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The observation of an anomalous enhancement of a two-pulse nuclear spin echo in antiferro-
magnetic MnO by a prepulse of variable width, amplitude, and delay time is described. A
theory explaining this observation by adding frequency pulling to the Bloch equations is dis-
cussed. Inthis model the frequency pulling parameter is assumed to be inhomogeneous through-
out the sample, consistent with current ideas of NMR line broadening in materials with strong
pulling. Long free-induction decays observed following wide pulses are also explained.

'I. INTRODUCTION

The observation of an anomalous enhancement
of spin echoes in the NMR of antiferromagnetic
MnO has been reported.! The purpose of this paper
is to examine this anomalous behavior in greater
detail both experimentally and theoretically, and
to relate it to other similar observed effects.
Amplification of echoes has previously been ob-
served for spin-wave resonances in ferrimagnetic
yttrium iron garnet (YIG)2 and for cyclotron reso-
nances in plasmas.® A model describing echo am-
plification has been developed, and possible mech-
anisms for this effect in plasmas and in the elec-
tron-spin system of a ferrimagnet have been dis-
cussed.®™® We show here that the observed en-
hancement in the nuclear system is a natural con-
sequence of frequency pulling combined with in-
homogeneous broadening and we are able to explain
several of the observed features. Although our
results are directly applicable only to NMR, it is
likely that similar effects are involved in the anti-
ferromagnetic-resonance echoes.®

II. EXPERIMENT

The spin echoes discussed in this paper were
observed by placing a single crystal of MnO of ap-
proximately 10 mm? in a foreshortened reentrant
cavity or a transmission line terminated by a
helix. The echoes were excited by a pulsed triode
oscillator producing 1.3 kW and/or by a pulsed
signal generator producing 65 W. Sample shape
and orientation were not important in obtaining our
observed echo enhancement,

The typical spin-echo experiment is shown in
Fig. 1(a). The pulse amplification experiment of
Kaplan et al.? is shown in Fig. 1(b). We may think
of this experiment in the following way: The first
pulse of amplitude P, is amplified, using the power
in the second pulse, resulting in the echo of am-

plitude A;. In the cyclotron echo experiment a
two-pulse sequence is followed by a third pulse and
the power in the third pulse is used to produce an
amplified echo.

The parameters of the experiment to be de-
scribed here are shown in Fig. 1(c). A spin echo
pulse pair is preceded in a time #; by a “prepulse”
of width ¢,. The prepulse, which changes the ini-
tial conditions in the spin echo experiment, is the
source of the echo enhancement to be described
below. The usual experimental arrangement was
to produce the prepulse with the 65-W signal gen-
erator and the pulse pair with the 1. 3-kW pulsed
triode oscillator.

III. RESULTS

Two Mn® nuclear magnetic resonances have been
reported as shown in Fig. 2 for MnO in an external
magnetic field.” The higher-frequency resonance
vy is only slightly field dependent, whereas the
lower-frequency resonance v, is strongly pulled
to lower frequencies with decreasing field. En-
hancement has been observed in both resonances.

<t =ty lh—
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FIG. 1. Typical pulse sequences used in echo experi-
ments. (a) Spin echo experiment, (b) pulse amplifica-
tion experiment, (c) echo enhancement experiment.
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A recorder trace of the echo amplitude is shown
in Fig. 3 for the vy resonance as obtained from a
boxcar integrator and as a function of the time
separation #3 between the first pulse and the pulse
pair. As {f3 is increased, the echo amplitude in-
creases rapidly to some maximum and then de-
creases to the amplitude obtained by the pulse
pair. It was found from data, obtained with three
pulses of equal power and width, that the initial
increase could be described by an exponential with
a characteristic time of no more than 13 usec.

The decay of the echo amplitude was a simple ex-
ponential with a characteristic time of 165 usec,
which is a factor of 20 longer than 7,. For these
experiments T, is defined as the decay of the echo
amplitude with no prepulse and small values of #,.
Both of these times appear to be insensitive to large
variations in the power or width of the prepulse but
are dependent upon the applied magnetic field. The
lower resonance v, exhibited a more rapid decay
with a characteristic time of about 80 usec.

The rapid increase and slow decrease of the echo
amplitude is similar to the behavior of the pulse
amplification observed in YIG. However, in YIG
the echo amplitude exceeded that of the first pulse,
whereas in this experiment the echo amplitude
never approached the amplitudes of the applied
pulses.

