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ABSTRACT: The Berry phase, which reveals the intimate geometrical structure 

underlying quantum mechanics, plays a central role in the anomalous Hall effect. In 

this work, we observed a sign change of Berry curvatures at the interface between the 

ferromagnet SrRuO3 (SRO) layer and the SrIrO3 (SIO) layer with strong spin-orbit 

coupling. The negative Berry curvature at the interface, induced by the strongly spin-

orbit coupled Ir 5d bands near the Fermi level, makes the SRO/SIO interface different 

from the SRO layer that has a positive Berry curvature. These opposite Berry curvatures 

led to two anomalous Hall effect (AHE) channels with opposite signs at the SRO/SIO 

interface and in the SRO layer, respectively, resulting in a hump-like feature in the Hall 

resistivity loop. This observation offers a straightforward explanation of the hump-like 

feature that is usually associated with the chiral magnetic structure or magnetic 

skyrmions. Hence, this study provides evidence to oppose the widely accepted claiming 

that magnetic skyrmions induce the hump-like feature. 

Keywords: Berry phase, anomalous Hall effect, band structure reconstruction, two-

channel model, spin orbit coupling 

 

INTRODUCTION 

The Topological Hall effect (THE) manifests as a hump-like feature in the curves 

of the anomalous Hall effect (AHE) as a function of the applied magnetic field. THE 

has been ascribed to the Berry phase acquired by spin-polarized carriers passing 

through a chiral magnetic structure.1-5 THE is currently employed as a promising tool 

to explore the Dzyaloshinskii-Moriya interaction (DMI) and the formation of magnetic 
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skyrmions.6-10 However, in addition to the chiral magnetic structure in real space, other 

mechanisms such as Berry phase engineering, which is related to band structure 

reconstruction in the momentum space, also account for this observed hump-like 

feature in the Hall resistivity loop.11-13 This phenomenon is especially prominent in 

systems with a ferromagnetic order and strong spin-orbit coupling (SOC) because the 

Berry phase, which acts as a source of an emergent magnetic field, is strongly enhanced 

in the vicinity of the band anti-crossings.14 This work aims to develop a deeper 

understanding of the physics underlying this hump-like feature. We demonstrate that a 

two-channel model can also interpret the hump-like feature as an alternative to invoking 

the concept of magnetic skyrmions. 

Artificial oxide heterointerfaces are known to interplay strongly with the spin, 

orbital, lattice, and charge orders to produce properties such as superconductivity and 

two-dimensional electron gas.15-18 Thus, both a ferromagnetic order and a strong SOC 

can be plausibly achieved in artificial oxide heterointerfaces by proper selection of 

oxides. SrRuO3 (SRO) is a typical 4d itinerant ferromagnet that has an anomalous Hall 

effect (AHE) that is sensitive to the position of the Fermi level, which is closely related 

to the band anti-crossings and the magnetization.19,20 The Ir-based 5d transition metal 

oxides SrIrO3 (SIO) that process an SOC interaction (0.1~1.0 eV) comparable with the 

on-site Coulomb interaction (1~3 eV) is expected to have strongly entangled spin and 

orbital orders.21 Theoretically, the ferromagnetic SRO layer, in conjunction with the 

DMI that arises at the interface due to broken inversion symmetry and SOC from the 

SIO layer, could produce magnetic skyrmions with the assistance of an external 
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magnetic field.7,22,23 However, a two-channel model of AHE based on band structure 

reconstruction through Berry-phase engineering has also been proposed as an 

alternative mechanism to interpret the hump-like feature in AHE curves.12,24 Thus, a 

thorough study on the origin of the hump-like feature in this system is essential to 

definitely reveal the underlying physics involved. 

