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Optimal conditions were calculated for excitation and detection
of the five-quantum coherence of quadrupolar nuclei with | = g in
single crystals, observed by the two-pulse sequence (0,), — 7, —
(0,), — 7, Where a is the phase cycling angle. Variations in the
pulse lengths, the relative values of the nutation frequency w, =
vB,, and the quadrupolar frequency wg as well as in the resonance
offset were taken into account. In addition, the effect of the pulse
length on the intensity of spectral lines was considered. Theoret-
ical results were compared with experiments on 2’Al nuclei in an
AlLO; single crystal. © 1998 Academic Press
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theless, this method suffers from the same disadvantage
other multiquantum experiments: the multiquantum excita
tion and the subsequent conversion to the single-quantu
(1Q) coherence become less efficient when the quadrupo
coupling increasesi@, 14.

Here we concentrate on nuclei with the spin= g
although some computations are also done for s%)iésand
g. The efficiency of the excitation and conversion of tHe 2
multiquantum coherence is studied for a single crystal. Thit
maximal order of coherence is chosen because it demoi

crystal. strates most clearly the effect of the offset and chemica

shift. Besides, there is only one such transition while for
example the three-quantum (3Q) cohererde— +3, which

is also unshifted by the first order quadrupole correction
might be disturbed by others 3Q coherences. Both the e»

Tdhe.firit obzervation of multiquantumh coherggci Wétation and conversion are accomplished by one rectangul:
made in 1959 by a continuous wave methdil With the RF pulse each. Thus our pulse sequence consists of tw
development of computer technology new methods, for e

: : . Iﬁiflses with the phase of the second pulse incremented
ample Fourier transform spectroscopy and two-dimensio

. Heps of 30° (in the case of the five quantum (5Q) coherenc
NMR, were introducedZ). These opened new prospects for b 5 ( . q (5Q)
. . . .—of I = = nuclei). The coherence transfer pathway could
the observation of the multiquantum coherences via various 2 ) )
. ve been selected also by pulsed field gradients but th
coherence transfer methods. Although a substantial percen

o method suffers still from a rather low sensitivitR(-24.
age of recent publications concentrate on the developm%p timal oulse lenath d ratias/ — B d
and application of these methods on liquids, there is a fa rptr']ma pudse elng fs and raties, wa (wld_f Y tlhan “Q
amount of interest also in liquid crystals and solids. fp the quadrupolar re_quenc_y)_ are found for the maxima
citation and conversion efficiency. The efficiency is com-

particular, plenty of experimental wgrk has been done ared with that of a weak RF irradiation at the exact reso
quadrupolar nuclei withl = 1 and; (3—-8). When the P

maximum order (B coherence or any of the coherencegance‘f’o = yB,. Also the influence of the resonancg offset
—m < +mis excited, the first order correction due to théS Studied. Amoureuxt al. (14) have recently made similar
quadrupole coupling does not cause any broadening. Hoflculations. _ _ _
ever the second order correction broadens even these coheRecause of the relatively high value of thg/wq required
ences in powder samples. The broadening can be averaffddobserving a sufficiently strong signal from the 5Q coher-
out by different sample rotation techniques, for exampl&€nce, a sample with a lowg was chosen. We used a single
dynamic angle spinning (DAS) or double rotation (DORSrystal of ALO, in our experiments. It has the maximuiAl
(9-11). guadrupolar frequency equal to 179.5 ki25); By calculating
Recently a new method for high-resolution experiments frourier transforms of the acquired induction-decay-like signal
quadrupolar solids was introduced by combining multiqua@fter the phase-incremented two-pulse sequences and by gr:
tum coherence methods with magic angle sample rotatioally changing the evolution time between the pulses it wa
(12, 13. Such experiments are now possible with normaglossible to obtain information about the 5Q coherence and te
NMR spectrometers and MAS accessoriéd £20. Never- our computations.
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6 —5jp ———————— single-transition operatots” (8 = x, v,z i,j = 1, 2, .. .,6),
5 _3 @g+4wg introduced by Wokaun and Ernse@) and Vega 27). The
HamiltonianH, can then be written as
a) 4 —1/2 0y +2mg
w, =vB N—
° — 1 N H, = (5Aw + 200wo/3)11° + (3Aw — 4we/3)11Y
2 e 32 e 020 r Qf9)1z /o)l
1 5jp 40 + (Ao — 16wo/3)I + (—Aw — 16wo/3)I1H?
Hg =0 Ho# 0 + (—300 — 4wg/3)13?
tom — 5oy [(I8? + 189)cosa + (112 + 119)sin a ]
— #52—< 540 _
40 = V8w [(IP + If®)cosa + (I + 1{™)sin a]
Q
b) +3/2 — _ (39) (34) i
200 179 it)m 3wy[I7Ycosa + I7?sina]. [4]
Aw=0 Aw #0 Initially the system is assumed to be at thermal equilibrium

