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The effect of interfacial scattering on anisotropic magnetoresistance (AMR) and
anomalous Hall effect (AHE) was studied in the (Ta 12 /Fe 36 )n multilayers, where
n
n
the numbers give the thickness in nanometer and n is an integer from 1 to 12. The
multilayer structure has been confirmed by the XRR spectra and STEM images of
cross-sections. The magneto-transport properties were measured by four-point probe
method in Hall bar shaped samples in the temperature range of 5 300 K. The AMR
increases with n, which could be ascribed to the interfacial spin-orbit scattering. At
5 K, the longitudinal resistivity (ρxx ) increases by 6.4 times and the anomalous Hall
resistivity (ρAHE ) increases by 49.4 times from n =1 to n =12, indicative of the interfacial scattering effect. The skew-scattering, side-jump and intrinsic contributions to the
AHE were separated successfully. As n increases from 1 to 12, the intrinsic contribution decreases because of the decaying crystallinity or finite size effect and the intrinsic
contribution dominated the AHE for all samples. The side jump changes from negative to positive because the interfacial scattering and intralayer scattering in Fe layers
both contribute to side jump in the AHE but with opposite sign. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5006355

I. INTRODUCTION

The anomalous Hall effect (AHE) has been intensively studied in magnetic materials due to its
controversial mechanisms1–6 and promising applications.7 It is generally accepted that the intrinsic
and extrinsic mechanisms, related to spin-orbit coupling (SOC), are responsible for the AHE. The
intrinsic mechanism1–4 originates from the Berry curvature of the occupied Bloch state. The extrinsic
mechanisms, arising from impurity scattering, include two contributions, skew scattering5 and side
jump.6 Theories also suggested the scaling relations2,5,6 between anomalous Hall resistivity (ρAHE )
and longitudinal resistivity (ρxx ) for each mechanism: ρAHE ∝ ρ2xx for both the intrinsic and extrinsic
side-jump mechanism, while ρAHE ∝ ρxx for extrinsic skew-scattering mechanism.
Experimentally, artificial impurities such as interfacial scattering in granular 8–10 and multilayer 11,12 films and surface scattering13–15 have been applied to ferromagnetic materials both
for the AHE mechanism exploration and magnetic sensor applications. However, the controversy over the effect of interface/surface scattering on the AHE remains. In granular thin films,
interfacial scattering has been proved to dominate the AHE in Co-MgO system10 but scatteringindependent AHE has been reported in Fe-SiO2 system.9 In multilayer systems, both surface
scattering dominated AHE16 and interfacial scattering dominated AHE17–20 have been reported,
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which remains elusive. Furthermore, the interfacial scattering could also lead to other physical phenomenon such as giant magnetoresistance (GMR),21,22 anisotropic magnetoresistance (AMR),23
etc. Therefore, it is worth to study the interfacial scattering effect on the magneto-transport
properties.
In our previous study, the interfacial scattering effect plays an important role in the AHE in
Fe/Au11 and Ni/Au12 multilayers. Since the AHE and AMR both are related to the SOC and Au has
relatively smaller SOC comparing to Ta, we then prepared Ta/Fe multilayers which have the same
structure with that of Fe/Au multilayers11 to study the interfacial scattering effect on the AMR and
the AHE.
II. EXPERIMENTAL METHODS

(Ta 12 /Fe 36 )n multilayers, where the numbers give the thickness in nanometer and n = 1, 2, 3,
n
n
4, 5, 6, 8, 10, 12, were prepared by sputtering system (Rotaris, Singulus). High purity targets, Fe
(99.99%) and Ta (99.99%), were used for Fe and Ta layer deposition. The samples were deposited,
at room temperature, on substrates of oxidized silicon wafers with the base pressure lower than
8.0 × 10 9 mbar. The deposition of 5 nm-thick SiO2 as a top layer for each sample was to
prevent sample oxidization. During deposition, the argon pressure was kept at 3 × 10 3 mbar.
X-ray reflectivity (XRR) and high-angle θ 2θ measurements were carried out using x-ray diffraction (XRD) (D8 DISCOVERY, Bruker). The cross-section of samples was characterized by highresolution scanning transmission electron microscopy (HR-STEM) (Titan 80-300, FEI) equipped
with a spherical aberration corrector. The samples for magneto-transport measurements were patterned into Hall bars with dimensions 6.0 mm × 1.0 mm by mechanical masks. A five-contact
geometry was used for simultaneously measuring the Hall resistivity and longitudinal resistivity
on the same piece of sample by a physical property measurement system (Dynacool, Quantum
Design).
III. RESULTS AND DISCUSSION

