
1 
 

Observation of higher-order contribution to anisotropic magnetoresistance of 

thin Pt/[Co/Pt] multilayered films  

 

Wen-Bin Wu
1
, Julia Kasiuk

2
, Janusz Przewoźnik

3
, Czesław Kapusta

3
, Ivan Svito

2
, Dang 

Thanh Tran
4
, Hung Manh Do

4
, Hung Manh Dinh

5
, Johan Åkerman

6
, Thi Ngoc Anh 

Nguyen
4,7,*

  

 

1
College of Physical Science and Technology, Dalian University, Dalian 116622, China 

2
Faculty of Physics, Belarusian State University, 4 Nezavisimosti ave., Minsk 220030, Belarus 

3
AGH University of Krakow, Faculty of Physics and Applied Computer Science, Department of 

Solid State Physics, Krakow 30-059, Poland
 

4
Institute of Materials Science, Vietnam Academy of Science and Technology, 18 Hoang Quoc 

Viet, Cau Giay, Hanoi 11355, Vietnam 

5
Physics Department, Hanoi National University of Education, 144 Xuan Thuy, Cau Giay, 

Hanoi, Vietnam  

6
Department of Physics, University of Gothenburg, Göteborg 41296, Sweden 

7
Graduate University of Science and Technology, Vietnam Academy of Science and 

Technology, 18 Hoang Quoc Viet, Cau Giay, Hanoi 11355, Vietnam 

 

*ngocanhnt.vn@gmail.com 

 

  



2 
 

Abstract 

We studied the magnetoresistance mechanisms in a Pt/[Co/Pt]x5 film consisting of a 

ferromagnetic [Co/Pt]x5 layer with strong perpendicular magnetic anisotropy and a nonmagnetic 

Pt layer with strong spin-orbit coupling. We revealed two competing contributions of the sin
2
θ 

and cos
4
θ types to its angular and magnetic field dependences of electrical resistance at T = 10-

250 K corresponding to the out-of-plane rotation of the magnetization M(θ) perpendicularly to 

the electric current. They were attributed to different magnetoresistance mechanisms. The 

higher-order cos
4
θ contribution, which emerges and increases with decreasing temperature, is 

attributed to the anisotropic magnetoresistance of the ferromagnetic layer, while the sin
2
θ 

contribution, which prevails at room temperature and then decreases, is mainly associated with 

the spin Hall magnetoresistance originating from the Pt layer. The analysis of the corresponding 

angular dependences of the Hall voltage revealed non-trivial periodic oscillations in the second 

harmonic. Their appearance is found to be consistent with the manifestation of higher-order 

angle-dependent contributions to the field-like spin-orbit torque. The revealed strong influence 

of the electric current on the magnetization of the film studied, which ensures the higher-order 

effects manifestation, is of high relevance for magnetic memory design technologies.  

 

Keywords: multilayered films, perpendicular magnetic anisotropy, anisotropic 

magnetoresistance, spin Hall magnetoresistance, magnetic proximity, spin-orbit torque    
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1. Introduction 

A possibility of mutual conversion between two intrinsic properties of an electron, i.e. its charge 

and spin, by means of spin-orbit coupling (SOC) is of undoubted practical importance for 

spintronics and is one of the leading directions of relevant scientific research. The coupling 

between spin and orbital motion of an electron, which is capable of generating a pure spin 

current in a conductor with charge current and the accumulation of spins at its surfaces 

(interfaces), has been intensively studied over the past decades for different materials and their 

combinations [1-16]. In bilayers consisting of a nonmagnetic heavy metal (HM) with strong 

SOC and a ferromagnet (F), a spin accumulation at the HM/F interface via the mechanisms 

known as spin Hall effect (SHE) and Rashba-Edelstein effect can exert a torque on the magnetic 

moments of the ferromagnetic layer leading to their precession or even complete reversal [2, 9, 

11, 12, 17]. This finding, namely, the spin-orbit torques (SOTs) induced magnetization 

switching, has revolutionized the approaches to the design of magnetic memory [4, 6, 18, 19], 

replacing the mechanism of spin transfer from a ferromagnetic polarizer to a free ferromagnetic 

layer. Therefore, the search for novel materials with a strong SOC and the design of multilayered 

compositions with advanced interface architecture to enhance the SOT efficiency [16] are the 

challenges of a high relevance. 