The corresponding density matrix, without the temperature

. 5 P
FIG. 1. Energy levels and resonance frequencie$ ef 5 nuclei in (a) independent constant term, can be written

laboratory and (b) rotating frames.

po=Dbl,=Db(5IF% + 3179 + 114 — 189 = 3112) 5]
THEORY
. o ) 5 . L with b = wy/[(2] + 1)KT]. In order to calculate the effect
We consider nuclei with the spih = > in a solid, in- : ; .
. ! - 2 v of a single rectangular pulse on the spin system it is nece:
teracting with the external static magnetic fidg and with sary to diagonalize the Hamiltonian [4]. This can be done
the electric field gradient at the nuclear site. The homg; replacing the single-transition operators ahd by

nuclear dipolar interactions and the second order quagi~ g matrices and by finding the matrik which diago-
rupolar interactions are not taken into account. The energyizesH
. r

levels in the laboratory and rotating frames are shown in
Fig. 1.

In the coordinate frame rotatin Hi=THT. [6]
g at the spectrometer
frequencyw, the Hamiltonian without the multiplief be-
comes Actually the T matrix is constructed from the eigenvec-
tors of H,. The density matrixp, has to be transformed
Ho = Awl, + (wo/3)[312— 12]. [1] simultaneouslyph = T p,T. BecauseH! does not depend
on time the evolution ofp(t)' is obtained from the ex-
Herel, and| are spin operatorfyw = o, — wy = w, — yB, Pression
is the resonance offset, and
t_— : t t I t
wo = (3 co$6 — 1 + m sirf cos 2p)3e*qQ/80k.  [2] p(U) = exp< R tHr)p°eXp<ﬁtHf> ' [7]

In Eq. [2], €qQ is the quadrupolar coupling constantjs the There are five linearly independenf¥ operators in
asymmetry parameter, arfdand ¢ are the polar angles &, H!. However, because the commutatdg”[, 100 109]
in the principal axes frame of the quadrupole coupling. Whemnishes fop = x or y and because the operators belong-
an RF field at the frequenay, is applied, Eq. [1] is replaced jhg to the same transition obey the cyclic commutation

by the Hamiltonian relations [, 180] = i1 it is reasonable to express
H! in terms of cyclically commuting operators including
H = Aol,+ wo[312—1(1 + 1)]/3 linearly dependent{®. For example when one considers

3] the effect of the diagonalized HamiltoniaH! on the
term 159 in the transformed density matrix, the Hamil-

Here« determines the phase of the RF field and it is the angﬁ%man

which is incremented in phase cycling. 2 - » s .
. . t
The effect ofH, can be worked out more easily by using the ~ Hi = €127 + cisl;” + ciul” + cisl, ™ + ¢l

— wy(lxcosa + I sina).
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of 180°. The phase of the first pulse was kept unchanged. Thi
a total of 12 phase-cycled sequences were needed to select
5Q coherence from the various coherences between the puls
This procedure automatically restricts the change of the cohe
ence order during the second pulse+t6, or from the coher-
ence=5 to the coherence 1. Moreover, when we set the RF
pulse on the center of the spectrum, theomponent of the
acquired signal vanishes, which allows for easy tuning of the
phase of the receiver.