In this work, we investigate superlattices that consist of the 5d SIO with strong 

SOC and 4d itinerant ferromagnet SRO to explore the origin of the hump-like feature 

in AHE curves in the (SROn/SIO2/STO4)5 superlattices. We explore several 

(SROn/SIO2/STO4)5 superlattices with SRO thicknesses, n, ranging from 2~16 unit 

cell (u. c.) and a period of five for the following considerations: (i) the period of five 

can make the interfacial effect prominent, which will benefit the formation of 

heterointerfaces and retain the influence of the STO substrate’s strain. (ii) both 

materials are perovskite structures with excellent structural compatibility, (iii) the 

ferromagnetic order and strong SOC most likely co-exist at the interfaces in the 

heterostructures. To understand the interplay of the SOC and magnetic order, we insert 

a 3d nonmagnetic SrTiO3 (STO) layer in each period of the superlattice based on the 

following considerations: (i) the layer will break the symmetry of the SRO layer with 

the change of symmetric SIO/SRO/SIO structure to asymmetric STO/SRO/SIO 

structure, (ii) the SIO, SRO, and STO have the same A site ion (Sr2+) with stable valence 

B site ions Ir4+, Ru4+ and Ti4+, and (iii) the nonmagnetic STO layer will minimize the 

interlayer coupling of the SRO layer. We systematically investigate the AHE of the 

(SROn/SIO2/STO4)5 superlattices and discover the hump-like feature in the AHE 
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curves. We show that the band structure reconstruction can induce a sign change of the 

Berry curvature at the SRO/SIO interface, and we conclude that the competition 

between the SRO layer and the SRO/SIO interface with an opposite sign of AHE leads 

to the observed hump-like feature. 

RESULTS 

Basic physical properties of the SRO/SIO/STO superlattices 

A series of the (SROn/SIO2/STO4)5 superlattices were epitaxially grown on TiO2-

terminated STO (001) substrates using pulsed laser deposition (see Methods for details). 

The growth was monitored in-situ with reflection high-energy electron diffraction 

(RHEED). The interface was characterized by an aberration-corrected scanning 

transmission electron microscopy (STEM) in the high-angle annular dark-field 

(HAADF) mode. The electrical transport properties were measured by a Quantum 

Design physical properties measurement system (PPMS). 

As shown in Figure 1a, we keep the thickness of the SIO and STO with 2 and 4 u. 

c. respectively, while the thickness of the SRO layer ranges from n= 2~16 u. c. in 

(SROn/SIO2/STO4)5 superlattice. Since SIO, SRO, and STO have a similar crystal 

structure with similar lattice parameters, the interlayer terminal of the superlattice is 

easier to control by selecting the STO substrates with a TiO2 terminal and controlling 

the thickness of each layer precisely. To confirm that the fabricated superlattices have 

the intended interfaces, structure, and thickness, we characterized the samples using a 

STEM. As a representative of the results, the HAADF-STEM image of the 

(SRO8/SIO2/STO4)5 superlattice is shown in Figure 1b, in which five periods of 

SRO/SIO/STO with atomically sharp interfaces can be clearly observed. 
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Approximately two layers of Ir (Z=77) atoms indicated by the brightest spots are 

accurately aligned in each period of the superlattice, manifesting an abrupt interface. 

The inset of Figure 1b shows a lower magnification image of the superlattice, each layer 

distributes uniformly with a bright and dark contrast. Figure 1c shows the XRD -2   

scan of the same (SRO8/SIO2/STO4)5 superlattice. A series of the satellite reflections 

can be observed, indicating again the sharp interfaces between the SRO, SIO, and STO 

layers. 

To measure the magneto-transport properties of the superlattices, we patterned the 

films into microdevices with four electrodes. The inset of Figure 1c shows the optical 

micro-image of the device fabricated for this purpose. The temperature dependent 

resistivity and out-of-plane magnetization of the (SRO6/SIO2/STO4)5, (SRO6/SIO2)5 

and (SRO6/STO4)5 superlattices are shown in Figs. 1D and 1E, respectively. With 

decreasing temperature from 300 K, the resistivity shows a linear dependence on the 

temperature and then deviates from the linear behavior at a transition temperature (TC), 

below which the SRO layers transform from a paramagnetic to a ferromagnetic state. 

