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By an appropriate optical treatment a t  RT the distance separating the members of F- 
center pairs can be decreased, giving rise to different optical and magnetic properties, re- 
vealed by the existence of a spin dependent non-radiative disexcitation mechanism. A 
model with an exchange spin-spin interaction is analyzed and compared with experiments 
a t  LHeT (variation of the luminescence with an applied magnetic field, optical detection 
of the EPR, and relaxation processes). The observed effects are related with population 
changes in the ground state caused by optical pumping and they are sensitive to the mixing 
of the states produced by the different interactions. The average exchange energy is found 
to range between the hyperfine and the Zeeman energy depending of the state of aggrega- 
tion. The paramagnetic resonance occurs in the ground state (g = 1.998, linewidth 52 G) 
and the relaxation times range between 25 and 250 ms, depending of the optical pumping 
rate. The relation predicted by the model between the luminescence variation and the 
relaxation rate agrees with the experiments. 

En  diminuant par un traitement optique adequat fait B temperature ambiante la distance 
separant les membres de paires de centres F, on obtient des proprietes optiques et magneti- 
ques differentes, revelees par l’existence d’un m6canisme de desexcitation non radiative 
dependant des spins. Un modhle introduisant une interaction d’8change spin-spin est 
analyse et compare iL des experiences faites it basse temperature (variation de la luminescence 
en fonction d’un champ magnetique applique, detection optique de la RPE et processus de 
relaxation). Les effets observes sont lies aux changements des populations dans 1’8tat fon- 
damental cause par le pompage optique et ils sont sensibles au melange des &tats de spin 
produits par les diverses interactions. On trouve une knergie d’bchange moyenne situee 
entre 1’6nergie hyperfine et celle de Zeeman, selon 1’6tat d‘agregation. La resonance para- 
magnktique a lieu dans 1’6tat fondamental (g = 1,998, largeur de raie 52 G )  et les temps 
de relaxation se situent entre 25 et 250 ms selon l’intensite du pompage optique. La relation 
pr6dite par le modele entre la variation de la luminescence et le temps de relaxation est vbri- 
fiee par l’experience. 

1. Introduction 

I n  alkali halide crystals containing a homogeneous concentration of about 
1017 B’ centers/cm3, an appreciable fraction of the centers may have a neigh- 
bor within a distance R, which is small enough to  allow an interaction. If one 
of the pair members is optically excited a t  low temperature with light in the 
E” band, i t  can return to the ground state by two ways : either a radiative tran- 
sition (like an isolated center) or a non-radiative transition induced by the inter- 
action [l]. The non-radiative disexcitation mechanism is still not well under- 
stood [2]. The interaction being partly magnetic, the non-radiative process can 
be influenced by static and microwave magnetic fields. This property has been 
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used to detect optically the EPR of F centers in the ground and in the relaxed 
excited state with high sensitivity by means of the luminescence [3]. In  the 
experiments presented here, the homogeneous center distribution is modified 
by successive optical bleachings of short duration in the F band a t  room tem- 
perature. Whereas the total concentration remains constant, the distances 
separating the pairs decrease, producing pairs referred below as “close pairs”. 
Their magnetic and optical properties are completely different from the original 
ones [l], called below “distant pairs”. We attribute this fact to  the enhance- 
ment of the interaction near or above a significant level defined by the magnetic 
energy of the centers. In  the following sections, we first describe the experimen- 
tal procedure. Then the effect of the interaction on the pair states and energies 
is analysed and connected with the probability of the non-luminescent disexci- 
tation. In  Section 4 the dependence of the luminescence on an applied magnetic 
field is examined and in Section 5 a simplified model is given in order to  calculate 
the kinetics of the population changes under transient optical and microwave 
excitations and it is compared with the experiments. The optical detection of 
the EPR and the spin relaxation are finally discussed. 

2. Experimental Procedure 

A KC1 sample (K. Korth “Ultrapur”) cleaved to  the dimensions 6 x 6 x 
x 0.3 mm3 is placed on its thin side on the bottom of a cylindrical cavity work- 
ing in the X-ba,nd (TE 111 mode). The cavity has three holes of 5 mm diameter 
t o  allow for X-irradiation, optical bleaching and excitation, and luminescence 
detection (Fig. 1). The F centres are created by X-irradiation a t  room temper- 
ature during 1 h (150 kV, 10 mA, filtered by 2 mm Al). In  this way a 
homogeneous concentration of about l0l7 is achieved. Since the crystal 
is thin, the optical density ot the maximum of the F absorption band is of the 
order of 0.3 and the optical excitation is therefore homogeneous a t  all tem- 
peratures. The formation of “close pairs” is achieved by optical bleaching a t  
room temperature : the light of a 250 W halogen lamp passed through two Schott 
filters (KG 3 3 mm and OG 570 3 mm) and different grey filters (OD from 0.15 
to  2.6) is focussed on the crystal for short periods of time (usually 15 s). In  this 
way, the light flux can be varied from depending 
on the grey-filter configuration. Immediately after the bleaching, the temper- 