The algorithm described above and the “Maple” program-
ming package were employed in order to calculate the respon:
of the system on the two-pulse sequences with the describe

L ] 1 | ! L i

phase cycling as functions of the pulse lengths, the aflog
-150 -100  -50 0 50 100 150 and the resonance offset.

Frequency (kHz)

FIG. 2. 27Al spectrum in an AJO; single crystal withvg = 15.7 kHz, EXPERIMENTAL
measured at, = 52.1 MHz. . . .

Experiments were carried out by using the Bruker MSL 30C
pulsed NMR spectrometer, operated at tHAl resonance

is rewritten as frequency 52.1 MHz at room temperature. The@y single

t z 112 . 14 crystal was oriented relative tB, in such a way that the
Hi = 157 + ci5l57 + ci,ly splitting between the neighboring lines in the five-line spec:
1 LS L 1 trum was equal to &, = 2(1)Q/2’7T = 31.4 kHz (Fig. 2). This
+§(015+Cle)(|z +137)

corresponds to the value ak, in Eq. [2] equal to 98.6X 10°
rad/s. The RF field was calibrated by the proton NMR signa
i, 2 \156 from a rubber sample, measured at the same resonance f
+ 2 (i — Cis) 127 [8] guency but at a lower field. An independent calibration wa:s

obtained from thé”Al signal after orienting the A, crystal
Here the coefficientss;; are equal to the diagonal matrixin such a way that all the lines collapsed into a single one. Th

elements 1Y), Sincel® and 1% + 128 commute, only the results of these two methods agreed quite well with each othe
last term of Eq. [8] is relevant and we obtain The spin—lattice relaxation tim&, was observed to be 130 s

for all lines. Unfortunately, because of the long relaxation time

t and low signal/noise ratio an acquisition timé ® h was
exp(=itH!) I exp(itH!) = If‘”co{(cie — Ci) } needed to determine one experimental point.

. t RESULTS AND DISCUSSION
+ I<y56)sm[(ci6 — C%) 2] . [9]

We used the algorithm explained above to calculate thi
After a similar procedure is completed for all the termsplgf variation of the amplitude of the 5Q coherence, excited by on
the entire density matrix has to be transformed back into the
rotating frame by the inverse transformatip(t) = Tp'(t)T ~*.

% 5
Then the evolution during the time between the pulses is P
calculated. This corresponds to a simple rotation around the g 4 ‘
axes in the 15 subspaces{?, I, 18} with the angular <3
frequenciesoy, = (Hg)i — (Ho)w The evolution of the density % 5 ’,““‘\i\\\\"/’ l ‘“H
matrix during the second pulse is solved by repeating the steps ] '»\‘ \\\ i “\\ﬁ ‘
[6]-[9]. This method can in principle be applied to calculate 3 1 /,//’/ \’ﬂ\\\\ \\\\ “}\k .
the response of the system consisting of any finite number of @ g g’% %\\\\\@“\\ e A
energy levels after a finite number of pulses. 8 éﬂ@\\i‘ f 6 N
In order to transform the 5Q coherence into an observable @ 2o w@
single-quantum coherence we applied the second paise ( @ 0™ 0 o

