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Electron Transfer within F Center Pairs 
in KCl from Optical Emission and Absorption 

By 

A. C. M E Z G E E and C. JACOAED 2 ) 

Transient F luminescence and F ' population after F band excitation and the effect of a static 
magnetic field (0.5 T) are measured in KCl at 10 K for F center concentrations between 5 x 1016 

and 1 X 1018 cm-3. The results are explained by an F center pair model involving a radiative 
decay (time T1), direct and inverse non-radiative electron transfers within the pair depending 
exponentially on the separation: T = T0 exp (r/A), and a Poisson spatial distribution of the indi­
vidual centers, with the following parameters: T1. = (890 ± 5) ns; T0 = (0.4 ± 0.2) ns, A = 
= (0.8 ± 0.1) nm (direct); T0J = (2 ± 1) ms, V = (0.8 ± 0.1) nm (inverse). 

Le déclin de la luminescence F et de la population F ' après une excitation dans la bande F ainsi 
que l'effet d'un champ magnétique de 0,5 T ont été mesurés dans KCl à 10 K pour des concentra­
tions allant de 5 X 1016 à 1 x 1018 cm-3. Les résultats sont expliqués par un modèle de paires de 
centres F comportant: un déclin radiatif (tempsrr), des transferts électroniques non-radiatifs 
(direct et inverse) entre les membres des paires dépendant d'une manière exponentielle de leur 
séparation T = T 0 exp (»"/A), une distribution spatiale de Poisson des centres individuels. Pour les 
paramètres les valeurs suivantes sont obtenues: Tx = (890 ± 5) ns; T0 = (0,4 ± 0,2) ns, A = 
= (0,8 ± 0,1) nm (direct); TOÌ = (2 ± 1) ms, A' = (0,8 ± 0,1) nm (inverse). 

1. Introduction 

The optical properties of F center pairs in alkali halides are influenced in several 
ways a t low temperature by electromagnetic fields. Beside the effect of high stat ic 
magnetic fields on the spin level populations [1], lower fields change markedly the 
average luminescent quan tum yield [2], which can display zero frequency NMR of 
the neighbouring ions [3]. 

The optical detection of E P R [4 to 6] and of NMR of the environment [7, 8] is 
also possible by monitoring the F luminescence as well as the F or F ' absorption. 
All these phenomena are due to a fast non-radiat ive electron transfer from the excited 
pair member into the other one ( F * + F 0 -> F ' + <*)> followed by a slow back transfer 
restoring the pair ground s ta te (F ' + a -> F 0 + F0) . Since this process requires F 
center pairs, the effects mentioned above are concentration dependent, and since the 
pair separation is dis tr ibuted more or less a t random, t ime dependences consist 
generally in a superposition of many exponentials. This is the case for the lumines­
cence decay, which has been measured firstly by Swank and Brown [9]. A later s tudy 
by Bosi and Bussolati [10] revealed its non-exponential behaviour, which has been 
a t t r ibu ted to contributions from M and R centers ; however, these can be avoided by 
means of a monochromatic laser excitation (as described below), and secondly by 
prepar ing the crystals in such a way t h a t M-center absorption is not observed, so t h a t 
the observations can be completely accounted for b y pair effects. 

The purpose of the investigations reported in this paper is to determine near 10 K 
the electron transfer ra te in KCl as a function of the pair separation. To this end the 
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direct transfer has been studied by careful measurements and analysis of the transient 
luminescence after short excitation pulses in the F band, with a low repetition ra te 
to prevent a disturbance of the spin level populations. The parameters for the back 
transfer are obtained from the t ransient behaviour of the F and F ' absorption after 
turning off a s teady excitation. 

The results are interpreted by assuming an exponential pair separation dependence 
for the rates and a quasi-Poisson distribution of the individual centers, which are all 
considered to form a pair with their nearest neighbour. After a description of the 
experimental conditions, we develop in Sections 3 and 4 models for both types of 
transfer. I n Section 5 the experimental results are analysed in view of the models and 
the characteristic parameters are determined. 

2. Experimental 

Thin KCl monocrystals ("Ul t rapure" , Kor th , Kiel, FRiG) coloured by the van D o o m 
method are cleaved to about 5 x 5 x 1 mm 3 and well quenched in tota l darkness just 
before measurement in order to obtain a homogeneous distr ibution of F centers; 
thereafter they are placed in a liquid helium cryostat (Andonian) and cooled down 
to 10 K. The F concentrations ranging from 5 X 1016 to 5 X 1017 c m - 3 are deter­
mined directly inside the cryostat by measuring the optical density ; for higher concen­
t ra t ions up to 1 X 1018 c m - 3 thinner crystals from the same origin are measured with 
a spectrophotometer (Varian, Superscan) outside the cryostat . 

