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Tk electron paramagnetic resonance and electron nuclear double resonance spectra of the Tm2+ ion in the 
ground state in CaF, are studied at T = 1.8 'K by an optical detection method based on magnetic circular 
dichroism in the absorption bands. The role of the dipole-dipole reservoir is clarified under conditions of 
saturation of the inhomogeneous EPR line of Tm2+ ion with restricted spectral diffusion. The relaxation 
parameters of the electronic spins in Tm2+ and the nuclear spins in the FI9 surrounding the Tm2+ ions are 
estimated. 

PACS numbers: 76.70.Dx, 76.30.Kg 

1. INTRODUCTION 

Development of methods for optical detection of elec- 
tron paramagnetic resonance (EPR) and electron- nu- 
clear double resonance (ENDOR) is of interest, since 
in certain casesiv2 the sensitivity of optical detection 
methods may significantly surpass the sensitivity of 
traditional methods. For the study of the ground states 
of paramagnetic centers, one of the most powerful op- 
tical detection methods (besides with Faraday rotation) 
is a method based on a measurement of the magnetic 
circular dichroism (MCD)"~ in the absorption bands of 
the paramagnetic centers of a crystal situated in a con- 
stant magnetic field H,,. MCD is the difference between 
the absorption coefficients of right- and left-circularly 
polarized light (measured in the geometry Holl L, where 
L is the observation direction); in the case under con- 
sideration, it is a consequence of the Boltzmann popu- 
lation of the spin sublevels (split in the field Ho) of the 
ground states of the centers at low temperature. As a 
rule, a change in this population leads to a change in the 
MCD signal. It i s  interesting to note that the intensity 
of the optical-detection EPR spectrum, which is the de- 
pendence of the MCD on Ho when the test sample i s  
simultaneously exposed to a resonant microwave field, 
at least does not decrease with an increase in the 
microwave field. This allows us to study the EPR of 
such centers with "forbidden" transitions, which can 
not be observed with traditional methods (see, for ex- 
ample, Ref. 3); the possibility ar ises  for the study of 
weak spin- spin coupling between paramagnetic impuri- 
ties at low concentration" etc. Optical detection meth- 
ods also allow us to record the EPR signal when the 
EPR is highly saturated (in a strong microwave field),5 
something difficult to do by traditional methods, and is 
of interest in connection with the problem of dynamic 
nuclear po la r i za t i~n .~  

In this work we have s t u d i d  the EPR and ENDOR of 
the ground state of the Tm2+ ion by an optical detection 
method based on the magnetic circular dichroism in the 
absorption band of the Tm2* ion in CaF2. The saturation 
of the optical detection EPR line of the Tm2+ ion was 
studied a s  a function of the microwave field and esti- 
mates were made for the relaxation parameters char- 

acterizing the coupling between the electronic and nu- 
clear subsystems. Knowledge of these parameters is 
necessary for a study of the dynamic nuclear polariza- 
tion under conditions of inhomogeneous broadening of 
the EPR lineTe8, especially since the Tm2* ion is of in- 
terest in connection with this problem.6 Furthermore, 
despite the fact that the Tm2+ ion in fluorite crystals i s  
the classical object for application of optical detection 
methods,' the ligand ENDOR spectrum during optical 
detection for this and other rare-earth ions has to our 
knowledge not been observed so far. 

2. OBJECT, INVESTIGATION TECHNIQUE, AND 
EXPERIMENTAL RESULTS 

In the EPR spectra of cubic ~ m ~ '  centers in CaF, 
(Ref. 91, including optical detection EPR (Refs. 4, lo), 
two lines a r e  observed which correspond to reorienta- 
tion of the spin I S ,  1 = 1/2 of the Tm2+ : 4f is electron 
shell in a magnetic field Ho(g= +3.454) in hyperfine in- 
teraction (interaction constant A,, = - 1101 MHz) with 
the nuclear moment ( I I, 1 = 1/2) of I6'Tm (100% abun- 
dance). The inhomogeneous broadening of the EPR line 
of the Tm2' ion is connected with the scatter of the 
values of local field acting on the paramagnetic ion, due 
to the random orientation of the nuclear moments of 
several coordination spheres of the anion environment 
of the paramagnetic ion. 

