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thulium ethyl sulfate were simultaneously per-
formed by Hifner et al.'¥; in interpreting their
data, Hufner et al. did not take into acount the
electronic shielding factors ¢, and R, which led
to discrepancy between the experimental and the-
oretical value of the relevant nuclear quadrupole

moment.
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NUCLEAR MAGNETIC RESONANCE LINE NARROWING BY A ROTATING rf FIELD*

Walter I. Goldburg and Moses Lee
Osmond Laboratory, The Pennsylvania State University, University Park, Pennsylvania
(Received 5 August 1963)

In most crystalline solids the breadth of the
nuclear magnetic resonance (nmr) absorption
line arises mainly from the dipole interactions
between the nuclear spins. This interaction
is often of sufficient strength to mask the effect
of other, more interesting, interactions which

broaden the absorption line or shift its frequency.

We wish to report here a type of nmr measure-
ment which is not very sensitive to the presence
of the dipole interactions and therefore may fa-
cilitate observation of relatively small chemical
shifts, Knight shifts, and various types of im-
perfection-induced line broadening which cannot
be seen in solids by conventional nmr techniques.

Our experimental method is in many respects
equivalent to the observation of a free-induction
decay in a rotating sample. In such rotation ex-
periments it has been shown both experimentally
and theoretically® that the free-induction decay
time is increased by this rotation provided the
rotational velocity @ is large compared to the
linewidth, i.e.,

Q> (Aw), (1)

where (Aw) is the square root of the second

moment of the absorption line of the stationary
sample. This increased decay time corresponds,

of course, to a narrowing of the absorption line.
If the axis of sample rotation is inclined a}_ an
angle & with respect to the external field H, so
that

cos?d=1/3, (2)

then the dephasing effect of the dipole interaction
can be shown to vanish completely (in the limit
Q/(Aw) ~ =), and the free-induction decay should
persist for a time of the order of T,, the spin-
lattice relaxation time.

The mechanical rotation experiments are quite
difficult because of the very great angular ve-
locities required to satisfy (1). With the line-
narrowing technique described here this dif-
ficulty is absent, for it is a relatively small rf
field which is “rotated” rather than the sample.
In an analysis of our experiment there enters a
frequency w, =yH,, where y is the gyromagnetic
ratio of the resonant nuclei and 2H, is the ampli-
tude of an rf field applied in a direction perpen-
dicular to ﬁo. The frequency w, plays exactly
the same role as does Q in the mechanical ro-
tation experiments. For example, it is found
that line narrowing is appreciable when

w, > {Aw), (3)
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and that, if (3) is satisfied, the dephasing effect
of the dipole interaction vanishes completely at
the angle 6 such that

cos?0=1/3, (4)
where

c0s%0 = (wg - w)?/[w, 2+ (wy - w)?], (5)

and w, is the Larmor frequency of the resonant
spins, i.e., wy=yH,.

The sequence of experimental operations in
this field-rotation experiment is as follows:
The spin system under study is permitted to
come to thermal equilibrium in a large external
dc field H,=2.5 kG. Then an rf pulse is ap-
plied to the sample for a time 7. This rf pulse
is of frequency w and its effective rotating com-
ponent is of amplitude H,.

Quickly following abrupt turnoff of this rf
pulse, a second, very short (1/2)r pulse is ap-
plied to the system, and the subsequent free-
induction decay signal is observed on an oscil-
loscope. This signal provides a measure of
MZ(T), the component of magnetization of the
spin system that lies along H, following turn-
off of the first pulse. The time interval between
turnoff of the first pulse and initiation of the sec-
ond is much less than T, but much greater than
T,, the spin-spin relaxation time. The maxi-
mum length of the first pulse is also much less
than T,, so spin-lattice relaxation effects can
be entirely neglected in the interpretation of
the results.

A single run consists of a series of measure-
ments of M,(7) for various 7 but with a fixed
H, and w. To simplify comparison between ex-
periment and theory, the measurements were
made on the fluorine nuclei in single crystals
of calcium fluoride. In this material all inter-
actions other than the dipole interactions be-
tween fluorine nuclei are very small.

Figure 1 shows Mz(1)/M;(0) vs T for a crystal
oriented so that its [111] axis was parallel to
ﬁo. In this run the frequency of the first pulse
was w,. The dashed line is drawn smoothly
through the data points.

