Nuclear relaxation via electron-spin cross relaxation
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The mechanism of nuclear relaxation in the vicinity of a paramagnetic center is studied. The hyperfine
interaction (HFI) constants of the nuclei are assumed to be of the order of magnitude of the dipole-
dipole interaction energy between the paramagnetic centers. The experiments are performed with LiF
crystals with F centers by the electron-nuclear double resonance (ENDOR) technique. It is shown that
nuclear relaxation of the indicated type is due to cross-relaxation transitions (CRT) of electron spins in
various local fields. For such CRT, spin flip of the surrounding nuclei is not required and energy exchange
with the electron-spin subsystem is of the order of the HFI energy. It is found that the longitudinal re-
laxation time Tj, of the indicated type of nuclei increases with growth of their HFI energy. Values of

T;, are obtained for various crystal temperatures and F-center concentrations. A number of effects in the
ENDOR dynamics are important for the identification and reduction of spectra are detected and explained.
An experimental procedure is suggested for determining the shape function of the cross-relaxation

probability.

INTRODUCTION

Much attention is being paid lately to the relaxation
of nuclei in crystals containing paramagnetic impuri-
tiest™?] since these processes explain the details of the
dynamic behavior of nuclear and electron spin systems
and play an important role in the polarization of nuclear
spins!®l,

Up to now, the nuclear relaxation mechanisms in
crystals with paramagnetic impurities have been inves-
tigated by the NMR method. As a rule, it was impossi-
ble to register nuclei in the nearest environment of the
paramagnetic center if their hyperfine interaction (HFI)
energy was appreciable. It is possible to study relaxa-
tion of this type of nuclei only by the electron nuclear
double resonance (ENDOR) method, which was indeed
used by us in this study. The number of nuclei of this
type is much smaller than the number of nuclei that
resonate at the Larmor frequency, but is precisely
these nuclei which can play an important role in the
processes of relaxation and spin diffusion of the bulk of
the lattice nuclei.

As is well known,!'] there are two groups of nuclear
relaxation mechanisms connected with paramagnetic
impurities. The first includes mechanisms based on
modulation of the HFI constants by the thermal lattice
vibrations (see, e.g.,[*]). The second group of mecha-
nisms is connected with fluctuations of the magnetic
field at the nucleus due to the reorientation of the elec-
tron spin("?], Spatial spin diffusion of the nuclear spins
is difficult for the nearest-environment nuclei, since
they resonate at different frequencies.[*]

We have investigated the relaxation mechanism of
nuclei with HFI constants on the order of Ej_q in LiF
crystals containing F centers. We show that the most
effective mechanism is relaxation due to cross relaxa-
tion of the electron spins. In contrast to the previously
considered mechanisms!“?], there is no direct reorien-
tation of the nuclear spins in the described mechanism,
and the T1n of the nuclei does not decrease with in-
creasing HFI constant, but increases.

In the experiments we dealt with inhomogeneously
broadened EPR lines with limited cross relaxation(®],
so that the effects connected with the change in the
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temperature of the dipole-dipole pool of the electron
spins were insignificant in our experiments!®,

1. EXPERIMENT

The measurements were performed in the 3-cm
wavelength band. The objects of the investigation were
LiF crystals with different F-center concentrations, at
a ratio Nyjj/Nj = 4, where Nyand Njj are the F-center
concentrations in samples I and II, with Ny~ 4 x 10"
cm™, We investigated the mechanism of relaxation of
the Li” nuclei of the coordination spheres III and V, and
of the F'° nuclei of the spheres IV, VI, and VIII, the
HFI constants of which are of the order of Eq-q (see!®
concerning the HFI constants in LiF).

Each of these nuclei give two ENDOR lines, the fre-
quencies of which can be represented in the form

v =lvs" —Mlah=*+bh (3cos* 0,—1) | I=Iv,” —MAvS; |, (1)
where aj and bj are respectively the isotropic and
anisotropic HFI constants of the i-th nucleus, Vr(11 is its

Larmor frequency, M is the projection of the electron
spin on the magnetic field H, and 6; is the angle be-
tween H and the line from the F center to the nucleus.
The frequencies ufljz and u&,z are called the sum and
difference frequencies, respectively.

For the nuclei of the indicated spheres, we have ob-
served a number of particular effects in the ENDOR
dynamics. The intensities § of the ENDOR lines were
not proportional to the number of re§onating nuclei, §
decreasing with the decreasing AV(SII, see Fig. la. In
addition, the intensity ratio of the different ENDOR
lines depends significantly on the intensity of the radio-
frequency (rf) field H, at which they are registered;
see Fig. 1b.

