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Abstract: The behavior and pinning characteristics of domain walls in cobalt and lithium
ferrite micropowders, as well as cobalt nanopowders, were investigated. The study employed
the microscopic two-pulse spin-echo nuclear magnetic resonance technique with an additional
magnetic video pulse applied between the radio-frequency (RF) pulses. This method yields
two-pulse-echo suppression characteristics under magnetic video-pulse excitation, where the
two-pulse-echo suppression signal is proportional to the domain wall velocity, similarly to
observations from the magneto-optical Kerr effect (MOKE) and the Sixtus—Tonks technique.
Unlike macroscopic approaches such as the magneto-optical Kerr effect and Sixtus—Tonks
methods, this technique provides local, site-specific information about domain wall mobility
and pinning strength. The obtained results may contribute to the development and optimization
of magnetic micro- and nanopowder production technologies for applications including sensors,
memory devices, rare-earth-free permanent magnets, water treatment systems, and other
advanced technologies.
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1. Introduction

The study of magnetism and magnetic materials is fundamental to the
development of modern science and advanced technologies [1]. Nuclear magnetic
resonance (NMR) in magnetically ordered systems was first described by Gossard and
Portis in ferromagnetic cobalt [2]. Since that pioneering work, NMR has become one
of the most powerful and informative techniques for studying magnetic materials [3,4].

NMR techniques are particularly effective for investigating the dynamics of
domain walls (DWs) in magnetic micro- and nanostructures. Conventional magnetic
characterization methods, such as the magneto-optical Kerr effect (MOKE)
microscopy and magnetoresistance measurements, often provide only macroscopic or
surface-sensitive information and may lack sufficient spatial or temporal resolution.
In contrast, NMR enables microscopic and spatially localized probing of local
magnetic structure and spin dynamics in such systems [4-9].

A key feature of NMR in magnetic materials is the presence of a strong hyperfine
field at nuclear sites, which allows NMR signals to be observed even in the absence
of an external magnetic field. In ferromagnets, the dominant contribution to the HF
field arises from the effective hyperfine interaction produced by the polarization of s-
electrons via the Fermi contact interaction associated with spontaneous magnetization
[3]. The magnitude of the HF field typically reaches 10°-10° Oe.
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The observation of NMR in magnetic systems is further enhanced by the indirect
action of the radio-frequency (RF) field on nuclear spins via its coupling to the electron
magnetization. As a result, the effective resonant field acting on the nuclei is amplified
by enhancement factors of approximately na ~ 10* inside domains and ny ~ 10 inside
domain walls. Consequently, the dominant contribution to the resonant absorption
intensity arises from nuclei located within DWs, where the enhancement factor is
particularly large. Under the NMR experimental conditions used (RF pulse power up
to 1.5 W), the detected signal primarily originates from nuclei located in DWs. When
an RF excitation pulse with amplitude H; is applied to a sample, the domain wall (DW)
undergoes oscillations about its equilibrium position. In this case, even a small
displacement of the DW is accompanied by a large rotation of the electronic
magnetization M within the DW, resulting in a much greater RF pulse enhancement
in the DWs than in the domains [3].

Because DWs can be displaced by applying an additional magnetic video pulse
(MVP), NMR provides an effective tool for studying DW pinning and mobility [9].
The influence of MVPs on DW dynamics was first investigated in ferromagnetic
metals such as Fe, Co, and Ni using NMR techniques [10]. It was demonstrated that
applying an MVP between RF pulses causes a reduction in the spin-echo intensity
proportional to the product of the MVP amplitude and duration. This attenuation
results from inhomogeneous shifts of the NMR frequency at nuclear sites induced by
DW displacement and reflects the anisotropy of the HF field within the wall.

Later, this method was extended to the investigation of MVP effects on nuclear
spin-echo signals in a variety of ferro- and ferrimagnetic materials [ 11]. Earlier studies
by Galt [12], employing the Sixtus method, also examined DW dynamics in single-
crystal ferrites under MVP excitation.

These studies showed that the DW velocity, v, depends linearly on the applied
MVP field H:

v=S(H — Ho) (1)

where S is the DW mobility and Hy is the critical (pinning) field below which the DW
remains stationary.