Two different mechanisms are typically considered for describing the source of spin 

accumulation at the HM/F interface, namely, a bulk-type SHE generating spin current in the bulk 

of 5d (Pt, Ir, Ta, W, Hf) or 4d (Pd) HM layer and an interfacial-type Rashba effect generating 

interfacial spin accumulation in the systems with broken inversion symmetry due to the strong 

SOC of carriers [1, 3, 9, 20, 21]. Since both mechanisms demonstrate the same symmetry, 

regardless the effect, they both can contribute in a similar way to the exerted SOTs, transverse 

(or field-like torque TFL) and longitudinal (or damping-like torque TDL), which affect the 

magnetic moments of ferromagnetic layer [2, 20]. A commonly used method for detecting SOTs 

action on the magnetization, as well as for estimating their efficiency, is to measure the Hall 

voltage at the alternating current (ac) harmonics [2, 22-24]. The current-induced magnetization 

oscillations modulate the Hall voltage, while the corresponding changes are detected in the 

second harmonic component. 

Another elegant way to evaluate the TDL efficiency (spin Hall angle) in the HM/F bilayers 

involves the measurements of angular dependences of their magnetoresistance (MR), with the 

current-induced changes being detectable even in a dc current mode [11, 24-27]. Such changes, 

referred to as the spin Hall MR (SMR), are established to arise due to the asymmetry in the 

absorption and reflection of the spin current generated by the bulk SHE of the HM upon rotation 

of the magnetization of an adjacent ferromagnet [3]. However, the SMR turned out to be the 
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most debatable mechanism. Initially, it was proposed and successfully applied for interpreting 

the angle-dependent MR of the HM/FI bilayers, where FI is a ferromagnetic insulator [27-29]. 

However, in the HM/FM bilayers, where FM is a ferromagnetic metal, which are more relevant 

for applications, additional MR mechanisms with similar manifestation (symmetry) can 

contribute due to charge current passing through the FM, like anisotropic MR (AMR) and 

anisotropic interface MR (AIMR). They arise due to the influence of SOC on the scattering of 

electrons in the bulk FM and at its interface(s) [3, 30, 31]. Therefore, despite the fact that the 

SMR contribution to MR of the HM/FM bilayers has been reliably proven [32-36], the SOT 

efficiency estimated in this way can be erroneous [25], since it is difficult to separate out a pure 

SMR effect [24].  

In spite of the various developed approaches to adapt and extend the theory describing the 

SMR mechanism to all-metallic bilayers and multilayers (MLs) [32-40], heated debate about the 

origin of the observed MR effects has not subsided for a decade. In general, the SMR mechanism 

can be distinguished from the AMR one, which is a fundamental magneto-transport property of 

FMs, by their different angular dependences, since the out-of-plane rotation of magnetization 

perpendicular to the current changes the resistance according to the SMR mechanism, but does 

not change it according to the AMR mechanism. However, a series of works devoted to the 

detailed study of AMR in thin FM layers [30, 31, 41] have verified that the assumption of a 

constant AMR effect in the plane perpendicular to the current is not valid for textured and 

layered films due to the symmetry reasons. The impact of crystallinity and interface-scattering 

anisotropy should be considered in such systems, which can provide additional contributions to 

AMR that depend on the polar angle θ of the out-of-plane magnetization rotation. This makes the 

SMR and AMR mechanisms indistinguishable due to their similar angular dependence of the 

cos
2
θ-type [3]. The proposed approaches of extracting pure SMR/AMR effects are mainly based 

on verifying the dependences of the observed MR effect on the thickness of each layer, HM and 

FM, [31, 33, 42, 43] and on comparing the estimated spin Hall angle with that obtained by other 

methods [11, 24, 25, 43]. However, there is still no absolute agreement in the results of the above 

studies, as well as in the unambiguous interpretation of the MR mechanisms in HM/FM bilayers 

[3, 41]. 