To interpret the results of this type of ex-
periment, consider first the case where the
nuclei interact only with the Zeeman field ﬁo
and the rotating rf field of amplitude H,. From
elementary considerations® one expects the nu-
clear magnetization M(7) to precess without
damping about an external field ﬁer with fre-
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FIG. 1. Relative magnetization in CaF, versus dura-
tion of first long pulse with w=w,. Dashed line is
drawn by eye through the points. The solid line is a
normal free-induction decay with the time scale expand-
ed by a factor of 2. The quantity M,(0) is the equilibrium
magnetization, often designated as M,.

quency yH, ., where

H_ =k(H,-w/y) +i'H,. (6)

The field ﬁer is static in a reference frame
which rotates about ﬁo with frequency w. The
unit vector i’ lies along the x axis in this rotat-
ing frame. In the absence of intranuclear in-
teractions one therefore expects that at exact
resonance, M,(1)/M;(0) =cosw,7. The oscil-
lations of M,(r) are quite apparent in Fig. 1.
The damping of the oscillations is produced, of
course, by the dipole interactions, which cause
the nuclei to get increasingly out of phase as
time (1) progresses.

To include the effect of the dipole interactions
in a calculation of M, (1), a simple extension of
the method of Lowe and Norberg® can be used.
One first transforms the Hamiltonian of the spin
system (including the term due to the rf field)
to the rotating reference frame and discards
nonsecular terms.* Then, with a simple re-
labeling of the coordinate axes,* it becomes
obvious that the problem of calculating the en-
velope of the damped oscillations is almost
identical to that of calculating a free-induction
decay envelope with the field H, (which is static
in the rotating frame) playing the role of H, in
the usual free-induction decay experiment. The
discarding of the nonsecular terms in the dipole
interaction is permissible only if (3) is satisfied.
A complete calculation shows that the envelope
of the damped oscillations observed in this type
of experiment is exactly the same as that of the
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ordinary free-induction decay envelope except
that the time scale is stretched by a factor

r=2/1(3cos20-1)|, (7

where cos?d is defined in Eq. (5). (We assume
that only one magnetically active nuclear species
is present in the sample and treat the lattice as
perfectly rigid.)

The measurements in Fig. 1 confirm the re-
sults outlined above for the case w=w,. From
Egs. (5) and (7), it is found that at exact reso-
nance x =2. The solid line in Fig. 1 shows a
photographed free-induction decay in CaF,
(again with H, Il [111]) with the time scale
stretched by a factor of two. This solid line
falls very closely on the measured decay en-
velope for 7 <80 usec. The discrepancy be-
tween theory and experiment for longer 7 may
be due to an unjustified neglect of nonsecular
terms in the transformed spin Hamiltonian (the
experiment was performed at the largest rf
field available, for which w,/{Aw)=4). Itis
not too difficult to take approximately into ac-
count the effect of these nonsecular terms.
Such calculations have been performed, but the
requisite numerical work is incomplete.

Instead of measuring M, (1), as was done here,
it is also possible to measure M,(7) by obser-
vation of the free-induction decay immediately
following the first pulse. Experiments of this
type, performed by Barnaal and Lowe,’ also
demonstrate, with considerable accuracy, that
the absorption line in CaF, is narrowed by a
factor of 2 when w =w,.

Our most interesting measurements, which
are shown in Fig. 2, were made under condi-
tions such that Eq. (4) was almost satisfied.
The sample was a single crystal of uranium-
doped calcium fluoride (0.1% U*t* by weight).
Also shown as a solid line in Fig. 2 is the en-
velope of an ordinary fluorine free-induction
decay in the uranium-doped sample. All meas-
urements were made at the same crystal orien-
tation. A comparison of the solid and dashed
curves shows an effective narrowing of the
flourine absorption line by a factor of 5.

It is to be noted in Fig. 2 that the quasi-equi-
librium value of M,(7)/M,(0) \T,«< 7« T,) is
not zero but rather is approximately 0.2. This
result is in accord with Redfield’s hypothesis*
that a spin system after a sufficiently long time
reaches a state of thermal equilibrium in the
rotating reference frame with its quasi-equi-
librium magnetization M z(oo) lying along ﬁer-
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FIG. 2. Relative magnetization in CaF, versus dura-
tion of first pulse with w = wy=27 x 13.83 kc/sec. Heavy
line is normal free-induction decay; the light line is
drawn by eye through the data points. The dashed line
is the envelope of the damped oscillations resulting from
this experiment.

