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Abstract: The fundamental mechanisms of single-pulse echo formation in magnets were
investigated using lithium ferrite and cobalt as examples. The properties of a single-pulse
echo and its secondary signals, as well as the secondary signals of a two-pulse echo of
57Fe nuclei in lithium ferrite, were studied and compared with those in cobalt. The
experimental results indicate the efficiency of the multiple-pulse mechanism of single-
pulse echo formation and its secondary signals in lithium ferrite, as well as in cobalt at
low powers of radio-frequency pulses. At radio-frequency powers above a certain
threshold value, the single-pulse echo in cobalt is formed through the distortion
mechanism of the radio-frequency pulse. A potential application of NMR spin-phenomenon
for operation of spin-echo processors was discussed.

INTRODUCTION

The phenomenon of a single-pulse echo (SPE) in spin systems was first observed by Bloom
[1] soon after Hahn discovered the effect of a two-pulse nuclear spin echo (TPE) [2]. Bloom
also revealed the possibility of an enhancement of the echo in cases where the repetition
period of radio-frequency (RF) pulses becomes shorter than the characteristic relaxation
times of the spin system under consideration.

The SPE effect was observed only in systems with large Larmor inhomogeneous
broadening of the NMR line, when the width of the NMR line is much greater than the Rabi
frequency (the amplitude of the RF pulse in frequency units). The SPE signals in such systems
had a characteristic “two-hump” shape. Similar SPE signals of *®Co nuclei were observed in
ferromagnetic cobalt [3].

However, the numerical integration of Bloom’s equations of motion [1], performed
in [3], did not reveal an SPE effect. Later theoretical models that considered only strong
Larmor inhomogeneous broadening also did not agree with the experimentally observed SPE
signals, leading instead to the formation of an oscillatory free-induction decay (OFID) [4,5].

Interest in the investigation of the SPE phenomenon increased after 1974, when this
phenomenon was observed in weakly anisotropic magnets such as MnCos and CsMnFs [6]. In
these crystals, coupling between the vibrations of the paramagnetic nuclear and the ordered
electron subsystems arises at low temperatures, leading to a characteristic repulsion of
resonance frequencies (a dynamic NMR frequency shift, DFS).

In this case, the NMR frequency depends on the amplitude of vibrations in the nuclear
spin system, which is typical of nonlinear systems. Under such conditions, the traditional
Hahn mechanism becomes ineffective, and the nuclear spin echo is formed via a frequency-
modulation (FM) mechanism. One of the essential distinctive features of this mechanism is
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the possibility of non-resonant excitation of the echo (in addition to the usual resonance
mechanism), when the frequency of the RF pulse differs from the NMR frequencies of the
excited spins by a value greater than the width of the NMR line.

In terms of the FM mechanism, the SPE and its secondary-echo signals observed in
systems with a strong dynamic frequency shift can naturally be explained.

In 1979, Chekmarev et al. suggested the first theoretical mechanism for the
formation of SPE in Hahn’s systems—the non-resonant mechanism [7]. In this case, the
nonadiabatic switching on of an RF field leads to the appearance of an angle between the
equilibrium direction of the nuclear magnetization and the direction of the effective field
Her in the rotating coordinate system (RCS), and then to the precession of isochromates
about Hesr. A switching off of the RF field causes their phase interchange and the formation
of SPE signals. The cause of the appearance of SPE in this case is the ellipticity of the
projection of the trajectory of the nuclear-magnetization vector motion in the rotating
coordinate system onto the transverse plane during the action of the exciting RF pulse (this
ellipticity is due to the inclination of the precession axis relative to the axis).

There also exists another viewpoint on the process of SPE formation under non-
resonant excitation. It was shown in [8] that under conditions of non-resonant excitation,
the observation of SPE can be related to the fact that the edges of the exciting RF pulse are
sufficiently steep, which determines a noticeable spectral density of the RF pulse at
frequencies far from the carrier frequency. For this reason, SPE is sometimes called the
edge echo, and it is assumed that in the case of single-pulse excitation the rising and trailing
fronts of the RF pulse play the role of the two resonance-exciting RF pulses in Hahn’s
method. Correspondingly, in what follows we will speak of the edge and non-edge
mechanisms of SPE formation.

In [9], one more mechanism of SPE formation was considered; this is the so-called
distortion mechanism. In this case, the SPE signal arises upon the resonant action of an RF
pulse, and the change in the direction of Hesr at the fronts of the RF pulse required for the
formation of the echo signal arises due to transient processes in radio-frequency circuits.
The formation of the SPE signal in the distortion model is explained by the fact that the
effect of pulse edges on the sample is close to the action of two individual resonant RF
pulses. From this viewpoint, the process of SPE formation closely resembles the formation
of the TPE signal by Hahn’s mechanism.

