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B ycnosusix cHmkenns temmeparyps ot 300 1o 2 K u3ydeHs! nemim ructepesuca mornepedHoro MarHuTOCOIPOTHBIIE-
aus (MC) B aucke KopOmHO ¢ MarHUTHBIM yTIOpSAAOYEHUEM TP TapayuieabHol (¢ = 0°) u nepreHankysipHoi (¢ = 90°)
OpPHEHTALMSIX MarHUTHOE I0JIE€ — INIOCKOCTh AncKa. MHayKnus MarHuTHOro mosst He npesbimana 1 Ti. Juck Kopouno
M3TOTOBJICH M3 TOHKOW IUICHKH MEePMaliod, ITOJyYeHHOI Ha CUTAJIOBOH MOIOKKE METOAOM HOHHO-TY4YE€BOTO PACIIBIIe-
nust. HesaBucumo ot Temmneparypsl 1 reomeTprn u3mepennii MC B 001acTi ¢1a0bIX MarHUTHBIX 1TOJIEH (MEHbIIIE 101t Ha-
CBIIICHHS HAMArHHYEHHOCTH ) HAOJIOAAI0TCsI pe3Kue MUKK oTpunaresibnoro MC, o0yciIoBICHHBIE ABHKEHHEM JJOMEHHBIX
CTEHOK ITpY IIepeMarHiuuBaHuy oopasna. [TosoxkeHne n1uka B MArHUTHOM TIOJIE ONPE/IeIIsieTCsl YITIOM MEKLy HarpasJie-
HHEM MarHUTHOTO TOJISL ¥ IUIOCKOCTBIO JIMICKA, a TAKKE TEMIEPaTypoi. YCTaHOBIICHO, YTO MPH YMEHBIICHUH TeMIIepa-
TypsI oT 300 1o 2 K nonokerne nuka B MarHuTHOM 1ione usmensiercs ot 0,2 mo 6,0 mTi (mpu @ = 0°) u ot 8 10 22 MTn
(mpu @ = 90°). IIpu Temneparype 2 K u nmepeopueHTalln MarHUTHOE TMOJ€ — IJIOCKOCTh JHCKA OT MapajjielbHON 10
MIEPIECHANKYIISIPHOM MOJIOKEHUE MTUKa B MATHUTHOM I10J1e U3MeHsiercst oT 6 1o 22 MTn. B o0nmacTi cuitbHBIX MarHUTHBIX
oJIeH, OOIBIINX OISl HACKIIICHUS HAMAarHUYCHHOCTH, MpH @ = 0° monoxuTenpHast komrmoneHTa MC uMmeeT JIMHEHHYI0
HeHacslmatoytocs 1o temmeparyp 7 = 40-50 K 3aBucumocts MC, 00ycrioBIeHHYI0 MArHOHHBIM MEXaHHU3MOM, a MU
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NAAZ
T = 2 K MarHuTOpPEe3UCTUBHEIA dPQPEKT OTCYTCTBYET M3-3a BEIMOPAXUBaHUS MarHOHOB. [Ipu @ = 90° B cmalbIX momsx
3HaK 3(dexTa U3MEHAETCs C MOTOKUTEIFHOTO Ha OTPHULATENBHBIN BCIEACTBUE OPUEHTAIMM HAMAarHMYEHHOCTH JHCKA

HEPIeHIUKYIIAPHO JTMHUAM TOKA M JOMHHHPOBAHHSA OTPHLATEIBHOrO aHM30TporHOro MC, a B CHJIBHOM MHOJIC — U3-3a
JIOMUHHPOBaHUS JTopeHueBckoro MC.

Knrouesvie cnosa: nepMaioii; MarHUTOCOIIPOTUBIICHAE; TIOMJIOKKA; TUICHKA; TUCK KopOMHO; MarHUTHOE yIOps-
JIOYEHHE.
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The transverse magnetoresistance (MR) hysteresis loops of a magnetically ordered Corbino disk have been studied
in the temperature range 300—-2 K in an external magnetic field with induction up to 1 T oriented in the plane of the disk
(¢ = 0°) and perpendicularly to its plane (¢ = 90°). The Corbino disk is made of a thin permalloy film obtained on an
insulating sitall substrate by ion-beam sputtering. Independently of the temperature and measurement geometry, the field
dependences of MR in the range of weak magnetic fields up to the magnetisation saturation exhibit sharp peaks of the
negative MR caused by the domain walls motion during the magnetisation reversal of the sample. The position of the peak
in the magnetic field (B,)) is determined by the temperature as well as the angle between magnetic field direction and the
disk plane. It was found that a temperature change in the range of 7=300-2 K leads to a change in its position in the range
0f 0.2—-6.0 mT and 822 mT at ¢ = 0° and ¢ = 90°, respectively. The magnetic field direction reorientation from in-plane
to out-of-pane at 7= 2 K leads to the B, change from 6 to 22 mT. In the range of strong magnetic fields above the mag-
netisation saturation field at ¢ = 0° the positive MR component decreases with induction and has a linear non-saturable
dependence down to 7= 40—50 K due to the magnon MR component dominance. The complete freezing of magnons at
T'=2 K leads to the absence of high-field magnetoresistive effect. At @ = 90° in weak fields, the MR changes its sign from
positive to negative due to the anisotropic MR component dominance because of the disk magnetisation reorientation
perpendicular to the current lines. In a strong field it changes the slope due to the saturation of negative anisotropic MR
component, as well as possible additional contribution of the positive geometric Lorentzian MR.