The present work is focused on the low-temperature study (T = 10-250 K) of the angular 

and magnetic field dependences of MR in a Pt/[Co/Pt] bilayer, which contains [Co/Pt] MLs as an 

FM layer with very strong perpendicular magnetic anisotropy (PMA) (anisotropy field BA of 2 T) 

and Pt as a HM layer with strong SOC, to verify its MR mechanisms. Although the ordinary and 

widely studied materials are chosen for the layers, our film demonstrates atypical and intriguing 

dependences of MR on both the magnitude and orientation of the applied magnetic field, which 
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indicate the contribution of several effects with different physical mechanisms standing behind 

them. Their interpretation made it possible to distinguish both the SMR and AMR contributions 

to the electron transport in the film studied. A higher-order term of cos
4
θ-type is shown to appear 

with decreasing temperature, which was predicted for such films from symmetry considerations 

[41], but has never been experimentally observed in Pt/Co systems before. The interpretation of 

the low-temperature peculiarities of MR takes into account the influence of a magnetic proximity 

effect (MPE) in Pt. Additionally, the results of Hall voltage analysis in the second harmonic are 

presented, where non-trivial angular dependences, demonstrating periodic oscillations, are 

revealed. Their appearance is found to be consistent with the manifestation of anisotropic 

contributions to the TFL SOT [2, 3, 44]. 

 

2. Experimental 

The Pt/[Co/Pt] thin film with nominal composition of 

Ta5 nm/Pt15 nm/[Co0.4 nm/Pt0.8 nm]х5/Pt3 nm/Ta5 nm (from bottom to top) was deposited on thermally 

oxidized flat Si wafers using ultra-high vacuum magnetron sputtering system (AJA International, 

Inc., USA) with a base pressure lower than 4×10
-6

 Pa. During film deposition, the working 

pressure was 0.67 Pa under a fixed Ar flow rate of 25 sccm. The top Ta layer was used as a 

capping layer to prevent oxidation of the MLs, while the thick bottom Ta/Pt bilayer serves to 

promote strong (111) texture and to improve the perpendicular anisotropy of the subsequent 

[Co/Pt] MLs. The layer thicknesses were determined from the deposition time and calibrated 

deposition rates. 

Microstructural studies have been performed with a high resolution transmission electron 

microscopy (HRTEM) using FEI Tecnai G2 F20 X-Twin   microscope, which operates at 200 

kV. The samples were prepared for cross-sectional analysis by focused ion beam (FIB) technique 

using a dual beam FEI Strata 400S microscope. The data were analyzed with Gatan 

DigitalMicrograph GMS 3 and VESTA software. 

The structures and phase compositions of the deposited Pt/[Co/Pt] film were examined by 

X-ray diffraction (XRD) using an Empyrean PANalytical diffractometer with Cu Kα radiation 

(λ = 0.15418 nm). The experimental data were collected at room temperature (RT) in the 

conventional Bragg-Brentano theta-theta geometry, with the diffraction angle 2Θ between the 

incident beam and detector being scanned in the range of 10º-130º. The experimental data were 

analyzed using HighScore Plus software and fitted with the FullProf program
 
[45] based on the 

Rietveld method. 

The magnetic properties of the Pt/[Co/Pt] film were characterized using the vibrating 

sample magnetometry (VSM) option of the Quantum Design Physical Property Measurement 
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System (PPMS) in the temperature range T = 3-300 K. A magnetic field with induction B up to 

9 T was applied along the film normal and in the film plane. The linear diamagnetic contribution 

from the substrate was subtracted from the raw experimental field dependences of magnetization. 

