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Effect of surface roughness on the anomalous Hall effect in Fe thin films

Surface roughness plays an important role on the magnetotransport properties of thin films, especially in ultrathin films. In this work, we prepared Fe thin films with various surface roughness by using different seed layers and studied the electrical transport and anomalous Hall effect. By tuning surface roughness scattering, the longitudinal resistivity (ρ xx ) measured at 5 K increases by one order of magnitude and the corresponding anomalous Hall resistivity (ρ AHE ) increases by three times with increasing roughness. The intrinsic, skewscattering, and side-jump contributions to ρ AHE were separated from our data. The anomalous Hall angle depends on the surface roughness, which may be of importance to the material engineering for achieving large spin Hall angle.

I. INTRODUCTION

Anomalous Hall effect (AHE) in magnetic materials, since its discovery [1], has been extensively studied for the fundamental interests and potential applications. It is generally accepted that the intrinsic and extrinsic mechanisms, both of which are related to spin-orbit coupling, are responsible for the AHE. Microscopically, the intrinsic mechanism [2][3][4][5], independent of impurity scattering, originates from the Berry phase of the occupied Bloch states. The extrinsic mechanism arising from impurity scattering includes two contributions, skew scattering [6], and side jump [7]. Skew scattering comes from the asymmetric scattering at impurity sites and side jump emerges from transverse displacement of the wave function by impurity scattering.

Theories also suggested the scaling relations [2,6,7] between anomalous Hall resistivity (ρ AHE ) and longitudinal resistivity (ρ xx ) for each mechanism: ρ AHE ∝ ρ 2 xx for both the intrinsic and extrinsic side-jump mechanism, while ρ AHE ∝ ρ xx for extrinsic skew-scattering mechanism. The scaling law is usually applied to experimental data to explore the underlying mechanisms. Experimentally, both the ρ AHE and ρ xx should be tuned in some range to give a reliable scaling relation. To this end, one option is varying the film thickness where the ρ xx could be changed by surface scattering [8][9][10][11][12]. Films with different thickness are also eligible to study the surface scattering effect on the AHE [13,14]. However, surface scattering strength/potential is not only related to the thickness of the * Current address: Core Technology Platforms, New York University Abu Dhabi, P.O. Box 129188, Abu Dhabi, United Arab Emirates.

† Corresponding author: xixiang.zhang@kaust.edu.sa films but also to the surface roughness, especially in ultrathin 50 films. Furthermore, the studies of spintronic topics of spin 51 orbital torque (SOT), interfacial Dzyaloshinskii-Moriya Inter-52 action (DMI) and perpendicular magnetic anisotropy (PMA) 53 are all involved with ultrathin films. The surface/interface 54 roughness may play an important role on these topics (see 55 Sec. 1 in Ref. [15]), which has been omitted in these studies. 56 Few theoretical studies have suggested that surface roughness 57 scattering could lead to a completely different scaling relation 58 between ρ AHE and ρ xx for spin Hall effect [16] or enhance 59 the spin Hall angle [17] in ultrathin films. However, an 60 experimental study of surface roughness effect on magneto-61 transport properties, particularly AHE, in thin films is still 62 lacking.

63

In this study, we report the surface roughness effect on the 64 AHE in Fe thin films (see the definition of surface roughness 65 in Sec. 2 of Ref. [15]). The surface roughness could be 66 affected by several factors in deposited thin films: seed layer 67 on substrate [18], substrate temperature [19], thickness of 68 deposited films [20], argon pressure during deposition [21], 69 etc. To study the surface roughness effect, we must keep all 70 other parameters of the samples the same and only vary the 71 surface roughness. Therefore, we cannot use different deposi-72 tion temperature or thickness of films since it will change the 73 microstructure or surface scattering strength. We then used 74 different materials of seed layers to tune the surface rough-75 ness. This idea is utilizing the wetting property of materials, 76 which is similar to the chemistry concept of the wettability 77 of liquid contacting with a solid surface. By this method, we 78 may most probably be able to keep all parameters (such as 79 microstructure, thickness, etc.) the same but the roughness. 80 It is, therefore, feasible to the study of the impact of surface 81 roughness scattering on the AHE.