t,o l O I 7  photons s-l 

spliffer Pig. 1. Experimental arrangement 
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ature is lowered to  LHeT. The optical excitation is performed with the same 
arrangement, less the OG 570 filter. The luminescence is detected perpen- 
dicularly to  the excitation beam through an I R  filter (Wratten 87) by a PbS cell 
(Mullard 119 CPY). A fraction of the exciting light, equal to  the luminescence 
intensity a t  zero magnetic field, is directed on a second cell by an adjustable 
beam splitter. The signal difference given by a bridge is either selectively 
amplified or sent to  a signal averager (HP 5480). In  order to  study transient 
luminescent behavior, the excitation light can be chopped by a fast reed shutter 
(0 to  5 Hz, rise time 10 ms) and the microwaves can be modulated by a series 
of PIN diodes (HP 8735B). Relaxation times can be measured between 10 ms 
and several seconds. The LHeT cryostat (Andonian MHD-3L-30N) is placed 
between the poles of an electromagnet (Varian 3700). 

3. Pair States arid Radiative Disexcitation 

In  the case of "distant pairs", the two electron spins interact only with the 
homogeneous applied magnetic field Ho and with the hyperfine field H ,  and 
Hg produced by the neighboring nuclei. These nuclear fields are random and 
therefore differ a t  the two center sites, giving total fields H and H*. As it has 
been shown elsewhere [l] this difference, expressed by the angle y between H 
and H*, produces a mixing of singlet (aqJ and triplet (oq,) spin states coupled 
with symmetrical and antisymmetrical orbital wave functions. The eigenstates 

to each 
other to  form a "close pair" is assumed to be of the isotropic exchange type and 
it adds to  the Hamiltonian a term -JS ,  S,. The eigenvalues of the energy in 
the perturbed system are related with the exchange coupling energy by the 
equation 
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and the wave functions are mixed according to the following relations : 

Non-radiative disexcitation occurs either by the transient formation of a F’+ va- 
cancy pair (transfer of the excited electron to  the neighboring F center) or bj, 
phonon emission alone [ 2 ] .  I n  both cases it requires a finite admixture of the 
spin antisymmetric state q p  in the wave function. With 

the non-radiative frequency is given by 

W t j  = w t o ( 4  la , 
where wt,, is the frequency for a pure qSo: state and depends on the pair separa- 
tion d. If vg is the relative population of a state j ,  the luminescent probability 
for a pair is then 

P,  = 2 v,(l + Wt l & i l ) - l  with Wt = 9, 
j Wr 

where w, is the radiative disexcitation frequency. In  the experimental condi- 
tions of this work (2‘ > 2 OK and H ,  < 5 kG) the factors v j  are all nearly equal 
to  1/4 a t  equilibrium, i.e. without optical excitation. 

4. Luminescence as a Function of the Applied Magnetic Field 

According to  this model, the luminescence depends on the magnetic field H, 
through the angle y and the energies e and E ‘ .  The overall relationship cannot 
be given analytically but it must be calculated by a Monte Carlo method used 
previously [l] in which the stochastic nuclear fields HN and H$ are taken from 
a Gaussian distribution with a variance corresponding to  the observed width of 
the EPR line. The energy levels, the antisymmetrical admixture, and the lumi- 
nescent probability are then calculated for a given exchange energy J .  The 
average luminescent probability gives the luminescent quantum efficiency for 
pairs only, normalized to  unity. It has to be pointed out that  in these experi- 
ments the total luminescence which is measured comes from the isolated centers 
and from the pairs and that  there is no way to separate both components experi- 
mentally. 