The experiment consists in two distinct pa r t s : a) measurement of the t ransient 
luminescence after a short exciting pulse in the F band (lifetime about 1 fJis) ; 
b) measurement of the t ransient response of the F ' population when the F excitation 
is turned on and off (lifetime about 1 s). 

Transient luminescence is measured by a fast detector coupled with a signal averager. 
A block diagram of this spectrometer is shown in Fig. 1: the F centers are excited 
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Fig. 2. Block diagram of the spec­
trometer for the detection of tran­
sient transmission of the F ' band 

monochromator 690nm 
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T=JOK 

monochromator 690 nm 

chopper(300Hz) 

by a pulsed dye laser (Electrophotonics model 23) with a low repetit ion ra te of 1 to 
2 Hz (in order to avoid a disturbance of the F and F ' populations) tuned to the 
max imum of the F band (540 n m for KCl) and from which a pulse of 10 to 20 ns half-
width is selected by means of a Pockels cell arrangement (electro-optic developments 
PC 12 K D K D *P) as shown in the fi gure. By means of a beam splitter a signal is 
derived to trigger the electronic pa r t of the experiment. The luminescence pulse passing 
through an appropr ia te filter (Wrat ten 87, Kodak) is detected by a near infrared 
photomultipl ier (EMI 9808 B , S l type) and sampled with a resolution of 10 ns by a 
t ransient wave-form recorder (Biomation 8100) ; thereafter the signal is averaged 
( H P 5480 A) over 27 pulses. The output signal is then analysed with a computer. 

For the measurement of the transient behaviour of the F ' population, an excitat ion 
beam and a probe beam measuring the light t ransmi t ted by the F ' band are directed 
on the sample (Fig. 2). I n this case the excitation is achieved by an Ar + ion laser 
(50 m W at 514.5 nm) chopped by a mechanical shut ter (0 to 5 H z ; 1 ms risetime). 

The transient response of the F ' populat ion is then monitored by the probe beam 
which is filtered on both sides of the cryostat by monochromators. I n order to improve 
the signal-to-noise ratio the probe beam is chopped a t about 300 Hz and a phase 
detection method is used with a t ime constant of 10 ms ; t he signal is then averaged 
synchronously with the F excitation. 

These experiments have been performed also with a static magnetic field up to 
0.5 T. 

3. Model of the Direct Transfer Process 

3.1 Pair model and transient luminescence 

I n a previous paper [2] we diagonalized the Hamil tonian for an F center pair in a 
stat ic magnetic field and we obtained four eigenstates and the corresponding energies ; 
from this result we calculated for the direct tunnelling process ( F * + F 0 -» F ' + a) 
the t ransi t ion frequencies which depend on the tota l spin s ta te of the pair 

coti = o>u = cow(r) —— sin 
|/2 

cot2 = cats = coto(r) -y= cos 
)/2 

(1) 

file:///lock-in
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where y) is the angle between the fields resulting from the applied static field (//0), 
and from the local hyperfine fields (H*, HN), acting on the two pair members. 

The frequency coto(r) decreases strongly with the distance r between the two centers 
[U] and it can be expected to have an exponential behaviour of the form 

û)to(r) = W0 e-'M , (2) 

Ct)0 and X being constants characterizing the non-radiative process. 
The distribution of the distances between the two pair members N(r) can be evaluat­

ed from the F center concentration wF if one assumes a random spatial distribution of 
the centers ; this is an idealized case, since interaction between centers at short distan­
ces modifies this distribution. With this hypothesis and by using Poisson's law we 
obtain the following distribution for the pair separation r : 

N(r) dr = 4OT2TO1, e-(4/3)*r»nF dr . 

From this and from equation (2) one calculates the distribution N(x) of the tunnelling 
times defined by T0 = l/co0 andr(r) = Ijca^r), 

N(x) at = AnX^n1, In
2 fe\ e W ^ ' ^ . M ^ ! . (3) • 

The distribution of the angles yi can be calculated easily only in two cases. At zero 
field the angle lies directly between the local hyperfine fields and assuming for them 
an isotropic space distribution we have 

P(y>, H0 = 0) = Y sin y> . (4 a) 

At very high fields near 0.5 T, the angle ip tends toward zero and we have 

P(w, H0 > HS, Hs) ~jô(y,- ^Pj « '1 ò(y>) , (4b) 

<#'> being the average field difference between the two members of the pairs (6.9 mT 
in KCl). Now with these equations (3, 4a, 4b) the transient luminescence of the F 
center pair is proportional to the sum of the two following expressions accounting for 
radiative and non-radiative disexcitation with decay times xr and r respectively : 

