HAHOMATEPI/IAJH)I

N HAHOTEXHOJIOTNAN

NANOMATERIALS
AND NANOTECHNOLOGIES

VIIK 537.622

DKCTPAOPAMHAPHBIN U ITAAHAPHBIN
IOOEKTBI XOAAA B TOHKUX ITAEHKAX ITEPMAAAOS

B. H. TOJIOBYYK", M. I. IVKALIEBHY"

l)Eeflopycacuﬁ eocyoapcmeennulil ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, berapyce

W3y4eHsl meTiau rucrepes3nca XOJIOBCKOTO CONMpPOTUBICHMSI B TOHKUX (d = 80—280 HM) MarHUTOYIOPSIOYEHHBIX
menkax nepmaiios (NiggFey,) npu 7= 300 K, u pasubix ymax (¢ = 0-360°) Mexk1y MIOCKOCTBIO IUICHKH U HAIPaB-
JICHWEM MarHUTHOTO TOJs (3KCTPaOpAMHAPHBIA M OOBIYHBIN A(dexTsl Xomra), M pa3Hex yrmax (0 = 0-90°) mexny
HAaIpaBJIeHMEeM MarHUTHOTO TOJIsl ¥ TIPOTEKAIOIINM TOKOM (IutaHapHbid dpdekt Xoma npu ¢ = 0°) B MarHUTHOM T10J1e
¢ uaayknuet 1o B = 1,25 Tn. [Inenku nomyyeHs! Ha CUTAJUIOBON MOAJIOKKE METOIOM HMOHHO-IY4€BOTO PACIBIICHHUS.
Kaxk B skcTpaopauHapHOM, Tak U IutaHapHoM d¢dekre Xoiuia Mpu nepeMarHiuuBaHUN HAOIOAAI0TCSl PE3KHE MHUKU XOJI-
JIOBCKOTO COTIPOTHUBJICHHSI, 00yCIIOBJICHHbIE H3MEHEHNEM TIPH TIepeMar HIYMBaHUH aHU30TPOIMU CONPOTHBIICHUS] MArHUTO-
YIIOpSIIOUeHHOH cpenpl. B sxcTpaopauaapHoM sddexte Xoruta NoI0KeHNE U IIHPHHA TIHKa Ha TTOTYBBICOTE ONPEEIIOTCS
YIJIOM MEKJy HalpaBICHHEM MAarHUTHOTO MOJIS M IIOCKOCTBIO TUICHKHU. [oKa3aHo, 4To IpH NpUONMKEHNN HAPABICHUS
BHEIITHET'0 MarHUTHOTO I0JIsI K HAlPaBICHUIO CIIOHTAHHOM HaMarHUYEHHOCTH TJIEHKM MarHUTHOE I10J1€ MOJOKEHUs B
U nonymupuHa nuka AB, yBennuuBaroTcsa. B unTepBane ymios ¢ = 0-90° B, u AB,_ n1Ka XOIJIOBCKOTO CONPOTHBIECHUS
H3MEHSIOTCS B Onm3Kux uHTepBanax (AB = 0,2-5,0 mTi). OOHapy»eHa HEeMOHOTOHHAsI 3aBUCHMOCTb XOJIIIOBCKOTO COTIPO-
THUBJICHHS ¥ TTOJIOKEHHMSI €0 MHUKA B IUIaHAPHOM d(dekTe XoJuta OT yIia Me/1y MPOTEKAIOIINM TOKOM M HallpaBiIeHUEM
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MAar"HuTHOTO II0JIA, O6yCJ'lOBJ'lCHHa$I HU3MCHCHHUEM HpO}IOJ’IBHOﬁ n HOHCpe‘IHOﬁ KOMITIOHCHT CONPOTUBJICHUA MarHUTOYIIO-

PSIOYEHHO Cpejibl BHEIIHUM MarHUTHBIM TosieM. OnpejiesieHbl BeIMYUHBI O0BIYHOTO U OKCTPAOpANHAPHOTO Ko3(h(hu-
1uenToB Xomna: Ry =6 - 10 M*/Kin u Ry =32 10" M’/Ku coorsercTBEHHO.

Knroueswie cnosa: mepmaioif; skcTpaopauHapHbiit a(dext Xomra; mmaHapHbii 3gdext Xora; moamoxKKa; MICHKA;
MarHuTHOE yIOpsIJOYCHHE.