Even small DW displacements are accompanied by significant rotations of the
magnetization vector M. The rotation angle of M within the DW is proportional to the
wall displacement, leading to corresponding variations in the hyperfine field at nuclear
sites due to the anisotropy of the hyperfine interaction inside the DW [4].

Similar linear relationships between DW velocity and applied magnetic field, as
expressed in Equation (1), have also been observed using the MOKE [13] and Sixtus—
Tonks [14] techniques.

In recent years, considerable progress has been achieved in controlling
magnetization switching in micro- and submicrometer magnetic structures, leading to
new insights into magnetization reversal mechanisms. These investigations are highly
important for applications in magnetoresistive random-access memory (MRAM)
technologies, where DW displacement is considered one of the most promising
mechanisms for localized magnetization switching.

The study of DW dynamics in confined geometries is of both fundamental and
technological significance, particularly for emerging magnetic logic devices. This
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becomes especially important when the lateral dimensions of magnetic structures
approach the intrinsic width of the DW [15].

Recently, interest in similar issues has been growing, e.g., [16—18].

In the present work, the dynamics of DWs and the pinning field in cobalt micro-
and nanopowders are investigated using the microscopic NMR two-pulse spin-echo
(TPE) technique [19]. In contrast to macroscopic approaches such as the MOKE [13]
and the Sixtus—Tonks [14] methods, the NMR technique provides microscopic
information about local DW behavior and pinning processes in magnetic micro- and
nanostructures.

2. Experimental results and discussions

Measurements were carried out using a phase-incoherent spin-echo spectrometer
operating in the frequency range of 40-400 MHz at 77 K and 300 K [19,20]. In the
40-220 MHz interval, a conventional self-excited oscillator was used, providing
continuous frequency adjustment through variable inductors and tuning capacitors.
For frequencies between 200 and 400 MHz, a serial Lecher-line generator with a two-
wire transmission system was employed, incorporating two inductors with different
turn numbers. For RF pulse durations ranging from 0.1 to 50 ps, the maximum RF
magnetic field at the sample reached approximately 3.0 Oe, while the rise time
remained below 0.15 ps. The receiver dead time was close to 1 ps.

A schematic representation of the experimental arrangement for simultaneous
application of RF and MVP fields is presented in Figure 1.
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Figure 1. Scheme of the NMR experiment in the case of cobalt (a). NMR cell in the case of the lithium-zinc ferrite

experiment (b).

The pulsed magnetic field was generated by a gated current stabilizer connected
to an auxiliary copper coil with adjustable amplitude, allowing magnetic field pulses
up to 500 Oe to be produced for samples approximately 10 mm in size.

The experiments were performed at temperatures of 77 and 300 K. Echo signal
amplitudes were recorded both with and without the MVP field of amplitude H. The
shape and position of the MVP were assessed using the 150 MHz frequency-band
oscilloscope based on the current pulse through a 6-turn accessory copper coil. The
MVP quality was sufficiently good to ensure a constant MVP threshold area over a
wide range of pulse durations, from 0.5 to 5 ps.
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Lithium-zinc ferrite samples with composition Lio sFe» 35Zn¢.1504 were prepared
in ring-shaped form with diameters of 12—15 mm and a mass of 5.8 g. To enhance the
echo signal intensity, the samples were enriched to 96.8% with the *’Fe isotope.
Polycrystalline cobalt powders produced by induction melting were also investigated,
having an average grain size below 50 um [20].

Additionally, cobalt nanopowders fabricated using electron-beam technology,
with an average particle diameter of approximately 100 nm [21], were employed for
sample preparation. Epoxy-encapsulated specimens were produced by placing the
cobalt materials into polyethylene tubes filled with epoxy resin.

Figure 2 illustrates the action of the MVP between two RF pulses (a) and the
%%Co NMR spectrum recorded for cobalt micropowders at T = 77 K under optimal RF
pulse power conditions with iy =217 MHz (b).
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Figure 2. MVP action between two RF pulses: t; and 1, are the lengths of the first
and second RF pulses, respectively; T1» is the distance between these pulses and T is
the length of the magnetic video pulse (a), and the Co NMR spectrum of cobalt
micropowders recorded at T = 77 K under optimal RF pulse power conditions, fim:

=217 MHz (b).

