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УДК 537.622

ЭКСТРАОРДИНАРНЫЙ И ПЛАНАРНЫЙ  
ЭФФЕКТЫ ХОЛЛА В ТОНКИХ ПЛЕНКАХ ПЕРМАЛЛОЯ

В. И. ГОЛОВЧУК 1), М. Г. ЛУКАШЕВИЧ 1)

1)Белорусский государственный университет, пр. Независимости, 4, 220030, г. Минск, Беларусь

Изучены петли гистерезиса холловского сопротивления в тонких (d = 80 –280 нм) магнитоупорядоченных 
пленках пермаллоя (Ni0,8 Fe0,2) при Т = 300 К, и разных углах (j = 0 –360°) между плоскостью пленки и направ-
лением магнитного поля (экстраординарный и обычный эффекты Холла), и разных углах (q = 0 –90°) между 
направлением магнитного поля и протекающим током (планарный эффект Холла при j = 0°) в магнитном поле 
с индукцией до В = 1,25 Тл. Пленки получены на ситалловой подложке методом ионно-лучевого распыления. 
Как в экстраординарном, так и планарном эффекте Холла при перемагничивании наблюдаются резкие пики хол-
ловского сопротивления, обусловленные изменением при перемагничивании анизотропии сопротивления магнито-
упорядоченной среды. В экстраординарном эффекте Холла положение и ширина пика на полувысоте определяются 
углом между направлением магнитного поля и плоскостью пленки. Показано, что при приближении направления 
внешнего магнитного поля к направлению спонтанной намагниченности пленки магнитное поле положения Вп 
и полуширина пика D Вп увеличиваются. В интервале углов j = 0 – 90° Вп и D Вп пика холловского сопротивления 
изменяются в близких интервалах (D В ≈ 0,2–5,0 мТл). Обнаружена немонотонная зависимость холловского сопро-
тивления и положения его пика в планарном эффекте Холла от угла между протекающим током и направлением 
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магнитного поля, обусловленная изменением продольной и поперечной компонент сопротивления магнитоупо-
рядоченной среды внешним магнитным полем. Определены величины обычного и экстраординарного коэффи-
циентов Холла: R

H
0

 = 6 ⋅ 10–9 м3/Кл и R
H
1

 = 3,2 ⋅ 10–8 м3/Кл соответственно. 
Ключевые слова: пермаллой; экстраординарный эффект Холла; планарный эффект Холла; подложка; пленка; 

магнитное упорядочение.
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The Hall resistance hysteresis loops in thin (d = 80 –280 nm) magnetically ordered permalloy films (Ni0.8 Fe0.2) were 
studied at room temperature at different angles between the film plane and the magnetic field direction (j = 0 –360°) (ex-
traordinary and ordinary Hall effects), at different angles (q = 0 – 90°) between the magnetic field direction and the flowing 
current (planar Hall effect at j = 0°) in a magnetic field up to B = 1.25 T. The thin films were obtained on sitall dielectric 
substrate by ion beam sputtering. Sharp peaks of the Hall resistance were observed in the extraordinary and planar Hall 
effects during the magnetisation reversal of the films due to a change of the magnetisation direction with respect to the 
sampling current direction. In the extraordinary Hall effect the position and full width at half maximum of a peak is de-
termined by the angle between the magnetic field direction and the film plane. It has been shown that as the direction of 
the external magnetic field approaches the spontaneous magnetisation direction, both the peak magnetic field position Bp 
and the full width at half maximum of the peak Δ Bp increase. In the angles range of j = 0 – 90° Bp and D Bp varies in the 
magnetic field range from D В ≈ 0.2 to 5.0 mT. A non-monotonic dependence of the planar Hall resistance and its peak 
position on the angle between the flowing current and the magnetic field direction was detected. It is related to the change 
of the longitudinal and transverse components the resistance of the magnetically ordered solids by an external magnetic 
field. The values of the ordinary and extraordinary Hall effects coefficients have been determined: R

H
0

 = 6 ⋅ 10–9 m3/C and 
R
H
1

 = 3.2 ⋅ 10–8 m3/C, respectively. 
Keywords: permalloy; exstraordinary Hall effect; planar Hall effect; substrate; film; magnetic ordering.

