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Abstract

The anomalousHall effect of SrRuO3 is of special interest, sinceWeyl nodes appear in the band

structure and lead to an unconventional temperature dependence of the anomalousHall constant.

Moreover, it has been proposed that coupling of SrRuO3 films tomaterials with strong spin–orbit

coupling orwith ferroelectric or ferromagnetic ordermight lead to the formation of skyrmions and a

topological contribution to theHall effect. This latter conjecture is strongly debated.We probed this

proposal by interfacing thin SrRuO3 layers to Pr0.7Ca0.3MnO3, since it is known that the strong

antiferromagnetic coupling between these two ferromagnets leads to complexmagnetization states.

Superlattices with sharp interfaces were grown by pulsed-laser deposition. The epitaxial interfacing

with the Pr0.7Ca0.3MnO3 layers led tomajormodifications of the structural symmetry of the SrRuO3

layers. High resolution scanning transmission electronmicroscopy revealed that the individual

SrRuO3 layers of the superlattices had heterogeneous structurewith varying oxygen octahedral tilt

angles across the layers, turning their structure to be tetragonal-like, with largely suppressed

octahedral tilts when the thickness of the neighboring Pr0.7Ca0.3MnO3 layers was increased. These

structuralmodifications were accompanied bymajor changes in the field dependence of theHall

signal with themainly tetragonal SrRuO3 layers showing features strongly reminiscent of a topological

Hall effect. However, since there was an intimate link betweenHall effect and structure, theHall data

were interpreted as arising from a superposition ofHall effect contributions from tetragonal and

orthorhombic SrRuO3 sub-layers.

1. Introduction

Hall effectmeasurements have attractedmajor interest in recent years, since theHall effect of complex systems

often yields a direct insight into fundamental physical properties [1]. Prominent examples are the detection of

skyrmions in ferromagneticmaterials by the observation of a novel topological contribution to theHall effect

[2, 3] and the evidence of quantization of the anomalousHall effect inmagnetic topological insulators [4, 5]. In

this context SrRuO3 is an intriguingmaterial for two reasons: (1) it is established thatWeyl nodes in the band

structure lead to a non-trivial temperature dependence of the anomalousHall effect [6, 7]. (2) It was conjectured

that skyrmionsmight be introduced in ferromagnetic films by an interfacial Dzyaloshinskii–Moriya interaction

induced by spin–orbit coupling [8, 9]. Hall resistivitymeasurements on SrRuO3films coupled to adjacent SrIrO3

layers indeed showed signatures of a topological Hall effect [10, 11]. Further work on SrRuO3films interfaced to

ferroelectric filmswith off-centering B-site distortions [12] and ferromagnetic filmswith strongmutual

antiferromagnetic coupling [13] yielded similar signatures. However, since these kind of structures show
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complex strain states [14] and intricate oxygen octahedra rotation patterns [15], it is an open questionwhether

theHall effect signatures are truly a proof for the presence of skyrmions.

In the present work SrRuO3 layers coupled to Pr0.7Ca0.3MnO3 layers in superlattices were studied. It is

known that strong antiferromagnetic coupling between these layers exists [16], but also that the oxygen

octahedra patterns in the SrRuO3 layers are affected by the neighboring orthorhombicmanganite layers [17].

Since Pr0.7Ca0.3MnO3 (PCMO) is insulating, theHall effect can be uniquely attributed to the SrRuO3 (SRO)

layers. A study of the structural changes in the SRO layers for different thicknesses of the PCMO layers should

therefore highlight the physicalmechanism leading toHall effect signatures characteristic for the presence of

topological excitations.

