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Pulsed NMR is studied in the easy-plane antiferromagnets MnC03 and CsMnF3' which have large dynamic 
frequency shifts. The results of measurements of the amplitude characteristics show that the signals of both 
one- and two-pUlse echos are formed by a frequency mechanism. The free-induction signal following a 
short radio-frequency pulse is investigated. The results agree satisfactorily with the theoretical concepts 
regarding the dynamics of nuclear spin motion in such systems. The previously observed "capture echo" is 
used to investigate the mechanism of capture of the spin system by a short radio-frequency pulse. A 
nonmonotonic dependence of the stimulated echo signal on the spacing between the second and third 
exciting pulses is detected. The longitudinal and transverse relaxation times are measured. 

1. INTRODUCTION 

Nuclear spins in magnetically-ordered substances 
are coupled at sufficiently low temperatures by the 
Suhl-Nakamura interaction(l,zl. This brings about an 
interesting situation wherein, on the one hand, the av
erage values of the magnetic moments are still far 
from their nominal values, and on the other hand the 
spin system is collectivized to such a degree that it can 
be described in terms of the spin waves l3 ]. The clearest 
manifestation of the Suhl-Nakamura interaction is the 
so-called dynamic frequency shift, i.e., the deviation of 
the frequency IINMR of the homogeneous precession of 
the nuclear spins from the value YnHn, where Hn = AM 
is the effective field of the hyperfine interaction, Yn is 
the nuclear gyromagnetic ratio, and M is the sub
lattice magnetization. 

Many investigations of magnets with Suhl-Nakamura 
interaction were carried out by stationary methods l4-7 ]. 

The main result is the possibility of describing the dy
namic shift in the form 

(1) 

where H is the external magnetic field and Ts is the 
spin temperature, which can differ, when an RF field is 
applied, from the lattice temperature and from the tem
perature of the electron spin system. These experi
ments, however, did not make it possible to study the 
dynamics of the motion of the nuclear spins when an RF 
field is applied. Such investigations would be extremely 
interesting, since, as shown already theoretically by 
de Gennes et al.[3], the frequency of the homogeneous 
precession of the nuclear spins should depend also on 
the deviation angle e of the nuclear spins from the 
equilibrium position, i.e., the formula that should be 
satisfied in place of (1) is 

VNMR =v.o-vp(H, T.)cos a, (2) 

where IInO = YnHn is the unshifted hyperfine frequency. 
A theoretical analysis of this question has demonstrated, 
in particular, the possibility of aperiodic motion of 
nuclear spins following application of an RF field[8]. 

The dynamics of the motion of the nuclear spins can 
be investigated experimentally with the aid of pulsed 
NMR, particularly spin echo. This raises a number of 
additional interesting problems. For example, as shown 
by Gould[91, a possibility exists of a frequency mecha-
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nism (different from that considered by Hahn[lD]) of 
spin-echo formation. The gist of this mechanism is that 
the compensation of the "fan" of transverse spin com
ponents, a compensation needed to produce the echo 
signal, can be the result of a regular shift of the spin 
precession frequency under the influence of RF pulses. 
It is indicated by Petrov et al.[ll] that spin echo in 
nuclear spin systems with large dynamic frequency 
shift can be due precisely to the frequency mechanism, 
and calculations were made for this case. At present 
there are no other known systems in which the frequency 
mechanism can be realized. In addition, spin echo makes 
it possible to measure directly the transverse-relaxa
tion time Tz needed for the study of the Suhl-Nakamura 
interaction. 

It is no accident that a number of papers have been 
recently published on spin echo in systems of magnetic 
nuclei with large differential frequency shifts 
(RbMnF/ ll ), MnO[lZ], MnCOs, and CsMnF3 (13)). Unfor
tunately, owing to the complexity of the interpretation, 
the available experimental data are insufficient for the 
solution of the problems raised above. Recently, how
ever, in pulsed investigations of NMR and MnC03, there 
were observed interesting effects of "capture echo ,,(14 J 
and one-pUlse echo[15], with the aid of which we hope to 
come closer to an understanding of the occurring phe
nomena. 

