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The mechanisms of defocusing and refocusing of spin order in extended dipolar coupled nuclear
spin systems are investigated by experiments on static and on rotating solids. It is demonstrated that
polarization or coherence echoes are possible also under magic-angle sample spinning. The dipolar
interactions, averaged by the spinning, are recovered by rotor-synchronized multiple-pulse
sequences. By a simple modification of the pulse sequences, it is possible to reverse the sign of the
effective dipolar Hamiltonian and to induce the refocusing of polarization or coherence. The
creation of multiple-spin order in the course of polarization evolution or free precession is
monitored by a modified echo experiment. Experimental results for a polycrystalline sample of
calcium formate are presented. ®96 American Institute of Physid$$0021-9606)01148-8

I. INTRODUCTION trast to the Hahn echo experiment where it is inhomoge-

Despite the fact that a closed svstem of interacting spin2€°US: Recently, Zhanet al®’ described a closely related
P! ) SYS ' INg spI Spolarization echo experiment” where an initial state
can be described by a deterministic quantum-mechanical

. . g ~evolves into multiple-spin order and is refocused back to the
equation of motion, statistical concepts, such as spin

e g . . initial state of polarization by a suitable pulse sequence. This
diffusion,” proved to be useful in nuclear magnetic reso- ; ; ) T
experiment produces the impression that a spin-diffusion

nance, especially for solids with a large number of interact- ) ; )
. ; . . . rocess can be inverted by a sign change of the effective
ing spins. In many simple solid-state NMR experiments, th o L L

amiltonian. It implies that the system retains its memory

inclusion of a damping term is adequate for rationalizing L .

experimental observatiodsn this paper, we analyze situa- and does not follow a statlst!cal_evolutlon. .
tions where the deterministic character becomes apparent. In t.erms.of pfa.c“ca' appllcatlons of dipolar echo experi-
Deterministic reversibility is put into evidence most clearly MeNtS in solids, it is conceivable to use them for the detec-

by echo experiments on solids with an extended network of©" ©f random motional processes on the molecular level

dipolar coupled nuclear spins where the original state is retNat destroy the spin memory and inhibit the echo formation.

covered after an effective reversal of the preceding eVolul\/lolecular diffusion processes and intramolecular motion in
tion. the time range of micro- to milliseconds might be studied in

Two related dipolar echo experiments have been gethis manner. An additional possibility is to exploit the inter-

scribed in the literature. The “magic echo experiment,” hereMediate build-up of multiple-spin order to infer the size of

called coherence echo experiment, introduced by Schneidd€ involved spin clusters and to obtain information on the
and Schmiedéland Rhimet al, refocuses the free induc- Microscopic domain structure of soliffs:*

tion decay(FID) under the influence of a secular dipolar In order to improve the spectral resolution and sensitiv-
Hamiltonian. The signal decay is caused by the transfer offy When applied to more complex solids, it is desirable to

single-spin coherence into unobservable multiple-spin coheicombine the dipolar echo experiments with magic angle
ence. It can be reconverted by the echo sequence into dete&Rinning (MAS). However, magic angle spinning causes a
able Sing|e-spin coherence. This experiment |oose|y repartial averaging of the dipolar interactions and retards the
sembles the well-known Hahn echo experinteexcept that ~ dipolar evolution into multiple-spin order, rendering the ex-

the refocused interaction is of a homogeneous nature in cofperiment insensitive to dynamical and structural features.
Hence, it is necessary to recover a strong effective dipolar

. . . Hamiltonian during the defocusing and refocusing periods of
dpresent address: Materials Sciences Division, E. O. Lawrence Berkele 9 9 gp

National Laboratory, 1 Cyclotron Road, and Chemistry Department, Uni—%lhe epho_experiment. The rotational gve'raging of the dipolar
versity of California, Berkeley, California 94720. Hamiltonian could be defeated by spinning the sample at an
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angle different from the magic one during the defocusing and :
refocusing periods, while during the periods in which spec- Prepumation | Defocusing | Refocusing | Detection
tral resolution is required, the magic angle is choSen.