For “distant pairs” the model has been already confirmed by the observations 
[l]. Fig. 2 shows the variation of the luminescent quantum efficiency and of the 



Luminescence and Optically Detected EPR of Close F-Center Pairs 591 

06 I 1 

-02 
-124 

1 2 3 4 5  
-B0 

BfkGJ - H/kGI - 
Fig. 2.  Luminescence efficiency and energy levels of F center pairs with W,  = 1 as a func- 
tion of the applied magnetic field, calculated for a KC1 crystal. a) Without an exchange 

energy ( J  = 0); b) with an exchange energy (J/g/3 = 1.5 kG) 

energy levels as a function of the applied magnetic field calculated with the 
assumption that  the crystal does not contain isolated centers but only “close 
pairs” with Wt = 1. The left part of the figure shows the case of the “distant 
pairs” ( J  = 0) while in the right side the exchange energy is J/gP = 1.5 kG. The 
theoretical curve has a minumum near the field value corresponding to  the 
exchange energy. Since such a dip has never been observed in the experiments, 
we have to  assume a distribution of the J’s resulting from a distribution of the 
pair separations. As a first approximation we choose an exponential distribution 
p ( J )  d J  = exp (-J/J) dJ/T. The parameter characterizing the different 
states of aggregation, is obtained by optimizing the fit of the calculated with the 
observed field variation of the luminescence, with a suitable scaling factor. 
Since the isolated centers do not respond to  the field, their contribution is elimi- 
nated by this procedure . Such fits are shown in Pig. 3 (assuming Wt = 1 ) .  
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Fig. 3. Full curves represent the luminescent 
quantum yield of pairs of F centers in KCl 
(initial concentration lo1‘ ~ m - ~ )  measured at 
T = 13.6 “K after different optical treatments. 
The dots show the best fit with the theory 
assuming an exponential distribution of the ex- 
change energy and Wt = 1. From (a) to  (d), the 
value of j / g p  is 3, 342, 1142, and COG, corre- 
sponding respectively to  a quenched crystal 
and t o  RT bleaching of 5 s with grry filters 
((b) 1.2 x 1015, (r) 2.4x1Ol5, and (d) 1 . 2 ~ 1 0 ~ ~  

.? 075 

“700 
photons cm+) I 2 
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5. Population Relaxation for ‘‘Close Pairs” 

Electronic transitions for “close pairs” between the different states are given 
in Fig. 4a. The pumping rate W ,  is proportional to  the integrated light intensity 
absorbed in the F band; w, and wt are the radiative and non-radiative disexcita- 
tion rates. The rate coefficients loll\ have been calculated with a distribution 
p ( J )  corresponding to  curve c of Fig. 3 (J/gB = 1142 G). The spin-lattice 
relaxation rate in the ground state is W ,  and it can be increased by W1(r with 
resonant microwaves. Since the non-radiative disexcitation path may imply 
a delay in a transient state (e.g. F’+ vacancy) an intermediate level has been 
added with a transfer frequency WB to the singlet ground state only. The net 
effect of the excitation light is then to  populate the singlet level a t  the expense 
of the three other ones and therefore to  decrease the luminescent quantum yield. 
Since the spin-spin relaxation rate T;l is large between the triplet states 
but very small between the triplet and the singlet, the system of Fig. 4a can 
be approximated by the three species of Fig. 4b. The relaxed excited states can 
be left out because their population is quite small. 

With N t ,  N ,  are the triplet and singlet populations, N is the total number of 
“close pairs” (in ~ m - ~ )  and 

the rate equations for the populations are 

hi, = - ( W  + kWp) N ,  + 3 W N , ,  

This system has the two relaxation times 

zf = (Wp + W p  , z, = ( 4 W  + kWp)-l . 

a 
5 ’  w 
Fig. 4. a) Energy levels of a “close pair” with the different transition rates (see text). 

b) Simplified model of a “close pair” 
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The stationary values are 
3P’N *v =- 

to  48’ +a + k(3& + a2 + a#?’) ’ 
Nt, (1 + ka) N -~ -~ 

3 ’  S“ - 

where a = W,/ W and ,5’ = W,/ W. 
No time dependence can be detected in absorption measurements in the F‘ 

band; this implies for this model a lifetime of the intermediate complexes (F’) 
shorter than 1 ms, so that  1/P’ x 0. It is therefore not possible to  distinguish 
between the two prevailing non-radiative disexcitation processes. F’ formation 
cannot be excluded, since a large transfer rate to  the ground state can depress 
the concentration variations below the detection level. 