It was not possible to calculate M, («)/M,(0)
because the orientation of the uranium-doped
crystal was unknown. ®

In conclusion we wish to note that line narrow-
ing in solids can also be produced by rotary
saturation.®? The line shape observed in a
rotary saturation experiment should, in the
limit of large H,, be the Fourier transform of
the envelope of the damped oscillations meas-
ured by the technique described here.

The authors are grateful to H. Kessemeier
for stimulating and informative discussions.
The Harshaw Chemical Company kindly fur-
nished the crystals used in these experiments.
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EFFECTS OF ROTATING MAGNETIC FIELDS ON FREE-INDUCTION DECAY SHAPES*

D. Barnaal and I. J. Lowe
Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania
(Received 5 August 1963)

The lengthening of a nuclear magnetic resonance
free-induction decay by applying a rotating mag-
netic field to a spin system has been observed.

In order to find out how such an effect might
occur, let us analyze the behavior of a set of N
particles with spin s and magnetogyric ratio v,
placed in a magnetic field H,(coswti +sinwtj) +H .
The spin system, when referred to a frame of
reference rotating about the z axis with angular
speed w, has the following magnetic Hamiltonian':

N
“1 :-th?lwlsjy Hlgre/s;,

L 3 .3 )
+2j§k(A]‘kS]‘ 8, ¥Bs, Syl ()

Only the time-independent terms of the interac-
tion between the spins, as viewed from the rotat-
ing reference frame, are listed, since for large
H, these are the only magnetic terms that deter-
mine the free-induction decay shape.*

In this rotating coordinate system (rotating co-
ordinate system No. 1), there is a magnetic field

Heff::Hly +(H0+w/y)z (2)

that makes an angle  =arctanHd,/(H, +w/y) with
the z axis. By making a transformation to a co-
ordinate system rotating about ﬁeff with angular
speed wegs=-yHeff (rotating coordinate system
No. 2), one obtains a new magnetic Hamiltonian
whose time-independent terms are

362=§(3 cos?-1)[t 25 Bjk(s' ’s

r-L1g 1§
jek IR k2 %)

k

DI

. +iB._ )85 . (3)
jek % TR

k

If there are only magnetic dipole interactions be-
tween the spins, Ajp = -%Bjk, making the second
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summation of (3) vanish. The omission of the
time-dependent terms in JC, is a reasonable ap-
proximation only if |wegfl is much greater than
the regular nmr absorption linewidth.

For the case of H, =0, the rate of decay of the
component of magnetization perpendicular to H £
is determined by 3C, and is just the normal free-
induction decay in rotating reference frame No. 1.2
Using the same arguments as in reference 2, we
conclude that as long as spin-lattice relaxation
effects may be ignored, the rate of decay of any
component of magnetization perpendicular to _ﬁeﬁ'
is determined by ¥, for |wegsl large enough. For
pure dipolar interactions between the spins, I,
has the same form as 3C, except for a multiplying
factor of ;(3cos®0 -1). Thus a free-induction de-
cay (f.i.d.) about Hess should have the shape of
a normal f.i.d. about H,Z, with the time axis
stretched by a factor of 2/13cos?#-1|. For 6
=90°, one need only replace ¢ in the free-induction
decay formula® by 7, while for 6 =arcos1/V3
~54.7°, the magnetization perpendicular to Hegf
will not decay at all (within the limits that one
can ignore the time-dependent terms not listed in
3,).

We have been able to include the time-dependent
terms, omitted in the above discussion of JC,, in
the computation of the rate of decay of magnetiza-
tion perpendicular to ﬁeff for the special case
that s =%, that 6 =90°, and that each spin interacts
with only one other spin (such as approximately
occurs in gypsum). We find that M, (¢), the x com-
ponent of magnetization in the first rotating co-
ordinate system, is given by the formula

Mx(t) =M(0)(w1/9) sinTQ cos(Blz/Zh)(t +17), (4)

where Q =[(B,,/4%)* +w,?]''?, w,=yH,, M(0) is the
equilibrium magnetization just before the rotating
magnetic field H, is turned on, 7 is the length of

time H, is on, and ¢ is the length of time between