EXSTRAORDINARY AND PLANAR HALL
EFFECTS IN THIN PERMALLOY FILMS
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The Hall resistance hysteresis loops in thin (d = 80-280 nm) magnetically ordered permalloy films (Ni, ¢Fe,,) were
studied at room temperature at different angles between the film plane and the magnetic field direction (¢ = 0-360°) (ex-
traordinary and ordinary Hall effects), at different angles (8 = 0—90°) between the magnetic field direction and the flowing
current (planar Hall effect at ¢ = 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 B,
and the full width at half maximum of the peak A B increase. In the angles range of ¢ = 0—-90° B, and AB, varies in the
magnetic field range from AB = 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: Ry =6 - 10 m*/C and
Ry = 3.2-10°® m?/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 (Ni, Fe, ,) 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 7 = 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 (¢) between the magnetic
field direction and sample plane as well as different angles (8) 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

U
to a maximum value in two scaning directions at least four times. The Hall resistance Ryx = I—y is defined as
X

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 x 8 mm
and a thickness of d = 120 nm. Despite the fact that at ¢ = 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 ¢. 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 @ = 90°. One can see the value of
magnetisation saturation field corresponds the change of the Hall resistance slope.

An increase in the angle ¢ 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 / 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].
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Fig. 1. The Hall resistance hysteresis loops of the permalloy film
at different angles between the magnetic field direction
and the sample plane ¢: 7 —0°; 2 —45°; 3 —90°.
The inset shows the magnetisation hysteresis loop at ¢ = 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. €. 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 @ = 90° and the ratio of the length to its thickness at ¢ = 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 ¢ 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 ¢ for two magnetic field directions B, and B_
is shown in fig. 3. It can be seen that an increase in the angle ¢ leads to a peak position shift to the region of
stronger fields. The most significant change is observed at @ > 45°. Maximum value of the magnetic field peak
position B, is reached at ¢ ~ 75°. In the range of angles ¢ = 75-80°, the peak was practically not observed.
A further increase in the angle to @ = 180° leads to a decrease in the peak field position to a value close to its
position at ¢ = 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 @ = 0—180°. The absence of this feature in the range
of angles of ¢ = 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.
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Fig. 2. Hysteresis loops of the Hall resistance of a permalloy film at different angles
between magnetic field direction and the film plane in the region of low field ¢:
1-0°%2-45°%3-90°
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Fig. 3. Angular dependence of the position of the Hall resistance peak
for two magnetic field directions B, (/) and B_(2)

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 ¢. This indicates that the direction of the spontaneous
magnetisation of the film is close to ¢ = 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, =Ry Hy + Ry M,

int
where Ry is the ordinary Hall coefficient; Ry is the so-called extraordinary Hall coefficient, which is deter-
mined by the Ry and spontancous (Ry; ) Hall coefficients: Ry = Ry + Ry . H,, is the internal magnetic field

nt
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: Ry =6- 10° m?/C and Ry =32 107* m*/C. 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 ¢, while its FWHM increases significantly
as the direction of the external magnetic field approaches to ¢ = 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 ¢ values.
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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
0 = 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,= j(p” - pl)cosesine,

where p and p, are specific resistance of the longitudinal and transverse components; j is the current density,
and 6 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 /) and OHE (B =1 T, curve 2) dominate.

035 —

0 20 40 60 80 100
0, degree

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=0.5T (/); B=1T (2)

An increase of the angle 0 leads to a decrease in the PHE resistance, which reaches a minimum value at
0 = 45°. When 6 > 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 8 = 0—45° can be due to the rotation of the initial direction of the film magnetisation to the
direction parallel the sampling current. At 6 > 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 6 = 0—45° and a corresponding increase at
large angles. It correlates with the angular dependence of the PHE. However, the change in the demagnetising
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 0 in the range of 6 = 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 > 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.
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Fig. 6. The dependence of the planar Hall resistance peak position
on the angle between the magnetic field and sampling current direction

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 8 > 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 AB = 0.2-5.0 mT, when the angle between the
film plane and the magnetic field direction changes in the range of @ = 0—90°. The magnitudes of the ordi-
nary and extraordinary Hall coefficients determined from the experimental data are: Ry, =6- 10~ m*/C and

Ry =32 107* m*/C, 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.
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