A study of the T1p of the nuclei of the indicated
spheres was carried out by stationary saturation of the
corresponding nuclear transitions by an rf field at the
frequencies (1), and from the dependence of the ENDOR
linewidth Ay on H.. The crystal was rotated in the (001)
plane, and the T1n of the nuclei was investigated at
different values of Ausl . It was experimentally estab-

lished that T}, depends on AV(SII\)I’ with the T1n of the
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FIG. 1. a) ENDOR spectrum of sphere V nuclei of Li’. The values
of Aus(i’ for lines 1, 2, 3, and 4 are respectively 0.33, 0.48, 0.80, and 0.92
MHz. Lines 3 and 4 are due to pairs of equivalent nuclei, and lines 1 and
2 to groups of four equivalent nuclei; X' is the imaginary part of the mag-
netic susceptibility, and vif is the frequency of the rf field in MHz. b)
ENDOR spectrum of spheres IV, VI, and VIII of F'°, Lines 1 and 2 are
due to 10 and eight nuclei, respectively. The upper spectrum was re-
corded at H, = 0.5 Oe, and the lower at H, = 3.0 Oe.

FIG. 2. Plot of § against H, in LiF crystals, T = 300°K. Curves 1 and
2 describe the saturation of the ENDOR lines from groups of four equi-
valent Li? nuclei of spheres III and V in sample I, for which Av(i‘) is equal

_ to 1.20 and 0.48 MHz, respectively. Curve 3 characterizes saturation of

the same nuclei as curve 1, but in sample II, while &y, is the maximum
value of the ENDOR signal.

FIG. 3. Dependence of the width of the ENDOR lines on H,. Sample I,

T =300°K. Curves | and 2 characterize the broadening of the ENDOR
lines from a pair of equivalent Li’ nuclei of sphere V, for which v @

is equal to 0.94 and 0.72 MHz, respectively, and Ay is the width of the
ENDOR line in the absence of saturation.

nuclei decreasing with decreasing Au(sil). The effect is

determined (like the previously indicated dynamic phe-
nomena) not by the number of the cogrdination sphere
of the nuclei, but by the value of Augl . Curves 1 and 2

in Fig. 2 (which are the curves of the saturation of the
ENDOR signals by the rf field, normalized to unity)
illustrate the described phenomenon. Figure 3 shows
the dependence of the ENDOR linewidth Ay on H> for
two groups of nuclei with different values of Augl). It

is seen from Figs. 2 and 3 that the ENDOR signals
from nuclei for which Ap(i) is small (at equal H:) are

saturated less strongly than the ENDOR signals from
nuclei for which Au§1) is large. The described effects

take place to an equal degree upon saturation of the
sum as well as of the difference ENDOR lines.

To determine the dependence of Tjp in the concen-
tration of the F centers and on the crystal temperature,
we studied the saturation curves of the ENDOR signals
from the nuclei of spheres III and V for sample II. It
was found experimentally that at equal valugi of Hy, the
ENDOR lines from nuclei with identical Ausl , are more
weakly saturated in sample II (the sample w1Ith the
larger concentration) than in sample I (see Fig. 2).
Measurements performed at T = 300 and 77°K have
shown that Tin does not depend on the crystal tempera-
ture. The nuclei of coordination spheres I and II have
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HFI constants that are much larger than E4_gq. The
dynamic effects described above do not occur in these
nuclei, and the time T1n is much shorter than for the
nuclei of spheres III-VIII, so that for the Pl)lclei of
spheres I-VIII the plot of T1p against Ausll is a curve
with a maximum.

The described experiments were performed at mag-
netic-field values H equal to the resonant value Ho.
The experiments performed at H # H, did not lead to a
noticeable deviation from the experimental plots.

2. DISCUSSION OF RESULTS

To explain the experimental results, let us consider
a model system consisting of an electron with spin
S = /> and a nucleus with spin I = 7, (see Fig. 4). In the
presence of dipole-dipole interaction between the elec-
trons, the saturation of the 2-2’ transition by the micro-
wave field via cross-relaxation transitions (CRT) will
be transferred to the transition 1-1’. Additional terms
then appear in the equations for the populations (nj is
the population of the i-th level):

d PO | ,
(nz) =Wz|’,z'(—'(nz'n1—nzn|')n (%—-) =—(dnz) )

r N : a @)

where No is the total number of centers and ngl', 21
)

is the probability of the CRT shown in Fig. 4; we pre-
sent this probability in the form

cr
Wu’,z'x=wz|',z'1g(‘\’u’—‘\’zz' ),

(3

where g(viyr — vz ) is the form function of the CRT
probability; its width Av.p, and also wey’ 2’1, depend
on the concentration of the paramagnetic centers. At
the considered CRT, the energy transferred to the
electron-spin system (to its pool of dipole interactions)
is h|vi - vae'| = hAug1 , and this energy is trans-

ferred in the final analysis to the lattice at the relaxa-
tion rate of the dipole poolt?°],

The factor that arises in (3) because of the form func-
tion will be designated g(vi1 — voz) = g(AVSI)’ Aver).
This factor, as is well known, decreases with increas-
ing Augll) at constant Aygy (i.e., in one crystal for dif-
ferent nuclei) and increases with increasing Avcy at
constant Aug[) (i.e., for the same nuclei in crystals

having different paramagnetic-center concentrations).

