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MULTIPLE QUANTUM NMR EXCITATION WITH A ONE-QUANTUM HAMILTONIAN
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Excitation of muitiple quantum coherence in dipolar coupled spin systems is usually accomplished with a two-quantum
multiple pulse sequence which can be time reversed by means of a 90 ° phase shift. The application of such an excitation
scheme to a spin system in thermal equilibrium excites only even orders of multiple quantum coherence. We demonstrate here
time reversible pulse sequences that excite all orders of coherence by creating a pure one-quantum average hamiltonian. We
also describe pulse schemes which can be used to create pure one- or two-quantum average hamiltonians with variable scaling
between +1 and —1. These excitation schemes are relevant to the study of spin clustering by multiple quantum NMR.

1. Introduction

It was realized recently that time reversal se-
quences [1] can considerably simplify some multi-
ple quantum and two-dimensional (2D) experi-
ments [2-11). Conventionally, a 2D experiment is
divided into four periods: preparation, evolution,
mixing and detection. If we denote the average
hamiltonian over each of these periods of HF,
HE, HM and HP respectively, the density oper-
ator at the beginning of the detection period can
be written as

P(l‘p, 1y, tis 0) - e-iHMtM e-iHEt1 e—iH"t,,p(O)
XeiHP"’ eiH'ft1 eiHMtM (1)

and the expectation value of an observable Q at
that time is

(@)(te, 1, ty, 0)

—igM —iHE —_iyP
=Tr(e iH Yty e iH e ¥: 4 Ipp(O)
X eiflte giHEn eiHMtMQ)
—iHE —iHP
=Tr(e iH*n e iH tpp(o)

x it il giHMi ) e—~iHMtM)_ ()

In the special case

p(0)=0

and

HMt, = —H"1, (3)

this simplifies to

<Q>(’pa tl’ IM’ 0) = Tr(e—iHEt'P’ eiHEtlp')
=Y o, | e7ieomn, 4

r,s

where

pr —_ P(tp) — e—iH"x,,p(O) eiH"t,,
- eiHMrMQ e—-iHMtM
and
wrs = Hrlr:" - Hs]:\:“ (5)

All matrix elements are evaluated in the eigen-
base of HE. The signal observed as a function of
t; is thus given by the sum of the absolute squares
of the density operator elements and therefore
independent of any phase factor [2). This
eliminates destructive interference of degenerate
transitions by adding the power spectra of all the
individual transitions of the system. This is a
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convenient property in multiple quantum (MQ)
NMR where the phases of the individual transi-
tions are a complicated function of the prepara-
tion of the spin systems and the information asso-
ciated with them cannot be easily retrieved. The
conventional approach to this problem, calculat-
ing absolute value spectra, does not eliminate de-
structive interference and the associated loss of
sensitivity. This is a crucial problem in solids
where the number of transitions becomes virtually
infinite, leading to a loss of signal due to destruc-
tive interference between overlapping transitions
with different phases. The problem is illustrated
schematically in fig. 1.

The hamiltonians HF and HM are usually
average hamiltonians generated by an appropriate
multiple pulse sequence [12]. The sequences which
have been used for multiple quantum NMR in
solids [13,14] create a zero-order average
dipole—dipole hamiltonian

H3=1(H,,-H.)

=(d/)(hL. L+ 151, ), (6)
where
H,=d(35L,5L,~ 1, 1,) (7)

and d represents the dipole-dipole coupling con-
stant. This average hamiltonian has very simple
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Fig. 1. If the excitation and detection schemes are independent,

the phases of the individual transitions are random (a), leading

to destructive interference and low signal intensity if the indi-

vidual transitions are not resolved. With conjugate detection

(b) all lines appear in positive absorption, eliminating destruc-
tive interference.

transformation properties under phase shifts:
e~ H(0) ei#:
=2d(e¥*r, I, +e ¥ _1,_). (8)

H,,— H,, thus represents a pure two-quantum
operator which changes sign under a phase shift of
90°. The spin system can therefore be forced to
evolve backward in time, fulfilling condition (3)
by shifting the phase of the multiple pulse se-
quence. However, such a double-quantum ham-
iltonian will excite only even orders of coherence
for a system in thermal equilibrium in high field.

