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Single-pulse nuclear spin echo in magnets
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A detailed experimental investigation of a wide variety of ferromagnetic materials has been undertaken in
order to study the properties of the single-pulse echo arising after the application of a solitary resonance rf
pulse to an inhomogeneously broadened nuclear spin system. The investigation is based on a comparative
analysis of the single- and two-pulse echo. By means of a dc magnetic-field pulse applied coincident with the
exciting rf pulse, the crucial role of edge distortions of the latter in the formation of the single-pulse echo has
been demonstrated. The experimental data are compared with computer calculations performed for a system of
weakly interacting spins. The principal result of these calculations is that strictly rectangular pulses are unable
to produce a single-pulse echo. However, the solution of the Bloch equations for a pulse with phase shifted
edges results in the formation of a single-pulse echo. The calculated echo profiles are sensitively dependent
upon the pulse distortion parameters, and show reasonable agreement with the corresponding experimental
data.@S0163-1829~98!10917-7#
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I. INTRODUCTION

In recent years, pulsed transient methods have b
widely used to study coherent processes in various kind
inhomogeneous systems. In these methods a sample is
jected to a coherent sequence of excitation pulses, while
detection of the response is usually performed in the abse
of the exciting stimuli, when the system freely evolves.

At the present time, echolike pulse responses of magn
electric, or acoustic origin have been observed in a w
range of physical systems. Depending on the echo forma
dynamics, all these systems can be separated into
groups. In systems of weakly interacting particles the e
processes are described by the Bloch equations of motio1,2

while in strongly interacting systems they are commonly
sociated with anharmonic-oscillator interactions.3

Generally two or more stimulating pulses are required
give rise to echo phenomena. In practice, however, an e
can also be generated in the case of single-pulse excita
Bloom4 was first to observe the single-pulse echo~SPE! phe-
nomenon in an inhomogeneously broadened proton N
system and attributed it to the coherence of nonresonant
packets. Later the SPE has been found to occur in exp
ments on electron5 and photon6 echoes, as well as in piezo
electric crystalline7 and powdered samples.8 Similar observa-
tions have been made on59Co nuclei in ferromagnetic
cobalt9 and also on55Mn nuclei in antiferromagnetic MnCO3
and CsMnF3.

10 These results have stimulated extensive d
cussions in the literature regarding the origin of SPE.7–17

It has been pointed out repeatedly that despite the s
stantial dissimilarities of the systems producing SPE sign
they are characterized by a number of common propertie
particular, it has been observed that SPE appears at a
approximately equal to the pulse lengtht1 after its termina-
tion, and under conditions where the inhomogeneous bro
ening is greater than the frequency width of the excit
570163-1829/98/57~18!/11554~11!/$15.00
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pulse. The intensity of SPE is also much smaller than
intensity of two-pulse echo~TPE!, while its phase in the
long-pulse limit is opposite to that of a free induction dec
~FID!.7–12 Thus it seems appropriate to consider the probl
of SPE on more general grounds, regardless of the phys
properties of a particular system under consideration.
therefore assume that the formation of SPE is controlled
pulse distortions, which necessarily arise in the course
exciting the systems.

For example, in the radio frequency~rf! region the most
common distortions of a rectangular pulse are finite rise
fall times, peak voltage sag and oscillations, which ca
phase modulation of the rf pulse carrier frequency.18–21Dis-
tortions of this kind may originate in different pieces of th
electronic apparatus, such as cascade amplifiers and p
generators, or may be due to the lack of necessary matc
in the rf oscillator driving circuitry.

The major difficulty encountered in analyzing the SP
phenomenon is that the signal of interest is commonly
scured by the simultaneous presence of a nonmonotonic
produced immediately after a single exciting pulse. Hen
the problem reduces to one of separating the SPE from
oscillatory FID. This cannot be generally don
unambiguously.22,23From this point of view, the most favor
able sample materials are magnetically ordered substan
since the inhomogeneity of the rf enhancement factorh in
these samples is expected to smear out the oscillations in
FID making it possible to perform a comprehensive study
SPE. Thus with regard to the SPE phenomenon the nuc
spin system in ferromagnets may serve as a simple
model.

In the present paper, we report an investigation of the S
phenomenon, based on complete experimental and theo
cal studies in a wide range of ferromagnets. The struct
and the main results of the paper are as follows. Sectio
presents a comparison of results from SPE and TPE exp
11 554 © 1998 The American Physical Society



e wall

hance-
hcp Co

57 11 555SINGLE-PULSE NUCLEAR SPIN ECHO IN MAGNETS
TABLE I. Values for various parameters of the primary group of magnets atT577 K.

Sample
Crystal

structure Nucleus
Nucleus

spin
Frequency
n0 ~MHz!