Introduction
Finding the correlation between the magnetic and galvanomagnetic characteristics of thin films and multi-

layer structures with different types of magnetic ordering and magnetic anisotropy, alternating magnetic and 
non-magnetic layers with different electron transfer mechanisms has been the subject of active experimental 
and theoretical investigations due to the promising prospects in the solid-state electronics [1; 2]. The last two 
decades have been characterised by a rapid transition from the use of resistance anisotropy effects in magne-
tically ordered solids to the use of giant and tunneling magnetoresistive effects [3– 6]. Of a great interest is the 
study the influence of domain walls on the magnitude of the resistance and its change during magnetisation 
reversals in thin films and multi-layer structures and, in particular, when the layer thicknesses are close to the 
characteristic lengths of magnetic interactions or the electron transport [7–9]. The change of the sign of the mag-
netoresistive effect was observed in bilayer superconductor or ferromagnet structures at a change of the type of 
the domain structure in a ferromagnet [10], as well as in a thin film permalloy Corbino disk [11] at a magnetisa-
tion reversal in the direction perpendicular to the disk plane. The aim of this work was to study the features of 
the extraordinary Hall effect (EHE) and the planar Hall effect (PHE) hysteresis in thin permalloy films and the 
transition from the ordinary Hall effect (OHE) and the EHE to the PHE, as well as the dependency of this effect 
on the angle between the flowing current and the magnetic field direction. 

Experimental methods
The permalloy thin films (Ni0.8 Fe0.2 ) were obtained by ion-beam sputtering of a target onto a sitall dielectric 

substrate in an external magnetic field with the induction of B = 0.01 T. The thickness of the films was varied 
in the range of d = 80 –280 nm. The surface morphology and the magnetic microstructure of the films were 
presented in [11]. The samples in the form of a rectangular parallelepiped were prepared by photolithography 
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and etching. In order to avoid the short-circuiting effect of the current contacts on the Hall voltage, the ratio 
of the sample length to its width was at least three and varied in the range from 3 to 5. No dependence of the 
effects on the film thickness and the length-to-width ratio was observed.

Ohmic contacts were formed by a deposition of low-melting solder on the film surface, to which copper 
wires were soldered. The Hall effect was measured at T = 300 K in the field of an electromagnet with the in-
duction up to B = 1.25 T and a Helmholtz coil with the induction up to 10 mT when scanning the field in posi-
tive and negative directions. The measurements were carried out at different angles (j) between the magnetic 
field direction and sample plane as well as different angles (q) between the sampling current and the external 
magnetic field direction when measuring the PHE. Since the processes of magnetisation reversal depend on 
the initial magnetic state, all measurements were carried out with a sequential increase in the magnetic field 

to a maximum value in two scaning directions at least four times. The Hall resistance R
U
Iyx
y

x
=  is defined as 

a ratio of the potential difference measured between the Hall contacts to the sampling current. The magnetic 
field induction measurement error did not exceed 1.5 %, and the angle setting error between the magnetic field 
and plane of the sample direction did not exceed ± 1°. The angle setting error between the flowing current and 
the magnetic field direction when measuring the PHE did not exceed  ± 3°. The estimation of the current and the 
voltage measurement errors showed that they did not exceed 0.008 and 0.1 %, respectively.

