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ABSTRACT: SrRuO3 (SRO) thin films and their heterostructure have brought much 

attention because of the recently demonstrated fascinating properties, such as topological 

Hall effect and skyrmions. Critical to the understanding of those SRO properties is the 

study of the spin configuration. Here, we conduct resonant soft x-ray scattering (RSXS) at 

the oxygen K-edge to investigate the spin configuration of a 4 unit-cell SRO film that was 

grown epitaxially on a single crystal SrTiO3. The RSXS signal under a magnetic field (~0.4 

Tesla) clearly shows a magnetic dichroism pattern around the specular reflection. Model 

calculations on the RSXS signal demonstrate that the magnetic dichroism pattern originates 

from a Néel-type chiral spin structure in this SRO thin film. We believe that the observed 

spin structure of the SRO system is a critical piece of information for understanding its 

intriguing magnetic and transport properties. 
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Introduction 

Ferromagnetic oxide SrRuO3 (SRO) thin films have attracted wide research interest 

because of their remarkable physical properties and potential spintronics applications.1-7 

The controllable properties of SRO thin films through interface engineering or electric field 

gating have especially fascinated researchers.7-9 SRO based heterostructures with a heavy 

metal layer (e.g. SrRuO3/SrIrO3) have been additionally highlighted due to the 

demonstrations of both magnetic quasiparticles, i.e. skyrmion, within its structure and the 

topological Hall effect.8-11 Topologically non-trivial magnetic skyrmions are important 

ingredients for making spintronics devices with high stability.12-16 In the SrRuO3/SrIrO3 

case, the broken inversion symmetry at the interface together with the large spin-orbit 

coupling from the heavy metal layer leads to interfacial Dzyaloshinskii-Moriya interaction 

(DMI) in SRO.12-13, 17-19 The DMI effect induces the chiral spin structure and forms into 

skyrmion quasiparticles.  

Meanwhile, it was recently suggested that it should be possible to show the DMI 

effect in the single-layered SRO film (i.e., without the heavy metal capping layer) due to 

the oxygen octahedron distortion at the interface between SRO and a substrate.20-22 In this 

sense, a chiral spin structure is expected even in this single-layered SRO thin film as well, 

making it a powerful candidate material for spintronics devices. As a consequence, many 

transport measurements have been performed on the single-layered SRO thin films in 

search of a chiral spin structure signature. In the transverse Hall resistance on the SRO film, 

a hump-like feature has been observed in a certain temperature and field range. There is 

controversy, however, in how the feature is interpreted. Some studies have regarded the 

hump-like feature as the topological Hall effect (THE) originating from the chiral spin 
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phase,20,21,23 as it has been observed in magnetic skyrmion systems.24-26 Other studies 

attribute it to the inhomogeneous property of ultrathin SRO films.27-28 Thus, these contrary 

interpretations suggest that the Hall effect measurement is insufficient to determine the 

spin configuration in SRO thin film.23   

In this study, we employed a resonant soft x-ray scattering (RSXS) approach to 

study the spin structure in a 4 unit-cell (u.c.) SRO film grown on a SrTiO3 (STO) substrate. 

RSXS was recently established to be a powerful non-destructive technique for determining 

the chiral spin structure in both magnetic multilayer and bulk skyrmion systems.29-34 We 

observed a magnetic circular dichroism pattern around the specular peak at the oxygen K-

edge. Through model calculations on the dichroic RSXS pattern, we revealed an existence 

of the Néel-type chiral spin structure in the SRO thin film. We believe that this finding is 

a crucial achievement in understanding its magnetic properties, paving the way for future 

spintronics applications even on the single-layered SRO system.  

 

Results and Discussion 

High-quality SRO thin (4 u.c.) film was epitaxially grown on STO substrate using the PLD 

(see Methods).23 Figure1(a) schematically shows the atomic structure of the SRO/STO. 