The ligand ENDOR spectra of TmZ+ in CaF, have been 
studied in Ref. 11 (operating frequency of the EPR spec- 
trometer vi=24 GHz). In that work, the constants A, 
and A, for the hyperfine interaction between the elec- 
tron spin of the paramagnetic ion and the nuclear spins 
of the ligands were determined for the first  four co- 
ordination spheres of the anion environment. 

In our work, we studied CaF2 crystals containing n 
- loi8 cm-' TmZ+ ions at T = 1.8 " K (the concentration 
was determined from the absorbance in the charac- 
teristic absorption bandsi2), see  Table I. Samples of 
dimensions -4 x 4 X 4 mm were set in a TE,,,, micro- 
wave cavity (& = 3 cm) and placed within a supercon- 
ducting solenoid which generated the constant homo- 
geneous magnetic field Ho. The cavity was pierced by 
four pins placed parallel to the axis and forming a two- 
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TABLE I. Data on the studied caF2:Trnh crystals and also 
estimates of some spin relaxation parameters. 

- -- 

n(TmJ+),  cm-' (in the batch) 
Reduction method 

n(Tma+), cm-' 
Other pmmaptic 
impurities n. cm-' 
EPR line width, G 
T2-1, c-' 
TI, c 
T l .  c 

4.9. 10'' 
Radiative 
1.0.10" 

not observed 

? 
Additive? 
2.41(rS 
10~~-10*~ 

2.5.101' 
Radiative 
0.5.10'' 

not observed 

- - 
3.6. lo-' - 

- - 
- 

turn radiofrequency coil (of the type in Ref. 13), insu- 
lated from the cavity. When a current of frequency 5-13 
MHz was excited in the coil by a high-power generator, 
a sufficiently homogeneous rf field Hz could be created 
a t  the sample with an amplitude up to - 2  G. The micro- 
wave power dissipated in the cavity could be reduced 
from P,, = 85 mW by a calibrated attenuator. The 
value of the microwave field in the sample, ~ , ' = 2 . 1  G~ 
with 0 dB attentuation, was calculated in accord with 
Ref. 14 taking into account the loaded Q of the cavity QL 
= 5700 and the microwave power dissipated in the cavity. 
The fields H,, Hi, and Hz acting on the sample were 
mutually orthogonal. 

The microwave cavity had side apertures for passing 
through the crystal a probing-light beam parallel to  H,. 
The source of light in the absorption band of the ~ m "  ion 
was an iodine incandescent lamp with fi l ters isolating 
the spectral region X, = 570 nm, AX = 25 nm. The 
circular polarization of the light transmitted through 
the sample was modulated (a+=o-) with a frequency 
- 50 kHz by a piezoelectric quartz m~dula to r . '~  A photo- 
diode was used a s  the photodetector. Between the sam- 
ple and the photodetector was placed a circular-polar- 
ization compensator consisting of a X/4 plate and a 
linear polarizer. 

In this work we investigated the high-field region of 
the EPR line: H,""" = 1950 G for v ~ " ' "  =8.910 GHz. 

FIG. 1. (a) Optical detection EPR spectrum, AK, of the CaF2: 
Tm2+ crystal, sample No. 1, for a microwave field H! = 2.1 - G' in the sample. (b) The intensity of the v2 = 12.13 MHz 
line of the optical detection ENDOR spectrum S,(fZ0) as  a func- 
tion of the external magnetic field, for the same sample. (c) 
S,(n0) for sample No. 2, v2= 12.13 MHz, H,'= 2.1 . G ~ .  

.- 1% . .. 
3 ZD "B 

Attenuation, dB 

FIG. 2. (a), (b) Intensity of the optical detection EPR spec- 
trum S,. (c) Extremal ( see  Sec. 2) intensity of the v2 = 12. 13 
MHz line of the optical detection ENDOR spectrum S, in sam- 
ple No. 1 as  a function of the attenuation by the input attenua- 
tor of microwave power dissipated in the cavity. (a) experi- 
mental dependence and (b) calculated dependence from Eq. (4) 
for a value of the parameter 1.0 - 1 o-? 8, (see text). 