L1(I, H0) = ! IN(X) P(w,H0) e Srr r 'dxdw 
tt 0 

and 

L2(I, H0) = J / N(X) P(xp, H0) e W r T ' Ax drp . 
T0 0 

Under our experimental conditions (T = 10 K, H0 <; 0.5 T) all levels have the same 
population. The angular integration of these formulae can be performed analytically 
in the limiting cases and yields 

L(t, H0 & 0) = Ce-*'1 ' J e-*e V*r> dz , 

L(t, jff0» 0.5T) = -1-(76-'/" 1 + / e-*e T° dz 
1 (5) 

where A=\ 7iX3nF and G includes geometrical factors and the number of excited 
centers. 
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The transient luminescence shows an exponential decay corrected by a function 
depending on time and on the F center concentration; X, T0, T1. are intrinsic constants. 
This function can be calculated numerically (we used the Gauss-Legendre method). 
The effect of an external magnetic field is also predicted to influence the decay time 
of the luminescence. 

3.2 Average transfer rate and quantum yield 

In this model the average transfer rate, the quantum yield and its behaviour in a 
magnetic field are also calculated as a function of the F center concentration. 

The average transfer rate can be defined by 

(coty = / N(r) O)0 e~r'x dr . (6) 

Numerical integration of this formula gives (a>ty = 5.7 ./1/T0. This quantity depends 
on the intrinsic constants T0 and X, but also on the concentration through A. 

The quantum yield (rj) can be calculated by integrating formulae (5) over time, 

^ 0 = O) = 

1/2 T0 

- (2 / / 1 )1 / ' 

V(B0 0.5 T) = -
dz 

1 + J i e-(«M)>/. 

Numerical integration yields a concentration dependence which is closely approximated 
by 

I1[H0 = 0) = e - " « , 1 

T1(H0 « 0.5 T) = Q-0-mnv, J 

for concentrations up to about 5 X 1017 cm -3. F0 is defined as the critical volume in 
which the tunnelling probability is larger than the radiative transition. probability 
and corresponds to the critical radius R0 = X In (-V1Jr0). 

The quantum yield is therefore an exponential function of the concentration and 
of the critical transfer volume in agreement with our first paper [2] and Miehlich's 
observations [12]. 

The increase of the quantum yield in a magnetic field is then also given by (7) 

— L = e"1'*"/2 — 1 

and has been verified experimentally in our laboratory. 

4. Model of the Inverse Transfer 

In order to study the inverse transfer (F' + « -* F0 + F0 ; rate m ^) we have to con­
sider the optical cycle shown in Fig. 3. We take into account only two different 
populations of pairs F0 — F0 and F 0 - F * for which the direct process is given by 
equations (1) and assume that we do not have any spin memory loss (this is justified 
by the fact that this quantity is very small in KCl [3, 13]). 

45 physica (b) 107/2 
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We introduce also a mechanism examined by Liity [14] and reported in a previous 
publication [15]: the ionisation ra te Co1 of the F ' center followed by a transfer of the 
electron into the vacancy to produce an F center in its excited s tate . This is due to 
the probe and excitation light, since the F ' absorption band extends to the F center 
band and the excited s ta te of the F ' center lies in the conduction band. We also as­
sume t h a t this process produces a complete spin memory loss, i.e. the electron has 
equal probabilities to fall in each one of the excited states. According to this model 
the F ' band decays with the ra te 

y = —cou — ocoii, 

where oc is given by 

+ 2 cor 

The inverse transfer process can then be calculated in the same way as the direct one, 
and the F ' band transmission is given by 

-(zlA-yi* 

T(t, H0) C e-'aa,i J e-
o 

-a>0lte 
dz 

w i t h y l ' = 4/3TÏPI3W' (« ' being an equivalent concentration of pairs F ' — oc correspond­
ing to a mean separation). 

The effect of a stat ic magnetic field on the relaxation of the F ' center can also be 
predicted, oc being dependent through coti and co^ on the field and cou being independent 

OUU1(H0 = 0 T) _ | / 2 ~ 

OCCU1(H0 = 0.5 T) ~ ~2~ 
if 

ca, > 1 . 

The apparent lifetime (observable a t the end of the decay when it reduces to a simple 
exponential) is about 30% shorter in a field of 0.5 T than in zero field. This is the 
case for concentrations of the order of 3 X 1017 cm - 3 . 