I m
S /I m

T

~%!
T2 ,T2

S

~ms! h̄03103

Li0.5Fe2.5O4 Ferrite-spinel 57Fe 1
2 74.0 14.1 4000a 220a

class 2000b 200b

Co2MnSi Cubic of 59Co 7
2 145.2 13.7 38a 8.0a

Cu2 MnAl type 23b 7.5b

55Mn 5
2 253.1 11.6 80a 5.6a

58b 5.2b

Mn0.51Sb0.49 hcp of NiAs 123Sb 7
2 208.0 13.5 170a 6.8a

type 135b 6.7b

55Mn 5
2 256.5 12.0 60a 4.0a

42b 4.3b

Co fcc 59Co 7
2 217.2 12.3 30a 1.5a

20b 1.8b

Co hcp 59Co 7
2 219.0c 12.7 65a 0.8a

42b 0.8b

227.0c 11.1 40a 1.0a

29b 1.2b

NiMnSb orthorhombic 55Mn 5
2 298.4 9.8 95a 0.9a

of MgAgAs 76b 0.8b

type
NiMnSi orthorhombic 55Mn 5

2 320.5 9.2 60a 1.1a

of MgAgAs 50b 1.0b

type

aValues of parameters obtained by the two-pulse echo technique.
bValues of parameters obtained by the single-pulse echo technique.
cThe existence of two discernible peaks at 219.0 and 227.0 MHz in hcp Co is commonly attributed to th
edge and wall center resonances, respectively~Ref. 17!. A somewhat overestimated value ofh̄0 for the
former resonance is probably due to the admixture of fcc phase having relatively high values of en
ments. The difference in all the quoted values for powdered samples and thin ferromagnetic films of
does not generally exceed 5%.
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ments. Special emphasis is placed upon direct experime
verification of the dominant role of pulse distortions in t
SPE formation process. In Sec. III we derive the gene
expressions which describe explicitly the induced nucl
magnetization following a single pulse with arbitrary pha
distortions at its edges. We also report the results of num
cal calculations of the NMR signals obtained under differ
excitation conditions. Finally, in Sec. IV a careful analysis
the single echo formation mechanisms is carried out,
general requirements for the production of SPE are discu
in detail.

II. EXPERIMENTAL

A. Sample characterization

Experiments were carried out on various ferromagne
bulk materials and thin films, with different crystal structu
and magnetic properties. Structure, nuclear spin, and s
other characteristics of the primary group of magnetic ma
rials are summarized in Table I. In addition, measureme
were made on a series of magnets based on several o
tabulated materials, including cobalt fcc alloys with all of t
3d transition metals~Ti, V, Cr, Mn, Fe, Ni, and Cu! having
maximum impurity content up to 8 at. %, Mn12xSbx alloys
in the concentration range 0.43<x<0.49, and diamagneti
tal
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cally diluted ferrites of Li0.5Fe2.52xZnxO4 (0<x<0.25). On
the whole about 40 different samples have been synthes
and examined.

Metallic ferromagnetic alloys and compounds were p
pared by melting together the appropriate amounts of bulk
powdered constituents in an induction vacuum or a direct-
furnace. The starting materials were of the following puri
99.999% Sb, 99.995% Mn, and 99.98% all the other e
ments. All samples were polycrystalline multidomain ma
rials with a high abundance of magnetically active nucl
that is, of about 50% for123Sb and 100% for59Co and
55Mn. Metallic ingots were sealed in evacuated quartz tub
annealed for 300–700 h in the temperature range 7
1000 °C and then filed to powder form with the particle si
less than 50mm. Preparation technique, temperature, and
annealing treatment of both bulk and powdered samp
were modified, depending on the particular system un
consideration.

Circular disks of dielectric lithium ferrite and its soli
solutions, of 12–15 cm in diameter and 5–8 g in weig
were produced by means of a conventional ceramic prep
tion technique using an enriched~96.8 at. %57Fe! iron iso-
tope.

Cobalt monolayer thin ferromagnetic films with thickne
from 800 to 1200 Å were grown by ion-beam vacuum sp
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tering on glass substrates in an in-plane magnetic field of
Oe, and contained about 70% of hcp and 30% of fcc phas
is worth noting here that the most intense NMR spin-ec
signals were found to occur for the rf fieldh, applied per-
pendicular to the easy axis of magnetization in the plane
film, while in the direction of this axis no echoes could
detected. This implies that the echo signals in these fi
arise from domain rather than from domain wall.24 Unlike
ferromagnetic films, all the powdered and bulk samples
zero external field exhibit NMR signals that originate pr
dominantly from the domain-wall nuclei.17,25

B. Experimental apparatus

A standard phase-incoherent spin-echo spectromete25,26

was employed in the present measurements of the NMR
nals appearing after a single- or a two-pulse sequence at
77 and 293 K. The receiver of such a spectrometer oper
through amplitude detection only, i.e., the physical quan
observed is the absolute value of the nuclear macrosc
magnetization in the equatorial plane and not its phase.
the experiments were performed in the frequency range
400 MHz, the pulse repetition time being nearly tenfo
longer than the longitudinal relaxation time of the sample.
the frequency range 40–220 Mhz a standard self-excita
rf oscillator has been used. The frequency of the oscilla
could be gradually returned by using a number of circu
with different inductance coils and adjustable capacitors
the frequency range 200–400 Mhz the excitation was car
out with the aid of a commercial manufactured oscilla
based on the two-wire Lekher-type line including two co
with different number of turns. For pulse lengths rangi
between 0.1 and 50ms a maximum rf field produced at th
sample was estimated to be about 3.0 Oe, while the rise
fall times of sufficiently long pulses (t1*5 ms) were no
more than 0.15ms. At 1.0–1.5 W input powers the recove
time of the spectrometer characterizing the transient los
its sensitivity following the rf burst was reduced to 1ms by
cutting off the receiver circuitry by application of a negati
keying pulse during the action of rf field. Such an improv
ment is of particular importance for the observation of FI
since the latter immediately follows the end of the pulse d
to strong inhomogeneous dephasing of the transverse nu
magnetization in these samples.

In order to perform measurements in a dc pulsed magn
field, a conventional video-pulse modulator output was
plied to an accessory coil lightly coupled to the transmit
coil. Magnetic pulse strength at the center of this coil w
estimated by taking into account the circuit current and
geometry and could be varied over the field range 0–5
By means of a variable delay line the occurrence of this
field pulse could be varied over a wide range of times, m
ing it possible to affect the nuclear spin system either dur
the rf pulses or after their removal.

In concluding this section we note that, regardless of
operating conditions, no shift in echo frequency with resp
to the exciting pulse has ever been observed.