The optical detection EPR of the ~ m ~ +  in CaF2 (Fig. l a )  
was recorded during measurement of the MCD" (An) in 
the region of the absorption band of the ~ m ~ +  ion when 
the microwave power was turned on and the d.c. mag- 
netic field H, was swept. 

We studied the intensity and the width at half maxi- 
mum of the optical detection EPR line a s  a function of 
the microwave field in the cavity. The experimental 
points (a) on Figs. 2 and 3 a r e  the result of averaging 
several runs. The longitudinal relaxation time 7 of 
the electron spins in the crystals under study2' was de- 
termined by the usual technique of recording the change 
with time of the MCD signal at the maximum of the opti- 
cal detection EPR line after the microwave field was 
turned on' (see Table I). 

In the study of the optical detection ENDOR, the field 
H, was set  on the slope of the EPR line and the MCD 
signal was cancelled out by rotating the polarizer in 

Attenuation, dB 

FIG. 3. Relative width Hf12/@,2 of the optical detection 
EPR line in sample No. 1 a s  a function of the attenuation of 
microwave power dissipated in the cavity. (a) experimental 
and (b), (c) calculated dependences ( see  text) for values of 
the parameters: (b) r2=4. 0 - s , awss2= 3.94. 10" s - ~ ;  
(c) ~ ~ = 4 . 0 '  10-I S ,  p s s = 0 .  
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the compensating apparatus. With increasing cancella- 
tion of the MCD, the sensitivity of the amplifier re- 
cording the MCD increased by 1-2 orders of magnitude. 
Then an application of an amplitude-modulated (v,,,,,,,, 
-17 Hz) rf field H, at the frequency of the most intense 
ENDOR line led to an appreciable change in the can- 
celled MCD, so that the optical detection ENDOR sig- 
nal could be observed on the oscilloscope.3' 

In Fig. 4 we give a typical optical detection ENDOR 
spectrum for the ~ m "  ion in CaF,. The spectrum has 
a shape typical of ligand ENDOR spectra of rare-earth 
ions in CaF, obtained by traditional methods.' The weak 
intensity of a line which may be assigned to the "distant" 
nuclei (v,) i s  worthy of note. As was to be expected, 
optical detection ENDOR spectra &re highly sensitive 
(-0.1") to the orientation of the crystallographic axis of 
the samples relative to the direction of H,. The lowest 
observable width of the optical detection ENDOR line 
was -30 kHz, and some lines were markedly broadened 
with increase of the rf field. (For example, the line v, 
= 5.70 MHz in sample No. 1 was broadened from 45 to 
75 kHz a s  H z - 2  G. At the same time, the shape of the 
v,= 12.13 MHz line was insensitive to a change in the rf 
field strength.) 

On Figs. l b  and l c  we give the intensity of the optical 
detection ENDOR line v2 = 12.13 MHz as a function of the 
d.c. magnetic field H, in the region of the optical detec- 
tion EPR line of the ~ m , +  ion. In measuring this depen- 
dence, the rf frequency was tuned to  the maximum sig- 
nal a s  H, was varied (-12.2 < v, < 12.0 MHz). 

v*, MHz 
12. R 7 D 

FIG. 4. Change A( AK), in the magnetic circular dichroism on 
the slope of the optical detection EPR line (Ha= 1967 G) of the 
caFz :~rn2+ crystal (sample No. 3) as a function of the frequen- 
cy of the additional rf field of strength Hz= 2 G (optical detec- 
tion ENDOR spectrum). Microwave field parameters in the 
sample are  EZ12= 2.1 - G ~ ,  vl= 8.910 GHz; Ho II (111). Un- 
derneath is given the position of the ENDOR lines calculated 
according to Eq. (6) ( see  text) using the hyperfine coupling 
constants. " Indicated are: the coordination sphere of the an- 
ion, the sign of the spin S,= d. of the electron shell of ~m'*;  
the value of cos20, where 0 is the angle between Ho and the di- 
rection of the ~m~ ion-F- ion bond, and also ( in parentheses) 
the number of equivalent F~~ nuclei corresponding to the given 
ENDOR line. 