In this article, we present an approach based on rotor-
synchronized multiple-pulse sequences. The retrieval of the (E)
dipolar interaction is effected by the use of rotating frame/ >
laboratory frame(R/L) pulse sequencés* By means of a 1 I X X f X I»
simple modification it is possible to reverse the sign of the -
effective dipolar Hamiltonian and to induce the refocusing / :
process. We compare the dipolar echoes under MAS with S il X ﬁ —
experiments performed under static conditions. In addition,
we present possible schemes for monitoring the build-up of
multiple-spin order that accompanies the dipolar evolution (n) 5 (E”‘) :
during the echo-formation process. d : 2y
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II. DIPOLAR ECHO EXPERIMENTS

The formation of dipolar echoes, after a preceding evo-
lution for a time 7 under an average Hamiltonian
H{®=s,H, can be induced by a sign change of the Hamil-

. 0)_ . -
.toman tOHE =s,H, with 5152<_O' Here,s, ‘r_’md 5_;2 are scal FIG. 1. Dipolar echo rf-pulse sequences for static solids.Polarization
ing factors andH the secular dipolar Hamiltonian. An echo echo sequence of Zhareg al. (Ref. 6 supplemented by a phase reversal of

&

td T T2 td

occurs after the refocusing time the rf field at time /2 for the refocusing of rf field inhomogeneity. The
preparation of the initial nonequilibrium polarization is accomplished by a
To= |Sl|/|52| T1- (1) two-way IS cross-polarization process. During the defocusing period an on-

. . resonant rf spin-lock-field is applied. In the refocusing period, Itlspins
For all proton-resonance dipolar echo experiments, deevolve freely in the external static magnetic field. A third IS cross-

scribed in Secs. Il and 1V, the indirect excitation and detec-polarization step starts the detection period wherel thpin polarization is
tion scheme via carbon-13 resonance, suggested by Zhaffrly metered o e enc o e eocssng e, T roer ne
etal,” has been used. It allows for local injection and localseqyence. It differs fronta) merely by a2 rotation of the initial magne-
observation of polarization or transverse magnetization at intization at the beginning of the defocusing period. The variable flip apgle
dividual protons that are coupled to a rare carbon-13 Spirﬁllows the monitoring pf the emergence (_)f mgltiple—quantum coherence at
While for the observation of polarization echoes, this local"® €nd of the defocusing perieg, as explained in Sec. V. In standard echo

. . . . . experimentsy is set equal to zero.
observation scheme is mandat8riys optional for monitor-
ing coherence echoes. The latter one could also be directly
observed on the protons by a nonselective pulse sequenc&PHH-CP using a passage through the first sideband of the
However, in order to facilitate the comparison, the same inHartmann—Hahn matching condition leads to an improved
direct observation scheme is applied for all experiments. cross-polarization efficiency.

The four pulse sequences used for polarization and co- The same experimental schemes can be used for polar-
herence echoes in static and rotating solids, shown in Figs. ization echoes and for coherence echoes except for different
and 2, are all derived from the basic sequence of Fig., 1 initial conditions. Assuming a rf field applied witkh polar-
proposed by Zhangt al® In the course of the preparation ization during the defocusing periag, o(7,=0)=I,, is nec-
period, the™*C spins(S sping are polarized by a Hartmann— essary for polarization echoes, Figsi@land Za), and
Hahn transfer from the proton spifissping during the time  o(7;=0)=I 1y for coherence echoes, Figgbland 2b).

t.. The remaining proton coherence decays during the fol-

lowing periodts (see caption of Fig.)5 During the short A Dipolar echoes in static solids

second cross-polarization periag, the **C-bound protons . i , .

