CONCLUSION

It is shown in this paper that the total cross section
for the capture of an electron by a positive center, with
transfer of the excess energy to acoustic phonons, un-
der conditions when the quasi-classical analysis is val-
id, is described by formula (1). It differs from Lax’s
well known expression for the cross section in the fact
that it is larger than the latter by a factor 227T/ms® and
is inversely proportional to the third power of the tem-
perature and not to the fourth power as in Lax’s formula.

We have shown that the total recombination cross
section is much easier to calculate by Pitaevskii’s
method than by Lax’s method (supplemented by the
requirement that the probability of the electronic transi-
tions be correctly averaged). However, Lax’s method
has the advantage that it makes it easy to obtain the
cross section for capture of an electron with a fixed
energy E, by a recombination center, if the sticking
function is known

o(®)= [o(sPm) dn
=gf P(n) (+n)*dn
g7 {1+ (Etn)/41-g) (1 —esp[—(E+m) 1]}

(32)

where £, n and y are defined in (23). For £>>1 the
main contribution to the cross section ¢(£) is made by
captures on levels with dimensionless binding energy
n~E&E>1, so that expression (31) can be used for the
sticking function and we get

o(§>=%%, 1<t<,
A (33)
0(§)=§-?. B>y,

It is seen from this formula that the differential cap-
ture cross section increases rapidly with decreasing &,
and this explains the decisive role played by capture of
electrons with low energies in the recombination pro-
cess.
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Anomalously intense ENDOR signals due to polarization of the lattice nuclei (*Larmor” ENDOR) are

observed in LiF crystals with relatively low F-center concentrations (n~2X 10" cm~?%) at the Larmor
frequency of the lattice nuclei. The dependences of the ENDOR signal intensity on the microwave field

strength and on the mismatch (H — H,) (H, is the magnetic field strength corresponding to the center of
the ESR line) are studied at various temperatures and concentrations of the paramagnetic centers. It is

found that the dynamic behavior of the Larmor ENDOR is the opposite of that of the “distant” ENDOR
described in the literature, in which signals at the Larmor frequency of the lattice nuclei are also observed.
Larmor ENDOR is observed in samples with relatively low concentrations of paramagnetic centers and is

maximal at the center of the ESR line. The ENDOR mechanism is not the same for distant and near
nuclei. It is shown that lattice nuclear polarization required for the observation of Larmor ENDOR is not
connected with dipole—dipole pool effects and can be ascribed to relaxation processes or to saturation of

forbidden microwave transitions. It is important that Larmor ENDOR is observed in the presence of

regions with nonequilibrium nuclear polarization in the sample even if there is no net polarization. It is

found that the existence of Larmor ENDOR may be regarded as experimental proof that the lattice nuclei

relax via a paramagnetic impurity.

PACS numbers: 76.70.Dx

The study of the dynamic laws and mechanisms gov-
erning the production of electron-nuclear double reso-
nance (ENDOR) signals yields not only detailed informa-
tion of the physical processes occurring in bound elec-
tron-nuclear systems, but also contributes to a wider
and more successful application of this method. The
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most investigated ENDOR mechanisms are the mech-
anism connected with the effective decrease T, - T'{*

of the time of the spin-lattice relaxation by a radio-fre-
quency (RF) field, "2’ and the method of “distant”
ENDOR. 4! Mechanisms of “negative” ENDOR, t*8!
ENDOR due to shift of the ESR line, '} and due to re-
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FIG. 1. Form of the ENDOR spectrum from nuclei of the
third, fifth, and more distant lithium F-center coordination
spheres in the absence of the Larmor ENDOR effect (Fig. a);
b) the same spectrum in the presence of the Larmor ENDOR.
The abscissas show the frequency of the RF field in MHz, H
lies in the (001) plane and makes an angle 28° with the [100]
axis.

orientation of spin packets'®®®! have also been de-
scribed.

