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ABSTRACT 

The strong interfacial coupling at the 3d-5d transition metal-oxide interfaces has generated excitement due 

to the possibility of engineering a wide range of quantum phenomena and functionalities. Here, we 

investigate the electronic interfacial coupling and structural properties of LaCrO3/KTaO3 heterostructures. 

High quality LaCrO3 films were grown on KTaO3 substrates using molecular beam epitaxy. These 

heterostructures show a robust two-dimensional electron gas and a metallic behavior down to liquid helium 

temperature. Using magnetoresistance measurements, we analyze the coupling of electronic orders between 

Cr 3d and Ta 5d states and observe signatures of weak anti-localization and Kondo scattering at low 

temperature transport. The results provide direct evidence that a crossover (weak anti-localization to 

Kondo) occurs with increasing temperature as the dephasing scattering events reduce the coherence length. 

Our observations allow for a clear and detailed picture of two distinct quantum corrections to conductivity 

at low temperature.   
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The discovery of a mobile two-dimensional electron system1 and its novel functionalities and emergent 

phenomena2–7 at the interface of complex oxides motivated efforts to engineer these interfaces as a platform 

for new physics8–12. Recently, the 3d-5d transition-metal-oxide interfaces have shown promise due to the 

possibility of the emergence of highly tunable quantum phenomena13,14. For example, a tunable topological 

Hall effect is reported where the strong spin-orbit coupling meets magnetism at these interfaces15–20. The 

experimental realization of the 3d-5d interfaces, however, has been limited to a few material systems and a 

strong interfacial coupling remains elusive. 

KTaO3 is an incipient ferroelectric21 with superconductivity emerging at low temperatures in doped 

samples22 similar to SrTiO3
23–26. A combination of a large dielectric constant and small effective mass of 

electrons, i.e. large effective Bohr radius, could induce a metallic state in KTaO3 even in the dilute doping 

regimes. A robust two-dimensional electron system has been reported at the interfaces of KTaO3 with 

LaTiO3
27, LaVO3

28, EuO29, and LaAlO3
30. Recently, a nematic two-dimensional superconductivity was 

discovered at the (111)31 and (110)32 KTaO3 interfaces with EuO and LaAlO3. Ta 5d driven conduction 

electrons in KTaO3 have smaller effective mass (~0.3) and higher mobility and spin-orbit coupling 

compared to Ti 3d driven conduction electrons in SrTiO3 
33. Furthermore, KTaO3 is more susceptible to 

interfacial coupling, due to the extended Ta 5d orbitals, compared to Ti 3d. Previously, a polar discontinuity 

driven two dimensional electron system was observed at the LaCrO3/SrTiO3 interfaces34–36. A polar 

discontinuity along (001) exists at the LaCrO3/KTaO3 interface. The KTaO3, has charged planes along (001) 

direction with alternating (KO)-1 and the (TaO2)+1 planes while the LaCrO3 has alternating (LaO)+1 and 

(CrO2)−1 planes along (001). The TaO2-terminated LaCrO3/KTaO3 interfaces, as a result, have a polar 

discontinuity with the same sign but twice the magnitude compared to LaCrO3/SrTiO3 heterostructures37. 

The (LaO)+1 and (TaO2)+1 planes at the interface each donate half electron per interfacial unit cell. These 

electrons reside in Ta 5d driven conduction band of KTaO3 at the interface. 

Here, we study the formation of two-dimensional electron systems and probe quantum corrections to 

conductivity at the LaCrO3/KTaO3 interface. A combination of polar discontinuity and oxygen vacancy 

formation creates a two-dimensional electron gas at the LaCrO3/KTaO3 interfaces. We observe a strong 

interfacial coupling between Cr 3d and Ta 5d states. Weak anti-localization and Kondo scattering events 

dominate the low temperature transport and we observe a crossover between the two regimes at low 

temperature.  

High quality LaCrO3 films were grown on (001) oriented KTaO3 substrates using molecular beam epitaxy 

(MBE). Prior to growth, the KTaO3 substrates were treated with buffered hydrofluoric acid and annealed 

in air at 700 oC in a tube furnace for four hours to create a TaO2-terminated surface38. Atomic force 

microscope (AFM) images of the substrate before and after treatment show that an atomic-scale terrace step 
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structure is formed (Supplementary Information). The LaCrO3 films were grown at 1×10-7 Torr oxygen 

partial pressure with the base pressure of the MBE chamber being 2×10-10 Torr. The flux of the La and Cr 

sources were calibrated before the growth using a quartz crystal microbalance. Reflection high energy 

electron diffraction (RHEED) was used to monitor the growth process. Here, a two-step growth method 

was used to grow LaCrO3 thin films. First, four unit cells of amorphous LaCrO3 were grown at 600 oC 