In this paper we present the results of an investiga
tion of pulsed NMR in the easy-plane antiferromagnets 
MnC03 and CsMnF3. The magnetic properties of these 
substances have been quite thoroughly investigated[16]. 
Stationary NMR was investigated in[4] (MnC03) and l5 ] 
(CsMnF3). The frequency of the homogeneous spin pre
cession of the nuclei is described satisfactorily by the 
formula 

(3 ) 

where I' e is the electron gyromagnetic ratio, HE is the 
effective exchange field, A is the hyperfine interaction 
constant, < m >z is the average projection of the mag
netic moment of the nuclei on the direction of the elec
tron sublattice, and lie is the AFMR frequency, with 
lie = YeH for CsMnF3 and lie = Ye v'H(H + HD) for 
MnCOs, where Hd is the Dzyaloshinskil field. Nuclear 
spin waves were detected in these substances inll7] by 
observing "parallel pumping". All the phenomena de
scribed below were observed in both substances, but the 
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main investigations were made on MnC03. The results 
presented below pertain to this substance in all cases, 
unless otherwise stipulated. 

2. SAMPLES AND MEASUREMENT PROCEDURE 

All the measurements were made on synthetic single 
crystals. The MnC03 crystals were grown by Ikornikova, 
by the hydrothermal synthesis method, at the Crystal
lography Institute of the USSR Academy of Sciences(18l. 
The samples were plates of irregular shape, whose 
plane coincided with the basal plane of the crystal. For 
the investigations, the samples were finished in the 
form of disks. The CsMnF3 crystals were grown by the 
Bridgman method at our Institute by Petrov(19l1). The 
samples had an irregular shape. 

The measurements were peformed with a pulsed 
NMR spectrometer in the frequency range 360-500 
MHz. A block diagram of the spectrometer is shown in 
Fig. 1. We used both incoherent and incoherent series 
of RF pulses. The minimal pulse duration was t" 
"" 0.7 iJ. sec. The power of the RF pulses fed to the sam
pIe was varied with a precision attenuator. The ampli
tude of the echo Signal was measured both with the pre
cision attenuator and by direct reading against the 
oscilloscope scale. The sensitivity of the superhetero
dyne receiver was of the order of 10-13 W. We had to 
measure directly the echo-signal frequency. These 
measurements were performed by fine-tuning the 
superheterodyne receiver; this called for preliminary 
calibration against the signal of an external oscillator. 
To obtain RF pulses of varying amplitude we used two 
signal generators, one for each pulse. 

The sample was placed in a helical resonator, in the 
antinode of the magnetic field (for a half-wave helix, the 
antinode is at the center of the resonator). The resonator 
figure of merit was Q"" 300. The resonator was excited 
by inductive coupling by a ring coaxial with the reso
nator. The coupling was chosen close to critical. The 
magnetic component of the RF field was polarized along 
the resonator axis, and its amplitude is described satis
factorily by the formula 

where P is the incoming RF power, " the resonator 
working frequency, and V the resonator volume. The 
maximum RF-field amplitude in our experiment was 

(4) 

h"" 3 Oe. In all the experiments, the RF and the con
stant magnetic fields were mutually perpendicular and 
in the basal plane of the sample. The constant magnetic 
field was produced with a laboratory electromagnet. The 
field inhomogeneity over the sample dimensions was 
0.5 Oe, which is much less than the line width and does 
not affect the measurement results. 

r------------4~ 

FIG. I. Block diagram of spectrometer. 
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All the measurements were made in the temperature 
range 4.2 - 1.4°K. To prevent overheating, the samples 
were placed directly in the liquid-helium bath. Temper
ature stabilization and measurement were made with a 
germanium thermometer accurate to 0.03°K. 

3. EXPERIMENTAL RESULTS 

1) Free Precession 

Free precession is defined as RF emission by the 
excited spin system immediately after the exciting RF 
pulse is turned off. Investigation of free precession 
permits a direct study of the dynamiCS of the motion of 
the nuclear spins under the influence of the RF fields, 
since the signal amplitude ss proportional to the trans
verse magnetization of the nuclei. Unfortunately, the 
free-precession signal has an irregular chopped-up 
form, which makes the measurements quite difficule) . 
We investigated the amplitude of the free-precession 
signal immediately after a short RF pulse. When the 
power or duration of the pulse is varied, the precession 
amplitude goes through a maximum. The power at which 
the Signal maximum is reached, as a function of pulse 
duration, is shown in Fig. 2. We see that this dependence 
is described satisfactorily by the formula 

(5) 

From the theory of the dynamics of spin motion, de
veloped by Turov et alPl, it follows that with increasing 
power the free-precession Signal amplitude should go 
through a series of successive maxima, the first maxi
mum occurring when the following condition is satisfied 

(6) 

where "I = Yn 1)h is the amplitude of the RF field in fre
quency units, and T/ is the gain. This formula can also 
be obtained from simple considerations. It is clear that 
the singularity in the precession signal should appear at 
the instant when the spin-precession frequency shift be
comes equal to the frequency width of the exciting pulse. 
This leads to the condition 

v p8'/2""1/t" 

and if we substitute here f} = "I t", then we obtain for
mula (6), apart from a numerical factor. 