The magnetotransport properties of the Pt/[Co/Pt] film were measured at T = 3-300 K by a 

standard four-probe method using the direct current (dc) resistivity and alternating current (ac) 

transport options of PPMS, equipped with a rotating sample holder. A dc current I of 5 mA or an 

ac current with the frequency of 103 Hz and amplitude I0 of 4 mA was applied using current-

carrying contacts (I), and the value of electrical potential difference was measured using voltage-

sensing contacts placed in-line with current-carrying contacts (U) and perpendicular to them 

(UH), as shown in the scheme of electrical contacts arrangement in Fig. 1. The longitudinal 

resistance R was calculated as R = U/I. In the ac mode, the harmonic Hall-voltage measurements 

were performed by taking the Fourier transform of the Hall voltage, with the signal being 

decomposed into the first harmonic (UH 
f
) and second harmonic (UH

2f
) components.  

The R and UH were measured depending on the direction and magnitude of the applied 

magnetic field B. The field dependences R(B) and UH(B) were measured in B field swept in the 

range of -9 – +9 T in two orthogonal directions, perpendicular to the film plane (along z axis) 

and in the film plane, but perpendicular to the electric current (along y axis), as shown in Fig. 1. 

The angular dependences R(θB) and UH(θB) were measured in the constant-value field B rotating 

in zy plane (perpendicular to the electric current) in the angle range θB = 0-360° (step ΔθB = 1°) 

counted from the film normal (Fig. 1). For signal processing, the averaging over two 

permutations of the pair of voltage-sensing contacts (both, for longitudinal or transverse pair) 

was carried out to eliminate a possible parasitic signal from the contacts with opposite parity, 

which may occur due to the asymmetry of the voltage probes and spread in current directions.  

 

 

3. Results and discussion 

3.1. Structure and phase composition 

XRD pattern of the Pt/[Co/Pt] film is shown in Fig. 2(a). The intense peak at 2Θ = 40.04º, 

corresponding to the face-centered cubic (fcc) lattice with a cell parameter a = 3.899 Å close to 

that characterizing the Pt bulk phase (a = 3.911 Å [46, 47]), dominates in the pattern and 

overlaps the rest of the peaks. It relates to the thick 15-nm Pt underlayer (or buffer layer). A 

distinct (111)-texture is characteristic of the Pt underlayer, and no detectable peaks 

corresponding to other crystal orientations are found… 
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3.2. Magnetic anisotropy 

Magnetization curves of the Pt/[Co/Pt] film, which are measured directly by VSM and estimated 

from the anomalous Hall effect (AHE) voltage UAHE in two perpendicular-to-current directions 

of the external magnetic field B, i.e. along the film normal (Bz) and in the film plane (By), are 

shown in Fig. 3. The data are presented as mz and mz projections of magnetization M on the 

corresponding axes normalized to the saturation value MS of each curve. Color gradient shows 

the gradual temperature change in the range T = 3-100 K. The evolution of mz projection of 

magnetization in the field B sweeping in z direction (Fig. 3(a)) can be equally estimated from 

both the magnetometry M(Bz) and Hall-voltage UAHE(Bz) curves, with the similar field 

dependences being obtained. Inversely, the in-plane UAHE(By) and M(By) curves (Figs. 3(b) and 

3(c)) provide correspondingly the mz(By) and my(By) dependences. The curves shown in Fig. 3(a) 

are extracted from the raw Hall voltage signal UH(Bz) by removing the contribution of an 

ordinary Hall voltage and considering that UAHE(B) = I·ΔRAHE·mz(B) for perpendicular-to-current 

magnetization rotation (φ = φB = 90°), where ΔRAHE is the coefficient of AHE. Small out-of-

plane field tilting of 5⁰ from y axis is introduced for achieving coherent magnetization rotation in 

Fig. 3(b)…  

 

3.3. Magnetoresistance 

3.3.1. Angular dependences of magnetoresistance 

The angular dependences of electrical resistance R(θB) of the studied Pt/[Co/Pt] film in the 

external magnetic field B = 4 T rotating in zy plane are shown in Fig. 4(a) for different 

temperatures T = 250 K, 100 K and 10 K. The experimental curves are normalized to the 

amplitude of the resistance change at each temperature, i.e. ΔR(θB)/ΔRmax = (R(θB)-Rmin)/(Rmax-

Rmin). The applied field of 4 T exceeds significantly the anisotropy field BA ~ 1.6-2 T of the film 

in the whole inspected temperature range (Fig. 3(c)) and is supposed to be sufficient to 

completely saturate the film magnetization. 