According to the previous studies,4,35,36 this 4 u.c. SRO exhibits the ferromagnetic behavior 

at low temperature. In this work, we utilize the resistivity (ρ) measurement to indirectly 

check the ferromagnetic transition. In generally, oxide material becomes more conductive 

while the ferromagnetism occurs.2,37,38 As depicted in Figure 1(b), the partial derivative of 

the resistivity, dρ/dT, shows the conductivity transition around 76.3 K, indicating the 
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ferromagnetic transition temperature (Tc). In addition, we checked the Hall resistance 

measurements as the growth condition affects the magnetic properties of SRO.39,40 Note 

that the inhomogeneity of SRO film depending on the growth condition has been discussed 

in our previous work.23 As shown in Figure 1(c), we saw a clear bump feature in the Hall 

resistivity as a function of magnetic field (see more details in Figure S2). The bump feature 

is considered beyond the ordinary Hall resistance and anomalous Hall resistance. The bump 

feature in Hall resistivity might be regarded as topological Hall effect due to chiral spin 

structure in some studies,20-23 but it is still under debate in other studies.27,28 

 

Figure 1. Thin SrRuO3 (4 u.c.) film on the single crystal SrTiO3. (a) Schematic cartoon of 
the film structure, depicting the distorted arrangement of SRO’s octahedral around the 
interface region. (b) The temperature dependence of the resistivity (black colored) and its 
partial derivative (red). It shows a transition around T = 76.3 K. (c) The transverse Hall 
resistivity of the SRO film measured at T = 20 K. The colored shades denote the additional 
term of Hall resistivity. The inset shows the effect of DMI between two neighboring Ru 
spins (S1 and S2) and the central oxygen. 

 

Since lattice mismatch exists between the epitaxial SRO film (3.93 Å) and the STO 

substrate (3.905 Å), the oxygen octahedral is distorted around the interfacial layer of SRO 

(Figure 1(a)). This octahedral distortion breaks the inversion symmetry at the interface, 

contributing to the DMI.20-22 Specifically, the oxygen (O) atom between two neighboring 

ferromagnetic Ru spins (𝑆! and 𝑆") departs from the line connecting two Ru atoms due to 
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the octahedral distortion (the inset of the Figure 1(c)). The displacement of the central 

oxygen determines the strength of the Dzyaloshinskii vector (𝐷!"), and the interfacial DMI 

equals to 𝐷!" ∙ (𝑆! × 𝑆")	in this SRO film.41 Gu et al.21 demonstrated that the DMI is 

enhanced due to the octahedral tilting near the surface. In other words, the participation of 

O atoms is essential for the DMI, and also the magnetic structure in SRO thin films.  

 

Figure 2. X-ray spectroscopy measurements on SRO (4 u.c.)/STO. (a) X-ray spectroscopy 
measurements at the O K-edge XAS spectra with RCP (red-circles) and LCP (solid-line). 
The peak at Eph = 527.5 eV corresponds to the Ru 4d-O 2p bonding state. As a reference, 
a pure STO spectrum from the substrate material only is superposed (dashed line). (b) The 
XMCD at the O K-edge of the SRO thin film. The blue colored shade in the XMCD denotes 
the magnetic dichroism signal of the Ru-O bonding state. The inset depicts the 
ferromagnetically polarized band of oxygen via hybridization with that of Ru. 

 

To explore the role of the oxygen in this single-layered SRO, we first performed a 

x-ray magnetic circular dichroism (XMCD) measurement at the O K-edge with a sample 

temperature of T = 24 K (see Methods), which is well below the measured ferromagnetic 
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transition temperature of the Tc ~ 76.3 K. A magnetic field (~0.4 Tesla) is applied along 

the surface-normal direction. It is because thin SRO film undergoes the perpendicular 

magnetic anisotropy42, which was confirmed by a magnetism measurement (see Figure 

S1(b)). Figure 2(a) shows the x-ray absorption spectroscopy (XAS) spectra of SRO thin 

film measured by the incident right/left circular polarized (RCP/LCP) x-rays. Since the 

probing depth of total electron yield (TEY) signal in XAS measurement is about 5 ~ 10 

nm, we can detect not only the SRO film, but also the STO substrate. In SRO(4 u.c.)/STO 

case, the XAS shows two spectral features at Eph ~ 527.5 eV and ~ 529.5 eV. The feature 

around 527.5 eV is attributed to the Ru-O bonding. The feature around 529.5 eV is 

attributed to the substrate (i.e., Ti-O bonding), which was confirmed with a reference XAS 

spectrum on pure SrTiO3 crystal.  As shown in Figure 2(b), we observed a small, but clear 

difference (i.e., XMCD) in the XAS spectra between RCP and LCP around the Ru-O bond 

state. Note that the maximized XMCD feature is around 527.8 eV – the slightly different 

energy between XAS and XMCD maximum is due to the complicate multiplet states 

between O and Ru bonding.42 This result indicates that the oxygen 2p band is magnetically 

polarized through the strong hybridization between Ru-4d band and O-2p bond (the inset 

in Figure 2(b)).  