Results and discussion
Figure 1 shows the Hall resistance hysteresis loops of the permalloy film at different angles between the mag-

netic field direction and the sample plane. The sample has the form of a rectangular parallelepiped of 2 × 8 mm 
and a thickness of d = 120 nm. Despite the fact that at j = 0 the voltage measured between the Hall contacts strict-
ly speaking is not related to the Hall effect, we will use the well-established terms PHE when the magnetic field 
is parallel to the film plane and EHE as well as OHE measured at arbitrary angles φ. As can be seen, an increase 
in the field leads to a rather sharp increase in the Hall resistance due to the dominance of the EHE because of the 
spontaneous magnetisation of the sample. Upon reaching the magnetisation saturation (B > 0.7 T), the slope of 
the Hall resistance is reduced and is determined by the action of the Lorentz force on the moving electrons, 
i. e. the OHE. The inset in fig. 1 shows the magnetisation hysteresis loop at j = 90°. One can see the value of 
magnetisation saturation field corresponds the change of the Hall resistance slope.

An increase in the angle j leads to an expected increase in the value of the Hall resistance due to its depen-
dence on the magnetic field component normal to the sample plane, and an increase in the slope in the region 
of a weak magnetic field where the EHE dominates. Moreover, one can see the asymmetry in the value of the 
Hall resistance when the direction of the magnetic field changes to the opposite. The lack of the Hall resistance 
symmetry upon a change of the magnetic field direction is most clearly manifested when measuring the EHE 
and the PHE (see fig. 1, curves 1 and 3, respectively). The asymmetry of the Hall resistance is typical for mag-
netic solids. It is related to the non-symmetric location of the Hall contacts and changes in the longitudinal and 
transverse components of the resistance anisotropy [12].

Fig. 1. The Hall resistance hysteresis loops of the permalloy film  
at different angles between the magnetic field direction  

and the sample plane j: 1 – 0°; 2 – 45°; 3 – 90°.  
The inset shows the magnetisation hysteresis loop at j = 90°
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It should be noted, that the value of the Hall resistance depends not only on the normal magnetic field 
component, but also on the manifestation of the sample resistance anisotropy induced by the external mag-
netic field and the presence of the resistance anisotropy, i. e. the ordinary or the so-called Lorenz magnetore-
sistance (OMR), or the anisotropic magnetoresistive effect (AMR). It should also be noted, that with a change 
in the measurement geometry one can expect the appearance of the size effect contributions. It is well known, 
that OMR reaches the maximum value when the ratio of the sample length to its size in the direction perpen-
dicular to the electric and magnetic field is small [13]. It corresponds to the ratio of the length of a sample to 
its width j = 90° and the ratio of the length to its thickness at j = 0°. 

In addition one can see a sharp peak of the Hall resistance in the region of a very weak magnetic fields 
B < 10 mT, observed with the field increase in both field directions. The low field Hall resistance hysteresis 
loops at different j is shown in fig. 2, a  –  c. The direction of the magnetic field change is shown by arrows. 
The peak amplitude weakly depends on the angle, while the peak position and it’s full width at half maximum 
(FWHM) depends significantly on the measurement geometry.

The Hall coefficient of diamagnets depends on the charge currier scattering mechanism, characterised 
through the Hall factor, which in metals equals to unity [14]. Consequently, the peaks of the EHE resistance 
are due to a change in the magnitude and direction of the film magnetisation during the magnetisation reversal 
and, as a consequence, due to a change in the longitudinal and transverse components of the AMR.

The dependence of the Hall resistance peak position on the φ for two magnetic field directions B+ and B– 
is shown in fig. 3. It can be seen that an increase in the angle j leads to a peak position shift to the region of 
stronger fields. The most significant change is observed at j > 45°. Maximum value of the magnetic field peak 
position Bp is reached at j ≈ 75°. In the range of angles j ≈ 75–80°, the peak was practically not observed. 
A further increase in the angle to j = 180° leads to a decrease in the peak field position to a value close to its 
position at j = 0°. The angular dependence of the peak position in the angle range of 180 –360° is similar to 
this dependence for the angles ranging in the interval of j = 0 –180°. The absence of this feature in the range 
of angles of j = 90 –180° indicates that the magnetisation reversal of the film does not occur in the direction of 
the heavy axis, but corresponds to a change in the magnetisation direction to the opposite.

