L59O5IMOOLM LsAYEBOIOM FMMBIEO Ld359MM BHEMBLIMEMEO0»
INTERNATIONAL SCIENTIFIC JOURNAL «AIR TRANSPORT» Nel(16), 2022

—h
Study of domain wall pinning in the rare earth-free permanent magnets using
nuclear magnetic resonance method

G. Mamniashvilil, G. Donadze?, T. Gegechkorit, T. Gavasheli?, A. Maisuradze?,
V.Kelikhashvili®

!lvane Javakhishvili Thilisi State University Andronikashvili Institute of Physics, 6 Tamarashvili
St. 0177, Thilisi, Georgia
2Ivane Javakhishvili Thilisi State University 1 Chavchavadze Av 0179, Tbilisi, Georgia
3Georgian Aviation University, 16 Ketevan Dedopali Ave. Thilisi, 0103, Georgia

Abstract

The possibility of using of the modified nuclear magnetic resonance (NMR) technique for studying
of the domain wall pinning in cobalt micro powders and micro- and nanowires is demonstrated. In
particular, information about the domain wall pinning in cobalt nanowires is useful for the fine tuning
of the magnetic properties of the rare earth-free magnets.

The pinning force of domain walls was studied by NMR two-pulse echo method in combination
with an additional magnetic video-pulse depending on the magnetic video-pulse duration and an outer
steady magnetic field value in cobalt micro powders for the first time. The comparative study of the
two-pulse echo dependence on the magnetic video-pulse amplitude in cobalt micro- and nanowires
was also carried out.

Keywords: Nuclear spin echo, magnetic video-pulse, two-pulse echo, rare earth-free permanent
magnets, domain wall mobility.

Introduction

In order to qualitatively improve the environmental characteristics of modern aircraft (noise level,
toxicity of exhaust gases from internal combustion engines), which is related to the gradual
implementation of strict environmental norms established by IATA (International Air Transport
Association) and ICAO (International Civil Aviation Organization) of the world aviation industry
developed the concept of "all-electric aircraft”.

An "all-electric aircraft" is an aircraft that does not have internal combustion engines and all of its
propulsion equipment is powered by electricity. To create thrust in such aircraft, electric motors are
used, which are powered by on-board electrical energy sources (batteries, supercapacitors, fuel cells,
solar cells, etc.) and transmit mechanical power to propellers (fans).
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Fig. 1 Electric airplane Extra 330LE with Siemens electric engine

The feasibility of creating an "all-electric aircraft™ is due to:

with the development of power electronics and the development of a powerful semiconductor
converter device and non-contact commutation and protection equipment based on them.

By processing new magnetic materials and creating powerful and compact electric motors and
electric generators based on them, their characteristics exceed existing analogs.
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Fig. 2 Synchronous electric motor with built-in permanent magnets

Currently, the field of application of permanent magnets in technology is very wide because they
represent an autonomous source of a permanent magnetic field (without the supply of electrical
energy), which significantly improves the mass-size and operational characteristics of the electric

motor-generator device.
There are natural and artificial permanent magnets. Natural permanent magnets are obtained from

the mineral magnetite. Artificial permanent magnets are used to improve magnetic characteristics
(magnetic induction B, coercive force - Hep, maximum energy product - BHmax, maximum operating
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temperature - Tmax, Curie point - Tcur).

Artificial permanent magnets are made from various metals (cobalt, iron, nickel, etc.) and alloys
containing rare earth metals (samarium-cobalt; neodymium-iron-boron) and they are magnetized.
Magnets of this type maintain their magnetized state for a long time.

The negative side of these permanent magnets is their stiffness and sensitivity to temperature. As
a result of strong heating, they completely lose their magnetic properties.

Currently, the country producing permanent magnets containing rare earth elements is mainly
China.

Due to the recent significant increase in the share of electric aircraft in aviation, the demand for
permanent magnets will increase further, and their cost will increase accordingly. Therefore,
theoretical-experimental studies of samples of permanent magnets containing rare earth metals
developed with new technologies are very important.

Magnets containing rare earth metals can be produced using different technologies (chemical,
precipitation method, shock wave hot deposition method, etc.)