5. Comparison with Experiments 

5.1 Direct tunnelling 

The model of the t ransient luminescence yields a decay composed of the radiat ive 
(1/T1.) and the non-radiative (1 /T) frequencies. This behaviour is verified as can be 
seen in Fig. 4, where the luminescence decay has been measured in zero field for KCl 
a t 10 K as a function of the F center concentration. This figure shows also the theoret­
ical curves predicted by the model with the fitted parameters T0, A, and Tr, which are 

/ / / / / / / / / / / / / / / / / 
conduction band/,, , 

'/////////////A 

Fig. 3. Schematic diagram of transitions 
for F center pairs in a static magnetic 
field; see text for explanation (cuj is the 
pumping rate) (read <o instead of iv) 
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0 1 2 3 
t()is)- — 

Fig. 4. Normalized luminescence decay, L, in KCl at IO K for different concentrations : (a) 4 X 1016, 
(b) 2.6 x 1017, (c) 3.7 X 1017, (d) 6.5 X IO17, (e) 1 x IO18 cm"3. • measurements, model 
best fits 

found to have the values. 

r0 = 0.4 ± 0.2 ns , 

X = 0.8 ± 0.1 nm , 

r r = 890 ± 5 ns . 

The behaviour of the luminescence decay in a magnetic field has also been measured: 
Fig. 5 shows the decay with and without a magnetic field of 0.5 T and the theoretical 
curves with the same parameters T0, A0, and Xx. 

From these results we obtain then for the critical transfer distance (6.2 4 : 1.0) nm 
which is near the theoretical est imate by Lii ty and Ferreira. 

The average transfer ra te is calculated from equation (6), for a concentrat ion of 
3 X 1017 c m - 3 ; we find <wt> = 8.0wr as we already est imated by another method in 
a previous paper [2]. The same measurement performed with K B r a t 10 K in zero 
field gives similar results for T0 and A, bu t a radiat ive lifetime of (1925 ± 10) ns. 

1fl° 

^ ~ ^^^ *̂**̂  

W\ ^ ^ ¾ ^ . 
\ ^ ^ ^ ^ ^ s . h ^ S - 5- Normalized luminescence de-
r " ^ ^ ¾ ^ 4 ^ c a y ' -L> forKCl with a concentration °\>^ of 3-5 X 1017 cm"3 at 10 K" ^a' With" 

^ ~ ~ \ out magnetic field, (b) with magnetic 
field of 0.5 T. • measurements, 

•trf2\ i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I model best fits 
0 7 2 3 
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Fig. 6. Normalized transmitted intensity, (2P(oo) — T(t))/(T(oo) — T(O)). in F ' band when switch­
ing off excitation in the F band for different intensities (I) of the monitor beam for KCl at LO K. 
(a) I = I0: ((X(U1)-

1 = 3L.6 s; (b) I = 2J0: (CXCOJ)-1 = 15.3 S; (c) I = 4I0: (acüj)-1 = 7.8 s. • meas­
urements, model best fits 

5.2 Inverse tunnelling 

The transient F ' population after excitation in the F band has been measured for 
different intensities of the probe light. The result is shown in Fig. 6. As predicted by 
the back transfer model the apparent lifetime ((acoj)-1) of the F ' center is proportional 
to the intensity of the monitor beam and therefore to the light absorbed by the F ' 
center; further analysis of these curves gives for the inverse transfer parameters (A' 
being the same for the three curves, because of the same excitation and consequently 

the same populations) 

Toi = 2 ± 1 ms , 

A' = 1 ± 0.5 X IO"3. 

A consistent interpretation of A' is to 
assume an F ' — « pair spatial distribution 
nearly the same as the original F pair dis­
tribution yielding a critical distance A'equal 
to A. The effect of the magnetic field on the 
F ' band decay can be seen in Fig. 7; as 
predicted by the model in Section 4, the ap­
parent lifetime ((aco,)-1) is reduced by 30% 
without any change in the tunnelling param­
eters T0i

 a n ( i X • 

Fig. 7. Normalized transmitted intensity in the F' 
band when switching off excitation in F band 
with fixed intensity of the monitor beam for KCl 
at 10 K. (a) Without magnetic field, (acoi)'1 = 
= 7.85 s; (b) with magnetic field of 0.5 T, (otmì)'1 

= 5.95 s. • measurements, model best fits 
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6. Conclusion 

The agreement obtained between the experimental and the calculated da ta by fitting 
a small number of parameters (three intrinsic ones for the direct process, two intrinsic 
ones and one extrinsic one for the inverse transfer process) supports the validity of 
the models. The origin of the non-exponential luminescence decay lies therefore 
ra ther in the non-radiat ive electron transfer within the F center pairs t han in contri­
butions from M and R centres. Fur thermore , the assumption of a Poisson distr ibution 
of the individual centers in well quenched samples is verified, a t least for the separa­
tions involved here; a deviation a t shorter distances due to the a t t rac t ive potent ia l 
does not appear, because of the very small relative number of such pairs and of the 
limited experimental t ime resolution. 