Fig. 2. Hysteresis loops of the Нall resistance of a permalloy film at different angles  
between magnetic field direction and the film plane in the region of low field j:  

1 – 0°; 2 – 45°; 3 – 90°
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The Hall resistance peak and its angular dependence are caused by the rearrangement of the domain struc-
ture during the magnetisation reversal upon a change of j. This indicates that the direction of the spontaneous 
magnetisation of the film is close to j ≈ 75–80° with respect to the film plane. This correlates with the stripe 
domain structure of the films under study [11].

However, the Hall resistance of magnetic solids can be approximated with a good accuracy by the additive 
contribution of the ordinary or extraordinary Hall coefficients by the expression [13; 15]:

R R H R Myx = +H H0 1int ,

where R
H0

 is the ordinary Hall coefficient; R
H
1

 is the so-called extraordinary Hall coefficient, which is deter-
mined by the RH0  and spontaneous ( )R

sH
 Hall coefficients: R R R

sH H H1 0
= + .  Hint is the internal magnetic field 

strength in the sample, and M is the magnetisation. Values of the ordinary and extraordinary Hall coefficients 
calculated from the experimental data (see fig. 1) are: R

H
m /C

0
6 10

9 3= ⋅ −  and R
H

m /C.
1
3 2 10

8 3= ⋅ −
.  They are 

in a good agreement with the values for the permalloy films of a similar composition [12].
The amplitude of the Hall resistance peak weakly depends on j, while its FWHM increases significantly 

as the direction of the external magnetic field approaches to j ≈ 75–80°. This dependence is shown in fig. 4. 
One can see that it correlates well with the angular dependence of the peak position (see fig. 3 and 4). Such 
an angular dependence of the position of the Hall resistance peak and its FWHM is due to the significantly 
higher value of the film demagnetising factor in the direction perpendicular to the plane of the film. It leads to 
a greater value of the external magnetic field that is required to achieve an irreversible rearrangement of the 
sample domain structure and a magnetisation saturation for larger j values.

Fig. 3. Angular dependence of the position of the Hall resistance peak  
for two magnetic field directions B+ (1) and B– (2)

Fig. 4. The dependence of the FWHM of the Hall resistance peak  
on the angle between magnetic field direction and the film plane
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The PHE in diamagnets is caused by the resistance anisotropy induced by the external magnetic field. It is 
determined by the angle between the magnetic field and the sample current directions and has maximum at 
q = 45° [16]. In a magnetically ordered films, the angular dependence of the PHE is determined not only by 
the OMR, but also by the AMR. The longitudinal and transverse components of the AMR have different values 
and moreover have different slopes in an external magnetic field. Typical for a magnetically ordered solid is 
an increase in the longitudinal component of the resistance and a decrease in the transverse one in an external 
magnetic field [17]. In this case the electrical field of the PHE is given by the relation [15]:

E jpl = −( )^r r q q
P

cos sin ,

where r
P

 and r^ are specific resistance of the longitudinal and transverse components;  j is the current density, 
and q is the angle between the magnetic and electric fields. This means that the observed effect is determined 
not only by the angle between the current direction and the external magnetic field, but also by the difference 
between the magnetic fields influence on the longitudinal and transverse the components of the resistance. 
Figure 5 shows the dependence of the resistance of the PHE on the angle between the direction of the magnetic 
field and the sample current, when the EHE (B = 0.25 T, curve 1) and OHE (B = 1 T, curve 2) dominate.