2. Experimental details

The superlattices were fabricated by pulsed laser deposition (248 nm,KrF laser) frompolycrystalline targets onto

vicinal SrTiO3(100) (STO) substrates withmiscut angle of about 0.1°, uniformTiO2–termination and atomically

flat terracemorphology. Substrate temperature was 650 °C and oxygen partial pressure 0.14mbar. Two

superlattices with 15 repeats of the same PCMO/SRObilayer, named SL1 and SL3, see table 1, were chosen for

the present study. The samples were studied by transmission electronmicroscopy (TEM) and high-angle

annular dark-field scanning TEM. Earlier results [16, 17] indicated changes of the SRO symmetry as a function

of the thickness of the orthorhombic PCMO layers, but since the SRO crystalline symmetry is still under debate

[18–20], new structural investigations weremade for this work. Previousmagnetization and resistivity

measurements showed that the direction of the substrate normal was close to amagnetic easy axis of the SRO

layers in SL1, butwas amagnetic hard axis of the SRO layers in SL3 [16, 17].

3. Structural characterization

We investigated cross section specimens of the two superlattices by TEMand by high-angle annular dark-field

scanning transmission electronmicroscopy (HAADF-STEM). LowmagnificationHAADF-STEMmicrographs

taken in different locations along the specimens allowed us to observe that the layers were uniformover at least

fewmicrons lateral size (see figures 1(a) and (b)). The interfaces between the SRO and PCMO layers were sharp

and their atomic structure was analyzed in greater detail in earlier papers, finding an asymmetry of intermixing

at the SRO-on-PCMOand the PCMO-on-SRO interfaces [17, 21]. The interfaces were proven to be affected by

intermixing over two (PCMO-on-SRO) or one (SRO-on-PCMO) lattice planes. The same superlattices were

previously investigated by high resolutionTEMand themain conclusions of the analysis were already reported

in [17]. Themainfindingwas that the room temperature (RT) structure of the SRO layers was different in the

two superlattices, andwe proposed that the SRO layers of SL1were orthorhombic, whereas the SRO layers of SL3

adopted either a tetragonal structure or had amixed structure with predominant tetragonal domains and a low

fraction of orthorhombic domains at RT.

Here we studied in greater detail the structural symmetry of the SRO layers of the two superlattices.We

acquired selected area electron diffraction (SAED) patterns under TEMwith an aperture of about 200nm

diameter, which allowed the electron beam to interact with part of the STO substrate andmost superlattice

layers. The SAEDpatterns are shown infigure 1(c) for SL1 and infigure 1(d) for SL3. From the superlattice

reflections (see insets offigures 1(c) and (d))we obtained the average periodicity for SL1 as;7.0 nm and for SL3

as;8.6 nm,which agreewell with our high-resolutionmeasurements (figures 2 and 3). For both superlattices,

two types of structural domains with different orientation of the [001] orthorhombic cO axis (i.e. the unique axis

of a orthrhombic Pbnm system)were observed for the areas investigated: for SL1, domains with in-plane cO axis,

oriented either parallel to the viewing direction or perpendicular to the viewing direction and pointing to the left

for this particular sample area; for SL3, domains with in-plane cO axis parallel to the viewing direction and

Table 1. Layer thicknesses andCurie temperatures of the
SLs. Curie temperatures were determined from
magnetization and resistivity.

Sample Thickness (nm) TC (K) TC (K)

(SRO) (PCMO)

SL1 [PCMO/SRO]15 143 110

[2.0/4.8]15

SL3 [PCMO/SRO]15 142 115

[4.4/4.0]15
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domainswith out-of-plane cO axis, pointing in the growth direction (see the indications on the SAEDpatterns

shown infigure 1).We note that the diffraction patterns were orthorhombic-like (see the supplementary figure

S1 for details concerning the patterns expected for the orthorhombic Pbnm structure with different orientations

of the cO axis with respect to the electron beam). Supplementarymaterial is available online at stacks.iop.org/

JPMATER/2/034008/mmedia. Further analysis, e.g. dark-field imagingwas impossible, because (a) the

objective aperture was not small enough and (b) the spots were extremely close because of the diffractions from

Figure 1.High-angle annular dark-field scanning transmission electronmicroscopy overview imaging at lowmagnification of cross
section specimens of the two SRO/PCMOsuperlattices: (a) SL1 and (b) SL3. The Pt andAu layers were used for protection during the
specimen fabrication by focused ion beam (FIB)milling (the top part of SL3was slightly damaged during the FIB processing). Selected
area electron diffraction (SAED) patterns taken under transmission electronmicroscopy of the two superlattices are shown in (c) for
SL1 and in (d) for SL3, and they are alignedwith the superlattice growth direction. The aperture size for the SAEDswas 200nm, so that
both the substrate and the superlattices were comprised. The direct beamwas shadowed. The insets in (c) and (d) show superlattice
reflections, whose periodicity allowed us to obtain the approximate thickness of the PCMO/SRO repeat bilayer (;7.0 nm for SL1 and
8.6nm for SL3). The positions of the spots that allowus to ascertain the direction of the [001] orthorhombic axis (cO) aremarked by
the hollow arrows.