(I, sping are selectively repolarized, establishing the desired "€ defocusing in static solids takes place durimgn
initial state with localized polarization. After the defocusing the rotating frame in the preselr)zce of a strong radio frequency
and refocusing periods; and 7,, the proton polarization is

field with the amplitudew,;>M53“, applied along the-axis
transferred again t&°C by a brief cross-polarization period

(Fig. ), whereM, is the second moment of the proton reso-
t4, followed by 23C detection in the presence of proton de- nance line, leading to a scaling fac&e=—3. The zero-order
coupling.

average dipolar Hamiltonian in the frame rotating with the rf
While for experiments with static samples and for MAS frequency is then given by

spinning below 15 kHz a continuous-wave cross-polarization

process is used, adiabatic passage Hartmann—Hahn cross po- H1 '=s;Hu=—3 Zk dx 7 (3cos ¥j—1)

larization (APHH-CP (Ref. 15 is applied for the magic- .

angle sample spinning experiments with/27>15 kHz. X (3=l 2
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FIG. 2. Modified dipolar echo sequences designed for solids subjected to - n=1 "= 2
MAS. Preparation and detection periods are analogous to the static se- N
quences except that all IS cross-polarization steps are performed with a sin (no,1)
more efficient tangential adiabatic passage through the Hartmann—Hahn \\ // 5, 7/
matching condition(Ref. 19, suitable for high-speed MAS. During the de- A
focusing and refocusing periods, multiple-pulse seque(sms Fig. 3 with

a nonvanishing average secular dipolar Hamiltonian are apgkedPolar- s(1) - sin (,1)
ization echo experimentb) Coherence echo experiment. The optional pulse

of variable flip angley, has the same function as in Fig. 1 for monitoring the

emerging multiple-quantum coherence. In standard echo experimgrits, 0 n 2n
set equal to zero. During the laboratory frame L pericispin decoupling ot

(L), is applied.

FIG. 3. Rotor-synchronized R/L and L/R pulse sequences for the dipolar

recoupling in MAS experiments leading to dipolar Hamiltonians of opposite

signs. The sign inversion of the,-modulated term of the dipolar interaction
where the dipolar coupling constant, given in units of angu-s compensated by the scaling facgt) of the alternating rotating frame

lar frequencies, is (R) and laboratory framéL) periods. The phase inversion of the rf field
after a quarter rotation period leads to a refocusing of the evolution under
1o yfﬁ the rf field and eliminates the effect of rf field inhomogeneities in zeroth
dy=—"— —F, 3 order.
ik 477 I‘Jsk

and whered;, denotes the angle of the internuclear vecipr

of spinsj andk with respect to the external static magnetic B 2 é ik inet

field. During the refocusing periodr,, the unperturbed H(t)_j<k s b €747 (3jul k= 11, ®)
Hamiltonian with s,=1 is active, bracketed by a pair of -

(m/2).., pulses. This leads to the effective Hamiltonian with the coefficients

— . bi=0, bl¥;=—d;/(2v2)sin 20,6 ik

HY ):Sszxszk dik 5 (8cog Fj—1)(Bljxlix—jl). (4) and

The effective Hamiltonians of Eq§2) and(4) have opposite ik djk . 2,

signs and differ in their scaling by a factor 2. Hence, a dipo-  P*2=7 sin? gjce™2!¥ik, (6)

lar echo occurs for,=31r,. The proton chemical-shielding

anisotropy is small compared to the proton dipolar interacfik @nd ¢ are the polar angles that orient the internuclear
tions in calcium format¥ and is neglected. vectorr;, with respect to the MAS rotation axis ang de-
notes the MAS angular frequency.

For rapid spinningw,>M3?, the dipolar evolution is
nearly quenched. It can be retrieved by the application of a
rotating frame/laboratory fram@/L) pulse sequence:*lts

For MAS conditions, the dipolar Hamiltonian becomes effect is visualized in Fig. @&). In close analogy to the dipo-
time-dependent and can be expressed as a Fourier series echo experiment of Fig. 1, the dipolar evolution proceeds

expansiort,’ 8 during the first half of the rotor cycle in the rotating frame

B. Dipolar echoes under MAS
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with the Hamiltonian of Eq(2) and during the second half in 7 phase inversion of the spin locking rf field in the middle of
the laboratory frame with the Hamiltonian of E@l). The the defocusing perioe; to refocus rf field inhomogeneities.
time dependence, introduced by the sample rotation and@he static coherence echo experiments used the seq(®nce
given by Eq.(5), leads to a modulation by the first and sec- of Fig. 1. The rf-field strengths on the two channels of the
ond harmonics oby, . The sign change of the first harmonic spectrometer were matched dg/27=100 kHz for all static

is compensated, as shown in Figa3 by the sign change of experiments.

