

0.95, - -
ooF-

2.0-10"2 -

1.5-10"2

i

c

-

1.0-10"2 i i

0.1 0.2

H0

0.3' OAT
!EPR

Figure 1

Dependence of the luminescence of the F centers (a), the optical density of the F band (measured at 530 nm)
(b), and the optical density of the F~ band (measured at 629 nm) (c) on the magnetic field H, and under
EPR conditions with an optical excitation of the F centers. Dotted line : level of F-optical density without
excitation.
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Figure 2

Variation of the transmitted light intensity in several points of the F and F" absorption bands, due to a

resonant microwave field during F band irradiation.

of the F band and an increase of the F" band. This phenomenon is illustrated in
Figure 2 where the intensity of the EPR line is given by phase sensitive detection of
the transmitted light, while the wavelength sweeps the F and F" bands. NMR spectra,
discovered on the F luminescence [5] and due to the ions surrounding the distant F
center pairs, are also observed on the optical densities of the F and F~ absorption
bands, with the same sign as in the EPR case.
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Figure 3

Linearized representation of the transmitted light intensity I in the F band as a function of the excitation
light intensity /F. (a) H0 0; (b) H0 0.45 T.
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Figure 4
Evolution of the transmitted light intensity in the F" band when switching on and off the excitation in the
F band, (a) HQ 0; (b) H0 0.45 T.

The optical density change of the F band depends in a simple way on the intensity
I¥ of the excitation light. This variation is best characterized by the logarithm of the
ratio of the transmitted intensities I(IF)/I(IF 0) which is proportional to the change
of the optical density. Its representation in Figure 3 shows that (AODr)_1 is a linear
function of IF 1.

The relaxation of the F~ population can be observed by switching the exciting

tts
Figure 5

Normalized representation of the variation of the F" optical density when F excitation is switched on
(O) and off (•). (a) H0 0; (b) H0 0.45 T.
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light on and off. The transmitted intensity follows rather slowly, as it can be seen in
Figure 4, and moreover it shows a magnetic field dependence. The changes of the
optical density, suitably normalized, have been represented in a semilog plot in
Figure 5. The significant curvature of the lines can be interpreted by a distributed
relaxation frequency y. In this case, the signal is expressed by S(t)
jo exp (-yt)f(y) dy and the average relaxation frequency just by — (dS/dt)l 0. The
values obtained this way are given in Table I for the different cases.

Table I
Measured relaxation frequencies of the F" optical densities when the excitation of the F centers is switched
on or off, for two values of the static magnetic field.

<y>LS'A H0

/F switched on 1.7 + 0.1 2.3 ± 0.1

/pswitchedoff 1.1+0.1 1.7 + 0.1

In order to transform distant pairs into close pairs, the sample has been submitted
to short F excitations at room temperature. The shape of the luminescence curve
versus the magnetic field then changes, in particular the variation due to the EPR
or NMR changes its sign as reported elsewhere [9]. Parallel investigations on the
optical densities show that the signals described in this section decrease and finally
vanish without otherwise changing their behaviour: no variation of the F and F~
absorption bands have been found in the case of close pairs though a signal subsists
on the luminescence.

4. Discussion

The complementarity of the F and F~ optical densities (Fig. 1) support strongly
the hypothesis of a population transfer between these species due to the optical
pumping. A quantitative comparison can be performed if the contribution of the
isolated F centers is eliminated. This can be done by considering the height of the
EPR peak with respect to the change due to the magnetic field between 0 and 0.45 T
since single centers do not respond to these parameters. The ratios are nearly the same
ones (typically 15-18%) for the luminescence, the F and the F" optical densities.

A simple model for the population transfer is given in Figure 6 (full lines). It
takes only the pairs into account, with populations n0 (both centers in the ground
state), n (one center in the relaxed excited state) and n' (F~ + vacancy). The total
population N n0 + n + n' remains constant. Optical excitation occurs with a

frequency w, proportional to the intensity /F of the light irradiation. Excited pairs
return radiatively to the ground state at a rate wr of 0.8 ps [10] or transform into a
F "-vacancy pair (rate wt) which then returns to the ground state at a rate w't. These
last processes are non radiative.