Knowing the RF power, we can calculate from (4) the 
amplitude of the RF field in the resonator. Further, 
from the slope of the lines in Fig. 2 we can estimate the 
gain Tj. The values T/ = 140 and T/ = 240 obtained by us 
are in satisfactory agreement with the theoretical 
values determined from the formula 1) = Hn/h, namely 
1) = 160 and 1) = 280. This confirms the validity of the 
statements by Turov et al.(8 J, and we obtain an inde
pendent method of establishing the scale of the RF field 
amplitude, a scale that we shall use subsequently. 

We have succeeded in observing directly the shift 
produced in the natural frequency of the spins by the 
RF field (Fig. 3). The signal frequency was measured 
by tuning a narrow-band superheterodyne receiver. 
Curve 1 of Fig. 3 was obtained at low power of the excit
ing pulse, and curve 2 was obtained near the maximum 
of the precession amplitude. The magnitude of the fre
quency shift was of the order of the pulse width. It is 
interesting that the frequency shift is accompanied by 
line broadening. This broadening should manifest itself 
in a decrease of the time constant ~ of the precession-
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FIG. 2. Dependence of the duration of the RF pulses at which the 
free-precession signal takes place on the pulse power; vNMR = 610 MHz. 

FIG. 3. Free-precession signal intensity vs. the frequency to which 
the superheterodyne receiver is tuned: e-Iow RF pulse power; O-near 
the maximum of the precession-signal amplitude. 

signal fall-off, which is inversely proportional to the 
line width c.,,,. Unfortunately, because of the very 
chopped-up precession signal, we were unable to meas
ure 1'* directly. It was possible, however, to observe 
the free-precession signal duration, i.e., the time 
reckoned from the end of the pulse to the instant when 
the precession signal becomes comparable with the re
ceiver noise. We observed the maximum duration of the 
free precession at a pulse RF power 8-10 dB lower 
than necessary to attain the maximum of the precession 
amplitude. This means that the broadening of the NMR 
line begins to manifest itself at RF field powers such 
that the shift of the natural free precession becomes of 
the order of the MNR line width. 

2) Two-Pulse Echo 

J 

We continued the study of a two-pulse echo in MnCOs 
and CsMnF s. All the investigations, unless otherwise 
stipulated, were carried out at equal amplitudes and 
durations of the exciting RF pulses. We investigated the 
spectrum of the echo Signal as a function of the mag
netic field in the field range 0.5-5 kOe. The spectrum 
at low RF-pulse powers was found to agree well with the 
data on stationary NMRl41. At the same time, at high 
exciting-pulse powers, the echo was observed in a wide 
range of differences between "RF and "NMR' We have 
investigated the signal-echo frequencies as a function of 
the external magnetic field at a constant RF pulse fre
quency (Fig. 4). The echo-signal frequency always co
incides with "NMR, with the exception of the special 
case of "capture echo," which will be considered later 
on. 

The echo behaves quite differently at small \0" \ 
:s c.,,, and large \0" \ » c.,,, frequency deviations (0" 
= "RF - "NMR, c.,,, is the unperturbed NMR line width). 
We shall find it convenient to consider these cases 
separately. 

A. Small deviations. Depending on the RF pulse 
power, the echo-signal intensity goes through a maxi
mum (Fig. 5a). The spin rotation angle is in this case 
(J max "" 2 - 5". No other maxima were observed with 
further increase of power, up to powers exceeding Pmax 
by 20 dB. At low powers, the signal intensity is 
I ex: p l / 2. The maximum of the echo amplitude is ob
served at pulse powers 8-10 dB lower than needed to 
attain the free-precession signal maximum. Depending 
on the pulse duration, the position of the maximum 
shift, and the condition Pmax..x: t~ is satisfied. Conse-
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FIG. 4. Echo-signal frequency vs. NMR frequency: +-ordinary echo, 
o-capture echo; T - 2°K. 

