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The frequencies of the electron-nuclear double resonance (ENDOR) are due
to the hyperfine interaction (HFI) of the electron of the paramagnetic center
with the lattice nuclei. If the electron spin of the center is S = 1/2, then
each nucleus gives two ENDOR frequencies for radio frequency (RF) transitions
with M = 1/2 and M = -1/2, respectively (M is the projection of on the ex-
ternal magnetic field H). In the simplest case these frequencies [1, 2] are

1
Vers2 =|i,_° +§-,-b{3cos26-1)tv”|. (1)

where a and b are the constants of the isotropic and anisotropic HFI with the
nucleus, vn is the Larmor frequency of the nucleus, and 6 1s the angle between

the axial axis of the HFI and ﬁ. The frequencles V.i/2 and Vi/» are custom-
arily called the summary and differential frequencies. We confine ourselves
to a very simple model, which retains the main features of the real multilevel
system, namely, we consider a paramagnetic center with S = 1/2 and two nuclei
with spins Ip = I, = 1. Let a1 >> az and |[b,| << a; (i =1, 2). Figure 1

shows the energy levels of our system; the frequencies (1) are determined by
the selection rulegs AM = 0, Am; = *1, Amp = 0, Am; = Am, = %1, where m; is
the projection of 11 on ﬁ and mz 1s the projectlon of iz on the quantization
axis n(M), which does not coincide with B/H if

L%—c:r2 vl b,

(see [2]), and depends on M.

Great interest attaches to the dynamics of the stationary ENDOR [3, 4] for
the study and separation of different relaxation processes in multilevel sys-
tems. One of the questions that has remained unanswered for ten years is that
of the difference between the intensities § of the ENDOR 51gnals of paramag-
netic centers at the summary and difference frequencies: # 5 (in particular,

for F centers in a number of alkali-halide crystals, see [3]) It was shown
experimentally in [5] that the effect 60 # 6p 1s due to the inclination of the

quantization axis (IQA) of the nuclel of one of the coordination spheres of the
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F centers relative to the direction of

In the present paper we propose a my 'y
mechanism that explains how the IQA of ? h —e i
the nuclei of one of the coordination o { LR
spheres leads to the effect GC # 6p at — " Ef =

LA HEH
the nuclel of all the other coordina- z ? 24 ’Rﬁ:\, b
tion spheres, and explain the experi- H = Tt ==
ments of [3] on the angular dependence ﬁuﬂ‘\ :h'\\ ::'
of 60/6p' :}\J\\\\ : :\\: \‘ \\ : ; :
N A T SRR il
To find § it is necessary to ::P\\\\{: ﬁ \\ :::
determine the stationary populations R RN g :}\ \\: H
imam, ©F the levels (Fig. 1) under - / }iﬂ'\‘Lmljf\ IR
L : ! ' Lf ML I S A W
ENDOR conditions (microwave transi- 1 —r D EHERRYE
tions in the center of the EPR line). 7 AALL AN L
We obtaln My, °Y S0lving the equa- -§—v 4 = xj;;f
tions for the populations (Zanlm2 = \\\ 7 " \ﬁﬁg_
N, N)is the total number of the cen- 7 f }7
ters
Fig. 1. Energy levels of the model
dn under consideration. The solid
0. mme "Fﬁarel lines denote the microwave signal
dt - dp? Mmm, and the RF excitation; the dashed
lines denote the relaxation transi-
mmy m, (2) tlons and the transitions generated
c.rel ind by the forbidden cross relaxation
N jt9 +< *’) _ transitions (1 - 2, 2 - 3, 1 - 3,
dr | Mmym, dt Mmy m, etc.). RF excitations with M = 1/2
, and M = -~ 1/2 are turned on sepa-
rately.
The first term takes into account all
the possible relaxation transitions
(Fig. 1 indicates the most significant of them at a; >> as: AM = 1, Am; = Am,
= 0 and AM + Am; = 0, Amz = 0). The second term takes into account the micro-
wave and RF transitions (Fig. 1 shows the RF transitions AM = 0, Am; = #1, and

Amp = 0). The third term takes into account the ordinary cross-relaxation
transitions (CRT) [6] (if the indices I and II denote different centers, then
under the influence of the electronic magnetic dipole-dipole interaction Hd—d

gh; gozs%blg)tran31tlons are A(MI + MII) = 0, AmIi = AmIIj = 0, but my, # mIIj’
) .

After finding the populationsl) and using them to express 8§ in the usual
manner, we obtain Gc = Gp (the difference 1s due to somewhat different proba-~-

bilities of the RF transitions to viy» and v_oi/» [7, 5, 41). Owing to the IQA
of the second nucleus, forbidden induced and relaxation transitions occur (e.g.,
microwave transitions with Am, # 0, relaxation transitions with AM = 1, Amp #

0, Amy = 0). Their inclusion in (2) does not change the conclusion that 6C 2 6p
(in contradiction to the assumption made in [5]1). An investigation of the

matrix of the equations (2) shows that the reason why 8 is independent of
whether vi/2 or V_i/2 transitions are induced 1s the equality of the probabili-
ties of the relaxation transitions of the types M, m;, m, <« M', mi, m}, and
-M, -m3, - my +> -M', -m}, -m}.