The echo enhancement was affected by varying
the width ¢, and the power of the prepulse. The
behavior of the echo.enhancement as a function of
t, is shown in Fig. 4 for v, at several values of
magnetic field Hy. These data were taken with the
sample in a transmission line. When the sample
was placed in a reentrant cavity, the enhancement
went through a maximum as ¢, was increased, and
for very large values of ¢, little or no enhancement
was observed. In the transmission line, the rf
fields were not as large as the fields produced in a

PULSE SEPARATION t3 (msec)

FIG. 3. Echo amplitude as a function of the pulse
separation, #3. The insert on the right is an expanded
view of the initial increase in echo amplitude as ¢; is
increased from 0 to 0.2 msec.

reentrant cavity; this prevents the observation of
maximum enhancement. Data similar to those
shown in Fig. 4 were obtained for v,. Interpreta-
tisn of data obtained by varying ¢, is complicated
because both the frequency spectrum and the energy
of the prepulse change with #,. A more meaningful
measurement is of echo power as a function of pre-
pulse power with the prepulse width as a parameter.
These effects are summarized in Figs. 5 and 6. '
The power dependence of the echo enhancement
exhibits a threshold characteristic as shown in
Figs. 5 and 6. When the prepulse power is below
a critical level, the signal is similar to that ob-
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FIG. 4. Echo enhancement of the vy resonance as a
function of prepulse width ¢, at three values of applied
magnetic field.
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FIG. 5. Echo enhancement as a function of the pre-
pulse power for the vy resonance taken at 22 kOe.

tained from a simple nuclear-spin system with
three exciting pulses. Above the threshold, the
vy echo enhancement increases slowly, appearing
to have zero slope at threshold. The v, echo en-
hancement has a linear power dependence above
the threshold as shown in Fig. 6. A linear de-
pendence is observed in the related cyclotron res-
onance experiments,® but without a threshold.

A long free-induction decay has been observed
following the application of a long prepulse to vy.
This decay is shown in Fig. 7. The amplitude of
the observed free-induction decay is much larger
than the echo amplitude and is a function of the
prepulse width and power.

IV. THEORY OF ECHO /ENHANCEMENT

We propose a model which explains the salient
features of the above results. It is based upon
echo formation in a system, such as MnO, where
there is strong pulling® of the NMR frequency.

Echoes have generally been described as falling
into two main classes.’ In the first class, referred
to as a Hahn echo,® the natural frequency is inde-
pendent of amplitude so that there is no intrinsic
nonlinearity. However, for the gyromagnetic sys-
tems which exhibit this type of echo, the response
to a large-amplitude pulse is nonlinear. Examples
are NMR echoes where precession of real spins
is involved, and photon echoes'® in which the dipole
moments behave gyromagnetically. The second
class is caused by an intrinsic nonlinearity of the
system, such as an amplitude-dependent fre-
quency. #%!' Ferrimagnetic® and cyclotron-reso-
nance'? echoes are believed to fall into this cate-
gory. Henceforth we refer to these as type-2
echoes, as distinguished from the Hahn echoes.

A. NMR Echoes with Frequency Pulling

Reasonably large precession angles are obtain-
able for NMR in antiferromagnets, so that Hahn
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FIG. 6. Echo enhancement as a function of the pre-
pulse power for the v; resonance taken at 22 kOe.

echoes are possible, but in addition the frequency,
expressed by®

w=w,(1 -y 2AHZI /9 , (1)

is amplitude dependent.

Here, w, is the unpulled frequency, A the hyper-
fine coupling constant, H; the exchange field, Q
the AFMR frequency, 7, the electronic gyromag-
netic ratio, I,the expectation value of the nuclear
spin I along its equilibrium direction z, and
y2AHRI,/Q*< 1. Since I, depends on the preces-
sion angle or amplitude of transverse magnetiza-
tion,'? Eq. (1) provides the nonlinearity necessary
for the type-2 echo.

To begin the development of the echo enhance-
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FIG. 7. Oscilloscope trace of the decay signal of vy
following a prepulse. The decay following the prepulse
is driven to receiver saturation in order that the other
decay signals may be observed. The scope x axisis
20 psec/cm and is triggered at the turnoff of the pre-
pulse. The oscilloscope y axis is 0.5V/cm. Hy=22 kOe;
vy=619.13 MHz; ;=1 psec; £3=100 usec; 7=30 psec.
(@): £;=800 psec; (b): ;=200 psec.
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ment model, it is assumed that the pulling factor
yﬁAH el, /S22 is inhomogeneously broadened, as sug-
gested by NMR linewidth studies on related com-
pounds.'® Thus, we write for the ith spin

W;= W, —0w;2; , ()
where

bw; = w,y SAH(1;,)/ 95, @

2=,/ (L. . @

Here (I;,) is the thermal equilibrium value of I,
at the lattice temperature and the subscript on Q
indicates that the source of inhomogeneous broad-
ening is through the electronic frequencies.