An oscillogram of the two-pulse spin-echo (TPE) signal obtained for cobalt

micropowder samples is shown in Figure 3.
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Figure 3. Oscillogram of the TPE signal in cobalt (upper trace). The lower trace
corresponds to the wave-meter signal indicating the positions of the RF and MVP
pulses, funr =217 MHz and T = 77 K. This oscillogram shows the dependence of the
electrical signal in volts versus time (ps). The vertical size of each square
corresponds to 2 volts, while the horizontal size corresponds to 10 ps.

Because the external RF field interacts with nuclei through electron spins, even a
small displacement of the DW induces a substantial rotation of the electronic
magnetization M. The rotation of M inside the DW is proportional to the magnitude
of the wall displacement. This process is accompanied by changes in the local
hyperfine field acting on nuclei within the DW due to magnetic anisotropy, and these
changes are likewise proportional to the DW displacement.

The MVP amplitude at which echo intensity begins to decrease, corresponding
to the onset of DW motion, can be associated with the DW pinning force. As shown
in Figure 4 (curves 1 and 2), the pinning force increases significantly when
transitioning from cobalt micropowders to nanopowders. It is well known that
reducing the cobalt grain size from approximately 1 pum to 150 nm substantially
increases the coercive force due to size reduction and the growing influence of surface
effects.

Figure 4 also shows the dependence of the degree of two-pulse echo suppression
(TES), Al/Imax, caused by DW displacement, on the MVP amplitude.
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Figure 4. Dependence of the TPE signal produced by the combined action of MVP
and two RF pulses (1 and 2) on the amplitude of the MVP with duration T, = 1 ps in
cobalt micro- and nanopowders, respectively. The corresponding TES dependences
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are shown by curves 3 and 4; fumr =217 MHz and T = 77 K. NMR measurements
were carried out with an accuracy of approximately 1%.

It is of interest to determine the form of the corresponding MVP-effect diagrams
in lithium ferrite, due to its significantly lower magnetic anisotropy and higher DW
mobility.

As reported in [22], the NMR spectrum of a lithium ferrite single crystal consists
of two well-resolved lines: the low-frequency line is associated with tetrahedral A sites,
while the high-frequency line corresponds to octahedral B sites. At T =300 K, the fine
structure of the spectrum is not resolved, whereas at 77 K and 4.2 K, four and five
lines are observed, respectively.

Figure 5 presents the NMR spectrum of lithium ferrite (a) together with the
amplitude dependences of the TPE and TES signals for both local maxima of the
spectrum (b). A comparison of the TES dependences in cobalt and lithium ferrite with
the DW velocity dependences on MVP amplitude obtained via the Sixtus method [12]
(Figure 6) reveals a clear qualitative correspondence between these quantities. Similar
behavior was later reported using MOKE [13] and Sixtus—Tonks [14] techniques for
planar permalloy nanowires and amorphous Fe77.5S17.5B1s microwires, respectively
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Figure 5. >’Fe NMR spectrum of lithium—zinc ferrite (a). Amplitude dependences of
the TPE and TES signals as functions of MVP excitation are shown in panel (b).
Curves 1 and 2 correspond to the B and A sites with resonance frequencies of 74
MHz and 71 MHz for the TPE signal, respectively, while curves 3 and 4 show the
corresponding TES dependences. The MVP duration is tm= 0.5 ps, and the
temperature is T =77 K.
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Figure 6. Domain wall velocity in a single-crystal ferrite under MVP excitation
measured using the Sixtus method [12].

The main features of the experimentally observed results can be understood
qualitatively as follows. It is well established that when an RF excitation pulse with
amplitude H; is applied, the DW performs the oscillations about its equilibrium
position (0-0), as illustrated in Figure 7 [4]. In this regime, the NMR signal originates
from nuclei located in the central region of the DW, having an effective length L.
Accordingly, the NMR signal intensity is proportional to the number of nuclei within
this region and therefore to L.