On Fig. 2c we give the extremal intensity of the line 
v,= 12.13 MHz of the optical detection ENDOR spectrum 
a s  a function of the saturating microwave field. In 
plotting this dependence, we looked fo r  the maximum 
value of the optical detection ENDOR signal with the 
magnetic field H, varied on the slope of the optical de- 
tection EPR line. 

On Fig. 5 we give the intensity of several optical de- 
tection ENDOR lines as a function of the rf field H,. The 
maximum value of the optical-detection ENDOR signal 
for  Hz" 2 G was observed on the line v, = 12.13 MHz and 
was - 5 1 0 %  of the limiting intensity of the optical de- 
tection EPR signal at the maximum. 

In studying on the oscilloscope screen the change with 
time of the optical detection ENDOR signal in the line v2 
= 12.13 MHz with an amplitude- modulated rf field, we 
observed that the optical detection ENDOR signal in 
this case is a saw-toothed curve with respect to time 
having approximately equal signal r iseand decay times. 
The measured decay time for  the ENDOR signal when 
the rf field i s  turned on (i.e., the time in which the op- 
tical detection ENDOR signal drops by a factor of e) in 
sample No. 2 is 7, =5*  lo',, which leads to the relation 
r3" 7 ,/2 (see Table I). 

3. DISCUSSION OF RESULTS 

In studying the EPR spectra by optical detection meth- 
ods, we detect the change in the total magnetic moment 
of the electron spin system relative to the equilibrium 
values at a lattice temperature TL: 

FIG. 5. Experimental (points) andcalculated (solidlines) line 
intensities of the optical detection ENDOR spectrum S (Hz); a s  
a function of the amplitude of lhe rf field ~f = 2.1. 3. (a) 
sample No. 2, optical detection ENDORspectral line Vz = 12.13 
F z ,  for the calculatedcurve the value o_f the parameter is 
T 2 ~ ; ' =  50; (b) No.1, V2=  12.13 MHz, T 2 ~ y i =  50; (c) NO. 1, u2 

= 5.70 MHz, 7zF2-i= 30 (?Ti is the halfwidth of the optical detec- 
tion ENDOR line). For the calculated curves, we indicate @e 
value of the field4') atwhich (l/4) $ ~ i f ~ i ~  = 1, and also the 
position of the signal level corresponding to 0.1 of the limiting 
s,"". 
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Here, P, = (T,)", P(w, $2) is the reciprocal tempera- 
ture of a spin packet of frequency w in an inhomogeneous 
EPR line G(w - coo), for microwave pumping of intensity 
H , ~  and frequency a; A=SZ- w. 

Assuming a Gaussian shape for the inhomogeneous 
EPR line, which is correct in our case, the distribu- 
tion of resonant transition frequencies for  the ~ m ~ '  
ions is described by the expression 

where o0 is the extremum and T,-' i s  the halfwidth of 
the inhomogeneous distribution. For the investigated 
high-field EPR line, the transition frequency and the 
static magnetic field a re  related by wo n y # Z r  - rAI,, 
where yl =gj3/ti is the gyromagnetic ratio. 

Neglecting spectral diffusion' 

where g(x)  is the normalized spin-packet lineshape func- 
tion which we usually assume to  be Lorentzian 

the saturation parameter s = (1/4)yi2Hi2r ,r ,; P , ,(A) is 
the reciprocal temperature of the dipole-dipole re- 
servoir. 

In order to determine r,, we usually study the inten- 
sity of the optical detection EPR signal at the maximum 
(A=O) a s  a function of the saturating microwave field. 
In this case P,, =0, which leads to the known Portis 
theoryi6 applied to the optical detection EPR spectrumi7: 