For example, the distortion mechanism satisfactorily describes the properties of SPE
upon resonant excitation in polycrystalline films, thin foils, and polycrystalline powder of
cobalt at helium temperatures [9]. In work [10], the effect of a low-frequency (LF) field on
the role of the fronts of RF pulses in the SPE technique was studied. As objects, metallic
hexagonal cobalt and lithium ferrite were used. This choice was made because the intensity
of the SPE signal in lithium ferrite was much weaker, despite comparable intensities of the
TPE signals in these materials.

It was established that the fronts of the SPE pulse in cobalt play the role of two
resonant RF signals, since modulation of the envelope of the decaying SPE signal was
observed when the duration of the RF pulse increased. This effect was similar to that
characteristic of the TPE signal in cobalt in accordance with [9]. No such effect of SPE
modulation was observed in lithium ferrite, although the effect of TPE modulation in this
magnet was even more intense than in cobalt. On this basis, a conclusion was made about
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the possibility of a non-edge mechanism of SPE formation in lithium ferrite, in which the
SPE signal is determined by the dynamics of the spin system during the entire duration of
the resonant RF pulse.

However, the mechanism of SPE formation in lithium ferrite was not completely
understood in that work and was further investigated in [11].

It was shown that the SPE signal in lithium ferrite is formed via a new non-edge
mechanism of SPE formation in magnets. This mechanism had previously been studied
theoretically and experimentally for several multidomain ferromagnets ([12]) and is known
as the multiple-pulse mechanism of SPE formation. It was also demonstrated that the same
mechanism is responsible for the formation of secondary SPE and TPE signals in lithium
ferrite. These results may also be useful for explaining the nature of secondary SPE and TPE
signals observed in other magnets that cannot be adequately described within the
framework of existing models [13].

It should be emphasized that understanding the nature of this phenomenon is
important not only from a theoretical standpoint but also for practical applications in radio-
frequency devices employing the spin-echo effect in magnetic materials [14]. Lithium ferrite
is considered a promising material for such devices because it exhibits some of the longest
transverse relaxation times among multidomain magnetic systems [15].

In this work, we present the results of experimental and theoretical investigations
of the fundamental mechanisms responsible for SPE and TPE formation in lithium ferrite and
cobalt.

A potential application of single-pulse spin-echo phenomenon for operation of NMR
spin-echo processors is also discussed.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup is shown in Figure 1.
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Figure 1: (a) Schematic diagram of the experiment. (b) NMR cell used for
measurements on lithium ferrite.
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The measurements were carried out using a phase-incoherent spin-echo
spectrometer operating in the frequency range 40-400 MHz at a temperature of 77 K. In the
frequency range 40-220 MHz, a standard self-excited generator was employed. The oscillator
frequency could be smoothly tuned using various inductors and tuning capacitors. In the
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200-400 MHz range, a commercial Lecher-type generator was used with a two-wire
transmission line containing two inductors with different numbers of turns.

For RF pulse durations ranging from 0.1 to 50 ps, the maximum RF field amplitude
at the sample was approximately 3.0 Oe, while the rise time of the pulse fronts did not
exceed 0.15 ps. The receiver dead time was approximately 1 ps.

The scheme of the experiment involving pulsed magnetic-field excitation is shown in
Figure 4. The pulsed magnetic field was generated by a gated current stabilizer with
adjustable amplitude together with an additional copper coil. This arrangement allowed
magnetic-field pulses with amplitudes up to approximately 500 Oe to be produced at the
sample, which had a characteristic size of about 10 mm.

A detailed description of the NMR spectrometer and the magnetic video-pulse (MVP)
unit is given in [16,17]. The amplitude of the echo signal was measured both in the presence
and in the absence of the MVP field with amplitude Haq.

The samples used in the experiments were lithium-zinc ferrite Lio sFe1.0Zno.1504 rings
with diameters of 12-15 mm and a mass of 5.8 g. The samples were enriched with the the
*’Fe isotope t to 96.8% in order to enhance the intensity of the NMR echo signal. In addition,
polycrystalline cobalt powders were used. These were prepared by fusion in an inductive
furnace and had an average grain size of less than 50 ym [17].

The resonance system of the spectrometer used for *’Fe NMR measurements was
similar to that described in [18]. Experimental conditions were optimized to maximize the
intensity of the signals under study.

Figures 2 and 3 show representative oscillograms of the single-pulse echo (SPE) and
two-pulse echo (TPE) signals, along with their secondary signals in lithium ferrite. Figure 4
presents oscillograms illustrating the dependence of SPE and TPE signals and their secondary
signals on a short repetition period of RF pulses T, compared to the transverse (T;) and
longitudinal (T+) relaxation times [11].

Figure 2: Oscillograms of the SPE and its secondary signals from >’Fe nuclei in lithium
ferrite. The lower beam indicates the position and duration of the RF pulses (T=77K,
fumr =71.6 MHz, =10 ps, T=300 ps).