In this scientific work, such an actual issue related to the study of domain wall pinning of
permanent magnets not containing rare earth metals is discussed using the nuclear magnetic resonance
method.

Nuclear magnetic resonance (NMR) in magnets is currently a powerful microscopic method for
characterizing various magnetic materials [1-4]. The spontaneous magnetization of a ferromagnet
such as cobalt polarizes s-electrons, creating an effective hyperfine field (HFF) on nuclei through the
Fermi contact interaction (a brief discussion of the origin of the effective field and other features of
the NMR methods in magnets is given in [1]). The existence of an effective field on nuclei makes it
possible to observe NMR in the absence of an external constant field, which is necessary when
observing NMR in non-magnetic materials. The HFF reaches a value of the order of 10° - 10° Oe. The
typical NMR linewidth in nonmagnetic materials is about 1 Oe, while in ferromagnetic materials the
linewidths range from about 10? Oe in iron to greater than 10° Oe for dilute impurities in iron. The
detection of NMR in magnets is greatly facilitated by the fact that the RF field acts on the nuclei
through electronic magnetization. This leads to an RF field amplification by the enhancement factor
nd ~ 10% within the domains and to a much stronger amplification effect in a DWs with nw ~ 10% For
this reason, magnetic NMR spectrometers are in some respects simpler than conventional NMR
spectrometers. However, they must be tuned over a wide frequency range up to 1 GHz due to the
broad NMR lines in magnets. A remarkable feature of the manifestation of NMR in magnets is that
in many cases the main contribution to the intensity of resonant absorption is made by nuclei located
in the DWSs. Since DWs are easy to control under the action of magnetic video-pulses, their use is a
convenient method for studying the features of the formation of additional echo signals arising under
the action of a magnetic video-pulse (MVP) [4].

One of its advantages is the ability to provide valuable information about the properties of domain
walls (DWSs). The inclusion of additional magnetic video-pulses (MVPs) capable of causing a
displacement of DWs makes it possible to study the pinning force (degree of pinning) and the mobility
of the DWs, in particular, in cobalt nanowires used for fabrication of rare earth-free magnets [5],
providing information useful for a fine tuning of their magnetic properties [6,7].

For the first time, the dynamics of DWs under the action of MVP in a single crystal of a ferrite
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sample grown in the form of a frame was studied by Galt [8]. It was shown that the DW dynamics is
described by a linear dependence of the DW velocity v on the amplitude of the applied MW pulse H:

v = S(H - Ho), (1)

where S is the mobility of the DW, Ho is the pinning force (the critical field below which the DW is
fixed).

In [6], the spin echo NMR technique in combination with MVP acting on a lithium—zinc ferrite
sample was used to study the characteristics of DW pinning centers in lithium—zinc ferrite. In
particular, in [6], the effect of a long MVP overlapping the rephasing and reading RF pulses of a two
pulse echo (TPE) and stimulated echo (SE) signals, respectively, was studied, as well as the interval
of their rephasing between these RF pulses and echo signals.

The suppression of echo signals occurs due to the partial loss of phase coherence of isochromats
due to the change in their local fields caused by the displacement of DWs and the RF field
amplification factor 7 under the action of MVP [9].

In [6] (Fig. 3) the dependence of the normalized TPE amplitude on the amplitude of the pulsed
magnetic field is given for two values of the external magnetic field: He= 0 and He = 1000 Oe, and in
[7] (Fig. 1 b) it is given its modified dependence showing that the results of [6, 7] also indicate the
possibility of measuring the DW pinning force Ho by the NMR method, which is determined by the
MVP amplitude, below which the DWs are pinned.

This assumption was tested in [7] using two alternative methods for measuring the DW pinning
strength: the first of them uses the action of a short MVP ~ 1 us long, acting in the interval between
a pair of RF pulses, on a TPE signal [9]. In this case, Ho was determined by the value of the MVP,
after which the TPE signal began to decrease due to the displacement of the DWSs caused by the
exposure to MVP. In the second case. Ho was determined from the amplitude of the MV/P, acting from
a combination with an RF pulse, leading to the formation of a signal of the so-called magnetic echo
signal (ME) [10].