The shape of the ΔR(θB) curve at T = 250 K (Fig. 4(a)) looks consistent with that for the 

SMR effect characteristic of HM/FM bilayers [3, 11, 26, 38, 58], which provides the angular 

dependence of resistance R(θB) according to  

                            (1) 

in the case of M rotation in zy plane, i.e. for φ = 90°, where the resistance R is typically 

independent of AMR effect. Here, R0 is the isotropic contribution to the longitudinal resistance 

independent of the magnetization orientation, ΔRSMR is the amplitude of the SMR effect, and θ is 

a polar angle of M orientation in spherical coordinates (Fig. 1). The clear minima of the R value 

at θB = 90° and 270° correspond to the alignment of the FM magnetization parallel to the spin 
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polarization σ in Pt at the Pt/FM interface [59]. Here we do not consider effects that provide a 

linear change in R with applied current, such as unidirectional SMR (USMR) [58], which implies 

different resistance for parallel and antiparallel orientation of M and σ. This effect is negligible in 

Pt/Co systems at such low current densities as those used in this study (~10
5
 A/cm

2
), and 

therefore can be neglected when averaging over two opposite current directions… 

 

3.3.2. Field dependences of magnetoresistance 

The anomalies in the low-temperature MR of the studied Pt/[Co/Pt] film are also revealed in its 

field dependences of electrical resistance R(B). As shown in Fig. 5(a), at higher temperatures 

(e.g. at T = 200 K), the shape of R(Bz) and R(By) curves satisfies the SMR mechanism expected 

for similar Co/Pt bilayers [11, 25, 32, 38]. Namely, besides a conventional Lorentz MR 

mechanism providing B
2
 isotropic dependence of R(B) in high fields, a negative contribution to 

the R signal appears in the R(By) curve as a decrease in the resistance in B ≤ BA due to the FM 

magnetization rotation towards the y axis, which is parallel to the Pt polarization σ… 

 

3.3.3. Mechanisms 

The approximations shown in Fig. 4(d) and 5(c) perfectly match the experimental R(θB) and R(B) 

curves, with the competition between the two contributing sin
2
θ and cos

4
θ components being 

evident. A similar ~cos
4
θ contribution to the angular dependences of MR was previously 

detected for the Pt/Ni/Pt sandwiches and associated with the AMR mechanism arising due to the 

film crystalline texture [41]. Despite the fact that the conventional AMR mechanism declares 

simple cos
2
ψ dependence of the resistance on the orientation of the FM magnetization ψ with 

respect to the current, this is inapplicable for structurally anisotropic films. Taking into account 

the symmetry arising from the fcc (111) texture and layered structure of thin films, a relation for 

the AMR can be obtained in the form of a series ∑           , which implies its explicit 

dependence on the polar angle θ of magnetization even for M rotation in the plane perpendicular 

to the current direction (φ = 90°) [41-43]. Each term ΔR2n in the series potentially consists of the 

bulk and interfacial contributions due to the fcc (111) texture and uniaxial anisotropy of the 

interfaces, respectively. Thus, the second-order term ΔR2 was attributed to the contributions of 

bulk geometrical size effect (GSE) and interfacial AIMR effect. The fourth-order term ΔR4 

typically includes only bulk-type contribution, while the interface-scattering anisotropy of the 

fourth order is zero within the error margins [41]. The higher-order terms with 2n ≥ 6 are 

typically omitted due to their small ΔR2n amplitude, but can contribute significantly at low 

temperatures [41]…  
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3.4. Second harmonic Hall voltage 

Analysis of ac Hall voltage of the studied Pt/[Co/Pt] film revealed a detectable UH
2f

 signal in the 

second harmonic both in the field and scanning modes (Fig. 6), i.e. for the external field B 

sweeping along y axis or rotating in zy plane, respectively. The shape of UH
2f

(By) curve (Fig. 

