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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.[S0163-182698)10917-1

[. INTRODUCTION pulse. The intensity of SPE is also much smaller than the
intensity of two-pulse echdTPE), while its phase in the
In recent years, pulsed transient methods have bedong-pulse limit is opposite to that of a free induction decay
widely used to study coherent processes in various kinds ofFID).”" 2 Thus it seems appropriate to consider the problem
inhomogeneous systems. In these methods a sample is sudf-SPE on more general grounds, regardless of the physical
jected to a coherent sequence of excitation pulses, while theroperties of a particular system under consideration. We
detection of the response is usually performed in the absenaherefore assume that the formation of SPE is controlled by
of the exciting stimuli, when the system freely evolves. pulse distortions, which necessarily arise in the course of
At the present time, echolike pulse responses of magnetigxciting the systems.
electric, or acoustic origin have been observed in a wide For example, in the radio frequendsf) region the most
range of physical systems. Depending on the echo formationommon distortions of a rectangular pulse are finite rise and
dynamics, all these systems can be separated into twall times, peak voltage sag and oscillations, which cause
groups. In systems of weakly interacting particles the ech@hase modulation of the rf pulse carrier frequety* Dis-
processes are described by the Bloch equations of mbfion, tortions of this kind may originate in different pieces of the
while in strongly interacting systems they are commonly aselectronic apparatus, such as cascade amplifiers and pulse
sociated with anharmonic-oscillator interacticns. generators, or may be due to the lack of necessary matching
Generally two or more stimulating pulses are required tan the rf oscillator driving circuitry.
give rise to echo phenomena. In practice, however, an echo The major difficulty encountered in analyzing the SPE
can also be generated in the case of single-pulse excitatiophenomenon is that the signal of interest is commonly ob-
Bloom" was first to observe the single-pulse e¢8&E phe-  scured by the simultaneous presence of a nonmonotonic FID
nomenon in an inhomogeneously broadened proton NMRroduced immediately after a single exciting pulse. Hence
system and attributed it to the coherence of nonresonant spthe problem reduces to one of separating the SPE from the
packets. Later the SPE has been found to occur in expergscillatory FID. This cannot be generally done
ments on electrohand photof echoes, as well as in piezo- unambiguously?23 From this point of view, the most favor-
electric crystallinéand powdered samplésSimilar observa-  able sample materials are magnetically ordered substances,
tions have been made oR’Co nuclei in ferromagnetic since the inhomogeneity of the rf enhancement faegan
cobalf and also orP®Mn nuclei in antiferromagnetic MNnCQ  these samples is expected to smear out the oscillations in the
and CsMnk.1° These results have stimulated extensive dis+ID making it possible to perform a comprehensive study of
cussions in the literature regarding the origin of SPE. SPE. Thus with regard to the SPE phenomenon the nuclear
It has been pointed out repeatedly that despite the sulspin system in ferromagnets may serve as a simple test
stantial dissimilarities of the systems producing SPE signalsnodel.
they are characterized by a number of common properties. In In the present paper, we report an investigation of the SPE
particular, it has been observed that SPE appears at a tinphhenomenon, based on complete experimental and theoreti-
approximately equal to the pulse length after its termina- cal studies in a wide range of ferromagnets. The structure
tion, and under conditions where the inhomogeneous broadind the main results of the paper are as follows. Section |l
ening is greater than the frequency width of the excitingpresents a comparison of results from SPE and TPE experi-
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TABLE I. Values for various parameters of the primary group of magnefs=ai7 K.

Crystal Nucleus Frequency I3/11 T, T5
Sample structure Nucleus spin vy (MHz) (%) (us) NoX 10°
LigFe 0, Ferrite-spinel 5TFe i 74.0 14.1 4000 2207
class 2000 200
Co,MnSi Cubic of Co 1 145.2 13.7 38 8.¢7
Cu, MnAl type 23 7.9
55Mn 5 253.1 11.6 8d 5.6°
58° 5.2
Mng 5:Shy 49 hcp of NiAs 1235 z 208.0 13.5 170 6.8
type 13% 6.7
55Mn 3 256.5 12.0 60 4.0
42 4.3
Co fcc 9Co i 217.2 12.3 30 1.5
20° 1.8
Co hcp %9Co 1 219.6 12.7 63 0.8
42 0.8
227.¢ 11.1 46 1.¢%
29 1.2
NiMnSb orthorhombic 55Mn 3 298.4 9.8 98 0.9
of MgAgAs 76 0.8
type
NiMnSi orthorhombic S5Mn 2 320.5 9.2 60 1.8
of MgAgAs 50° 1.0
type

avalues of parameters obtained by the two-pulse echo technique.

bValues of parameters obtained by the single-pulse echo technique.

“The existence of two discernible peaks at 219.0 and 227.0 MHz in hcp Co is commonly attributed to the wall
edge and wall center resonances, respecti@lf. 17. A somewhat overestimated value gf for the

former resonance is probably due to the admixture of fcc phase having relatively high values of enhance-
ments. The difference in all the quoted values for powdered samples and thin ferromagnetic films of hcp Co
does not generally exceed 5%.