Figure 1(a) presents the temperature-dependent ρxx measured in a zero-magnetic field for all
samples. All curves show a positive temperature coefficient of resistivity (TCR, dρxx /dT ), which
suggests metallic electrical transport. Below 50 K, the ρxx shows very weak temperature dependence,
indicating negligible contribution of photon scattering to the resistivity. With n increases from 1 to 12,
the magnitude of ρxx shifts to higher values monotonically across the whole measured temperature
range. This resistivity enhancement clearly indicates the increased scattering effect, including Ta/Fe
interfacial scattering and grain boundary scattering within each layer. The Ta/Fe interfacial scattering
plays much more important role in electrical properties than does grain boundary scattering due to the
size effect, especially in samples with large n. To better demonstrate the interfacial scattering effect,
Fig. 1(b) presents the ratio of ρxx (n)/ρxx (n = 1) as a function of n at selected temperatures. The ratio

FIG. 1. (a) Temperature-dependent longitudinal resistivity for all samples; (b) ρxx (n)/ρxx (n = 1) as a function of number of
periods n for selected temperatures.
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ρxx (n = 12)/ρxx (n = 1) at 5 K is about 6.4 which is higher than that in Fe/Au multilayers,11 being
ascribed to the stronger interfacial scattering due to the rough interfaces including the intermixing
of Ta and Fe at the interfaces, as shown in Fig. S2 of the supplementary material and corresponding
analysis.
The interfacial scattering could also have crucial impact on magneto-transport properties. Spindependent interfacial scattering induced GMR has been reported in Fe/Cr multilayers.21,22 Theoretical
work has been reported that interfacial spin-orbit scattering could induce AMR.23 In our previous
work,11 interfacial scattering resulted in AMR in Fe/Au multilayers due to the SOC of Au layers.
Since the SOC is larger in Ta than that in Au, we then studied how the interfacial scattering affects the
magnetoresistance. The magnetoresistance was measured with magnetic field in the film plane. With
magnetic field parallel or perpendicular to the current, the MR ∼ H curves were measured at 5 K for all
samples. As seen in Fig. 2(a)–(i), AMR dominated the magneto-transport properties for all samples
and minor GMR signals were shown in samples with n = 1 4 (see the detailed explanation about
verifying the GMR and AMR behaviors in the supplementary material). The magnitude of AMR was
plotted with n in Fig. 2(j). For comparison, the AMR values of the Fe/Au samples11 were also plotted.
R (1000 Oe)−R (1000 Oe)
×100%, where R k (1000 Oe)[R⊥ (1000 Oe)]
The AMR value is defined as AMR = k R⊥ (1000⊥Oe)
is the resistivity when magnetic field parallel (perpendicular) to the measurement current at 1000 Oe.
As seen in Fig. 2(j), the AMR increases with n in the Ta/Fe and Fe/Au samples. Since the AMR is
caused by anisotropic scattering of carriers due to the SOC and is not related to the crystallinity of Fe
layers, the enhancement of the AMR values from n = 1 to n = 12 could be ascribed to the interfacial

FIG. 2. (a)-(i) MR curves of all samples measured at 5 K. H// (H ⊥ ) indicates that the magnetic field was parallel (perpendicular)
to the measurement current. The magnetic field swept from +1000 Oe to 1000 Oe and again to +1000 Oe. (j) the AMR values
of Ta/Fe and Fe/Au multilayers as a function of n at 5 K.
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spin-orbit scattering. However, we found that the AMR values increases more slowly in Ta/Fe multilayers with n than that in Fe/Au multilayers, although Ta has larger SOC than Au. The interfacial
spin-orbit scattering does not only depend on the SOC but also depend on the quality of the interfaces
between Fe and Ta(Au) layers. As analyzed in the STEM images of the multilayer cross-sections
(Fig. S2 of the supplementary material), the interfaces between Ta and Fe are worse than that in Fe/Au
samples. Therefore, the worse interfaces may suppress the spin-dependent scattering and affected the
AMR values. Another phenomenon is that shoulders exist in the MR curves especially for the samples
with n = 5 12. The shoulders may correspond to another magnetic phase which may be TaFe alloy
(see Fig. S1(b) of the supplementary material and the corresponding analysis) because of the miscible
property of the Ta and Fe layers. This is one more evidence to demonstrate the low quality of the Ta/Fe
interfaces.
Figure 3(a) presents the field-dependent Hall resistivity (ρxy ) measured with magnetic field
perpendicular to the film plane at 5 K. Each curve shows a strong linear field dependence at low
field until the magnetic saturation field (H sat ). Beyond the H sat , the ρxy shows a much weaker linear
field dependence. No coercivity was observed in all ρxy ∼ H hysteresis loops. These are the typical
behaviors for ferromagnetic films with in-plane magnetic moments. To illustrate the temperature effect
on the Hall resistivity, we measured the field-dependent ρxy of all samples at different temperatures
(not shown). The curves at different temperatures show similar behaviors to that observed at 5 K. The
ρAHE was extracted by extrapolating the ρxy data above the H sat to zero field. Figure 3(b) shows the
temperature-dependent ρAHE for all samples. The ρAHE increases with temperature for each sample,
which shows the same tendency as the ρxx ∼ T curves. With n increases from 1 to 12, the ρAHE shifts
to higher value in the full measured temperature range, which clearly demonstrates the interfacial
scattering effect on the ρAHE .
We then start to analyze the mechanisms of the AHE. Recently, a new scaling relation,24
ρAHE = α ρxx0 + β ρ2xx0 + bρ2xx ,