2. One-quantum average hamiltonian

A spin system in thermal equilibrium, repre-
sented by the density operator

P(O) = ZIiz (9)

in the high-temperature-high-field limit, does not
show any correlations between the individual spins
and its density operator is invariant under phase
shifts. It consists therefore of 1-spin—0-quantum
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Fig. 2. Possible quantum numbers for N-spin operators after

excitation with a 2-spin—2-quantum average hamiltonian. The

allowed values are for N even: m=F2, ¥6, ¥10,..., and for

N odd: m=0, ¥4, ¥8,..., |m| < N. Clearly there are two

infinite series of n-values with the same possible quantum
numbers.
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operators. Under the influence of the two-spin
operator H,, — H, ,, correlations develop and the
density operator at later times contains N-
spin—m-quantum operators with N and m arbi-
trarily large. However, there are certain conditions
which restrict the possible values of m for a given
N-spin operator [5]. For spins 7=1/2, the mag-
netic quantum number m is confined to the range

—~N<mxN, (10)

independent of the pulse sequence. In addition,
with the above average hamiltonian, only the fol-
lowing values can be obtained:

N even:
N odd:

m=+2,F+6, +10,..., |m| <N;
m=0, ¥4, ¥8,..., |m| <N. (11)

The scheme is represented in fig. 2 [6,7]. Clearly
the same sets of m-value occur for different values
of N. In fact, there are two infinite series of
N-spin operators that show the same pattern:

N,=4K+1 and N/=4K+3;
N,=4K+2 and N/=4K+4,
K=0,1,2,.... (12)

It has been shown that the pattern and time
dependence of multiple quantum intensities can
be used to distinguish between different distribu-
tions and clustering of spin systems [10]. If the
clusters are small, then the excitation of only even
orders of coherence is a disadvantage. For these
experiments it would be desirable to have a pulse
sequence which excites all orders of multiple
quantum transitions, providing a more sensitive
measure of the cluster size. One possibility is to
use a pulse sequence which produces a pure 2-
spin—1-quantum average hamiltonian. Such an
operator is, up to a rotation about the z-axis,
given by

1—1_2(?1)=d’(11212x+11x12z)a (13)

where d’ is proportional to the unperturbed cou-
pling constant d. This can be accomplished by the
pulse sequences in fig. 3. The repetitive part of
these sequences consists of a cycle of two, four or
eight 90° pulses with phase +x that generate a

(45), (90), (0 (45);

a)
{5), (45);
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Fig. 3. Pulse sequences that generate 2-spin-1-quantum aver-
age hamiltonians. The cycle itself consists only of the 90, and
90_, pulses while the 45, and 45_, pulses are applied only at
the beginning and at the end of the whole sequence. They are
therefore not part of the cycle and can be treated as 8-function
pulses. The average dipole-dipole hamiltonian is in all cases
(d/3) (I, 1,,+ I,1,,). (a) This sequence works only in the
limit of ideal delta-function pulses and has a non-zero average
offset hamiltonian. (b) For this sequence the zero-order aver-
age offset hamiltonian vanishes. The delays 7 and 7’ are
related by 7, =27 +1, where t, is the length of the 90°
pulses. This pulse sequence can also be used in a semi-window-
less way where 7 = 0. (c), (d) These sequences generate zero
overall rotation and are therefore less sensitive to, pulse errors.
The timing is the same as for sequence (b).

zero-order average hamiltonian
H{Y =d'(I,L, - I,L,). (14)

The 45° +y pulses are not part of the cycle,
but are added only once at the beginning and at
the end of the whole sequence which may include
an arbitrary number of cycles. Their objective is to
rotate the average hamiltonian of eq. (14) into its
desired form (13). The cycle of the simplest se-
quence, fig. 3a, consists of only two 90° pulses
with opposite phase. The average of the dipole—di-
pole hamiltonian already has the desired property,
but the average of the Zeeman hamiltonian,

AP = b0l 373(1+ 1) - 41], )
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does not vanish. The performance of this sequence
is therefore strongly offset-dependent. Further-
more it works only with ideal delta-function pulses.
The simplest sequence with the same average di-
pole—dipole hamiltonian and a vanishing Zeeman
hamiltonian has a cycle of four 90° pulses with
equal phases, fig. 3b. The delays are related by
7, =27 +1, This sequence works equally well
with finite pulse width, and may therefore be used
in a semi-windowless manner [15,16]. The net
rotation of this sequence is 2w so that pulse errors
accumulate. It is more useful in practice to use
one of the longer sequences of figs. 3c and 3d.
They can also be used in the semi-windowless
manner.
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Fig. 4. (a) Possible quantum numbers for N-spin operators

after excitation with a 2-spin—1-quantum operator and initial

condition /,. The allowed values are for N even: m = F1, ¥3,

F5,..., and for N odd: m=0, ¥2, ¥4,..., |m|<N. (b)

Same with 1-spin—1-quantum operators as the initial condition,

e.g. I,. The allowed values are for N even: m=0, ¥2, ¥4,...,
and for Nodd: m=F1, ¥3, ¥5,..., |m| <N.