In this work, the methodology of [6,7,10] is used for the study of the dependence of the pinning
force Ho in cobalt on the duration of MVVP 1t m and the magnitude of the external magnetic field He.
As known [11], cobalt and lithium-zinc ferrite are very different in their NMR properties: in cobalt,
the anisotropy of the HFF is an order of magnitude higher than its value for lithium ferrite. In addition,
the value of the NMR amplification factor v in lithium ferrite is about 10° times higher than the value
of amplification factor n in cobalt, which indicates a much greater mobility of DW in lithium-zinc
ferrite as compared to cobalt.

We can obtain a preliminary estimate of the dependence of Ho on the duration of MVP from Fig.
1, obtained on the basis of Fig. 2 from [9], if it is modified similarly to Fig. 1 from [7], taking into
account the presence of DW pinning force Ho.

28



L59O5IMOOLM LsAYEBOIOM FMMBIEO Ld359MM BHEMBLIMEMEO0»
INTERNATIONAL SCIENTIFIC JOURNAL «AIR TRANSPORT» Nel(16), 2022

s

N\
. f\ K\Iz\
w2 ' Iﬁ\}\ E\

Fig. 3 Dependence of TPE (A -sites of nickel ferrite) on the duration of MVP tn at H =2 Oe (1), 4
Oe (2), 10 Oe (3).

Fig. 1 shows the dependence of TPE (for A-sites of nickel ferrite) on the duration of MVP at H =
2(1), 4(2), 10 Oe (3). Analysis of the dependence of Ho on tm in this figure shows that for tm and Ho
(representing the intersection points of dependences 1, 2 and 3 with the axis tm in Fig. 1), the relation
Am = Ho -tm=const takes place, for all Ho, i.e. the pinning force Hpo is inversely proportional to tm. The
value Am, which is the area of the MVP, is constant for all threshold values of tm, when the TPE
intensity begins to decrease due to the tear-off from the pinning centers.

We also note that earlier in [6,7,10] the dependence of Ho on the external magnetic field He was
not studied.

As known [6], the application of a large constant magnetic field reduces the number of DWs, and
the remaining ones are distributed over pinning centers contributing to greater pinning.

The purpose of this work is to study the experimental dependence of Ho on tm and He on the
example of the effect of MVP on the TPE signal observed from *°Co nuclei in the DWs of cobalt
micropowder and compare them with similar results obtained for cobalt micro- and nanowires.

Experimental results and discussion

The measurements were carried out on a phase-incoherent spin echo spectrometer [12] in the
frequency range of 200-400 MHz at a temperature of 293 K. In the range of 200-400 MHz, a
commercial Lecher-type generator with a two-wire line, including two inductors with different
numbers of turns, was used. For pulse lengths in the range from 0.1 to 50 us, the maximum amplitude
of the RF field produced on the sample was about 3.0 Oe, and the front steepness was no worse than
0.15 ps. Receiver dead time ~ 1 ps.

The scheme of the experiment on pulsed magnetic action is given in [7, 12]. The MVP was created
by a gated current stabilizer of adjustable amplitude and an additional copper coil, which made it
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possible to obtain magnetic field pulses of the order of 500 Oe for a sample size of ~10 mm.

Cobalt micropowders were obtained by the alloying method [13] with an average grain size of ~10
w. Cobalt microwire samples were synthesized under the influence of an external magnetic field of
500 Oe using the electroless chemical deposition technique [5].

Commercial cobalt nanowire samples from Plasma Chem GmbH with an average diameter of 200—
300 nm and a length of up to 200 p were also studied by this method.

Characteristic parameters of RF pulses: duration - a few microseconds, a delay between them -
tens of microseconds, a carrier frequency of 213 MHz at T = 293 K coincides with the frequency of
the nuclei in the center of the DW of the face-centered cubic (fcc) phase of cobalt.

The scheme of the experiment is shown in Fig. 2.
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Fig. 4. Oscillogram of the TPE signal in cobalt (upper beam), the lower beam is a wave-meter signal
showing the position of the RF and MVP pulse

Let us present the results of the study of the pinning force Ho under the action of an additional
MVP, depending on the duration of the MVP tm, on the TPE signals in cobalt micropowder, Fig. 3.
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Fig. 5. Dependence of the normalized TPE intensity I/l » on the MVVP amplitude H: 1-3 at tm =1, 2
and 3 ps, respectively.