ments. Special emphasis is placed upon direct experimentahlly diluted ferrites of L &Fe, s, Zn,0, (0<x=<0.25). On
verification of the dominant role of pulse distortions in the the whole about 40 different samples have been synthesized
SPE formation process. In Sec. Ill we derive the generalng examined.
expressions which describe explicitly the induced nuclear petallic ferromagnetic alloys and compounds were pre-
magnetization following a single pulse with arbitrary phasepared by melting together the appropriate amounts of bulk or
distortions at its edges. We also report the results of numerpowdered constituents in an induction vacuum or a direct-arc
cal calculations of the NMR signals obtained under differentyace. The starting materials were of the following purity:
excitation conditions. Finally, in Sec. IV a careful analysis ofgg 9999 Sh, 99.995% Mn, and 99.98% all the other ele-
the single echo formation mechanisms is carried out, anghents. All samples were polycrystalline multidomain mate-
_genera_l requirements for the production of SPE are discusseghs with a high abundance of magnetically active nuclei,
in detail. that is, of about 50% for'?>Sb and 100% for°°Co and
%Mn. Metallic ingots were sealed in evacuated quartz tubes,
Il. EXPERIMENTAL annealed for 300—700 h in the temperature range 700—
1000 °C and then filed to powder form with the particle size
less than 5Qum. Preparation technique, temperature, and the
Experiments were carried out on various ferromagneti@annealing treatment of both bulk and powdered samples
bulk materials and thin films, with different crystal structure were modified, depending on the particular system under
and magnetic properties. Structure, nuclear spin, and sonmeonsideration.
other characteristics of the primary group of magnetic mate- Circular disks of dielectric lithium ferrite and its solid
rials are summarized in Table I. In addition, measurementsolutions, of 12—-15 cm in diameter and 5-8 g in weight,
were made on a series of magnets based on several of theere produced by means of a conventional ceramic prepara-
tabulated materials, including cobalt fcc alloys with all of the tion technique using an enriché@6.8 at. %°Fe) iron iso-
3d transition metalgTi, V, Cr, Mn, Fe, Ni, and Cuhaving tope.
maximum impurity content up to 8 at. %, Nn,Sh, alloys Cobalt monolayer thin ferromagnetic films with thickness
in the concentration range 04%=<0.49, and diamagneti- from 800 to 1200 A were grown by ion-beam vacuum sput-

A. Sample characterization
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tering on glass substrates in an in-plane magnetic field of 100
Oe, and contained about 70% of hcp and 30% of fcc phase. It
is worth noting here that the most intense NMR spin-echo
signals were found to occur for the rf field applied per-
pendicular to the easy axis of magnetization in the plane of a
film, while in the direction of this axis no echoes could be
detected. This implies that the echo signals in these films

arise from domain rather than from domain wAllUnlike -
ferromagnetic films, all the powdered and bulk samples in
zero external field exhibit NMR signals that originate pre- et

. i 25
dominantly from the domain-wall nuciéf: FIG. 1. Oscilloscope trace of the NMR signal 6fCo in

Co,MnSi following a single exciting pulse of length, =24 us.
B. Experimental apparatus Resonance frequencyv=w/2m=145.2 MHz temperature T
A standard phase-incoherent spin-echo Spectroﬁ?é?er =77 K. An auxiliary beam along the bottom of the photograph is

: . the signal from a video detector monitoring the rf pulse shape,
w mpl in the present m rements of the NMR sig-
as employed in the present measurements of the N C%'jinplitude and duration. The time scale is 2€/cm.

nals appearing after a single- or a two-pulse sequence at bo

77 and 293 K The fecei‘(ef of such a spectrometer operalqg yyith each other. The shapes and widths of these spectra
through amplitude detection only, i.e., the physical quantity, e ciaply differ for different magnetic materials, providing
observed is the absolute value of the nuclear macroscopig,o possibility of studying the behavior of the pulse re-

magnetization in the equatorial plane and not its phase. Alk,,nses ynder various excitation conditions. As an example,

the experiments were performed in the frequency range 40z, the samples listed in Table | the broadest frequency

400 MHz, the pulse repetition time being nearly tenfold spectrum with a half widthr of about 6< 107 s * was ob-
longer than the longitudinal relaxation time of the sample. INserved on®Mn nuclei in NiMnSi. while the narrowest one
the frequency range 40-220 Mhz a standard seh‘-excitatiog\lith o=9%10° s ! was found tc,) oceur orf°Co nuclei in

rf oscillator has been used. The fr_equency of the Osgi"a.tobonnSi. By addition of impurity or excess atoms in fcc Co,
could be gradually returned by using a number of CircuitS;ivhium ferrite or Mny_,Sh, all the NMR lines show a strong
with different inductance coils and adjustable capacitors. In, ndency to broade_r;( thereby considerably extending the
the frequency range 200400 Mhz the excitation was carrie ange of frequencies \,Nhere SPE can be observed. It should

out with the aid of a commercial manufactured oscillator,) "\ .4 aiso that the NMR spectra of several materials un-
based on the two-wire Lekher-type line including two coils der investigation, such as Co-based alloys, hcp Co
with different number of tums. For pulse lengths rangmgMnl_XSh“ and some others, contain additional structure due

between 0.1 and 5@s a maximum rf field produced at the : . : :
. ) X tq the magnetic hyperfingnhf) or quadrupole interactions.
sample was estimated to be about 3.0 Oe, while the rise a e center frequencies of the NMR lineg for the major

e o e e 0y 070UD f magnets are preente n Tabe |

time of the s.pectéomet.er cHaracterizing the transient loss g Figure 1 |IIustrat¢$ the typu_::_;\I trace of_the temporal re-

its sensitivity following the rf burst was reduced tous by gponse oP*Co nuclei in CoMnSi intermetallic compound to
a single pulse of sufficient lengthr{ *< o) at the resonance

cutting off the receiver circuitry by application of a negative frequency. This response can be actually considered as the
keying pulse during the action of rf field. Such an improve- q y. PC y :
result of a superposition of two coherent signals, that is, the

ment is of particular importance for the observation of I:ID’AZID that in the case examined lasts as long as the pulse itself
since the latter immediately follows the end of the pulse du d the SPE appearing at the end of the FID. The initial

to strong inhomogeneous dephasing of the transverse nucle ) i o
g 9 n 9 transient of the FID envelope exhibits a characteristic peak

magnetization in these samples, ue to the superemission efféétThe time occurrence of
In order to perform measurements in a dc pulsed magnetic . . per ) iy . 2
this original maximum ist,~o ! following the pulse?