When the transitions are saturated with microwaves,
it can be assumed approximately that (n; — nz)
~ (ny = ny), and then (nzn; — nzny)~ (nz +nz)(n,
- np). Taking this into account, we rewrite (2) in the
form

(4)

d dny
(d—':)z wer(mn), = )”zw”(n.'—nn,

where wep = WEF 2/i(nz + n2r)/N,. In the high-tempera-
ture approximation (hv,y <« kT) we have
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where Nj is the population of the i-th level at thermo-
dynamic equilibrium, and then wcy in (4) takes the form

N,+N, i e
L g(Avs!, Ave)=w, (5)

!~
Wey RW24,"2"y

0

where (N + Nz )/N, determines the fraction of the
spins that are directly saturated by the microwave
field. Since the states 2 — 1 and 2’ - 1’ differ only in
their nuclear quantum number, it follows that the
transitions (5) (which are generated by the electronic
CRT) are best interpreted as effective spin-lattice
nuclear transitions of the type wp."

A theoretical study of the saturation of ENDOR sig-
nals in a four-level system, with allowance for all the
possible relaxation and induced transitions, was car-
ried out earlier!'?), The same study yielded explicit
expressions for the longitudinal relaxation time Tip of
the nuclei, in terms of the probabilities of the various
spin-lattice transitions. Since the electronic CRT could
be reduced to effective spin-lattice transitions, the re-
sults of!'?! can be directly applied to our case. Accord-
ing tol'?] (see also!**), the dependence of the ENDOR
signal intensity on the rf-field intensity is represented

in the form
2

v
1+’

6=K (6)
where K is a quantity that depends on the power and
the frequency of the microwave field, y* = 2T1,W is
the parameter of the saturation of the ENDOR signal by
the rf field, and W is the probability of the induced rf -
transition. At resonance!**) we have

1 Avs? \?

yz = -—4— .Y”szz (i—MV(_')) Fm?T a7 2n,

where y, is the gyromagnetic ratio of the resonating
nuclei, T9p is their transverse relaxation time, and
rm =[(I+m)(I-m+1)]Y% where m is the projection
of I on H,

Plots of 5 against H;, in accord with (6), are shown
in Fig. 2 by solid lines. The theoretical relations are
tied in with the experimental data at a single point. The
values of (TlnTzn)V2 for the various curves were de-
termined in accordance with this point at y? =1 and
8 = 0.5 5max. According to'*], T, =2.6 X 107° and 1.1
% 107° sec for the nuclei Li’ and F'°, respectively
(these are close to the values of T9, determined from
the ENDOR line widths). From curves 1 and 2 of Fig. 2
we find that the value of T, determined from curve 1
is approximately 1.7 times larger than that determined
from curve 2. The time T1n determined from curve 1
is Typ ~ 4 X 10™* sec. The times T1p for close values

(i) .

of Avgy are approximately equal for the nuclei Li" and

F*. From curves 1 and 3 of Fig. 2 we find that the Tip
of the nuclei in sample I is approximately three times
as large as in sample II.

The dependence of Ay on H; (at low microwave-
field levels) can be represented in the form (see'*?})
Av ~Avo(1 +y?)”2 The longitudinal relaxation time
T1n is 1.3 times larger for curve 1 than for curve 2.
The experimentally observed broadening of the ENDOR
lines is weaker than would follow from the formula
Ay = Apo(1l + yz)l/z. The reason seems to be that Aypg
is in part due to inhomogeneously broadening mecha-
nisms*?],

An analysis of the quantity T1n expressed in terms
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of the probabilities of different spin-lattice transitions?®
shows that the experimentally obtained values of the,

(i)

T1n of the nuclei and the dependences of T1n on Avgf

(i.e., on the HFI constants and on the orientation), on
the F-center concentration, and on the crystal tempera-
ture cannot be attributed to the nuclear-relaxation
mechanism described int*%*],

Replacing the probability wp in the expression for
T1n!'? by the quantity wgf introduced by us, and as-
suming that the processes wg and wg predominate )
over the processes wx and wx’ (the processes wg, wp,
wx, and wx’ are determined by the customary selection
rules, see, e.g.,!*'?]), we obtain

To=Cuw +w) 120 Qui+2w,) ]

If wg » wgﬁ, then
No+Nor

(T) " 'mhw, =4wyr 2, g(Avs!, Av..). (7)

With increasing Au(i), of the nuclei, the factor due to
the form function in {7) decreases, i.e., T1p is different
for nuclei with different Augl). This makes it possible,

in favorable cases, to investigate the CRT probability
function experimentally.