C. General experimental data

First, we note that the frequency dependence of the S
and TPE amplitudes for a given sample are entirely con
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tent with each other. The shapes and widths of these spe
appreciably differ for different magnetic materials, providin
the possibility of studying the behavior of the pulse r
sponses under various excitation conditions. As an exam
among the samples listed in Table I the broadest freque
spectrum with a half widths of about 63107 s21 was ob-
served on55Mn nuclei in NiMnSi, while the narrowest one
with s593105 s21 was found to occur on59Co nuclei in
Co2MnSi. By addition of impurity or excess atoms in fcc C
lithium ferrite or Mn12xSbx all the NMR lines show a strong
tendency to broaden, thereby considerably extending
range of frequencies where SPE can be observed. It sh
be noted also that the NMR spectra of several materials
der investigation, such as Co-based alloys, hcp
Mn12xSbx , and some others, contain additional structure d
to the magnetic hyperfine~hf! or quadrupole interactions
The center frequencies of the NMR linesn0 for the major
group of magnets are presented in Table I.

Figure 1 illustrates the typical trace of the temporal
sponse of59Co nuclei in Co2MnSi intermetallic compound to
a single pulse of sufficient length (t1

21!s) at the resonance
frequency. This response can be actually considered as
result of a superposition of two coherent signals, that is,
FID that in the case examined lasts as long as the pulse it
and the SPE appearing at the end of the FID. The ini
transient of the FID envelope exhibits a characteristic p
due to the superemission effect.22 The time occurrence o
this original maximum istm;s21 following the pulse.22

Thus it is not obscured by the recovery time of the recei
for samples with relatively narrow NMR lines (s
&106 s21) such as Co2MnSi, lithium ferrite, and some oth
ers.

In contrast to the FID, for pulse lengthst1 of the order or
shorter than the transverse relaxation timeT2 the SPE signals
are readily detectable in all of the samples studied, for b
domain and domain-wall nuclei, even though the excitat
conditions are far from optimal. These signals show
simple, single-peaked structure whose width is appro
mately equal to that of the corresponding TPE respon
However, the ratio of the maximum SPE and TPE amp
tudesI m

S /I m
T for a particular nuclear species does not gen

ally exceed 10–15%. This ratio was found to be virtua
independent of the particular material studied, the filling fa
tor of the transmitter coil or the temperature of measurem

FIG. 1. Oscilloscope trace of the NMR signal of59Co in
Co2MnSi following a single exciting pulse of lengtht1524ms.
Resonance frequencyn5v/2p5145.2 MHz temperature T
577 K. An auxiliary beam along the bottom of the photograph
the signal from a video detector monitoring the rf pulse sha
amplitude and duration. The time scale is 10ms/cm.
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~at least within the temperature range used!. It exhibited a
tendency to decrease with increasing operating frequenc
may be seen from Table I.

In order to maximize the intensity of TPE, the amplitu
of each of the two identical pulseshm

T should be severa
times larger than the amplitude of the single pulsehm

S re-
quired to produce the maximum of SPE. This fact is illu
trated in Fig. 2, which shows the variation of the single a
two-pulse echo intensities as a function of pulse amplitud
NiMnSb. Another feature to notice in Fig. 2 is that at lo
power levels the intensity of both signals increases as
third power of the pulse amplitude reaches a maximum
certain value ofhm

S,T and then monotonically decreases belo
the threshold for observation. The range ofh values giving
rise to the generation of SPE is much narrower than tha
TPE.

Figure 3 represents the general trend of the TPE and
amplitudes as a function of the delay time between pu
Dt, and the pulse lengtht1 , respectively, for the domain
wall resonance in pure fcc Co. These data indicate that
TPE transverse relaxation curveI T(Dt) is typically nonex-
ponential, with a characteristic slowing down of the insta
taneous decay rate for relatively long-time intervals betw
pulses (Dt.40ms). In contrast to the behavior of TPE, th
SPE intensity varies approximately exponentially
exp@22t1 /T2

S# over the whole range of pulse lengths, exce
for the narrow initial regiont1&4 ms in which a much
sharper increase in the echo amplitude is experimentally
served ~not shown in Fig. 3!. On the other hand, fort1
.5 ms the intensity of SPE decays generally more rapi
than the intensity of TPE. Consequently, a phenomenolog
time constantT2

S determined from the SPE decay was es
mated to be systematically smaller than the transverse re
ation time, T2 , defined from the initial slope of the TPE
decay envelope. As follows from Table I, the relationsh
between these parameters for most of the samples is give

FIG. 2. Dependence of the single~s! and two-pulse~d! echo
intensity ~in arbitrary units! on the pulse amplitudeh for the 55Mn
NMR in NiMnSb at n5298.4 MHz, T577 K. The two-pulse
case: t15t251.2ms; the single-pulse case:t1513ms. Solid
lines correspond to the calculated data for pulses of the s
lengths and the following values of the other paramete
gCo56.363103 Oe21 s21, s5107 s21, h̄05Dh0583102, t l5t t

51.5ms, t510ms, w l55/6p, w t52/3p. The calculated SPE in
tensity was matched to the experimental one by the approp
choice of thet l ,t andw l ,t values.
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T2
S5(0.5– 0.8) T2 in accordance with the earlie

measurements.12,14 Note that the above differences in th
SPE and TPE decay kinetics have nothing to do with exc
tion of groups of nuclei located in different sections of t
domain wall,27 since all the measurements on a particu
sample were performed at a fixed pulse amplitude co
sponding to the largest intensity of SPE.

Finally, there is another phenomenon to be pointed
which actually lies beyond the scope of the present pa
but is of considerable interest for studying the relative pro
erties of SPE and TPE signals. As well known,28,29 in the
presence of quadrupole interactions the TPE in magnets
expected to display a multiple structure due to the multiqu
tum transitions of nuclear spins in the nonequidistant sys
of energy levels. Such a structure of TPE including 2I single
peaks separated by the time interval between pulsesDt has
been in fact observed by us in hcp Co in the frequency ra
218.5–219.5 MHz, as well as in Mn12xSbx within the con-
centration range 0.46<x<0.49.30 Without going into further
detail we note here that similar structure in these samp
was found to occur after a single-pulse excitation, so that
SPE signals are generated at times spaced by the pulse
ration t1 and exhibit nearly the same behavior as the cor
sponding TPE responses.

