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A theoretical analysis of the general excitation phenomena of half-integer I & —nuclear spins in a strong
radio-frequency field shows that coherence between the affected spin states leads to complicated time
behavior of the total nuclear magnetization. Very short excitation pulses lead to quantitatively useful
high-resolution NMR spectra of quadrupolar nuclei in powder samples spun at the magic angle, while selec-
tive spin-state time development during longer rf pulses permits the use of two-dimensional Fourier-
transform NMR techniques with simultaneous measurement of the isotropic chemical shifts and the corre-
sponding quadrupole interaction parameters.

Recently there has been a surge of interest in the powder
spectra of spin I = —, and —, nuclei, particularly those of
sodium Na and aluminum Al. The magic angle spinning
(MAS) technique' has proved to be quite effective in

1 1enhancing the spectral resolution of the central ( 2
~ ——, )

transition line shape, thus providing a means for measuring
the main components of the quadrupole interaction tensors
together with the isotropic screening values. ' Other rota-
tion angles, used in the variable angle sample spinning tech-
nique, can provide single-peaked line shapes, but without
the benefit of averaging the chemical shift anisotropy and
dipole-dipole couplings, and with both the peak and the line
center of gravity shifted far from the isotropic screening
value. Many of the chemical shifts measured at present are
not the true isotropic shifts but rather represent the centers
of gravity of line shapes of uncertain origin that contain a
considerable field-dependent quadrupolar share. The line
intensities are generally in a poor correlation with the
number of quadrupolar nuclei involved. Measurements at
different magnetic field strengths would help but are im-
practical as a result of unfavorable cog/cuL ratios and severe
line broadening at lo~er fields.

We have found that detailed knowledge of the excitation
process of half-integer spins in a powder sample spun at the
magic angle in a constant strong magnetic field can provide
new insights into the problems of high-resolution NMR
spectroscopy of these nuclei. Time development of the spin
states under the joint influence of Zeeman and quadrupole
interactions in a strong resonant transverse radio-frequency
(rf) field provides both the excitation necessary for NMR
spectrum registration and, through a second Fourier
transform, some information about the quadrupolar interac-
tion tensor components.

Consider a quadrupolar nucleus in a strong static magnet-
ic field B„subjected to quadrupole interaction such that

l~z I &&~g I

and to a strong resonant transverse rf field with an ampli-
tude 2yB„t- ——2&v„f. Under the conditions of MAS-NMR and,
if needed, high power dipolar decoupling, we can ignore all
other intereactions and use only the secular part of the
quadrupole interaction Hamiltonian. The time-independent
secular part of the spin Hamiltonian during the rf pulse in
the interaction representation is formed as the average
Hamiltonian over the Larmor period in the zeroth approxi-
mation of the average Hamiltonian theory5:

—(0) —(p)
A p

——Ag +A„r ——cog(3I, —I ) —cu„rI„ (1)

where the magnitude of the quadrupolar term

eg V,ov'2/3

4I(2I —1)A'

is a function of the electric-field-gradient (EFG) tensor with
1

the principal values p20= 3/2eq and p2+2= 2 eqq
The interaction tensor components

V2J = gD, '(co, r, arccosdl/3, 0) gD'„, (a, p, y) p
r

m

are expressed through the Wigner rotation matrices D~&'
containing two sets of Eulerian angles that define the orien-
tation of 8, relative to the spinner frame rotating with rate
co, /27r (Hz), at the magic angle 54'44' to the applied static
magnetic field, and the orientation of the spinner frame
with respect to the principal axes system of the EFG tensor
in any single crystal in the powder sample. The actual
values of co~ vary widely with the orientation of crystals
during sample spinning. If co„f &( cog, then only the central
( — ——) transition can be excited by the rf pulse and the

2 2

corresponding Rabi frequency is (I +
2 )c0,r. In the oppo-

site case cv„f &) coo, all spin states develop coherence, and
the total transverse magnetization oscillates at cu„f during the
rf pulse (see Fig. 1). The experimentally more realistic in-
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« 1, then the central transition signal intensity is pro-
portional to l & —, II»I ——, &I'b@, but independent of the mag-
nitude of cog. It can be readily proven that the formulas (5)
and (6) lead, in the case of extremely large and infinitely
small quadrupole interaction constants, to results consistent
with the transverse magnetization oscillation frequencies
(I +

~ )co„r and a&,r, respectively. All intermediate oscillation
frequencies are also possible, but higher frequencies have
very low intensities.

The central transition NMR frequency can be calculated
by forming an effective Hamiltonian

The fictitious spin operators I~ and I~ correspond to the
central ( —~ ——) transitions and

2 2

I»= J3(I»" +I»'4) +21„" forI =
z

I = J5(I' +I» ) +2J2(I +I ) +31» for I =—

It is immediately apparent that if the rf flip angle is small,
I

ff
—(0) i CVL~2~"C~""=Pq — J dt J [~q(t),Pq(t')]dt' (7)4~ 0

as the average Hamiltonian over the Larmor period in the
first approximation of the average Hamiltonian theory. The
strong radio-frequency field is turned off during registration
of the free-induction decay, and the nondiagonal matrix ele-
ments caused by the full quadrupole Hamiltonian

= (0)
0 +

4I(2 1
~ ~ V2t(I-Ii+I, I-)e + V2 ](I+I,+I,I+)e '"L + V2,I' e '"L'+

V, ,I2 e+""L'j4I 2I —1j

can no longer be ignored. However, for most half-integer~ff .spins in strong magnetic fields cuL ~ 10eog, and ~ is diag-
onal in the basis of Zeeman Hamiltonian eigenfunctions to a
precision better than that provided by the first approxima-
tion of the average Hamiltonian theory. ' All the nondiago-
nal matrix elements are either zero or egV2, /fcoL times
smaller than differences between the respective diagonal
elements for all possible single-crystal orientations in the
powder sample.