Starting from (7), we can explain the experimentally
observed dependence of T1p on the AV(SII of the nuclei,

on the F-center concentration, and on the crystal tem-
perature. Allowing for the rather crude character of
the approach developed here, expression (7) cannot
claim to provide an exact quantitative description of
the experimental data. However, an estimate of the
quantity wzy i in accordance with the formulas of
(with allowance for the fact that the investigated system
is magnetically dilute) and of the value of (N2 + Na/)/No
starting from the assumption that the EPR line is
formed mainly by the interaction with nuclei of the first
two coordination spheres yields the required order of
magnitude of Tqp.

[10]

We note that, according to the described mechanism,
paramagnetic centers whose local fields are different
(owing to the HFI with the nuclei) participate in the
CRT, and the electron-spin system receives not the
Zeeman energy hu,(}) and not the total energy of the

nuclei h| ul(ll) - MAVSI)I , but the HFI energy, which in
our experiments is much lower than the Zeeman energy.
An important factor is the microwave saturation of the
transitions, since it is necessary to have spin diffusion

along the EPR line.

For the nuclei of the first two coordination spheres
we have Aug >> Alpyp, and therefore the proposed
mechanism, according to (7), makes a negligible con-
tribution to the relaxation of these nuclei, which is ap-
parently due to one of the mechanisms described by
Khutsishvilil'} and by Pines, Bardeen, and Schlichter*],
We note that the effectiveness of these mechanisms in-
creases sharply with increasing HFI constants, in con-
trast to the proposed mechanism, whose efficiency de-
creases with increasing Augl .

It should be noted that each separately registered
group of nuclei of close coordination spheres of the
paramagnetic center can, in principle, relax by a dif-
ferent mechanism. The distinguishing features of the
proposed relaxation mechanism are the following. Since
identical nuclei of the same coordination sphere, lo-
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cated near paramagnetic centers with M = +/> and

M = —72, constitute two different (separately regis-
tered) groups of nuclei, the considered CRT can ensure
relaxation of each of these two groups of nuclei. Thus,
if the 2-2’ transition is saturated (see Fig. 4), thena
nonequilibrium magnetization is produced along H in
each of these two groups of nuclei, and this magnetiza-
tion tends to attain equilibrium by means of the de-
scribed mechanism. In each individual act of cross
relaxation (without reorientation of the nuclear spins),
the projection of the magnetization on the field H
changes in both groups of nuclei. The change of mag-
netization of each of the two groups of nuclei is such
that their total magnetization remains unchanged. If we
observe one group of nuclei (for example, the group
with M = +75), then a nucleus ‘‘goes away’’ from this
group with one orientation of the nuclear spin in the
case of the described cross-relaxation transition (it
begins to resonate at a different frequency) and
‘“arrives’’ with the opposite orientation, i.e., we have
a change of magnetization in the observed group, and
consequently relaxation.

In our experiments we did not record any nuclei
resonating at the Larmor frequency. It is obvious that
this mechanism is not effective for these nuclei, for if
AV(S]'I ~ 0, then the transitions 1-1’ and 2-2’ are

simultaneously and equally saturated by the microwave
field, and (dnz/dt),, from (2)is equal to zero (i.e., the
cross relaxation is frozen!'®!), In addition, the CRT
without reorientation of the nuclear spins can ensure
relaxation only for those nuclei whose ENDOR lines are
registered separately at the frequencies (1).

The induced rf transitions that cause the ENDOR
spectrum operate between the same levels as the transi-
tions (5). The enhancement of wy of the process leads
to a weakening of the ENDOR lines, inasmuch as the
population excess between the nuclear sublevels, pro-
duced by the saturation of the microwave transitions, is
thereby decreased. S‘snce the probability wgff increases
with decreasing AVS'I » an equal degree of saturation of
the ENDOR lines with different Au(sll) will be reached at

different H.. This causes the ratio of the intensities of
the different ENDOR lines to depend on the value of H:
at which they are registered, see Fig. 1.
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DThe electronic CRT were first reduced to the transitions wgffin [11].
For level 2, the term due to the nuclear spin-lattice transitions wy in
the equations for the populations takes the form wp[n,—n,)—(N,—N;)].
Since the microwave transition 2—2' is saturated, the population dif-
ference (n;—n,) in our case is of the order of (Ny»—N,), with [Ny —N,|
> [N;—N,|. We can therefore neglect N, —N, in comparison with n;—n,.

DA detailed expression for T|p is given in ['2] (formula (17)); it is too
cumbersome to write out here.
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