Vol. 14 No. 02 (2026): European Journal of Applied Sciences Page | 290



Scholar Publishing

Figure 3: Oscillograms of the SPE and its secondary signals from >’Fe nuclei in lithium
ferrite. The lower beam indicates the position and duration of the RF pulses (T=77K,
fumr=71.6 MHz, 1=10 ps, T=300 ps).

Figure 4: Oscillograms of (a) SPE and (b) TPE signals at a high repetition rate of RF
pulses (T«Ti, T2, T=100 ps.) in lithium ferrite.

In [19-22] an unusual spin-echo phenomenon a so-called cumulative NMR single-pulse
echo effect were reported in lithium ferrite and cobalt, when a train of echoes generated
by a repeating single RF pulse sequence exhibits the growth rather than damping.
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Similar effect was earlier observed for photon echoes generated by a repeating two
light pulse sequence [21] and called as the cumulative two-pulse photon echoes. In this case
also a train of echoes, generated by a repeating two-pulse sequence, exhibits a growth
rather than damping.

This method was further developed in [22] where it was realized other mode of
cumulative long-lived optical echo generation - cumulative stimulated photon echo (CSPE).

These experiments showed the possibility to increase of the maximum intensity with
the increase of pairs number on the several orders in respect to the ordinary three pulse
stimulated echo signal. This makes it possible to obtain the intensive CSPE signhals using
packets of small intensity pair pulses what essentially improves the energetics of optical
memory operation on the basis of long-lived CSPE effect.

This method could be useful also in NMR and NQR allowing one to improve sensitivity
of these techniques due to possibility of obtaining intensive cumulative echo signals using
small power RF pulses, in particular, it could be used to improve sensitivity for the sensitivity
for the remote detection of explosives using NQR [23].

Figures 5 and 6 show the cumulative stimulated single-pulse echoes (CSPE) in lithium
ferrite and cobalt at liquid nitrogen temperature at excitation by a series of six RF pulses
with different RF pulse powers.

a b
Figure 5: The CSPE in lithium ferrite at T=77 K at excitation by six RF pulses with
duration 10 ps and time intervals between them of 60 ps. a - RF pulse power is small; b
- RF pulse power is optimal [19].

Figure 6: Cumulative echo effect in cobalt during excitation by six 4.5 ps duration RF
pulses with intervals between them t,=23 ps, famr = 216,8 MHz, T = 77 K, RF pulse
amplitude is H1=0.1 mOe [20]
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Figures 7, 8 and 9 illustrate the dependence of SPE and TPE signal intensities,
including their secondary components, on the repetition period of RF pulses (T) in lithium
ferrite and, for comparison, in hexagonal cobalt. The experimental results are consistent
with the multiple-pulse and distortion mechanisms of echo formation, which we outline
below.
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Figure 7: (a) The intensity of (1) the SPE signal and (2) its secondary signal as functions
of the repetition period T of RF pulses in lithium ferrite. (b) The initial segment of (1)
the SPE signal and (2), (3) its secondary signal as functions of T.
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Figure 8: The intensity of (1) TPE signal and (2), (3) its secondary signals as functions
of the repetition period T of the RF pulses in lithium ferrite.

For comparison, Figure 9 display the dependences of the SPE and TPE signals on T
in cobalt.
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Figure 9: The intensity of (1) SPE and (2) TPE as functions of the period of repetition
of the RF pulses T in cobalt.

Shakhmuratova et al. [12] used the formalism of statistic tensors to perform a
theoretical investigation of the formation of SPE and its secondary signals in the presence
of Larmor and Rabi inhomogeneous broadenings of the NMR line, which, e.g., takes place in
multidomain ferromagnets when the repetition period of RF pulses T satisfies the following
inequality for the characteristic relaxation parameters:

T3<<Ty<T<Ty, (1)

Where T4 and T, are the longitudinal and transverse relaxation times, respectively,
and T; represents inhomogeneous broadening effects.

Under these conditions, the RF cycles are applied to a nonequilibrium spin system,
and in the end of each period T we should take into account only the longitudinal
component of the nuclear magnetization as the initial condition for the consideration of the
dynamics of the spin system [12]. It was shown that the dephasing of the spin-system, which
is accumulated in the course of n-fold repetition of the pulsed excitation, is recovered
during a time interval following the (n+1)-th “read-out” pulse in the multiple-pulse
sequence, which leads to the formation of an SPE and its secondary signals at time moments
multiple duration of the RF pulse t after the termination of the “read-out” pulse.