FIG. 5. Signal amplitude (a) and two-pulse signal fall-off time con
stant (b) as functions of the power of the exciting RF pulses. Dashed
relative signal amplitude after subtracting the relaxation change, vNMR 
= 610 MHz, T - 2°K. 

quently, the echo maximum occurs at constant angles 
of spin rotation from the equilibrium conditions, and 
accordingly, at a constant value of the spin-precession 
frequency. The value of this shift "p(J~ax/2 is close 
to the unperturbed NMR line width. The maximum of 
the echo signal occurs simultaneously with the maximum 
duration of the free-precession frequency. It can there
fore be concluded that with further increase of the am
plitude of the RF pulses a broadening takes place in the 
NMR line. 

We have investigated the dependence of the shape of 
the envelope of the echo fall-off on the RF field power. 
This envelope has everywhere the shape of an exponen
tial whose time constant does not depend on the power 
at P < Pmax and decrease with further increase of the 
power (Fig. 5b).S) This behavior allows us to conclude 
that at low RF-power levels we measure the true time 
T2 of the transverse relaxation. For a delay between 
pulses reduced to zero, at powers higher than Pmax, 
we obtain a plateau on the plot of the echO-signal am
plitude against the RF power (dashed curve on Fig. 5a). 

At small frequency deviations, the maximum echo 
signal decreases with increasing detuning (Fig. 6). 

B. Large frequency deviations. The dependence of 
the echo signal intensity on the power in this detuning 
region is shown in Fig. 7. At low powers, the law 
I ex: pS/2 is also satisfied and then, starting with a cer
tain power Pplateau, the echo signal ceases to increase. 
The intensity of the signal depends little on the duration 
of the RF pulses when the condition t" < 1/ c.,,, is satis
fied. The envelope of the echo fall-off Signal is exponen
tial and has a time constant of the same value as T2 
measured at low frequency differences. The relaxation, 
just as in the case of small frequency differences, de
creases with increasing RF power, but this decrease 
begins at RF pulse amplitudes 5-7 dB higher than 
Pplateau, 

We have investigated the dependence of the RF power 
at which the plateau appears in the echo intensity on the 
frequency difference. In this experiment, the RF field 
frequency was constant and the frequency difference was 
produced by varying the external magnetic field. It 
turned out that the relation Pplateau ex: 0,,2 was well 
satisfied. 

Figure 6 shows the maximum value of the two-pUlse 
echo signal as a function of the frequency deviation. The 
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FIG. 6. Maximum intensity of one-pulse (0) and two-pulse Ce) echo 
vs. the frequency deviation. vNMR = 590 MHz, T = 2°K. 

FIG. 7. Amplitude of one-pulse CO) and two-pulse ce) echo signal vs. 
the RF field power; vNMR = 590 MHz, liv .., 3 MHz. Solid line-theor
etical dependence. 

measurements were performed in the following manner. 
The external magnetic field, and hence the NMR fre
quency, were constant. The deviation was produced by 
varying the carrier frequency of the radio pulses. At 
each value of the frequency deviation Ov we measured 
the dependence of the echo-signal amplitude on the RF 
power and determined the largest amplitude. We see 
that at large frequency deviations the maximum echo
signal amplitude does not depend on the magnitude of 
the deviation. All the results obtained above on two
pulse echo at large frequency deviations pertain pre
cisely to this region, and at small deviations they per
tain to exact equality of vRF and vNMR. The ratio of 
the amplitudes of the echo signal at the center of the 
NMR line decreases with increasing dynamic frequency 
shift also at large detunings. 

3) One-Pulse Echo 

A one-pulse echo is a resonant response of the spin 
system to the action of a single exciting RF pulse, pro
duced at time instances that are multiples of the pulse 
duration, and having a frequency and width determined 
by the characteristics of the spin system proper, and 
not by the exciting pulse. Data on our experimental ob
servations of this effect and preliminary results of its 
investigation are given in[lS]. 

Figure 8 shows an oscillogram of the signal of the 
one-pulse echo. This signal was observed only when the 
NMR frequency does not coincide with the frequency of 
the RF field. The minimum detuning at which it was pos
sible to observe the Signal, was 0.5 MHz (the NMR line 
width at this frequency is 0.3 MHz). The echo-signal 
frequency, however, coincides with the NMR frequency 
(Fig. 9). In this experiment the frequency of the RF 
pulse was constant at 610.4 or 616 MHz, and what was 
varied was the external magnetic field, and hence the 
NMR frequency. These investigations were carried out 
in a wide range of RF field frequencies, from 500 to 
630 MHz, and good agreement between the echo-signal 
frequency and the NMR frequency was observed through
out. 