6(a)) looks similar to that for the AlOx/Co/Pt and MgO/CoFeB/Ta trilayers, for which the 

detected signal has been associated with the action of current-induced SOTs provided by bulk 

SHE and/or interfacial Rashba effect on magnetization orientation [2, 7, 11, 22, 44, 52, 65].  

In contrast to this, the angular dependences UH
2f

(θB) of the studied Pt/[Co/Pt] film shown 

in Fig. 6(c)-(h) demonstrate distinct sinusoidal oscillations of voltage, which have not been 

reported for similar bi- or multi-layers. Interestingly, the period of oscillations changes with 

temperature from 5·θB at 10 K (Fig. 6(c)) to 3·θB (Fig. 6(d)) at 100 K, with no periodic 

oscillations being detectable at T = 250 K. It should be mentioned that we do not expect the 

contribution of the thermoelectric effects, associated mainly with the anomalous Nernst effect 

(ANE), induced by Joule heating, since moderate current densities less than 10
5
 A/cm

2
 are 

applied in the present study. In addition, the thermoelectric transverse voltage contribution was 

previously shown to be negligibly small in Pt/Co layers [58, 65, 66], with the angular 

dependence of another type (~cos(θ)) being characteristic of the ANE in the second harmonic 

voltage [7]...  

 

4. Conclusions 

A low-temperature study of MR and Hall voltage was carried out for the thin Pt/[Co/Pt] 

multilayered film containing the [Co/Pt] MLs, which serve as an FM layer with a strong PMA 

(BA ~ 2 T), in contact with the Pt HM layer with high SHE. A strong bulk and interfacial SOC 

provides intricate combinations of quite different effects in the longitudinal MR and second 

harmonic Hall voltage, which can be specified and discriminated at low temperatures. In 

particular, the competition between the mechanisms of SMR in the HM layer and AMR in the 

FM layer provides a complex shape of the perpendicular-to-current angular dependences of MR, 

with the AMR contribution appearing as a fourth-order term of cos
4
θ-type. Rarely observed 

higher-order contributions to AMR arise as a result of the anomalous manifestation of AMR 

effect in polar rotational geometry (φ = 90°) in the [Co/Pt] MLs with a pronounced fcc (111) 

texture and/or distinct layered structure of the [Co/Pt] MLs. The increase in the Pt polarization 

with decreasing temperature is found to be responsible for detecting a weak signal from the 

higher-order terms of MR in the studied film (T ≤ 100 K), since it changes the balance between 

the second- and fourth-order contributions, suppressing the SMR and enhancing the AMR due to 

induced ferromagnetism. 
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The action of current-induced field-like SOT on the FM magnetization is revealed from the 

analysis of the second harmonic component of the ac Hall voltage, which shows detectable UH
2f

 

signal in the field and angular scans despite a rather low applied current density of 10
5
 A/cm

2
. A 

specific shape of the angular dependences UH
2f

(θB), which demonstrates periodic cosine 

oscillations, is revealed for the studied film at T = 10-100 K, with their period reducing with 

decreasing temperature. Such oscillations, which have not been previously reported for similar 

films, are associated with a low-temperature increase in the impact of higher-order angle-

dependent terms    
          (2n = 2, 4…) contributing to the field-like SOT. The correlation is 

supposed to exist between the detected higher-order terms ∑     
    

        and ∑   
          

contributing to the low-temperature R(θB) and UH
2f

(θB) dependences, respectively. Both the 

anisotropic SOTs and MR contributions observed are expected to arise due to the anisotropic 

spin-dependent scattering at the HM/FM interface with strong SOC or inside the FM layer with 

pronounced uniaxial anisotropy caused by crystalline texture. The revealed correlation 

contributes to the insight into the SOTs-generation mechanisms, while the observed robust 

influence of the field-like SOT on the FM magnetization at the Pt/Co interface is promising for 

designing an electrically controlled magnetic memory and spin logic cells. The manifestation of 

anisotropic components of SOT indicates the high sensitivity of magnetization of the [Co/Pt] 