The transient behaviour of the luminescence, measured by chopping the exci- 
tation light (square wave modulation), is found to obey the law 

L(t) = Lo - AL(1 - e-liZ) . 
If n is the total F-center number per unit volume and 

ANto z= Nt, (x  = 0) - Nto(a+  0 )  

is the population difference produced by the light, the formula above yields 
_ _ _  L ~~ n - ~ -(1+&), 4n 
AL -AN+”(l - k )  - 3N(1 - k )  

1 r = z  = 
W(4 f k a )  - 

As it can be seen in Pig. 5, these laws, which are linear in koc or (ka)-l ,  agree 
qualitatively with the observed behavior a t  low light intensity. The relative 
luminescent variation is small (1 to 5%) and the relaxation time varies between 
25 and 250 ms. A quantitative check is impossible because the constant k is 

b a L l  I I I I I I I I I 1  
0 L?? 05 70 0 70 20 30 40 

[~GT’ - ka -----) 

Fig. 5. a) Plot of the inverse of the relative luminescent variation due to a square optical 
excitation as a function of the inverse of the pumping light intensity (ka)-l. b) Plot of the 

relaxation rate t;;’ as a function of the pumping light intensity ka. t;;’ = 4 W  + k Wp 
38. 
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not known a priori. However, the quantity (LIAL) z,Wp should be independent 
of the pumping rate Wp. The experimental results yield indeed a value which 
does not fluctuate more than 10% without any significant trend when the light 
intensity is changed by a factor of 20, confirming the validity of the model. 

Significant deviations are observed a t  high light intensity. They can be due 
to  the ionization of the centers, thereby diminishing the number N .  The effect 
on the relaxation time could be due to the inhomogeneity of the irradiation. At 
high intensity, the pairs near the surface become partly saturated and bleached. 
One observes then the pairs situated in the depth and since they receive 
a weaker light, their relaxation frequency is lower. From the ordinate a t  the 
origin of the extrapolated straight line of Fig. 5a, i t  is possible to  estimate the 
value of k.  With n = lo1’ and Nln about 0.1, one finds k = 0.1, indicating 
that the radiative disexcitation rate is one order of magnitude higher than the 
non-radiative one for “close pairs” in the triplet state. 

6. Optical Detection of Paramagnetic Resonance 

When the sample is subjected to  a microwave field of a suitable frequency 
(9.6 GHz for H ,  = 3400 G),  the “close pairs” show an increase of the lumine- 
scence of the same order as the quantity AL discussed in the preceding section. 
This is explained by transitions induced by the microwaves between the singlet 
and the triplet in the ground state, which equalize the populations. The lumi- 
nescence is modified by EPR occurring in states in which the electron are weakly 
coupled with sharp energy levels, as i t  is the case in the excited state of “distant 
pairs” and in the ground state of “close pairs”. But the resonance cannot be 
detected in the excited state of the latter because of the spread of the energy 
levels due t o  the wide exchange energy distribution. Since all the spin states are 
impure, the selection rule A s  = 0 does not apply. The effect of the r.f. field is 
additive to  the spin-lattice relaxation and with the relative intensity y = 
= WRF/ W ,  the resonance signal is described by 

n(4 + ka)2  
3N (1 - k )  ka * 

This law is verified experimentally (Fig. 6),  but only if all the pairs are excited 
simultaneously. This is not the case under ordinary conditions ( H ,  = const) 
because of the inhomogeneous broadening of the line by the nuclear fields. Only 
certain spins resonate and transmit their excitation to  the other ones by spin 

Fig. 6. Effect of the microwave power on 1 the luminescence in the case of EPR of 
“close pairs” 
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Fig. 7. Saturation of the relative luminescence varia- 
tion observed as a function of the microwave power. 
(a) With magnetic field modulation of 30 G around 

Ho = 3.4 kG; (b) with Ho = 3.4 kG only 
q 

006 

diffusion. This can be prevented by a 30 G modulation of H ,  around the center 
of the resonance peak with a frequency larger than 30 kHz, which brings all 
the spins in resonance in a time which is very short with respect to  the spin- 
lattice relaxation time. With this method, saturation is produced with a r.f. 
power of 10 mW (Fig. 7a)  whereas with 170 mW without modulation only 
a third of the saturation value is reached (Fig. 7b). 

The spin-lattice relaxation rate in the ground state can be measured by tran- 
sient perturbation of the populations by chopping either the pumping light or 
the microwaves. Extrapolation to  zero light intensity yields the value of 4 W 
(Fig. 5 b). It is a function of temperature, as found by Feldman et  al. [4] (Fig. 8)) 
but also of the magnetic field (Fig. 9). At high field (3400 G) and 20 OK, the 
relaxation frequency is 4.5 s-1, slightly higher than for isolated centers for which 
i t  amounts t o  3.5 s-1 [4]. For “close pairs”, i t  is the sum of the single-center rate 
and of a modulation effect on the exchange energy by the phonons, with a strong 
dependence on the applied field. These properties will be discussed in more 
details elsewhere. 