Figure 2.High-angle annular dark-fieldmicrograph of SL1with fast Fourier transforms (FFTs) acquired across individual SRO layers.
The patterns shown in (b), (c) and (d) are the FFT patterns of the SRO layers labeled b, c, d on theHAADF-STEM image in (a). The FFT
patterns taken on the various SRO layers showed clear spots corresponding to orthorhombic structurewith the [001] (cO) direction as
marked in the bottom right corner of (d) (i.e. parallel to the viewing direction). Only the central quarter of the FFTs is shown for better
illustration of the spots corresponding to the orthorhombic structure.
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the superlattice. The presence of high-symmetry structures (e.g. tetragonal structure) is also possible, because

these do not create additional spots. Therefore, high spatial resolution investigations were required, in order to

probe the structure of the individual SRO layers.

To this endwe performed high resolutionHAADF-STEMandmade Fast Fourier transforms (FFTs) of

images in small areas (about 15×4 nm2
) of the individual SRO layers. Figure 2 summarizes themainfindings of

our analysis of the FFT patterns acquired across several SRO individual layers of SL1 (as imaged byHAADF-

STEM infigure 2(a)). All three FFTs taken on areas of SRO layers labeled b, c and d infigure 2(a) exhibit the same

spots. The spotswhose positions aremarked by the red arrows corresponded to oxygen octahedral tilts (see

supplementarymaterial, in particularfigures S1(a) and S2 for details). The primary pseudo-cubic unit cell of the

reciprocal lattice is shown asmarked by the red rectangle infigure 2(b).We note here thatwe increased the

lateral width of thewindows for FFTs artificially in order to improve the signal to noise ratio, so that the spots

marked by the red arrows can be better visualized. The PCMO layers of SL1were too thin to obtainmeasurable

FFTs such as for the SRO layers.

We performed the same analysis for SL3 and the results are shown in figure 3. In contrast to the SRO layers of

SL1, the FFTs of the SRO layers of SL3 did not exhibit the spots corresponding to the oxygen octahedral tilts (see

figures 3(d) and (e)). These spots, asmarked by thewhite ellipses infigure 3(b)were however exhibited by the

FFTsmade on PCMO layers (see figures 3(b), (c), (f) and (g)).We concluded that the oxygen octahedral tilts were

much suppressed in the SRO layers of SL3 as compared to the SRO layers of SL1. This is a strong indication that

the SRO layers of SL3 have tetragonal structure or a heterogenous structure with larger oxygen octahedral tilts

next to the interface with the orthorhombic PCMO layers andwith suppressed tilts in the core of the layers.

More details on the structure of the superlattices are discussed in the supplementarymaterial, wherewe analyzed

the octahedra tilt angles in SL3 and the detection and type of orthorhombic domains for both SL1 and SL3 (see

the supplementary figures S3–S9).

The tetragonal structure stabilized at RT in SRO layers in SL3 is not as surprising, as it was reported that bare

epitaxial SROfilms grown on SrTiO3(100) substrates exhibit tetragonal structure at RT, if they are thinner than

about 17 pseudo-cubic unit cells (uc) [22]. This was attributed to strong suppression of oxygen octahedra tilts,

because of the epitaxial growth on cubic SrTiO3 substrates with undistorted TiO6 octahedra. The suppression of

the tilts was expected to bemore effective the thinner the SROfilms are. Recently, structural data were reported

for ultrathin SROfilms grown on SrTiO3(100) substrates, where an 8uc thick SRO layer was imaged by annular

bright field STEMand the oxygen octahedral tilt angles weremonitored across the layer [23]. This allowed the

observation that thefirst 3–4uc of SROnext to the substrate hadmuch larger tilts than the topmonolayers. This