the dipolar Hamiltonian, leading to a nonvanishing average Polarization and coherence echo experiments under
dipolar Hamiltonian which, according to Ref. 14, is given in MAS were performed with the sequendas and (b) of Fig.

zero-order average Hamiltonian theory by 2, respectively. The tangential adiabatic passage through the
o —1st sideband Hartmann—Hahn cross-polarizati@RHH-
HO=> £i(3 il o110 (7)  CP) matching condition used a tangent deptkr0.5w, /27
i<k (in Hz). An overall increase in the IS polarization-transfer
with efficiency of 50%, in comparison to conventional

Hartmann—Hahn cross polarization, has been achieved. Fur-
thermore, the matching profile became less sensitive to am-
plifier instabilities. The proton rf-field strength was adjusted
) o ) 1o wy/27=125 kHz for all MAS experiments. The MAS fre-

~ To construct an effective Hamiltonian with opposite g ency was stabilized within 5 Hz using a homebuilt spin-
sign, itis just necessary to interchange the R and L periods ifing speed controller. All MAS experiments were performed
Fig. 3(a), leading to the L/R sequence of FigbBwith the  \yith a commercial 4 mm probe assemifiyhemagnetios

e __ 3 %sin(Zﬂ )Sin(@ix) 8
ik 27 jk Pik)-

average Hamiltonian Figure 4 shows polarization-decay and polarization-echo
—0) curves for calcium formate under MAS conditions, with
Hy = —]Zk Skl jxlx= 1K) (9 spinning frequencies of 10.0, 13.3, and 16.6 kHz obtained

with the pulse scheme displayed in FigaR The sampling

The echo experiments of Fig. 2 take advantage of these twi@as performed at every full rotor period. For the echo ex-
pulse sequences. The angular dependence of the averageriments, a defocusing time of 3Q® was used. The con-
Hamiltonians in Eqs(7) and(9) is determined by the spheri- tact time for the two brief cross-polarization transfers was
cal harmonicsY ;.. 1 (6« , ¢jx). in contrast to the Hamiltonian  adjusted to the first maximum of the transient oscillattan
for a static sample which depends ¥gy( 9 ). In principle,  the Hartmann—Hahn IS cross-polarization build{ap=80
it is also possible to retrieve the Fourier coefficients with ys).
n==2 in Eq.(5) by changing the direction of the quantiza- For comparison, polarization-decay and polarization-
tion axis every quarter rotor cycle. echo experiments under static conditions are shown in Figs.
5(a) and 8b). The defocusing period; was set to 30Qus,
and 7, was incremented from zero to 7Q8s with A7,=25
us. The contact time for the two brief cross-polarization

The measurements were performed on homebuilt speteps of sequence A in Fig. 1 was adjustedte60 us. For
trometers at 300 K on a sample of polycrystalline calciumthe echo experiment displayed in Figiaba cw spin lock
formate at a proton-resonance frequency of 220 MHz for thavas used duringr while for Fig. 5b) the phase of the rf
static experimentsl and at 300 MHz for the MAS experi-fiﬁ'd was inverted ab-1/2 to eliminate possible effects of rf
ments. The accurate relative phase and the equality of the fthomogeneity.
amplitudes for the four basic channé0s,90°,180°,270 are
quite critical in these experiments. They were carefully ad-

justed on both spectrometers by means of tune-uq\/ DISCUSSION OF THE EXPERIMENTAL

sequence®’ The sample was 5%°C-enriched and doped POLARIZATION DECAY AND POLARIZATION ECHO
with 2% Cull) to shorten the protorT; relaxation time cyRVES