field, a conventional video-pulse modulator output was ap-

plied to an accessory coil lightly coupled to the transmitterThus itis not obscured by the recovery time of the receiver

coil. Magnetic pulse strength at the center of this coil was'cor samples with relatively narrow NMR lines o(

estimated by taking into account the circuit current and its= 10° s7%) such as CgMnSi, lithium ferrite, and some oth-
geometry and could be varied over the field range 0-5 oS

By means of a variable delay line the occurrence of this dc In contrast to the FID, for pulse _Iength@ of the ord_er or
field pulse could be varied over a wide range of times, mak_shorter than the transverse relaxation tilgehe SPE signals

ing it possible to affect the nuclear spin system either duringare re_ad|ly detectqble in all of t_he samples studied, fqr b.Oth
the rf pulses or after their removal. dome_u_n and domain-wall nuclle|, even thoug_h the excitation
In concluding this section we note that, regardless of thé:f)ndmonS are far from optimal. These signals show a

operating conditions, no shift in echo frequency with respectiMPI€. single-peaked structure whose width is approxi-
to the exciting pulse has ever been observed. mately equal to that of the corresponding TPE responses.
However, the ratio of the maximum SPE and TPE ampli-

tudesl /I for a particular nuclear species does not gener-

ally exceed 10-15%. This ratio was found to be virtually
First, we note that the frequency dependence of the SPBdependent of the particular material studied, the filling fac-

and TPE amplitudes for a given sample are entirely consistor of the transmitter coil or the temperature of measurement

C. General experimental data



57 SINGLE-PULSE NUCLEAR SPIN ECHO IN MAGNETS 11 557

= ] DELAY TIME AT(us)
>~ P I 5 0 ‘ ] | l I i l
= |
v o, | ~~ A
Z 10 | —
o ! = N
E 690 ) ] -2 \\
| | c
o | | -
| | -3 .
S i [ I . .,
wd 1 o | .
! ! SAR ‘e
| | { | . o
0 h, ho 03
RF AMPLITUDE h (Qe) B
FIG. 2. Dependence of the singl®) and two-pulse®) echo I N S U
intensity (in arbitrary unit3 on the pulse amplitude for the 5°Mn 0 10 20 30 40 50 60 70 80 90 400
NMR in NiMnSb at »=298.4 MHz, T=77 K. The two-pulse PULSE LENGTH T, (ps)

case: 7,=T1,=1.2us; the single-pulse case:r;=13 us. Solid

lines correspond to the calculated data for pulses of the same FIG. 3. Decays of the singlgD) and two-puls€®) echo inten-

lengths and the following values of the other parameterssities as a function of the pulse length and the delay time be-

y°°=6.36x10° Oe 1sL, 0=10"s7%, 7,=A7n=8X%1C%, m=7,  tween pulsed\r, respectively, for the NMR oi°Co nuclei in pure

=1.5us, r=10us, ¢,=5/6mw, ¢;=2/3w. The calculated SPE in- fcc Co. Resonance frequency=217.2 MHz; temperatureT

tensity was matched to the experimental one by the appropriate-77 K. The dashed line represents the SPE decay profile obtained

choice of ther,  and ¢, ; values. by evaluating Eg. (100 for u®™ of Eq. (4 with
¥©°=6.36x10°0e 's7!, h=0.10Oe, 7,=A7,=1.8X10°, 0=6

(at least within the temperature range usdtlexhibited a x10° s, 7=7,=1us, ¢,=7/2, ¢,= 2. The solid line corre-

tendency to decrease with increasing operating frequency, &ponds to the resultant decay of SPE intensity that was fitted to the

may be seen from Table I. experimental data by the appropriate choice of the pulse distortion

In order to maximize the intensity of TPE, the amplitude parameters.
of each of the two identical pulsds,, should be several

times larger than the amplitude of the single putgere-  7S=(0.5-0.8) T, in accordance with the earlier
quired to produce the maximum of SPE. This fact is illus-measurement$:'* Note that the above differences in the
trated in Flg 2, which shows the variation of the single andspE and TPE decay kinetics have nothing to do with excita-
two-pulse echo intensities as a function of pulse amplitude iflion of groups of nuclei located in different sections of the
NiMnSb. Another feature to notice in Fig. 2 is that at low domain wall?” since all the measurements on a particular

power levels the intensity of both signals increases as thgample were performed at a fixed pulse amplitude corre-
third power of the pulse amplitude reaches a maximum at @ponding to the largest intensity of SPE.