Figure 3.High-angle annular dark-fieldmicrograph of SL3with fast Fourier transforms (FFTs) acquired across individual SROand
PCMO layers. The FFT patterns shown in (b) to (g) correspond to the images in the areasmarked bywhite rectangles on theHAADF-
STEM image in (a) and labeled b to g. The spots corresponding to the orthorhombic structurewith the [001] axis (cO) parallel to the
viewing direction (i.e. thosemarked by ellipses) are very weak or even invisible in SRObut are well visible for the PCMO.Only the
central one quarter of the FFTs is shown for better illustration of the spots corresponding to the orthorhombic structure.
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means the structure of the SRO layer is heterogeneous, beingmore orthorhombically-distorted next to the

substrate and tetragonal-like away from the substrate.

Theoretical calculations concluded that the energeticallymost favorable tetragonal phase of SRO epitaxial

films under strain is the I4/mcmphase, characterized by aGlazer [24] tilt pattern a a c0 0 (showing fundamental

pseudo-cubic reciprocal lattice for all three axes). This phasewas also found to be lower in energy than the

orthorhombic Pbnmphasewith out-of-plane oriented unit cell in the range from compressive to tensile strains

of−2.1% and+3.8% [25].

Tetragonal structurewas reported also for epitaxial SRO films grown on orthorhombicGdScO3(110) and

NdGaO3(110) substrates [19, 26], onGdScO3-buffered SrTiO3(100) [27] and for oxygen-deficient epitaxial SRO

films grown on SrTiO3(100) [28].

4.Hall effect

4.1. Influence of the crystal structure

TheHall effect of orthorhombic [19, 29–32] and tetragonal [19, 32, 33] SRO filmswas studied before. The

anomalousHall constant of orthorhombic SRO is negative at low temperatures, changes sign at a temperature

sensitive to structural quality, but typically between 100 and 125 K, and dominates theHall effect alsowell above

theCurie temperature [31]. The anomalousHall constant of tetragonal SRO is positive at all temperatures. This

is an experimental result that has yet to be theoretically understood.

TheHall resistivities of superlattices SL1 and SL3 are shown infigure 4. TheHall resistivity of SL1 had the

typicalfield- and temperature dependence characteristic of orthorhombic SRO [29, 30, 32], whereas that of SL3

was characteristic of tetragonal SRO [19, 32, 33]. At lowfields theHall resistivity loops appeared to follow the

magnetization loops, i.e.theHall resistivity ρyx contained both an ordinary and an anomalous contributionwith

Hall constantsRH andRS: R H R Myx H S0( ), with appliedmagnetic fieldH, magnetizationM and

vacuumpermeabilityμ0. For a first characterization of the data the saturationHall resistivity ρyx,Swas defined by

the extrapolation of the linear highfield region to zero field; this is indicated infigure 4(a). The saturationHall

resistivity is given by the product between the anomalousHall constantRS and the saturationmagnetizationMS:

R Myx S S S, 0 . In case of superlattice SL3 the linearfield dependence in an intermediate field rangewas used

for extrapolation, since theHall resistivity showed a strong curvature in the high field range that we attributed to

spin canting due to the antiferromagnetic coupling between SRO and PCMO layers. It has to be kept inmind

that the PCMO layers are insulating, and therefore theHall effect arises only from the SRO layers.

Figure 4.Hall effect of superlattices (a) SL1 and (b) SL3 at selected temperatures. The lines indicate the extrapolation of the highfield
behavior to zero field.
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The saturationHall resistivity ρyx,S is shown as a function of temperature infigure 5(a) for a variety of SRO

films and superlattices containing SRO layers.Whereas the ρyx,Sdata of orthorhombic SROfilms and

SrRuO3/SrTiO3 superlattices were rather similar and negative at low temperatures, theHall resistivity of the

tetragonal sample was positive at all temperatures. The data of superlattices SL1 and SL3were in-between the

two extremes, with the data of superlattice SL1 being closer to orthorhombic and those of superlattice SL3 being

closer to tetragonal symmetry. This is in agreementwith the structural data discussed in section 3.