First, it was shown that the expressions for the components of the nuclear-
magnetization vector obtained in [12] by the method of statistical tensors can be obtained
directly, following the classical approach, by solving Bloch equations in Hahn’s spin systems.
To this end, we use the set of Bloch equations [7, Egs. (2)] that take into account both type
of inhomogeneous broadenings of NMR lines:

X;=A0Y,-0,Z; Y,=Ao,X; Z;=0,X,, (2)
where o, =y, nH, is the pulse amplitude in frequency units, y, is the nuclear
gyromagnetic ratio, n is the coefficient of enhancement of the RF field, and
Xi=my/ m;Y;=m,/ m; Z;=m,;/ Mm; Ao; = 0Oyr — Oge> (3)
Where m is an equilibrium value of nuclear magnetization.

The solution to the set of equations (1) under equilibrium initial conditions
X;(0)=Y;(0)=0and Z;(0) =1 has the form:

Vol. 14 No. 02 (2026): European Journal of Applied Sciences Page | 294



Scholar Publishing

X;= —sinejsinAinj t;

Y, = —sin0,;cosb ;cosAos; t +sind;coso; ; (4)

Z, =sin*0,cosAos; t +€0s°0

1 - P _ .
where 0, is the angle between Her= — (A ©;Z+ ®,Y) (Z and y are the unit vectors

Tn

of the rotating coordinate system) and Z axis:

Aa)j
; COSO; = —,
Aw' . Aw

i i

sin Hj =

and Aa)'j:,/Aa)j2+a)l2 is the angular velocity of the precession of the j-th
isochromate about Hefr.

After the pulse is switched off, the motion of m; is described by Eq. (2) and
represents the precession about the Z axis with a frequencyAwJ. . The expressions for the

components of the magnetization take on the following form:

X; =-sing;sin Aw'; rcosAw;t +sin @, cos; (1 - cosAw'; 7)sin Aw;t;

Y; =sin @, sin Aw'; rsin Aw;t +sin 6, cos; (1 - CosAw'; ) cOsAw;t
Z, =sin? 6, cosAw'; t+c0s* 0, .

It can easily be shown that the solution to Eq. (2) under the equilibrium initial
conditions and fulfillment of condition (1) after the action of a series of n “preparatory”
pulses and the termination of the “read-out” (n+1) - th pulse has the form

=(sin? 6, cosAw'; 7 +cos’ 6,)"

[-sin 0, cosAw'; COsAw;t +sin @, cosd, (1-cosAw'; 7)sin Aw;t]
— fein 2 | 2 n

Y; =(sin“ @, cosAw'; v +cos” ;)

[sin &, sin Aw'; sin Aw;t +sin 8; cosd; (1-cosAw'; 7) cos Am;t] ’

where the designations borrowed from [12] were used: X =Aw; lw,, a= a (
n

a=w,l @), y= At is the average value of the pulse area; At is the pulse duration, and
b= @ 7 is the current time after termination of the pulse.

Correspondingly, the expressions for the transverse magnetizations take on the form:

Xj=(1— zaz zh—cosy\/azjtxz]jn-

a +X

(1 cosyva® + X )+sm bX ———sin yva?® + x*

coshx
a* +x* a® +x*
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2 n
YJ.:£1— 2a zb—cosy\/aerxz]j -
a’+x

(6)

a®+x*

{sin bx (1 cosyva® + X )+cosbx sin yva® +x }
a’

which is equivalent to Eqgs. (14) in [12].

The factor in the n-th power has the simple physical meaning of the longitudinal
nuclear magnetization after the action of n “preparatory” pulses and reflects the memory
of the spin system for its excitation by the pulse sequence.

The expressions for the transverse components of the nuclear magnetization (6)
coincide with the corresponding expressions obtained in [12] by the method of statistical
tensors.

The single-pulse excitation for the case of a non-resonant excitation was considered
in [6] (where a simple analytical expression for the amplitude of the SPE was obtained) and
for the case of a resonance excitation, in [12]. It was shown in [12] that upon single-pulse
action in the presence of a double frequency inhomogeneity at the trailing edge of the
oscillatory free-induction decay (OFID) signal, s step-like anomaly is formed, which rapidly
evolves into the primary echo signals arising after a multiple-pulse excitation. It was also
established in [12] that the primary SPE falls off more slowly with increasing T than the
secondary signals, which is not responds to the irreversible loss of the phase memory of the
system when nT begins significantly exceed Ti.

A theoretical analysis using expressions obtained for the nuclear magnetization in
[12] in the presence of both Larmor and Rabi inhomogeneous broadenings of the NMR line
showed the existence of an SPE along with its weaker secondary signals that are formed
upon the multipulse excitation under condition (1). These signals arise as a result of a
complex superposition of oscillatory free-induction decay signals that propagate outside the
duration of a single RF pulse owing to the successive accumulation of dephasing within each
pulse of the sequence. The effect is also present in the case of systems that have only a
large Larmor broadening, but it manifests itself much more strongly upon the simultaneous
existence of both frequency nonuniformities, which is characteristic of, e.g., multidomain
ferromagnets. The theoretical results were confirmed experimentally on the example of
ferromagnets such as Fe and VFe.

