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Abstract 

We report magnetic properties of epitaxial thin films of the itinerant ferromagnet SrRuO3 deposited on the 
cleaved ab surface of the spin-triplet superconductor Sr2RuO4. The films exhibit ferromagnetic transition near 160 
K as in the bulk SrRuO3, although the films are under 1.7% compressive strain. The observed magnetization is even 
higher than that of the bulk SrRuO3. In addition, we newly found that the magnetization relaxation after field 
removal is strongly anisotropic: two relaxation processes are involved when magnetic domains are aligned along 
the ab-plane. 
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1 Introduction 
The proximity effect between a ferromagnet (FM) and a spin-triplet superconductor (TSC) has been 

theoretically explored expecting novel superconducting phenomena [1-3]. In particular, the penetration 
of the superconducting order parameter of a chiral p-wave TSC into a FM is predicted to be largely 
dependent on the relative angle between the d-vector of the TSC and the magnetization of the FM [1]. 
Experimental investigations, however, are still lacking.  

SrRuO3 (SRO113) is an itinerant FM metal, whose Curie temperature (TCurie) in bulk is about 160 K 
[4]. Among the Ruddlesden-Popper series Srn+1RunO3n+1, SRO113 is an infinite-layer material (n = ∞) 
while Sr2RuO4 (SRO214) is the n = 1 member. In SRO113, although the RuO6 octahedral rotation leads 
to orthorhombic crystal structure, the pseudocubic lattice constant a = 3.930 Å is still useful [5]. 
Considering relevant atomic orbitals, the energy levels of the five-fold degenerate Ru 4d orbitals split 
into two  and three  levels. A large crystal field yields the low-spin configuration of  for Ru4+; 
its four electrons occupy only the  levels. A density-functional calculation estimates the magnetic 
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moment (M) of SRO113 in the ground state is below 2 μB per Ru ion [7] for the actual orthorhombic 
structure, close to experimental values of saturated moments (μsat = 1.0-1.8 μB/Ru4+) [6]. For the 
hypothetical cubic structure, it is 1.17 μB/Ru4+ [7].  

M as well as TCurie of SRO113 thin films have been known to be affected by subtle changes of strain 
which can be varied by choosing different single-crystalline substrates [5]. For example, SRO113 
deposited on SrTiO3 under tensile strain of 0.4% shows TCurie  150 K and μsat  1.4 μB/Ru4+ [5]. 

SRO214 is most probably a chiral p-wave TSC with the transition temperature Tc  1.5 K [8,9]. 
Recently, SRO214 has been attracting further attention for the non-trivial topological nature of its 
superconducting wave function [8], which can be investigated with junction techniques [8-12]. 
Therefore, device fabrication using SRO214 is of great interest. Despite such demands, it is challenging 
to obtain a superconducting SRO214 film exhibiting superconductivity except for one report [13] with 
Tc  1 K. As an alternative approach to a FM/TSC junction, we succeeded in fabricating 
SRO113/SRO214 hybrids with electrically conductive interface [14] using SRO214 single crystal as a 
substrate instead of using SRO214 films. In this study, we present the magnetic properties of the 
SRO113/SRO214 hybrids. Our studies on this hybridized system with TSC may help opening up a new 
research field of unconventional proximity effects.  

 

2 Experimental 
We grew high quality SRO214 single crystals using a floating zone method [15]. Depending on 

growth parameters, SRO214 single crystals may contain Ru-metal, Sr3Ru2O7 or SRO113 inclusions. 
Thus, before growing films, we very carefully examined the SRO214 substrates by X-ray diffraction. In 
addition, under optical microscope the Ru-metal and Sr3Ru2O7 inclusions are examined, and then using 
a superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS-XL), 
the SRO113 impurities in the substrate are quantified.  

To prepare SRO214 substrates, we cut SRO214 crystals along the ac-plane and cleaved them along 
the ab-surface with the approximate size of 3 3 0.5 mm3. SRO113 thin films are grown on the cleaved 
ab-surface using a pulsed laser deposition (PLD) technique. Details of the film growth are described in 
Ref [14]. The crystallographic quality of the films is inspected with an X-ray diffractometer with the Cu 
Kα radiation (λ = 1.5406 Å).  