Scaling laws between anomalousHall constantRS and longitudinal resistivity ρwere often reported [34]with

a linear scaling indicating a skew scattering [35, 36] and a quadratic scaling indicating a side-jump [37] scattering

mechanism. The scaling ofRS versus ρ is shown infigure 5(b) for the same SRO samples. As a trend, with

increasing tetragonality the longitudinal resistivity increased and the anomalousHall constant increased and

changed sign. There is consensus that the anomalousHall effect in orthorhombic SrRuO3 is dominated by a

Berry-phase induced intrinsicHall resistivitymechanism [6, 7, 38]. The anomalousHall constant of tetragonal

filmsmight be dominated by the side-jump contribution [38], but this is still under debate.

4.2. Field dependence of theHall resistivity

In this section the detailed field dependence of theHall effect is discussed, since this yields insight into the

possible presence of topological contributions. A comparison betweenHall resistivity andmagneticmoment is

shown infigure 6 for superlattice SL1 and temperatures up to 150 Kwith theHall resistivity in red (left axis) and

themagnetization in blue (right axis). The highfieldHall resistivity was linear inmagnetic field; this linear

contributionwas subtracted to extract only the anomalousHall effect contribution. At all temperatures theHall

effect andmagnetization switching occurred at the samemagnetic fields. Thefield dependence of themagnetic

moment had the shape of an easy-axis hysteresis curve superimposed on a ferromagnetic contributionwith

gradual field dependence characteristic for theweakly ferromagnetic PCMO layers [16]. Thefield dependence of

theHall resistivity changed in character with increasing temperature. At low temperatures up to about 50 K the

Hall resistivity had the shape of a hysteresis curve; at 10 Kovershoot loops above the coercive field appeared. At

higher temperatures theHall resistivity had a peak or even a double peak structure close to zerofield. This is

reminiscent of the signature of a topological Hall effect contribution [3, 10, 13].

A similar comparison betweenHall resistivity andmagneticmoment is shown infigure 7 for superlattice SL3

and temperatures up to 150 K, againwith theHall resistivity in red (left axis) and themagnetization in blue (right

Figure 5. (a)Comparison of saturationHall resistivity of orthorhombic 40nm (OF40) and 5nm (OF5) SRO films, orthorhombic
SRO layers in SRO/STO superlattices (SLSTO1: [4.5 nmSRO/1.5 nmSTO]15, SLSTO2: [2.5 nmSRO/3.6 nmSTO]15), the PCMO/
SRO superlattices (SL1 and SL3) and a 40nm tetragonal (TF40) SROfilm. (b)AnomalousHall constantRS as a function of resistivity.
The anomalousHall constantRSwas determined by dividing the saturationHall resistivity yx S, by themagnetization valuesmeasured

in amagnetic field of 0.1 T.
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axis). Up to 90 K theHall resistivity curves had an additional peak in the reverse hysteresis branch after the

magnetic field had crossed zero; thefield direction is indicated by the black arrows infigure 7(a). This additional

peak had no corresponding trace in themagneticmoment hysteresis curve. This is reminiscent of a topological

Hall effect signature [3, 10, 13].

It is tempting to relate the peculiarfield dependence of theHall resistivity to a topologicalHall effect

contribution arising due to non-trivial scalar spin chirality. The comparison between superlattices SL1 and SL3,

especially between thefield dependentHall effect data at 10 K, shows that there is a significant difference

between the superlattices.Whereas SL1 has aHall effectmainly characteristic of orthorhombic SRO, theHall

resistivity of SL3 resemblesmore that of a tetragonal SRO film. This is consistent with the structure data and the

evolution of the anomalousHall constant with symmetry shown infigure 5(b). Thereforewe propose that the

observedHall effect is a superposition of two contributions, each from sub-layers of either orthorhombic or

tetragonal symmetry.We simulatedHall resistivity curves for each superlattice by adding a negative and a

positiveHall contribution, seefigure 8. As a technical detail, theHall resistivity curves weremodeled by