(T,=600=100 m3 to allow for a faster sequence of experi-
ments. The spin dynamics described in Secs. IV and V is by When comparing polarization decay and echo curves for
three orders of magnitude more rapid and not affected by thetatic and rotating samples, it should be noted that for a static
T, relaxation. At 300 K, calcium formate forms an ortho- sample some proton polarization transfer occurs already dur-
rhombic crystal with two crystallographically inequivalent ing the preceding cross-polarization perigd(Fig. 1) such
sites per unit cef® The crystal structure consists of that the polarization decay actually starts alreadyrat0.
“chains” of Ca(ll) ions alternating with pairs of O atoms. This is the reason why the polarization echo does not occur
Formate ions bind the chains into a compact spatial networkat the expected refocusing time=r,/2 but is delayed.For
The intricate proton—proton coupling network leads to athe polarization decay under MAS in Fig. 4, the starting
nearly Gaussian static proton NMR powder spectrum with goint of dipolar defocusing is better defined because the pro-
full-width at half-maximum of 17 kHZ? ton dipolar evolution during the cross-polarization tibgds
Static polarization echo experiments were performedslowed down by the high-speed magic-angle spinning, pro-
with the sequencéa) of Fig. 1, in some experiments with a vided that the rotation frequency exceeds the proton line-

IIl. EXPERIMENT

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
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08 /21 = 16.6 kHz
o * FIG. 5. Time evolution of the polarizatidd(l ;) of the proton spins coupled
0.6 [ i ¢ to 13C spins in a static polycrystalline sample of calcium formate obtained
P{d,) * * . with pulse sequence A of Fig. 1 withh=3 ms,t,=0.5 ms,t;=60 us, and
04t L . . @/27m=100 kHz. The measurements(& used an on-resonant cw spin lock
’ * . . ., during the evolution period. For the measurementsbin the rf phase is
| X x * PN inverted in the middle of the spin-lock periag. As in Fig. 4, polarization
02 decays and polarization echoes are superimposed in each graph. The delay
time t; was varied up to 20 ms in a second set of measureniectso
0 : ! * * * profiles not showp using sequence A of Fig. 1 with=3 ms,t;=60 us,
200 400 600 800 1000 w,/21r=100 kHz, andr, =300 us (t,=0.5 ms, 3.5 ms, 5.0 ms, 10.0 ms, and
T+ [s] 20 m9, and show within experimental accuracy identical normalized polar-

ization echo profiles. Hence, still existing proton multiple spin coherence
afterts has no measurable effect on the results discussed in Secs. IV and V.

FIG. 4. Time evolution of the polarizatiod(l ;) of the proton spins coupled
to 13C spins in a polycrystalline sample of calcium formate subjected to

MAS. The MAS frequency is varied and is given in each graph. The experi-
mental data is obtained with the pulse seque@ef Fig. 2 with t.=330
uS, ts=2 ms,t4=80 us, andw,/27m=125 kHz. The results of two experi-

higher amplitude level as it was observed for ferroceh#
From Fig. 8b) it is apparent that for a static sample a

ments are superimposed in each graph; asterisks result from experimentilse sequence compensated for rf field inhomogeneity

with 7,=0 and variabler; (polarization decay The filled circles represent
the I-spin polarization for experiments with =300 us and variabler,

(polarization echp

Fig. 4 occur, within experimental accuracy, @t 7.

(+/-) can efficiently refocus the polarization decay up to at
least 500us defocusing time. For shorter echo times the

echo amplitude can even surmount the initial amplitude by
up to 10%(see e.g., Fig. )7 This is again an indication of
width under rf irradiation. Indeed, the polarization echoes indipolar defocusing already during the preceding cross-
polarization periodty. In Fig. 5a where the basic pulse
Taking the above point into account, the polarization-sequence without sign inversion of the rf field gf2 for

decay curves for a spinning sample of calcium formate incompensation of rf field inhomogeneities is applied, a 15%
Fig. 4 and for a static sample in Fig. 5 are remarkably simi-intensity loss occurs under comparable conditions. Under
lar. An initially rapid decay to about half amplitude in the MAS, a more severe loss in amplitude occurs that depends
first 100—200us is followed by a slower decay. Within the on the spinning speeld.It is apparent in Fig. 4 that the loss
maximum measurement time of 1.2 ms, the expected quasin echo amplitude decreases for more rapid spinning. But
equilibrium state with a polarization ¢f(1,) =0.05, consid- even atw,/27=16.6 kHz a 30% loss in echo amplitude oc-
ering that 5% of all protons are polarized at time=0, isnot  curs for a total dipolar evolution time of 60@s. Neverthe-

yet reached. It appears that there is no bottleneck for spifess, the refocusing effect is clearly evident even for spinning
diffusion that would lead to a quasiequilibrium state atat w,/27=10 kHz.