The resistivity is composed of contributions from electron-phonon scattering and 

electron-spin scattering over the whole temperature range. However, above TC, the 

scattering caused by the spins is nearly temperature independent because the spins are 

randomly distributed in space due to the fast flip-flop process (paramagnetic state).25 

Thus, photon-scattering mechanism dominates and leads to a linear temperature 

dependence, as observed in most metals. In contrast, as the temperature decreases below 

TC, the ferromagnetic order is established and consequently, the contribution to the 
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resistivity from the spin scattering is greatly suppressed, which normally leads to a 

deviation from the linear dependence behavior at TC.26 An upturn of resistance at low 

temperature region was observed in the (SRO6/STO4)5 superlattice, which is induced 

by the weak localization effect. This result is further confirmed by the large 

magnetoresistance value of ~-2.3% at 5 T in the (SRO6/STO4)5, as compared to ~-

0.07% in the (SRO6/SIO2/STO4)5 superlattice (see Fig. S10). Figure 1e shows that 

above TC, the magnetization of the paramagnetic state is very small and that with 

decreasing temperature, the magnetization increases quickly once the temperature goes 

below TC of the SRO layer. To observe the paramagnetic to ferromagnetic transition 

clearly, we plotted the d /dT  and d /dM T  curves in the inset of Figs. 1D and 1E 

respectively. To gain a deeper understanding of the magnetic properties of the 

superlattices, we also measured the magnetization as a function of the applied magnetic 

field perpendicular to the film plane at different temperatures (see Figure S12 in 

supporting information). The electric and magnetization transition temperature are 

close to each other with a value of 117 K, 140 K, and 141 K for (SRO6/SIO2/STO4)5, 

(SRO6/SIO2)5 and (SRO6/STO4)5 superlattices, respectively. At low temperature, the 

(SRO6/SIO2)5 superlattice shows the largest magnetization, while the (SRO6/STO4)5 

superlattice shows the smallest magnetization. Here, we only take account of the 

volume of the SRO layer in the calculation of the magnetization. Because the thickness 

of the SRO layer in the three superlattices stays the same, the stronger magnetization in 

the (SRO6/SIO2/STO4)5 and (SRO6/SIO2)5 superlattices indicates that the SRO and 

SIO interface plays an important role in determining the magnetic properties. The 
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enhancement of magnetization is further confirmed by the magnetic hysteresis loop 

measurement shown in Figure S12. The strong SOC and the orbital reconstruction at 

the SRO and SIO interface may account for the enhancement of magnetization.27-29 

 

Figure 1. Structure and basic physical properties of (SRO/SIO/STO)5 superlattices. (a) 

Schematic structure of the (SROn/SIO2/STO4)5 superlattices and a schematic of the 

growth on the TiO2-terminated STO substrates. (b) STEM cross-section image and (c) 

XRD -2   diffraction pattern of the (SRO8/SIO2/STO4)5 superlattice. Temperature 

dependence of (d) resistivity and (e) out-of-plane magnetization measured at 500 Oe 

for the (SRO6/SIO2/STO4)5, (SRO6/SIO2)5 and (SRO6/STO4)5 superlattices. The 

magnetization was calculated by dividing the total magnetic moment with the volume 
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of SRO layers. The insets in (d) and (e) show the d /dT  and d /dM T  curves, 

respectively. 

Hump-like feature in anomalous Hall effect 

The temperature dependent AHE of the (SRO6/SIO2/STO4)5, (SRO6/SIO2)5 and 

(SRO6/STO4)5 superlattices are shown in Figure 2, in which the contribution of the 

normal Hall effect (due to the classical Lorentz force) to the total Hall resistivity has 

been removed (the details can be found in Figure S11). In Figure 2a, the AHE of the 

(SRO6/SIO2/STO4)5 superlattice shows a strong temperature-dependent behavior with 

the following characteristics: (i) a hump-like feature appears in the temperature ranges 

from 10 to 60 K, where the size of the hump increases with increasing temperature from 

10 K to 34 K and then decreases as the temperature increases further (see Figure S1). 

(ii) As indicated by the light brown dashed line in Figure 2a, the AHE resistivity at H=0 

Oe shows a complex behavior. (iii) A sign change of AHE occurs at about 34 K, i.e., 

AHE is negative below 34 K and is positive above 34 K. For the (SRO6/SIO2)5 

superlattice, a hump-like feature of the AHE also occurs, as shown in Figure 2b. By 

comparing the AHE behaviors in the (SRO6/SIO2)5 and (SRO6/SIO2/STO4)5 

superlattices, we find the following features in the AHE of the (SRO6/SIO2)5 

superlattice different from the features in (SRO6/SIO2/STO4)5: (i) the magnitude of 

the AHE resistivity at H=0 decreases monotonically with the increasing temperature 

across the whole temperature range. (ii) the AHE stays negative with the temperature 

range from 10 K to 90 K, i.e., no sign change and hump-like feature in the AHE occurs. 