H H Htanh C[( ) ] functionswith appropriate parameters for the various sub-loops. Detailed agreement

cannot be expected, since the antiferromagnetic interlayer couplingwas not taken into account. In case of

superlattice SL1 this simulationwas consistent with the data at all temperatures, whenHall resistivity loopswith

similar coercivities, but different signs of the anomalousHall constant were used, seefigures 8(a) and (b) for the

10 K data. In contrast, in case of superlattice SL3 good agreement between simulated curves and datawas

achieved using one hysteresis loopwith large coercivity and negative anomalousHall constant and a second loop

with vanishing coercivity and positive anomalousHall constant, seefigures 8(c) and (d). The latter scenario is

consistent with the presence of a tetragonal layer corewith c-axis along the substrate normal and an

orthorhombic layer shell, as also indicated by the structural investigations in section 3. The appearance of a

secondHall resistivity loopwith positive anomalousHall constant and large coercivity in superlattice SL1might

be explained by the presence of tetragonal SROdomainswith the c-axis in plane. This scenariowas not excluded

Figure 6.Comparison ofHall resistivity (left scale) andmagneticmoment (right scale) of superlattice SL1 at temperatures between 10
and 150 K.Note that in panels (a) and (b) themagneticmoment axis is inverted.
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Figure 7.Comparison ofHall resistivity (left scale) andmagneticmoment (right scale) of superlattice SL3 at temperatures between 10
and 150 K.

Figure 8.Hall effect of superlattices (a) SL1 and (b) SL3 at 10 K (data points) and simulated curves as described in the text. In (c) and
(d) the orthorhombic and tetragonal contributionsmaking up the simulated curves are shown individually.
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by the structural analysis in section 3. The simulation results were in accordancewith recent proposals for the

Hall resistivity in SrRuO3/SrIrO3 samples and ultrathin SrRuO3 grown onNdGaO3(110)O substrates [39, 40].

5. Conclusion

Measurements on twoPr0.7Ca0.3MnO3/SrRuO3 superlattices showed structuralmodifications of the SRO layers

that variedwith the thickness of the PCMO layers. Especially in superlattice SL3with the thicker PCMO layers,

the SRO layers had tetragonal symmetry at the layer corewith a c-axis parallel to the substrate normal, and

orthorhombic symmetry close to the interfaces, where the oxygen octahedra had larger tilt angles. Both

superlattices showed signatures in thefield dependence of theHall resistivity that were reminiscent of a

topologicalHall effect.Moreover, the anomalousHall constant of superlattice SL3was positive in the

temperature rangemeasured, from10 to 200 K. In agreementwith the structure data this behavior is

characteristic of SRO layers with tetragonal symmetry [19, 32, 33]. On the other hand, superlattice SL1 showed

more conventionalHall effect behavior consistent with orthorhombic SRO layers, albeit alsowith additional

field dependent features.

Since superlattice SL3 showed clear structural changes compared to superlattice SL1, we attribute theHall

effect signatures shown infigures 7(a)–(c)not to the presence of complexmagnetization textures due to the

antiferromagnetic interlayer coupling, since this is present in both samples [16], but as arising from a

superposition ofHall signals from tetragonal- and orthorhombic-like regions of the SRO layers. This is

consistent with the simulations infigure 8, with the sign of the anomalousHall effect andwith the anisotropy of

theHall loop that is characteristic for amagnetic hard axis along the substrate normal. Similarly, thefield

dependence of theHall resistivity of superlattice SL1 at allmeasured temperatures can be understood as a rising

from the superposition of twoHall loops, bothwith characteristic easy-axis loop shape, butwith alternate signs

of the anomalousHall constant. This result indicates that the tetragonal-like SRO regions in sample SL1 had an

in-plane c-axis.

Overall, these results show that the anomalousHall effect can therefore be used as afirstmarker for the

detection of complex structural patterns (e.g. structural domains, inhomogeneous oxygen octahedra tilts) in

heterostructures based on SrRuO3 layers.
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