Analysis of the obtained results in Fig. 3 shows that in the case of cobalt the relation Am = Ho
-tm=const, also holds according to which the MVP threshold area is constant for all MVP durations.
This coincides with a similar conclusion for the MVP threshold area in the case of nickel ferrite, Fig.
1.

It should be noted that for the first time such relation was established in the NMR study of the
pinning force Ho of the ME signal dependence on tm [10] in cobalt. Am is the threshold area of the
MVP, corresponding to the beginning of the displacement of the DW under the action of the MVP.
The physical meaning of this result could be understood if one takes into account that, according to
the one-dimensional DW model [14], the DW displacement x under the action of a short MVVP with
amplitude H and duration tm is determined by the relation

x=C-H-tm,

where C is a constant characteristic of the material under study. Thus, the same displacement of the
DWs corresponds to the threshold value of the MVP, and it is natural to associate it with the width of
the potential well in which the DW is located in the initial state.

We also note that a similar relationship between He and tm was established in the study of
permalloy films by the Kerr magneto-optical method [15].

Let us further investigate the dependence of Ho on the magnitude of the external magnetic field He
at a fixed MVP duration tm =1 ps.
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Fig. 6. Dependence of the normalized TPE amplitude I/l on the amplitude of the pulsed magnetic
field at different (1-5) values of the external magnetic field He: 1-5: 0, 0.8, 1.9, 2.3, 3 kOe,
respectively, at tm =1 pus.
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Based on the data in Fig. 4, it is possible to construct the dependence of the pinning force Ho on
the magnitude of the external field He, Fig. 5.
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Fig. 7. Dependence of the pinning force Ho on the magnitude of the external magnetic field He at tm

=1 ps.

Thus, it has been established that up to external fields ~ 3 kOe, a linear dependence of Ho on He is
observed. This indicates that, at higher H., the DWs are distributed over positions corresponding to
the parameters of the potential walls providing stronger pinning. We also note a feature of the data in
Fig. 4, which consists in the fact that the rate of suppression of the TPE signal increases with
increasing He, in contrast to that observed in lithium ferrite [6], which is due to the differences in the
NMR properties of cobalt and lithium ferrite noted above [11].

The method of works [7,12] for the study of the effect of MVP on the two-pulse echo in samples
of cobalt micro- and nanowires polarized in an external magnetic field in a paraffin matrix was used
earlier in the work [5].

The results of the experiment are shown in Fig. 6 having the same character as for the
micropowders studied in this work, i.e. they provide information about the pinning force and DW
mobility in these samples.

Thus, it is shown in this work a possibility of studying the pinning force and mobility of DWs in
micro- and nanowires using this powerful microscopic NMR method to characterize the magnetic
properties of cobalt nanowires, along with the method of RF resonant magnetometry characterizing
the bulk magnetic properties of samples under the study [5], Fig. 6
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Fig. 8. MVP influence on the two-pulse echo intensity from nuclei arranged in the centers of

DWs for cobalt microwires (e curve 1) and nanowires (¢ curve 2), when MVP is directed in
parallel to magnetic wires

Conclusion
In the present work, the pinning force of domain walls was studied by the NMR two-pulse
spin-echo method in combination with an additional magnetic video-pulse in cobalt micro powders.
It is shown that the pinning force is inversely proportional to the length of the magnetic video-pulse.
In addition, the area of the magnetic video-pulse turned out to be constant for all threshold durations
of the magnetic video-pulse.

The dependence of the pinning force Ho on the external constant magnetic field He is studied. It is
shown that up to ~3 kOe there is a linear dependence of Ho on He. This indicates that as the He
increases, the domain walls are distributed over sites corresponding to stronger pinning centers.

The comparative study of the two-pulse echo dependence on the magnetic video-pulse amplitude
in cobalt micro- and nanowires was also carried out showing the opportunity to obtain microscopic
information on the domain wall pinning by this method for cobalt nanowires
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