SPE signals and its secondary signals, as well as the effect of their enhancement with
increasing frequency of repetition of RF pulses f,=1/T were revealed. In addition, a faster
disappearance of the secondary echo signals as compared to the SPE signal was found with
decreasing fp. However, the experimental conditions did not make it possible to study the
dependences of their amplitudes on the repetition period T. This was done in [11] owing to
the large intensity of the signals observed in lithium ferrite. In addition, in this work
secondary signals of the TPE (Figure 7) were studied. The presence of a large number of
secondary echo signals is seen. It is also seen that the dependence of the amplitudes of the
SPE and its secondary signals on T is similar to the corresponding dependences of the
secondary TPE signals (Figure 8, curves 2 and 3), which indicates the common nature of the
mechanisms of their formation. Earlier, analogous phenomena for simpler systems, such as
protons in aqueous solutions of paramagnetic ions and aluminates, were studied in [1,24].
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As is known, in such systems both phenomenological and quantum theories of spin echo
[1,25] predict the formation of only a single echo signals upon the action of a series of two
RF pulses on the spin system.

In [1], the possibility of the appearance of additional echo signals was predicted for
the case where the action of RF pulses is preceded by a nonequilibrium of the spin system,
and this effect was interpreted theoretically and compared with the experiment. In the case
under consideration, the presence of a large number of secondary echo signals cannot also
be explained by quadrupole effects [13] or by the presence of a dynamic frequency shift,
since the isotope *’Fe has a zero quadrupole moment and no DFS effects have been found in
lithium ferrite at liquid-nitrogen temperatures. Note also that when the distortion
mechanism is effective, the TPE and SPE signals change in a similar way upon the change in
the conditions of their excitation [11]. However, their dependences on T shown in Figure 9
are quite different.

In addition, in this case, the following relationship between the transverse relaxation
times of TPE (T2) and SPE (°Ty) is usually observed: T,= (0.5-0.8) T, [11]. As to lithium
ferrite, these relaxation times differ by more than an order of magnitude; e.g., at fiur=73.2

MHz, they are T,=1200 ps and ST2 =40 ps. The oscillograms shown in Figure 4 are analogous

to those obtained in [26] for protons in aqueous solutions in the case of short repetition
periods of the RF pulses T << Ty, Ta.

Further, it was established, using a storage oscilloscope, that the SPE disappears as
the repetition period of RF pulses T increases to above T =500 ps and that the secondary
signals disappear even earlier. This indicates that the principal mechanism of echo
formation in lithium ferrite under given experimental conditions is the multiple-pulse
mechanism. Indeed, it is seen from Figure 8 that at large repetition periods (T >> Ty) the
SPE signals in cobalt do not disappear but remain constant in magnitude in accordance with
the edge mechanism of the SPE formation in these materials [11].

In work [11] it was shown that SPE properties in lithium ferrite could be understood
in frames of multiple-pulse non-resonant mechanism allowing for the nonequilibrium of spin-
system before each RF pulse of RF pulse train.

In work [27] it was established that the single-pulse echo in cobalt was formed by
the distortion mechanism of the exciting radio-frequency pulse edges due to mainly
hyperfine field anisotropy beginning with a certain value of radio-frequency pulse power.
Before this threshold radio-frequency power the single-pulse is formed by non-resonant
mechanism as in lithium ferrite.

For this aim a comparative study of SPE in lithium ferrite and cobalt was made to
clear out the SPE echo formation in cobalt possessing a highly anisotropic HF. The SPE in
cobalt was firstly observed by Stearns [3] contrary to the theoretical estimates indicating
its absence. Particular intensive SPE signals were observed in the HCP phase, characterized
by a strong anisotropy of the HF. In subsequent works [9,16] to explain the observed SPE
effect it was proposed the distortion mechanism of SPE formation responsible to the RF
fronts distortions arising due to the transient processes in the radio engineering circuits at
turning on and out the RF pulse. In this case, the edges of RF pulse play a role of two RF
pulses in the Hahn TPE method and the emergence of SPE could be explained in accordance
with the experiment [9,16].
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In [27] an alternative internal mechanism for the RF pulse fronts distortion
associated with the role of strong HF anisotropy in cobalt was proposed. At the deviation of
electron magnetization when turning on and out a RF pulse it appears the significant
distortions of oscillating local HF field acting on nuclei at response of electron magnetization
to RF pulse excitation due to the HF anisotropy.

The role of strong HF anisotropy in cobalt has already been clearly demonstrated in
the TPE and SPE decay envelope modulation under the influence of a weak LF magnetic field
in cobalt [10]. Accordingly [27] the SPE in cobalt is formed by the distortion mechanism due
to mainly the HF anisotropy starting from a certain threshold value of RF power. Below this
threshold value SPE is formed by the multiple-pulse non-resonant mechanism as in lithium
ferrite where the distortion mechanism is ineffective due to a weak HF anisotropy.