The transfer ra te within the pairs is well described by a exponential dependence 
of the separation. The fact t h a t the characteristic distance in the direct transfer is 
nearly the same as in the reverse process, is certainly related with the similar exten­
sion of the wave functions in F * — F 0 and F ' — a pairs. On the other hand, the very 
large factor of 5 X 106 between the absolute transfer ra te values is not surprising, 
since these processes involve a tunnelling through a potent ia l barrier, with an 
exponential dependence of the lat ter . Lat t ice relaxation has certainly a strong 
influence, bu t an estimation of this effect is outside the scope of this paper. 

This paper is concerned exclusively with so called dis tant pairs in which the spin 
exchange energy in the relaxed excited s ta te is smaller t han the Zeeman energy [2]. 
Considering our t ime resolution of 10 ns, this corresponds to separations larger than 
2.5 nm. Close pairs, detectable by NMR after bleaching in the F band near room 
tempera ture [7], would require a resolution of 0 .1ns in order to be detec ted in the 
luminescence decay. Although their analysis is easier in the reverse transfer, their 
largely reduced number excludes easy measurements of the F ' absorption because of 
the low signal to noise rat io. 
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The electron paramagnetic resonance of F center pairs has been measured 
by means of an optical detection in the following alkali halide crystals 
at a microwave frequency of 35 GHz: KCl, NaCl, RbCl, KBr, KI and CsBr. 
Besides the ESR of the ground and excited states, a third resonance line 
is observed and is attributed to a pair effect due to an exchange 
interaction between nearest neighbour F centers. A model based on this 
assumption is developed. 

As reported in a previous publication [1] the 
F center ESR can be observed optically by 
measuring the variation of the luminescence when 
a resonant microwave field is applied; this 
process Is based on a spin dependent electron 
transfer by a tunnel effect from the relaxed 
excited center F* to a neighbouring center in 
its ground state FQ [2J. As a result an F' 
center and an anion vacancy are created which 
return to the ground state FQ-F0 by an inverse 
electronic transfer. The optical cycle produces 
through this non-radiative disexcitation a popu­
lation difference between the pair spin states, 
which allows resonant microwaves to interact 
with the F center system and to modify its 
radiative yield. 

In our first measurements we used a microwave 
frequency of 10 GHz (X-band) and we obtained 
unresolved resonances in several alkali halides 
except in KBr and KI, for which two clearly 
resolved resonances due to the ground and the 
excited state were obtained. 
Later measurements by Murayama et al. [3] at a 

much higher frequency (35 GHz: Q-band) show that 
in KCl a third resonance is obtained with a 
g-value of (g+g*)/2, where g and g* are the 
Lande factors for the ground and the excited 
state, respectively. This result is explained by 
taking into account the exchange interaction 
between an F center in its excited state and 
another one in its ground state. 

Recent measurements performed by another 
method of detection (MCD with a low F center 
concentration) [4] show also a third resonance 
in KCl, NaCl, KBr and CsBr, but in the last two 
crystals the third resonance is not related with 
the two other ones and it is therefore attribu­
ted to an unknown relaxed excited state of the F 

center. The results obtained by the different 
authors are shown in table I. 
The origin of this third resonance is thus not 

clear and a more detailed study is necessary. In 
this paper we present new ESR spectra for seve­
ral alkali halides obtained from the luminescen­
ce by the optical detection method at 35 GHz, 
and we propose a model based on the exchange 
interaction between F centers; by taking into 
account the distribution of these centers and 
the exchange energy as a function of distance, 
we explain the simultaneous observation of the 
three resonances and we obtain for KCl a rough 
estimation for the exchange energy between the F 
centers. 

Figure 1 shows the ESR spectra obtained at 35 
GHz. Excepting the case of CsBr, they all dis­
play a third more or less intense resonance, 
always situated in the middle between the reso­
nances of the excited and of the ground state of 
the F center (g'=(g+g*)/2). Numerical decomposi­
tion of these spectra gives the g-values and 
halfwidths of table 1. The data obtained from 
measurements at lower frequency (10 GHz) are 
erroneous in the case of KCl and NaCl, because 
the decomposition in two resonance lines is not 
justified as it can be seen from our new data. 

The fact that in almost all the measured 
crystals a new resonance between the fundamental 
and the excited state resonances is obtained 

an exchange effect for its origin. 
the ESR spectrum shown in figure 2 and 
with a bleached crystal containing 
center pairs shows that a pair effect 
is responsible for the new resonance 

line. A model based on this assumption is 
developed below. 

