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It is found that NMR structures under dynamic nuclear polarization (the solid effect) at the
center of an electron-spin-resonance (ESR) line exhibit unusual line shapes resulting from
crystalline-strain-induced variations in the ESR and NMR structure coupling constants in single
crystals. Investigations of these line shapes enable one to determine directly the correlation
between the effects of crystalline strains on the ESR centers and the surrounding nuclear
spins in the crystals. This strain effect has been observed experimentally in a single crystal
of ruby.

In this paper, we present a new method of study-
ing crystalline-strain-induced variations in the elec-
tron-spin-resonance (ESR) and NMR structure cou-
pling constants by means of dynamic nuclear polar-
ization (DNP, the solid effect) at the center of an
ESR line in single crystals. To illustrate the es-
sential features involved in this method, we treat
a single crystal containing (a) a concentrated nu-
clear-spin system which is perturbed by an axially
symmetric quadrupole interaction, and (b) a dilute
amount of paramagnetic ions which exhibit a fine-
structure spectrum arising from an axially sym-
metric crystal-field interaction. It will be shown
that the DNP method is capable of determining di-
rectly the correlation between the strain-induced
variations in the fine-structure constant D of the
ions and in the quadrupole coupling constant Q of
the surrounding nuclei. To our knowledge, there
is no other effective method available to investigate
correlations of this type.

First, consider that the ESR lines of the para-
magnetic ions are substantially inhomogeneously
broadened by unresolved hyperfine interactions with
the nearby nuclear spins. Thus, under the DNP
produced by the solid effect, the NMR spectrum
becomes positively enhanced for microwave pump-
ing power applied at fields higher than the center
of the ESR line, whereas it is negatively enhanced
at lower fields; at the center of the ESR line the
NMR signal is vanishing, according to the standard
theory. ' Thus the over-all enhancement is propor-
tional to the negative of the first derivative of the
ESR line.

As is well known, one of the important effects of
crystalline strains on ESR and NMR spectra is to
broaden their resonance lines. %'e consider that,
for the crystal under consideration, the strain
broadening of the ESR and NMR lines can be de-
scribed solely by variations in 0 and Q values.
Line broadenings arising from the variations in
the symmetry axes of the quadrupole and fine-
structure interactions associated with possible

mosaic structures (c-axis variations) are taken to
be vanishingly small. This situation is realized,
for example, when the external magnetic field II
is applied parallel to the symmetry axes of the ESR
fine structure and NMR quadrupole interactions
(assuming that the two axes coincide). For sim-
plicity, we neglect the ESR and NMR line broad-
enings connected with inhomogeneities in H.

For further illustrative purposes the following
model is employed: (i) The sample contains only
three paramagnetic ions and is divided into three
parts (1, 2, and 3), each part containing one ion.
The D-value variations among these three ions are
such that D, & D2 & D3, and the average of these
values (namely, the whole sample average) denoted
by D is equal to D,. The corresponding ESR fields
IIj, II2, and II3 for a given ESR fine-structure line
take the order of H, &H2&H3, as shown in Fig. 1(a).
(ii) There are three nuclear spins (a, b, and c) con-
tained in each part of the sample contributing to the
NMR signal. Thus the labeling Q„,for example,
refers to the nuclear-quadrupole coupling constant
for the spin a contained in part 2 of the sample,
etc, (iii) Taking the "shell-of-influence" model'
for the coupling between the paramagnetic ion and
the surrounding nuclei, the nuclear spins in a given
part of the sample are influenced only by the para-
magnetic ion contained in this part during DNP pro-
cesses.

There are several possibilities that can be con-
sidered for the variations in the nuclear Q values.
However, the realistic situation is that the Q values
of the nuclear spins are all slightly different, and
in addition, the average Q values of the nuclear
spins in different parts of the sample are also dif-
ferent. Then take the case Q~&Q2&Q, , where Qq,
for example, refers to the average value of Q~, ,

Q», and Q» for part 1 of the sample, etc. The
thermal-equilibrium NMR quadrupole structure
for the various parts of the sample is displayed in
the left-hand side of Fig. 1(b). It is noted in this
figure that each quadrupole satellite component

19



BROD BE CK, NIEBUHR, AND LE E

(a) ESR

H.

{b)FOR Q)&Q &Q

NMR UNDER DNPTHERM. EQUAL. NMR

A ~.
n

PART 2

PART 5

WHOLE SAMPLE

{c)FOR Qi&Q &Q

THERM. EQUlL. NMR NMR UNDER DNP

WHOLE SAMPLE

FIG. 1. Behavior of the NMR quadrupole structure
P= ~) associated with the strain effect under DNP at the
center of an ESH line.

from a given part of the sample consists of three
lines, and their "center of gravity" is different
for the different parts of the sample.