MLs to the injected electric current that opens up opportunities for implementing efficient SOT-

induced magnetization switching in Pt/[Co/Pt] bilayers and their application as SOT-HM/FM 

junction in the next generation spin logic and memory devices. 
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Figure captions 
 

Figure 1. A scheme of electrical probes arrangement and definition of polar and azimuthal angles 

setting the orientation of magnetization M(θ, φ) and external magnetic field B(θB, φB) in spherical 

coordinates 

 

Figure 2. (a-b) XRD patterns of Pt/[Co/Pt] film with 15 nm (a) and 3 nm (b) thick Pt underlayer 

accompanied by their approximation and phase decomposition; (c) HRTEM image of Pt/[Co/Pt] 

film with 15 nm thick Pt underlayer; (d) enlarged images of selected areas of [Co/Pt] MLs 

obtained by HRTEM (upper panel) and processed according to FFT procedure (lower panel); (e) 

inverse FFT images obtained from the regions of Pt underlayer and [Co/Pt] MLs; red dots in (e) 

correspond to the calculated atoms positions for Pt (a = 3.897 Å) and CoPt (a = 3.840 Å) fcc 

lattices. 

 

Figure 3. (a)-(c) Field dependences of normalized magnetization obtained at different 

temperatures T = 3-300 K: (a) mz projection in Bz field; (b) mz projection in By field; (c) my 

projection in By field; (d) field dependences of magnetization orientation θ(By) at T = 3-300 K; 

(e) temperature dependences of coercive field BC(T) in Bz field (red line) and switching field 

BR(T) in By field (black scatters and shaded area limited by the curves corresponding to the 

beginning and completion of the magnetization reversal transition); (f) field dependences of in-

plane magnetization My(By) (in the absolute values of net magnetic moment); (g) temperature 

dependence of saturation magnetization (net magnetic moment) MS(T). 

 

Figure 4. (a) Angular dependences of normalized longitudinal resistance ΔR(θB)/ΔRmax; (b) the 

corresponding angular dependences of AHE voltage UAHE(θB) and (c) magnetization orientation 

θ(θB) on the direction of magnetic field θB rotating in zy plane (B = 4 T); (d) approximation of 

R(θB) dependences and their decomposition into ~sin
2
θ and ~cos

4
θ components; right axis in (d) 

show the corresponding MR ratios. 

 

Figure 5. (a)-(c) Field dependences of resistance R(B) measured at T = 200 K (a) and T = 10 K 

(b), (c) in Bz and By magnetic field; the inset in (b) shows the corresponding angular R(θB) 

dependence; the R(By) curve in (c) is decomposed into ~sin
2
θ, ~cos

4
θ and Lorentz contributions; 

(d) field dependences of MR ratios obtained at different temperatures T = 3–300 K in By 

magnetic field; (e) field dependences of AMR effect obtained at different temperatures T = 3–

250 K in Bx magnetic field; (f) temperature dependences of the amplitude of the AMR effect 
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obtained in Bx and By magnetic field accompanied by temperature dependence of saturation 

magnetization (net magnetic moment) MS(T). 

 

Figure 6. (a) Field dependences of the first UH
f 
(By) and second UH

2f
(By) harmonic Hall voltage 

obtained at T = 10 K in the field B sweeping in θB = 85° direction; red solid line shows UH
2f

(By) 

curve modeled using Eq. (4); (b) effective field BFL/cosθ obtained according to Eq. (5) as a 

function of external field By; the inset show the BFL(θ) dependence derived; (c)-(h) angular 

dependences (zy scans) of the second harmonic Hall voltage UH
2f

(θB) obtained at 

T = 10 K (c), (e), (f); T = 100 K (d), (g); and T = 250 K (h) in the fixed external field B = 4 T 

(green scatter) and B = 2 T (orange scatters). The solid lines in (c) and (d) show cos(k∙θB) 

function scaled from the experimental curves, while the dotted lines in (e)-(h) show 

approximations by the function ~dU
f
H/dθB · cos(l∙θ) according to Eq. (3). 
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