D. Single- and two-pulse echoes in a dc pulsed magnetic field

From the previous section, it appears that the SPE
TPE behavior patterns are much the same. To explore
reasons for this similarity it is necessary to investigate
effect of pulse distortions on the SPE formation process

e
:

te

FIG. 3. Decays of the single~s! and two-pulse~d! echo inten-
sities as a function of the pulse lengtht1 and the delay time be-
tween pulsesDt, respectively, for the NMR on59Co nuclei in pure
fcc Co. Resonance frequencyn5217.2 MHz; temperatureT
577 K. The dashed line represents the SPE decay profile obta
by evaluating Eq. ~10! for m1 of Eq. ~4! with
gCo56.363103 Oe21 s21, h50.1 Oe, h̄05Dh051.83103, s56
3106 s21, t l5t t51 ms, w l5p/2, w t5

3
4 p. The solid line corre-

sponds to the resultant decay of SPE intensity that was fitted to
experimental data by the appropriate choice of the pulse distor
parameters.
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the previous studies,14 this has been done by means of
artificially-produced edge distortion of the exciting puls
Such an approach, however, seems somewhat arbitrary,
the distortions obtained in this manner almost never oc
under normal operating conditions.

To clarify the role of pulse distortions in the formation
SPE we made use of a quite different technique that s
presses the influence the rf pulse edges on the nuclear
system. This was achieved by applying a dc magnetic fi
pulse of widthtd and amplitudeHd whose timing could be
varied so as to bring it into successive coincidence with
ther the leading or the trailing edges, as well as to kee
fixed within the central section or outside the rf puls
Earlier,31 this type of excitation has been used in a two-pu
echo sequence to estimate the static field required to sh
domain wall through a distance equal to its thicknessd and
to study anisotropic properties of the crystal.

Figure 4 represents the intensity dependence of TPE, S
and FID’s original maximum in lithium ferrite on the d
magnetic pulse location. Similar plots hold for almost
samples under examination; however, the nonmonotonic
havior of the SPE and TPE amplitudes is best observed
relatively low driving fields (x,s) when the major contri-
bution to the echo height comes from nuclei at the cente
the wall27 ~herex5ghh is the pulse amplitude in the samp
expressed in the frequency units,g the nuclear gyromagneti
ratio andh is the NMR enhancement factor in magnets!.32

Let us consider in more detail the influence of the
magnetic pulse on the intensity of TPE. As is well known33

the main effect of applying of external magnetic field to
multidomain ferromagnet is to shift the position of its d
main walls, which in relatively small fields is of reversib

FIG. 4. Timing diagrams and intensity dependence of the tw
pulse echo~d!, single-pulse echo~s! and FID’s original maximum
~n! on the temporal location of a dc magnetic pulse ofHd55 Oe
lasting for a time intervaltd along the corresponding time scales f
the 57Fe NMR in lithium ferrite. The data for two-pulse echo we
taken with t15t250.8ms, Dt521ms, td53 ms, while the
single-pulse echo data correspond tot1525ms, td55 ms. Reso-
nance frequencyn574.0 MHz,T577 K. The solid lines are drawn
only to guide the eye.
.
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character. If, therefore, the dc pulseHd is superposed on on
of the rf pulses it changes the location of the resonat
nuclei within the domain wall~y direction! with respect to its
center. This, in turn, is expected to decrease the nuclear
hancement factors which for 180° Bloch walls are known34

to vary ash5h0 sech(y/d) whereh0 is the maximum en-
hancement at the center of the wall. Thus, if in the absenc
the dc magnetic pulse the turning anglesa i of the two rf
pulsesa1,25ghht1,2 were chosen equal to each other
order to maximize the intensity of TPE,35 afterHd is applied
coincident with one of the exciting pulses the turning ang
become significantly different. This drastically reduces t
TPE amplitude.

An additional, more subtle effect takes place in syste
with anisotropic hf interaction, due to the positional depe
dence of the nuclear resonance frequency within a dom
wall.36 This effect is responsible for the decrease in the T
amplitude whenHd is applied between the two pulses
after the second pulse. It arises because the frequency
partially destroys the phase coherence of the proces
nuclear spins and reduces the overall efficiency of
rephasing process. Therefore, regardless of the tempora
cation of the dc magnetic pulse the TPE amplitude is
pected to decrease; however, the change of the echo inte
is much larger whenHd completely overlaps one of the r
pulses.

The most striking feature of the data shown in Fig. 4
that the behavior of single and two-pulse echoes in
pulsed magnetic field is virtually identical. The sharp d
crease in the TPE intensity caused by superposition of
magnetic and one of the rf pulses is essentially similar to
reduction of SPE forHd overlapping either of the edges of
long single pulse. Thus we conclude that the distorted ed
of a sufficiently long pulse can be treated as a pair of in
vidual pulses that explains the formation of SPE. As to
intensity of FID, it was found to exhibit no critical depen
dence upon the temporal location ofHd , as seen from Fig. 4

The observed analogy in the SPE and TPE behavior
terns in the external magnetic field enable certain conc
sions to be drawn concerning the distortion characteristic
the exciting rf pulse. In particular the essential point of o
measurements is that the minimum length of a sufficien
strong magnetic pulse (Hd.h) which being superposed o
one of the rf pulses leads to a noticeable reduction of
TPE intensity, is roughly 1.5 times greater than the rf pu
length itself. For comparison, a similar decrease in the S
amplitude is observed only for magnetic pulse widths
about 1.5–1.8ms. Thus it seems reasonable that the tim
duration of the edge distortions dominating the formation
SPE considerably exceed the rf pulse rise time, and for
present spectrometer are no shorter than 1.0ms. In calcula-
tions of the SPE wave forms presented in Sec. III B below
will be shown that sufficiently long duration of the pha
shifts at the edges of the pulse is one of the necessary
ditions for the formation of SPE in the nuclear systems un
consideration.