Sample spinning provides slow (cu„« cuL) parametric
modulation of the orientation-defining angles (y+cu„t) in
the expression for the interaction tensor components V2J,
and the registered line shape J(co) can be derived as the
sum of line intensities corresponding to any particular range
of the P '"" central transition frequencies cu(n, p), averaged
over the rotation period ~, '. ' These line shapes can best
be calculated according to Haeberlen from an integral equa-
tion where the line intensity between arbitrary frequency
limits ~„~b is equaled to the statistically expected number
of nuclei resonating between these limits, weighted by their
orientation-dependent excitation efficiency Jt(P, @) calculat-
ed from Eqs. (5) and (6). For the line intensity in arbitrary
units,

J(QJ) dQ) =
oP & o)(a, P) (cob

do. sinP dP „Jt($,@)dy

This is true as long as the spinner frequency exceeds the
total spread of the averaged resonance frequencies o&(n, p).

If the excitation pulse is strong (cu„r)) cu„) but short
(@« 1), then Jt(@,@) is independent of the orientation
angles, excitation of the central transition is uniform all
over the powder sample, and the corresponding MAS-NMR
signal is directly proportional to the number of resonating
nuclei. In the limit of short radio-frequency pulses this sig-

nal is exactly 4I(I +1)/3(I + —) times weaker than that in
the otherwise identical $=0 case, where all the transitions
are coherently excited and registered.

"Na MAS-NMR spectra of 1:10 molar ratio mixture of
solid polycrystalline NaC1 and NaNO2, registered with a very
short (t~=2 ps) strong rf excitation pulse, are shown in
Fig. 1. The Na quadrupolar interaction is very small in
NaCI (e qg/h « co, ), no rotation sidebands are formed,
and the line shows its true intensity and a regular inversion
behavior due to the practically uniform excitation of all
transitions. In the case of larger quadrupole interactions as
in solid NaN02 (e'qg/h =1.1 MHz » cu, /27r; q =0.1),9
part of the line intensity coming from other than the central
transitions is smeared into innumerable sidebands of very
low intensity, and the registered centerband intensity is —,

times smaller than that expected from the mole ratio, but
the line shape is undistorted and readily interpretable.

Evaluation of the central transition excitation function
Jt(g, P) in case of long excitation pulses by means of a re-
current expansion becomes impractical, and we performed
numerical diagonalization of ~p. Differences of eigenvalues
of the diagonalized Hamiltonian introduce complicated time
dependence into the excitation function at frequencies
dependent on first-order quadrupolar shifts of all transitions
due to mixing of the original eigenfunctions by the rf pulse.
If the rf pulses are still short compared with a MAS period,
changes in orientation of the sample during the excitation
period can be neglected and the corresponding Hamiltonian
regarded as stationary.

For rf pulses up to 9-p,s duration, numerically calculated
changes in the line shape J(cu), assuming a stationary Ham-
iltonian, agree well with the experimental spectra of the

transition of 55Mn in polycrystalline KMn04 (Fig.
2). These line shapes are related to the results of Polak,
Highe, and Vaughan, " who studied Na spectra of a single
crystal of sodium p-alumina, where the correlation of first-
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FIG. 2. The upper row shows results of a numerical calculation for e qo/h = 1.6 MHz, q =0 (Ref. 10), ~,f/2m =48 kHz; the lower row
5

displayes experimental 49.5-MHz MAS-NMR spectra of Mn (I = —} in polycrystalline KMn04. All experimental spectra were registered
on a Bruker Physik CXP-200 spectrometer at 4.7 T.

and second-order quadrupolar shifts was achieved by means
of an additional rf pulse of different frequency. This
preparatory pulse affected primarily a —, 2

transition, and

the effect was detected on the central transition due to a
common energy level.

Frequency components of the excitation function can be
registered by performing a second Fourier transformation
over a series of spectra registered with various spin-state
development times tp, increasing the rf pulse length by con-
stant increments. This results in representation of the spec-
tra along two frequency axes (see the lower part of Fig. 1).
In NaC1 the excitation proceeds nearly exclusively at
cu„r/27r =55 kHz (F~ axis) with a very small 2'„r component
due to crystal imperfections and possibly strain during sam-

pie spinning; whereas in NaNO2 the excitation spectrum is
more complicated, but, due to the relatively large cog, is
concentrated on (I + —)a&„r/27r =110 kHz. This informa-

tion is quite separate from the chemical shift information
displayed along the F2 axis. It is obvious that such excita-
tion pulse-length dependences, leading to a new kind of
two-dimensional (2D) Fourier-transformed high-resolution
NMR spectroscopy in solids, can be used for the evaluation
of quadrupolar interaction parameters even in cases where
only the powder pattern centers of gravity with no line
structure can be measured, thus providing a universal
means for correcting the apparent isotropic shielding values
and line intensity of quadrupolar nuclei with half-integer
splns.
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