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Stimulated echo spectroscopy of nonselectively excitable | = 3/2  pe stored on the quadrupolar frequenay experienced by a
nuclei offers new perspectives for the investigation of ultraslow  probe nucleus prior td,. Then, by comparing it with the
motions prgdominantly in inorganic solids and solid-like materi- quadrupolar frequency after the mixing interval, a two-point
als. C_:ondltlor}s for the generation of pure, quadrupole modulgted time-correlation function can be monitored by recording
multlpo_lar spin o_rders and for the detection of two- _and four-tlm_e Jeener—Broekaert echo amplitudes for variahle
correlation functions are discussed. The case of spins | > 3/2 is . . .
also briefly considered. © 2000 Academic Press Since the Wprk c_)f Jaccaret al. (8)’, multipolar ?F"”,orqer,s

Key Words: multipolar spin order: phase cycles; quadrupolar &€ .also exploited in the ;tudy of s_pm-3/2 nuclei in liquid-like
nuclei; stimulated spin echoes. environments. Most applications in this area are concerne
with the detection of sodium ions in partially ordered, biolog-
ically relevant samples. Here one often aims at separating

1. INTRODUCTION fully averaged NMR line typically originating from probe
nuclei in isotropic solutions from a line which exhibits a

A number of multidimensional NMR techniques for theesidual quadrupolar coupling. This separation can be accon
investigation of exchange phenomena in solids and solid-lipdished using multiple quantum (MQ) selection schemes. Thu
materials rely on the application of stimulated echo spectrdse spin states generated duringare typically employed to
copy. Many of these methods involve deuterons or carbonsfdier out unwanted coherence8-11). In liquid-like environ-
nuclear probesl). Apart fromH and**C also®N and*P, i.e., ments Jeener—Broekaert-type experiments are usually carrie
other nuclei with spinl = 1/2 or 1, were employed andout with variable evolution times in order to yield two-dimen-
yielded detailed insights into the dynamics, predominantly sfonal spectra.
organic materials. For NMR studies of inorganic solids it is In contrast, in the present article constant evolution bu
often more convenient to utilize quadrupolar nuclei with-  variable mixing times will be considered. This is because we
1. Techniques for the elucidation sfructural properties of wish to explore to what extent the deuteron (and carbon
solid materials have greatly benefited from fast sample rotatistimulated echo experiments, which for organic materials hav
(2). However,dynamicalaspects, vid > 1 nuclei, are almost been very successful in unraveling the dynamics taking plac
exclusively studied using more conventional approaches sudiring the mixing time, can be adapted to study inorganic
as lineshape analysis and spin-relaxation meth8d4)(This solids using suitable nuclear probes. In the stimulated (1)
holds true in particular for many solids for which the NMRecho spectroscopy of solid-like materials it has recently beel
spectra have to be treated in second-order perturbation thefmynd quite useful to correlate the NMR frequencies for more
(5). For solid materials in which only first-order quadrupolathan two points in timeX2). So far, corresponding experiments
perturbations are relevant, one may apply stimulated echave been carried out for a variety of amorphous substance
techniques for a detection of translational motions directly imsing °H and *C NMR. Here the NMR frequency typically
the ultraslow regime. The first such applications employingflects the orientation of the chemical bonds in which the
spin-3/2 nuclei in solids include a study of thge dynamics in probe nuclei are located. A well-known application is to use,
metallic glasses@) and the investigation of théLi jump e.g., the Jeener—-Broekaert sequence as a low-pass filer (
processes in crystalline ion conductars (n both experiments This is possible because only the magnetization of those nucl
the Jeener—Broekaert echo was recorded as a function of fillewhich the interaction tensors have not reoriented during the
mixing time, t,,. Echo attenuation then arises predominantly ihixing time contributes to the echo significantly. These probe:
the probe nuclei, prior and subsequenttip are subject to consequently belong to “slow” molecules. Thus, the Jeener-
different electrical field gradients (EFGs) and hence quadrBroekaert and related sequences enable one to select sl
polar frequencies. The quadrupolar spin order which is statdlebensembles out of broad distributions of reorientational cor
duringt,, thus serves as a state which allows the information telation times; the latter are a hallmark of glass-forming ma-
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terials (L4). The low-pass filtered components can be invesipolar spin orders (Section 3.3). Carried out as stimulated ech
gated using subsequent multiple-pulse sequences resultingpectroscopy, these techniques enable one to correlate NV
the generation of a four-point correlation function, e.g., ifrequencies at two points in time. The asymptotic echo behav
order to check the efficiency of low-pass filtering. This effiior in overall isotropic samples, useful when details of mo-
ciency in turn can yield information on the intrinsic exponertional processes are in question, is also dealt with (Section 3.2
tiality of the reorientational correlation function$3). Finally, the conditions for the generation of four-time stimu-
By correlating the NMR frequencies at four points in time imated echoes (Section 4.1) as well as specific implementatior
a different manner, a related experimental approach allows arfethis multiple-pulse experiment are discussed (Section 4.2
to unravel the time scale on which an effective slewfast In Section 5 we briefly summarize our findings.
exchange might take place. This enables one to find out how
long it takes for an amorphous material to “forget” low-pass 2 GENERAL CONSIDERATIONS
filtering (15). Often, whether a molecule exhibits an orienta-
tional memory is an issue, i.e., whether it preferentially jumps Let us consider the evolution of the density matrix for spin
back to its initial orientation (after having performed a jump = 3/2 nuclei in nonrotating solids under the action of the
from one orientation to another one). To address this type fat-order quadrupolar Hamiltonian. In the rotating frame it
question, three-point correlation functions or three-dimepeads, in accord with conventions used by several authors, e.(
sional spectra have been found useful in previthisand “C  Refs. (L, 23, 24,
NMR experiments 16, 17. Information about orientational
memories, let alone about effective slow fast exchange
processes, is hardly obtainable directly by any other method. Ho=
In the field of solid electrolytes the question of an analogous \
translational memory, often discussed under the term “corre-
lated back and forth jumps,” plays an important role in pertHere the spherical tensor operator may also be expressed
nent theories, see, e.g., Ref$8(19. Therefore, it would be T,, = 1/V6[31Z — I(I + 1)]. Thequadrupolar frequency is
most useful if multiple time correlation functions could bev, = 38(3 co$6 — 1 — n sin’6 cos 2p) with the polar angle
recorded for nuclei such dki, which play a prominent role in 6 and the azimuthal anglé describing the orientation of the
these materials, e.g., in energy storage devices. The pred&hG tensor at the nuclear site in the usual fashi®n=
article is devoted to investigating the conditions required &qQ/ 24 andn denote the anisotropy and asymmetry param
approach this goal. In any case it is encouraging that in maeters, respectively. Most of our treatment will be in terms of the
relevant cased.i (20) and °Be (3), and under favorable cen standard irreducible spherical tensor operatdrs, (1, 23,
ditions also spin-3/2 probes such &8 (21), exhibit rigid with I, = —1/\V/2(Ty, — T, 5) andl, = i/V2(Ty, + Ty0).
lattice spectra that are not broader than those of deuterofise normalized tensors are given ﬁm = MT,, with A, =
These spectra can thus easily be excited in a nonselectiv®/5, A, = 1/V6, andA, = V2/3 for | = 3/2 (25).
fashion using suitable probe heads and high-power RF transin the following we will deal with hard and nonselective
mitters. radiofrequency (RF) pulses, i.e., both the central transition a
It is pointed out thatLi is a also good probe for the study ofwell as the satellite transitions can be excited. The RF pulse
the dynamics in ion conductor®2?). For this isotope the are characterized by a flip angBeand a phase and will be
dipolar coupling typically dominates the quadrupolar andesignated3,. The theoretical framework for the treatment of
chemical shift interactions. This then calls for the applicatiotme effects of finite pulse lengths is well know?6(-29. But
of magic angle spinning and often, due to the low abundancesifice the gyromagnetic ratios for the nuclei considered here al
°Li, for isotopic enrichment. FofLi and °Be probes in solids at least comparable to those 1, the delta pulse approxima
the quadrupolar coupling is usually by far the strongest. Cotien will usually be well justified.
sequently, for the solid-state stimulated echo experiments menin the present article no interactions other than those give
tioned above@, 7) sample rotation techniques were not fountly Eq. [1] are taken into account. It is pointed out, however,
to be necessary. that Tang and Wu have considered, in addition to the quadru
This article is organized as follows: First, we outline g@olar interaction, an isotropic shift interaction of the fokyg
modular design of pulse sequences for the detection of muki- Awl, (30). Hs is essentially irrelevant for small evolution
ple-time correlation functions using nonselectively excitabkimest,, i.e., providedAw/w, < 1. This condition is fulfilled to
spin-3/2 nuclei in solids (Section 2.1). Then, in Section 2.2 wae high degree for many typical cases (e.g., whb corre-
present a compact notation for the phase cycles adapted togpending to the frequency offset due to an isotropic chemica
present situation. In Section 2.3 we address some problemsliift or due to a Knight shift). If longet, are a concern then
obtaining pure longitudinal states. The specific applicatiomsfocusing by a 180° pulse placed in the middle of an evolutior
then discussed include the well-known Jeener—Broekaert @eriod has turned out to be helpful in some situatidrds 83,
periment (Section 3.1) and its generalizations to higher mulé-g., for cases in which only a small residual (quadrupolar;
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FIG. 1. Modular timing scheme for the generation of multiple time (here:

four-time) correlation functions. A unique quadrupolar modulation with fre- |
is desired dur h module which consists of four pul Bros s (s, )
guencyw; IS desire uring each module which consists of two to four pulses. 2+ 152 2 0 30
Each module is highlighted by a square box. The mixing timgsare also +1F
indicated. The final read-out sequence will usually involve one or two pulses. g 0Or D—
- b
B 2r
- N | 5 3
coupling is present. As a further simplification we will not Q d d d d
consider transverse spin-relaxation. It is pointed out, however, S :g: 2=2 253 392 393
that such effects were already studied for spin-3/2 nuclei _aC‘S b
with yamshmg 8) and nonvanishing 1(1, 3] quadrupolar 3 _?:
couplings. ol c
_3 L
2.1. Coherence Pathways and Coherence Transfer
Amplitudes time

The general timing scheme employed in multidimensional';'G- 2. ISChimatictr:epreseﬂtatipn cra]f @ _p:ulse s?jq?enlce and of partis

: : . . . . erence transter pathways snowin ow INniti and finai , opu
solid-state NMR spectroscopy is depicted _m Fig. 1. Start”fgion states may bepconneé/ted for sin?ple (b) Sglg(nd (c) DQ g;cozjc?inz. One
from a longitudinal statel o, RF pulses (and ifC NMR also the coherence transfer amplitudes. (;) which may be of minor importance is
cross-polarization procedures) are used to generate an alterpatn parentheses.
ing sequence of transverse stat@s,, (desired during the
evolution timest,) and longitudinal ones (desired during the
mixing times t,,). It is then convenient to decompose the entiraccording to the diagram shown in Fig. 2c or, alternatively,
pulse sequence into smaller subunits. The simplest useful ufitg. 3¢. In some cases, to be discussed in Section 2.3, belo\
consist of two (or three) pulses with an evolution time (andihmay be advisable to implement also a TQ filter prior to the
purging time) interleaved and a subsequent mixing time. TRgladrupolar encoding; some examples are depicted in Fig. 4. |
goal of such a procedure is to obtain a modulated, uniqﬂ’@f.‘ following, except for the detection period, we will consider
longitudinal state, i.e., one which carries the information on ttymmetrical coherence pathway diagrams only, since singl
quadrupolar frequency acquired in the prior evolution time. By
combining one or more of those building blocks in conjunction
with a read-out sequence, complex multiple-time modulations
can be generated in a relatively simple manner.