Keywords: permalloy; magnetoresistance; substrate; film; Corbino disk; magnetic ordering.

Introduction

Basic studies of galvanomagnetic phenomena in both diamagnetic and magnetically ordered solids with
different mechanisms of charge carrier transfer are focused on investigating their properties in thin and multi-
layer structures, nanowires and ensembles of magnetic nanoparticles in insulating or conducting matrices and
looking for correlations between their electric, galvanomagnetic and magnetic characteristics [1-4]. In mag-
netically ordered substances, much attention is paid to establishing the contribution of domain walls to the
resistivity, sign and magnitude of galvanomagnetic coefficients (magnetoresistance (MR) and Hall resistance)
during their motion induced by an external field or current [5-9], since the displacement of domain walls in
a weak field can lead to significantly greater changes in the kinetic coefficients, than the effects associated
with an anisotropic MR (AMR) [10; 11] or magnon MR (MMR) in a strong field [12]. An active interest in the
low-temperature investigations in magnetically ordered thin films and structures is primarily determined by
the possibility for the electron transport mechanism to change from diffusion to processes of weak or strong
localisation in different temperature ranges, as well as the main magnetic characteristics. This seems to be ef-
fective for optimising the sign and values of the galvanomagnetic and magnetic characteristics, since the basic
principles of spintronics are determined by the value of the kinetic coefficient and the ability to fix and easily
control the magnetisation direction.

Earlier [13], we have studied at 7= 300 K the magnetic microstructure and transverse MR hysteresis loops
of a permalloy thin film in the Corbino disk form at different angles between the magnetic field direction and
the disk plane. In weak magnetic fields up to technical magnetisation saturation field the MR, a peak caused
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by the rearrangement of the domain structure and the peak sign change were found. In a magnetic field greater
than the saturation magnetic field linear negative MR was observed independent of the measurements geo-
metry. It was of interest to study these dependences in the low-temperature region, in particular, in the magnons
freeze-out region, and to establish the dependences of the MR peak position on the temperature and the angle
between the magnetic field and the disk plane. Therefore, the aim of this work was to study the peculiarity of
the MR hysteresis loops in a magnetically ordered Corbino disk at low temperatures in the cases of in-plane
and out-of-plane magnetisation reversal.

Experimental methods

The permalloy thin films (Ni, ¢Fe, ,) were obtained by ion-beam sputtering off a target onto a sitall dielec-
tric substrate in an external magnetic field with induction B = 0.01 T. The direction of the induction vector of
the external magnetic field in the close proximity to the surface of the growing film was perpendicular to its
surface. The thickness of the films was varied in the range of d = 80—280 nm. The sample preparation tech-
nique, their magnetic microstructure, and the measurement technique are presented in [13]. To establish the
electron transfer mechanism the disk resistance temperature dependence was studied in the range of 2-300 K.
The hysteresis loops of the transverse magnetoresistive effect were measured in the current generator mode
without the sample demagnetising at sequential increases in temperature from 2 to 300 K in a magnetic field
of up to B =1 T. The measurements were carried out at parallel (¢ = 0°, in-plane) and perpendicular (¢ = 90°,
out-of-plane) orientations of the disk plane with respect to the magnetic field direction.

Results and discussion

The study of the resistance temperature dependence (see fig. 1, a, inset) showed that in the temperature
range from 300 to 2 K for the films under investigation the resistance temperature coefficient is positive, i. e.
the diffusion or metallic mechanism of the electrons transfer dominates. This allows us to conclude, that the
MR components contributing to the measured effect can be: a) the resistance anisotropy of a magnetically
ordered substance [11] in a weak magnetic field up to the technical saturation magnetisation field; b) usual
positive Lorentzian MR (PMR) in a strong field greater than the saturation magnetisation field [ 14]; ¢) negative
MR (NMR) component caused by scattering of electrons at domain walls [5; 6] or by magnon scattering [12].