III. SINGLE-PULSE ECHO IN THE PULSE
DISTORTION MODEL

A. General expressions

The transient response of the nuclear spin system to
action of various pulse sequences can be obtained from

-
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solution of Bloch’s equations with a complete set of init
conditions giving the shapes of the pulses. Bloom, in
classic paper,4 derived general expressions for the requir
response following any train ofn exciting pulses having
strictly rectangular shape (n51,2,3,...). According to this
paper, the transverse component of the nuclear magne
tion, m15mx1 imy , after the application of a single pulse o
resonant frequency (v5v0) is given by

m1/m05
x

F S 2d

F
sin2

Ft1

2
1 i sin Ft1Dexp~2 idt !, ~1!

whereas for two rectangular pulses of equal lengtht1,2 and
amplitudeh near the echo formation time (t5Dt), it is of
the form

m1/m05
x3

F3 sin2
Ft1,2

2 S 2d

F
sin2

Ft1,2

2

2 i sin Ft1,2Dexp@ id~Dt2t !#. ~2!

HereF5(d21x2)1/2 is the angular frequency of prece
sion of the magnetic moment about the effective field vec
Heff in the rotating frame of reference,d5v02vn the de-
viation of the Larmor frequency of a particular nucleusvn
from the center frequency of the NMR linev0 , m0 the equi-
librium value of magnetization, andt the time following the
last ~the first for a FID and the second for a TPE! pulse.x
5ghh, as before, the rf pulse amplitude in frequency un
multiplied by the enhancement factor.

Let us now consider the case when a single applied p
contains phase distortions in the vicinity of its edges. Let
denote byw and t the phase and duration of the centr
steady-state section of the pulse, respectively, whilew l and
w t denote the phase shifts at its leading and trailing edg
The latter are assumed to remain constant during the len
of the leadingt l and trailing t t sections (t15t l1t1t t).
The existence of the phase shifts at the edges of the puls
the laboratory frame leads to the pulse’s distortions in
rotating frame of reference that can be written as

h15hH exp~ iw l !,
exp~ iw!,
exp~ iw t!,

0,t8,t l ,
t l,t8,t l1t,
t l1t,t8,t l1t1t t ,

~3!

whereh15hx1 ihy . The phase of the undistorted section
the pulsew is taken equal to zero, with no loss of generali
and the timet8 is measured from the beginning of the
pulse.

By solving the Bloch equations15 for the transverse com
ponent of the nuclear magnetization we obtain

m1/m05@Ul~BBt1DUt1F* Ft!1Ul* ~FBl1B* Ft

1D* Ut!1Rl~UBt1RUt1U* Ft!#exp~ idt !,

~4!

where
s

a-

r

s

se
s
l

s.
hs

in
e

f
,

U5
x

F S 2
2d

F
sin2

Ft

2
1 i sin Ft Dexp~ iw!,

B5cosFt1S x

F D 2

sin2
Ft

2
1 i

d

F
sin Ft,

R5122S x

F D 2

sin2
Ft

2
,

F5S x

F D 2

sin2
Ft

2
exp~2iw!,

D5
U

2
exp~22iw!. ~5!

The coefficients with the subscripts in Eq.~4! can be readily
obtained by replacingt by t l ,t andw by w l ,t , while the time
t is measured, as usual, from the trailing edge of the app
pulse, i.e.,t5t82(t l1t1t t).0.

Equations~1!, ~2!, and ~4! describe the contribution of a
single spin packet to the intensity of the corresponding s
nals. In order to evaluate the shapes of these signals in
magnetic or weakly magnetic substances (h'1) the magne-
tization of individual spin packets has to be integrated o
the inhomogeneous line-shape functiong(d) thus yielding

I ~h,t !5U E
2`

1`

m1~d,h,t !g~d!ddU, ~6!

whereg(d) can be assumed to be a symmetrically shap
Gaussian distribution, of the form

g~d!5F ln 2

p G1/2

s21 exp@2 ln 2~d/s!2#. ~7!

For magnetic materials, the NMR signals are generate
strong internal hf fields produced at nuclei by the electr
spin system of the crystal. This naturally results in enhan
ment of the rf field being most pronounced for the doma
wall nuclei. For this reason, in most cases the zero-fi
NMR signals originate predominantly in the latter regions
a multidomain ferromagnet.24 However, in the special case
discussed in Sec. II A, the major contribution to the ec
intensity is associated with the domain nuclei.

Another prominent feature of pulsed NMR in magnets
the essentially inhomogeneous distribution of enhancem
factorsh over the volume of the sample. This can be expl
itly incorporated into the analysis by means of the enhan
ment factor distribution functionF(h), which, according to
Ref. 25, differs appreciably for the domain and domain-w
resonance. In particular, for domain nuclei this function c
be represented as

FD~h!5S ln 2

p D 1/2

Dh21 expS 2 ln 2
~h2h̄ !2

Dh2 D , ~8!

while for the nuclei located in 180° Bloch walls to within
multiplying constant it is defined by the expression
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FW~h!5h21E
0

`

expS 2 ln 2
@~«21h2!1/22h̄0#2

Dh0
2 Dd«.

~9!

Here h̄ is the average value of the domain enhancem
factor, h̄0 the maximum enhancement at the center of
wall averaged over all domain walls of the sample,Dh and
Dh0 the widths of the corresponding distribution function
ande5(h0

22h2)1/2.
Therefore, the final expression for the pulsed NMR

sponses from any magnetic substance at arbitrary temp
ture may be given as

I ~h,t !5U E
0

`

hFD,W~h!dhE
2`

1`

m1~h,d,h,t !g~d!ddU.
~10!