An increase of the angle q leads to a decrease in the PHE resistance, which reaches a minimum value at 
q ≈ 45°. When q > 45° the PHE resistance increases rather sharply. As noted above, the transverse component 
of resistance in magnetic solids in a magnetic field decreases. Therefore, the decrease of the PHE resistance in 
the angle range of q ≈ 0 – 45° can be due to the rotation of the initial direction of the film magnetisation to the 
direction parallel the sampling current. At q > 45°, a reverse process is presumably observed, i. e. a rotation of 
the magnetisation direction perpendicular to the sampling current. It should be noted, that there is a slight de-
crease in the demagnetising factor of the film in the angle range of  q = 0 – 45° and a corresponding increase at 
large angles. It correlates with the angular dependence of the PHE. However, the change in the demagne tising 
factor in this case is insignificant. In our opinion, it’s related to a change in the longitudinal and transverse 
components the resistance of magnetically ordered solids in an external magnetic field. Therefore the change 
demagnetising factor this effect is not very important.

When the magnetic field direction is parallel to the film plane, the classical size effect manifestation in the po-
sitive component of the OMR can be excluded, since this effect is minimal due to the low thickness of the 
film [13]. However, a possibility of an increase of the positive OMR component cannot be ruled out, since 
a change of q in the range of q = 0 – 90° leads to a transition from the longitudinal to the transverse OMR effect. 
The transverse OMR is greater than the longitudinal one and can contribute to the OMR effect at q > 45°. As one 
can see, this is especially pronounced in a strong magnetic field (see fig. 5, curve 2).

The Hall resistance peaks were observed also in PHE measurements. The amplitude of the PHE peaks 
was somewhat smaller. Since the peak position is determined by the magnetic field due to the rearrangement 
of the domain structure, the observed effects depend on the demagnetising factor of the sample. It was of 
interest to establish, how the position of the peak changes during the film magnetisation reversal in plane, 
i. e. when measuring the PHE as a function of the angle between the magnetic field and the sampling current 
direction.

Fig. 5. Dependence of the PHE resistance on the angle  
between the magnetic field and the sampling current direction  

in a weak and strong magnetic fields: B = 0.5 T (1); B = 1 T (2)
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The corresponding dependence is shown in fig. 6. The change of the peak position can be associated with 
a change of the demagnetising factor of the rectangular parallelepiped when the magnetic field rotates in plane. 
In this case the demagnetising factor decreases when the magnetic field direction approaches the diagonal of 
the parallelepiped and increases when the field moves away from it. However, as it was mentioned above, this 
change is insignificant, and does not correlate with the observed decrease in the peak position at q > 60°, which 
may be related to the peculiarity of the in-plane remagnetisation of thin films with a perpendicular magnetic 
anisotropy.

Conclusion
The sharp peak in the EHE and PHE resistance was observed in thin permalloy films obtained by means 

of ion beam sputtering onto a dielectric substrate. This peak is caused by the domain structure rearrangement 
upon the magnetisation reversal of the film. The peak position of the Hall resistance and its FWHM of the 
EHE and PHE is determined by the angle between the magnetic field and the film plane direction, as well as 
by the angle between the sampling current and the external magnetic field. The position of the Hall resistance 
peak and its FWHM in the EHE both change in the range of D В ≈ 0.2–5.0 mT, when the angle between the 
film plane and the magnetic field direction changes in the range of j = 0 – 90°. The magnitudes of the ordi-
nary and extraordinary Hall coefficients determined from the experimental data are: R

H
m /C

0
6 10

9 3= ⋅ −  and 
RH m /C,

1
3 2 10

8 3= ⋅ −
.  respectively. Non-monotonic dependences of the planar Hall resistance and its peak 

position are related to the change in the longitudinal and transverse components of the anisotropic resistance 
in magnetically ordered solids.

