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ABSTRACT. From the symmetry properties of spin interactions, one can design
sample rotation techniques for averaging in solids. For the second-order quadrupole
effect, this leads to double rotation (DOR), rotating the sample simultaneously about a
specific pair of axes. Characteristics of DOR, such as spinning sidebands, are

discussed, and representative applications are displayed.

Introduction. Theoretical Background

Double rotation (DOR) is a relatively new method of solid state NMR.
It has been developed to eliminate an orientational line-broadening caused
by electric quadrupole interaction as a second order perturbationtoaZeeman
interaction. This line-broadening is observable in the central transition spectra
of nuclei with a half-integer spin I = 3/2,5/2, ..

The orientational line-broadening is generated by dependency of the sig-
nal frequency on the orientation of the atomic environment. A macroscopic
sample usually comprises a large number of randomly oriented crystallites and
the signal is a collection of monochromats over a full rangeof the orientational
dependency.

The transition frequency can be represented formally as a sum of compo-
nents, each irreducible under the rotation group SO(3):
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Angles Q°FC = (a, B,7) indicate direction of the magnetic field with respect

to the sample. The contribution of each component w; depends on the 2/ + 1

values of the corresponding tensor
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where the orientation of individual particles QP4S enters. Pim denote principal
tensor components of rank / and D¥) is an element of the Wigner rotation
matrix . The isotropic part of the frequency in (1), w?, is the same for identical
particles in the sample and carries the highest analytical value.

It is the "magic” of NMR that imposing a certain motion on the entire
macroscopic sample, described by the angle Q5FC it is possible to extractthe
isotropic signal w(® no matter what the orientation P45 of the particle ac-
tually is. For example, if the motionof a sampleis such that the magnetic field
direction assumes three orthogonal directions in a sufficiently short period of
time, the influence of second rank anisotropic terms I = 2 is averaged out.
Actually, the number of directions may be greater than {41 but they all have

to lie on a cone with an apex angle 2xf. The angle 8 derives from a root of

the Legendre polynomial
Pl(cos8) = 0;1 = 2. (3)

Consequenly, the reorientation can be implemented as a rotation of the sample
at angle 54.7 to the magnetic field (magic angle spinning). The angle 54.7
is a "magic” angle of the second rank anisotropy, but line-broadening of the
second-order quadrupole interaction is determined additionally by a fourth
rank orientational dependency. The "magic” angles of a fourth rank anisotropy
are 30.6 and 70.1 and the minimum number of field directions is 5. Both ranks
can be averaged out by an iterated configuration of the field directions shown
in Fig.1.

A continuous version of averaging is shown in Fig.2. The trajectory is formed
by a revolving pentagon of field directions fitting to a cone with opening 2x54.7,
and the axis ofthe pentagonfollows a cone with apex 2x30.6. The modulation of
signal phase is described to a good approximation by four sinusoidal terms
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Fig.1. Iterative splitting of magnetic field directions to average tensors of two
different ranks simultaneously.

Fig.2. Continuous trajectory of field directions for iterative averaging.