We used 15-nm and 50-nm-thick SrRuO3 thin films in this study. Thickness of the films is measured 
using RHEED and is also also confirmed by the X-ray thickness fringes (Fig. 1) [14]. Magnetic 
properties of the hybrids have been investigated using the SQUID magnetometer. The temperature 
dependence of the magnetization is measured under various fields after field cooling with the fields 
parallel to either the a-axis (in-plane) or c-axis (out-of-plane) from room temperature to 4 K. The 
magnetization loop between −6 T and 6 T is obtained at 4 K after zero-field cooling. The magnetization 
of the film is obtained by subtracting the substrate contribution. We also measure the time dependent 
relaxation of remnant magnetization at zero field and 4 K after cooling under magnetic field 3 T and 
then switching off this field. For this relaxation study, we acquired data at every 5 minutes without 
changing temperature and field conditions. To minimize the residual field, we utilized the 
superconducting signal (in-situ) of lead to detect the exact value of the field, by placing a lead spherical 
sample on the sample rod 5-cm away from the SRO113/SRO214 sample. 
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3 Results and discussions 
Figure 1 represents a X-ray diffraction pattern of a 15-nm-thick SRO113 film on SRO214 in the 

range 40° < 2θ < 50°. In this range of scattering-angle there are two independent peaks, which are the 
(006) peak of SRO214 and the (002) peak of SRO113. The peak position of the SRO113 film (2θ = 
45.32°) appears at lower angle compared to the bulk SRO113 (2θ = 46.15° from c = 3.932 Å, the blue 
solid line) [5]. It indicates that the c-axis of the SRO113 film is elongated by about 1.7%. For 
comparison, the lattice mismatch at 300 K between the bulk SRO113 (a113 = 3.930 Å) and SRO214 (a214 
= 3.871 Å) is −1.5%. Thus, the c-axis elongation indicates that our SRO113 film is compressively 
strained. Thickness fringes around the SRO113 (002) peak indicate that our film and SRO113/SRO214 
interface are atomically flat. 

 
Figure 2(a) presents magnetization loops of a 50-nm-thick SRO113/SRO214 film for fields along 

the c-axis and the ab-plane of SRO214 including the contribution from this substrate. Although the 
paramagnetic contribution of the substrate dominates the data, one can clearly see ferromagnetic 
component at lower fields. To remove the substrate contributions, we deduced the slope of the linear 
paramagnetic part at higher fields between 4 T to 6 T. Then, we subtracted the linear contribution. After 
subtracting this contribution, we obtain the ferromagnetic loop of the film plotted in Fig. 2(b). Note that 
saturation magnetization along the c-axis is higher than that along the a-axis. This magnetic anisotropy 
is not much different from SRO113 thin films deposited on other substrates [16]. Figure 2(c) shows the 
temperature dependence of the magnetization in various fields without subtracting the paramagnetic 
contributions of SRO214 substrate. Figure 2(d) represents the remanent magnetization of the film at H 
= 0 obtained by subtracting the substrate contribution. Interestingly, TCurie of the film is about 160 K, 
almost the same as that of bulk in spite of the relatively strong strain of the film. Surprisingly, the 
remnant magnetization for T → 0 is about 3.5 μB/Ru4+, which is substantially larger than 2 μB/Ru4+, the 
upper limit of the low-spin state of the Ru4+ ion under octahedral coordination with assumption that the 
orbital moment is quenched. 