As known in the case of single-pulse excitation the presence of resonance in lithium
ferrite could be revealed by two-pulse stimulated echo method (TPSE) [27] at excitation by
a pair of identical RF-pulses. The TPSE signal is formed in time moment t (t is the first RF
pulse duration) after the trailing edge of the second RF pulse (Figure 10).

Figure 10: SPE (E1) and TPSE (E:) in lithium ferrite upon action of two RF pulses of
equal length t,, fimr=71 MHz, 11= 72 =8 ys, 112=22 ps.

In Figure 11 it is presented the SPE and TPSE dependences on the repetition
frequency of pair RF pulse train in lithium ferrite.
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Figure 11: SPE (curve 1) and TPSE (curve 2) dependences on the repetition frequency
of RF pulses in lithium ferrite at: 1= 12 =9 MHz, 112=22 ps, fimr=70.5 MHz, H;is optimal.

Vol. 14 No. 02 (2026): European Journal of Applied Sciences Page | 298



Scholar Publishing

It is seen that in the case of single pair excitation the TPSE response is not absent,
as in case of SPE [23]. In [28] the TPSE properties in cobalt were studied. It was revealed
that both non-resonant and distortion mechanisms make contributions in the spin-echo
relaxation processes of TPSE. In case of cobalt the SPE signal was always present since some
RF pulses power due to the effectiveness of distortion mechanism of SPE formation in Co.

As comparison, in lithium ferrite the SPE signal is absent at a single excitation limit.
At repetition frequency different from zero it appears also additional a multiple-pulse
contribution in the SPE also.

Figure 5 shows the cumulative SPE effect in lithium ferrite observed at excitation by
a series of six RF pulses, each of them with duration 3 ps.

In [27] the optimal conditions for observation of contributions of both mechanisms
to the intensity of SPE and TPSE depending on the value of hyperfine field anisotropy was
defined.

In Fig. 12 the dependences of investigated echo responses on RF pulse power are
shown for three values of NMR frequency in the part of spectrum where the anisotropic
contribution to the HF field strongly increases with frequency, as it was established using
the magnetic-video pulse excitation technique [27].
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Figure 12: SPE and TPSE dependences on the RF magnetic field amplitude H; at three
different NMR frequencies in cobalt at 71= 12 =10 MHz, 112=40 ps, (a) fimr=217 MHz; (b)
fNMR=218.6 MHZ; (C) fNMR=219.6 MHZ, [27]

As is seen from Figure 12, the SPE in cobalt has an optimal value at much greater
magnitude of RF power than the TPSE signal which includes the multiple-pulse non-resonant
contribution along with the distortion one.
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Besides, it is seen from Figure 10 (a, b, ¢) that, at the increase of HF anisotropy, the
optimal value of RF power for observation of SPE, which is formed mainly by the distortion
mechanism, is reduced, which counts in favor of our assumption on the definite role of HF
anisotropy in SPE formation in cobalt at T>>Tj

In Figure 13 SPE and TPSE dependences on the repetition frequency of the RF pulse
pair at three increasing values of RF powers from low to high values and an intermediate
one is shown.
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Figure 13: SPE and TPSE dependences on RF pulse repetition frequency f, in pure
cobalt at three different RF pulse power, (a) H1 min ~ 0.1-1030e; (b) Hs middle ~
0.5-1030e; (c) Hi max ~ 1.2.100e, [23].

As is seen from the figures, images the multiple-pulse contribution is the main one
in the case of low-power RF. This fact is comparing with a similar dependence in the case
of lithium ferrite. Then, upon an increase in the RF power, the contribution of the distortion
mechanism increases, and, at the maximum power, the dependence becomes like the one
observed in cobalt where the distortion mechanism is the main one [11]. In Figure 13 a, b,
and ¢ we show dependences for three different increasing RF pulse powers confirming this
supposition.

The fact that, before some threshold value of RF pulse power, the multiple-pulse
mechanism is main in cobalt is also illustrated by oscillograms shown in Fig. 14 presenting
the cumulative echo features observed also in lithium ferrite (cumulative echo effect) in
Figure 5, i.e. cumulative echo enhancement at the response of three pulse excitation at low
RF pulse powers.
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Figure 14: Cumulative single-pulse echo effect in cobalt [11]

The study of the dependence of the intensity of an SPE on the power of RF pulses in
cobalt showed that at low powers of RF pulses, only a free precession signal is observed [27]
at a single-pulse excitation mode. Besides it, signals of a cumulative echo [27], Figure 14,
are also observed in this case, as in the case of the multiple-pulse mechanism of SPE
formation [11]. The SPE signal in cobalt, formed by the distortion mechanism, occurs at a
sufficiently high power of the RF pulse [27].