In Figure 2c, except the absence of the hump-like feature, the AHE in (SRO6/STO4)5 
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superlattice behaves similarly to the AHE in the (SRO6/SIO2)5 superlattice, where the 

AHE decreases monotonously with increasing temperature without changing its sign. 

Based on the above results, we hypothesize that the negative contribution to the total 

AHE measured in the superlattices mainly comes from the SRO layer (see Figure S8), 

as reported previously, and that the hump-like feature is closely related to the SIO 

layer.30 

 

Figure. 2. AHE of the superlattices at different temperatures. AHE of (a) 

(SRO6/SIO2/STO4)5, (b) (SRO6/SIO2)5, (c) (SRO6/STO4)5, (d) 

(SRO4/SIO2/STO4)5, and (e) (SRO10/SIO2/STO4)5 superlattices. The linear 

contribution from the normal Hall effect was carefully removed; for further details, 
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refer to Figure S11. (f) SRO thickness and temperature-dependent relative amplitude of 

the hump-like feature in a series of (SROn/SIO2/STO4)5 superlattices. 

 

Figure. 3. Magnetic skyrmions induced THE and two-channel AHE model. The top 

panel schematically shows the THE induced by magnetic skyrmions. The spin polarized 

electron accumulates a Berry phase when it passes through the magnetic skyrmions 

with a chiral magnetic structure, which can lead to the THE with a hump-like feature. 

The bottom panel schematically shows a model of the two-channel AHE. Both the 

interfacial magnetic reconstruction (bottom-left panel) and the inhomogeneous 

magnetic phase (bottom-right panel) with a reconstructed band structure can lead to two 

AHE channels with opposite signs. The hump-like feature of the AHE loop can be 

formed by magnetic skyrmions or the two-channel AHE model. 
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The SRO thickness-dependent AHE in the (SROn/SIO2/STO4)5 superlattices are 

shown in Figs. 2D to 2F and Figs. S2 to S7 in the supporting information. Unlike the 

superlattice with an SRO thickness of 6 u. c. shown in Figure 2a, the hump-like feature 

existed only in the temperature range from 3 to 40 K in the (SRO4/SIO2/STO4)5 

superlattice (Figure 2d). When the thickness of SRO increased to 10 u. c., the 

temperature range containing the hump-like feature shifts to 60 ~ 90 K, as shown in 

Figure 2e and Figure S5. The dependence of the normalized amplitude of the hump-

like feature on the thickness of SRO and temperature are summarized in Figure 2f. The 

dependence on the thickness of the SRO layer is evidently very strong. The 

temperatures at which the hump-like feature appears increase with increasing thickness 

of the SRO layer, indicating that the hump-like feature depends on the competition 

between the contributions of the temperature-dependent AHE from the SRO layer and 

the SRO/SIO interfaces. 

Mechanisms for the hump-like feature. 

As shown in Figure 3, three mechanisms may account for the hump-like feature in 

the AHE curves, namely, (i) the magnetic skyrmions induced THE,7,23 (ii) the 

inhomogeneous magnetic phase,24,31 and (iii) the interfacial magnetic 

reconstruction.11,12,32,33 (i) Magnetic skyrmions induced THE. In the 

(SRO6/SIO2/STO4)5 superlattice, the existence of DMI at the SRO/SIO interface is 

expected due to the breaking of inversion symmetry and the strong SOC. As a result, 

the magnetic skyrmions and chiral magnetic structures can form and distribute in the 

ferromagnetic matrix. Thus, the hump-like feature can reasonably be ascribed to the 
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THE.6,7,22,31 (ii) Inhomogeneous magnetic phase. In SRO, the Berry curvature is 

sensitive to the temperature, magnetism, the strength of SOC, and the distortion of the 

structure due to the existence of band anti-crossings near the Fermi surface of the Ru 

t2g bands.11,19,34 A spatial variation of the k-space Berry curvature can form if the above-

mentioned factors are inhomogeneous in the SRO thin film, which may lead to a 

mixture of two or more AHE signals with opposite signs.24,31,33 The two AHE signals 

with opposite signs combine and lead to the hump-like feature. (iii) Interfacial magnetic 

reconstruction. When we incorporate the SRO with SIO, which is a strong SOC material, 

the magnetic phase separation concept in the single SRO layer can be reasonably 

introduced into the SRO/SIO/STO superlattices. In contrast to the inhomogeneous case, 

the phase separation here should be layer-like, with one layer from the SRO itself and 

the other layer from the SRO/SIO interface with strong SOC. If the two AHE channels 

have opposite AHE signs, this can also lead to the hump-like feature when combined 

together. 