II. EXPERIMENTAL METHODS

The samples were deposited on substrates of oxidized silicon wafers by sputtering system (Rotaris, Singulus). The structure of the films is, from the substrate side, seed layer 

III. RESULTS AND DISCUSSION

A. Structural characterizations

To demonstrate the surface roughness of the Fe layers, the samples was imaged by AFM. Due to the existence of the protection layers, the AFM images only give the surface roughness of the SiO 2 layers, which could indirectly reflect the surface roughness of Fe layers. As seen in Fig. S1 and the corresponding analysis in Supplemental Material [15], the roughness of sample Cu/Fe is higher than that of sample Ta/Fe, which indicates the larger roughness of Fe layer in Cu/Fe sample than that in Ta/Fe sample. To directly show the surface roughness of the Fe layers, we characterized the crosssections of the samples by HRTEM. The TEM specimens with cross-sections were extracted from the macroscopic samples using focus ion beam (FIB). Figures 1(a the wetting property of seed layers on SiO 2 . To examine the 140 microstructures of the samples, GID measurements were run 141 for all samples with grazing incident angle of 0.5°. Figure 1(c) 142 shows the GID spectra for all samples. The diffraction peaks 143 (110), (200), and (211) of bcc-Fe could be identified. For each 144 peak, the intensity and full width at half maximum (FWHM) 145 are quite identical for all samples, indicating that the samples 146 have similar crystallinity.

147

B. Longitudinal resistivity 148

To understand the surface roughness effect on the electrical 149 transport properties, we measured the temperature-dependent 150 longitudinal resistivity of the samples at zero magnetic field 151 in the temperature range of 5-300 K. Figure 2(a) presents 152 the ρ xx -T curves for all samples. It is evident that all 153 curves show an overall metallic behavior, i.e., all samples have 154 positive temperature coefficient of resistivity (TCR, dρ xx /dT ) 155 at high temperatures. The upturn of ρ xx (T ) curves below very 156 low temperature have a negative TCR and could be ascribed 157 to an electrical conduction dominated by two-dimensional 158 weak localization effect which was verified by the linear 159 dependence of ρ xx on lnT (see Fig. S2 in Ref. [15]). The 160 most important feature is that the ρ xx (T ) curves shift to higher 161 values over the whole temperature range from sample Ta/Fe 162 to Cu/Fe, although the thickness of Fe layers is identical 163 (5 nm) for all samples. At 5 K, the ρ xx increases by one order 164 of magnitude from sample Ta/Fe to Cu/Fe. The insulating 165 seed layers don't contribute any resistance to the measurement 166 results. For metal or alloy seed layers with thickness of 167 0.2 nm, they would have much higher resistance than that 168 of Fe layers due to the size effect [11]. Furthermore, the 169 0.2-nm-thick seed layers can hardly be continuous layers 170 but rather discontinuous clusters. Therefore, the seed layers important role in longitudinal resistivity although the samples have the same thickness and microstructure.

C. Anomalous Hall resistivity

Since we have observed that the surface roughness significantly affects the longitudinal resistivity, we now turn our attention to that how the surface roughness affects the anomalous Hall resistivity. The Hall resistivity (ρ xy ) for all samples was measured with a magnetic field applied perpendicularly to the plane of the films in a range of -50 kOe H 50 kOe and at temperatures ranging from 5 to 300 K. Figure 3(a) shows the field-dependent Hall resistivity of all samples measured at 5 K. As it is seen, the Hall resistivity follows a linear and strong dependence on applied magnetic field up to the magnetic saturation field (H sat ). At field higher than H sat , the Hall resistivity shows a linear and much weaker dependence on applied magnetic field. Zero coercivity has been observed in these curves. These are typical behaviors for magnetic thin films having in-plane magnetization at zero field. At high magnetic fields, the weakly field-dependent Hall resistivity should be ascribed to the ordinary Hall effect and the slight change of the AHE due to the improved alignment of spins. At this stage, the field-forced alignment of spins is a result of thermal agitation (except at 0 K) and nonferromagnetic coupling at Fe layer surface or defects inside Fe layers. Since Fe has high Curie temperature (1043 K), the thermal agitation 