In order to obtain a well-defined succession of quadrupolar
modulations, phase cycling has to be employed. This is to
ensure that after each subunit only the desired coherence path-

way, associated with a unique quadrupolar encoding, is recon- +3
verted back into a longitudinal state or into detectable signal. +$ i s
Polarization statesT(,) as well as triple-quantum coher +0 L

ences (TQCsT;.;) commute with the quadrupolar Hamito
nian, Eq. [1]. Therefore, for the generation of modulated states
during the evolution times in the present context one aims at
selecting a path with eithem = 1 (single quantum, SQ,
modulation) or, if possiblem = 2 (double quantum, DQ,
modulation). Corresponding partial coherence transfer path-

coherence order m
+
A
T

0 .
ways are shown in Figs. 2, 3, and 4. Most simple are those SQ -1
pathways leading to a final quadrupolar state (Fig. 2b). The ‘2:
ones yielding pure octupolar orde€Fg,, require three pulses ’
(Fig. 3a). They involve an intermediate TQC as a purging state time

if one intends a flip-angle-independent elimination Bf FIG. 3. (a) Pulse sequence and (b, c) partial coherence transfer pathwa

(which otherwise would occur together wilh,). Two popu  giagrams for the generation of modulatdd, states with one (final) TQ
lation states with > 1 can be connected via DQ encodingiltration period interleaved.
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andd,_,,, respectively. More precisely they may be defined in
shorthand notation for SQ encoding frohpy — s, T,, and

s2) for DQ encoding fronT ,, — d,_; T . WhenAusing norrpalized
a tensor operators one may analogously wiite— 5, Ty, or
T|0 —> d|*>|'T|'0 and hence§|4>|' = S|4>|')\|/A|' and d|4>|' -
d_AJAp. In Figs. 2 through 4 we show several transfer
+3 s . . . .
oL 3552 b amplitudes al(_)ng with the correspond|ng pathway dlagrams
1+ Dashed quantities (e.g,.,r andd;_,; ) signal that intermediate
_‘1) [ TQCs are involved. The transfer amplitudes shown in bracket
ot in Figs. 2, 3, and 4 are of minor importance, for reasons to b
3 discussed below, but are nevertheless included for illustratiol

purposes.

From the Wigner rotation matrix elements and the quadru
polar modulation factors it is a simple matter to compute
various useful coherence transfer amplitudgs,{, d,_,., etc.).
Corresponding results are given in Table 2 where we als
specify the flip angles which maximize the transfer amplitudes
The corresponding maximum transfer amplitudes, denote
there asT .., are reported in Table 2 as well.

FIG. 4. (a) Pulse sequence and partial coherence transfer pathway diaTo provide an example for these computations let us
g[amSrgsjic;fr:atigu";’ithu::;ara”np(;itz‘:e;jg’iizo(r:‘;?”il':irngi’nthreirfg‘j(;seﬁa :”TdQ(C) consider the DQ modulation coefficient for connecting two
filst:;ti(onqpriorgto thepevolution period may bep ugefl?l Flzor eliminating theql‘laclrupOIar spin-alignment stateb ¢ I’_ = 2). Adding
relaxation induced contamination of the initial octupolar order. The analogotR€ results from the coherence paths with= 2 andm =
DQ diagrams are not shown. —2 one obtainsd,., = [d&(B2)0s(wot)di(B) +

ds_2(B2) 927 (wot)d?,0(B1)]. From the properties of the re

duced Wigner rotation matrix elementd!/.(8), and the
paths are usually associated with smaller coherence trangfgéfficients given in Table 1 this yieldsd,., =
amplitudes. 2d5:(B2) 9z wot)d2o(B1) = 7 sin’Bisin’B,cos(qt). The flip

The coherence transfer amplitudes arising from the interagnglesg which maximize this transfer amplitude are evident
tions considered here are well known: (i) The transfer inducegm this expression.
by the RF pulses can conveniently be described by the WigneiDuring t, the transverse states for< 1 nuclei are modu
rotation matrix. General expressions and tabulated values|gkd solely by singot,) or by cosft,) factors, see, e.g., Ref.
the corresponding matrix elements are given in many placegs). As Table 1 (and 2) shows, for spin-3/2 nuclei three
e.g., Refs. I, 24, 32. (ii) The evolution under the first-order additional coefficients show up. These alléf(wot) o« 3
quadrupolar interaction can be written using the arrow notati@as@qt) + 2 = 3[3 expliwot) + 4 exp(0)+ 3 exp(—iwgt)],
(25,33 as g (wet) = coset) — 1 = i[expwot) — 2 exp(0) +
exp(—iwgt)], and gi3(wet) =« 2 cospet) + 3. The former

coherence order m

time

Hot
Tin——— g{7 (o) Tim. [2] TABLE 1
Quadrupolar Modulation Factors, g{’(cot), as Defined
in Eq. [2] for m = +1 (Top) and m = +2 (Bottom)

The quadrupolar precession functiay(§ (wet) (with |m| < |
and!’) corresponding to this unitary transformation have als®i'(@ot) =1 =2 =3
been presented by numerous authors in various forrqs: 1
(8,9, 11, 23, 25, 26, 30, 31, 33, B840r convenience, in Table I =
1 we reproduce the SQ and DQ modulation factors (in thF, _3
absence of relaxation effects) as the symmetric matgtes
and g“"?. Further matrices may be generated via the relation 9 (wt) | =2 | =3
95" (wet) = (—1)"gf " (wet)].
The coherence transfer pathways depicted in Figs. 2, 3, and !
4 involve a succession of transfer steps. From these the coher- I

ence transfer amplitudes for paths connecting two IongltUdma‘\lote.These quadrupolar modulation factors show up along the paths con

states may be computed. For SQ and DQ encoding we Willeting an initial state of rank via m quantum encoding to a final rank
denote the composite coherence transfer amplitudes_as coherence.

L1[3 coset) + 2] —i V2sin(wot) V6/5[coswet) — 1]
—i VZsin(wot) Cosot) —i VZsin(wot)
VB/5 [coset) — 1] —i VEZsin(wet) £[2 cos@ot) + 3]