This model (first proposed by Murayama et al.) 

suggests 
Moreover, 
obtained 
short F 
(F*-F0) 
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Table 1. ESR data (g-values and halfwidths) of the F center resonances. 
Also data from other authors are reported. The numbers 1,2 and 3 
represent the ground state resonance, the excited state resonance and the 
new resonance respectively. 

Crystal 

1: 
KCl 2: 

3: 

1: 
NaCl 2: 

3: 

1: 
RbCl 2: 

3: 

1: 
KBr 2: 

3: 

1: 
KI 2: 

3: 

1: 
CsBr 2: 

3: 

Ruedln 
et al.(I] 
X-band 

g 

1.985 
1.981 

1.999 
1.973 

1.983 
1.873 

1.969 
1.63 

AH1/2 

(G) 

65. 
79. 

143. 
71. 

157. 
256. 

258. 
570. 

Murayama 
et al.[3] 
Q-band 

g 

1.995 
1.968 
1.982 

Hahn 
et al.[4] 
Q-band 

g 

1.995 
1.968 
1.982 

1.997 
1.966 
1.982 

1.980 
1.940 

1.984 
1.873 
1.995 

1.964 
1.686 

1.958 
1.638 
2.184 

AH1/2 

(G) 

55. 
83. 
43. 

170. 
76. 
90. 

522. 
188. 

147. 
234. 
138. 

256. 
541. 

722. 
480. 
488. 

present 
results 
Q-band 

g 

1.995 
1.969 
1.984 

1.997 
1.966 
1.983 

1.976 
1.940 
1.960 

1.987 
1.873 
1.93 

1.964 
1.632 
1.80 

1.955 
1.638 

AHl/2 

(G) 

69. 
66. 
56. 

206. 
88. 
111. 

521. 
181. 
264. 

165. 
245. 

-200. 

266. 
569. 

-300. 

760. 
490. 

consists in two F centers (one in its excited 
state and one in its ground state) coupled by an 
evchange interaction of the type: 

JU)Ŝ 1.3 2 

where J(r) is a function of the distance between 
the two centers. 

The resolution of the spin Hamiltonian taking 
into account this interaction yields for the 
possible ESR transitions the g-values shown in 
figure 3 as functions of the exchange energy. 

In a well quenched crystal of KCl the F 
centers are uniformly distributed and the dis­
tribution of the nearest neighbour pair separa­
tion and of the exchange interaction is conti­
nuous. However, this is not the case for the 
g-values. This can be explained by the fact that 
the exchange interaction varies rapidly with 
distance; the distribution of the g-values is 
then concentrated on three delta functions: g 
and g* for the long pairs (J/ßeH < 0.01) and 
(g+g*)/2 for the short pairs (J/6eH > 0.1). The 
diverging branches (g'>g or g'<g*) do not con­
tribute to the spectra, because the lines are 

smeared and their intensity vanishes with 
increasing J. 

From the relative intensity of the new line 
and the matrix elements for the transitions, one 
quarter of the F center pairs can be estimated 
to contribute to this resonance; from this and 
by using the pair distribution [5] the exchange 
energy in KCl can be estimated to be about 10% 
of the Zeeman energy for a separation of about 5 
nm in a F*-FQ pair. This result is in agreement 
with the exchange energy as a function of the 
distance estimated from the calculation by 
Schwoerer and Wolf [6] for F center pairs in 
their ground state and from the extension of the 
wave-function in the excited state: 

J=JQexp(-r/X) 

with J0 = 25 eV and X = 0.25 nm. 

In other crystals than KCl no information is 
obtained about the exchange energy, because the 
distribution and the concentration of the F 
centers is not well known. 

These results show that in most of the alkali 
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Fig.2. g-values of an F center pair F*-FQ in KCl 
as functions of the exchange energy normalized 
by the Zeeman energy; the thickness of the line 
gives an indication of the ESR transitions 
Intensity. 

Fig.3 Optically detected ESR signal in KCl for a 
bleached crystal containing "short" F center 
pairs at 35 GHz and 10 K. 

hai ides measured sofar, a third resonance is 
obtained which can be attributed to F center 
pairs F*~F0 separated so that a exchange inter­
action can not be neglected. In KCl and NaCl the 
third resonance observed by Hahn et al. can then 
be explained by this model ; however, in the 
case of CsBr and KBr the resonances with the 
g-values reported by Hahn et al. are not obser­

ved by our optical detection method and their 
origin remains unexplained. 
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In a static (100) magnetic field, the luminescence of F centers in KCl shows peaks at 1134, 1516, (790) G, attributed 
to 4th (3rd) nearest neighbouring nuclei with equal Zeeman and hyperfine energies. The electronic spin memory losses for 
KCl, NaCl and KBr are in the ratio 1 : (4.5 ± 1): (11 ± 3). 