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
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FIG. 6. Time evolution of the polarizatioR(l,) of the proton spins in a polycrystalline sample of calcium formate under static and MAS conditions. The
laboratory-frame polarization decégpen circleswas measured using the pulse sequence shown in @@gwith 7,=0, t.=3 ms,t;=0.5 ms,t;=60 us, and
w,/27m=100 kHz.7, was incremented from zero to 1208 with An,=25 us. Initially the signal amplitude increases and leads to a polarization echs 35

us. The refocusing is caused by the short cross-polarization tjmeérhree different normalized polarization-echo experiments are superimposed and
time-scaled as indicated in the figufg.Laboratory-frame polarization ecltfilled circles obtained with the pulse sequence of Figa)With t.=3 ms,t;=0.5
ms,ty=60 us, ;=300 us, andw,/27m=100 kHz.(ii) Rotating-frame polarization echorossesobtained with the reverse arrangement of the defocusing and
refocusing periods of Fig.(&) (t.=3 ms,t;=0.5 ms,t;=60 us, 7,=150 us, andw,/27=124 kH32. (iii) MAS polarization echo ab,/27=16 kHz (asterisk§
obtained with the same experimental parameters as described in the caption of Fig. 4.

The different widths of the polarization echoes for static AMas _
and rotating samples can be understood by the different an- e =Gatid {aad - 2=2.56. 12
gular factors gjk(ﬁjk)=%(3 coé 9)—1) of Eq. (4) and T
{i(Oj, @j) of Eq. (8). For a powder sample, the angular
factors are inhomogeneously distributed and lead to an inho- ) o . ) .
mogeneous echo peak shape. However, the insensitivity of A" €xperimental verification of this scaling factor is
the peak shape on the detailed dipolar coupling network jusdVen in Fig. 6. It shows the polarization ded@pen circles

tifies the computation of average angular factors. Becaus@® well as a series of superimposed polarization echoes for

the contributions of the different interactions to the secondStat'C and MAS conditions. The polarization decay was mea-

moment are additive, we average the squareg,ofnd ob- sured in the laboratory frame with the sequef®eof Fig. 1
with =0 and r, incremented from zero to 1200s with

tain A7,=25 us. Due to the preceding cross-polarization time
1 [ (2a1 2 the signal amplitude initially increases leading to an echo at
Lot P j J [5 (3cog 9—1)| sindddde Techg=35 us. The laboratory-frame polarization ectfdled
mJo Jo circles, recorded with the sequend@) of Fig. 1 with
1 7,=300 us, is normalized for, = O with respect to the po-
=5 (10)  larization decay at the nominal laboratory-frame defocusing
time of 7,=150 us. Two additional normalized polarization
) echoes are superimposed and time-scaled; a rotating-frame
5 _i f”fz’f 3 in 20 si in oded polarization echo(crosses was recorded with the reverse
Cinas™ 47 Jo Jo | 27v2 sin7sih g1 s 4 arrangement of the rotating-frame and laboratory-frame pe-
riods of the pulse schene) of Fig. 1, with ;=150 us. Here
_ i (11) a time-scaling factor of 1/2 has to be applied because the
1072 echo occurs in the presence of a spin-locking rf field. Simi-
larly, the MAS polarization echo of Fig.(d) is plotted with
For the ratio of the echo peakwidths, one finds a time-scaling factor of 1/2.5@asterisks It is evident