2 COS(ot) =i sin(wgt)
3 —i sin(wgt) cos(qt)
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TABLE 2
Path Coherence transfer amplitude B B Bs T max Pulse sequence o= (—-1)%K-=
Si.2  — 3VEsin Bisin 28.sin(wet,) 90° 45° — —1VEsin(woty) (Xia1o=to=Yiz.2m) ka 32 Kot + Koo
Siis  — 2 VEsin BsinB.sin’Bssint(wet,/2) 90° 90° 90° —3VEsin(woty2) ((Xipir—tiYizomkoams—teXizsm)kasmz Kox + Kog + K
Szo1 -3 \/% sin 28;sin B;sin(wqt,) 45° gz — -3 \/g Sin(wety) (Xiz 17 tp=Yiz,2m) ks 312 —
Sy, — 3sin 28,5in 28,C0Sqt,) 45°  45° —  —3cosfqty) (Xig 17—t =Xk ) ka 32 Koy + Koo
Shos  + V158 sin 2B,5in?B,sin*Bssin(wot,) 45°  90° 90° +V158sin(oty)  ((Xpirte—Xizom)koams—tsYioan)kasmz Kox + Kos + Kea
Soger £ VEsiN 2858in(wot) 450 — —  #Visin(wot) Xiz.1-—t—acquisition Kz
Sho  + 9V5E/64 sifBsin’B.sin 28ssin(wet,)  90° 90°  45°  +9V/5/64 sin@ot,) (X 1me—ti—Yioon)kamo—teXiosn)kasmz  Kox + Ko
Semge  9/5VI0SIN By(4 — 5 sifBy)sin(wet/2) ¢y — —  8VB/25sif(wgt/2) Xy, ,.—t-acquisition Kz1
Sy 9/4V/10SIN*B,SiNB,Sin*(wet/2) 90° 90° —  9A10SIN(wol/2)  Xigrma—tyYis 2-—t—aCquisition Ko .1
dyy  + 2sin?B,Sin’B,coswot,) 90° 90° —  +2cosot,) (Xig 12—t 5=z 2) ka 312 Ke.1
d,s  — V152 sir?B,c0S B,Sin'B,Sin(wet,) 90° s —  —VBI3sin(wet,) (i mia—t 5Kz 27) ka 32 (k, — 1)/2
ds.,  —3V158 cosB;sin’Bsin’8,sin(wot,) dss  90° —  —\/5l4sin(qt,) (Xigmia—ts=Yiz 27) ka g2 (k, — 1)/2
dss  + 3 cos B;sin’B;cos B,sin’B,coswot,) Uss s —  +3COSEqtp) (Xia 1 mr2=t =Yk 27) ks, 52 Ksa

Note.Various coherence transfer amplitudes and examples of associated pulse sequences for connecting from a polarization dtatecoferavith rank
|” or to detectable signal. Written in terms of the (nonnormalized) spherical tensor opefaers,s, ., T, and T, — d,_; T, correspond to SQ and DQ
encoding, respectively. Also given are the flip angles for maximum trangfgy,and the partial receiver phases,defined in terms of the phase incrementation
parameter,;, cf. Eq. [3]. Note thais; = arccosV'E ~ 31.1°, s = arccosV3 ~ 54.7°, andi,; = arccosVi ~ 63.4°. Phase factors for paths terminating
at the detection level are not specified. Bora phase setting is not shown because its implementation requires an ideal fliggangle

two constitute the observable signals induced via a single RFE the same time our approach exploits the fact that we us
pulse from a pure rank 1 polarizatioM[(t) = g{?(wet)] ora symmetricoherence pathway diagrams while complying with the
rank 3 polarization M;(t) = g¥(wot)  S;.ce Cf. Table 2], phase cycling rules of Ref3§) in a straightforward manner.
respectively. During the mixing time prior to detection pure In the present article we consider only amplitude modulatec
quadrupolar orderT,) should be present if a simple sinft) signals (corresponding to symmetrical coherence pathways
modulation is desired, cf. Table 1. Likewise at the beginning dherefore, the receiver phase, except for its sign, can b
the experiment (i.e., starting from,,) this simple quadrupolar considered well defined. In keeping with the usual conventior
encoding is only obtained if = 2. A glance at Table 1 revealswe will assume that the coherence pathway terminates at tf
that sinqt,) dependences generally are only obtained faoherence levet1, although the notion of rotating and coun-
Al = || —I"] = 1, which is important to keep in mind whenterrotating frames refers to phase-modulated signals and hen
it comes to the design of four-time correlations as outlined is not required in our case as long as, e.g., shift interactions al
Section 4, below. not relevant. When dealing with partial coherence transfe

Throughout this article we will for simplicity assume, to  pathways (such as shown in Figs. 2 through 4) it is convenien
be constant during each evolution perigd Should this not be to define partial receiver phases, as previously used in the
the case therwgt, in the corresponding expressions [e.ggontext of stimulated deuteron echo spectrosc@. Even-
sin(wet,)], is to be replaced by the phase= [ wo(s)dsfor tually, the overall receiver phase settimg,, can be calculated
each evolution period. as the product of all partial receiver phases.

In writing down phase cycles it is important to keep track of
the phase incrementation of a unifi.e., of a pulseP, or a
Qroup of pulsesG) which usually will be in steps of; =
27/N; with (33, 39

2.2. Notation for Phase Cycles

In order to be able to generate a unique modulated longi
dinal state, i.e., to eliminate contributions from unwanted b
herence pathways, phase cycling is essential. In their seminal
work Bodenhauseret al. (35 have formulated the general
rules which enable the construction of a phase cycle from a
given coherence pathway diagram; see also R88.39. Itis In our notation we symbolize the phase incrementation o
nevertheless often desirable to provide explicit pulse and faiilding blocki simply asP,, or G,. ThusPy, .., = Py,
ceiver phase lists for implementation in a laboratory expefie.g., withP € { X, Y}) implies alternating the phase of pulse
ment. This requirement typically results in lengthy phase list-in a twofold cycle \; = 2 andk,; = 0, 1) frome¢ to ¢ +
ings, see, e.g., Refs.11, 1. Therefore, in the present2n/2. Exploiting the symmetry of the reduced Wigner matrix
subsection we will introduce a notation for phase cycles whigtementsd{).(8) = (—1)™ "d%.(—B) (32), this is equiva
allows one to write complex phase lists in a compact mannént to referring to rotations with flip angles 8 and —g

N1 3]
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without changing the pulse phase,In our notation we do not 1, 2, and 3) will evolve. Phase cycling of the second pulse will
explicitly refer to the flip angles. They only determine thenly facilitate the separation of a quadrupolar ordered stat
amplitude of the coherence transfer and not the general typefroin those with odd’, i.e., T,, cannot be separated from,
signal filtered out by a phase cycle. by symmetry alone.