certain value oh>" and then monotonically decreases below Finally, there is another phenomenon to be pointed out
the threshold for observation. The rangehofalues giving  which actually lies beyond the scope of the present paper,
rise to the generation of SPE is much narrower than that obut is of considerable interest for studying the relative prop-
TPE. erties of SPE and TPE signals. As well knoffir® in the
Figure 3 represents the general trend of the TPE and SPgresence of quadrupole interactions the TPE in magnets are
amplitudes as a function of the delay time between pulseexpected to display a multiple structure due to the multiquan-
A7, and the pulse length, respectively, for the domain- tum transitions of nuclear spins in the nonequidistant system
wall resonance in pure fcc Co. These data indicate that thef energy levels. Such a structure of TPE includingsihgle
TPE transverse relaxation curv&(A ) is typically nonex-  peaks separated by the time interval between pulselas
ponential, with a characteristic slowing down of the instan-been in fact observed by us in hcp Co in the frequency range
taneous decay rate for relatively long-time intervals betweer?18.5-219.5 MHz, as well as in Mn,Sh, within the con-
pulses (A 7>40 us). In contrast to the behavior of TPE, the centration range 0.46x=<0.493° Without going into further
SPE intensity varies approximately exponentially asdetail we note here that similar structure in these samples
exp[—ZTllT?] over the whole range of pulse lengths, exceptwas found to occur after a single-pulse excitation, so that the
for the narrow initial regiont;<4 us in which a much SPE signals are generated at times spaced by the pulse du-
sharper increase in the echo amplitude is experimentally olration 7, and exhibit nearly the same behavior as the corre-
served (not shown in Fig. 3 On the other hand, for;  sponding TPE responses.
>5 us the intensity of SPE decays generally more rapidly
than the intensity of TPE. Consequently, a phenomenological _ o
time Constanfl'g determined from the SPE decay was esti- D. Single- and two-pulse echoes in a dc pulsed magnetic field
mated to be systematically smaller than the transverse relax- From the previous section, it appears that the SPE and
ation time, T,, defined from the initial slope of the TPE TPE behavior patterns are much the same. To explore the
decay envelope. As follows from Table |, the relationshipreasons for this similarity it is necessary to investigate the
between these parameters for most of the samples is given leffect of pulse distortions on the SPE formation process. In
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character. If, therefore, the dc pulbg is superposed on one
of the rf pulses it changes the location of the resonating
nuclei within the domain wally direction with respect to its
center. This, in turn, is expected to decrease the nuclear en-
hancement factors which for 180° Bloch walls are kndtvn
to vary asn= 75, sechy/d) where 7, is the maximum en-
hancement at the center of the wall. Thus, if in the absence of
the dc magnetic pulse the turning angles of the two rf
pulses a; ,= yhn7, , were chosen equal to each other in
order to maximize the intensity of TPE afterH is applied
coincident with one of the exciting pulses the turning angles
] become significantly different. This drastically reduces the
— TPE amplitude.
— An additional, more subtle effect takes place in systems
- with anisotropic hf interaction, due to the positional depen-
dence of the nuclear resonance frequency within a domain
| | 4 wall.®® This effect is responsible for the decrease in the TPE
0 4 2 B0 MW 2 W amplitude whenH, is applie_d between the two pulses or _
, after the second pulse. It arises because the frequency shift
TIME T (Hs) partially destroys the phase coherence of the processing
nuclear spins and reduces the overall efficiency of the
FIG. 4. Timing diagrams and intensity dependence of the twoyephasing process. Therefore, regardless of the temporal lo-
pulse echd®), single-pulse ech(O) and FID's original maximum  cation of the dc magnetic pulse the TPE amplitude is ex-
(A) on the temporal location of a dc magnetic pulseHf=5Oe  pected to decrease; however, the change of the echo intensity
lasting for a time intervat, along the corresponding time scales for s much larger wherH, completely overlaps one of the rf
the 5’Fe NMR in lithium ferrite. The data for two-pulse echo were pulses.
taken with 7;,=7,=0.8us, Ar=21pus, 73=3us, while the The most striking feature of the data shown in Fig. 4 is
single-pulse echo data correspondric=25us, 74=5uS. Reso-  that the behavior of single and two-pulse echoes in the
nance frequency=74.0 MHz, T=77 K. The solid lines are drawn  pylsed magnetic field is virtually identical. The sharp de-
only to guide the eye. crease in the TPE intensity caused by superposition of the
. . . magnetic and one of the rf pulses is essentially similar to the
the_ previous studie¥, this h"’.‘s be_en done by means of an reduction of SPE foH, overlapping either of the edges of a
artificially-produced edge distortion of the exciting pulsg. long single pulse. Thus we conclude that the distorted edges
Such an approach, however, seems somewhat arbitrary, singe 5 sufficiently long pulse can be treated as a pair of indi-
the distortions obtained in this manner almost never occuyigyal pulses that explains the formation of SPE. As to the
under normal operating conditions. intensity of FID, it was found to exhibit no critical depen-
To clarify the role of pulse distortions in the formation of gence upon the temporal locationtéf;, as seen from Fig. 4.
SPE we made use of a quite different technique that sup- The opserved analogy in the SPE and TPE behavior pat-
presses the influence the rf pulse edges on the nuclear spigins in the external magnetic field enable certain conclu-
system. This was achieved by applying a dc magnetic fieldjons to be drawn concerning the distortion characteristics of
pulse of widthy and amplitudeHy whose timing could be  the exciting rf pulse. In particular the essential point of our
varied so as to bring it into successive coincidence with eimeasurements is that the minimum length of a sufficiently
ther the leading or the trailing edges, as well as to keep iktrong magnetic pulseH;>h) which being superposed on
fixed within the central section or outside the If pulse.gne of the rf pulses leads to a noticeable reduction of the
Earlier;™ this type of excitation has been used in a two-pulserpg intensity, is roughly 1.5 times greater than the rf pulse
echo sequence to estimate the static field required to shift gngth itself. For comparison, a similar decrease in the SPE
domain wall through a distance equal to its thicknésand  gmplitude is observed only for magnetic pulse widths of
to study anisotropic properties of the crystal. about 1.5-1.8us. Thus it seems reasonable that the time
Figure 4 represents the intensity dependence of TPE, SPlyration of the edge distortions dominating the formation of
and FID's original maximum in lithium ferrite on the dc gpE considerably exceed the rf pulse rise time, and for our
magnetic pulse location. Similar plots hold for almost all yresent spectrometer are no shorter thangs0In calcula-
samples under examination; however, the nonmonotonic bgions of the SPE wave forms presented in Sec. Ill B below it
havior of the SPE and TPE amplitudes is best observed fajj| pe shown that sufficiently long duration of the phase
relatively low driving fields § <o) when the major contri-  ghifts at the edges of the pulse is one of the necessary con-

bution to the echo height comes from nuclei at the center ojtions for the formation of SPE in the nuclear systems under
the walP’ (herey = yh is the pulse amplitude in the sample consideration.