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
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) ) ) FIG. 8. ObservedH multiple-quantum order spectra of static calcium for-
FIG. 7. ObservedH multiple-quantum order of static calcium formate as a mate taken at a proton resonance frequency of 220 MHz for a static sample
function of the defocusing time, recorded at a proton resonance frequency it gifferent coherence defocusing times The coherence-echo experi-
of 220 MHz. The spectra are obtained with the polarization-echo-detectegent of Fig. 1b) was used for the detection of even-order multiple-quantum
experiment of Fig. (8 with a 7-phase inversion at,/2 andt;=3 mS,  5des. For each spectrum the corresponding coherence echo is displayed
ts=0.5 ms,t4=60 us, andw,/2r=100 kHz. For each spectrum, the corre- ¢4 reference. The echo peak shapes have been fitted by a Gaussian
sponding polarization decay and polarization echo are displayed for refer{('1x(Tz)>=eXFi—0-5'V|zexp(Tz—Tecm)zl broken linek We  obtain

ence. M = (8.420.4)x10° 52 The same experimental conditions as described
in Fig. 7 were used.

that within experimental accuracy the build-up and decay of
the various polarization echo profiles can be explained by th%

scaling law of Eq/(12). umber of spins involved in a product term contained in the

density operator. Terms such b§l; 15, and | ,l,,l5,, for
example, represent three-spin order. The degree of multiple-
spin order is independent of the reference frame and is re-
duced to a mere counting of individual spins.

The degree of multiple-quantum coherence or multiple-

The polarization or coherence decay in an extended diguantum order, on the other hand, is related to a selected
polar coupled spin system is caused by the development @fuantization axisi, and is characterized by the membership
multiple-spin modes which are not directly observable. Theto an irreducible representation of the one-dimensional rota-
monitoring of the build-up of multiple-spin order is of con- tion group about the selected axis, expressed in terms of a
siderable interest, as it might provide insight into the dynammagnetic quantum numben*).23 An operator termA rep-
ics associated with the defocusing and the refocusing of spiresentsm® quantum coherence with respect to the quanti-
order in the context of echo formation. Moreover, the timezation axisu whenA shows the transformation behavior
development of multiple-spin modes reflects properties of . . .
the dip?)lar coupling nrétworpk. The extent of Ioczl sr:)in ous.  EXP—iXFOA explixFy)=A exd —im“x], (13
tering in disordered materials, for example, can be studied iwhereF , is the total angular momentum operator component
this way® 11 along the directionu andy the rotation angle about this axis.

In this context it is necessary to carefully distinguish Thus with respect ta as quantization axis, the terhjil; | 5,
between multiple-spin order and multiple-quantum coher+epresentsn®=2 quantum coherence whilg, | ,,! 5, repre-
ence. The degree of multiple-spin order is measured by theentsm®=0 quantum spin order. On the other hand, with

V. CREATION AND DETECTION OF MULTIPLE-SPIN
ORDER IN THE POLARIZATION AND
COHERENCE DECAY
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respect to they axis, 171513, is a linear contribution of
m®¥)=0,+1,+2,+3 quantum coherence, whilg,! ,,! 5, con-
tainsm==+1 and+3 quantum coherence.

In the following, we investigate the extent of multiple-
guantum coherence at the end of the defocusing pefipat
which point the maximum degree of multiple-quantum co-
herence exists, and we select thaxis as the relevant quan-
tization axis. The different orders can be separated by a sys-
tematic variation of the pulse rotation angke §<27r in Fig.

1 and Fig. 2 in a set of successive experiments and by a
Fourier transformation with respect tp for a sufficiently
dense set of sampling points jnspace.