An inhomogeneous distribution of w, would not
suppress the NMR echo, as is well known; how-
ever, here the inhomogeneities are contained in
the amplitude-dependent part of the frequency. We
show below that in such a case the inhomogeneous
broadening does reduce the echo. Given this fact,
the reason for echo enhancement by the prepulse is
transparent: The prepulse increases nuclear-spin
temperature and thus decreases z; and the amount
of inhomogeneous broadening. Hence, one expects
the echo amplitude to be an increasing function of
prepulse power.

To show the effect of the inhomogeneous pulling
factor on the echo, it is necessary to have a quan-
titative description of echo formation. Difficulties
in obtaining a solution of the NMR equations of
motion under application of an rf pulse due to the
nonlinearities can be reduced if we assume that
the rf field H, seen by the nucleus is sufficiently
large that the precessional frequency in the rotat-
ing frame is y,H,; (v, is the nuclear gyromagnetic
ratio) for the duration of the pulse. This will be
the case if the spins initially are on resonance and
the pulse time {, is sufficiently short to prevent the
system from being driven far off resonance. In
this approximation, components of the nuclear
magnetization following application of a pulse are
given by the standard solution of the Bloch equa-
tions:

xy(to+ 1) = x;(to) ’ (5a)

yi(to+ t2) =3 (to) cosy Hy by + 2;(4o) siny ,Hy 5,
(5b)
2;(to+ta) = — v, (o) siny,, Hy to + 2;(t,) cosy, Hy 1
(5¢)
in which the pulse field H, is applied in the x di-
rection of the rotating frame for a time ¢, beginning
at time ¢, and x; and y; are normalized transverse
components in the rotating frame defined as in Eq.
(4). After application of the first pulse, the spins
precess freely for a time 7, so that we have

x;(to+ ba+ T) = x4 (to+ t3) cOSA WY Te™
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+9;(Zo+ 1) sinAwy;Te™ (6a)
yi(to+tz+ 7)== x;(¢g+ t2) cOS AWy T ™"

+9;(to+ 1) sinAwy;Te™, (6b)

2i(to+ Lo+ T)=24(tg+12) - (6¢c)

Here we have included an intrinsic decay rate 7.
The frequency Aw,; is given by

Awy=w - w;(to+1ts) , (7)

where w is the driving (rotating frame) frequency
and w;(f+ 1) is the resonance frequency of the ith
spin at the end of the first pulse, hence the sub-
script 1 on Awy;.

Following the free precession, a second pulse
is applied at time #y+#;+ 7 for duration #,, and an
echo is observed at a time 7 later in the usual way.
The echo’s amplitude is obtained by combining
Eqgs. (5) and (6) with similar equations for the mag-
netization following the second pulse and the second
free precession period, respectively. It is im-
portant to note that Aw,;, the frequency difference
following the second pulse, is not equal to Aw,;
but instead is given by

Awsy; = Awy; +08w; 2o (e + B cosAwy;T) , (8)
where

a=cosy, Hl (1 - cosy,Ht,) , (9)

p=sin®y,Hlze™ . (10)

Here we have assumed the initial conditions x;(¢,)
=9;(¢0)=0, z;(t5)=2¢. The term in B gives rise to
the type-2 echo and hence represents a positive
contribution of the frequency pulling to echo for-
mation; however, the term in o, which leads to
suppression of the echo, outweighs the effect of
B, and is responsible for the observed enhance-
ment.