In writing down the above equations we have ignored
frequency dependence of the enhancement factors, whic
valid for the case of uniform wall rotation,36 and have ne-
glected the effect of relaxation processes on the NMR sig
intensity.

B. Numerical results

The starting point of our calculations was to evaluate
merically the shape of the pulse responses involved in
model of rectangular pulses. The results of such calculat
obtained for nonmagnetic materials for a sufficiently lo
square pulse (t1

21,s), are plotted in Fig. 5. The data ind

FIG. 5. Computer plots of the FID amplitude as a function
time for various constantx/s values obtained in the model of rec
angular pulses. The left-hand column: the numerical integration
Eq. ~6! for m1 of Eq. ~1! for a unique rf spin excitation in nonmag
netic materials (h51); the right-hand column: the numerical inte
gration of Eq.~10! for F(h) of Eq. ~8! for the domain resonance i
magnets. Parameters used in the calculations ares5107 s21, t1

510ms, h̄5Dh5100. The initial section of time axis is expande
by a factor of 5 to show the exact timing of the FID’s origin
maximum.
nt
e

,

-
ra-

e
is

al

-
e

ns

cate that for relatively small pulse areasa15ght1,2p the
FID is a smoothly varying function of time. Fora1*2p,
however, it displays a continuous train of oscillations, t
main characteristics of which are essentially the same as
culated previously for atomic or spin two-level systems.22,23

At the same time the inclusion of inhomogeneity of e
hancement factors (Dh/h̄*0.03) into the calculations
which typically occurs even for monodomain particles33

smears out completely the oscillations in the FID curv
Thus immediately following the end of the pulse, the F
signal rises rapidly from zero fort50, reaches an origina
maximum attm5s21 ln(s/x),22 and then decreases mon
tonically in amplitude before vanishing precisely att5t1 , as
shown in Fig. 5. Similar FID behavior can be obtained by t
numerical integration of Eq.~10! for F(h) given by Eq.~9!
corresponding to the domain-wall resonance.

The results of the calculations show satisfactory agr
ment with the experimentally observed FID shapes, both
the domain and domain-wall nuclei@see Sec. II C#. However,
they conclusively indicate that exactly rectangular pulses
essentially unable to produce the SPE. Accordingly, furt
calculations were performed in the pulse distortion model
which the edge distortion characteristics were assumed t
virtually independent of the duration and amplitude of t
steady-state section of the pulse. Figure 6 demonstrates
development of the signal profiles produced by a sin
phase-shift pulse that are of interest for interpreting exp
mentally observed SPE patterns. The existence of these
tortions does not change appreciably the FID shapes in
time interval 0,t,t1. However, for a long pulse excitatio
(t1

21,s) at t't1, they create an additional maximum th
exhibits all the usual characteristics of SPE.

f

f

FIG. 6. Temporal response of the nuclear spin system follow
a phase-shift pulse obtained by the numerical evaluation of Eq.~10!
for m1 of Eq. ~4! andF(h) of Eq. ~9! as a function of edge distor
tion parameters. The left-hand column:t l5t t51 ms, gh53
3103 s21; the right-hand column: w l5

7
12p, w t5

5
6 p, gh

5104 s21. The other parameters used in the calculations ares
5106 s21, h̄05Dh05100, t510ms.
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The possibility of formation of SPE, and the resultant S
wave forms and amplitudes, are strongly dependent upon
phase shifts and duration of the edge distortions. In part
lar, sufficiently long duration of the phase shifts (t l ,t

21,s)
was found to be one of the fundamental conditions for
formation of SPE.37 For shorter t l ,t , the I (t) curve at
t5t1 exhibits no SPE; however, ast l ,t is increased a rang
of values is found to give rise to the formation of SPE. T
intensity of the latter gradually increases, while its struct
is transformed from the single- to the double-peaked
with the double peaks separated approximately by the d
tion t l ,t of the edge distortions@see Fig. 6#.

On the other hand, for the phase shiftsw l ,t,p/2 no ech-
oes could be obtained for all reasonable values oft l ,t used in
our calculations. In order to produce a SPE thew l ,t phase
shifts should be equal to or exceedp/2. However, the SPE
may appear also in the case when this requirement is sati
at least at one of the edges. For example, if the phase
near the trailing edge of the pulsew t is close top the SPE of
an asymmetric double-peaked shape is readily seen ove
whole range ofw l values includingw l50 ~no distortion at
the leading edge!. This strongly confirms the idea of th
major role of the trailing edge in the formation of SPE, and
consistent with our experiments in the dc pulsed magn
field, as illustrated in Fig. 4.

So far we have considered general features of SPE
functions of the edge distortion parameters. In the followi
we concentrate on the SPE intensity dependence upon
width and amplitude of the undistorted section of the pul
assuming that the edge distortion characteristics ensure
generation of the single-peaked SPE.

One of the most interesting results of the computation
the monotonic increase of the SPE intensity with decreas
pulse lengtht, as seen in Fig. 3. At the first sight this beha
ior might seem somewhat unexpected, since the nume
analysis presented here has completely neglected relax
effects. However, as will be discussed in Sec. IV, it aris
quite naturally for reasons intrinsic to the formation of SP
within the pulse distortion model. In this approximation, f
sufficiently longt1 ~precluding superposition of the SPE an
FID signals! the I S(t1) dependence is strictly exponenti
with the time constantT2

P , which is mainly determined by
the pulse distortion characteristics.