In the perspective of interfacial reconstruction, magnetic skyrmions may exist in 

the (SRO/SIO/STO) superlattice due to the DMI between the SIO and SRO layers. 

However, comparing the results of (SRO6/SIO2/STO4)5 and (SRO6/SIO2)5 

superlattices in Figs. 2A and 2B, we can conclude that the DMI is highly unlikely to 

play a determining role in the hump-like feature for the following reasons: 1) in the 

(SRO6/SIO2)5 superlattice, the SRO layer is sandwiched between two SIO layers with 

the same thickness and thus, the influence of the DMI on the SRO layer would be 

neutralized. From this perspective, there should be no hump-like feature as the magnetic 
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skyrmions cannot form in this symmetric structure. However, we observe an obvious 

hump-like feature in the (SRO6/SIO2)5 superlattice. 2) The hump-like feature is greatly 

reduced when the (SRO6/SIO2/STO4)5 superlattice is grown on the STO substrate 

without TiO2 terminal (see Figure S9), indicating that the interface that is affected by 

the TiO2 terminal is crucial to the hump-like feature. Moreover, this observation also 

contradicts the fact that the formation of magnetic skyrmions is insensitive to the 

terminal as the magnetic skyrmions can be formed in the non-terminal polycrystalline 

Ir-Fe-Co-Pt multilayers by DMI.35 And 3), we performed the Lorentz transmission 

electron microscopy to explore whether there are magnetic skyrmions or magnetic 

chiral structures in the (SRO16/SIO2/STO4)10 superlattice. Although we tested 

different conditions to induce the formation of skyrmions, as we did for metallic 

multilayers,36 we observed no skyrmions and magnetic chiral structures in this 

superlattice (Figure S13), suggesting that the DMI in the (SRO16/SIO2/STO4)10 

superlattice is not within the proper range to form skyrmions. Based on the above results 

and analysis, we believe other mechanisms, such as the two-channel AHE, are more 

likely the cause of the hump-like feature. 

The hump-like feature induced by two-channel AHE model 

The magnetic properties of the (SROn/SIO2/STO4)5 superlattices strongly depend 

on the thickness of the SRO layer. The thinner the SRO layer, the weaker the 

magnetization. To separate the contribution of the SRO layer from that of the interfaces, 

we fabricated a (SRO3/SIO2)5 superlattice to enhance the contribution of the interfaces 

and weaken the contribution from the SRO layer. By comparing the data from 
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(SRO3/SIO2)5 with the data from the (SRO6/SIO2)5 superlattice (Figure 2b), we found 

that the AHE resistivity in the (SRO3/SIO2)5 superlattice is always positive (Figure 4b) 

and sharply different to the negative AHE in the (SRO6/SIO2)5 superlattice and single 

SRO layer (see Figure S8). This observation strongly indicates that the AHE in the 

SRO/SIO interface has a different sign from that in the SRO layer. Thus, two AHE 

channels may exist in the (SRO6/SIO2/STO4)5 and (SRO6/SIO2)5 superlattices. 

 

Figure. 4. The analy44ses of two-channel AHE. (a) Schematics of ferromagnet band 

structure with strong SOC. The band crossings turn into the anti-crossings with the gap 

opening due to the presence of SOC. (b) The AHE curves of the (SRO3/SIO2)5 

superlattice. (c) Temperature-dependent AHE curve of (SRO6/SIO2/STO4)5 

-60 -40 -20 0 20 40 60
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3


 (
m
W

c
m

)

Magnetic field (kOe)

 10 K

 20 K

 26 K

 34 K

 40 K

 50 K

(SRO3/SIO2)5

0 20 40 60 80 100

0

2

4

6

8

10

0 20 40 60 80 100

0

5

10

15

20

25

H
c
 (

k
O

e
)