Since T2, TI,  yl, and Hi2 may be determined indepen- 
dently, comparison of the experimental dependence of 
s&,~) with that calculated in Eq. (4) on varying r 2  al- 
lows us  to estimate the transverse relaxation time r2  
if spectral diffusion i s  neglected. As the examination 
in Ref. 7 shows, spectral diffusion may be neglected if 
the hole burned in the inhomogeneous line is greater 
than the spectral diffusion length: 6,= (1 + s2) i /2 / r2  
>>IcR. Therefore, in order to determine 7, in the case 
of restricted spectral diffusion (ZcR < T2-') it is desir- 
able to use the region of the maximum optical detection 
EPR signal: S, - 1 when 6,- Tzei. In studying the S, 
dependence in a broader region, S, = 0- 1, we must bear 
in mind that any manifestation spectral diffusion (caused 
by cross relaxation of resonant electron spins o r  non- 
resonant electron spins with participation of nuclear 
spinsi8), and also excitation of "forbidden" electron- 
nuclear transitions upon saturation of the EPR line, 
leads to an increase in S, and consequently to a de- 
crease in the experimental value of 7 2 .  The value of 
r 2  r 1. loeT s obtained from an analysis of the s,(H,? 
dependence for sample No. 1 (see Figs. 2a, b) must thus 
be considered as a lower-bound estimate of the true 
value. This estimate is evidence that restricted (not 
rapid) spectral diffusion occurs in sample NO. 1, since4' 
i t  turns out that r 2-i << T~-'. 

The analysis of the optical detection EPR line broad- 
ening a s  a function of the magnitude of the microwave 
field is of special interest, since in this case A + O  and 
we must take into account cooling of the dipole-dipole 
reservoirTp8: I @,, /@, 1 >> 1. Bearing in mind the analy- 
sis of results on the optical detection EPR line broad- 
ening in samples with restricted spectral diffusion in 
strong microwave fields, when 6,2 T ~ - '  >> l cR,  we cal- 
culate 8 ,, / 8, a s  a function of saturation s and detuning 
A by using an e x p r e s s i ~ n ~ * ~  in which the spectral diffu- 
sion is not taken into account: 

Bs" s, So' (of-Q) G(o'-o,) F(o0-51, s)dm' 
pL a m s ~ ~ + ~ ~ m 1 - ~ ) 2 ~ ~ ~ - m o ~ ~ ~ ~ f - ~ , ~ ) d ~ ~  

(ns/~r) g (o l -~ )  (5) 
F(o'-Q' ')= ' I +  (ns/zz)g(o'-51) ' 

where a,, is the average frequency of the dipole-dipole 
reservoir and a = r1 / r  where r is the spin-lattice 
relaxation time of the dipole-dipole reservoir. 

The experimental dependence of the optical detection 
EPR linewidth on the magnitude of the microwave field 
for the studied samples is substantially flatter than 
could be expected on the basis of the Portis theory with- 
out taking into account the dipole-dipole reservoir (P ,, 
=O). This may be explained on the basis of Eqs. (1)- (3) 
and (5); from a comparison of the experimental and cal- 
culated dependences we may determine the parameters5' 
awss2 and r 2  (see Fig. 3 and Table I). Analysis of Eq. 
(5) using the values obtained for the parameters a@,, 
and r 2  allows us to state that the cooling of the dipole- 
dipole reservoir, for degrees of detuning A correspon- 
ding to points a t  which the observed optical detection 
EPR linewidth is measured (for 6,2 T,-'), is close to 
the extremal value at the given microwave field level. 
The extremal value of P ,, /P, increases monotonically 
with an increase in the microwave field, and a t  0 dB at- 
tenuation it approaches the limiting value (as s -- m)6' 

given in Table I. For sample No. 1, Pss/PL =41.7 at 0 
dB attenuation. We must note that in our work we did 
not attain that critical level of saturation at which the 
optical detection EPR lineshape stops changing with an 
increase in the microwave field (see, for  example, Ref. 
5). 

The parameter r2 -4 lo1 s for sample No. 1 (see Fig. 
3b) was estimatedfrom the broadening of the optical detec- 
tionEPR line for 6,2 T;'; therefore, a s  was tobe expected, 
it is greater than the estimate of 7, from an analysis of 
the S,(Hi2) dependence obtained for 6, < T2-' (see above) 
and it must be considered a s  closer to the true value. 
The discrepancy of the estimates confirms the conclu- 
sion that the spectral diffusion in sample No. 1 is re- 
stricted. The value 7, - 4. s for  sample No. 1 
agrees satisfactorily with the estimates of the broad- 
ening of the electron spin packets on the basis of the 
theory of momentsi3 applied to the nonresonant dipole- 
dipole interaction of paramagnetic ions (r2>> T2): r2  
r (2nyi2Ft)-' r 5. lo-' s. 