We assume a Gaussian distribution of 6w’s cen-
tered at dwy:

N(6w) o exp| - (5w — dwg)?/0? ], (11)

where 6w, is the pulling in the center of the NMR
line and o characterizes the width of the inhomoge-
neously broadened line. With suitable approxima-
tions, the echo enhancement is given by
§= 2B 12)
where T2=%0%(« - B)?. The enhancement S is de-
fined as the ratio of echo power with a prepulse
(the prepulse producing an initial magnetization z,)
to the echo power with no prepulse (z,=1). Equa-
tion (12) is derived in Appendix A. Its validity
requires Bzo0wy,T > 1. Since dwyT =500, the condi-
tion roughly can be satisfied for pulse rotating
angles y, H,t, as small as 6° [see Eq. (10)].
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The observed rate of decay of the echo amplitude
is roughly given by 7+ T ! (see Appendix A) in the
absence of a prepulse, and thus T represents the
measured transverse relaxation time if 7 !> 1.
An upper limit for the enhancement can be obtained
by taking 7~ <« 7 and picking the z, which maxi-
mizes S for the experimental values of 7 and 7.
For vy, the experimental numbers are 7=2X 10°°
sec and T'=11,7%x10® sec and 6. 5% 10 sec at 10
and 24 kOe applied fields, respectively (assuming
the observed echo decay time is 7 as discussed
above). These figures predict upper-limit en-
hancements of 17 and 72 dB at 10 and 24 kOe, re-
spectively. For v;, we have 7=8x10" sec and
T=2%10" sec, nearly independent of field, giving
an upper-limit enhancement of 128 dB which is
considerably greater than the largest observed en-
hancement of 15 dB. Reference to Figs. 5 and 6
shows that the observed enhancements are well
within these upper limits. Note also that the en-
hancement of vy is an increasing function of ap-
plied field, as suggested by the above numbers.

B. Specialization to NMR Modes in MnO

The preceding has demonstrated that echo en-
hancement can occur owing to frequency pulling
and that the observed enhancements fall well be-
low the calculated upper limits. The analysis has
tacitly assumed only one NMR mode as in a fer-
romagnet, whereas two modes are present in MnO
(Fig. 2), and echo enhancement is observed at
driving frequencies corresponding to resonance of
each of them. These modes are qualitatively dif-
ferent in regard to frequency pulling, as discussed
below. Nonetheless, it is reasonable to expect en-
hancement when pumping either at v, or v, as we
shall describe.

Our basic premises are that (a) only the low-fre-
quency mode v; shows appreciable pulling and (b)
only v, produces a measurable echo, so that even
when the pumping frequency is v, the observed
echo is actually due to the off-resonance excitation
of the v, mode. The justification for (a) is dis-
cussed elsewhere.'* Given that v, is unpulled, we
are led to (b) for the following reasons: A sizable
echo is possible only if the homogeneous broaden-
ing is less than the inhomogeneous broadening.
The well-defined nuclear spin-wave spectrum as-
sociated with a strongly pulled mode has been
shown'® to reduce the intrinsic width of the NMR
line considerably below the Suhl-Nakamura'® value
so that the observed width is most likely due to
inhomogeneous broadening of the pulling factor, as
in Eq. (3). For a mode with negligible pulling,
the situation is reversed; inhomogeneous broaden-
ing is reduced and one should observe the full
Suhl-Nakamura width,

We therefore assert that the echo enhancement
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is given by Eq. (12) with parameters appropriate
to the v; resonance, regardless of whether the
driving frequency is in the vicinity of vy or v,.
When referring to the “echo of the v, resonance”
as in Sec. III, we mean that the applied frequency
is near vy.

Consider first the v, echo. Here Eq. (12) and
the approximations leading to it should be essen-
tially correct since the v, mode is on resonance
before application of any of the pulses. The ob-
served enhancement of 15 dB is way below the up-
per limit of 128 dB. This can be explained simply
by noting that the upper limit occurs when z,=0.125
(we use 7=8%10" sec, T=2%10" sec, as before),
i.e., the prepulse would increase the nuclear-spin
temperature by a factor of 8. An increase of nu-
clear-spin temperature of this magnitude would
throw the mode well off resonance and inhibit rf
absorption. A value zy=0. 94 gives the observed
15-dB enhancement when inserted into Eq. (16).
This modest 6% increase of nuclear-spin tempera-
ture is likely all that one should expect if the driv-
ing frequency is vy .

The vy, echo, defined in the sense stated above,
is observed when the pumping frequency is vy
=w,/2m. Although the v, mode does not produce an
echo, it does absorb energy from the driving field.
In particular, a small z, (large nuclear-spin tem-
perature) can now be produced by the prepulse since
the v, resonance frequency is independent of am-
plitude. As z;is decreased, the resonance fre-
quency of the v; mode approaches the pumping fre-
quency. This fact gives an additional source of
echo enhancement since application of a prepulse
will bring v, closer to resonance. Thus the mech-
anism described by Eq. (12) may not be necessary
to explain the existence of enhancement when the
driving frequency is vy, but it does seem to be the
controlling factor for the v; enhancement.

