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Observations by radiative detection of pulse magnetic resonance of oriented Co nuclei
in iron are reported. Multiple-pulse techniques are used to observe free-induction de-
cays and spin echoes.

Radiative detection of the magnetic resonance
of oriented radioactive nuclei by the observation
of the effects of a resonant rf field upon the aniso-
tropic distribution of the y radiation was suggest-
ed by Bloembergen and Temmer. ' The main ad-
vantage of radiative detection is that far less nu-
clei are required as compared with conventional
NMR techniques in which the emf induced in the
rf coil by the precessing nuclei is detected. Also
Shirley' pointed out that the effects of resonant
fields on the emission of radiation by nuclei are
of fundamental interest. Using a model in which
the spins of the resonated nuclei are assumed to
be evenly distributed around the well-known' pre-
cessional cone in the Larmor frame, Shirley
showed that the dependence of the resonant change
in y-radiation anisotropy upon rf frequency should
exhibit structure associated with the various mul-
tipole terms in the angular distribution of the
emitted radiation.

The first observation of NMR by radiative de-
tection was by Matthias and Holliday4 using 6 Co
nuclei oriented by magnetic hyperfine interaction
in iron at a low temperature (-0.03 K). At the
resonant frequency of 165.5 MHz only a small
(- 1%) change in the y-radiation anisotropy was
observed and this was later shown by Templeton
and Shirley' to be due to the spread (-0.1 T) in
the hyperfine fields associated with inhomogene-
ous line broadening. With a single rf frequency
&, only nuclei in the frequency range ~ ~ yH, will

be significantly affected by the rf field, where H,
is the amplitude of the circularly polarized rf
field at the nuclei. With the largest cw rf fields
which may be used without intolerable heating of
the metallic samples this frequency range is
much smaller than the inhomogeneous linewidth.
Templeton and Shirley showed that large changes
(- 60'%%uo) in the anisotropy may be obtained by em-
ploying frequency-modulated rf fields using mod-
ulation parameters chosen so that most of the nu-
clei are resonated at intervals which are short in
comparison with the nuclear spin-lattice relaxa-
tion time T,. With use of this technique, accurate
measurements of magnetic hyperfine interactions
and T, values for a wide variety of dilute ferro-
magnetic alloys have been reported and have re-
cently been reviewed by Stone. In such experi-
ments, each nucleus experiences a series of
many fast passages and the effects of coherent
spin motion in the rf field are not observable. '
We recently reported' the application of radiative
detection to Single-pulse experiments using short
(-2-10 psec) pulses of high (-1 kW) rf power
Values of w, =yH, which were comparable with
the inhomogeneous vridth were applied without
detectable off-resonant heating. Large signals
were observed indicating the feasibility of using
fixed-frequency rf pulses. We report here im-
proved results obtained with faster pulse rise
times which permit, for the first time, the radia-
tive detection of coherent spin rotations in the
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where 0 is the angle between the direction of
emission and the orientation axis. The A„con-
tain angular-momentum coupling coefficients and
the B„(P) describe the orientation of the parent
radioactive nuclei; for the thermal polarization
of nuclei of spinI in a magnetic field H, then P
= pH/GATI. In our experiments an axial (& =0) y-
radiation detector was used. In the presence of
an rf field the spin motion is best considered by
transformation to the Larmor frame of reference
which rotates about the ~ axis at the rf frequency
(d. In this' frame an effective field,

H~f f = [((do —~)/y] z+Hix, (2)

acts on the nuclei where ~, =yH, and H, is the dc
field on the nuclei. If the rf is switched on suffi-
ciently rapidly in comparison with a time 2&/yH, ff,
the nuclear ma, gnetization M will then precess in
the Larmor frame about H, ff with a cone angle ~,
=arctan[~, /(&u —~,)]. At resonance, M precesses
in the y-z plane about the field H, x with frequency

The 90 and 180 pulse s of conventional NMB
are then obtained for pulse widths of &/2&, and
ff/cu„respectively. The radiative detection sig-
nal S„or fractional change in radiation anisot-
ropy, immediately after a resonant pulse of width

Larmor frame and of transverse phase effects in
multiple-pulse experiments.

The sample was prepared by diffusing a few mi-
crocuries of "Co activity into the surface of a
200-pm-thick disk of iron. The diffusion temper-
ature and time were 830 C and 4 min, respective-
ly, leading to an expected mean diffusion depth
-0.7 p.m. The estimated number of "Co nuclei
in the sample is - 5X10", leading to an average
fractional concentration - 5&10 ' in the diffusion
layer. Single-passage resonance" experiments
on this sample indicated a small electric quadru-
pole interaction with energy P such that P/h -10
kHz, which is negligible in comparison with the
interaction of the nuclei with the rf fields used in
these experiments. The sample was cooled to 9
mK in an adiabatic-demagnetization cryostat and
a 0.1-T dc field was applied to produce a common
axis of nuclear orientation. A gated rf synthe-
sizer together with a 250-MHz band-width ampli-
fier capable of producing 1-kW' rf pulses with a
40-nsec rise time was coupled to a coil in the
cryostat to provide the necessary rf field.