When microwave pumping power is applied at
the center of the envelope of the three ESR lines
of Fig. 1(a), it follows from the solid effect that
the NMR signal from part 1 becomes positively
enhanced, while that from part 3 becomes negatively
enhanced; the NMR signal from part 2 is vanishing.
These results are illustrated in the right-hand side
of Fig. 1(b). The net effect of the indicated DNP
experiment for the whole sample is to produce an
NMR quadrupole structure quite different from that
of the thermal-equilibrium signal [see the darkened
spectrum in Fig. 1(b)]. Note that the central (+ ~———,) NMR line is vanishing, and the satellite lines
are partly negatively enhanced and partly positively
enhanced in such a manner that the low-frequency
satellite line takes a shape which is a mirror
image of the high-frequency satellite line. More
important, the quadrupole spectrum is inverted
with respect to the base line when the order of Q„
Q~, and Q, is reversed over the three parts of the
sample; that is, Q, &Q2&Q, . This is illustrated
in Fig. 1(c).

The fact that the DNP at the center of the ESR

envelope produces distinctly different NMR struc-
tures for the two cases —Qi &Qa&QB and Qi Ca Qs
(for a given order of D, & Dz & D~)—is very significant.
The first case, Q~ & Q~ & Q~, is the following: In

part 3, where D, is taken to be larger than the
whole sample average D, the average Q value of
this part Q, is smaller than the whole sample aver-
age Q, under the assumption that Q = Q~. On the
other hand, in part 1 of the sample where D& is tak-
en to be smaller than D, the average Q value of this
part Q, is larger than Q. That is, the average de-
viation of the Q values for the nuclei surrounding
a given paramagnetic ion is in the opposite direction
to the deviation of the D value of the ion. The sec-
ond case, Q, &Q2& Q~, represents the fact that the
deviation of the Q values for the nuclei surrounding
a given paramagnetic ion is in the same direction
as the deviation of the D value of the ion.

Thus the DNP method would enable one to find
out the direct relationship between the D and Q--
value variations due to crystalline strains in dif-
ferent regions of the crystal. The conventional
ESR or NMR method is capable of finding D- or
Q-value variations, but only separately for the
electron- or nuclear-spin system. The DNP meth-
od illustrated here would not only reveal more de-
tails of these variations for each spin system, but
also yield the correlation of the strain effects be-
tween the electron- and nuclear-spin systems.

The above results are derived from a simple crys-
tal model. However, the same results are expected
for real crystals containing electron- and nuclear-
spin concentrations larger than those assumed in
the simple model.

The strain effect has been observed experimen-
tally in a single crystal of ruby (A1, 0, : Cr").
Choosing the c axis of the crystal parallel to II,
we investigated the detailed line shape of the Al 7-

NMR quadrupole structure by saturating the cen-
ters of various Cr" ESR lines at a microwave fre-
quency of 9.2 6Hz, at liquid-nitrogen temperature. '
A typical line shape observed in this experiment is
shown in Fig. 2, in which we display the thermal-
equilibrium absorption signal for comparison
purposes. It is seen that the observed Al 7-NMR

quadrupole structure under DNP is consistent with
that predicted in Fig. 1 for the case of Q, & Qz & Q, .
This means that in the ruby crystal the average Q
value of the A127 nuclear spins surrounding a given
Cr~' ion is larger (smaller) than the whole sample
average Q value, if the D value of this ion is
larger (smaller) than the sample average D value.

It has previously been shown4 that unusual NMR
structures could also be produced under DNP at the
center of an ESR line, if the ESR line is broadened
by inhomogeneous magnetic fields nad/ rothe c-
axis variation effect. However, the NMR line shape
due to the inhomogeneous magnetic fields is dif-
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ferent from those produced by the strain effect in
Fig. 2. In addition, the effect of inhomogeneous
fields can be made negligibly small in practice. 5

It is also true that the c-axis variation effect can
be eliminated or distinguished from the strain ef-

FIG. 2. (a) Thermal-equilibrium Al '-NMB absorption
spectrum in ruby; (b) the first-derivative NMR spectrum
under DNP at the center of the (+ & + &) Cr ' ESR line;
and (c) the absorption spectrum corresponding to the first-
derivative spectrum of (b).

feet by investigating the angular dependence of the
NMR structure under DNP. As previously reported, 6

DNP at the center of an ESR line which is inhomo-
geneously broadened by unresolved hyperfine inter-
actions would produce a small NMR enhancement
in the high-order calculations, resulting in NMR
quadrupole structures different from that of the
thermal- equilibrium signal. The unusual NMR
line shape observed in the early DNP experiments
on ruby in this laboratory was attributed to this
effect. ~ However, we have found that the observed
line shapes arose principally from the inhomoge-
neous magnetic field as well as the strain effects;
if there was any contribution from the second-order
effect, it must have been extremely small.

Thus, as has been demonstrated in Fig. 2 for
the case of ruby, the experimental detection of the
strain effect should not essentially be complicated
by the other effects mentioned above, and would be
very effective in a wide variety of single-crys-
talline solids.

The DNP method can be extended to crystals in
which the electronic and nuclear interactions are
not axially symmetric or in which the symmetry
axes do not coincide. In principle the method can
also be applied when the g tensor or the hyperfine-
interaction tensor of a paramagnetic ion is sensi-
tive to crystalline strains. The effects of crys-
talline strains on nuclear spins with I~ 1 in cubic
crystals might also be investigated by the indicated
DNP method. We believe that quantitative treat-
ment of experimental data obtained by the DNP
method presented here would yield information
very helpful to understanding the details of strain
mechanisms influencing the behavior of the para-
magnetic ions and nuclear spins in solids.
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