Temperature (K)

(SRO6/SIO2/STO4)5

H
c
 (

k
O

e
)

Temperature (K)

 (SRO/SIO2)5

 (SRO/STO4)5

(a) (b)

(d)

E

Jex

n

n

m

m
k

EF

-8000 -4000 0 4000 8000

-0.4

-0.2

0.0

0.2

0.4


 (
m
W

c
m

)

Magnetic field (Oe)

 8.2 kOe

 2.7 kOe+

 2.7 kOe-

-8000 -4000 0 4000 8000

-0.4

-0.2

0.0

0.2

0.4


 (
m
W

c
m

)

Magnetic field (Oe)

 8.2 kOe

 1.5 kOe-

-8000 -4000 0 4000 8000

-0.4

-0.2

0.0

0.2

0.4


 (
m
W

c
m

)

Magnetic field (Oe)

 8.2 kOe +

 8.2 kOe -(e)

0
.4

 m
W

c
m

30 K 50 K40 K38 K36 K34 K32 K28 K26 K

2.0 T

(c)

(SRO6/SIO2/STO4)5

(f) (g)



16 

 

superlattice with the temperature ranging from 26 to 50 K. (d) Temperature-dependent 

coercive field of the (SRO6/SIO2/STO4)5 superlattice. The inset shows the 

temperature-dependent coercive field of the (SRO6/SIO2)5 and (SRO6/STO4)5 

superlattices. Minor loops measurement of the (SRO6/SIO2/STO4)5 superlattice with 

the maximum field of (e) 8.2 kOe, (f) 2.7 kOe, and (g) 1.5 kOe. 

To gain further insight into the two-channel AHE model, we studied the behavior 

of the AHE in the (SRO6/SIO2/STO4)5 superlattice at the temperature at which the 

AHE changes sign. Figure 4c clearly shows that the AHE changes sign at about 34 K 

and the hump-like feature enhances at the same temperature, which strongly indicates 

that the hump-like feature is associated with the sign change of AHE. To verify this 

correlation, we extracted the coercive fields from the AHE curves at various 

temperatures and plotted them in Figure 4d. An abrupt drop in the coercive field appears 

at 34 K at which point the AHE changes sign. In contrast, in the (SRO6/SIO2)5 and 

(SRO6/STO4)5 superlattices, the coercive field decreases much more smoothly with 

increasing temperature. This result further suggests the co-existence of two magnetic 

phases with different coercive fields and AHEs in the (SRO6/SIO2/STO4)5 superlattice. 

One magnetic phase is a hard phase with a larger coercive field and negative AHE and 

the other is a softer phase with a smaller coercive field and a positive AHE. 

To separate the contributions of the two different phases to the total AHE, we 

studied the behavior of the AHE of the (SRO6/SIO2/STO4)5 superlattice by measuring 

the minor loops at 34 K, as shown in Figs. 4E to 4G. Before the measurements, the 

sample was saturated with a magnetic field of 2 T and -2 T, noted by + and – 
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respectively, to have the same initial states. In Figure 4e, the maximum magnetic field 

of 8.2 kOe can fully switch the two magnetic phases; thus the AHE from two phases 

overlaps in the same curve. When the maximum magnetic field is reduced to 2.7 kOe 

in the minor loop measurement, the hard phase can be partially switched while the soft 

phase can be fully switched, because this field is larger than the coercive field of the 

soft phase but smaller than the coercive field of the hard phase. In this case, we observe 

the separation of two contributions, and a weaker hump-like feature appears. With a 

further reduction of the maximum magnetic field to 1.5 kOe, only the soft phase can be 

switched, which leads to a loop without a hump-like feature. We also performed a minor 

loop measurement of M-H curves to characterize the hard and soft phases (see Figure 

S15). Before the measurement, the sample was saturated with a 2 T and -2 T magnetic 

field. Consistent with the result of the minor loop measurement of AHE, we also 

observed the soft and hard magnetic phases in the minor loop measurement. 