In order to see the present notation in the context of theHowever, assuming ideal flip angles it is possible to separat
general phase cycling rules of Re8g, let us note thaP,,,. Zeeman orderT,, from octupolar orderT ;.. For an estimate
together with the partial receiver phase= (—1)** signals an of how well defined the flip angles have to be set in order ta
odd change in coherence ordBg — T, with Ap = p" — accomplish such a separation let us consider the total transf
p = *1, £3, £5, £7,..., as typically required in SQ amplitudess,_,, for the two SQ pathways which are in short
encoding P,,,, in conjunction withc = 1 = (—1)° marks an hand notation described B0 — Sy T10 @NdT20 — Sy T s0.
evenAp (= 0, +2, +4, +6, - - ) as one of the ingredients The associated amplitude factors ase, = — V2 sin 28,sin
required for DQ enco_ding. As we will see below in some Cas@Ssin(wet,) (cf. Table 2) and,_.; = 1\/Zsin 28,sin B,(4 — 5
another twofold cycling may turn out to bfk’ Jl‘)?zlpr': USiNg;in?g,)sin(wet,). From the latter expression one recognizes
Pirig With ki = —1, 1 ando = ki = (=1)™ " one can hats, . = 0 for a flip angleB, = arccosV2 ~ 63.4°. For this
select a multiple quantum coherence (MQQ) of orgefFur- B, (together withB, = 90°) the coefficiens, ., is still about
thermore,N; = 4 the expression®),zm. With o = 1 Em 80% of its maximum. The rati®, /s, ., thus obtained is
[3_|0y|ng the rules formulat_ed in Ref3g) y'EIO.ISAp_: 0, _i.’ V3 (4 — 5sirtB,). Consequently, for a pulse length mismatch
6, ... Analogousi; N 6 or (G)kﬁfz_"’e with o N (=1) ___of 3° corresponding to an inhomogeneity of the RF pulse
selectsA_p = i_3, ... . This way of writing the_partlal recel\_/eraerpIituole 0f~5%, the amplitude 0T, is already about 10%
phases is particularly useful for the computerized generatloncoompared to that off . Thus pure, quadrupolar modulated

phase lists.
L eeman states can only be generated under favorable conc
A more complex example for our notation is the phase cycle

: . . 1ons. Therefore, additional ways of suppressing octupolar or
X — 1o = Y .2) .2 tOgether with the partial receiver ’ ) i
(i b e kg 10 P der may become necessary and will be discussed further beloy

phaser = (—1)**—1)**2. When starting from Zeeman order T tion of tupolar order | ; bl Vi
this cycle corresponds to the sine-modulated transfer amplitude € generation of pure octupolar order IS eastly possible Vi

s,_, (cf. Table 2) and the pathway diagram shown in Fig. o@n intermediate TQC_, at_Ieast for initi_al polarization states with
Here, the symbolX andY in the group of pulse§ = X,, ., — I < 3:.The only polarlzathn state which can be generated frqrr
t, — Y,,,. mark that the phase difference between the first ad=s Via & hard RF pulse is the octupolar ordered one, cf. Fig
the second pulse |®; — ¢, = 90°. Examples for phase cycles3- Ho_vv_ev_er, ifTs IS requwec_i to be the initial state (cf. Fig. 4)
and associated partial receiver phase settings corresponding'&! it iS likely to be contaminated by Zeeman order. The latte
various other transfer pathways are given in Table 2. then has to be removed in order to ensure a unique quadrupol

It should be noted that, as usual, the phase alternationgpdulation. Such a contamination limits the utility of the
incrementation of all units proceeds independent of one atathways associated with the coefficients which therefore ar
other. The phase list for a given experiment is then obtained B§ar in brackets in Figs. 2b and 3b. Unwanieg admixtures
nesting all partial phase lists. Thus the number of scans witiiain arise from quadrupolar spin—lattice relaxation taking plac
a cycle is given by the product of al,. However, in many during sufficiently long mixing timest,. In the nomencla-

(0)

cases a reduction of the phase cycle to a smaller length will fpge of Refs. 8, 25 this may be written ag s, AN £O(t,,)
possible 85, 39. In solids the lifetime of transverse states isrlo + £9(t,) T4 The longitudinal relaxation functions are
usually much shorter than that of the populations. This is oftef\ o, by fO(t,) = Z[—exp(—RPt,) + exp(—RPt,)] =
exploited also, e.g., in deuteron stimulated echo spectroscqu(tm) and fO(t,) = i[exp(—RPt,) + 4 exp(—RCt,)].
to reduce the length of a phase cycle even further by Choosipge rateR® = 2CJ, andR® = 2CJ, are defined in terms

the mixing timest., sufficienty long. of the spectral densitie§, and the quadrupolar coupling
constant C, cf. Ref.§). Elimination of the unwanted ,,
2.3. Generation of Pure, Modulated Longitudinal States  admixture can be achieved by an initial TQ filter as depictec

in Fig. 4. Consequently for the transfég, — s%_;T3, two

During t_he detection period we will only hav_e to anS'de{'Q filters are advisable (Fig. 4c). Since the relaxation of
the evolution and hence quadrupolar modulation of just one

~ RO N

SQC if, during the last mixing time of an experiment, a uniqu@uadrupolar order is single exponentidlpo — 53 (ty) T2,
longitudinal state existed. In particular it is difficult to create gorresponding measures should not be required in this cas
pure, modulated Zeeman order unless the flip angles are lsetthermore, DQ encoding starting from initi@k, will not
exactly to their nominal values (which is hard to achieve irequire filtration analogous to the situation shown in Fig. 4
practice). To illustrate this statement in connection with S§nce a single hard pulse cannot yield DQCs from Zeema
encoding let us recall that from any single SQG,, present order anyway (therefore we have put the corresponding coe
right after an initial pulse all thre€, , states (those with' = ficients in Fig. 3c in brackets).
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3. TWO-TIME CORRELATION FUNCTIONS T T T T

p

Y
o

3.1. The Jeener-Broekaert Experiment

This type of experiment was first devised for the creation of
dipolar order in spif-systems 39). Nowadays it is in wide-
spread use for deuteron NMR studies of solidy for MQ
filter experiments on quadrupolar spin systems in liquid-like
environments 11, 40, and most recently for the detection of
ultraslow motion in inorganic materials using spin-3/2 nuclei
(6, 7). Therefore, it might suffice to discuss this experiment
very briefly.

Starting from equilibrium longitudinal magnetizatiol), =

Tio, Btll’le ﬂl‘:adﬁrl{lpOlar alignment state can be generated fIforlqu. 5. Initial correlation,A"(t,8), calculated using Eg. [5] for various
1le1 alp 2l g2

Tio—> —> ——> S;_,Tif |(Pl — (p2| = 90°. Then, after the asymmetry parameters; = O (thin solid line), 0.25 (dotted line), 0.5 (dash-

mixing time the transfer into observable magnetizati\m, dotteq _Ime),_ 0.75 (dashed line), and 1 (thick solid line). The inset provides &
Balys  Hot magnified view for smalt,é.

is accomplished vial,— — S,_.4M, 3. The arbitrary
phase ¢, specifies the direction along which the useful
signal shows up upon detection. If, as assumed in TabletRe initial and final state amplitudes, .4 "(t,) = (S(t,,
we employ anX pulse fors, g then the amplitude modu t,, — 0, t,))/(S,(t, = =, t, = 0, t, — =)) andZ>"(t,) =
lated signal appears asmagnetizatiorM, (i.e., M, « I,).  (S(t,, t, = =, t.))(S,(t, tmn — 0, t,)), respectively, are of

The product of the associated modulation factorfterest 41, 4. The specificationt, — « means that the
—S1.,S;-.qes S€E Table 2, yields the overall coherence transfesquence of conditions™ < t, < 1 < t,, (with 7 denoting
amplitude, i.e., the magnitude of the sin—sin signal as a characteristic correlation time) should be fulfilled.