When an MVP pulse H is applied, the DW is displaced by an amount Ax and then
oscillates during the pulse duration tm, around a new equilibrium position (0'—0'). This
displacement excludes a portion of nuclei from contributing to the resonance process,
leading to a decrease in the NMR signal proportional to Ax. Since the displacement is
proportional to the DW velocity v, this provides a natural explanation for the observed
similarity between the TES dependences and the DW velocity dependence v(H)
(Figure 6).

Thus, the variation of the TES signal can be expressed as:

AL ~ AX =¥ = S(H — Ho)tmm 2)

4
v
f
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S

Figure 7. Schematic illustration of a DW with width A: (a) equilibrium
configuration, and (b) displacement by Ax induced by an MVP field amplitude H.
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Next, we examine how the DW pinning field Ho depends on the MVP amplitude
H. Figure 8 shows the corresponding dependence of the TPE intensity on MVP
amplitude for two fixed pulse durations 1 in cobalt micropowders.

0 100 200 300
H (Oe)

Figure 8. Dependence of the TPE signal intensity under MVP excitation for 1, =
3 us (1) and Tm= 1.5 ps (2), measured at an NMR frequency of fum: =217 MHz.

Figure 9 presents similar dependences of the TPE intensity on t,, for three fixed
MVP amplitudes in cobalt micropowders.
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Figure 9. Dependence of the TPE intensity on 1., for three constant MVP amplitudes
(1-3: 200, 100, and 50 Oe, respectively), fumr =213 MHz, T = 300 K.

Figure 10 summarizes the resulting dependence of the DW pinning field Ho,
defined at the onset of TPE suppression under MVP excitation, as a function of pulse
duration.
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Figure 10. Dependence of the DW pinning field Ho on the MVP pulse duration Ty,
for cobalt micropowders, fume =217 MHz, T =77 K.
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The results indicate that the pinning field follows the relation Hy tm = const. In
other words, the threshold condition for TPE suppression corresponds to a constant
MVP “area” (field—time product).

This behavior can be interpreted within the framework of the one-dimensional
DW model [23], where the displacement Ax of DWs under a short MVP pulse of
amplitude H and duration T, is described by:

x = C-H-tm, 3)

where C is a material-dependent constant. Accordingly, each threshold condition
corresponds to the same DW displacement, which can be associated with the
characteristic width of the potential well responsible for DW pinning.

A similar relationship between Hy and t. was previously reported using the
magneto-optical Kerr effect in permalloy films [24].

It should be noted that for 1, = 1 us, the DW pinning field Hy is comparable in
magnitude to the coercive field He. However, this correspondence is not universal,
since Hy depends on pulse duration. This is because Hy is determined by the constant
threshold condition Hy T = const, making it inversely proportional to Tm.

Estimates of DW velocities and pinning fields in cobalt micro- and nanopowders,
together with advances in their synthesis, suggest their potential for applications in
rare-earth-free permanent magnets, memory devices, sensors, and related technologies.
In particular, these results and the described methodology may also be relevant for
improving the photocatalytic and magnetic properties of TiO, micro- and
nanopowders decorated with Ni and Co nanoclusters [25] employed in water
purification technologies.

The obtained results refer to promising areas of scientific research with great
potential for practical application [26-28].

3. Conclusion

The dynamics and pinning of domain walls in cobalt micropowders, lithium
ferrite, and cobalt nanopowders were investigated using a microscopic NMR two-
pulse spin-echo technique with an additional magnetic video pulse applied between
the RF pulses. This method yields two-pulse echo suppression characteristics under
magnetic video pulse excitation, where the two-pulse-echo suppression signal is
proportional to domain wall velocity, similar to observations from magneto-optical
Kerr effect and Sixtus—Tonks techniques.

Unlike macroscopic approaches such as magneto-optical Kerr effect and Sixtus—
Tonks methods, this technique provides local, site-specific information on domain
wall mobility and pinning strength. Such insights may be useful for optimizing the
fabrication of micro- and nanopowders of magnetic materials for applications in
sensors, memory devices, rare-earth-free permanent magnets, and related technologies.
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