Origin of the hump-like feature 

Our hypothesis that the soft phase with positive AHE at the SRO/SIO interface is 

further supported by the first-principles calculations based on density functional theory 

(DFT).37,38 The time-reversal symmetry in SRO and SRO-SIO superlattices is broken 

due to their ferromagnetism, which leads to a nonzero Berry curvature.20,39 Therefore, 

we used the methods described in References 12, 40 to calculate the Berry curvatures. 

The nonzero z component of the band-resolved Berry curvatures in the framework of 

the Kubo formula is given by41 
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where n is the band index, , ,n k x n k     is the matrix element of the generalized 

velocity operator x  evaluated with a Bloch state   with a wave vector k. Further 

details about the calculation can be found in the methods. We established two models, 

a SROn/SIO2 interface with different thickness n of SRO layers, and a bulk phase SRO 

with tetragonal structure. As shown in Figure 5a, the Berry curvature of tetragonal SRO 

exhibits a peak around Γ point, which acts as a magnetic monopole in the momentum k 

space. The obtained Berry curvature is like the findings in Reference 19, where the 

cubic SRO structure was studied. This magnetic monopole in bulk SRO is believed to 

arise from the near degeneracy of the Ru-d bands.19,41 In contrast, different from bulk 

SRO in which the positive Berry curvature dominate, Figures. 5(b, c) show that the 

negative Berry curvature appears in the interfaces of SRO1/SIO2 and SRO6/SIO2, 

which implies a sign change of Berry curvature at the SRO/SIO interface. Studies 

suggest that the positive and negative Berry curvatures contribute to two different 

channels of the AHE, respectively,11,12,32 and are therefore responsible for the sign 

change of the AHE in our experiment. Because the prominent negative Berry curvature 

of the SRO/SIO interface is absent in the bulk SRO, the Ir ions at the interface are 

associated with the calculated negative Berry curvature. The orbital projected band 

dispersions onto Ru-d, O-p, and Ir-d orbitals of SRO1/SIO2 superlattice and bulk SRO 

are shown in Figure 5f and Figure S19, respectively. Figure 5f shows that the Ir-d 

orbitals contribute substantially to the low energy band dispersions near the Fermi level, 
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as expected, and they are strongly hybridized with the O-p orbitals. In particular, the 

band dispersions close to the Γ on the high symmetry k path of Γ - M are primarily 

dominated by the Ir-d orbitals, whereas the band weights of O-p and Ru-d are much 

less. These Ir-d band dispersions in a narrow k interval are highlighted by the orange 

rectangles in Figure 5E. Correspondingly, the large peaks of the negative Berry 

curvature in Figure 5E are close to the Γ and are nearly located on the diagonal 

connecting Γ with M, i.e., they are nearly located on the k path of Γ - M. As outlined in 

the study of bcc Fe by Yao et al.,42 these large peaks in the Berry curvatures result from 

the pairs of the Ir-d dominated spin-orbit coupled bands, several occupied and several 

unoccupied in a small k interval, as marked by the orange rectangles in Figure 5E. The 

negligible energy gap created by the pairs of occupied and unoccupied bands leads to 

very small energy denominators and makes a significant contribution to the Berry 

curvatures in the small k interval. Therefore, our analyses of the band structures and 

Berry curvatures derived from first-principles theory exhibit the strong correlations 

between the Ir-d spin-orbit coupled bands and the negative Berry curvatures in 

SRO/SIO superlattice. 

Based on the experimental results and the DFT study, we conclude that there are 

two AHE channels with opposite AHE signs in the (SROn/SIO2/STO4)5 superlattices. 

The SRO layer is the hard phase with a negative AHE and the SRO/SIO interface is the 

soft phase with a positive AHE (see Figure S17). The two-channel AHE combines to 

produce the complete AHE curve with a hump-like feature. For further details on the 
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analysis and simulation of the two-channel AHE model, refer to the supporting 

information, which shows that the simulated data fit the experimental results well. 

 

Figure. 5. The calculated Berry curvature and band structures. The calculated Berry 

curvatures in the (Γ-X-M) planes for (a) bulk SRO, (b) SRO1/SIO2, and (c) SRO6/SIO2. 

Note the color bars in the panels (a-c) have different scales. (d) The Brillouin zone and 

high-symmetry points. (e) Band structure of SRO1/SIO2 superlattice obtained from 

DFT+SOC calculations. The Fermi level was indicated by the red horizontal dashed 

line in the panels. (f) The band structures of SRO1/SIO2 superlattice projected on to 

Ru-d orbitals, O-p orbitals, and Ir-d orbitals. 