Each of these mechanisms is connected with certain
physical processes that occur in the investigated object.
In turn, different physical processes lead to unequal
dynamic regularities, which serve as the experimental
criteria for the different ENDOR mechanisms. We pre-
sent below the results of a study of dynamic regulari-
ties and the mecfianism for the onset of anomalously
intense ENDOR signals, observed by us at the Larmor
frequencies of the lattice nuclei in the crystals LiF and
SiO,.

EXPERIMENT

The measurements were performed with a superhet-
erodyne ENDOR spectrometer operating in the three-
centimeter band®? (v, . =9447 MHz). The main objects
of the investigation were the F centers in LiF crystals.
The F centers were obtained by bombardment with y
rays from a cobalt gun, and their concentration was de-
termined from optical measurements. The experiments
were performed at temperatures 20, 77, and 300 °K.
We investigated the ENDOR signals from the nuclei of
coordination spheres I-VIII, and also signals observed
at an RF field frequency equal to the Larmor frequency
of the lattice nuclei, vgg=v,.

In samples with relatively low F-center concentra-
tions, n~2x10'" cm™, we have observed at T =20 and
77 °K an effect wherein the intensity of the ENDOR sig-
nal at the Larmor frequency of the lattice nuclei in-
creased sharply (Fig. 1). The spectrum shown in Fig.
1a was observed in samples with appreciable F-center
concentrations, 7~10'® cm™®, at any crystal tempera-
ture, and also in samples with low F-center concentra-
tion at 7=300 °K. The spectrum shown in Fig. 1b was
observed in samples with low F-center concentration at
T =77 and 20 °K. The anomalous ENDOR signal pro-
duced at the Larmor frequency of the lattice nuclei (see
Fig. 1b) will be called the “Larmor” signal.
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We have investigated the intensities 6 of the ENDOR
signals as functions of the microwave field intensity H,
for the already indicated group of nuclei in the presence
and in the absence of Larmor ENDOR. In both cases,
the saturation curves of the nuclei of the coordination
spheres I-VIII are close to the analogous plots de-
scribed in™!), In the presence of Larmor ENDOR, the
saturation curve is different only for the ENDOR at
VRE =V

For all other ENDOR signals, the variations of the
temperature or of the concentration lead only to a shift
of the saturation curves without a significant change in
their shape. Figure 2 shows the saturation curves for
certain nuclei and illustrates the indicated effect.

A study of the dependence of 6 on the mismatch |H
— H,| (H, is the magnetic field corresponding to the cen-
ter of the ESR line) has shown that the intensities of the
ENDOR signals are maximal at H =H, and decrease with
increasing | H - H,|. Inthe case of the Larmor ENDOR
the dependence of 6 on |H — H,| is somewhat sharper
than for ordinary ENDOR, for which these dependences
duplicate approximately the course of the ESR line, 1!

The Larmor ENDOR effects were observed by us, not
only for Li’ and F'® nuclei in LiF crystals, but also at
T=~20 °K for Si?® nuclei in quartz crystals containing
Ti**(Li) and A1-O" centers (the ESR spectra of these
centers were described by Rinneberg and Weil'*?? and
by O’Brien‘'®?). In these objects, ENDOR signals were
recorded from the nuclei Li” and Si%® (Ti%**(Li) center)
and from A1¥" and Si?® (A1-O" center), the ENDOR sig-
nals from Si?® being observed only at the Larmor fre-
quency of these nuclei. The dynamic regularities of
the Larmor ENDOR in quartz are close to the analogous
regularities for the LiF crystals.

In the described experiments, the ENDOR signal was

a0 20 i J
P/E,, dB

FIG. 2. The saturation curves 1 and 2 pertain to the ENDOR
from the muclei of sphere III and to the ENDOR at vgg =v,(Li")
in a sample with » ~ 108 em=3, T=77°K (case of absence of
Larmor ENDOR). Curves 1’ and 3 correspond to ENDOR of
sphere III and to ENDOR at vgp =v,(Li") in a sample with n~ 2
x10'7 em™, T=77°K (case of presence of Larmor ENDOR).
The transition to T'=20 °K did not lead to a growth of the effect
of the Larmor ENDOR. The intensities of the signals for
curves 1 and 1’ were normalized to unity. The abscissas rep-
resent the attenuation of the microwave power field in decibels.
The zero decibel point corresponds to a power P~ 6 MW,
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FIG. 3. Energy level scheme of the considered model. The