We also note that the parameters o and 8 which
are related to change of z between pulses will be
different for pumping at v; and v, because coupling
of the rf to the two modes is different. Since T
depends on o and B, we therefore do not expect it
to be the same for both v, and v, echoes.

The fact that the observed echo decay time for
vy is about four times larger than for v; may have
nothing to do with intrinsic decay rates of the two
modes but could be due to the fact that o and 8 are
less for vy, The v, resonance is stronger than vy,
at the dc fields of interest, which is consistent with
larger « and B for v, .

C. Dependence of Enhancement on 75

Dependence of echo enhancement upon the time
t3 between the prepulse and start of the pulse pair
(Fig. 1) should be obtained simply from the de-
pendence of z, on #3, which we take as



I

2o=1-(1-2,) e/ 1, (13)

where z, is the value at the end of the prepulse.
According to Eq. (12) this would predict that as

t3 increases, enhancement would both increase
toward maximum and decrease from maximum with
a characteristic time of the order of T, (see Fig.
3). For t3> (f3)max, Where (f3)may is the value of #,
at maximum enhancement, S decreases with a

time constant of about 200 psec, which is reason-
able for an NMR 7, in an antiferromagnet.’

For times 3<7, however, S increases with a
characteristic time of the order of 10 usec, which
is much too short on the basis of Egs. (12) and
(13). With times #; less than the pulse-pair sepa-
ration 7, one can no longer assume that the only
effect of the prepulse is to change the nuclear-
spin temperature. Components of transverse mag-
netization resulting from the prepulse will not have
had time to decay out as long as #3< 77!, and since
72 n'l, in order for a sizable echo to appear, the
situation #3< 7 implies nonzero transverse mag-
netization (for the ith spin) at the beginning of the
pulse pair. One can show that, for the normal
Hahn echo, remnant transverse magnetization at
t=0 has no effect on the echo at 27+ 2{, as long as
t3 and 7 are not integer multiples of each other.
The amplitude-dependent frequency does cause a
reduction in the echo owing to the transverse com-
ponents at =0, as we show below. _

If there is nonzero transverse magnetization at
the beginning of the pulse pair, then Eq. (8) con-
tains additional terms and becomes

Awgy= Awyy +dw;zo(a + B COSAW,;T)
+ 0w, [acos(Awyts+6,) + b cos(Awyts+ Awy T+ 6,)

+ccos(Awgty — Awy;T+6,) ], (14)

where Awy, is the value for Aw; during the interval
after the prepulse and before the pulse pair, 6,,
0y, and 6, are appropriate phase angles, and

a=—siny, Hity(1 - cosy, Hyt,)(x i+ y3) /2 e |
(15a)
b= — % siny, Hyty(1 + cosy, Hyt,)(x 3 +9%)! 2ot |
(15b)
= — 3 siny, Hyt5(1 — cosy, Hyt,)(x 2+ 92)t/ 2 nt3* ™)

(15¢)

for the approximations made earlier, where x,
and y, are components of transverse magnetization
at the end of the prepulse. The quantities a, b,
and ¢ arise from effects of the initial transverse
magnetization on the difference z, — z, between

2z components following the first and second pulses
of the pulse pair. Equation (6) has been used to
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relate x; and y, to their values at the end of the
prepulse.

We see that the initial transverse magnetization
gives additional frequency components to Awy;

- Aw,;, and thus further reduces the echo. De-
tails of the reduction are given in Appendix B.
Since a, b, and c go to zero as e™™3, it is evident
that the characteristic time over which the echo
increases with #; is of the order of n™' < T,. The
actual dependence of echo amplitude upon 73 for
4,577 is complicated (see appendices), so it may
be risky to attempt to infer anything other than an
order-of-magnitude estimate for n from the ob-
served echo buildups for short ;.

Additional echoes appear for {3 <7 since now,
for example, the prepulse and the first pulse may
be regarded as a pulse pair and produce an echo
at a time /; following the first pulse. The addition-
al echoes have been observed for very small
values of #3.