To implement a single-pulse analog of the SPE signal in the SPE method, the spin
system was excited by a more complex RF pulse, during which the direction of Hefr changes
sufficiently quickly at the action of a pair of MVP pulses under the condition Aw'jtm << 1,
where Ao'; = (Aw? + ©*)"? and tm - the duration of the MVP [29]. In our case, a sharp change
in the direction of Hesr within the RF pulse is achieved when the pair of MVP pulses turn on
near the trailing edge of a sufficiently long RF pulse. In this case, only one so-called
magnetic echo (ME) signal is observed, and other signals, which are formed by the combined
action of the leading edge of the RF pulse and MVP pulses, do not interfere with it, Figure
15.

MVP MVP ME

Figure 15: Oscillogram of a single excitation by an RF pulse combined with two MVPs,
generating a ME signal at the frequency of v = 213 MHz, with an RF pulse duration of
TR = 60 ps, MVP durations tn = 1 ps, T = 293 K. The lower trace is a wave-meter signal
showing the location of MVP pulses within the RF pulse.
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Rapid changes in the direction of Hetr in the RCS occur when a DW is displaced under
the action of MVP pulses due to the anisotropy of the HFF and the inhomogeneity of the
factor n in the DW.

Next, we study the properties of this analog of the SPE signal, for brevity called the
magnetic echo (ME) signal, formed under the combined action of RF and a pair of MVP
pulses, Figure 16.

Previously, in [30], the effect of the formation of an edge magnetic echo (EME) signal
was studied under the combined action of an MVP and the trailing edge of a sufficiently long
RF pulse.

In this work, it was shown that the EME signal, an analog of the SPE signal that occurs
in this case, is formed by the mechanism of distortion of the fronts of an effective RF pulse,
which is formed jointly by an MVP pulse and the trailing edge of a sufficiently long RF pulse
above a certain MVP threshold amplitude associated with the DW pinning force when the
power of the RF pulse was sufficient to observe the normal SPE signal.

The impact of two MVP pulses makes it possible to control the degree of influence
of the mechanism of distortion of both fronts of the effective RF pulse depending on the
amplitude of the MVP. Figure 16 shows the dependence of the ME intensity on the amplitude
of the MVP pulses.
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Figure 16: Dependence of the intensity Iue of the magnetic echo (ME) on the
amplitudes of the two similar magnetic video-pulses (MVPs).

When the MVP amplitudes exceed Ho for the ME observation, the ME signal is formed
by the distortion mechanism and is observed under a single combined action of RF and a
pair of MVPs.

At the MVP amplitudes H<Ho, the ME signal is formed by a multiple-pulse mechanism
and is not observed at the application of a single combined RF and the pair of MVPs
excitation, but only at repeated exposure to RF and a pair of MVPs with f; frequency, Figure
17a.
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Figure 17: Oscillogram of ME signal excitation by an RF pulse combined with two MVPs,
at the NMR frequency v = 213 MHz, with RF pulse duration = = 60 ps, MVP pulse
durations 1 = 1 ps, MVP amplitude H = 30 Oe, T = 293 K: a) multiple excitations with a
repetition frequency of RF and a pair of MVPs action f. = 100 Hz; b) single excitation
with RF and a pair of MVPs. The lower trace is a signal from wave-meter showing the
position of the MVPs within the RF pulse.

Next, we present the results of a comparative study of the transverse relaxation
processes T, of ordinary TPE and SPE signals with the transverse relaxation of the ME signal,
Figure 18.
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Figure 18: The intensities | of decay envelops of ME (1), SPE (2) and TPE (3) signals
depend on the duration of the effective RF pulse (curve 1) and RF pulse (curve 2) 1, as
well as the distance between RF pulses 112 (curve 3), respectively.

Figure 16 shows the amplitude dependence of the ME on the interval between two
MVP pulses T, as well as the amplitude dependences of the SPE and TPE depending on the
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duration of the RF pulse t and the interval 7z, between two TPE exciting RF pulses,
respectively.

As can be seen from Figure 8, the SPE and ME signals are characterized by practically
similar transverse relaxation times T,*® = T,°F = 30 ps, which are somewhat shorter as
compared to T, for TPE, in accordance with [16,29].

Based on the obtained experimental results, it can be assumed that the ME signal is
formed by the mechanism of distortion of the fronts of the effective RF pulse, formed by a
pair of MVP pulses in combination with the RF pulse, when the amplitudes of the MVP pulses
exceed the threshold value of the pinning force Ho, measured by the effect of these MVP
pulses on the intensity of the TPE as in [30]. It should be noted that as the amplitude of one
of the MVPs decreases below Ho, the ME signal disappears. Thus, the leading role is played
by the distortion of the fronts of the effective RF pulse under the action of a pair of MVP
pulses, which is caused by the sufficiently fast displacements of the DWs, due to the
anisotropy of the HFF and the inhomogeneity of the RF field amplification factor n.