The resonance of the “close pairs” is characterized by a nearly Gaussian line 
(Fig. 10a). The g-factor is decreasing with increasing temperature to  an asympto- 
tic value of 1.998 & 0.001. This dependence is tentatively attributed to  nuclear 

8. 
4’ 

**:0 

lDO 70’1 
7 0 7 ~ : : ~  * , ! 

Fig. 8. Dependence on temperature of the ground 
state spin-lattice relaxation rate T;’ of “close pairs” 
a t  Ho = 3400 G (extrapolated to Wp = 0) ( o ) ,  
compared with measurements on isolated centers by 
Feldman et al. [4] with electrolytically ( A ,  0 )  and 

20 30 40 50 
/ernpemfure /%I - additively ( 0 )  colored crystals ”i, 
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Fig. 9. Dependence on applied magnetic field of 
the ground state spin-lattice relaxation rate TT1 
of “close pairs” a t  T = 13.6 OK extrapolated to  

m’p = 0 

I I 1 1 
0 1 2 3 4 5  

HIkGJ - 
polarization. The FWHM of the line is (52  f 1) G, a value improved with respect 
to  previous measurements by a better signal-to-noise ratio. By increasing the 
bleaching a t  high temperature a second line is produced and then a third one 
(Fig. lob). ENDOR measurements with optical detection [5]  confirm that they 
are due to  transitions with AM = &2 or -13 in pairs consisting of an F-center 
interacting with a neighboring M triplet or R quadruplet center, respectively. 

If the crystal is cooled down veryrapidly after bleaching, i t  is possible to keep 
some F center pairs with a separation shorter than the stability limit a t  room 
temperature. In  the spectrum the central line splits in symmetrical pairs 
(Fig. lob, c). They can be attributed to  the presence in the ground state of 
a significant interaction together with the predominance of certain pair separa- 
tions. According to  Schworer and Wolf [6] who have calculated the exchange 

I I I I I I 
0 I 2 3 4 

rnagneiic field ikG) 

Fig. 10. Spectrum of the optically detected paramagnetic resonance for “close pairs”. (a) 
Pairs F-F and F-31 (triplet); (b) pairs F-F, F-M (triplet) and F-R (quartet) with a small 
effect of exchange in the ground state; (c) same as (a) but  with a large effect of exchange in 

the ground state 
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frequency as a function of the distance between two F centers, a frequency 
of 1O1O s-l corresponding to  the separation of the extreme peaks would indicate 
a distance of about four lattice constants between the members of the pair. 
It has not been possible to  find an experimental treatment which produces pairs 
with a shorter distance. They should be unstable and coalesce spontaneously 
to form M centers, as it can also be inferred from aggregation experiments [ 7 ] .  

7. Conclusion 

F centers interact in KC1 in two characteristic types of pairs which return to  
their ground state after F band excitation by a radiative or by a non-radiative 
process. The common property of both types is that the non-radiative disexci- 
tation does not produce a sensitive number of F‘ centers. 

The “distant pairs” (separation between 30 and 80 A) occur in quenched 
additively coloured crystals or in crystals X-irradiated a t  room temperature and 
the response of their luminescence to  magnetic and microwave fields is due to  
processes occurring in the relaxed excited state. They have been described a t  
length in previous papers [l, 31. The “close pairs” are built up in bleached 
X-rayed crystals, and their luminescence reflects population changes in their 
ground state. Their behavior is quite different from the “distant pairs” because 
of an exchange interaction which is significant mainly in the relaxed excited 
state. The interaction energy causes a dependence of the luminescence on static 
magnetic fields. The relaxation rate of the ground state populations, of the 
order of 1 to  100 s-l, is increased by the pumping light. It is influenced by the 
interaction, and it therefore depends of the static magnetic field and of tem- 
perature. The lifetime of any intermediate state on the non-radiative disexcita- 
tion path is shorter than 1 ms. Since the optical pumping favors the non-lumi- 
nescent singlet state, paramagnetic resonance is characterized by a sharp in- 
crease of the luminescence. If the pair separation is decreased, the exchange 
interaction becomes effective in the ground state too, and symmetrical pairs of 
new lines appear in the EPR spectrum. 

These two types of P center pairs constitute extreme cases, and they do not 
give quantitative information on  the process of non-radiative disexcitation. 
Medium sized pairs have also been produced and they are related with signi- 
ficant changes of the F’ absorption (showing long lifetimes of 0.1 to  1 s). They 
uill be treated in a further paper dedicated to  the disexcitation process. 
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