expressed in the frequency unitsthe nuclear gyromagnetic

ratio and# is the NMR enhancement factor in magr)é‘l?s IIl. SINGLE-PULSE ECHO IN THE PULSE
Let us consider in more detail the influence of the dc DISTORTION MODEL

magnetic pulse on the intensity of TPE. As is well knotn,

the main effect of applying of external magnetic field to a

multidomain ferromagnet is to shift the position of its do- The transient response of the nuclear spin system to the

main walls, which in relatively small fields is of reversible action of various pulse sequences can be obtained from the

RF AMPLITUDE
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A. General expressions
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solution of Bloch’s equations with a complete set of initial X 26  _dr _
conditions giving the shapes of the pulses. Bloom, in his U=5 ( —Esm2 7+| sin <I)7') explie),
classic papet,derived general expressions for the required
response following any train ofi exciting pulses having 5 @
strictly rectangular shapen¢=1,2,3,...). According to this B=cos<br+(l Sl — i s sin®r,
paper, the transverse component of the nuclear magnetiza- @ 2 ®
tion, u* = uyxtipuy, after the application of a single pulse of
resonant frequencyo(= wg) is given by x\? _®r
R=1-2(%| sif —-,
) 2
26 (OFy
M+/#O:£ ~= si? ——+i sin b7 jexp—idt), (1) 5
D\ D 2 x\c. ., Pr i
F= 5 SII’]ZTGXF(ZI(,D),
whereas for two rectangular pulses of equal length and
amplitudeh near the echo formation time A7), it is of
the form U i
DZEGXF(—ZI(,D). (5)
3
W po="g5 Sir? Rl (2_5 sirg 2712 The coefficients with the subscripts in Ed) can be readily
@ 2 o 2 obtained by replacing by 7, and¢ by ¢, ;, while the time
t is measured, as usual, from the trailing edge of the applied
—i sin®ry,|exdid(Ar—1)]. (2) pulse, i.e.t=t'—(n+7+7)>0.

Equations(1), (2), and(4) describe the contribution of a
single spin packet to the intensity of the corresponding sig-
Here ® = (5%+ x%) Y2 is the angular frequency of preces- nals. In order to evaluate the shapes of these signals in non-
sion of the magnetic moment about the effective field vectomagnetic or weakly magnetic substances<(1) the magne-
Heg in the rotating frame of referencé= wo— w, the de- tization of individual spin packets has to be integrated over
viation of the Larmor frequency of a particular nuclews  the inhomogeneous line-shape functmy) thus yielding
from the center frequency of the NMR ling,, uq the equi-
librium value of magnetization, andthe time following the
last (the first for a FID and the second for a TPgulse. x
= yh7, as before, the rf pulse amplitude in frequency units
multiplied by the enhancement factor. _ whereg(8) can be assumed to be a symmetrically shaped
Let. us now conader the_case w.hgn_ a smgle applied pulsg 5 ,ssian distribution, of the form
contains phase distortions in the vicinity of its edges. Let us
denote bye and r the phase and duration of the central
steady-state section of the pulse, respectively, whjleand
¢; denote the phase shifts at its leading and trailing edges.
The latter are assumed to remain constant during the lengths ) ) . )
of the leadingr and trailing 7, sections ¢;= 7+ 7+ 7). For magnetic materials, the NMR signals are generated in
The existence of the phase shifts at the edges of the pulse fiirong internal hf fields produced at nuclei by the electron
the laboratory frame leads to the pulse’s distortions in thesPin system of the crystal. This naturally results in enhance-
rotating frame of reference that can be written as ment Of the rf f|e|d being most pronounced fOI’ the domain'
wall nuclei. For this reason, in most cases the zero-field
NMR signals originate predominantly in the latter regions of

I(h,t)=J'+:M+(6,h,t)g(6)d5, (6)

1/2

In2
o Yexgd—In2(8l0)?].

9(0)= )

i <t'< ; . . .
N eXp(!(’D')’ O<t , X a multidomain ferromagnéf. However, in the special cases
h™=h EXp(!‘P)' n<t <7,"+T' () discussed in Sec. Il A, the major contribution to the echo
explig), ntT<t'<mtrtm, intensity is associated with the domain nuclei.

Another prominent feature of pulsed NMR in magnets is
whereh™=h,+ih, . The phase of the undistorted section of the essentially inhomogeneous distribution of enhancement
the pulsey is taken equal to zero, with no loss of generality, factors » over the volume of the sample. This can be explic-
and the timet’ is measured from the beginning of the rf jtly incorporated into the analysis by means of the enhance-
pulse. ment factor distribution functiof (%), which, according to

By solving the Bloch equationsfor the transverse com- Ref. 25, differs appreciably for the domain and domain-wall
ponent of the nuclear magnetization we obtain resonance. In particular, for domain nuclei this function can
be represented as
" uo=[U,(BB+DU,+F*F,)+ U’ (FB,+B*F, B
(n— 71)2) ®
A 77z '

2 1/2
+D*U) + R (UB+RU+U*F,) Jexy(i ot), FD(n)=(7) An—lexp<—|n2

(4)
while for the nuclei located in 180° Bloch walls to within a

where multiplying constant it is defined by the expression
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FIG. 5. Computer plots of the FID amplitude as a function of ~ FIG. 6. Temporal response of the nuclear spin system following
time for various constant/c values obtained in the model of rect- @ phase-shift pulse obtained by the numerical evaluation of1&y.
angular pulses. The left-hand column: the numerical integration ofor x* of Eq. (4) andF(7) of Eq. (9) as a function of edge distor-
Eq. (6) for u™* of Eq. (1) for a unique rf spin excitation in nonmag- tion parameters. The left-hand colummi=r=1us, yh=3
netic materials g=1); the right-hand column: the numerical inte- X10° s'%; the right-hand column: ¢;=%m, ¢=2m, 7yh
gration of Eq.(10) for F(#) of Eq. (8) for the domain resonance in =10* s'1. The other parameters used in the calculations are
magnets. Parameters used in the calculationssard’ s, 7,  =10° s7%, 7o=A7y=100, 7=10 us.
=10 us, 7=A7=100. The initial section of time axis is expanded

by a factor of 5 to show the exact timing of the FID’s original cate that for relatively small pulse areag= yhr,< 2 the

maximum. FID is a smoothly varying function of time. Fag, =21,
2, 212 —12 however, it displays a continuous train of oscillations, the
P [(e+ 7)) "= 7] i isti i - -
Fw(m=7"1| exp —In2 5 de. main characteristics of which are essentially the same as cal
0 Amg culated previously for atomic or spin two-level systeths’
C) At the same time the inclusion of inhomogeneity of en-