Finally, the experimental estimates of the relaxation 
parameters for the studied samples are given in Table 
1. 

The optical detection J3NDOR lines (Fig. 4) were iden- 
tified on the basis of the expression for  the frequencies 
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of transitions with reorientation of the nuclear spin I I' I 
= 1/2 of the ligand ion in an external magnetic field H, 
(Ref. 9): 

I I r I" 'I* 
n- [{- r (F'')H~* -[As+ ( 3  cost 8 - l ) d P ]  +-sin2 8 cosa OA)] , 

2 

(6) 
where y(F IB) = 2.517. lo4 rad. s-' is the gyromagnetic 
ratio for the FIB nucleus, the plus and minus signs cor- 
respond to respectively the + 1/2 and - 1/2 orientation 
of the electron spin in the field H,, and 6 is the angle 
between H, and the paramagnetic ion-ligand direction. 
The values of the constants A, and A, (see Sec. 2) were 
taken from Ref. 11. 

We did not carry out here a detailed analysis of the 
ENDOR mechanism. However, we note that if this 
mechanism is taken to be the spin-packet shift mecha- 
nismg (in which the transfer of saturation over the in- 
homogeneous EPR line on excitation of ENDOR transi- 
tions is taken into account), then we can explain natural- 
ly such results as: 1) the increase in the saturation of 
the ~ m ~ '  electron spin system (the decrease in M,) on 
excitation of the ENDOR transitions, 2) the double- 
peaked dependence of the intensity of the optical detec- 
tion ENDOR spectral line on the external magnetic field 
H, in the region of the inhomogeneous EPR line (Figs. 
lc ,  b), and 3 )  the characteristic time r3" r1/2 (see Sec. 
2) in which the excess saturation of the electron spin 
packets dissipates when the rf field exciting the ENDOR 
transitions is turned on. 

In our study of the optical detection ENDOR, no cou- 
pling between the dipole-dipole reservoir of the Tm2+ 
ions and the nuclear spins of the ligands appears. The 
following experimental facts a r e  evidence for this: 1) 
the drop in intensity of the optical detection ENDOR 
spectrum with increase of H~~ (Fig. 2c) under conditions 
of cooling the dipole-dipole reservoir (see above), and 
2) the non-zero intensity of the optical detection ENDOR 
spectrum upon microwave pumping a t  the center of the 
EPR line. We note that the weak intensity of the optical 
detection ENDOR at remote nuclei (see Sec. 2) i s  not 
evidence for weak coupling between the dipole-dipole 
reservoir and the nuclear Zeeman subsystem of remote 
nuclei, and is completely explained on methodological 
grounds, namely, the smallness of the period of the 
modulation the field Hz compared with the polarization 
time of the remote nuclei upon microwave pumpingS6 

The intensity of the optical detection ENDOR spec- 
trum, just a s  traditional ENDOR, obviously depends 
directly on the degree of saturation of the ENDOR tran- 
sitions with reorientation of the nuclear spin of the cor- 
responding ligand  ion^'^'^^; thus i t  is described for  the 
inhomogeneous ENDOR line by a functional dependence 
analogous to Eq. (4).7' In our work, to determine the 
transverse relaxation time F 2  of the nuclear spin packet 
in the inhomogeneous ENDOR line, we studied the 
S,. (Hz) dependence of the optical detection ENDOR line 
intensity at the maximum a s  a function of the rf field 
Hz (see Fig. 5 and Table I). The value obtained f rom an 
analysis of the S,,(H,) dependence for  the field H,',' at 
which the saturation parameter for  the ENDOR line is 
( 1 / 4 ) y ~ ~ , z ~ i ? , =  1 (see Fig. 5) allows us  to explain the 

different broadening of the optical detection ENDOR 
spectral lines a s  the rf field increases (see Sec. 2), 
since the broadening Av(Hz) @ z / ~ z ' 0 ' ) ~ / ? 2 .  

It is interesting to note that the ratio of the experi- 
mental estimates of the transverse relaxation times of 
the electron spin packets in the EPR line and of the nu- 
clear transverse relaxation times in the ENI)OR line is 

~ Z / ? Z " Y ( F ~ ~ ) / Y ~ .  