V. FREE-INDUCTION DECAY FOLLOWING PREPULSE

Free-induction decay after the prepulse has also
been observed (Fig. 7) with time constants of about
5X10°® sec. Similar effects were reported by
Mahler and James'® for KMnF;. We believe this
occurs as the result of steady-state saturation re-
ducing the inhomogeneous broadening effectively
to zero. The steady-state condition under applica-
tion of a long rf pulse is one in which all spins
which absorb power have the same resonance fre-
quency regardless of the spread in dw,’s. This
may be seen in terms of a rate equation for absorp-
tion of rf by the pulled mode:

dz 1-2,)
—“i_-_w A Sl 228
dt iz{+ Tl ’ (16)

where W, is the rf transition probability for the ith
spin. Steady-state solution gives

2;=(1+W, T;)". 17)

But owing to the dependence of resonance frequency
upon z;, W, is itself a function of z;. We have

H/i =pL [1 + (wn" wﬁwizi)z/nz]-l+pﬁ [1 + (wn'— "-’)2/"72 ]-1 ’
(18)
where p; and py represent, respectively, coupling
to the low- and high-frequency modes and are each
proportional to the rf power. For sufficiently large
power and dw >>7, a simultaneous solution of Eqgs.
(17) and (18) is possible for which dw;z;~ w,- w,
provided dw; >w,~ w, The situation is similar to
that discussed by De Gennes et al. 8 in their treat-
ment of steady-state behavior, and the features of
a graphical solution to Eqs. (17) and (18) may be
found in their paper. The second term in Eq. (18)
makes no fundamental change, but an important
difference is that we explicitly account for inhomog-
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eneous broadening by treating each spin, or group
of spins with the same resonance frequency, as an
independent oscillator with its own W;. We believe
this to be a more accurate approach since Y;W;z;
#2y;W;, where Z is the spatial average of z;. The
calculation of Ref. 8 implicitly assumes the two
quantities to be equal.

If rf saturation is carried out at a frequency w
>w,— 6wy+0, then all parts of the inhomogeneously
broadened line will be brought on to resonance
with the same resonance frequency. This equality
of resonance frequencies and hence lack of inho-
mogeneous broadening will persist after the pulse
as long as the individual 2z components maintain
their values. For an inhomogeneous spread of
dw’s, we require a nonuniform distribution of z’s
in order to achieve the above condition. Hence
the state of rf saturation is one of nonuniform nu-
clear-spin temperature throughout the sample.
Once a finite uniform spin temperature is attained,
the inhomogeneous broadening returns, and the
free-induction decay rapidly disappears. In the
absence of intrinsic damping, 17 -0, we would thus
identify the observed free-induction decay time
following a relatively long saturating pulse as the
time required for elimination of spin temperature
gradients.

If the spin temperature obeys a diffusion equa-
tion, and the characteristic distance over which dw
(and thus z in the condition of cw saturation) varies
is 7y, then we expect to have

TN y/D 19)

where D is the diffusion constant and 7, is the
characteristic time for reaching a uniform temper-
ature distribution. The methods of Bennett and
Martin'® as extended by McFadden and Tahir-Kheli?®
may be used to estimate D, The latter authors have
evaluated moments which may be applied to a trans-
verse, long-range interaction such as the Suhl-
Nakamura one. With some manipulation we may
express their results as

D= Vi RE( AP ), (20)

where R, is the range of the Suhl-Nakamura inter-
action, and ( Aw?)gy is the second moment of the
NMR line due to the Suhl-Nakamura interaction.
For the spin-wave spectrum? of MnO and an ap-
plied field of 24 kOe along (100), we estimate R,

~ 200 A and ( Aw?)1Z~3.5%x10° sec™ . A represen-
tative value for o, may be 5X10° cm which, com-
bined with the above figures and Eqs. (4) and (5),
gives T,~107 sec.

The observed free-induction decay time in this
situation would be 1! since n>1/7, for such a long
Tp. On the other hand, if (= R, so that the inho-
mogeneity and Suhl-Nakamura ranges are compara-
ble, then T,~ 2x107® sec and the free-induction
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decay would probably be limited by 7.

The long free-induction decay occurs when pump-
ing at vy but does not appear on the v; resonance.
This is consistent with the above arguments since,
when pumping at v;, the condition w>w,— dwy+0
is not met and the inhomogeneous broadening re-
mains.

VI. SUMMARY

Echo enhancement has been observed for both the
high- and low-frequency NMR modes in antiferro-
magnetic MnO. Enhancement is defined as an in-
crease in echo power upon application of a prepulse
over its value in the absence of the prepulse. This
enhancement occurs for the time between the pre-
pulse and the echo-producing pulse pair sufficiently
long that the only effect of the prepulse should be
to increase the nuclear-spin temperature.

