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Two-dimensional nutation pure NQR experiments on °Cl The Hamiltonian in the nutation period is given by

have been carried out on a single crystal of NaClO,. The 2D

nutation experiment separates out different orientations of

each chemically equivalent site in a unit cell as a separate H=Hq+ Hy. (1]
frequency in the o, domain. The squares of the observed fre-
quencies lie on a straight line with respect to the squares of the
offsets, confirming the expected offset dependence quantita-
tively. The intercepts at zero offset yield the relative orienta-
tions of the efg tensors with respect to the axis of the radiofre- equ

i i mn
uency coil. © 1998 Academic Press — 2 _ (12 2
quency Ho 4|(2|—1)[3'Z |(|+1)+2(|++|)] 2]

Hg is the Hamiltonian in the absence of rf given o)

INTRODUCTION whereeq = 92V/0Z* is the electric field gradient is the
guadrupole moment, is the nuclear spiny is the asymmetry

Recently two-dimensional nutation nuclear quadrupolar reR@rameter, ané is given by
onance (NQR) experiments have been described in which the

two-dimensional time-domain sign&(t,, t,) is detected dur- H, = —yH,coswt
ing the free induction decay (FID) for timg, for varying
radiofrequency (rf) pulse widtht (1, 2). These experiments X [l,sin6cosd + I,sin@sin ¢ + 1,cos6],  [3]

have the advantage that the nutation frequencies of chemically

equivalent but physically inequivalent (identical electric field

gradient (efg) tensors being oriented in different directiongyhereyH; is the amplitude of the riw is its frequency, ana,
sites are different, leading to a resolution and identification dfare the angles the rf field makes with the principal axis of th
such sites. The off-resonance effects in such experiments h&lg tensor.
also recently been describe8Hy). Most of these experiments

were carried out on powder samples leading to broad two-
dimensional contours. These broad contours were compared

with simulated contours, qualitatively confirming the offset

dependence3(5). This paper describes experiments carried The pulse sequence used for the two-dimensional nutatic

out on a single crystal, leading to quantitative comparison wifif'® NtQ: s.pe(itr:oscoplytlis glveqd;n I':I'IE 1da.tHet_re the r.f field i
theory. These experiments confirm the offset dependence Qﬁ?js?nt l;rmg l\? e;o u |?r]['per.| %h i etec |ofn F?”lzdz Th
opens the way to obtaining detailed information on vario nsists of pure NQR evolution in the absence of rf fields.

chemically equivalent but physically inequivalent sites in g/o-dqnen_smnal s_lgnal In the experiment, after phase-sensiti
crystal. etection, is obtained ag,(5, 10

The experiments have been carried out using a single crystal
of NaClQ;,. The pure NQR of°Cl is observed at 29.92 MHz

THEORY

WR . .
and is an extremely well-studied resonan6e9). S(ty, tp) = a R0, $)[sin 2Atsin(Awt, + ¢)
) 1To whpm correspondence should be addressed. E-mail: aniinmr@physics. _ Aﬁ (1 - cos Ztl)COS(Awtz + 1,[1)], [4]
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FIG. 1. (a) The pulse sequence for the 2D nutation NQR spectroscopy. (b) Absolute intensity contour plot of the 2D nutation NQR spectrum, obtain
the pulse sequence of (a). The rf offset in this experiment was 2.0 kHz. (c) A cross section from the 2D nutation NQR spectrum of (b) takenpasdllel 1
w, = —2 kHz.

where and w, for spinl = 3is

2 2\ 1/2
Aw =0 — v [5] w0=qu(1+n> . [10]

2h 3
wr = yH; (6]
It may be pointed out that Eq. [4] differs from earlier results

— ArZ i A2
20 = yam'+ Aw [7] (3, 4), which used the original calculation of the NQR signal by
RO Pratt et al. (10). Recently Mackowaik and Katowski5)
WR ( ’ (l)) . .
m = ABrE [8] pointed out that Pratt al. calculated the expectation values of
A n operatorg(l o) in the laboratory frame, but with the expansion
RO, ) = [41*c0L0 + Sinto coefficients in the rotating frame, resulting in an error of the

factor of exp((w; — w)ty,) in the signal, wherg,, is the pulse
X (9+ m*+ 6ncos 2p)]¥?  [9] width and @; — ;) is the resonance frequency. This cause