Here 7 is the average value of the domain enhancemenlf'ancemen_t factors A/ 7=0.03) into the (_:alculat_lo?gs,
factor, 77, the maximum enhancement at the center of theWhICh typically occurs even for_ m_onodc_)maln partictes,
wall averaged over all domain walls of the sample; and smears out completely the oscillations in the FID curve.
A 7o the widths of the corresponding distribution functions,T.hus |rr_1med|atgly following the end of the pulse, the_ FID
and e= (72— 72)Y2 3|gngl rises rapldl)qrom zer;)2 far=0, reaches an original
Therefore, the final expression for the pulsed NMR re-maximum atty,=o In(o/x),” and then decreases mono-

. . onically in amplitude before vanishing preciselytatr, , as
sponses from any magnetic substance at arbitrary temperg- . L . .
ture may be given as shown in Fig. 5. Similar FID behavior can be obtained by the

numerical integration of Eq10) for F(%) given by Eq.(9)

o Fo corresponding to the domain-wall resonance.
I(h,t)=U nFpow(m)d nf wh(75,6,ht)g(8)ds|. The results of the calculations show satisfactory agree-
0 - (10 ment with the experimentally observed FID shapes, both for

the domain and domain-wall nucleiee Sec. Il ¢ However,
they conclusively indicate that exactly rectangular pulses are

In writing down the above equations we have ignored the . .
frequency dependence of the enhancement factors, which ?Sssentlally unable to produce the SPE. Accordingly, further

valid for the case of uniform wall rotatic and have ne- calculations were performed in the pulse distortion model, in

glected the effect of relaxation processes on the NMR signa‘f{hiCh th? edge distoriion charactgristics were a;sumed to be
intensity virtually independent of the duration and amplitude of the

steady-state section of the pulse. Figure 6 demonstrates the
development of the signal profiles produced by a single
phase-shift pulse that are of interest for interpreting experi-

The starting point of our calculations was to evaluate numentally observed SPE patterns. The existence of these dis-
merically the shape of the pulse responses involved in thtortions does not change appreciably the FID shapes in the
model of rectangular pulses. The results of such calculationime interval 0<t<7;. However, for a long pulse excitation
obtained for nonmagnetic materials for a sufficiently |Ong(7'1_l<a') att~ r;, they create an additional maximum that
square pulsev({1< o), are plotted in Fig. 5. The data indi- exhibits all the usual characteristics of SPE.

B. Numerical results



57 SINGLE-PULSE NUCLEAR SPIN ECHO IN MAGNETS 11561

The possibility of formation of SPE, and the resultant SPEchosen such that the calculated SPE intensity decay will re-
wave forms and amplitudes, are strongly dependent upon thgroduce adequately the corresponding experimental behav-
phase shifts and duration of the edge distortions. In particuior. The fits obtained for pure fcc Co are displayed in Fig. 3.
lar, sufficiently long duration of the phase shiftg (<o)  Here, the dashed line shows the calculated dependence of the
was found to be one of the fundamental conditions for theSPE amplitude on the pulse width fgf= /2 and¢,= 7
formation of SPE’ For shorter 7, ;, the I(t) curve at which yields a valueT£’=60,us, while the solid line gives
t= 7, exhibits no SPE; however, as, is increased a range the overall echo decay kinetics with the time constﬁi@t
of values is found to give rise to the formation of SPE. The=20 us, obtained from Eq(11) for T,=30 us (T, was in-
intensity of the latter gradually increases, while its structuredependently measured via TRPE
is transformed from the single- to the double-peaked one Apart from the pulse duration, the SPE intensity is
with the double peaks separated approximately by the duratrongly affected by the pulse amplitutie The typical plot
tion 7, ; of the edge distortiongsee Fig. 6. of the SPE height as a function of applied rf field calculated

On the other hand, for the phase shifts<7/2 no ech-  for NiMnSb is presented in Fig. 2. Similar calculations per-
oes could be obtained for all reasonable valueg ptised in  formed for a wide range of parameters clearly indicate that
our calculations. In order to produce a SPE thg phase the general shape tf(h) curve and the position of its maxi-
shifts should be equal to or exceed2. However, the SPE  mum are essentially independent of the phaseand dura-
may appear also in the case when this requirement is satisfieidn 7, ; of the edge distortions. This justifies the representa-
at least at one of the edges. For example, if the phase shifion in the same Fig. 2 of both the single- and two-pulse echo
near the trailing edge of the pulgg is close tor the SPE of  |(h) curves, although the latter has been obtained by the
an asymmetric double-peaked shape is readily seen over theimerical integration of Eqg10) and (2) in the model of
whole range ofg, values includinge;=0 (no distortion at rectangular pulses.
the leading edge This strongly confirms the idea of the  On the other hand, according to our analysis, the position
major role of the trailing edge in the formation of SPE, and isof the 15(h) maximum is determined exclusively by the pa-
consistent with our experiments in the dc pulsed magneticameters characterizing the undistorted section of the pulse,
field, as illustrated in Fig. 4. that is, 7 andh. In particular, the optimum turning angles of