We have considered echo formation for NMR in
antiferromagnets where there is strong frequency
pulling. Here one has both the gyromagnetic re-
sponse associated with a Hahn echo and the ampli-
tude-dependent frequency characteristic of the type-
2 echo. When both these effects are accounted for,
we are able to explain the observed echo enhance-
ment semiquantitatively. The basic feature of the
explanation is that the major source of inhomogen-
eous broadening occurs in the frequency pulling
dw; 2y, and inhomogeneous broadening in this form
tends to decrease the echo. As the nuclear-spin-

‘temperature increases, the frequency pulling de-

creases and the echo is less adversely affected by
the inhomogeneities. The resulting enhancement
is most transparently displayed by Eq. (12).

Anomalously long free-induction decays are ob-
served following a prepulse at the high-frequency
resonance. This is also explained by the model of
inhomogeneous frequency pulling.

VII. CONCLUSIONS

Several features of the observed echo enhance-
ment can be explained in terms of frequency pulling
and inhomogeneous broadening, as we have shown.
Numerical estimates are difficult because of un-
certainties regarding the intrinsic relaxation rate
and precise behavior of the transverse magnetization
during application of an rf pulse when both frequen-
cy pulling and damping are present. Nonetheless,
it is possible to establish an upper limit for the en-
hancement, and observed enhancements fall well
below this. Thus, it appears that enhancement can
be interpreted within the framework of this model
without any new mechanisms having to be introduced.

An unresolved problem is the dependence of echo
enhancement on prepulse power. It is evident that
enhancement is a function of this power since nu-
clear-spin temperature should increase with in-
creasing pulse power and duration. Also, it is not
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difficult to see that dependence can be different for
enhancement at the two different mode frequencies.
Equation (18) shows that for w= w,, corresponding
to vy, the rf transition probability is constant for
small z; and increases as nuclear-spin tempera-
ture increases. When pumping at v;, however,
W; depends strongly on z; since the system is
thrown off resonance as spin temperature in-
creases.

In the case of pumping at v it is not possible to
change z; appreciably as long as w, stays constant.
The approximate solution to Eqs. (17) and (18) is

@1

for w,— W SwW;>n, If w=2TY, = W,~ 6w;, then
the nuclear-spin temperature does not increase,
and no enhancement would be observed. This is
consistent with the observation that no enhance-
ment of the v; echo is seen for powers below a
critical level P,. The quantities w, and dw; are
functions of the sublattice magnetization (S, ),
which is dependent on the lattice temperature. If
we assume that lattice heating occurs only via rf
energy input from the nuclear-spin system (no
direct coupling of the rf to the lattice), then we
have w,=w,(2;), dw;=0w;(z;). Putting this into
Eq. (21) leads to an equation for z; which has, as
well as z;~ 1, a root for which z;<1. The root z;
<1 occurs only above the critical power P, since
Eq. (17) must also be satisfied. Hence, this mod-
el predicts a sudden jump in nuclear-spin temper-
ature at a critical power and practically no change
until P, is reached. Above P,, there is essentially
no further change in nuclear~spin temperature.
This behavior is familiar in the double-resonance
experiments. 22

The discrepancy between this model and experi-
ment for the v; echo enhancement is that experi-
ment shows a linear increase in enhancement as P
is increased above P, with no discontinuity at P,.
If we allow direct coupling of rf to the lattice so
that w, and 6w; can change without resonant absorp-
tion of energy by the nuclear spins, then we find a
gradual increase of nuclear temperature with power,
but the threshold effect is lost.

APPENDIX A: DERIVATION OF EQ. (12)

2~ (wn_ w)/6 Wy

The general expression for a transverse compo-
nent of the 7th spin at the echo time is of the form
xi(llo+27'+2t2)= E Z/ a,,,,,e'"“"'"""'”

m=-1 n=-1

Xe"(m.A“’li*"A“’z‘)T; (Al)
where the coefficient a,,, may be determined from
Egs. (5) and (6) as discussed in the text. Since
Awy; is a function of 7 by Eq. (8), Eq. (A1) does
not show explicitly all the Fourier components.