Библиографические ссылки
1. Wolf SA, Awschalom DD, Buhrman RA, Daughton JM, von Molnár S, Roukes ML, et al. Spintronics: a spin-based electronics 

vision for the future. Science. 2001;294(5546):1488–1495. DOI: 10.1126/science.1065389.
2. Felser C, Fecher GH, editors. Spintronics: from materials to devices. Dordrecht: Springer; 2013. 379 p. DOI: 10.1007/978-90-

481-3832-6.
3. McGuire TR, Potter RI. Anisotropic magnetoresistance in ferromagnetic 3D alloys. IEEE Transactions on Magnetics. 1975; 

11(4):1018–1038. DOI: 10.1109/TMAG.1975.1058782.
4. Baibich MN, Broto JM, Fert A, Nguyen Van Dau, Petroff F, Etienne P, et al. Giant magnetoresistance of (001)Fe/(001)Cr mag-

netic superlattices. Physical Review Letters. 1988;61:2472–2475. DOI: 10.1103/PhysRevLett.61.2472.
5. Binasch G, Grünberg P, Saurenbach F, Zinn W. Enhanced magnetoresistance in layered magnetic structures with antiferromag-

netic interlayer exchange. Physical Review B. 1989;39(7):4828–4830. DOI: 10.1103/physrevb.39.4828.
6. Julliere M. Tunneling between ferromagnetic films. Physics Letters A. 1975;54(3):225–226. DOI: 10.1016/0375-9601(75)90174-7.
7. Corte-León H, Nabaei V, Manzin A, Fletcher J, Krzysteczko P, Schumacher HW, et al. Anisotropic magnetoresistance state 

space of permalloy nanowires with domain wall pinning geometry. Scientific Reports. 2014;4:6045. DOI: 10.1038/srep06045.
8. Xu YB, Vaz CAF, Hirohata A, Leung HT, Yao CC, Bland JAC, et al. Magnetoresistance of a domain wall at a submicron junc-

tion. Physical Review B. 2000;61(22):14901–14904. DOI: 10.1103/PhysRevB.61.R14901.
9. 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 B. 1999;59(6):4322–4326. DOI: 10.1103/PhysRevB.59.4322.
10. Русанов АЮ, Голикова ТЕ, Егоров СВ. Изменение знака магнеторезистивного эффекта в бислойных структурах сверх-

проводник/ферромагнетик при смене типа доменной структуры в ферромагнетике. Письма в Журнал экспериментальной и тео-
ретической физики. 2008;87(3):204–209.

Fig. 6. The dependence of the planar Hall resistance peak position  
on the angle between the magnetic field and sampling current direction



60

Журнал Белорусского государственного университета. Физика. 2021;2:53–60
Journal of the Belarusian State University. Physics. 2021;2:53–60

БГУ – столетняя история успеха

11. Головчук ВИ, Лукашевич МГ. Магнитная микроструктура и магниторезистивный эффект в диске Корбино с магнитным 
упорядочением. Журнал Белорусского государственного университета. Физика. 2018;2:46–53.

12. Hurd СM. The Hall effect in metals and alloys. New York: Plenum Press; 1972. 416 p.
13. Lippman HJ, Kurt F. Der Geometrieinflus auf den transversalen magnetischen Widerstandseffekt bei rechteckformigen Halblei-

terplatten. Ƶeitschrift  für Naturforschung. 1958;13a(6):462–474. 
14. Киреев ПС. Физика полупроводников. Москва: Высшая школа; 1975. 584 с.
15. Campbel IA, Fert A. Chapter 9. Transport properties of ferromagnets. In: Wohlfarth EP, editor. Handbook of Ferromagnetic 

Materials. Volume 3. Amsterdam: North-Holland; 1982. p. 747–804. DOI: 10.1016/S1574-9304(05)80095-1.
16. Зеегер К. Физика полупроводников. Пожела ЮК, переводчик. Москва: Мир; 1977. 616 с. 
17. Smit J. Magnetoresistance of ferromagnetic metals and alloys at low temperatures. Physica. 1951;17(6):612–627. DOI: 10.1016/ 

0031-8914(51)90117-6.