Next, we performed the RSXS experiment at 527.8 eV where the oxygen magnetic 

dichroism is maximized (see Methods), aiming to explore the spin structure of the 

SRO/STO. Figure 3(a) shows the schematic experimental configuration. To ensure a larger 

magnetic scattering signal, the magnetic field was applied along the normal direction and 

the incident scattering angle (θ) was maximally set at 75º (see more details in Methods). A 

large area detector (2θ) was placed at 150º to collect the spatial distribution of the scattering 
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signals. We observed a bright specular peak (i.e., 2θ/2 = θ) on the center of the detector as 

well as a series of satellite peaks along the qx direction. Note that the satellite peaks 

originate from the interference around the vicinal step terrace of the STO substrate (Figure 

3(a) and Figure S1(a)). 

 

Figure 3. Resonant soft x-ray scattering on the SRO (4 u.c.) film. (a) Schematic picture of 
the RSXS experimental geometry and detected pattern. ki and kf denote the incident (75°) 
and outgoing (150°) x-ray, respectively. Along the sample normal direction, the magnetic 
field (~ 0.4 Tesla) is applied. The scattered x-rays are detected by an area detector (CCD). 
The sample surface is represented by the atomic force microscopy (AFM) image. It shows 
the step-terrace pattern (see also Figure S1). (b) The scattering patterns with the RCP and 
LCP condition (measured at T = 35 K). Reflections around qx = 0 and ~ ±0.004 Å-1 are the 
specular (0th) and satellite (±1st) peaks, respectively. (c-e) The magnetic asymmetry pattern, 
A = (IRCP - ILCP)/(IRCP + ILCP), at the resonant energy 527.8 eV under different temperatures, 
(c) 24 K, (d) 35 K, (e) 55 K, after subtracting the A-pattern at 79 K as a nonmagnetic 
background. (f) The magnetic asymmetry pattern at non-resonant energy 527.2 eV under 
24 K. (c-f) shares the same color bar. 
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Considering recent studies which demonstrated the magnetic dichroic pattern 

around the specular,31-32 the polarization dependent RSXS is a powerful method to explore 

the spiral spin structure. We measured the specular peak with different circular polarized 

x-ray, i.e., RCP and LCP. As shown in Figure 3(b), there is a subtle but noticeable 

difference around the specular reflection between the RCP and the LCP. To extract such 

the difference, we plotted the magnetic asymmetry ratio, A = (IRCP - ILCP)/(IRCP + ILCP), 

where IRCP and ILCP are the RSXS signals of with the RCP and LCP, respectively. Note that 

the high temperature above the Tc was removed as a background signal (see details in 

Figure S3). Figures 3(c)-3(e) show a magnetic dichroic signal around the specular 

reflection, as well as the satellites, with the different temperatures (24 K, 35 K, and 55 K). 

The magnetic asymmetry pattern (A-pattern) is separated into two parts along the qy 

direction, with the different signs of contrast. This observed pattern shape is very similar 

to that of the recently reported A-pattern in an Ir/Co/Pt multilayer, which is originated from 

the Néel-type domain walls.31-32 These findings imply the existence of a chiral spin 

structure in the single-layered SRO system. In addition, as depicted in Figure 3(f), the 

magnetic dichroic signal disappears at 527.2 eV which is the off-energy position of XMCD 

signal (Figure 2(b)). It further confirms that the A-pattern originates from the magnetism 

in SRO. Although this chiral spin structure is detected via the O’s magnetic resonance, this 

result can be used to represent the spin configuration in SrRuO3 system because of the 

strong hybridization of the O and Ru bands.  

This implication is further discussed in the temperature dependence of the A-pattern. 

As shown in Figures 3(c)-3(e), we found the relatively clear A-pattern at 35 K compared 

to others. Considering the Hall measurement (Figure S2(a)), the bump feature is dependent 
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on the field and the temperature, showing a narrow (putative) THE phase of temperature 

under a fixed magnetic field (Figure S2(b)). Our field condition (0.4 T) is well optimized 

around 35 K, but is insufficient (too large) at 24 K (55 K) to trace the bump feature. For 

this reason, we infer a link between the chiral spin structure and the observed bump feature 

in the Hall effect.  