vertical dashed lines correspond to wg relaxation, and the in-
clined lines correspond to wy relaxation, while the solid line
is the saturating microwave signal, and D indicates the diffu-
sion of the polarization o the nuclei of the lattice. The num-
bers 1, 2, etc. label the levels., In column I are indicated the
relative populations of the levels for thermodynamic equilibri-
um, while II shows the populations in the case of saturation of
the 2-2’ transition. M and m are respectively the magnetic
quantum numbers of the electron and of the nucleus,

due to the increase of the imaginary part of the magnetic
susceptibility under the influence of the RF field. A
study of KBr crystals with different F-center concen-
trations has shown that there are no manifestations of
Larmor ENDOR whatever in these crystals.

DISCUSSION OF EXPERIMENT

It is known that the F centers in LiF constitute a sys-
tem in which the cross relaxation is quite weak. In this
case we can obtain for the intensities of the ENDOR sig-
nals from nuclei of different coordination spheres, in
the T, - T {** mechanism"!’

s~ [(s5)" (5" 0] ®

where x =y?H3T,T,, here T,=(Aw;)" is the time of the
spin—spin relaxation a, =T $*(T,)™ (T{" is the effective
time of the spin-lattice relaxation in the presence of a
RF field, U is the convolution of a Gaussian and Lo-
rentzian with respective widths Aw, and Aw (1 +x)"2.
For U} the width of the Lorentzian is Aw, (1 + &, x)'/2.
The quantity Aw, is determined by the hyperfine inter-
action (HFI) of the F center with the nuclei having HFI
constants that are smaller than the resonant (f-th) nu-
clei.™! Aw, is different for different coordination
spheres.

At Aw;< Aw (as is the case for nuclei with small
HFI constants) we obtain from (1)

Yz ¥z ] @)

S(H)~| —————
(#) 1+ar 1+z

Expression (1) describes satisfactorily the saturation
curves for the nuclei of coordination spheres I-VII, [
The theoretical relations for sphere III (Aw,/Aw,~1,
a=0.9) are shown in Fig. 2 by solid lines (curves 1 and
1’, the shift of which is due to the change of T,). For
ordinary ENDOR at vy =v,, the saturation curve is sat-
isfactorily described by expression (2) (curve 2 in Fig.
2). It follows therefore that in this case for ENDOR at

351 Sov. Phys. JETP, Vol. 44, No. 2, August 1976

vpr =V, (as well as for ENDOR on the remaining nuclei)
the mechanism T, - T {*! is realized, and it can be re-
garded as ENDOR from nuclei of distant spheres, the
spectra of which are not resolved (the experiments*!
confirmed directly the T, - T {*' mechanism for nuclei
of coordination spheres I-VIII). However, curve 3 of
Fig. 2 deviates strongly from expressions (1) and (2),
i.e., the Larmor ENDOR cannot be regarded as ordi-
nary ENDOR from nuclei of distant coordination spheres
whose spectra are not resolved.

The very fact that an intense ENDOR signal exists at
the Larmor frequency indicates that for a certain group
of nuclei (the interaction of which with the F center is
weak or negligible) there exists an appreciable polariza-
tion, since the necessary condition for the observation
of the ENDOR is an appreciable population difference
between the energy levels that absorb the RF quanta. 2

The distant nuclei, which have negligible HFI, can be
polarized by diffusion of the polarizationt'®1®! from in-
termediate nuclei having noticable HFI. The polariza-
tion-diffusion processes are analogous to spin diffusion
in the case of nuclear relaxation via a paramagnetic im-
purity. Thus, if the HFI constants of the polarized (in-
termediate) nuclei do not greatly exceed the width of the
ENDOR lines (section A in Fig. 1a), and if processes of
spin diffusion of nuclei are effective in the investigated
object, then the considered polarization will diffuse to
the bulk of the target nuclei. In turn, the presence of
Larmor ENDOR (and accordingly of the diffusion pro-
cesses) can serve as an experimental criterion that the
lattice nuclei relax via a paramagnetic impurity. The
size of the region over which the polarization extends
is determined by the competition of the diffusion and
nuclear-relaxation processes.