Aw. The 2D experiments were carried out for 11 different offsets. The four
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a 0 component att2{ whose amplitude is not dependent Ap.
All these components have mixed phase (for arbitggrin the
w, domain and occur ab, = —Aw.
500 From Eq. [7], the square of the nutation frequency indhe

domain can be written as

400f X
(20)? = 4m? + (Aw)? [11]

300 and a plot of (2)? versus Aw)? yields a straight line of slope
unity and intercept given byrd®. This intercept depends ah
¢, and n. However, forn = 0, it depends only or® and is
given by

200

(Nutation Frequency)? (kHz)2

\

100 4n? = 2 wisir?e. [12]

50 100 150
(Offset Frequency)? (kHz)2 In single crystals, such intercepts yield relative orientations c
chemically equivalent tensors.

o

600
EXPERIMENT

500 b
Two-dimensional nutation NQR experiments were carrie

out using an MSL-300 solid-state NMR spectrometer withou
the magnet. A solenoid rf coil, in the place of the stator of
magic angle spinning Bruker probe, was used. For good
300 homogeneity, a small crystal of NaCJQdimension 4X 2 X
2 mm) was placed at the center of a long coil (length 30 mn
200k inner diameter 8 mm having 12 turns) using Teflon spacer
The absolute intensity 2D spectrum for an arbitrary rf field witt
offset Aw) = 2.0 kHz is shown in Fig. 1b. There is a single
frequency in thew, domain and four frequencies in each
quadrant ofw, along with a zero-frequency component. The
50 100 150 amplitude of the zero-frequency component increases with tl
(Offset Frequency)2 (kHz)2 increasing offsets in confirmation with Eq. [4]. The experimen
was repeated for various values of rf offsets, in both th
FIG. 2. (a) Plot of the square of the, frequency versusw?® for positive negative and the positive directions, for a constant rf ampl

400t

{Nutation Frequency)? (kHz)2

100

o

fide. A cross section of the 2D spectrum (Fig. 1b) parallel t

straight lines correspond to four different sites in the unit cell. The data fit the . . .
straight lines having slopes of 1.04, 1.14, 1.18, and 1.24, respectively, fdu taken atw, = —Aw is shown in Fig. 1c. The exact

intercepts of 90.8, 246.8, 290.8, and 363.5 (KH@) Plot of the square of the frequencies of various lines have been obtained from suc

o, frequency versudw? for negativeAw. The 2D experiments were carried cross sections. The square of thﬁfrequencies (@2 is plotted
out for 7 different offsets. The four straight lines again correspond to four

different sites in the unit cell. The data fit the straight lines having slopes of

0.90, 0.80, 0.81, and 0.79, respectively, for intercepts of 101.2, 278.3, 329.6, TABLE 1

and 410.8 (kHZ) The Ratio of Square Roots of the Intercepts (=m;/m,) of the

(w,)? vs (Aw)? Plots (Figs. 2a and 2b) and the Best Fit sin @,/sin
little error in one-dimensional experiments whefeis small, 0, Values Obtained Using the Crystal Structure Data
but becomes crucial in two-dimensional experiments, where it

is a variable parameter. We have recalculated the time evolu- rf offset
tion of_the_ magnetization acco_rding to Fig. 1a ab initio and the Negative Positive
resultis given in Eq. [4]. Equation [4] is also more general than m /m, m, /m, sin 0, /sin 6,
that given by Mackowaik and Katowskb)

Equation [4] states that in the, dimension, there is a 2 1.66 1.64 1.65
zero-frequency component of amplitud&«(2¢), an absorp- Z ;-g; %3 ;-gg

tive component at-2{ of amplitude Aw/2{), and a dispersive
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versus Aw)? in Fig. 2a for positiveAw and in Fig. 2b for CONCLUSIONS
negativeAw. These plots yield straight lines, confirming the
offset dependence of the nutation frequency as given by EqThe offset dependence of NQR nutation frequencies h:
[4].2 The ordinate of these lines gives the nutation frequenggen studied using a single crystal of Nagléhd the orien-
for Aw = 0, which is related to the strength of the rf field and@tions of the four chemically equivalent quadrupolar tensor
the orientation of the efg tensor with respect to the coil axig€r unit cell have been obtained, for the first time, from suc

The ratios of various intercepts yieldg?(6;, ¢;)/%?(6;, studies.
¢;), which forn = 0 are sif,/sin’g,. Assumingn = 0, the
square roots of these ratios are given in Table 1 for positive and ACKNOWLEDGMENT
negative offsets.
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