As was outlined in Sec. II C, the SPE decay timeT2
S for

most of the samples was found to be 1.25 to 2.0 tim
smaller than the transverse relaxation timeT2 deduced from
the corresponding TPE dependenceI T(Dt). This fact can be
attributed to the existence of a specific mechanism cont
uting to the SPE intensity decay, in addition to the norm
transverse relaxation mechanism. As usual, assuming no
relation between the latter processes and those relevant
to the SPE formation mechanism, the resultant decay of
SPE intensity can be represented as the product of the
exponents with the single relaxation rate

~T2
S!215T2

211~T2
P!21. ~11!

The SPE thus decays at a rate determined by both transv
relaxation and pulse distortion effects.

It turns out that in most cases the phase shifts at the e
of the pulse and thus the numerical values ofT2

P can be
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chosen such that the calculated SPE intensity decay will
produce adequately the corresponding experimental be
ior. The fits obtained for pure fcc Co are displayed in Fig.
Here, the dashed line shows the calculated dependence o
SPE amplitude on the pulse width forw l5p/2 andw t5

3
4 p

which yields a valueT2
P560ms, while the solid line gives

the overall echo decay kinetics with the time constantT2
S

520ms, obtained from Eq.~11! for T2530ms ~T2 was in-
dependently measured via TPE!.

Apart from the pulse duration, the SPE intensity
strongly affected by the pulse amplitudeh. The typical plot
of the SPE height as a function of applied rf field calculat
for NiMnSb is presented in Fig. 2. Similar calculations pe
formed for a wide range of parameters clearly indicate t
the general shape ofI S(h) curve and the position of its maxi
mum are essentially independent of the phasew l ,t and dura-
tion t l ,t of the edge distortions. This justifies the represen
tion in the same Fig. 2 of both the single- and two-pulse ec
I (h) curves, although the latter has been obtained by
numerical integration of Eqs.~10! and ~2! in the model of
rectangular pulses.

On the other hand, according to our analysis, the posi
of the I S(h) maximum is determined exclusively by the p
rameters characterizing the undistorted section of the pu
that is,t andh. In particular, the optimum turning angles o
this section that yield the largest SPE amplitude are equa

am5ghm
S h̄0t5~1.0060.05!p. ~12!

This implies that the decrease of one of the parameters in
expression foram leads to the proportional increase of th
other so that the optimum turning angles remain essenti
constant. For example, ash̄0 is reduced,t being fixed, the
maximum of the SPE intensity shifts towards higher valu
of hm

S . Similar shifts in the echo peak are observed by va
ing the pulse lengtht for any given values ofg and h̄0 .

Thus the position of the maximum in theI S(h) experi-
mental curve provides definite information on the avera
value of enhancement factor at the center of the wallsh̄0 . By
analogy, similar information can be obtained also by stu
ing the TPE intensity dependence on the rf amplitude.34,35

The values ofh̄0 estimated using both the single- and tw
pulse echo techniques were found to coincide with e
other to within experimental error, as seen from the last c
umn of Table I.

To close this section, we note that the substitution of E
~8! for Eq. ~9! when evaluating Eq.~10! produces no signifi-
cant effect on the time dependence of the calculated S
wave forms. This indicates that the main characteristics
SPE reported in this section apply also to the signal origin
ing from the domain nuclei in agreement with our measu
ments on thin ferromagnetic films. However, the depende
the SPE amplitude uponh, I S(h), is roughly affected by the
explicit form of F(h) function used in the calculations, mak
ing it possible to identify the domain or the domain-wa
origin of the NMR signals just as in the case of TPE.25

IV. DISCUSSION AND CONCLUSIONS

The results of the present paper unambiguously indic
that the dephasing of the nuclear spins after the applica
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of a single undistorted pulse is irreversible, i.e., a squar
exciting pulse fails to produce SPE. In order to generate S
the direction of the effective magnetic fieldHeff in the rotat-
ing frame of reference must change during the action o
pulse. This condition is satisfied for a pulse with distort
edges, which necessarily arise in the course of its genera
due to the nonideal properties of the electronic circuitr
components.

In analyzing the formation of SPE in the model of phas
shift pulses we assume that the effect of the pulse edges
the sample is close to that of two individual pulses. From t
point of view, the SPE formation process closely resemb
that of the TPE, which in the nuclear systems under con
eration occurs through the phase rephasing mechanism.2 Ac-
cording to this mechanism, the leading edge of the pulse fl
the macroscopic magnetisation away from the initialz direc-
tion. Then during the stable section of the pulse the tra
verse magnetization acquires an inhomogeneous ph
Next, the trailing edge causes a cumulative phase reve
and finally the inhomogeneous phase advance is com
sated near the timet5t1. In this approach the most signifi
cant conditions required for the formation of SPE can
summarized as follows:~i! the phase of the distorted edg
must differ significantly from the steady-state section of
pulse,~ii ! the lengths of the phase shifts must be long eno
to provide sufficiently large angles of rotationa l ,t
5ghh̄0t l ,t which, according to our calculations, should
no smaller than 0.3 rad,~iii ! the time duration of the station
ary section of the pulse must be greater than the inve
NMR line half width, but smaller thanT2 :s21,t,T2 .

To discuss these conditions in more detail we note fi
that the calculated SPE wave forms are sensitive function
the pulse distortion parameters, which are themselves g
erned by the arrangement and interconnection of the e
tronics employed. This is believed to account for previo
experimental observations, according to which the SPE m
assume either a double-9 or a single-peaked structure11,14 or
may be not detectable at all.38

The single-peaked profile of SPE in all the samples st
ied suggests that the phase shifts at the edges of pulses
erated by our present apparatus cover the range 2/3p&w l ,t
&5/6p, while their duration,t l ,t , is approximately of 1.0–
1.5ms. This situation apparently holds for most of the puls
NMR spectrometers operating in the meter band, since
majority of investigations11–14,16show a single-peaked struc
ture for the SPE. The decrease in the relative SPE inten
with increasing the excitation frequency, clearly seen fr
Table I and supported by measurements on a range of o
alloys and compounds mentioned in Sec. II A, can be att
uted to the frequency dependence of the pulse distortion
rameters. However, this dependence does not seem s
ciently strong to suppress the production of SPE or
transform its shape.