 

Figure 4. Theoretical analysis of the dichroic RSXS pattern. (a) A modeled spin chiral 
structure. qh is the spin propagation wavevector and φ represents the azimuth angle of qh 
rotated from the x-axis. Ψ represents the rotation of the common rotation plane. (b) The 
simulated A-pattern from Néel-type spin structure. The in-plane pattern is coordinated with 
an azimuthal angle φ. (c) The experimental A-pattern (measured at 35 K) around the 
specular peak region is highlighted. (d) Azimuthal dependence of the integrated intensity 
along the radial direction in A-pattern. The experimental data (circles) is compared with 
the calculated Néel- (black solid-line) and Bloch-type (green dashed-line) spin structures. 
The error bar is estimated from the zero-field magnetic asymmetry pattern.  

 

In order to scrutinize the details of the observed chiral spin structure in the single-

layered SRO, we executed model calculations which simulate RSXS signals based on the 

magnetic scattering theory (see Methods).43 We started the scattering simulation from a 

Néel-type spin configuration which is typically induced by the interfacial DMI. Figure 4(a) 

schematically shows the modeled Néel-type spin configuration, in which ki and kf represent 

the incident and outgoing x-ray, respectively. The spiral spin is propagating along the 𝒒#  

direction, where 𝒒#  is the wavevector of the spin modulation. The angle φ represents the 
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azimuth angle of 𝒒#  rotated from the x-axis in x-y plane. Along the 𝒒#  direction, the 

individual spins rotate or precess in a common rotation plane, as indicated by the gray 

circles in Figure 4(a). By changing the common rotation plane angle 𝜓, the chiral spin 

structure with different helicity (e.g., Néel-type, Bloch-type, and hybridized-type) can be 

considered in this simulation. Note that another representative structure of Bloch-type is 

discussed in the Supporting Information. In this circumstance, the magnetic moment of the 

spin spiral structure is described as follows: 𝑴  = (m1, m2, m3), where 𝑚! =

𝑀$ sin𝜓 sin(𝒒# ∙ 𝒓) ; 𝑚" = −𝑀$ cos𝜓 sin(𝒒# ∙ 𝒓) ; 𝑚% = 𝑀$ cos(𝒒# ∙ 𝒓) . With the 

change of the circular polarization of the incident x-ray, the magnetic asymmetry ratio at 

𝒒#  around the specular peak, 𝐼&(𝒒#) , is calculated as follows (see more details in 

Supporting Information): 

𝐼&(𝒒#) 	= 	
2cos 𝜃 sin" 𝜃 cos(𝜑 + 𝜓)

sin" 𝜃 + cos" 𝜃sin" (𝜑 + 𝜓) + 2 sin" 𝜃 cos" 𝜃cos" (𝜑 + 𝜓). 

Figure 4(b) shows the A-pattern simulated from the Néel-type spin structure obtained from 

the equation above. The shape of the simulated pattern is in good agreement with the 

experimental results (Figure 4(c)). Note that the dichroic feature at the satellite peaks are 

similar to that at the specular reflection, but are too weak to be analyzed quantitively – in 

this sense, we have focused on the specular reflection for further analysis. Such an 

agreement is further supported by a comparison of the integrated magnetic asymmetry as 

a function of φ, as shown in Figure 4(d). The experimental result is well matching with the 

simulation from the Néel-type structure. If the helicity of the spin structure changes, the 

magnetic asymmetry curves will have a different phase from the experimental results. As 

indicated in Figure 4(d), the simulated result from Bloch type shows a 90° phase difference 
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with the experimental result (see Figure S4b). Therefore, these results unambiguously 

confirmed the existence of the Néel-type spin structure in SRO thin film.  

Finally, it is worthy to discuss that the observed Néel-type spin structure in the SRO 

thin film could originate from the chirality of magnetic domain walls, or from small 

quasiparticle magnetic structures (e.g. magnetic skyrmion) in SRO thin film.10, 31 

Regardless of its origin, our result shows that the single-layered SRO thin film has a 

remarkable chiral spin structure even without the assistance of other heavy metal layers. 

However, the chiral spin state in the SRO system is likely metastable, because the phase 

exists in a narrow region of experimental parameters (field and temperature). It is distinct 

from the strong DMI systems – e.g., Fe monolayer18 or PdFe bilayer17 grown on the Ir 

substrate – which accompany a non-collinear spin texture at zero field (i.e., spin chiral or 

a skyrmion lattice).13 On the other hand, due to the metastable state in the SRO, the chiral 

spin configuration may also help to illuminate the underlying mechanism for tailoring a 

novel magnetic properties.24-26 For example, the magnetic properties can be controlled not 

only by the magnetic field, but also by the electric field.8-9 Thus, this characteristic makes 

the SRO thin film possibly more flexible in spintronic applications. 

