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Raman Magnetic Resonance
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A method for continuous coherence transfer in magnetic resonance is proposed and demonstrated with
real-time detection of a double-quantum NMR coherence. The technique, which has implications for a
broad range of magnetic resonance experiments, is related to effects observed in the study of coherent

optical transients.

PACS numbers: 33.25.—j, 33.35.—q, 33.40.Hp

Over the last few years, a variety of magnetic reso-
nance experiments have required detection of the time
evolution of coherences which are not directly observ-
able. A recent example is a multiple-quantum transition
which is dipole forbidden in first order.! Despite the ap-
parent inaccessibility of such a transition, it is possible to
monitor the state of the evolving coherence by use of a
“read” pulse to transfer the information to an allowed,
and therefore detectable, transition.? The pulse method
achieves maximum coherence transfer, but destroys the
evolving coherence, and forces the experiment into a
point-by-point mode. > This can become very time con-
suming if one step in the experiment is very long. For
example, each point requires a nuclear polarization
period which is orders of magnitude longer than the rest
of the experiment. When many points are required to
define the time evolution sufficiently, it would be advan-
tageous to have a method for the observation of these
coherences continuously, as is done for allowed transi-
tions.

In this communication, we report a method which per-
mits continuous observation of forbidden magnetic reso-
nances, and demonstrate the technique with real-time
detection of a double-quantum coherence.? A weak,
continuous-wave (cw) field is used to stimulate a Raman
response from a spin system in which the coherence of
interest has been generated. This is an effect which has
heretofore only been associated with optical* or mixed
optical-magnetic® three-level systems, and in all these
experiments, optical detection was used. The experiment
described in the Letter was carried out on a three-level
system in which the energies and responses were deter-
mined solely by magnetic interactions among nuclear
spins. Thus, the method can be viewed as a magnetic
analog of coherent Raman spectroscopy in the optical re-
gime,%” and the signals observed as coherent magnetic
Raman beats.

The double-quantum transition was observed in a
three-level NMR system composed of the dipole-
perturbed Zeeman states of two identical spins. Di-
fluorotetrachlorethane was dissolved in a nematic
liquid-crystal solvent. The liquid crystal becomes par-
tially aligned in the external field (1.4 T) used for the

NMR experiment, and the solute becomes oriented in
the liquid crystal so that the dipolar interaction between
the two '°F spins is not motionally averaged to zero as it
would be in an isotropic medium.® The dipolar pertur-
bation shifts the Zeeman levels of the '°F nuclei, result-
ing in the three-level system shown in Fig. 1(a). The
corresponding ""F NMR spectrum, shown in Fig. 1(b),
is a doublet with splitting @ =1016 Hz. The stimulated
coherent Raman beat is generated by mixing of the two-
quantum coherence at 2vy with a weak cw probe field at
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FIG. 1. (a) Three-level system for two coupled '°F spins,
showing Zeeman levels separated by vo=56.4 MHz and dipole
shifted by * a/4, leading to a doublet spectrum with frequen-
cies v; and v;, and double-quantum coherence at twice the
Larmor frequency (2vo). The states are labeled by the Zee-
man sublevel quantum number. (b) Single-quantum spectrum
showing the position of the cw probe field (v,) offset from the
resonance frequency (vo) by 8. (c) Raman signal at 2vo—v,
generated by mixing of the double-quantum coherence and
weak off-resonance cw probe field.
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vp to produce the Raman signal at 2vo—v,, as shown in
Fig. 1(c).

Double-quantum coherence is first generated by well-
known methods which use the pulse pair shown at the
beginning of the sequence in Fig. 2% The radio-
frequency carrier is set off resonance at v, by twice the
splitting in the single-quantum spectrum [Fig. 1(b)]. A
nonselective 90° pulse is applied, and the single-quantum
magnetizations are allowed to precess freely for a time
(2a) 7!, when they are 180° out of phase with each oth-
er. A second nonselective 90° pulse is then applied,
which converts all the single-quantum coherence into
double-quantum coherence at 2vp.! The phase of the
pulse pair is cycled in order to minimize the amount of
single-quantum coherence generated.® At the end of the
second pulse (1 =0, Fig. 2), the double-quantum coher-
ence begins to evolve in time. A weak cw “probe” field
is immediately applied at vp,m and the receiver is turned
on simultaneously so that signal induced by the cw field
can be acquired in real time.!! The evolving two-
quantum coherence mixes with the weak probe field to
produce Raman signals at 2vo* v,. The spectrometer
was tuned to detect the low-frequency beat at 2vp—v,
shown schematically in Fig. 1(c),'? and the signal actu-
ally observed is shown in Fig. 3(a). The spectrum ob-
tained after Fourier transformation of the acquired sig-
nal [Fig. 3(b)] has the following major features: two res-
onance lines at 1561 and 2583 Hz, 180° out of phase
with each other, and a third resonance at 4143 Hz. The
two low-frequency lines, separated by 1022 Hz, consti-
tute the single-quantum spectrum, while the third line
occurs at twice the resonance offset (25), as expected for
a two-quantum response. ! If the same sequence is
used, but without the initial pulse pair, only single-
quantum lines are observed, showing that the line at 26
must be due to the prepared two-quantum coherence.
The width of an inhomogeneously broadened two-
quantum line should be double that of a one-quantum
line.! We have tested for this by spoiling the homogenei-
ty of the external field, and have observed widths of 21
and 42 Hz for the lines at 1561 (or 2583) and 4133 Hz,