(1)

was proposed in Fe thin films, where α represents the contribution from the skew-scattering, β and b
denote the side-jump and intrinsic anomalous Hall conductivity (AHC), respectively. The subscript
‘0’ indicates that the data were measured at low temperatures where thermal effect is negligible. Here,
we applied Eq. (1) to our data to obtain the contributions of skew-scattering, side-jump and intrinsic
mechanism. At 5 K, Eq. (1) could be simplified to
ρAHE0 /ρxx0 = α + ( β + b)ρxx0

(2)

by taking the approximations, ρAHE (5 K) ≈ ρAHE0 and ρxx (5 K) ≈ ρxx 0 . By plotting ρAHE0 /ρxx 0 versus
ρxx 0 and fitting this curve linearly, as shown in Fig. 4(a), the slope β + b and intercept α were obtained.
The obtained α value is (1.24±0.51)×10 3 , which gives the skew-scattering contribution. By plotting
the data, ρAHE (T ) versus ρ2xx (T ) (not shown), of each sample and linearly fitting each curve, the
slope b could be obtained. Taking the value of β + b obtained in Fig. 4(a), the value of β could
also be obtained. Figure 4(b) presents the values of b and β for all samples. As seen, the intrinsic

FIG. 3. (a) Field-dependent Hall resistivity of all samples at 5 K; (b) temperature-dependent anomalous Hall resistivity for
all samples.
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FIG. 4. (a) ρAHE 0 ∼ ρxx 0 curve measured at 5 K. The blue straight line is the least-squares fit to the data. (b) the values of b
and β as a function of the number of period n. The solid lines are guides to eyes.

contribution decreases with n increases except the sample n = 1, which may be due to the crystallinity
decaying or the finite size effect.11,12,24,25 Remarkably, the sign of the side-jump contribution ( β)
changed from negative to positive with n increases from 1 to 12. The scattering-induced side-jump
contribution may have two origins: interfacial scattering between Ta and Fe and grain boundary
scattering inside each Fe layer. The two contributions to side-jump mechanism may have opposite
signs, as reported in Co/Pd bilayers26 and Ni/Au multilayers.12 For samples with less periods, the
grain boundary scattering induced side jump dominated, which give a negative β. As n increases,
the interfacial scattering plays a more important role in side jump, which gives a positive β. As seen
in Fig. 4(b), the intrinsic contribution is much larger than the side-jump contribution, showing an
intrinsic mechanism-dominated AHE in Ta/Fe multilayers. This is consistent with the result in Fe/Au
multilayers.11 As seen in Fig. 4(a), ρAHE0 /ρxx 0 , denoted as anomalous Hall angle, increases with n
increases, which clearly suggests that the interfacial scattering enhanced the anomalous Hall angle.
This enhancement may be of great benefit to the development of the AHE-based sensors.
IV. CONCLUSIONS

We prepared (Ta 12 /Fe 36 )n multilayers and studied the interfacial scattering effect on the AMR
n
n
and the AHE. The longitudinal resistivity increased by 6.4 times at 5 K from sample n = 1 to
n = 12, indicative of the interfacial scattering effect. The interfacial spin-orbit scattering enhanced
the AMR at 5 K. The enhancement of AMR is lower than that in Fe/Au multilayers11 because of the
rough interfaces and the intermixing of Ta/Fe, although the SOC of Ta is larger than that of Au. The
skew-scattering, side-jump and intrinsic contributions to the AHE were separated successfully. As
n increases from 1 to 12, the intrinsic contribution decreases because of the decaying crystallinity
and finite size effect. The intrinsic contribution dominated the AHE for all samples, which is consistent with the result in Fe/Au multilayers.11 The interfacial scattering and intralayer scattering both
contribute to side jump in the AHE, but with opposite sign and, consequently, the overall side jump
changes from negative to positive. The overall side jump shows the same tendency as that in Fe/Au
multilayers.
SUPPLEMENTARY MATERIAL

See supplementary material for the structural characterization of the Ta/Fe multilayers and the
verification of the GMR and AMR behaviors in the multilayers.
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