The normalized distribution of y radiation from
axially oriented nuclei may be written as"

~(~) =1+ Q &„H„(P)P„(cos&),
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FIG. 1.. Calculated dependence of the fractional
change in ~radiation anisotropy upon the width of a
single pulse for two values of 8 =u&/A.

v will be

S, =1 —P( costa, v')

for the case of a dominant v =2 term in the angu-
lar distribution (1). Hence signals varying be-
bveen 0 and 1.5 with an oscillation frequency of
2&, are expected as a function of pulse width.
However the inhomogeneous broadening will re-
sult in a a component of H, ff for all nuclei except
those for which (d +0 Vfe have shown, ' allowing
for this, that the expected signal will then be

S, =1 —f „P(&do —~,)P,(cosn) d(eo- ~,), (4)

where P(fd, —&uQ is the normalized resonant fre-
quency distribution with a half width at half-maxi-
mum ~ and

cos& =1- 2 sin 8~ sin g yH~gff ~

The dependence of the calculated signal immedi-
ately after a pulse upon fp (where f, =fd, /») for
two values of R = &a,/b, is shown in Fig. 1. It is
seen that oscillations in signal with varying pulse
width are still expected for quite small values of
R; the amplitude is lower but the oscillation fre-
quency is still close to 2f, . One interesting fea-
ture is that, as B increases, the average of the
signal over one period tends to the hard-core sig-
nal of O.V5 as introduced by Shirley. '

In each single-pulse experiment the y-radiation
anisotropy was monitored as a function of time
for 200 sec after the application of an rf pulse of
width T. During this time the anisotropy decayed
back to its original value because of the spin-lat-

1547



VOLUME 38, NUMBER 26 PHYSICAL REVIEW LETTERS 27 JUNE 1977

0-
CL
D~ 0-7
I—o
U)

z

~ 05

Z,'

T
O

+ 03.
C)

Q r

K'
U

01 '

07-
LL
C)0'
D
V)

Z 06-

Z:

h3
(3
Z'.

& 0.5-
O

Z,'

O
I—
~04-
CL
U

lt
Ii

I I

0 1 2 3 4

C (psec)
5 6

FIG. 2. Observed dependence of the fractional change
in y-radiation anisotropy upon the width of a single
pulse for Co nuclei in iron at 0.01 K for three values
of the peak rf voltage.
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FIG. 3. Free-induction decay: dependence of the
fractional change in y-radiation anisotropy upon pulse
interval in a two-pulse experiment on Co nuclei in
iron at 0,01 K with a peak rf voltage P =259 V and pulse
width of 0.3 @sec.

tice relaxation. No off-resonant heating was de-
tectable in experiments using rf frequencies a
few MHz above or below the resonant frequency.
The signal immediately after the pulse was deter-
mined from a single-exponential fit to the data.
The observed dependence of the signal upon T for
three values of V, the peak rf voltage, is shown
in Fig. 2. The oscillations, at a frequency which
is proportional to the rf voltage, are obvious and
correspond to a value f,= 225 kHz for the largest
voltage used; from low-rf field, cw, frequency-
modulated experiments a value &/2& =0.5 MHz
was obtained so that the curves in Fig. 2 corre-
spond to values of R of = 0.45, 0.23, and 0.1.
Comparison with Fig. 1 shows that the observed
oscillations are somewhat weaker than those in
the calculated signals. We expect that this is due
to neglect of the v =4 term and of a distribution of
II, values in the calculations. More detailed cal-
culations are in progress.

Because of the great power of more sophisticat-
ed multiple-pulse sequences in studying nuclear
interactions and relaxation processes we have
made a study of the radiative detection of phasing
effects in the transverse plane. In these experi-
ments the y anisotropy immedia, tely after the
pulse sequence is determined. The nuclei are

then precessing rapidly (165.5 MHz for Ee6oco)
and transverse phase effects are not directly ob-
servable unless a detector at 8&0 is used and the
anisotropy monitored as a function of time. This
would be extremely difficult and so we use the
last pulse to rotate the spin pattern. The result-
ing distribution of ~-spin components then de-
pends on whether or not there was coherence in
the transverse plane before the last pulse. Ideal-
ly, to observe the free-induction decay (llew), a
90'-90 sequence would be used. However, be-
cause of the limited values of R presently avail-
able larger effects are observed using pulses
with smaller average turning angles. Figure 3
shows the dependence upon pulse interval of the
signal immediately after a pair of 0.3-&sec puls-
es. For a zero interval the sequence is equiva-
lent to a single 0.6-psec-wide pulse. The depen-
dence of the signal upon interval is due to the
transverse dephasing of the spins between pulses
and the partial rotation of transverse components
out of the transverse plane by the second pulse;
it is thus an observation of the FID for & 10"nu-
clei.

The rationale" behind the radiative detection of
spin echoes is similar to that for the ed& except
that a triple-pulse sequence is used. Figure 4
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loys are nom possible. Experiments on this and
on the study of the electric quadrupole interac-
tions are nom in progress. The extension to larg-
er rf fields to improve the coherence of the rota-
tions is also being investigated.

The authors wish to thank Dr. F. J. M. Farley
for valuable suggestions concerning the rf gating.
This project is supported by a grant from the
Australian Research Grants Committee.

FIG. 4. Spin-echo experiment: dependence of the
fractional change in y-radiation anisotropy upon the
second-pulse interval in a three-pulse experiment on
6 Co nuclei in iron at 0.01 K with a peak rf voltage V
=250 V. Pulse widths were 0.8, 1.6, and 0.8 @sec.

shows the signal after a "90 -180 -90"' sequence
as a function of the second pulse interval. The
echo is observed mhen this interval equals the
first interval which was held at 4p sec. If the
pulses mere true 90' and 180' pulses, i.e. , if R
» 1, and there were no inhomogeneous rf broad-
ening, the signal would vary from the Shirley
hard-core value of 0.75 off the echo to zero at the
echo. %'ith our conditions the echoes were found
not to depend greatly on the midths used and simi-
lar results mere obtained for a "90'-90 -90'" se-
quence.

With the introduction of pulse techniques to ex-
periments employing radiative detection, detailed
studies of spin-spin interactions in very dilute al-
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