The multiple-quantum orders that can be reached in the
defocusing periodr; depend on the initial conditions. The
defocusing is caused by the truncated dipolar Hamiltonian of
Eq. (7) which can be written in a form adapted to the 10 7, =3125 s
y-quantization axis, o
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where the three terms are of multiple-quantum orders
m®» =0, 0, and=*2, respectively. For a polarization echo
experiment, the initial conditiorr(7,=0)=1,, is of order
m»==+1 and can evolve under the dipolar Hamiltonian ex-
clusively into odd higher orders. On the other hand, for a
coherence echo experiment with the initial conditiongig. 9. ObservedH multiple-spin order spectra of calcium formate under
0'(7'1:0):|1y, which is of orderm® =0, only even orders MAS with different coherence defocusing periods taken at a proton reso-
can be created during the defocusing period, when the ev@ e e G o e duantum coherence. For
lution under.the rf Tleld’ applle_d along theaxis, is refocused each spectrum the corresponding coherence ecpho ?s displayed for refefence.
by a phase inversion at the timg/2. The MAS frequency was 16 kHz,=300 us, t,=2 ms, t;=90 us and
Experimental m) multiple-quantum spectra, obtained w/2m=125 kHz. Sampling was performed at every full rotor cycle. The
with the static polarization echo sequence, are shown in Figf.ChO peak shapes have been fitted by a Gaugsiaken lines. We obtain
. or the MAS caseM , ¢,=(1.7+0.3x10° s72,
7 for a sample of calcium formate powder. The correspond- op
ing polarization decays with superimposed polarization ech-
oes are shown also. The experiments have been performed
according to the scheme of Fig(al The flip angley was  the higher quantum modes are emerging more slowly than
incremented in steps dky = w/mY, from —m to +a,  for the static measurements.
Wherem%)ax is the maximum order to be observed. The mea- The build-up of multiple quantum order in dipolar
sured signals were stored as a two-dimensional data matrisoupled spin systems has created much interest in the past,
and Fourier-transformed with respectoThe durationr, of ~ both on the experimenfa’®® as well as on the
the defocusing period is indicated on the spectra in Fig. 7theoretical®?*?*side. Its comprehension can deliver useful
The duration of the laboratory frame refocusing perigd information on solid-state structures, particularly on clus-
was chosen to maximize the echo intensity. The creation ofered spin domains, and can critically test model concepts of
the higher quantum orders with increasing defocusing time isnany-body interactions. The most comprehensive experi-
evident. For short defocusing periotis=100—160us), the  mental material stems from Baum, Pines, and co-wofKérs
intensity of them® 3-quantum order is dominant. For longer and from Levyet al?® Theoretical models have been devel-
7, higher orders up ton)=9 are excited. oped by Munowitzt al?* and more recently in the extensive
Related spectra obtained with the coherence-echo deteand thorough work by Lacefté who critically reviews the
tion scheme of Fig. (b) for a static sample are displayed in various concepts. From this work no generally applicable
Fig. 8. The corresponding spectra for MAS conditionsuniversal model resulted. It seems that the resulting distribu-
(0, /27m=16 kH2) with the scheme of Fig.(®) using the R/L  tions of multiple quantum coherence and the corresponding
(L/R) recoupling sequences are displayed in Fig. 9. Again, abuild-up rates are influenced by system-specific parameters,
short defocusing times the®) =2 quantum order is domi- and possibly also by the measurement strategies.
nant which is progressively converted into higher spin orders  Figure 10 presents logarithmic plots of the obserméd
with increasingr;. We note that in the MAS experiments, multiple quantum intensities measured on calcium formate

P(I;]

s 4 6 8 10 12 0 200 400 600 800

multiple-quantum order m®’ T, [us)
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FIG. 10. Logarithm of the intensity profilf m®] as a function of in®]2 (left frame$ andm®’ (right frames. (a) Static coherence echo experiments with
7,=500 us. (b) Static polarization echo experiments with=500 us. In both casesa) and (b) the points represent the average over two independent
measurementgc) MAS coherence echo experiments with=437.5 us. The straight lines are guides to the eye.

for coherence and polarization echoes in static and rotatingxpected while  for a  Gaussian (statistica)
samples. The logarithm of the intensity is plotted vs thedistributior?*%24~2%of the multiple quantum intensities a lin-
quantum numbem® and its squareri®]2. For an expo- ear plot againstth®]2 would result. It is apparent that the

nential distribution functio” a linear plot againsm® is  data reflect intermediate situations between these two cases.
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der. like to acknowledge the revealing comments by an unknown
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