So far we have considered general features of SPE, ahis section that yield the largest SPE amplitude are equal to
functions of the edge distortion parameters. In the following,
we concentrate on the SPE intensity dependence upon the a™=yh3 7o7=(1.00+0.05 7. (12
width and amplitude of the undistorted section of the pulse,
assuming that the edge distortion characteristics ensure théhis implies that the decrease of one of the parameters in the
generation of the single-peaked SPE. expression fore™ leads to the proportional increase of the

One of the most interesting results of the computation ither so that the optimum turning angles remain essentially
the monotonic increase of the SPE intensity with decreasingonstant. For example, ag, is reduced,r being fixed, the
pulse lengthr, as seen in Fig. 3. At the first sight this behav- maximum of the SPE intensity shifts towards higher values
ior might seem somewhat unexpected, since the numericaif hﬁ. Similar shifts in the echo peak are observed by vary-
analysis presented here has completely neglected relaxatigmg the pulse length for any given values ofy and 7.
effects. However, as will be discussed in Sec. IV, it arises Thus the position of the maximum in tH&(h) experi-
quite naturally for reasons intrinsic to the formation of SPEmental curve provides definite information on the average
within the pulse distortion model. In this approximation, for value of enhancement factor at the center of the wajlsBy
sufficiently longr; (precluding superposition of the SPE and analogy, similar information can be obtained also by study-
FID signalg the I5(r;) dependence is strictly exponential ing the TPE intensity dependence on the rf amplittftf.
with the time constanTh, which is mainly determined by The values ofy, estimated using both the single- and two-
the pulse distortion characteristics. pulse echo techniques were found to coincide with each

As was outlined in Sec. Il C, the SPE decay tiffigfor  other to within experimental error, as seen from the last col-
most of the samples was found to be 1.25 to 2.0 timesimn of Table I.
smaller than the transverse relaxation tifiededuced from To close this section, we note that the substitution of Eq.
the corresponding TPE dependeméeA 7). This fact can be  (8) for Eq. (9) when evaluating Eq(10) produces no signifi-
attributed to the existence of a specific mechanism contribcant effect on the time dependence of the calculated SPE
uting to the SPE intensity decay, in addition to the normawave forms. This indicates that the main characteristics of
transverse relaxation mechanism. As usual, assuming no coBPE reported in this section apply also to the signal originat-
relation between the latter processes and those relevant onljg from the domain nuclei in agreement with our measure-
to the SPE formation mechanism, the resultant decay of thenents on thin ferromagnetic films. However, the dependence
SPE intensity can be represented as the product of the twiie SPE amplitude upanm, 15(h), is roughly affected by the

exponents with the single relaxation rate explicit form of F(#) function used in the calculations, mak-
ing it possible to identify the domain or the domain-wall
(T5) =T, '+(TH) . (1)  origin of the NMR signals just as in the case of TPE.

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

It turns out that in most cases the phase shifts at the edges The results of the present paper unambiguously indicate
of the pulse and thus the numerical valuesT(‘;f can be that the dephasing of the nuclear spins after the application