Ve high temperature approximation gB8H << kT i1s assumed throughout.
Equations (2) are quite easy to solve with the aid of the electric simulation
model developed by us.
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The situation can change if account is
taken of the forbidden CRT (FCRT), which
T become possible in the case of IQA of the
second nucleus and are described by the
matrix element

B
B
~a

<Mymy gy o My mygymyg, VH M myy ms My m >

= <M M, |H,-,l My M >< mypol mi, >

-fa-_ﬂ: vl jf . (3)

X <my, ]m;n >,Ml' + M[‘l.=M'+M” .

Fig. 2. Inclined lines =~ some
of the FCRT, vertical line -

1 _ a1 I
saturating microwave signal. Herel<mz|mz>| =d ;(B)s where dmm'(B)

Mmamg
33 thg Wigner function [8], and cos B =
n(M) -n(M') (see [2]). Figure 2 shows
these FCRT, which lead to the appearance of new terms in (2):

dnyFCRT 1 1 M g
_:) “ni Uy TR Ly B i BT
dt Mm m, "2 mymy my== 2 (4)

X (nM"'l"'z’ -anlmz).

For magnetically-dilute systems, in accordance with (91, we have
cr -1 2 2 -1
Wokmy (2T )™ oxpl=viy, o (2 <02>) 71, (5)

where Tcr and the second moment <vgr> af the form function of the probability
of the CRT depend on the concentration f of the centers [9]. Tcr coincides in
order of magnitude with the time of the splp-spin relaxation T2. hv

the energy exchanged with the dipole-dipole reservoir in FCRT. If |mp - m3] =

1, then v v = v of the second nucleus from (1l). For F centers in KBr, the
Mmamoa M

IQA is significant for sphere IV. According to the data of [3] (H = 3380 Oe,
£ = 1.0Z x 10-%) we have for these nuclei Vigz = 0.9 MHz, v-1/2 = 6.6 MHz, and
[<vZ >1/% = 1.68 MHz.

The terms (4) in (2) can be interpreved [6] as being generated by the
relaxation transitions Mmimz, <> Mmimi. Since for KBr the exponential in (5)
at M = 1/2 is equal to 0.87, and to 0.45 x 10-® at M = -1/2, the terms (4) are
significant only at M = 1/2. These transitions are indicated in Fig. 1.

Let us show that the FCRT leads to 60 > Gp for ENDOR 4at the first nucleus.

Stationary ENDOR arises as a result of the effective shortening of the relaxa-
tion time Ti, by the RF transitions [3, 4]. For relaxation from the state 5

to the state 5' (Fig. 1), RF in the absence of FCRT opens the channels 5 - 2 -
5' at the frequency vis2 and 5' - 2' - 5 at v_i/2. These channels lead to the
same effective shortening of Ti and 60 o Gp. The transitions due to the FCRT

lead in addition tothe RF also to a connection between the states 5, 2, and

5, 8 (relaxation channels of the type 5 - 4 - 6' - 1 - 2). Therefore turning
on of RF excitation between 5, 2, and 5, 8 changes the effective times Ti less
than in the absence of FCRT. To the contrary, at the frequencies v-i1/2 the RF
opens, besides the path 5' - 2' - 5, also, as a result of the FCRT, channels of
the type 5' - 8' = 2 - 3 - 4' - 6 - 5, and this leads to an additional decrease
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of Ty. Thus, the FCRT decrease Sp and Iincrease the 60.

The factors d(B) in (4) lead to a dependence of 6c/6p on the angle 8, in

quantitative agreement with experiment [3]. This explains also the angular
dependence of the effective time Ty [3] and the dependence of Gp/Gc on H [5].

As £ = 0 the FCRT effect vanishes, and at sufficiently large f, when

2 1/2 5 " y cr ’
[<v6r>] v—1/2m2m2’ the value of WMmzmé does not depend on M, thereby

qua11z1ng 60 and Gp.

The authors are grateful to M.F. Deigen for interest in the work and for
a discussion.
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At the present time we know of a considerable number of ferroelectric
magnetically-ordered cyrstals - antiferromagnets and weak ferromagnets (see the
review [1]). We shall show that in such crystals 1t is possible to excite
parametrically spin waves by an external electric field. The mechanism of this
excitation 1s close to the known mechanism of parametric excitation of spin
waves by an external alternating magnetic field [2], although the two are not
equivalent.

Excitation of spin waves is easiest to realize in a crystal under condi-
tions close to critical (1.e., at values of the external magnetic field, tem-
perature, and pressure close to the critical values at which a phase transi-
tion takes place in the magnetic system of the crystal). This is due to the
fact that in the vicinity of the critical point a relatively small alternating
electric field suffices for excitation of the spin waves.

We consider the excitation of spin waves by an alternating electric field
in a ferroelectric antiferromagnet in the presence of a constant magnetlc field
Ho. As an example of the critical point, we analyze the case Ho ™ HC, where

Hc is the field when the magnetic moments of the sublattices turn over. We

show that for spin-wave excitation the amplltude of the electric field should
exceed a critical value e, = eg[l - (Hu/Hc)zjl 2, where eg "N 300 V/em.

271