References
1. Wolf SA, Awschalom DD, Buhrman RA, Daughton JM, von Molnár S, Roukes ML, et al. Spintronics: a spin-based electronics 

vision for the future. Science. 2001;294(5546):1488–1495. DOI: 10.1126/science.1065389.
2. Felser C, Fecher GH, editors. Spintronics: from materials to devices. Dordrecht: Springer; 2013. 379 p. DOI: 10.1007/978-90-

481-3832-6.
3. McGuire TR, Potter RI. Anisotropic magnetoresistance in ferromagnetic 3D alloys. IEEE Transactions on Magnetics. 1975; 

11(4):1018–1038. DOI: 10.1109/TMAG.1975.1058782.
4. Baibich MN, Broto JM, Fert A, Nguyen Van Dau, Petroff F, Etienne P, et al. Giant magnetoresistance of (001)Fe/(001)Cr mag-

netic superlattices. Physical Review Letters. 1988;61:2472–2475. DOI: 10.1103/PhysRevLett.61.2472.
5. Binasch G, Grünberg P, Saurenbach F, Zinn W. Enhanced magnetoresistance in layered magnetic structures with antiferromag-

netic interlayer exchange. Physical Review B. 1989;39(7):4828–4830. DOI: 10.1103/physrevb.39.4828.
6. Julliere M. Tunneling between ferromagnetic films. Physics Letters A. 1975;54(3):225–226. DOI: 10.1016/0375-9601(75) 

90174-7.
7. Corte-León H, Nabaei V, Manzin A, Fletcher J, Krzysteczko P, Schumacher HW, et al. Anisotropic magnetoresistance state 

space of permalloy nanowires with domain wall pinning geometry. Scientific Reports. 2014;4:6045. DOI: 10.1038/srep06045.
8. Xu YB, Vaz CAF, Hirohata A, Leung HT, Yao CC, Bland JAC, et al. Magnetoresistance of a domain wall at a submicron junc-

tion. Physical Review B. 2000;61(22):14901–14904. DOI: 10.1103/PhysRevB.61.R14901.
9. 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 B. 1999;59(6):4322–4326. DOI: 10.1103/PhysRevB.59.4322.
10. Rusanov AYu, Golikova TE, Egorov SV. Change in the sign of the magnetoresistance effect in bilayer superconductor/ferro-

magnet structures under change in the type of the domain structure in the ferromagnet. Pis’ma v Zhurnal èksperimental’noi i teoreti-
cheskoi  fiziki. 2008;87(3):204–209. Russian.

11. 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;2:46–53. Russian. 

12. Hurd СM. The Hall effect in metals and alloys. New York: Plenum Press; 1972. 416 p.
13. Lippman HJ, Kurt F. Der Geometrieinflus auf den transversalen magnetischen Widerstandseffekt bei rechteckformigen Halblei-

terplatten. Ƶeitschrift  für Naturforschung. 1958;13a(6):462–474. 
14. Kireev PS. Fizika poluprovodnikov [Physics of semiconductors]. Moscow: Vysshaya shkola; 1975. 584 p. Russian.
15. Campbel IA, Fert A. Chapter 9. Transport properties of ferromagnets. In: Wohlfarth EP, editor. Handbook of Ferromagnetic 

Materials. Volume 3. Amsterdam: North-Holland; 1982. p. 747–804. DOI: 10.1016/S1574-9304(05)80095-1.
16. Seeger K. Semiconductor physics. Wien: Springer; 1973. 514 p.
Russian edition: Seeger K. Fizika poluprovodnikov. Pozhela YuK, translator. Moscow: Mir; 1977. 616 p.
17. Smit J. Magnetoresistance of ferromagnetic metals and alloys at low temperatures. Physica. 1951;17(6):612–627. DOI: 10.1016/ 

0031-8914(51)90117-6.

Received 03.11.2020 / revised 14.04.2021 / accepted 14.04.2021.