CW probe field

FIG. 2. Pulse sequence used for creation and detection of
double-quantum coherence. The pulse pair (two 3-usec pulses
separated by 490 usec) is used to create the coherence at 2vy,
while the cw probe field stimulates a Raman response which
faithfully reflects the time dependence of this coherence. The
strength of the probe field (4.7 uT) is almost three orders of
magnitude less than the strength of the pulse field (2 mT).
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FIG. 3. (a) cw signal stimulated by the probe field. Only
the first part of the data is shown (the decay lasts for over 200
msec) so that the beat structure is visible. (b) Fourier trans-
form of the signal shown in (a). The antiphase signals at 1561
and 2583 Hz constitute the single-quantum (1Q) spectrum,
while the two-quantum (2Q) signal is at 4133 Hz, twice the
offset of the probe field from the center of the dipolar doublet.

respectively. The spectrum shown in Fig. 3(b) was actu-
ally obtained in a relatively uniform external field, and
in this case, the widths of the one- and two-quantum
transitions will be determined by competing effects: (1)
variation in the degree of solute orientation, which
makes the one-quantum line broader without affecting
the two-quantum line,! and (2) external field homo-
geneity, which makes the two-quantum line twice as
broad as the one-quantum line. These considerations ac-
count for the widths of the lines shown in Fig. 3(b): 10
Hz for the single-quantum (1Q), and less than twice
this, 17 Hz, for the double-quantum (2Q) transition.

The rotating-frame Hamiltonian which describes the
evolution of the two-quantum coherence in the presence
of the cw probe field is given by

ﬂ=0112122+3(111+121)+(w1/27t)(111+12x), (1)

where a is a reduced dipolar coupling constant equal to
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one-half of the doublet splitting,'* & is the resonance
offset, and w, =ypB|p/2 is the strength of the cw probe
field. The cw signal, calculated in first order, 3 is given

by
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(2

The first two terms on the right are single-quantum os-
cillations, while the third term is the two-quantum oscil-
lation. Equation (2) predicts, and the experimental re-
sults show, that the cw probe field stimulates single- as
well as double-quantum responses. Furthermore, we find
that the relative phases and amplitudes of the single- and
double-quantum signals as functions of the resonance
offset are in accord with Eq. (2). The double-quantum
signal accounts for 20% and 30% of the total signal in-
tensity with settings of §=a and &=2a, respectively.
For a fixed value of 8/a, Eq. (2) indicates that the
double-quantum signal intensity should increase linearly
with the strength of the probe field (@;). Second-order
line broadening should limit this increase,!> and al-
though we never reached this theoretical limit, receiver
noise did become a practical limitation as the cw level
was increased.

The use of a weak cw field for the detection of forbid-
den transitions in magnetic resonance represents a
marked departure from the prevalent strategy of the use
of a “hard” pulse to monitor such a coherence, "? but in-
troduces a general method for continuous coherence
transfer. Viewed within the framework of two-
dimensional spectroscopy, '*> the cw approach introduced
here contracts evolution, mixing, and detection into a
single time period. Therefore, such a “one-shot” experi-
ment'® holds promise for sensitivity improvement over
the point-by-point method. Although we have chosen to
demonstrate the technique on a three-level NMR sys-
tem, the Raman method of detection has implications for
a broad range of magnetic resonance experiments, in-
cluding electron spin-echo modulation!” and optical
detection of coherence effects in triplet states.'® We are
currently exploring the use of the Raman beat method in
both of these areas, and are also developing a
comprehensive theoretical treatment of the phenomenon.
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