The initial correlation can be calculated via

o
4]

initial correlation A(t 3)

o
=}

Sy(tp, tr 1) 1
= 25 SiN B;Sin 2B,5in 2855iM wo(0)ty]siM wo(t)t].  [4] ASN(t,) = o (sinfwo(6, P)t,])
27 T
Thus S, will be maximum if the flip angles are chosen as — i d do sin 6 sin? 0. )1 15
B, = 90° andB, = B, = 45°. Fort = t, a pure quadrupolar 2m . ¢ . sin@ sinLwo(6, ¢)tp] [5a]

spin-alignment echo should be observed in powders even

if the flip angles (i.e., the amplitudes of the RF pulses) w2

are not well defined across the sample. In the notation =1 —f d6 sin 6Jy(t,5m sin®6)

defined above the entire pulse sequence may be written as 0

(X 17—t 5= Yy 22) ks amrz—t =Xk, sx—t—aCQUISItioN With oge =

(—i)kzvlszvz*ﬁé; of. Table 2. Note that here we have first X cogt,5(3 cos'6 — 1)]. [50]

numbered the three pulses in turn and then the pulse incre-

mentation parametek,;_,, associated with the DQ elimi In Eq. [5b] the Bessel functiordy(x) = X *sinx, stems from

nation. integrating over the azimuthal anglg, Fort,6 — 0 and hence
In order to illustrate further the notation for the setting of thd, — 1 one finds thaA®"(t,) should be independent of the

receiver phase, let us suppose that we wish to study how DQ&&ymmetry parametes,. Furthermore, for small,d the outer

decay during,,. Then, one could use the latter pulse sequencesine function in Eq. [5b] can be expanded to yigilf'(t,) «

together withag, = (—1)"@tHezrkesthas (t,8)°. In Fig. 5 we show A®"(t,) for several asymmetry
parametersA®"(t,) is seen to be practically independentpf
3.2. Asymptotic Correlations in Powders up to about,6 = 2. Note that the analogously defined quantity

ATH(t,) = #(cosTwo(6, P)t;]) is related toAS"(t,) via
Analogous to the situation for spihss 1 the sin—sin signal, A“°t,) = 2 — A™(t,).
Eq. [4], may be helpful in recording two-dimensional NMR Since Eq. [5] is independent of the nuclear sdin,it is
spectra {). Furthermore, quadrupolar spin-alignment echoeseful for other cases witly # 0 as well (e.g.,°C NMR).
have been extensively employed in order to determine the tindewever, an important difference to most applications with
scale of dynamic processes and to elucidate the geometryldfias to be mentioned. For= 1 probes (often being part of
motional mechanisms in powder samples. In the latter respaatovalent bond) motional processes usually lead to a reoriet
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tation of the interaction tensor while leaving the numerical
values ofé andn invariant. For thd = 3/2 probes we have
in mind (here ionic bonding is more familiar) such a behavior
can be expected to be the exception rather than the rule. This
is because ionic (translational) motions will in general occur
between unlike sites, i.e., those for which the field gradient
tensors are not simply related via rotations. In this latter case
the initial correlation is given by the weighted sumAt™(t,)
contributions evaluated for the various tensor parameters. Such
a superposition will in general dampen out the oscillatory
behavior seen in Fig. 5.

Similarly, the final state correlation facto$"(t,), in gen
eral will involve contributions from several unlike sites. Then Fig.6. (a) Pulse sequence and (b) coherence transfer pathway diagram f
a comparatively structureless evolution time dependence tiaf “maximum coherence experiments” yielding the signals given in Table :
ZSN may be expected far, not much longer than the inversefor sgveral spins. In keeping with the standard cqnvention the coherence path
average quadrupolar coupling: The existence of several cdfyminates at the cqherence Iem_a>|= —1. The solid pathway corre_sponds to

. . N the four-pulse experiment. The five-pulse sequence allows one to implement
pling constants should Iegd toa beatlngZi?i : F_urthermore’ additional|g| = 21 quantum filter (cf. the dashed lines). The latter is useful for
analogous to the “smoothing” seen & when increasing)  an elimination of lower rank longitudinal order that will be induced during
(cf. Fig. 5) for Z*™ a similar effect may be expected. Mordong mixing times via quadrupolar relaxation effects.
important is probably the asymptotic behavior of the final state
amplitude which has been found very useful, e.g., in deuteron
NMR studies 41). It turns out that 12°"(t, — =) reflects the material with a practically infinite number of sites one
number,n, of accessible, magnetically inequivalent sites, pravasz*"(t, — «) — 0. Since the above expression B
vided they are equally populated). If the latter restrictionis (t, — ) rests only on probability considerations, Eq. [6]
lifted, then this result can be generalized to holds as well for the analogously defined quantify®®

(t, — ) = (cOspe(O)t,]coslw(tn — )] M(COSTwo(O)]).

coherence order m

n . . . .
ZSN(t, — ) = S we. [6] 3.3. Stimulated Echoes Using Higher Multipolar Order

i=1 Above we have mentioned how to create pure quadrupola
order from Zeeman order. Let us now discuss the generation ¢