As seen from fig. 1 and 2, which show the transverse MR hysteresis loops of the Corbino disk with a thick-
ness of d = 120 nm at 7 is equal 100; 50; 2 K for in-plane (¢ = 0° (see fig. 1)) and out-of-plane measurements
(@ =90° (see fig. 2)), a temperature decrease leads to significant changes in the MR magnitude and the form of
the magnetic-field dependence in comparison to 7= 300 K [13], when the NMR component dominates regard-
less of the measurement geometry. Furthermore, at 7= 300 K, independently of the temperature and measure-
ment geometry, in weak fields sharp peaks of the NMR are observed. These peaks are caused by the electron
scattering because of the rearrangement of the domain structure upon the magnetisation reversal of the disk.

One can see that at 7= 100 K and ¢ = 0° in a strong magnetic field above the magnetic saturation field
(B, =20 mT at the temperature 100 K) the MR effect positive and linearly decreases with the increase of the
magnetic field. The in-plane magnetisation hysteresis loop at 7= 2 K is shown as inset in fig. 1, ¢. The de-
crease of the PMR is related to the contributions of the negative MMR components. Indeed, a further
decrease of the temperature, leading the magnons to freeze, causes a decrease in the negative MMR and
to a smaller change in the positive component (see fig. 1, a and b). As a result of the complete freezing of
magnons at 7' = 2 K, there is no magnetoresistive effect at B > 0.25 T (see fig. 1, ¢). The dominance of the
linear non-saturable negative MR due to the magnons scattering (MMR) was predicted theoretically and
experimentally confirmed for the negative longitudinal MR of iron-group metal films in a magnetic field up
to B=40T [12].

A characteristic feature of the current flow in the Corbino disk is its spreading from the central electrode to
the peripheral one. In this case, the longitudinal MR measurement in a «pure» form is impossible regardless
of disk orientation in a magnetic field. Nevertheless, a linear decrease in the positive MR in a strong mag-
netic field is caused by the negative MMR, since at the transition point from weak to strong fields (B = B,)
positive AMR riches the maximum value and a further MR change may be due to the contributions of the
negative MMR components. It should be noted that for in-plane measurements the magnetic saturation field
changes from 15 to 25 mT at the temperature 300 and 2 K, respectively. These values are in a good agreement
with the saturation field MR data in the temperature range from 300 to about 50 K, while at 7= 2 K the MR
data indicate the saturation field to be one order of magnitude grater. However, the MR curve measured at 2 K
demonstrates a complex step-like shape with a plateau in the low-field range close to B, value of the correspon-
ding magnetisation curve, and a subsequent MR increase in B =0.20—0.25 T accompanied by a complete signal
saturation at higher fields. A sharp increase in the positive MR in the range of magnetic fields 0.20—0.25 T could
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be associated with the dominance of the positive AMR component increasing abruptly due to aligning the ma-
jority of magnetic moments of the film in its plane along the field direction only at this magnetic induction value.
The latter peculiarity of the MR(B) dependence at 2 K indicates a possible change in the domain structure and (or)
dominating anisotropy of the film.

Thus, the magnon freezing temperature in a Corbino permalloy disk is about 40—45 K, i. e. it is close to the
temperature at which the disk resistance loses its dependence on temperature (see fig. 1, a, inset) and is deter-
mined by the structural defects only. It can be noted also, that the magnon freeze-out temperature, estimated
from the negative longitudinal MMR measurements of iron and nickel films, is significantly higher and reaches
about 160 K [12].
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Fig. 1. Magnetoresistance hysteresis loops of the Corbino permalloy disk at ¢ = 0°,
measured at different temperatures: a — 100 K; 5 —50K; ¢ —2 K
(the inset in figure @ shows the temperature dependence of the disk resistance,
and in figure ¢ — the magnetisation hysteresis loop at 7'= 2 K)
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Fig. 2. Magnetoresistance hysteresis loops of the Corbino permalloy disk at ¢ = 90°,
measured at different temperatures: a — 100 K; 5 - 50 K; ¢ -2 K
(the inset in figure ¢ shows the magnetisation hysteresis loop at 7'=2 K)