The result is obviously evidence that the basic cause 
of the broadening of the electron and nuclear spin 
packets a r e  the fluctuations in the local magnetic field 
due to the paramagnetic impurities distributed in the 
lattice.*' 

4. CONCLUSION 

Thus we have used optical detection methods to study 
the EPR and ENDOR spectra of the ~ m ' '  ion in CaF, 
upon exposure of the electron spin system of the TmZ' 
ions to powerful microwave fields which a re  capable of 
inducing spin-temperature and dynamic nuclear polar- 
ization effects. We have studied the role of the dipole- 
dipole reservoir under conditions of saturation of the 
inhomogeneous EPR line with restricted spectral diffu- 
sion, and we have estimated the degree of cooling of the 
dipole-dipole reservoir from the broadening of the opti- 
cal detection EPR line. 

The essential features of the optical detection ENDOR 
spectra that we obtained a r e  apparently explained by 
traditional mechanisms, and a r e  not directly connected 
with cooling of the dipole-dipole reservoir by nonreso- 
nant microwave pumping. Comparison of the optical 
detection ENDOR spectra with the ENDOR spectra of the 
Tm2+ ions in CaF, obtained by traditional methods" 
shows that the sensitivity of the optical detection ENDOR 
method with detection based on MCD in the absorption 
bands under favorable conditions [the existence of ab- 
sorption bands in the paramagnetic impurity with strong 
magnetic circular dichroism (MCD) in an accessible re- 
gion of the spectrum] i s  apparently not inferior to the 
sensitivity of traditional methods. We should mention 
here that by now optical detection methods have been 
developedz3 that a r e  2-3 orders of magnitude more sen- 
sitive than the method used in our work. 

The author thanks V. A. Atsarkin for  useful discus- 
sions and valuable advice. 

"1n the MCD measurement, one regis ters  an alternating photo- 
diode signal that corresponds to the difference in the trans- 
mission of right- and left-circularly polarized light by the 
sample. 

Z ' ~ s  is  well known," the t ime is shortened by 2-3 orders 
of magnitude in crystals containing a significant concentra- 
tion of the diamagnetic heterovalent impurity Tma. 

3 ) ~ h e  intensity of the light signal in the studied samples was 
AX- 6% of the intensity of the light passing through the Sam- 
ple in the MCD measurement,  % - 3% in the measurement 
of the optical detection EPR, and A(An) - 0.3% for the opti- 
ca l  detection ENDOR. 
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4 '~n  the fast spectral  diffusion case  ( l c ~  >T~- ' ) ,  the analysis 
of the Se dependence should lead to the incorrect  resul t  
7'- TZ (Ref. 19). 

')The assumptions concerning the form of the function gk) ex- 
e r t  an appreciable effect on the behavior of the calculated de- 
pendence. For  example, a good fit to the experimental de- 
pendence Fig. 3a can be  obtained without taking into account 
the dipole-dipole reservoi r  by formally assumingz0 that 
g ( x ) =  ~ ~ / n e x p ( - l n 2  - R'x')/~+ TI%' for R x T 2 ,  Tz= 1 .0 .  lo-' s. 

"For s--J, F ( Q - W ,  s ) -1 ,  a n d ~ = a w , ~ +  (21n2. T:)-', we 
have pss/pL= - w o d ( B +  A') and Se= 1 - A2/(B+ A'), s o  that 
Ipss/pL Im"= wd2B1t2 i s  attained for A2= B, when S,= 1/2. 
We note that pss/,gL and Se d o  not depend explicitly on 7~ a s  
S -". 

"For the reasons for the inhomogeneous broadening of the 
ENDOR lines, see Ref. 22. 

EN he broadening of the  nuclear spin packet in the  ENDOR line 
(which is connected with the finite lifetime of the central  par- 
amagnetic ion in the given spin state) i s  smal l ,  - rl-'+ rO-' 
<fiz-lr where re-' i s  the probability of c ros s  relaxation of 
the paramagnetic ion. Calculations of ro-' according to Ref. 
18  for  sample No. 1 lead to the value r0-'- 1 . lo3 s-l. 
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