Here the summation runs over the different setsf tensor Pure octupolar order, again for arbitrary pulse lengths. Accord
parameters &, ;) andw, are the corresponding weightingi”g to th.e. (solid) coherencg pathwqy shown_ in Fig. 6 (yvith
factors for each magnetically inequivalent site. In order gl = 3) itinvolves the creation of an intermediate TQC. Since
justify the latter expression one should realize that for suffj’® Start from a tensor of rank 1, only a SQC can be encode
ciently larget, only those contributions will appear in the ech@Uring t,. With the total signal written a,(t,, tm, t) =
for which the phased), acquired prior as well as subsequent Si-3Ss-a: from Table 2 one obtains as the amplitude mod
to the mixing time, exhibit exactly the same absolute value. Weatedy magnetizatiorM, (i.e., M, = 1,),
then arrive at the above expression by noting that the joint
probability for finding a particle in a given orientation at site Colty, ty, 1) = 255in B;SiN?B,sin®Bssin B4(4 — 5 sitB,)
prior and subsequent td, is equal to the square of the - -
equilibrium occupancy of this site. Applying this argument for X sin“l wo(0)t,/ 2]sin“l wo(ty)t/ 2]. [71
each magnetically inequivalent site yields the above results if
we take into account that in a powder (an overall isotropkeor optimum flip anglesg, = B, = B; = 90° andB, =
sample) the contributions from those coherences exhibit negecosVi ~ 31.1°) this yieldsC, = EVE sin[we(0)t,/
ligible weight whichaccidentallyacquire the same phase dur2]sin[wq(t,)t/2]. The purging timet,, should be as short as
ing the two evolution times. As an example for such a coingpossible to avoid signal loss due to the relaxation of the TQC
dence, consider an axially symmetric interaction tensor witkpart from this consideration the lengthtqfis irrelevant since
the largest principal axis, e.g., a C—D bond, moving on the.; is not subject to quadrupolar modulation. It is also noted
mantle of a cone with the cone axis accidentally oriented alotitat the phase of the second pulse is not important, i.e., shiftin
the magnetic field. it by =90° gives only a smaller maximum amplitude (f8y =

In the above considerations we have implicitly assumedccosV: ~ 54.7° a factor 0 \V/3 ~ 2.6 less).
the existence of éinite number,n, of inequivalent sites per In the presence of longitudinal relaxation which can lead to
unit cell, i.e., the case of a polycrystal. In an amorphouswantedT ,, contributions it will be advantageous to employ
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TABLE 3 somewhat limited because (i) no stalble= 2 nuclear probes
Some Simple Time Domain Signals Accessible for Several = 1 are known and (ii) fol = 5/2 nuclei fewsolid-stateNMR
spectra exhibit first-order quadrupolar broadeni2g).(How-
ever, it should be noted that the application of the Jeener

| Modulation of detectable signal

1 sif[wo(O)t,Jsinwo(t.)1t] Broekaert sequence fo= 5/2 nuclei inliquid-like environ-
312 sirf{we(0)t/2]sin[wo(tm)t/2] ments was demonstrated recenty)(

2 Si[wo(0)t,]sin’wo(tm)t]

5/2 sif[wg(0)ty/2]sin"[we(tm)t/2]

4. FOUR-TIME CORRELATION FUNCTIONS

4.1. Successive Quadrupolar Encodings
an additional TQ filter (cf. the dashed lines in Fig. 6) yielding ) )
Ch(ty, tm t) = Si_3Sh. For ideal flip angles (all setto 90°) In thls_typ(_e of _echo experiment one correlates the NMR
this gives (15/16% ~ 91% of C,(t,, t,, t). If one deals with frequencies, in this section for brevity and analogous to Ref

powders it is convenient to rewri@)(t,, t,, t) fort = t, and (37) written asw;, at four points in timeX). This requires three
optimum flip angles as mixing times (denoted,,, t., andt,;) and four evolution

times or, stated differently, three modulation modules plus &
detection pulse as schematically depicted in Fig. 1. Since het
’ — (32
(Calty, tm 1)) = (AL + (cOgwo(O)t]cog ot} e focus on echo sighals we will set= t, throughout this

[8] section. Phase lists for generating four-time signals of the forn

Herel = X w;{ (t,6:, m:) is an oscillatory function of,, but Ea(tp tmss tmzs tma) = B Sin(w;ty)sin(w,t,)
it is independent of,,. Thus¢{ may be treated as a constant ) )
when considering echo signals recorded for a fixed evolution X sin(@sty)sin(wst,) [
time. For larget, one hag — 1 since the coefficient (t,5;,
m) = 1 — 2(cosfwe(0, $)t,]) approach unity. The latter is or those with some or all of the sine functions replaced by
seen from the identitycosfwo(0, ¢)t,]) = (cos[wo(0, $)t/ cosine functions were given elsewhere for spin-1/2 and spin-
2]) — (sin’[wo(0, ¢)t,/2]) and the relations given above (e.g.nuclei 37, 43, 44. The factorB depends on the pulse lengths
Eq. [5]). Hence, with an appropriate baseline subtractionamd the coherence pathways chosen in a particular implemel
cos—cos echo function becomes accessible which is comghion. In an experimental study of the dynamic heterogeneit)
mentary to the sin—sin two-time correlation function based @i a deuterated supercooled liquid the shigitmit of Eq. [9],
Eq. [4]. i.e., a correlation function of the typ@v,w,w;w,), was ex
The time domain signals discussed so far demonstrate thhdred as well 45).
both quadrupolaand octupolar order are relevant in the con- For| = 3/2 nuclei it is also possible to accels. From
text of stimulated echo spectroscopy. Therefore, it may Oable 1 we have inferred above that sine modulations ar:
asked whether even higher multipolar spin order could lmbtained forAl = 1 only. Consequently, to accomplish the
useful. For the generation of a polarization state of lagik3) succession of modulations as shown in Eqg. [9] we need t
nuclei with spinl = 1/2 (or larger) are required. Polar order choose coherence pathways such that durjpgndt,,; even
can be generated via the coherence pathway sketched in Figartk (i.e., quadrupolar) ordered and during odd rank (i.e.,
employing the states of maximum MQCqg[ = 2I). Then, either Zeeman or octupolar) ordered states carry the desire
after a sufficiently long mixing time, reconversion into detecguadrupolar modulations. Possible combinations of partial co
able magnetization can be achieved via a single pulse. Howerence pathways may be summarizedsasd, .;d;.,S; .qe
ever, for spinsl > 1 an additional MQ filter should be ands; .,S5 555 .S, qet
beneficial for the suppression of unwanted (lower rank) longi- If T,, is preferred as the carrier during,, as well, then with
tudinal order which can occur during the mixing timg, For  s,,5,,5,,S, .¢ex the echo signal is seen to be of the form
I = 1 the cycle just specified represents a more complicatsith(w,t,)CoS(w,t,)COSwst,)sin(w,t,), cf. Table 2. This and
but otherwise equivalent version of the sin—sin experiment witither combinations of quadrupolar modulation factors such a:
a somewhat smaller yield. e.g., [1— cos(w,t,)]cos(w,t,)cos(wst,)[1 — cos(w,t,)] (which
The quadrupolar modulationss; s’ ., S5 .4, @S given in cannotbe converted into a simple expression via a baseling
Table 3 for 1= 1 = 5/2, in principle can be monitored viacorrection) will, however, not be considered further in the
stimulated echoes. The time domain signals presented thereffiasent article. The reason is that when monitoring motiona
I > 1 may be viewed as generalizations of those accessible piacesses theamekind of information is encoded in each of
the Jeener—Broekaert experiment in the sense that now dlsese functions.
sinusoidal modulations show up, however, taken to the powerFor | = 3/2, Eq. [9] represents the only four-time signal
of 2 — 1. The use of these functions may admittedly beith the same type of simple encoding during each evolutior