We were able to observe in the experiment three 
signal echoes at tv, 2tv, 3tv after the RF pulse. The 
first echo signal was observed at a pulse duration from 
30 to 150 IJ.sec. The secondary Signals turned out to be 
weaker by one order of magnitude, and could be re
solved only at tv"" 20 lJ.Sec. The amplitude of echo sig
nal depends strongly on the rise and fall rates of the 
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exciting pulse. When the front duration was increased 
from 0.3 to 0.8 IJ.sec, the echo amplitude decreased by 
one order of magnitude. 

With increasing pulse duration, the echo signal de
creases exponentially with a time constant close to the 
time of the transverse relaxation T2, measured with 
the aid of the two-pulse echo. 

The one-pulse echo behaves in many respects quite 
similarly to the two-pUlse echo at large frequency devi
ations. Figure 7 shows a plot of the one-pulse echo sig
nal amplitude against the applied RF power. This plot 
was obtained with the same parameters as the analogous 
curve for the two-pulse echo. Good agreement of the 
results is observed. With increaSing difference 011 be
tween the NMR and RF frequencies, the power at which 
the plateau sits in also increases like Pplateau ex; ov 2 • 

Figure 6 shows the maximum amplitude of a one-pUlse 
signal as a function of the frequency deviation. This de
pendence was measured at a constant NMR frequency, 
and the necessary detunings were produced by varying 
the radiofrequency. It is easy to see that the region of 
existence of the one-pulse echo Signal coincides with 
the region of the existence of a two-pUlse signal at 
large frequency deviations. A growth of the one-pulse 
echo signal intensity is observed when the frequency 
deviation increases above the inflection point on Fig. 6; 
this is most readily due to the steepening of the pulse 
fronts when the pulse frequency moves away from the 
resonator frequency. At any rate, when working with 
resonators having a lower Q, the maximum echo signal 
increases more strongly with increasing frequency devi
ation, whereas the inflection point remains in place. 
With increasing value of the dynamic frequency shift, 
the minimum frequency deviations needed to observe 
the one-pulse echo signal increase in magnitude. 

We have attempted to observe a one-pulse echo in 
the ferrite MnFe2 0 4 , which is a nuclear spin system 
with a dynamic frequency shift. At 4 OK we observed a 
weak one-pUlse echo, weaker by three orders of magni
tude than the two-pUlse signal. It was impossible to ob
serve one-pUlse echo in this substance at 7~K. It can 
therefore be concluded that the one-pulse echo is ob-
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served only in nuclear spin systems with large dynamic 
frequency shifts or in similar systems. 

4) Echo-Signal Forming Mechanism 

In the region when one-pulse and two-pulse echo 
exist, at large frequency deviations, the following con
dition is satisfied with sufficient accuracy: 

(7) 

Therefore, as follows from[8], the motion of the nuclear 
spins in first-order approximation can be regarded 
classically. But in the case of a "Hahn" phase mecha
nism of echo formation, the two-pulse echo signal has 
a noticeable amplitude only if the condition l/llli :s III is 
satisfied[21]. In our case l/llli :::0 5 MHz and Ill"" 0.5 
MHz. It is also known that the phase mechanism of echo 
formation does not produce a noticeable one-pulse echo 
signal, at any rate at pulse durations til ~ T2 .[22] Conse
quently, neither one-pulse nor two-pulse echo can in 
principle be described at large frequency deviations 
within the framework of the phase mechanism of echo 
formation. 

An alternative in this case is the frequency mecha
nism of echo formation. Indeed, the regular shift of the 
natural frequencies of the spins, which occurs under the 
influence of the RF pulse, can in principle compensate 
for the irregular spreading of their phases, due to the 
inhomogeneous broadening. The mechanism of forma
tion of one-pulse echo was described in detail in[20]. 
The echo-signal intensity is determined by the follow
ing formula: 

v, [ { 2t. } ] 'I. { t.} I en 6v l,'(y) +exp - T; l,'(y) exp - T, ' 

where J 1 and J 2 are Bessel functions with argument 
v,' {t. 1 

y=Vp 6v' t. exp - T,r 

(8) 

It follows from this formula that at a sufficiently low 
RF pulse intensity, such that the condition for the small
ness of the arguments of the Bessel functions is satis
fied, the echo signal intensity is 

(9) 

i.e., I ex: pS/2, and at til ~ T2 the signal decreases expo
nentially with increasing pulse duration, with a time 
constant on the order of T2. With further increase of 
the RF power and of the signal intensity, a plateau with 
weak oscillations is observed (solid curve in Fig. 7). 
This plateau sets in when the first maximum of the 
function J 1 is reached, i.e., Pplateau ex: 0112, in agree
ment with our results. 