D. Anomalous Hall effect scaling analysis 233

To study the origin(s) of the AHE in these samples, the 234 conventional scaling relation,

235 ρ AHE /ρ xx = c + dρ xx , (1) 
was usually employed, where c is the contribution of skew scattering, d is the contribution of intrinsic mechanism or side jump. This equation includes both the impurity scattering and phonon scattering effect on mechanisms of skew scattering or side jump. Recently, a new scaling relation [9],

ρ AHE = αρ xx0 + βρ 2 xx0 + bρ 2 xx , (2) 
was proposed in Fe thin films, where α represents the contribution from the skew-scattering, β and b denote the sidejump and intrinsic anomalous Hall conductivity (AHC), respectively. The subscript "0" indicates that the data were obtained at low temperatures where thermal contribution is negligibly small. This scaling relation excluded the contribution of phonon scattering to skew scattering or side jump.

To demonstrate if the phonon scattering affects the extrinsic mechanisms, we plotted the relations, ρ AHE /ρ xx ∼ ρ xx and ρ AHE ∼ ρ 2 xx , for the data of each sample, as suggested in reference [9], to compare the linearity. We found that the relation ρ AHE ∼ ρ 2 xx shows better linearity for all samples (see Fig. S4 and the corresponding analysis in Ref. [15]). Therefore we could ignore the phonon scattering effect on skew scattering or side jump and use the new scaling, Eq. ( 2), to analyze our data.

To present the roughness effect on both the longitudinal resistivity and anomalous Hall resistivity, we plotted the relation ρ AHE0 ∼ ρ xx0 , obtained at 5 K, for all samples in Fig. 4(a). From sample Ta/Fe to Cu/Fe, the nonmonotonic dependence suggests very complicated roughness scattering effect on the AHE. One may ask if the ρ AHE0 could be affected by the saturation magnetization because anomalous Hall resistivity is not only related to the longitudinal resistivity but also the magnetization [START_REF] Zhang | [END_REF]24]. The saturation magnetization of the samples could be estimated by the magnetic saturation field in Hall resistivity curves, since the samples have in-plane magnetization (demagnetization factor N = 1 in out-of-plane direction), as shown in Fig. 3 would decrease, which has been reported in Fe ultrathin films [9,12]. For the flattest sample, Ta/Fe, the intrinsic anomalous

Hall conductivity is about 746.7 -1 cm -1 which is very close to the value obtained by first-principles calculation [5].

The intrinsic anomalous Hall resistivity could be subtracted from the total anomalous Hall resistivity and then the extrinsic contribution, including skew-scattering and sidejump, of anomalous Hall resistivity,

ρ AHE0(ex) = αρ xx0 + βρ 2 xx0
(3) could be obtained. The data of ρ AHE0(ex) versus ρ xx0 were plotted in Fig. 4(c). Obviously, this curve cannot be well fitted by Eq. ( 3). For the scattering-related transport properties in thin films, both the surface scattering and bulk scattering contribute. The longitudinal resistivity at 5 K could be expressed as

ρ xx0 = ρ xx0(s) + ρ xx0(b) . (4) 
Accordingly, the scattering-related anomalous Hall resistivity at low temperatures is also expressed as

ρ AHE0(ex) = ρ AHE0(s) + ρ AHE0(b) . (5) 
The subscripts (s) and (b) denote the contributions from the surface scattering and bulk scattering, respectively. In 

instead of Eq. ( 3) is more appropriate to describe the behavior in Fig. 4(c). If we put Eqs. ( 4) and ( 5) into Eq. ( 6), Eq. ( 6) could be expressed as In this equation, ρ AHE0(ex) and ρ xx0 are variables and other 309 parameters are all constants. Using Eq. ( 7) to fit the 310 curve in Fig. 4(c), we can extract the parameters as β = 311 40.4 -1 cm -1 and α -2βρ xx0(b) = -1.59 × 10 -2 . Since 312 Eq. ( 7) is overparametrized, we cannot get the exact value 313 of α but roughly estimate it. For the sample Ta/Fe, ρ xx0 = 314 2.58×10 -5 cm and ρ xx0(b) should be lower than that. There-315 fore 2βρ xx0(b) ≪ 1.59 × 10 -2 and then α ≈ -1.59 × 10 -2 . 316 Comparing the ρ AHE0(ex) and intrinsic anomalous Hall resistiv-317 ity, the intrinsic one dominates the anomalous Hall resistivity 318 for all samples. Since we observed the variation of anomalous Hall resistivity for these samples with different seed layers, one may quest if the variation is caused by the interfacial spin-orbital coupling [25,26] or interfacial modification [27] other than the surface roughness. We then prepared several samples with the same roughness but different interfacial spin-orbital coupling. The sample structure is, from the substrate side, Fe(5 nm)/cover layer(0.2 nm)/SiO 2 (5 nm) with different cover layers (Ta, Ru, Cu). The sample, Fe(5 nm)/SiO 2 (5 nm), without metal cover layer was also prepared for comparison.