When single F centers in alkali halides are irradiated 
in the F band at low temperature, their luminescent 
quantum yield is unity, but if the F concentration is 
higher than about 1017 cm - 3 , the yield is reduced by 
a competing nonresonant de-excitation pathway [1] : 
the excited electron is transferred to a neighbouring 
center, giving a F - (or F') center plus a halide va­
cancy, then it returns into its original ground state in 
the vacancy [2]. Since in the F - center the electron 
spins are antiparallel, this process requires an appre­
ciable singlet component in the pair spin state. This 
has been demonstrated by applying a strong static 
magnetic field such that the Zeeman energy becomes 
larger than kT; nearly all the electrons have then paral­
lel spins, the pairs are mainly in the triplet state and the 
quantum yield increases to unity [3]. Interesting ef­
fects have also been discovered at rather low values of 
the field for which the temperature has no effect on 
the populations. In this case, the spin state is deter­
mined also by the hyperfine coupling with the neigh­
bouring nuclei [4]. When the applied field varies from 
zero to a few kG, the luminescent yield increases sig­
nificantly, e.g. by 50% for well doped KCl samples. 
The nonradiative process is also sensitive to a resonant 
microwave field, allowing optical detection of EPR 
(ODEPR) in the ground and in the relaxed excited 
state of the F centers [5]. Moreover the average pair 
separation can be reduced by irradiation in the F 
band near room temperature, transforming the "dis­
tant" pairs for which the ODEPR signal appears as a 

decrease of the luminescence into "close" pairs with a 
response of opposite sign [6]. If a radiofrequency 
field is applied, ENDOR spectra can be obtained from 
the luminescence. However the same effects show up 
even in the absence of microwaves, allowing the op­
tical detection of the nuclear magnetic resonance 
alone (ODNMR) for the nuclei surrounding the F 
centers, with the corresponding change of sign be­
tween distant and close pairs [7,8]. The spectra ob­
tained this way can be interpreted by means of the 
single center hamiltonian used for standard ENDOR 
[9], because the pair separation is larger than 5 inter-
ionic distances and therefore the close environment 
of each center is not perturbed by its neighbour [10]. 
The ODNMR has been explained by taking into ac­
count (1) the effect of the nuclear spins on the elec­
tronic spin states by means of the hyperfine coupling, 
and thereby on the nonradiative de-excitation prob­
ability; (2) the total spin conservation during the de-
excitation for distant pairs [8] ; and (3) the electronic 
exchange energy for the close pairs [7]. In this paper, 
we present experiments showing that in certain cases 
some of the hyperfine parameters occurring in the spin 
hamiltonian can be obtained from the luminescence 
of distant pairs as a function of the static magnetic 
field only, without any r.f. or microwave field. 

In KCl crystals doped with F centers, either ad-
divitely or by X irradiation, the luminescence as a 
function of the static magnetic field along (100) dis­
plays near 1 and 1.5 kG two well visible small peaks 
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H 0 I k G ] -

Fig. 1. Luminescence of F centers in KCl at 12 K as a function 
of a static magnetic field along (100) ( « F = 5 X 1017 cm -3). 

superimposed on the overall increase, as it can be seen 
in fig. 1. Their height can be as large as a few percent 
of the total luminescence. They are certainly due to 
pair effects, since they change their sign if the initially 
distant pairs are changed into close pairs. With a modu­
lated field and phase detection of the luminescence 
they appear quite clearly (fig. 2, upper curve) with a 
low relaxation frequency near 50 Hz, and a tempera­
ture behaviour indicating that they are related with the 
nuclear resonance. Tentative experiments with im-

Fig. 2. First derivative of the luminescence of F center pairs 
in KCl at 12 K. Upper curve: without resonant r.f. field (ar­
rows a, b: see text). Lower curve: with a nonsaturating r.f. 
field (25 kHz). 

pure crystals suggest that these peaks are not related 
with chemical impurities. 