The similarity in the single- and two-pulse echo formati
mechanisms is likely to account for the similar behavior
the corresponding responses. In fact, as was outlined in S
II C and III B, this similarity manifests itself in essentiall
identical information, which can be obtained by studying t
intensity of these signals as a function of the pulse freque
and amplitude, the natural occurrence of multiple single a
two-pulse echoes in quadrupolar split systems, the dep
rf
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dence of the echo envelopes on the pulse turning angles,
so on.

However, the principal difference between the SPE a
TPE formation mechanisms is that between the edges
single applied pulse there exists a rf field of resonance
quency which is absent for a two-pulse excitation. The eff
of this field is twofold. Firstly, it generates the FID, an
secondly, it selects the nuclear spins that contribute sign
cantly to the SPE.

For magnetic materials one has to allow for a spread
values of enhancement factors. This implies that during
steady-state section of the pulse the nuclear spins bec
randomly distributed over both the turning anglesa and the
frequency detuningsd so that the process of their rephasin
by the trailing edge of the pulse cannot be uniformly effe
tive. In particular, the nuclear spins having large angles
rotation a@p and equal but opposite sign detuningsd5
6x are known to generate the FID,33,39 while the existence
of edge distortions does not noticeably affect the proces
their dephasing. At the same time, as discussed in Sec. I
the nuclear moments rotated through relatively small turn
anglesa'p by the central section of the pulse, after th
action of its trailing edge, generally produce the SPE.

The above argument can be used to account for the
served differences in the SPE and TPE behavior patte
illustrated in Figs. 2 and 3. If, after a two-pulse sequence,
spins excited by the pulses take part in the formation of TP
then after the action of a single pulse only a small fraction
resonance spins, for which during the central section of
pulse Eq.~12! is satisfied, contribute explicitly to the SP
intensity. For this reason, as well as the relatively sm
angles of rotation caused by the distorted edges, the
amplitude is generally much smaller than that of the TP
Further, the pulse lengths in the two-pulse technique
commonly much shorter than the duration of the single pu
producing SPE; thus to achieve the optimum turning ang
a1,2

m 5ghm
T h̄0t1,251.2 rad required to maximize the TPE th

pulse amplitudes must be correspondly larger than in
case of SPE. Finally, with increasing rf amplitude in t
regionh.hm

s the number of spins havingam angles compat-
ible with Eq. ~12! rapidly decreases, resulting in a relative
narrow range ofh values giving rise to the formation of SP
@see Fig. 2#.

A similar interpretation may be given for the observ
distinctions in the single- and two-pulse echo decay kine
presented in Fig. 3. First, we note that the large departur
the TPE intensity from exponential decay, which arises fr
inhomogeneity of the transverse relaxation timeT2 across
the domain walls27,40 is most apparent for large values ofDt.
Because of the relatively small intensity of SPE theI S(t1)
measurements for the samples under investigation may
performed only in a limited range of pulse lengthst1
,30– 40ms, over which the SPE amplitude decays nea
exponentially, just as in the case of TPE. At the same tim
as was pointed out in Sec. III B, the acceleration of the S
decay with respect to the TPE may be related to the spe
mechanism of SPE formation that contributes to the
served reduction in the SPE intensity in conjunction w
pure relaxation processes. Indeed, in terms of the pulse
tortion model the rise in the SPE amplitude with decreas
pulse duration in the absence of transverse relaxation ca
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attributed to an increase of the total number of spins t
satisfy Eq.~12! and thus contribute strongly to the intensi
of SPE. On the other hand, for very short pulses this ad
tional pseudorelaxation process is expected to become
fective, because of the absence of the necessary dephas
the nuclear spins during the applied pulse. Hence one m
think that theI S(t1) curve would be likely to exhibit a char
acteristic maximum at a certaint1 value, which for our
samples was estimated to vary within the range 1.5–4.0ms.

Experimentally, for all of the samples studied here, d
creasingt1 causes the SPE amplitude to increase monot
cally before becoming indistinguishable in the FID. T
most probable reason for such a behavior is that under
tain experimental conditions, especially for narrow NM
lines being excited by relatively short pulses, the FID du
tion may greatly exceed the pulse duration, leading to a
perposition of the FID and SPE amplitudes.12,14Therefore, in
the ranget1

21.s the intensity of SPE gradually increas
without any noticeable tendency to saturation.

In conclusion, we note that the model developed in t
paper can be successfully applied to analyze several o
related NMR pulse-echo phenomena, in particular, the t
pulse stimulated echo generated by two long pulses of
ferent lengths,t1 andt2 , at timest5t12t2 andt5t1 after
the termination of the second pulse.11,17These responses can
not be obtained from a pair of exactly rectangular puls
N.
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since in the absence of relaxation effects the FID of the s
ond pulse is just that given by Eq.~1! ~Ref. 4! and, as a
consequence, fort.tm it displays only a monotonic decreas
in the signal intensity@see the right-hand column in Fig. 5#.
On the other hand, this phenomenon can be interpreted q
naturally in terms of the pulse distortion model, since t
stimulated echoes in this case are in fact produced by th
exciting pulses, two of which are created by the edges of
first pulse, while the third is generated by either the lead
or the trailing edge of the second pulse. A similar approa
may be used to explain multiple two-pulse echoes aris
after the application of two long pulses of unequal lengths41

However, a more detailed analysis of these phenomen
beyond the scope of our present discussion. Finally, ther
reason to believe that the developed approach may be
principle, extended to pulse excitations in different physi
systems. The main point of our argument is that pulse d
tortions of various types are known to arise over a w
range of radio, optical, and acoustical frequencies.8,19,42
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