 

Conclusion 

We have comprehensively studied a single-layered SRO thin film (4 u.c.) grown on a 

STO substrate using resonant soft x-ray scattering at the oxygen K-edge under 0.4 Tesla 

magnetic field. The RSXS signal with the magnetic field clearly shows a magnetic 

dichroism pattern around the specular reflection. Corresponding model calculations on 
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the magnetic pattern reveal the Néel-type spin structure in the thin SRO film. We believe 

that this result provides a critical clue to settle the controversial interpretations on the 

transport result on SRO and eventually an important fundamental ingredient to 

understand the magnetic properties in SRO thin film. Ultimately, it sheds new light on the 

potential of making spintronics devices even in such a simple-structured SRO film. 

 

Methods 

Sample growth and characterization. The SRO thin films were grown by the pulsed laser 

deposition (PLD) on the TiO2- terminated STO substrate along the [001] direction. The 

substrate was pre-annealed at 1300 K for 90 minutes to achieve a sharp terrace surface. A 

248 nm KrF excimer laser with a power density of 1-2 J/cm2 was used to deposit the SRO 

film at 1000 K and in 100 mTorr O2. The film growth is monitored by an in-situ RHEED 

system. The flat surface quality was confirmed by atomic force microscopy (AFM) 

measurement (Figure S1). The transport properties were characterized by the Physical 

Property Measurement System (PPMS) and the magnetic property measurement system 

(MPMS), Quantum Design Inc. 

Resonant Soft X-ray Scattering and X-ray Magnetic Circular Dichroism. The RSXS and 

XMCD measurements were carried out at Beamline 13-3 in Stanford Synchrotron 

Radiation Lightsource (SSRL), SLAC National Accelerator Laboratory. In both 

measurements, a permanent magnet was used to apply a magnetic field (~ 0.4 Tesla) along 

the film normal direction, because the easy axis of magnetization is in the out-of-plane 

direction. The incident beam direction is aligned to the maximized 𝒌' • 𝑴 (where 𝒌' is the 
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wavevector of incident x-ray and 𝑴 is the magnetic moment), leading to the large θ angle 

(close to normal direction). Note that even if we measure a magnetic signal at the lower 

angle, the result (i.e., spin information) wouldn’t be different. In this case, the higher angle 

condition shows a better signal to noise ratio. For XMCD measurement, the circular 

polarization (RCP and LCP) is controlled with the fixed field direction. All spectra were 

acquired by the total electron yield (TEY) mode. The RSXS experiment is done at specular 

reflection geometry with an incident angle of θ = 75° (detector angle, 2θ = 150°). The 

diffracted x-rays were collected by an area detector (CCD) at the specular position. The 

sample is mounted on an in-vacuum four-circle diffractometer and cooled down through 

an open cycle liquid helium system (the lowest temperature that can be reached in this set-

up is ~24 K).  

Theoretical analysis of RSXS signals. Using the same geometry as the experiment, the 

scattering intensity is calculated by 𝐼(𝒒) ∝ | ∑ 𝑓(exp	(𝑖𝒒 ∙ 𝒓𝒏)( 	 |". The structure factor of 

the magnetic scattering term is determined by the polarization of the incident and scattered 

x-ray and the magnetic moment. The magnetic structure with different helicity is modeled 

as discussed in the main text. When ψ = ±90°, the normal direction of a common rotation 

plane is perpendicular to the 𝒒𝒉 direction, which is the case of a pure Néel-type structure, 

as shown in Figure 4(a). On the other hand, when ψ = 0 or 180°, the normal direction of a 

common rotation plane is parallel to the 𝒒𝒉 direction, representing the pure Bloch-type 

structure (see Figure S4). When ψ is in-between, the model represents a hybrid chiral spin 

structure of the Néel- and Bloch- type. The magnetic asymmetry ratio 𝐼&(𝒒𝒉) is obtained 

by changing the helicity of the incident beam from RCP to LCP. It represents the magnetic 

asymmetry ratio around the specular peak with a wavevector of 𝒒𝒉 . The simulated A-
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pattern is obtained by giving the Gaussian broadening of the magnetic asymmetry ratio 

along the radial direction, in which the Gaussian peak center is estimated from the 

experimental scattering peak center 𝒒𝒉 . More details are given in the Supporting 

Information. 

 

Supporting Information  

Supporting Information is available online or from the author. 
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