Two-pulse echo in nuclear spin systems with large 
dynamic frequency shift was investigated theoretically 
by M. P. Petrov, G. A. Smolenskii, A. A. Petrov, and 
S. I. Stepanov[ll]. The results of this work are not 
directly applicable to our case, since no account was 
taken in[ll] of the frequency deviation. However, an 
analysis carried out by us jointly with M. I. Kurkin 
shows that the main results of[ll) remain in force also 
in the presence of detunings, if the spin-rotation angles 
are taken to mean their maximum values 8 = 2111/ /lll. 
Then in the case of equal RF pulses the intensity of the 
two-pUlse echo signal is also described by formula (8), 
where the pulse duration til is now replaced by the dis
tance T between pulses. 
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Two effects are observed in the dependence of the 
signal on the duration of the RF pulses. First, the 
signal can occur at instants of time that differ from the 
delay between the pulses by an amount on the order of 
til' Second, modulation of the echo-signal intensity 
should be observed, as a function of the frequency de
viation, with a frequency on the order of 1/tll • These ef
fects were observed by us in the experiments. 

Unfortunately, owing to the large value of the free
precession signal, we were unable to investigate the 
echo at small delays between the pulses, T < T2, i.e., 
in the region where, according to formula (8), an in
crease of the echo signal should be observed with in
creasing distance between the pulses. 

Inasmuch as the nonlinearity of spin motion was not 
taken into account in[lll, the results there do not apply 
directly to the case of two-pUlse echo at the center of 
the NMR line. The analysis here is very complicated, 
and we are able to consider only limiting cases. At 
spin rotation angles much smaller than the maximum 
possible, the results of[ll) remain in force. The ampli
tudes and durations of the pulses should in this case 
satisfy the condition 

At spin-rotation angles close to the maximum 
(lIpllte ~ 1) there is no echo signal (private communi
cation from M. I. Kurkin). The criterion for the onset 
of a signal maximum obtained in[l11, namely IIp82Te-T/T2 
"'" 2, and the relations that follow from this Criterion 
between the power and duration of the RF pulses, are 
apprOXimately satisfied under our conditions. The form 
of the dependence of the echo-signal intensity on the RF 
power (Fig. 5a, dashed), agree qualitatively with the 
results of[ll]. The fact that the two-pulse echo signal at 
the center of the NMR line is due to the frequency forma
tion mechanism is evidenced also by the near-equality 
of the echo signal amplitudes at the center and at the 
wings of the line. The phase mechanism should, at the 
same spin-rotation angle, yield an echo signal smaller 
by a factor IIpTe-T/'T2 ;.;;1 102. Thus, we can state that 
both one-pUlse and two-pulse echo are produced via the 
frequency mechanism. 

Of great interest is an investigation of the limits of 
the region of existence of one-pUlse echo (Fig. 6). We 
assume that the reason for the absence of a signal at 
the center of the NMR line is that in this region the 
motion of the spins is essentially nonlinear. Then the 
region where there is no one-pUlse echo signal should 
be approximately symmetrical about a certain frequency 
deviation /lila, at which the spins move along an aperi
odic trajectory. At the same deviation, a minimum two
pulse echo signal should be observed. 

The sought detuning should satisfy two equations: 

(10) 

which is the condition for the maximum of the echo, and 

(11) 

which is the equation of the aperiodic trajectory from[81. 
From this we obtain for /lila 

In our case we have /lila R! 1.5 MHz, in satisfactory 
agreement with the center of the curves on Fig. 6. 
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FIG. 10. Transverse relaxation time T 2 as a function of the tempera
ture (the numbers on the curves are the values of vNMR). 

FIG. II. Capture-echo spectrum vs. the power of the exciting pulses; 
vNMR = 610 MHz, T = 2°K. 