There exist various mechanisms for nuclear polariza-
tion. 11”181 For the mechanisms connected with the di-
pole—dipole pool (DDP) of the electron spins, %174
there is no polarization" if H=H,. The polarization of
the intermediate nuclei, which is produced in our ex-
periments upon saturation of the microwave transitions
at the center of the ESR line, can be connected either
with forbidden microwave transitions or with relaxation
processes.

Let us explain the relaxation variant of the polariza-
tion with the aid of a model consisting of an electron
and a nucleus with spin I=1 (see Fig. 3), in which tran-
sitions w,, w,, w., and w, are possible, fao.21) gapura-
tion with a microwave field of an allowed 2-2’ transition
at a favorable ratio of their relaxation probabilities can
lead to polarization of these nuclei. For example, at
w, > w, and w,> w, there will be an appreciable popula-
tion difference between levels 1-2 and 2'-3’ (Fig. 3),
so that the polarization of the nuclei will be of the order
of hVy,o/3kT.® The condition w, #w) (which is neces-
sary for polarization) is satisfied most obviously if the
isotropic HFI predominates. **%!! The nonmonotonic
decrease of the wave function of the F center at the nu-
clei of the remote spheres'??’ can ensure w,>w/ for
these nuclei.

In addition, in the case of saturation of a central spin
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packet with resonant frequency y,, saturation is possible
via forbidden microwave transitions of the spin packets
with resonant frequencies v, + v, and v, -
fore polarizations of opposite signs can be produced
around the paramagnetic centers of the packets v, + v,
and vy - v,. """ If H=H,, then there is no net polariza-
tion. However, if regions in which the polarization is
appreciable actually exist in the sample, then the depo-
larization of the nuclei by the RF field, independently of
the sign of the polarization, will lead to a growth of the
imaginary part of the magnetic susceptibility. There-
fore the intensity of the Larmor ENDOR will be largest
at H=H,, when the sum of the polarizations in different
regions of the sample is maximal in absolute value.

For LiF crystals this variant of the polarization seems
the most probable. However, it is difficult to separate
the considered polarization mechanisms reliably within
the limits of ENDOR experiments.

With increasing concentration of the paramagnetic
centers, for nuclei responsible for the polarization, the
role of the w, process can be played by the effective
processes w?'’ connected with cross relaxation of the
electron spin. ! I w,>w, and w,>w,, then there is no
polarization. ''®’ The change of the crystal temperature,
and also of the concentration of the centers, can change
the ratio of the diffusion and nuclear-relaxation pro-
cesses, and this influences the picture of the polariza-
tion of the nuclei in the investigated object. b7l

It follows from the described dynamic regularities
that the Larmor ENDOR differs qualitatively from the
ENDOR mechanisms considered in the literature, It is
important to note that with respect to its regularities it
is the opposite of distant ENDOR, "2~*! which is observed
also at the Larmor frequency of the lattice nuclei (the
fact that the described phenomenon does not agree with
the mechanisms of'>*"®’ is obvious). For example, in
distant ENDOR the effects are maximal in samples with
large concentration of the paramagnetic centers, while
the ENDOR mechanisms at nuclei with different hfs con-
stants is the same, and the very effect is observed on
the slopes of the ESR line and is absent at H=H,.

KBr (in contrast to LiF) is a crystal whose nuclear
relaxation is not connected with F centers, but is due to
quadrupole interactions.™®’ The ineffectiveness of the
spin-diffusion of the nuclei in this crystal does not make
it possible to observe Larmor ENDOR in it.

The authors tha.nk V. A. Atsarkin, S. S. Ishchenko,
and I. M. Zar1tsku for useful discussions.
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v,.17%18] There-

DWe note that the DDP can play an important role in the re-
laxation of the lattice nuclei, and by the same token influence
the Larmor ENDOR.
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