A change of the external magnetic field direction from in-plane to out-of-plane leads to an increase in the
magnetisation saturation fields, which change from 0.75 to 0.83 T at the temperature 300 and 2 K, respectively,
suggesting the expansion of the weak magnetic field and AMR dominance areas. The inset in fig. 2, ¢, shows the
out-of-plane magnetisation hysteresis loops at 7= 2 K. As a result, in a weak field the negative AMR compo-
nent begins to dominate due to the reorientation of the disk magnetisation direction to the direction perpendi-
cular to the current lines. It is well known that in this case the AMR is negative [11]. One can see in addition
that the MR dependence exhibits a change of its slope in a strong magnetic field. Moreover, the fields at which
the slope change is observed increases upon a decrease of temperature. The observation of the slope change at
T'=2 K (see fig. 2, ¢) can be caused by saturation of negative AMR component in a strong field as well as due to
an additional contribution of the PMR component. Indeed, in the out-of-plane geometry the PMR geometric
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effect in the Corbino disk is the greatest [15; 16]. It can also be noted that an increase of the NMR slope
variation upon a decrease of temperature correlates with the temperature change the saturation magnetisa-
tion field.

As mentioned above, independently of the temperature and measurement geometry, the MR magnetic
field dependence in the region of weak fields exhibits sharp peaks in the NMR. Figures 3 and 4 show in-
plane and out-of-plane MR hysteresis loops in a weak magnetic field at 7 = 2 K. The arrows show the field
scanning direction. At approximately the same MR peak magnitudes for both measured geometries, the
peaks magnetic field positions differ significantly. Regardless of the temperature, the out-of-plane MR peak
position is always greater. It reflects the much more difficult rearrangement of the domain structure in the
direction perpendicular to the disk plane because of the very strong demagnetising factor in this direction.
We also note the difference in the peak position during the Corbino disk magnetisation reversal in the direc-
tions conventionally designated as B, and B_. It can differ by up to three times and, moreover, a greater dif-
ference was always observed for in-plane MR. Such a difference is believed to indicate the different domain
structure formation upon the magnetisation reversal and requires a more detailed investigation. It should be
noted that for low-temperature out-of-plane measurements, in contradiction to 7= 300 K [13], there are no
sharp MR oscillations. The MR peak at 7= 2 K changes sign from negative to positive in a rather smooth
manner without any oscillation.
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Fig. 3. Magnetoresistance hysteresis loop for the Corbino permalloy disk
in a weak magnetic field at ¢ =0°and 7=2 K
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Fig. 4. Magnetoresistance hysteresis loop for the Corbino permalloy disk
in a weak magnetic field at ¢ =90° and T=2 K
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The temperature dependence of the NMR peak position for in-plane and out-of-plane measurements is
shown in fig. 5. As expected, the freezing of the magnetic moment directions and wall positions of individual
domains leads to an increase in the magnetic field of the domain structure rearrangement and, as a conse-
quence, to a change in the MR peak position. One can see that the most significant change of the MR peak
position is observed at temperatures below 50 K, i. e. below the magnon freezing temperature.
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Fig. 5. Temperature dependence of the NMR peak position
for in-plane (/) and out-of-plane (2) measurements
for two directions of the magnetic field B, and B_

Finally, it should be noted that the sign and the magnitude of MR in a magnetically ordered Corbino disk in
the region of the peak can be determined not only by the magnitude of the AMR or MMR, but also by the num-
ber, type, and size of the domain walls crossed by the charge carriers. For example, in magnetic films thinner
than 20-30 nm, the Neel walls are stable, while for larger thicknesses the Bloch walls play the major role [17].
In films with thickness in the range of 30—120 nm, the transition between the Bloch and Neel walls, as well
as vortex domain walls or more complex types can be observed. However, the above-mentioned question is
currently a topic of further intensive theoretical and experimental research.

Conclusions

In Corbino thin-film permalloy disks with magnetic ordering in the temperature range of 300—2 K, sharp
peaks of negative magnetoresistance due to the domain walls motion are observed. The magnetic field peak
position is determined by the temperature and the angle between the magnetic field and the plane of the disk.
The temperature decrease in the range of 300—2 K leads to a change in the peak position in the range of 0.2—6.0
and 8-22 mT for in-plane and out-of-plane measurements, respectively. A transition from in-plane to out-of-plane
measurements at 7= 2 K leads to change of the peak position in the range of 5-22 mT. A linear NMR at 7=300 K
and a decreasing PMR at the temperatures of down to 40—45 K in a strong magnetic field is related to the mag-
non magnetoresistive effect. It was found that the magnon freezing temperature is about 40—45 K. The change
of the slope of the MR dependence for out-of-plane measurements is related to the saturation of negative AMR
and possible additional contribution of the positive geometric Lorentzian component to the Corbino disk MR.