Possible reasons of the observed higher magnetization are as follows: magnetic proximity effect 
inducing magnetism into the SRO214 substrate, transition of Ru+4 ions from a low-spin state to a high-
spin state, and/or electronic correlation between the film and metallic substrate. Magnetic proximity 
effect can induce ferromagnetic order into non-magnetic layer over a few angstroms [17]. The present 

 
Figure 1: X-ray diffraction pattern of a 15-nm-thick SRO113/SRO214. The 
vertical axis is in the logarithmic scale. The dotted line represents the 
position of the (002) peak of the film and solid line shows the corresponding 
position of the bulk SRO113. 
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SRO113/SRO214 system exhibits almost two-fold increase in magnetization for a 50-nm-thick film. If 
magnetic proximity effect occurs then magnetic induction has to be over tens of nm, which is difficult 
to establish via magnetic proximity effect. Previously, higher magnetization has also been observed for 
SRO113 thin films deposited on STO(111) substrate by Grutter et al. [18]. They claim that higher 
substrate induced strain makes it possible to switch the Ru+4 ions from a low-spin state to a high-spin 
state. More recently, XMCD spectroscopy has been performed on the same SRO113/STO(111) thin 
films, where a high-spin state is not observed [19]. In our case of SRO113/214 metallic nature of 
SRO214 substrate may be playing an important role to enhance the magnetization of SRO113 films.    

 

 
 
 
 
 
 
 
 
 
 

 
To further characterize the magnetization, we investigated the relaxation of magnetization M(t). We 

cooled down a 30-nm thick SRO113/SRO214 thin film under 3 T (higher than the coercive field) and 
switched off the field (the residual field of MPMS was also removed) at 4 K. Figure 3 shows the 
normalized relaxation curves , revealing a remarkable anisotropy in the relaxation 
process. For H || c, the relaxation is rather slow and weak, and well fitted by the single exponential 
function  with m0 = 0.03±0.001 and τ0 = 1290±50 min. This 
relaxation process is perhaps mainly due to domain-wall motion accompanied by magnetization flipping 
from the M//c to M//-c direction. In contrast, the double exponential function 

 is necessary to fit the m(t) data with H // ab. We obtain the 
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Figure 2: (a) Magnetization loops of a 50-nm-thick film of SRO113/SRO214 with fields 
along the a-axis and the c-axis before subtracting the substrate contribution. (b) Magnetization 
loop after subtracting the linear paramagnetic signal from the substrate. (c) Temperature 
dependence of the magnetization of the hybrid with a 50 nm film with various fields along 
the a-axis. (d) Temperature dependence of the magnetization of the film with zero field after 
3 T cooling along the a- and c-axis. The substrate contributions have been subtracted. The 
inset shows temperature derivative of the magnetization as a function of temperature, which 
shows the Curie temperature is about 160 K (solid vertical line).  
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parameters τ1 = 510±40 min., τ2 = 98.4±4 min., m1 = 0.26±0.006, and m2 = 0.22±0.01. The longer 
relaxation process with characteristic time τ1 may correspond to the decrease in M//a component and 
increase in M//-a; the shorter relaxation process with τ2 to the increase in the easy-axis direction M//c.  
 

             
 
 
 
 
 
 
 

     The relaxation may be related to the shape anisotropy of the SRO113 film. From the temperature and 
magnetic field dependent magnetization, it is obvious that SRO113 exhibits a strong shape anisotropy 
with the c-axis is the easy axis. This fact implies that it is hard to freeze the magnetization along the a-
axis because of higher demagnetization energy. With switching off the external field of 3 T (nearly 
saturation field) along the a-axis, the magnetization may start to align along the easy axis or relax with 
formation of ferromagnetic domains with magnetization along the –a-axis to overcome the cost of 
demagnetization energy. Along the c-axis the magnetization freezes with extremely slow relaxation 
because the magnetization is already along the easy axis. 

In summary, we investigated ferromagnetic properties of SRO113 thin films deposited on SRO214 
spin-triplet superconductor substrates. The films are under severe compressive strain that results in an 
elongation of the c-axis by up to 1.7%. We confirmed our earlier report [14] that SRO113/SRO214 films 
have extremely high saturated magnetization (3.5 μB/Ru4+) along the c-axis. The magnetization loops 
also confirm strong anisotropy with the easy-axis along the out-of-plane c-direction. Correspondingly, 
the magnetization relaxation for the initial magnetization along the c-axis is weak and slow, whereas 
along the a-axis it is strong and faster with clear two relaxation components. We infer that such double-
exponential relaxation is due to the re-arranging processes of the ferromagnetic domains. Our work will 
serve as a basis for the study of spin-triplet superconducting proximity effect. 
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