ρ AHE0(ex) = (α -2βρ xx0(b) )ρ xx0 + βρ 2 xx0 + βρ 2 xx0(b) -αρ xx0(b) + ρ AHE0(b) . (7) 
The same substrate material (SiO 2 ) lead to the same roughness of Fe layers and different cover layers provide different interfacial spin-orbital coupling. We then measured the temperature-dependent longitudinal resistivity and anomalous Hall resistivity. Figure 5(a) shows the normalized longitudinal 358 resistivity curves for the four samples. As seen, the resistivity 359 ratio, ρ xx (T )/ρ xx (300 K), is quite identical, which indicates 360 the similar extent of surface scattering in these samples. 

  (0.2 nm)/Fe (5 nm)/SiO 2 (5 nm) with different seed layers (Ta, Ir 20 Mn 80 , MgO, Ru, Co 60 Fe 20 B 20 , SiO 2 , Co, Ni, CuN, Cu). The samples were deposited, at room temperature, with the base pressure lower than 8.0 × 10 -9 mbar and the process pressure 3 × 10 -3 mbar. The deposition of SiO 2 with 5 nm thickness as a top layer for each sample is to prevent sample oxidization. The surface roughness of the samples was characterized by atomic force microscope (AFM) (Dimension Icon, Bruker). The cross-sections of the samples were imaged by high-resolution transmission electron microscopy (HRTEM) (Titan 80-300, FEI). Grazing incidence diffraction (GID) measurements were carried out using x-ray diffraction (XRD) (D8 ADVANCE DAVINCI design, Bruker) with Cu Kα radiation. The longitudinal resistivity and Hall resistivity were measured by a physical property measurement system (Dynacool 14T, Quantum Design). The Hall-bar samples with dimensions 1000 µm (length) × 50 µm (width) were patterned by photolithography and ion beam etching for transport measurements. A five-contact geometry was used for simultaneously measuring the Hall resistivity and longitudinal resistivity on the same piece of sample. A DC constant current of 20 µA was applied during all electrical transport measurements. The sample electrodes were connected to the sample holder of the PPMS by wire bonder using aluminum wires.

  FIG. 1. HRTEM images of cross-sections of the samples (a) Ta/Fe and (b) Cu/Fe. (c) GID spectra for all samples.

FIG. 2 .

 2 FIG. 2. (a) Temperature-dependent longitudinal resistivity (ρ xx ) curves for all samples. (b) Normalized ρ xx (T )/ρ xx (300 K) ∼ T curves for all samples.