FIG. 12. Dependence of the RF power at which capture echo is 
observed at a given frequency deviation 01' = 3 MHz on the pulse duration. 
Dashed curve-calculation in the case of an ideal rectangular pulse, solid 
curve-calculation with allowance for the real pulse waveform. 

Our experiments have shown that T2 decreases with 
inc reasing lip (Fig. 10), Consequently, the minimum 
values of the frequency deviations at which one-pulse 
echo is observed and the dip and the two-pUlse echo is 
observed should increase. This is indeed observed in 
experiment. Thus, the investigated dependence of the 
maximum echo signal on the difference between IIRF 
and IINMR should yield indirect information on the dy
namics of the spin motion. 

5) Capture Echo 

The capture of a nuclear spin system by a high-fre
quency field is a process wherein a sufficiently strong 
field causes to precession frequency of the nuclear spins 
to change and take on the value IIRF' This effect was 
investigated in MnC03 for sufficiently long (til» T2) 
RF pulses and was described within the framework of 
the variation of the spin temperature(t). We have ob
served an analogous phenomenon following the action of 
two short RF pulses on a spin system--"capture 
echo,,(lt). 

The gist of the phenomenon is the following: Two 
high-power (h"" 1-10 Oe) RF pulses, of frequency 
IIRF higher than the resonant frequency IINMR, are 
applied to a nuclear spin system. An echo signal at the 
frequency IIRF is then observed in a definite range of 
frequency differences ~II = IIRF - vNMR. The signal 
frequency, just as in the preceding experiments, was 
measured by tuning a superheterodyne receiver. The 
capture-echo signal frequency as a function of the ex
ternal magnetic field is shown by circles on Fig. 4. The 
RF power needed to observe the capture echo is higher, 
and the Signal amplitude is lower, than in the case of 
ordinary echo at the same detuning 011. To exclude the 
influence of the resonator, we determined the frequen
cies of the capture echoes at various positions of IIRF 
and IINMR relative to the resonator frequency. The 
echo signal was always observed at the frequency IIRF. 
The signal width was -1 MHz at H'" 4 kOe, this being 
three or four times larger than the NMR width. The 
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echo signal decreased exponentially with increasing 
distance between pulses, with a time constant T' 
R;0.2 T2 •4) 

At a given exciting-pulse power, the echo is observed 
in a narrow frequency-deviation range. The position 
and amplitude of the signal are then practically inde
pendent of the shapes of the samples. 5) Consequently 
the capture echo is not connected with excitation of 
oscillations in the long-wave region of the nuclear spin
wave spectrum. The echo spectrum is satisfactorily 
described by the formula 

tiv=k ("'(nl1k) 1/3V~1 =kVi'/3V;', (13) 

where k = l.6 ± 0.4 for pulses of 1 J1.sec duration (Fig. 
11). The value of III was determined by us independently 
by measuring the Singularities of the free-precession 
signal. The dependence of the power needed to observe 
the signal at a given deviation on the pulse frequency is 
shown in Fig. 12. We investigated the behavior of the 
capture echo under separate variation of the powers of 
the first and second pulses. The echo spectrum is de
termined by the first pulse and does not depend on the 
second. The signal amplitude is maximal when the con
dition PI/P2"" 3 is satisfied. 

It can therefore be assumed that the nuclear spin 
system is entirely captured by the first pulse, while the 
second serves only to form the echo signal. Conse
quently we can investigate the capture mechanisms by 
determining the spectral dependences of the capture echo. 

Nuclear spin motion was investigated in(8) for sys
tems with dynamic frequency shift at times t « T2. It 
follOWS from that paper that there exists a set of possi
ble spin-motion trajectories, on which the precession 
frequency of the nuclear angular momenta changes from 
VNMR to IIRF. These are trajectories close to the 
aperiodic trajectory, which is realized in the presence 
of a frequency deviation (see formula (11». This result 
is in satisfactory agreement with our data (formula 
(13». The theory, however, does not contain a depend
ence of the frequency deviation on the pulse duration at 
til ~ l.0 f.Lsec for the case of an ideal rectangular pulse. 
We have numerically integrated the equations of motion 
from(8) for a pulse with rise and fall times on the order 
of 0.5 f.Lsec. This results in satisfactory agreement with 
experiment. The calculation data are shown by the solid 
line in Fig. 12. 