The possible values of the magnetic quantum
number m for N-spin operators generated by these
average hamiltonian from spin systems at equi-
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Fig. 5. (a) Simulated single quantum spectrum for an A4’'BB’
spin system with the coupling constants d), = d;, = 6.25 kHz,
dy3=d,y=—024kHz, d,, = —0.625 kHz and d,; = —5 kHz.
(b) Calculated multiple-quantum intensities for the same spin
system using the even-order selective sequence and an excita-
tion time 7p =100 ps. Initial condition and observable are
both I,. Apparently it is not possible to distinguish this system
from a two-spin system only by measuring the multiple quan-
tum intensities. (c) As (b), but with initial condition and
observable set to I.. In this case only odd orders are observed.
(d) As (b), but using the sequence of fig. 3c. Initial condition
and observable are I,. (e) As (d), but the initial condition and
observable set to /.. Only under these conditions is the
highest-order transition excited.
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librium are shown in fig. 4a. Clearly the sequences
never excite the highest-order transitions, but all
N-spin operators are of order m < N — 1. This is
due to the initial condition of I, which is a 1-
spin~0O-quantum operator. The highest possible
transition can be excited by changing the initial
condition and the observable to I,, a 1-spin-1-
quantum operator, e.g. by a 90, pulse, as shown in
fig. 4b. Fig. 5 shows a computer simulation for
various excitation schemes, applied to a system of
four spins 1/2. If the even quantum selective
sequence is used with initial condition I,, it is not
possible to distinguish this system from a two-spin
system by looking only at the multiple quantum
intensities. This becomes possible by using I, as
an initial condition. The two spectra, figs. 5b and
5S¢, together are roughly equivalent to the single
spectrum, fig. 5d, obtained with the one quantum
sequence of fig. 3d. The highest orders can be
excited only with this sequence and the initial
condition /,, as shown in fig. Se.

Fig. 6 shows experimental multiple quantum
spectra of solid hexamethylbenzene. The compari-

Two Quantum Excitation

Hyy - Hy

7o = 132us Tp = 264us
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One Quantum Excitation

HXZ + HZX
= 132us Tp = 264us
‘ll ll. 11111118
-20 -10 0 10 20 -20 -10 0 10 20

n (number of quanta)

Fig. 6. Experimental spectra of hexamethylbenzene. The top

spectra were obtained with the even quantum selective se-

quence. Excitation times were 132 ps (2 cycles) and 264 ps (4

cycles). The bottom spectra were obtained with the sequence of
fig. 3c.

son of the two sequences shows that the single
quantum sequence leads to a slower excitation of
higher quanta, but with a more sensitive measure
of multiple quantum intensity distribution at short
times.

3. One- or two-quantum average hamiltonian with
scaling

A problem which occurs with both the one-
quantum and two-quantum average hamiltonian is
the limit on short-time resolution of multiple
quantum excitation dynamics. The system must be
excited in steps of H'r, where 7, represents the
cycle time of the pulse sequence. If smaller excita-
tion steps are required to look at the early dy-
namics then either 7, must be reduced or a smaller
HF must be implemented without increasing the
cycle time. Reduction of 7, is obviously limited by
experimental considerations such as power. It is
therefore desirable to design a pulse sequence that
implements an average hamiltonian with a smaller
effective coupling constant. Such an average ham-
iltonian effectively slows down the evolution of
the spin system while maintaining the one- or
two-quantum nature and the possibility of time
reversal by phase shift. 7

Pulse cycles for such scaled average hamilto-
nian with one- or two-quantum selectivity can be
derived from the sequence (b-90,—(a —t,/
2)-90,-2¢-90,~(a — 1,/2)-90,-2b-90,~(a ~ t,/2)
-90,~2¢-90,~(a - t,/2)-90,-b), shown in fig. 7),
where a, b and ¢ represent adjustable delays and
t, the duration of a 90° pulse. This sequene
generates a zero-order average hamiltonian

HO=d(a+b+c+31,02)""
X [lelzx(Zc —b—a)
+0,1,,2a-b-c)
+1,.L,(2b—a—¢c)). (16)
The zero-order average hamiltonian of the off-

set vanishes. Eq. (16) shows that it is possible to
generate pulse sequences with a pure two-quan-
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Fig. 7. Basic pulse sequence for pure n-quantum average
hamiltonians with scaled effective coupling strength. The effec-
tive coupling constant can be chosen by setting the delays a, b
and c appropriately (see text). With the timing of the pulses as
shown, the sequence generates a pure two-quantum average
hamiltonian with an effective coupling constant scaled by a

factor —1/2.

tum average hamiltonian if
b=(a+c)/2. 17)

The average hamiltonian of the sequence then
becomes

HOQ = [(c—a)/(c+a+t )]

r ror {10\
\ _‘1y12y}' {19)
Thus the effective coupling constant can be
scaled by a factor which varies between +1 and
—1. For ¢ = a, the average hamiltonian becomes
zero and the resuliing puise sequence is identical
to the SHRIMP sequence [17). Because the effec-
tive coupling constant can be varied through zero,
this sequence can be used for time-reversal experi-
ments not only by adjusting the transmitter phase,
but alternatively by changing the length of the
delays between the pulses.
The corresponding one-quantum selective se-
quences can be obtained via the same indirect

nrocedure as was used for the unscaled seauences.
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We first require H,, to vanish by setting