References

1. Zuti¢ 1, Fabian Ja, Das Sarma S. Spintronics: fundamentals and applications. Reviews of Modern Physics. 2004;76(2):323-386.
DOI: 10.1103/RevModPhys.76.323.

2. Battle X, Labarta A. Finite — size effects in fine particles: magnetic and transport properties. Journal of Physics D: Applied Phy-
sics. 2002;35(6):R15-R42. DOI: 10.1088/0022-3727/35/6/201.

3. Sefrioui Z, Menéndez JL, Navarro E, Cebollada A, Briones F, Crespo P, et al. Correlation between magnetic and transport proper-
ties in nanocrystalline Fe thin films: a grain-boundary magnetic disorder effect. Physical Review. 2001;64(22):224431. DOI: 10.1103/
PhysRevB.64.224431.

4. Lukashevich MG, Popok VN, Volobuev VS, Melnikov AA, Khaibullin RI, Bazarov VV, et al. Magnetoresistive effect in PET
films with iron nanoparticles synthesized by ion implantation. The Open Applied Physics Journal. 2010;3:1-5. DOI: 10.2174/
1874183501003010001.

18 ey



Du3uKa KOHJIEHCHPOBAHHOTO COCTOSTHUSI
Condensed State Physics
LA
5. Franko V, Batlle X, Labarta A. Evidence of domain wall scattering in thin films of granular CoFe—AgCu. The European Phy-
sical Journal B — Condensed Matter and Complex Systems. 2000;17(1):43-50. DOI: 10.1007/s100510070158.
6. Ruediger U, Yu J, Zhang S, Kent AD, Parkin SSP. Negative domain wall contribution to the resistivity of microfabricated Fe
wires. Physical Review Letters. 1998;80(25):5639-5642. DOI: 10.1103/PhysRevLett.80.5639.
7. Ravelosona D, Cebollada A, Briones F, Diaz-Paniagua C, Hidalgo MA, Batallan F. Domain-wall scattering in epitaxial FePd or-
dered alloy films with perpendicular magnetic anisotropy. Physical Review. 1999;59(6):4322-4326. DOI: 10.1103/PhysRevB.59.4322.
8. Gregg JF, Allen W, Ounadjela K, Viret M, Hehn M, Thompson SM. Giant magnetoresistive effects in a single element magnetic
thin film. Physical Review Letters. 1996;77(8):1580—1583. DOI: 10.1103/PhysRevLett.77.1580.
9. Hayashi M, Thomas L, Rettner Ch, Moriya R, Xin Jiang, Parkin SSP. Dependence of current and field driven depinning of
domain walls on their structure and chirality in permalloy nanowires. Physical Review Letters. 2006;97(20):207205.
10. McGuire T, Potter R. Anisotropic magnetoresistance in ferromagnetic 3D alloys. /[EEE Transactions on Magnetics. 1975;11(4):
1018-1034. DOT: 10.1109/TMAG.1975.1058782.
11. Campbell TA, Fert A. Chapter 9. Transport properties of ferromagnets. In: Wohlfarth EP, editor. Ferromagnetic materials.
Volume 3. Amsterdam: Elsevier; 1982. p. 747-805.
12. Raquet B, Viret M, Sondergard E, Cespedes O, Mamy R. Electron-magnon scattering and magnetic resistivity in 3D ferromag-
nets. Physical Review B. 2002;66(2):024433. DOI: 10.1103/PhysRevB.66.024433.
13. Halauchuk VI, Lukashevich MG. Magnetic microstructure and magnetoresistive effect in Corbino’s disk with magnetic orde-
ring. Journal of the Belarusian State University. Physics. 2018;3:46-53.
14. Beer AG. Galvanomagnetic effects in semiconductors. New York: Academic Press; 1963. 418 p.
15. Lippman HJ, Kuhrt F. Der Geometrieeinflus auf den transversalen magnetischen Widerstandseffekt bei rechteckférmigen Hal-
bleiterplatten. Zeitschrift fiir Naturforschung. 1958;13a:462—-474.
16. Sokolov YuF, Stepanov BG. [Physical foundations of using the effect of magnetoresistance to measure the mobility and con-
centration of current carriers]. Mikroelektronika. 1974;3(2):142—153. Russian.
17. Kazakov VG. Thin magnetic films. Soros Educational Journal. 1997;1:107—114. Russian.

Received 05.03.2021 / revised 17.03.2021 / accepted 12.06.2021.

5?['4 — cmoemn AL wow\orm Jf,w,w,, 19