SPIN-3/2 STIMULATED ECHOES IN SOLIDS 87

time. We have already described how to generate quadrupdlable 2 the maximum total transfer amplitude for the four-time
order from initialT,, and how to reconvert froffi,, finally into  echo is given bs,_,d,_s03_.,S,_.qe With B o = 5 =~ 0.19. This
detectable signal. However, if;, is chosen as the carrieramounts to about 40% of the maximum sin—sin echo ampli
duringt,,, additional building blocks are needed for convertingude, cf. Eq. [4]. Use of alternative combinations of transfer
quadrupolar order and octupolar order into one another. Thesaplitudes (such as, e.®; .,S> 35525, .¢e) May reduce the
are presented in Table 2. In order to be able to assess signal by another factor of 2. However, in laboratory experi-
transfer amplitudes not only for the four-time correlatiépy ments not only the maximum transfer amplitudes but also the
cf. Eq. [9], but also for several other conceivable multiple timg@ifferent) dephasing times of the SQCs and the DQCs need t
correlation functions, we included a number of additiondde taken into account.
coefficients for SQ and DQ encoding. Previous experience shows that it is highly desirable tc
Some of the transfer amplitudes put in brackets in Figs. 2,iBaximize the coherence transfer particularly in the four-time
and 4 are not given in Table 2, since their use may be restric&inulated echo experiments. In this context it is worth-
as briefly discussed here: The coefficieat, = —2V/Z2sin while to mention that advanced excitation schemes have bee
B1(4 — 5 sir’B,)sin 28,sin(wqt,) can only be used if prior TQ devised recently46). These allow one to maximize the trans-
filtration is not required. For optimum angles it is a factor ofer amplitudes up to Sgrensen’s “universal bound?7)(if
£V/5 ~ 1.4 smaller thar,_, but only 10% larger thas_,. specific lengths are chosen for various evolution times. A
Likewise the application of (redundant) TQ filtration in concorresponding optimization is, however, not obvious in the
junction with DQ encoding, for amplitudes such ds.; = measurement of multiple-time correlation functions, where the
+V/15/8 sirfB,sin 28,sin°Bssin(wot,), reduces the maximum evolution times need to be kept as experimentally adjustabl
transfer, here by 833, i.e.,d,; ~ 1.5d,_,. Another coef parameters.
ficient not given in Table 2 is the double TQ filtered amplitude
S% .. = +3V3/64 sinp.(4 — 5 sirB,)sin’B,sin°Bssin[3 + 2 5 SUMMARY
CoS(qt,)] (cf. Fig. 4c) which, due to its complicated quaelru
polar modulation and the relatively large phase cycle requiredin this article we have discussed theoretical aspects of th

to isolate it, may be not particularly useful. stimulated echo spectroscopy in solids and solid-like materials
We focused on nonselectively excitable spin-3/2 system:
4.2. Discussion of Implementations evolving under the secular first-order quadrupole Hamiltonian

A compact notation for complex phase cycles was presentet
As mentioned above an odd order polarization (eithgror Apart from the generation of pure multipolar nuclear spin
Tso) is required during,,, in order to obtain a modulation asorder, we have dealt with the conditions that maximize the
expressed in Eqg. [9]. It is relatively simple to work wilh,, overall amplitudes of various quadrupole modulated time do-
i.e., to eliminate contaminations originating from spurious Zeeaain signals. Powders were given specific consideration. I
man order, cf. Section 2.3. There, we have also seen that ipirticular some conditions necessary for generating sin—sir
difficult to suppress octupolar order while retaining modulatesbs—cos, and sin-sin—sin—sin functions were described. The:
Zeeman order unless pulse lengths can be set accurately. Sfoeetions, recorded for nuclei with spin= 1, are in wide-
in a laboratory experiment one will usually only be able to sgpread use for the investigation of organic substances sinc
flip angles toapproximately63.4°, additional measures have tahey allow one to obtain information which in many cases is
be sought: One way of suppressing unwanted longitudin@t accessible via other experimental methods. It may b
contributions exploits that under RF pulsBg varies like the expected that with higher spins as probes these functions wi
Ith Legendre polynomial of the flip angle. With(cosB) = find more applications in studies of the dynamics, predomi-
1(5 coSB — 3 cosp) it is seen thapd = arccosVi ~ 39.2° nantly of inorganic solids and solid-like materials.
eliminatesT,, while retaining\/é ~ 77% of the modulated
Zeeman order. The application of one (or more) appropriately ACKNOWLEDGMENTS
phase-cycled 39.2° pulses inserted near the end of a mixing
period should thus lead to an approximate suppression ofhe author is indebted to G. Diezemann and A. Titze for many fruitful
octupolar order. In any case it will be advisable to check trfscussions. Stimulating conversations with B. Geil, G. Hinze, 1g,J6. Qi,
adjustment of the 39.2 and 63.4° pulses. This may be facilitat]él illescu, and S. Wimperis as well as helpful comments by an anonymou
e . . . referee are also gratefully acknowledged. The Deutsche Forschungsgemei
by ut|||2|ng a TQ filter, cf. the path associated Wi . schaft is thanked for supporting this project (Grant Bo1301/5).
When applied to a potential mixture af,, and T, no signal
will be detectable if initially only Zeeman order was present.
Now, several implementations of the sin—sin—sin—sin exper-
iment are obvious, depending on whetfigs or T, is chosen 1. k. schmidt-Rohr and H. W. Spiess, “Multidimensional Solid-State
as carrier during,,, and on whether SQ or DQ encoding iS NMR and Polymers,” Academic Press, London, 1994.
preferred during the second and third evolution times. From. e.g., H. Eckert, Prog. NMR Spectrosc. 24, 159 (1992).
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