1 Y s 10}
a=(b+c)/2, 119)
which leads to an average hamiltonian
HO%=d[(c-b)/(c+b+1,)]

X (I 1x I2x -
which can then be converted into the desired
one-quantum operator by adding a 45, pulse at
the beginning and a 45_, pulse at the end of the
whole sequence. Again, the effective coupling con-
stant can be scaled from +1 to —1 by adjusting
the length of the delays. We use the names

2452458}

SQUASH (single quantum average scaled ham-

PN 70N
112122)’ £v)

iltonian) and DQUASH (double quantum average
scaled hamiltonian) for these sequences.

derived from tha ccheme of fio
AVYWwAL L AL llb-

Tha capguancac
1118 SCHULTICES GOI TOIM uid SCOCINC

7 are more susceptible to pulse length errors than
the standard sequence [14]. If inhomogeneity of
the radiofrequency field becomes an experimental
problem, it may therefore be advantageous to
minimize errors by using only one cycle of the
scahng sequence in the preparation and mixing
rala
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4, Conclusions

Dipolar coupled spin systems can be made to
absorb quanta from the radiation field either indi-
vidually or in pairs and can be made to undergo
multiple quantum dynamics which can be slowed
down, stopped or inverted by adjusting the phases
and the delays of the pulse sequence. The se-
quences presented in this paper should be useful
for the study of spin dynamics in small clusters
where the interesting time evolution occurs over a
relatively short time and it is a pity to lose the
additional resolution provided by the odd quan-

tum transitions, ’T'hpv also make it Iry\cm]-\]p to

SIS0, j 423 4] VSSiUaC

observe the highest pos51b1e n-quantum transition
in a spin cluster of any size. For large spin sys-
tems, however, it may still pay to use the even
quantum selective sequence. The intensities are
distributed among a smaiier number of transitions
and the excitation of high quanta occurs more

ramidly
apidly.

Acknowiedgement

We greatfully acknowledge experimental assis-
tance by D.N. Shykind. JB held a University of
California President’s Fellowship. This work w~:
supported by the Director, Office of Energy Re-
search, Office of Basic Energy Sciences, Materials

Criannaec Thuvicinan nf tha ITC Nanartment nf En_
SCIENCEs LoIVISION Of 1€ U.s. véparumient o1 i

ergy under Contract No. DE-Ac03-76SF00098.

References

[1] W-K. Rhim, A. Pines and J.S. Waugh, Phys. Rev. B 3
(1971) 684.



D. Suter et al. / Multiple quantum NMR excitation 109

[2] A. Pines, in: Proceedings of the 100th Fermi School on
Physics, ed. B. Maraviglia, to be published.

[3] W.S. Warren, S. Sinton, D.P. Weitekamp and A. Pines,
Phys. Rev. Letters 43 (1979) 1791.

[4] W.S. Warren, D.P. Weitekamp and A. Pines, J. Chem.
Phys. 73 (1980) 2084.

[5] D.P. Weitekamp, Advances in magnetic resonance, Vol.
11, ed. J.S. Waugh (Academic Press, New York, 1983).

[6] M. Munowitz and A. Pines, Science 233 (1986) 525.

[71 M. Munowitz, M. Mehring and A. Pines, J. Chem. Phys.,
to be published.

[8] Y.-S. Yen and A. Pines, J. Chem. Phys. 78 (1983) 3579.

[9] M.H. Levitt and R.R. Ernst, J. Chem. Phys. 83 (1985)
3297.

[10} J. Baum, K.K. Gleason, A. Pines, A.N. Garroway and J.A.
Reimer, Phys. Rev. Letters 56 (1986) 1377.

[11] J. Baum and A. Pines, J. Am. Chem. Soc. 108 (1986) 7447.

{12} U. Haeberlen, High resolution NMR in solids, selective
averaging (Academic Press, New York, 1976).

[13] J. Baum, M. Munowitz, A.N. Garroway and A. Pines, J.
Chem. Phys. 83 (1985) 2015.

[14] W.S. Warren, D.P. Weitekamp and A. Pines, J. Chem.
Phys. 73 (1980) 2084.

{15] D.P. Burum, M. Linder and R.R. Ernst, J. Magn. Reson.
44 (1981) 173.

[16] M. Mehring, Z. Naturforsch. 27a (1972) 1634.

{17} D.P. Weitekamp, J.R. Garbow and A. Pines, J. Chem.
Phys. 77 (1983) 2870.