Th? phase of this pulsey, was incremented in steps of '3001 FIG. 3. Amplitude of the FQ coherence after one resonant pulse as
while the reference phase was simultaneously changed in stepsations ofw/wg and w;t
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5 4 : . . 1 . obtained the same result with the coefficid@}, equal to
0.013. The smalks,, value and the requiremeni;/og < 1
. mean that very long irradiation times are needed to mak
yBﬁ“tpl = @/2. Quite easilyt,; becomes longer than the
. relaxation time.
Such a behavior is even more pronounced with nuclei havin
. larger| values. According to our calculations the coefficieits
areky, = 1.52x 10" *andky, = 8.72x 10 . The correspond-
. ing ef;fectivg: fields are thek, (wi/wd) and kg,?(wi@g) for the
spins; andz, respectively. Therefore a weak irradiation is not as
. effective as one hard pulse in exciting the 5Q coherence althou
the maximum amplitude of Eq. [10] fdr = g is 20% larger
than the maximum in Fig. 3 corresponding det,; = 8.0 and
wylog = 2.0. A similar picture is obtained for spifss, and>.
L1 (us) However, the value ofv,/wg corresponding to the maximum
FIG. 4. Amplitude of the?’Al FQ coherence after one pulse vergysin excitation efficiency of the I209herence; increases .Withand is
an AL,0, single crystal, observed after phase-cycled two-pulse sequepges 1.4, 3.4, and 4.8 for the mentioned spins, respectively.
= 14 us, osty, = 2.6, 7 = 10 s, wef2m = 15.7 kHz, andw,/wg = 2.0 for The amount of the 5Q coherence transformed into the ok
both pulses. servable 1Q coherence depends, obviously, on the length of tl
second pulse. Therefore it is necessary to find also the optim
length for the second pulse while keeping the first pulse opti
rectangular pulse at the frequengy= yBy/2m, with w t,; and  mized as explained above. Our calculations on the efficiency
wi/wg. The results are shown in Fig. 3, where the variabi@e coherence transfer from the highest order to 1Q show, |
w,t,; is restricted to 10 corresponding roughly to the highgst Bigreement with previous studiek3( 26, thatw, should be as
field and the longest pulse which could safely be used. Thgjh as possible for the maximum efficiency. However, in our
maximum is achieved whe#,/wg = 2.0 andw,t,; = 8.0. To  experiment both pulses had the saByefield, because it was
compare the intensities shown in Fig. 3 with experiments, Wose to the highest possible value for the “fifth” channel of
used the two-pulse sequendg)( — 1, — (6), — 7o, Where our spectrometer. Figure 5 represents the amplitude of the 1
the phase-cycled second pulse transforms the 5Q coheregig@al, proportional to the 5Q coherence between the pulse
into the observable 1Q coherence. Fourier transforms of thger the second pulse as a functiortgfwhenw,t,, = 8.0 and
acquired signals were calculated relativerjoand the ampli- o, /w, = 2.0 for both pulses. The 1Q coherence amplitude als
tude of the central line of the spectrum was taken as t@gntains the effect of the satellites. In this sense our results |
measure of the 5Q coherence. Fig. 5 differ from those of Amoureugt al. (14), who consid-

Figure 4 shows the variation of th€Al 5Q coherence ered only the transfer to the central transitied) <> +3. The
amplitude with the pulse lengtt,, in the single crystal of

Al O, oriented as explained above, at room temperature. The
ratio w,/wg was equal to 2.0 for both the pulses, while the 5 . ; ; J . .

i
T

w
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length of the second pulse was chosen to fuilift,, = 2.6.
The continuous curve represents the cross section of Fig. 3for __ 4| -
w,/wg = 2.0. The agreement between theory and experiment is %
fair. Our results agree also with the calculations of Amoureux ;’ 3k .
et al. (14). 3
It is also possible to excite multiquantum coherences by a § 2+ -
weak irradiation. For the amplitude of tlyecomponent of the 2
5Q coherencelg Yatsiv (1) derived the expression § 1+ =
o
Cls(tp1) = 5b sinksp(w1/wg)* @ity ] [10] or ]
provided the nucleil(= g’) are originally at thermal equilibrium (') 1'0 210 3'0 4[0 510 60

andw,/og < 1. Heret,, is the duration of the irradiation and

ks, is @ numerical factor. The terka,(w3/wg) can be consid-
. . f-f . .

ered as an effective RF f|e:B§ multiplied by v. V\_/e CE'“C'U' FIG.5. FQ signal amplitude of’Al in Al ;05 versust,,. t,; = 40 us, w;ty,

lated the response of the spin system to such an irradiation anelo, =, = 10 ps, wy/2m = 15.7 kHz, andw,/wg, = 2.0 for both pulses.