We can thus state that at frequency deviations 011 
~ 5 MHz; in the case of short pulses (tv « T2), the cap
ture of a nuclear spin system by a microwave field can 
be satisfactorily described within the framework of the 
dynamics of nuclear-spin motion. At the same time, 
additional research is necessary to study th'e mecha
nism whereby the capture echo is formed. 

6) Stimulated Echo 

Stimulated echo was investigated in MnC03 by the 
standard three-pulse procedure. The signal was ob
served in the frequency range 615-630 MHz at temper
atures 4.2-l.5°K. The maximum signal was observed at 
the same RF pulse parameters at which the two-pUlse 
echo is maximal. The dependence of the signal on the 
distance between the second and third pulses had a non
monotonic character (Fig. 13). 

At low delays T2 ~ 200 J1.sec, the signal decreases 
rapidly with a time constant -50 f.Lsec, and the signal 
amplitude increases with increasing difference between 
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FIG. 13. Dependence of the stimu
lated-echo intensity on the distance T2 

between the second and third pulses: 
o-at "RF = "NMR, e-at RF - NMR 
= 0.5 MHz; "NMR = 620 MHz, T = 4.2°K. 

IINMR and IIRF. At the NMR line center there is no 
signal. With further increase of h, the signal goes 
through a maximum. The position of the maximum de
pends little on the detuning. The signal intensity reaches 
a maximum value at the center of the NMR line. This 
follows by an exponential decrease of the signal with a 
time constant close to the value of Tl measured in(4). 
The character of the dependence does not change quali
tatively when the temperature is lowered, but the echo
signal intensity decreases in this case. An abrupt 
change in the time constant of the stimulated-echo sig
nal envelope was observed in(23). In addition, just as in 
our case, the authors of(23) were able to observe stimu
lated echo only in a narrow frequency band near the 
un shifter NMR frequency IInO' These factors indicate 
that the observed effects are close. Our values depend 
little on the magnetic field and on the temperature (T 1 
"" 750 iJ.sec at 4.2°K and T1"" 1100 iJ.sec at T = l.~K), 
in accord with the results of(4]. 

4. CONCLUSION 

We have succeeded in showing that spin echo in 
nuclear spin systems with large dynamic frequency 
shifts are produced by a frequency-dependent mecha
nism. Within the framework of this mechanism, we 
were able to predict and observe experimentally a num
ber of interesting phenomena, and in particular one
pulse echo. At the same time, significant manifestations 
of this mechanism, namely nonmonotonicity of the echo 
signal as a function of the distance between exciting 
pulses and the "enhancement" of the echo when the RF 
signal is excited by pulses of different amplitude(l1] 
could not be observed as yet. It was shown that the be
havior of the free-precession signal amplitude is satis
factorily described within the framework of the dynam
ics, described inl8 ], of the motion of nuclear spins in 
systems with dynamic frequency shift. This dynamics 
also describes satisfactorily the capture of a spin sys
tem by a short RF pulse. However, the mechanism 
whereby the capture echo is formed is not yet clear. We 
propose that spin echo enables us, at sufficiently low 
RF power, to measure real transverse spin relaxation 
times T2, although this question is subject to both ex
perimental and theoretical difficulties(24,25). 

It must be emphasized that all the described phe
nomena were investigated by us in the case when the 
NMR line is inhomogeneously broadened. As IINMR 
approaches IInO, the inhomogeneous and homogeneous 
line widths become comparable in magnitude. In this 
region, new interesting phenomena are observed, but 
still remain unexplained, we have in mind the behavior 
of the stimulated-echo signal and the strong difference 
between the position of the echo signal and the value of 
the doubled time delay between the RF pulses(26). 

In conclusion, the authors are sincerely grateful to 
A. S. Borovik-Romanov for general guidance and a 

582 Sov. Phys.·JETP, Vol. 41, No.3 

constant interest in the work, to M. I. Kurkin for great 
help in the interpretation of the results, and to M. P. 
Petrov, A. A. Petrov, and V. A. Tulin for useful discus
sions. 

1)The authors are deeply grateful to N. Yu. Ikomikova and S. V. Petrov 
for supplying the samples. 

2)This irregularity may be due to the chopped-up shape of the AFMR line. 
3)The possibility that the echo-signal fall-off envelope behaves in this 

manner is indicated in [12,2°1. 
4)We assume that the decrease of the time constant is connected with the 

line broadening. The mechanism of a similar phenomenon was inves
tigated in ['21. 

5)We have investigated both crystals of irregular shape and those finished 
in the form of disks. 
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