The experimental dependences of the ME signal can be qualitatively understood
within the framework of a simple model similar to that used in [30]. Let us assume that
under the combined action of RF and a first MVP pulse, a DW reversibly shifts at a distance
Ax proportional to the MVP amplitude: AX ~vt4 =S (H - Ho)tm, Wwhen the MVP amplitude H
exceeds the DW pinning force Ho.

Under the combined action of RF and MVP, the magnitude and direction of the
effective magnetic field Hers at the nuclei of the Ax layer in the RSC changes abruptly due
to the corresponding changes in the HFF and the factor 5. According to the non-resonant
model of the formation of the SPE [31], the impact of the first MVP is equivalent to the
effect of the leading edge of the RF pulse during the formation of the SPE. In this case, the
role of the second front of the RF pulse, rephasing the transverse magnetization arising as
a result of the action of the first MVP, is played by the second MVP. In this case, the ME
amplitude will be proportional to the number of nuclei in the layer Ax formed when the DW
is displaced by the first MVP: Iue ~ AX/L, where L - the width of the excited section of the
DW under the influence of an RF pulse, while the jump-like change in the NMR frequency in
the RCS Aw'; = (Aw?j + ®*)"? must satisfy the condition Aw'; -tm << 1 at which the precession
period T'=2n/Aw'; of nuclei in RSC must be larger than MVP duration tm: T' >> tn.

As is known, the NMR spin echo phenomenon can be used to store and manipulate
large amounts of information [32-35]. Examples are functional electronic devices, spin
processors, and the development of quantum computers. Spin processors based on NMR spin
echo can also be used for analog processing of RF pulses in order to increase the processing
speed of wideband signals in real time, which is difficult to achieve using traditional digital
process engineering methods [36]. An echo processor using the NMR spin-echo phenomenon
in magnetic materials can play the role of such an analog processor. The importance of using
a magnetic material is that no external magnetic field is required, and there is significant
amplification of the spin echo signal from the RF amplification effect in magnetic materials.
The SPE method can provide practically the same information about the spin system as the
two-pulse echo method. The properties of SPE and the conditions for its observation must
be known to account for spin processor’s operation based on NMR single-pulse echo
phenomenon. In addition, with sufficient signal strength, it is possible to develop a device
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for processing RF pulses based on the phenomenon of SPE. The advantage of such a system
is that it is not necessary to read the pulses in an RF sequence and that the complexities
associated with the need to synchronize the write and read pulses are eliminated.

CONCLUSION

Fundamental mechanisms of single-pulse echo formation in magnets was investigated on
example of lithium ferrite and cobalt. Properties of a single-pulse echo and its secondary
signals, as well as of secondary signals of a two-pulse echo of *Fe nuclei in lithium ferrite
are studied comparatively with ones in cobalt. The experimental results obtained indicate
the efficiency of the multiple-pulse mechanism of the single-pulse echo and its secondary
signals formation in lithium ferrite, as well as in cobalt at low powers of radio-frequency
pulses. At radio-frequency powers above some threshold value the single-pulse echo in
cobalt is formed by the distortion mechanism of a radio-frequency pulse.

It was established that SPE in cobalt is formed by two mechanisms: multiple-pulse
and distortion ones depending on the RF pulse power. At low powers the SPE in cobalt is
formed by multiple-pulse mechanism as SPE in lithium ferrite. At a higher RF pulse power
the distortion mechanism is more effective. The optimal value of RF pulse power for
distortion mechanism depends on the value of hyperfine field anisotropy. This experimental
observation makes it possible to conclude that the distortion of RF pulse fronts, which are
necessary for the SPE formation in frames of distortion mechanism, are caused by mainly a
strong hyperfine field anisotropy in cobalt.

A comparative study of the formation mechanisms of a single-pulse echo and a
magnetic echo formed upon joint excitation by an RF pulse and a pair of magnetic video-
pulses has been carried out also. The magnetic echo is an analog of the single-pulse echo
signal generated by the mechanism of distortion of the effective RF pulse edges during the
domain wall displacement when the amplitudes of magnetic video-pulses exceed the domain
wall pinning force. The obtained results testify in favor of the assumption that the single-
pulse echo signal in cobalt is formed due to the mechanism of distortion of the fronts of RF
pulses due to the displacements of domain walls leading to distortion of the local field on
the nuclei due to the anisotropy of the hyperfine field and the inhomogeneity of the gain
factor n in the domain walls for sufficiently large RF pulse powers causing the displacements
of domain walls. A potential application of NMR spin-phenomenon for operation of spin-echo
processors was also discussed.
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