too (us)
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FIG. 6. Evolution of the FQ coherence during at the resonance offset FIG. 7. FQ coherence spectrum calculated from the data of Fig. 6.
3.37 kHz.wgf2m = 15.7 kHz,w)/wg = 2.0, wyt,; = 8.0, andwyt,, = 2.6.

sequences, whea,t,; = 8.0, wtp, = 2.6, andw,/wg = 2.0.
first maximum in Fig. 5 is obtained whest,, = 2.6. The The second pulse causes an additional attenuation of tf

experimental points were obtained with the,@} single crys- Smaller maxima neadw/wg = *0.8, as can be seen by
tal, oriented as explained above. Deviations of the experimé&g@mparing the dashed and the dotted curves.
tal data from the theoretical calculations originate mainly from Finally we studied the effect of the pulse length on the
the rather wide 1Q lines in the spectrum (Fig. 2) and from tHgtensity of the spectral lines after one RF pulse at the resc
second order quadrupolar correction which were not includ8@nce frequencyBy/27 for certain constant values af/wq.
in the calculations. The second order correction does rlBtFigs. 9a—9c we represent the variation of the intensity rati
broaden the Pmultiquantum coherence in single crystals but i8 = |/ls @s a function ofugt, for w,/wg = 0.1, w/wg = 0.2,
has some effect on the evolution frequency. andw,/wq = 0.5, respectively. The quantiti¢sand|, are the
The evolution of the 5Q coherence during the timebe- INtensities of the central and all the satellite lines. According tc
tween the pulses was studied next. The optimum conditiofi§ linear response theory the satellite lines in the spectrul
were chosen fow,/wg and the pulse lengths. The spectrometéhould vanish completely whengt, = ko (k = 1, 2,3,.. ).
frequency was shifted by 3.38 kHz relative 48,/27. The For such pulse lengths the intensity ratio should grow very
acquired signals after the two-pulse sequences were Foul@ge. Which behavior is qualitatively observed fof/wg =
transformed relative tor,. The obtained amplitudes of the
central resonance are shown in Fig. 6. When the Fourier
transform of the experimental points of Fig. 6 was calculated
relative tor;, the 5Q coherence spectrum of Fig. 7 was ob- 4

tained. The spectral line occurs at about 16.5 kHz, or five times
the resonance offset. The spectrum is in principle just a cross sl i
section of the two-dimensional spectrum parallel todh@xis.

It is interesting to consider the effect of the chemical shift, or oL B

equivalently of the heteronuclear dipolar interaction, on the
excitation and detection of the 5Q coherence. This can be
studied by introducing an offséiw for the RF irradiation. Our
calculations show that the 5Q coherence excited by one RF 0 TN ]
pulse varies withAw/wq, as described by the dashed curve in
Fig. 8, whenw,t,; = 8.0 andw,/wg = 2.0. The coherence ' ' ' ' :
amplitude decreases quite fast with the increasing offset. How- -5 -0 05 00 05 10 15

ever, if we use a shorter pulse corresponding to the lower 5Q Aolog

COherenCe maximum ab,t,, = 3.1 in Figs. 3 and 4.’ th.e IG. 8. Calculated variation of the FQ coherence amplitude versus the
decrease is mUCh. Slower’ as shown by the solid curve I_n Flg‘r onance offsefw during one RF pulse (dashed and solid curves with;
The dotted curve in Fig. 8 represents the calculated variation-0 o and 3.1, respectively) and during the two-pulse sequence (dotted cur
the 5Q coherence withw/wq, after phase-cycled two-pulsewith w,t,; = 8.0 andaw,t,, = 2.6) for v,/ = 2.

FQ coherence (arb.units)
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' ‘ ' ‘ ‘ : kHz, multiquantum line widths similar to those of the single
82 ] crystal absorption spectrum can be obtained even in polycry:
6l i talline samples without spinning. For larger quadrupole cou
plings when the second order correction dominates the lin
4 . width, some sample spinning technique is unavoidable.
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