Careful examination of their position, together with 
a transverse AC field of low frequency giving ODNMR 
peaks (fig. 2, lower curve), shows that their position 
corresponds to the static field values for which the 
resonant frequency of the 4th nearest neighbour ions 
ClJY vanishes. The field values are given by W\$J 
2gnßn (IVjrfs = hyperfine coupling energy for the nu­
cleus, gn^ - nuclear magnetic moment), if the qua-
drupolar interaction is neglected (it is smaller than the 
peak width). The centers of the peaks lie at 1134 ± 1 
and 1516 ± 1 G, in agreement with the ODNMR results 
and the ENDOR measurements [9]. Since the hyper­
fine energy is also proportional to the nuclear magnet­
ic moment, the peak position is the same for the two 
isotopes 35Cl and 37Cl. A small peak at 790 G corre­
sponds to the 3rd nearest neighbour ions Kju (fig. 2, 
arrow a). It is smaller because the peak height in the 
first derivative representation is inversely proportional 
to the second power of the width (the magnetic mo­
ment of 39K is about two times smaller than that of 
35Cl). 

These findings can be explained in the following 
way. In the nonradiative optical cycle F0F0 -*• F*F0 

-> F + F - -» FQFQ the electron transfer probability for 
the second step is nearly proportional to the singlet 
component of the pair spin state. With an electronic 
Zeeman energy larger than the average total hyper­
fine energy (gsßeH0> ZWMs) two states {mA = ± \); 
ms2 - + 2) are essentially in the singlet state and are 
therefore nonradiative. The two other states are near­
ly triplets (msl = ± \ ; ms2 = ± \ ) but with a small sin­
glet admixture proportional (to the first order) to the 
ratio of the total average nondiagonal hyperfine term 
and of the Zeeman energy < C ^ 8 Vg6JlJg/^. This ratio 
depends on the occupation of the nuclear spin states. 
As it has been shown in a previous paper [8] nuclei 
in the states \mI\ = \ favour the electronic transfer 
with respect to those with | mr | = 2 • Acting as a pump 

3 1 

from the \rrif I = 2 to the \mj\ = 2 states, the optical 
cycle produces a disequilibrium of the nuclear popula­
tions, which is reduced if a resonant r.f. field is ap­
plied, giving ODNMR. When the nuclear Zeeman energy 
gnßnH0 is equal to the hyperfine coupling \ WMs, half 
of the nuclei have degenerate spin states, so that the 
populations can be exchanged by dipolar coupling 
without the necessity of intervening phonons or pho­
tons to ensure energy conservation. The spin states can-
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not be distinguished from each other, the populations 
are mixed together, and this produces the same effect 
as a saturating r.f. field in the case of ODNMR. 

This process can be observed only under special 
conditions: The applied field HQ has to be larger than 
the total average nuclear field "felt" by the electrons 
in order to separate the electronic states into triplets 
and singlets. On the other hand, it should not be too 
high, so that the triplet states still contain an appreci­
able nonradiative singlet component which can be 
modified by changing the nuclear spin populations. 
These conditions are well satisfied for Cljy in KCl. 
For KJJJ, at a lower field, the singlet component is 
larger and the optical pumping of the nuclear states 
is less efficient. The phenomenon described here can 
be interpreted as a zero frequency resonance and 
corresponds to the particular response of systems in 
which the levels of interacting states can cross each 
other for definite values of a parameter. 

It is worth stressing here that these zero frequency 
peaks are conditioned by an efficient optical pump­
ing of the nuclear states. This is obviously possible 
only if the electronic spin memory is preserved during 
an optical cycle. This is the case for KCl, in which the 
spin memory loss parameter e is quite lo.w [H] . Com­
parison of the intensities of ODNMR lines in different 
crystals can give a qualitative information on this 
parameter since according to our model [8] the peak 
height is proportional to e - 2 (the change in lumines­
cence from zero to.5 kG can be used as a measure of 
the distant pair concentration). From the resonance 
of chlorine in KCl and NaCl, and of bromine in KBr 
we obtain e(KCl) : e(NaCl) : e(KBr) = 1 : (4.5 ± 1) : 
(11) ± 3). In a study of the optical pumping cycle of 
single F centers in KBr, Mauser et al. [12] show that 
e is dependent on the excitation wavelength. Their 
measurements, averaged over the F band, yield a spin 

memory loss of 0.13 ± 0.01, about three times larger 
than determined by Mollenauer and Pan [H] . Fitting 
our results to Mauser's, it gives e(KCl) = (1.2 ± 0.4) 
X 10 - 2 and e(NaCl) = (5.5 ± 1.5) X 10~2. The high 
value of 0.24 for KI found by Mollenauer and Pan 
would then explain our unsuccessful attempts to ob­
serve ODNMR in KI. The same could be said of CsI, 
in which the spin-orbit coupling, and hence the spin 
memory loss are large too. 

We have not yet found an explanation for the 
smaller peaks (fig. 2, arrow b) which are found at 
near equidistant field values up to 5 kG.They do not 
satisfy the conditions mentioned above but they might 
be the result of interactions between the different 
nuclear species. 

This work has been supported by the Swiss Nation­
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