IV. DISCUSSION AND CONCLUSIONS
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of a single undistorted pulse is irreversible, i.e., a square rflence of the echo envelopes on the pulse turning angles, and
exciting pulse fails to produce SPE. In order to generate SPEo on.
the direction of the effective magnetic fiett.; in the rotat- However, the principal difference between the SPE and
ing frame of reference must change during the action of rfTPE formation mechanisms is that between the edges of a
pulse. This condition is satisfied for a pulse with distortedsingle applied pulse there exists a rf field of resonance fre-
edges, which necessarily arise in the course of its generatioquency which is absent for a two-pulse excitation. The effect
due to the nonideal properties of the electronic circuitry’sof this field is twofold. Firstly, it generates the FID, and,
components. secondly, it selects the nuclear spins that contribute signifi-
In analyzing the formation of SPE in the model of phase-cantly to the SPE.
shift pulses we assume that the effect of the pulse edges upon For magnetic materials one has to allow for a spread in
the sample is close to that of two individual pulses. From thisvalues of enhancement factors. This implies that during the
point of view, the SPE formation process closely resemble§teady-state section of the pulse the nuclear spins become
that of the TPE, which in the nuclear systems under considtandomly distributed over both the turning angtesnd the
eration occurs through the phase rephasing mechanisen.  frequency detunings so that the process of their rephasing
cording to this mechanism, the leading edge of the pulse flipYy the trailing edge of the pulse cannot be uniformly effec-
the macroscopic magnetisation away from the iniigirec- ~ tive. In particular, the nuclear spins having large angles of
tion. Then during the stable section of the pulse the transtotation a>m and equal but opposite sign detunings
verse magnetization acquires an inhomogeneous phasé.x are known to generate the Fid while the existence
Next, the trailing edge causes a cumulative phase reversdf edge distortions does not noticeably affect the process of
and finally the inhomogeneous phase advance is compe#feir dephasing. At the same time, as discussed in Sec. III B,
sated near the time=7,. In this approach the most signifi- the nuclear moments rotated through relatively small turning
cant conditions required for the formation of SPE can beanglesa~m by the central section of the pulse, after the
summarized as followdi) the phase of the distorted edges action of its trailing edge, generally produce the SPE.
must differ significantly from the steady-state section of the The above argument can be used to account for the ob-
pulse(ii) the lengths of the phase shifts must be long enouglserved differences in the SPE and TPE behavior patterns
to provide sufficiently large angles of rotatiomy illustrated in Figs. 2 and 3. If, after a two-pulse sequence, all
= '}/h%Tl,t which, according to our calculations, should be SpinS excited by the pulses take pal’t in the formation of TPE,
no smaller than 0.3 radiii ) the time duration of the station- then after the action of a single pulse only a small fraction of
ary section of the pulse must be greater than the inverseesonance spins, for which during the central section of the
NMR line half width, but smaller thaif,: o~ 1< 7<T,. pulse Eq.(12) is satisfied, contribute explicitly to the SPE
To discuss these conditions in more detail we note firsintensity. For this reason, as well as the relatively small
that the calculated SPE wave forms are sensitive functions gingles of rotation caused by the distorted edges, the SPE
the pulse distortion parameters, which are themselves gogmplitude is generally much smaller than that of the TPE.
erned by the arrangement and interconnection of the eled=urther, the pulse lengths in the two-pulse technique are
tronics employed. This is believed to account for previouscommonly much shorter than the duration of the single pulse
experimental observations, according to which the SPE maroducing SPE; thus to achieve the optimum turning angles
assume either a doubfeer a single-peaked structdté®or  @1'5= yhy, 7071 = 1.2 rad required to maximize the TPE the
may be not detectable at &fi. pulse amplitudes must be correspondly larger than in the
The single-peaked profile of SPE in all the samples studcase of SPE. Finally, with increasing rf amplitude in the
ied suggests that the phase shifts at the edges of pulses geagionh>h:, the number of spins having™ angles compat-
erated by our present apparatus cover the range=2(3 ;  ible with Eq.(12) rapidly decreases, resulting in a relatively
<5/6m, while their duration,r; ;, is approximately of 1.0— narrow range oh values giving rise to the formation of SPE
1.5 us. This situation apparently holds for most of the pulsed see Fig. 2
NMR spectrometers operating in the meter band, since the A similar interpretation may be given for the observed
majority of investigations***%show a single-peaked struc- distinctions in the single- and two-pulse echo decay kinetics
ture for the SPE. The decrease in the relative SPE intensitgresented in Fig. 3. First, we note that the large departure of
with increasing the excitation frequency, clearly seen fromthe TPE intensity from exponential decay, which arises from
Table | and supported by measurements on a range of othathomogeneity of the transverse relaxation tiffig across
alloys and compounds mentioned in Sec. Il A, can be attribthe domain wall&'*%is most apparent for large values df.
uted to the frequency dependence of the pulse distortion p&Because of the relatively small intensity of SPE tér,)
rameters. However, this dependence does not seem suffirieasurements for the samples under investigation may be
ciently strong to suppress the production of SPE or tgperformed only in a limited range of pulse lengths
transform its shape. <30-40us, over which the SPE amplitude decays nearly
The similarity in the single- and two-pulse echo formationexponentially, just as in the case of TPE. At the same time,
mechanisms is likely to account for the similar behavior ofas was pointed out in Sec. Ill B, the acceleration of the SPE
the corresponding responses. In fact, as was outlined in Seasecay with respect to the TPE may be related to the specific
Il C and lll B, this similarity manifests itself in essentially mechanism of SPE formation that contributes to the ob-
identical information, which can be obtained by studying theserved reduction in the SPE intensity in conjunction with
intensity of these signals as a function of the pulse frequencpure relaxation processes. Indeed, in terms of the pulse dis-
and amplitude, the natural occurrence of multiple single andortion model the rise in the SPE amplitude with decreasing
two-pulse echoes in quadrupolar split systems, the depemulse duration in the absence of transverse relaxation can be



57 SINGLE-PULSE NUCLEAR SPIN ECHO IN MAGNETS 11 563

attributed to an increase of the total number of spins thasince in the absence of relaxation effects the FID of the sec-
satisfy Eg.(12) and thus contribute strongly to the intensity ond pulse is just that given by Eql) (Ref. 4 and, as a
of SPE. On the other hand, for very short pulses this addiconsequence, fdr>t,, it displays only a monotonic decrease
tional pseudorelaxation process is expected to become ineih the signal intensitysee the right-hand column in Fig].5
fective, because of the absence of the necessary dephasing@h the other hand, this phenomenon can be interpreted quite
the nuclear spins during the applied pulse. Hence one migl{atyrally in terms of the pulse distortion model, since the
think that thel %(r;) curve would be likely to exhibit a char- - gtimulated echoes in this case are in fact produced by three
acteristic maximum at a certaim, value, which for our  gyciting pulses, two of which are created by the edges of the
samples was estimated to vary within the range 1.5#4.0  first pulse, while the third is generated by either the leading
Experimentally, for all of the samples studied here, de-y the trailing edge of the second pulse. A similar approach
creasingr, causes the SPE amplitude to increase monotonimay pe used to explain multiple two-pulse echoes arising
cally before becoming indistinguishable in the FID. The 4fter the application of two long pulses of unequal lendihs.
most probable reason for such a behavior is that under cefyowever, a more detailed analysis of these phenomena is
tain experimental conditions, especially for narrow NMR peyond the scope of our present discussion. Finally, there is
I!nes being excited by relatively short pu]ses, thg FID durayeason to believe that the developed approach may be, in
tion may greatly exceed the pulse duration, leading to a supyrinciple, extended to pulse excitations in different physical
perposition of the FID and SPE amplitud€s? Therefore, in systems. The main point of our argument is that pulse dis-
the ranger; *>o the intensity of SPE gradually increases tortions of various types are known to arise over a wide

without any noticeable tendency to saturation. ~range of radio, optical, and acoustical frequenéis*?
In conclusion, we note that the model developed in this

paper can be successfully applied to analyze several other
related NMR pulse-echo phenomena, in particular, the two-
pulse stimulated echo generated by two long pulses of dif-
ferent lengthsy, and 75, at timest=r,— 7, andt= 1, after The authors wish to thank L. L. Buishvili and L. M. Folan
the termination of the second pulSet’ These responses can- for helpful discussions and T. I. Kvaratskhelia for assistance
not be obtained from a pair of exactly rectangular pulseswith the computation.
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