CONCLUSION 

In conclusion, we observed a hump-like feature occurring around the AHE sign 

change temperature in (SROn/SIO2/STO4)5 superlattices. Although three mechanisms 

(a) (b) (c)

(d) (e)

(f)
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may contribute to the hump-like feature, we found that the two-channel AHE model 

correlated with the SRO layer and the SRO/SIO interface played the dominant role in 

determining the special feature. The strongly spin-orbit coupled Ir 5d bands near the 

Fermi level in the SRO/SIO interface leads to the Berry curvature with an opposite sign 

to the SRO layer. Our results show that the band structure reconstruction has the 

potential to reveal the interesting physical phenomena in the artificial heterostructure, 

which will be a source of interesting perspectives in the field of complex oxides. 

 

Methods 

Sample fabrication 

The series of superlattices were grown by the pulsed laser deposition method on 0.5-mm-thick 5 

mm   5 mm TiO2-terminated (001)-oriented STO substrates. The STO substrates were firstly 

etched by BOE for 10 seconds to acquire the TiO2 terminal. The substrates were then annealed in a 

tube furnace at 1000 oC with an oxygen partial pressure of 60 Torr for 1 h. After this process, the 

TiO2 terminal was achieved and further confirmed by the surface morphology measurement done 

by atom force microscopy. The SRO, SIO, and STO targets were ablated by a KrF (248 nm) excimer 

laser at a repetition rate of 3 Hz and with a fluence of 1.35 J/cm2. During the deposition, the substrate 

temperature was kept at 800 oC with an oxygen partial pressure of 8 Pa. After the growth phase, the 

samples were then annealed on-site for 30 min at an oxygen pressure of 1 Torr at 800 oC. Finally, 

the samples were cooled at 25 oC/min and kept at the same oxygen pressure. 

 

Scanning transmission electron microscopy 
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The monochromated Cs-corrected high-resolution scanning transmission electron microscopy 

(STEM, Titan 80-300, FEI) was performed to characterize the interfacial structure. The STEM 

sample was prepared by a focused ion beam (FIB) (Helios 450, FEI). 

 

Electric transport properties characterization. 

Conventional photolithography and ion-milling were used to pattern the superlattices into the Hall 

bar geometry. The AHE was measured on a Hall bar device shown in the inset of Figure 1B. The 

electrical transport properties were measured by a Quantum Design Physical properties 

measurement system. 

 

First-principles calculations 

All the first-principles DFT calculations were performed with the Vienna ab Initio Simulation 

Package (VASP) 40, 41. The spin-polarized Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation was used as the exchange-correlation functional. The effective Hubbard UIr of 2 eV 

was also tested in line with Ref. 45, 46 to account for the electron correlation, which revealed that 

the main results were not changed, indicating our obtained results were robust. The spin-orbit 

coupling effect was considered in our calculations. The Hubbard U of the cutoff energy was set to 

500 eV and the force convergence along three lattice vectors in the structural relaxation is set to 

5×10−3 eVÅ −1. The Brillouin zone integration was performed with Gaussian smearing of 0.05 eV. 

In the structural optimization and self-consistent calculations, the sampled k-mesh for bulk SRO, 

SRO1/SIO2 superlattice, and SRO6/SIO2 superlattice were 16×16×16, 16×16×5, 16×16×2, 

respectively. For the computations of the Berry curvature projected on to the plane of Γ-X-M, a 
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two-dimensional k-mesh of 32×32 was used for all structures. 
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Temperature-dependent amplitude of hump-like feature. AHE curves of series 

(SROn/SIO2/STO4)5 superlattices with SRO thickness n ranging from 2 to 16 u. c.. 

AHE curves of SRO single layer. The influence of TiO2 terminal on the AHE curves. 

MR curves. Deduction of linear contribution from the normal Hall effect. M-H curves 

of series superlattices. Lorentz transmission electron microscopy images. Minor loop 

measurement of AHE. Minor loop measurement of M-H curves. Schematic circuit 

diagram. Two-channel model simulation. Band structures. Band structure projected 

onto different orbital of Ru, O, and Ir. 
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