2223
The complete Fourier decomposition is made by
using Eq. (8) together with the expamsion23

ela cos¢ =2n (_i)an (a) einw

in terms of Bessel functions J,. The bulk x-compo-
nent magnetization is proportional to }; x;, and we
assume that all terms with a net Fourier component
at a nonzero multiple of Aw,; T vanish because of
the inhomogeneous broadening. The result for
transverse components at the echo time then is

20%5=2020; {[ Mdo(BOW; 20T) + NpJ (BOW; 29 7))
Xsinadw; 2,7+ N Jy (B0 w; 2oT) cos A w, zo7} , (A2)
219 1=2023: 1 [ Mo To(BOw; 29T) + NpJ5 (B0 w; 2o 7))

X COSa 6w ,;2oT— Ny J, (B0w; 24T) Sinadw; 2o},

(A3)
where
No=— z8iny,Hyt,(1 - cosy,H,t;)e?"™ (A4)
N = 3sin2y,Hyt,e™, (A5)
= - zsiny,H, t, [1+cosy,H,t,]e™™, (A6)
and J,, J;, and J, are Bessel functions. In (A2) we

have also assumed adw;z,, BOW;2y<< Awy; so that
no nonnegligible dc components arise when a Fou-
rier component is a multiple of adw;z, or Bow; z,.
This is justifiable for a small pulse precession
angle v,H, !, and can be consistent with the discus-
sion following Eq. (12).

Integrations over the Gaussian distribution of Eq.
(11) may be performed without difficulty in the lim-
its BOwyzoT <1 and BO6wy2o7>> 1 by using appropriate
expansions? for the Bessel functions. The results
are

-a2o2e2r?
% +y2 = N228e %007 /2 [(hg + § W20 w3237

+i A% wiz32]  for Bowez,T<1, (A7)

X2 492 = N2@TBOwo) ™ 2o { (Mg = Mg+ Ny 2o~ 25 (as8)2/2
# (g 2= W)Pe PR [0 21 ]

2
XSin26Wyry e TR Z  for BEwizoT> 1
(A8)

where N is the total number of spins and we have
assumed 0<< 5w,. The quantity x%+y? is propor-
tional to the square of the net transverse magnetiza-
tion and thus to the power radiated by the echo.
Equation (A8) (B6wyz,7>>1) should be appropriate
to most of the region of interest. This can be seen
from the facts that sizable enhancement must come
from the exponentials (enhancement requires x2 +y2
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to increase as z, decreases) and that 0<<6w,. Thus,
if @ and B are comparable in magnitude, the condi-
tion B6wyzo7T > 1 is mandatory for enhancement.
For example, if 77 <1 and w,#,>>1, we have 8=2a.
For simplicity we assume 02407, 82707 >V2 so
that one exponential dominates and the oscillations
are negligible. The result is then Eq. (12).

Note that the observed rate of echo decay contains
7 through the parameters A, A;, A, and . De-
pending on the relative sizes of A, A\;, and Ay, the
characteristic decay rate for the echo amplitude is
between 37+ T and 39+ 77

APPENDIX B: ECHO FOR t; <7t

Equation (A1) still holds in this case (with a
modified a,,), but Aw,,; is given by the more complex
Eq. (14) rather than Eq. (8) which neglects initial
transverse magnetization. The same arguments
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which lead from Eq. (Al) to (A2) and (A3) should
now be multiplied by Jy(6w;a) Jo(6w;b) Jo(6w;c) and
other combinations of three Bessel functions re-
sulting from Fourier components that do not con-
tain the phase Awy,;t3.

There are competing effects in the initial trans-
verse components x,, ¥, which tend to cause an in-
crease in echo amplitude. These arise from terms
of the form

yoei(bwi + Awp)T
which can have a dc component as a result of Eq.
(14). Such dc components, however, require prod-
ucts of four Bessel functions, at least one of which
must be of nonzero order. Because of this, we
assume these terms to be small compared with the
previously mentioned ones which cause a decrease
in echo amplitude.
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The direction of the easy axis of magnetization in ¥’ -Fe;N has been determined by detailed
analysis of certain peaks in the Mdssbauer spectrum of a powdered sample in an applied mag-

netic field. The analysis indicates the magnetic-easy-axis direction to be along (100).

The

electric field gradient at the face-centered Fe atoms is calculated to be —7.0% 10" esu/cm3,

I. INTRODUCTION

Recent Mdssbauer-effect studies!’? of y '-Fe,N
have shown the existence of two magnetic hyper-

fine patterns for the crystallographically equivalent
face-centered iron atoms. These patterns arise
because of a difference in the angles between the
internal magnetic field and the principal axis of