  Fig.S3in Ref.[15], clearly demonstrating more frequent scat-186
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 4 FIG. 4. (a) Anomalous Hall resistivity (ρ AHE0 ) vs longitudinal resistivity (ρ xx0 ) at 5 K. The solid line is a guide to eyes. (b) Intrinsic anomalous Hall conductivity (b) as a function of ρ xx0 . The inset shows the linear dependence of b on σ xx0 . (c) Extrinsic anomalous Hall resistivity as a function of ρ xx0 . The solid line is a fitting curve by Eq. (7). The same set of data shown in the inset was fitted by Eq. (3). (d) The anomalous Hall angle (ρ AHE0 /ρ xx0 ) at 5 K vs ρ xx0 .effect could be ignored. For the nonultrathin Fe layers, the 213
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  (a). The variation of magnetization has minor effect on the ρ AHE0 . Since the linear relation, ρ AHE ∝ ρ 2 xx , has been observed for each sample, we could extract the intrinsic AHC which is independent of scattering by Eq. (2). The obtained values of b were plotted as a function of ρ xx0 in Fig. 4(b). The intrinsic AHC dramatically decreases with ρ xx0 increasing, which could be well described by the relation b ∝ 1/ρ xx0 or b ∝ σ xx0 . The inset shows the linear dependence of b on σ xx0 . Because the ρ xx0 was largely tuned by surface roughness scattering, the relation b ∝ 1/ρ xx0 clearly demonstrates the surface roughness effect on intrinsic AHC. In fact, the electrical transport properties of the samples are largely determined by the areas where the thickness is lower than the average thickness. With thickness decreasing, the intrinsic AHC
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 4 Fig. 4(c), the variation of ρ AHE0(ex) and ρ xx0 is only due to the surface scattering. The bulk scattering contribution, ρ AHE0(b) and ρ xx0(b) kept constant for these samples. Therefore using expression
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 5 FIG. 5. (a) Normalized ρ xx (T )/ρ xx (300 K) ∼ T curves for the samples listed in the legend. The legend is the same in (b) and (c). (b) Field-dependent Hall resistivity measured at 5 K. (c) Temperaturedependent ρ AHE for the samples.

Anomalous

  Hall angle characterized by the ratio of ρ AHE /ρ xx was also studied for these samples with various surface roughness. Figure4(d) shows the data, measured at 5 K, of ρ AHE0 /ρ xx0 versus ρ xx0 . The ρ AHE0 /ρ xx0 decreases with ρ xx0 increases at lower ρ xx0 and increases with ρ xx0 at higher ρ xx0 . Overall, the largest anomalous Hall angle was achieved in sample Ta/Fe, which is the flattest sample with minimum surface roughness. This finding opens a promising avenue for achieving large spin Hall angle by surface roughness engineering in heavy metals. The previous theoretical study on spin Hall effect has proposed surface roughness enhanced spin Hall angle in Cu and Al [17]. In this study, only surface roughness scattering related extrinsic mechanisms were considered and intrinsic mechanism was not discussed. It turns out that the side-jump mechanism contributes to the surface roughness induced spin Hall effect but screw scattering does not. In our work, both screw scattering and side jump contribute to the extrinsic mechanisms which may partially come from the surface scattering, because the roughness scattering and effective surface scattering cannot be separated experimentally. With the surface roughness increases, the side jump contributed anomalous Hall angle (βρ xx0(s) ) increases, which is consistent with the results of the theoretical work [17].

  Fig-361 ure 5(b) presents the field-dependent Hall resistivity measured 362 at 5 K for the four samples. The four curves show similar 363 behaviors and Hall resistivity. The values of ρ AHE , extracted 364 from the Hall resistivity curves at different temperatures, were 365 presented in Fig. 5(c). The ρ AHE gives identical values at 366 each temperature for different samples, which indicates that 367 the various interfacial spin-orbital coupling cannot explain the 368 large difference of ρ AHE in Fig. 3(b).

370

  We prepared Fe thin films with the same thickness but 371 various surface roughness by using different materials of seed 372 layers. The microstructure and magneto-transport properties 373 were studied systematically. The samples show similar crys-374 tallinity as seen in GID patterns and distinct surface roughness 375 confirmed by TEM images of cross-sections. The magnitude 376 of longitudinal resistivity measured at 5 K increases by one 377 order from sample Ta/Fe to Cu/Fe. The anomalous Hall 378 resistivity at 5 K vary with different roughness and shows 379 nonmonotonic dependence on ρ xx0 . The intrinsic contribution 380 dominated the anomalous Hall resistivity and shows linear 381 dependence on the longitudinal conductivity at 5 K. The 382 anomalous Hall angle depends on the surface roughness, 383 which provides an alternative to achieve large spin Hall effect 384 experimentally. 385 ACKNOWLEDGMENTS 386 The research reported in this publication was supported 387 by funding from King Abdullah University of Science and 388 Technology (KAUST), Office of Sponsored Research (OSR) 389 under Award No. CRF-2017-3427-CRG6. Q.Z. acknowledge 390 the financial support by KAUST sensor project (REP/1/2708-391 01).
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