In the stationary state, the ground state population is

n0 2N-
j

Wj(wt + w't)

w{(wr + wA
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The optical cycle for distant F center pairs (see text).
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Introducing the population difference An0 n0(wt 0) — n0(w,), it can be seen
that (An0)~ ' is a linear function of (w,)~l, in agreement with Figure 3:

l_
An„

l
2N

l +
w[(wr + wA

Wj(wt + w>,')

In a previous paper [2], it has been shown that at zero magnetic field, all pairs have a
spin symmetry such that wt » wr. The measured relaxation times suggest that
w't « wt,wr. In this case:

l
An(

At high magnetic field (H0 0.45 T), about one half of the pairs are in a spin
triplet state which prohibits the electron transfer (wt 0) [2], so that:

I wtl + —
2/V L wiA

A«n ~ --2N
l l

l +
w. w

l +
ŵ,

The last term of this expression can be neglected because wr » w, and

l \ l /. w.

An,0/hf N
l +

H>,

The model predicts then in the linearized representation a doubling of the slope
and of the ordinate at the origin, when the high magnetic field is applied. This agrees
with the results of Figure 3 where the ratio is 1.8 ± 0.2.

In the model used thus far, the F~ population possesses two relaxation
frequencies when the F excitation is switched off. One of them is bound to the decrease
of the excited pairs. This component is fast (wr,wt ~ IO-6 s) and of small amplitude
in our experimental conditions (w, « wr, wA, and it has not been detected. The other
one pertains to the emptying rate w[ of the F~ population. Such a process which
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involves an electron transfer from a F~ center into a vacancy does not depend a priori
on the magnetic field. However the measured average frequencies are not the same
at 0 or at 0.45 T as shown in Table I. This behaviour can be explained by introducing,
for the destruction of F~ centers, a second mechanism examined by Lüty [11]: the
center is ionized at a rate wt and the electron is transferred into the vacancy to produce
a F center in its excited state (dashed line in Figure 6). In this case, the F~ band
relaxes with a frequency y' ~ w\ + wiwrj(wr + wA. At zero magnetic field, wt » wr
for all pairs as mentioned previously, so that y0 ~ w't. At high field wt « wr for about
one half of the pairs so that y'h{ ~ w't + %wt. When the excitation of the F centers

Wj is switched on, the F~ population increases with a relaxation frequency
y" ~ w't + wiwr/(wr + wA + WjWt/(wr + wA, reducing to y'ó ~ w't + w, and
y£f ~ w\ + jwt + \w, in the low and high field cases, respectively. The predicted
trends correspond roughly to the values of Table I. However wt, w[ and wi are strongly
dependent on the pair separation and therefore widely distributed. No quantitative
analysis is possible thus far, but these experiments indicate a branching ratio wjw't
of the order of unity. Moreover, the pumping light in the F band does also excite F~
centers, because of the overlap of the absorption bands, and the intensity dependence
of the relaxation is certainly not accounted for completely by this model.

The fact that for close pairs no signal has been observed on the absorption bands
(i.e. that the F" concentration is too low to be detected) can be attributed to two
causes: a non radiative disexcitation involving no F "-vacancy pair formation, or a

very short F~ lifetime. The former, developed in a previous paper [12], involves the
electronic exchange energy, and therefore is more likely to apply to close than to
distant pairs. The latter requires a lifetime shorter than 1 ms, (time resolution of our
detection system), which should be possible for an electron transfer within a close
F ~-vacancy pair as shown by Schmid and Wolf [13] and Itoh and Suita [14].

5. Conclusion

For distant F center pairs, as they occur in a well quenched crystal, the non
radiative disexcitation occurs by an electronic transfer from the excited to the other
member of the pair, thus forming a F "-vacancy pair, as can be inferred from the
behaviour of the luminescence and of the F and F" optical density on application
ofa static magnetic field and ofa resonant microwave field. This fast transfer frequency
is strongly field dependent, and its magnitude with respect to the direct radiative
disexcitation frequency is determining. The electron is transferred back from the
F~ center by a slow process, with a characteristic time of the order of 1 sec (between
10 K and 15 K), restoring the pair in its ground state. The effects observed on the
optical densities depend then on the excitation rate and they saturate when it surpasses
the backtransfer frequency. The field dependence of the transient relaxation process
observed with a pulsed excitation implies the existence ofa second type ofbacktransfer
(probably through ionization of the F~ center) leading to a pair in its excited state.
These measurements confirm the corresponding hypotheses put forward by Markham
et al. [7] and by Lüty [11]. With close F center pairs the optical densities are not
modified by the optical pumping and therefore do not display any field or magnetic
resonance effect (which is not the case for the luminescence). The measurement of
the optical densities can therefore be used to obtain unbiased information on distant
pairs alone.
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