(thermocouple temperature). The initial low temperature growth is required to protect the KTaO3 surface 

from degradation at higher temperatures (>800 oC) due to potassium loss as evidenced by RHEED 

(Supplementary Information)28. The initial low temperature growth could also stabilize the polar/polar 

interface in LaCrO3/KTaO3 heterostructures. The substrate is then heated to 900 oC at which point the 

LaCrO3 crystallizes. The remaining LaCrO3 is deposited at 900 oC. Figure 1(a) and (b) show the RHEED 

images of the initial KTaO3 surface and after the growth of 20 u.c. of LaCrO3. The streaky diffraction 

pattern of LaCrO3 in Figure 1(b) indicates a two-dimensional growth. The in-plane pseudo-cubic lattice 

constant of bulk LaCrO3, 3.87 Å 39, matches the KTaO3 lattice constant, 3.99 Å 40. The growth, as a result, 

shows a pseudo-cube on cube structure and, if fully strained, the LaCrO3 displays a 3% in-plane 

compressive strain. 

To confirm the film crystallinity and determine the film lattice constants, X-ray diffraction (XRD) 𝜃 − 2𝜃 

scans of the LaCrO3(40u.c.s)/KTaO3 were performed using a Rigaku SmartLab X-ray diffractometer. 

Figure 1(c) shows the wide-angle scans performed (15o-55o) along the 00L direction, confirming that the 

heterostructure is epitaxial, (001)-oriented, and single phase. A zoom-in near the 001- and 002-diffraction 

peaks shows the well-defined peaks of LaCrO3 and KTaO3, confirming the high structural crystallinity and 

quality of the LaCrO3 films. The LaCrO3 out of plane lattice constant is 3.83 Å which is smaller than the 

bulk value of 3.88 Å 39 due to the biaxial in-plane tensile stress.  

Electrical transport measurements were performed using a square Van der Pauw configuration in the range 

of 3-300 K. Gold contacts were deposited using a sputter system at the corners of the samples through a 

shadow mask. All transport measurements were performed using a Quantum Design physical property 

measurement system (PPMS). The temperature dependence of the sheet resistance (Rxx) for 

LaCrO3(20u.c.s)/KTaO3 immediately after the growth shows a metallic behavior, 𝑑R𝑑𝑇 > 0,  down to 3 K 

(Supplementary Information).  The Hall measurements at 300 K and 10 K for the LaCrO3(20u.c.s)/KTaO3 

sample from which the sheet carrier concentration, ns, and mobility, 𝜇, are determined. It shows a weak 

temperature dependence of the sheet carrier density with ns=1.15×14 cm-2 at 300 K and 7.3×13 cm-2 at 10 

K, revealing a robust 2D electron gas in these heterostructures. The temperature dependence may suggest 

a weak carrier trapping. It also could be a result of the particular behavior of transverse and longitudinal 

scattering rates in the complex oxide films, as discussed elsewhere20,41,42. The carrier mobility increase from 
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17 cm2/Vs at room temperature to 140 cm2/Vs at 10 K. Here, the Hall carrier density could be due to a 

combination of the polar discontinuity and oxygen vacancies induced during growth. The sample was 

exposed to air for one week to fill the oxygen vacancies before carrying out remaining experiments. Figure 

2 (a) and (b) show the temperature dependence of the sheet resistance and carrier density, respectively. The 

sheet carrier density decreases (~33%) with atmospheric exposure, due to filling of oxygen vacancies in 

KTaO3. Sample did not show any change in carrier density after one week onward. Furthermore, oxygen 

annealing (250 oC for two hours) did not show any change in carrier density, confirming that oxygen 

vacancy formation during growth and polar discontinuity contribute to the formation of electron system in 

as-grown sample. The theory predicted carrier density from polar catastrophe, i.e. one electron per 

interfacial unit cell, overestimates the Hall carrier density. Similar behavior has been observed in 

LaTiO3/KTaO3
27, LaCrO3/SrTiO3

34, and LaAlO3/SrTiO3
7. The discrepancy could be attributed to the 

presence of charged defects. The sheet resistance/carrier mobility increases/decreases with atmospheric 

exposure and a resistance upturn emerges around 15 K.  The relatively fast filling of the oxygen vacancies, 

i.e. Hall carrier density loss, at room temperature is attributed to higher oxygen vacancy formation energy 

in KTaO3, compared to SrTiO3
43. A capping layer is required to protect the oxygen vacancies induced during 

growth31.  

Figure 3 shows the longitudinal magnetoresistance of the LaCrO3(20u.c.s)/KTaO3 at different temperatures 

(3 K, 15 K, 60 K). A positive magnetoresistance emerges at 3 K similar to previous reports of two-

dimensional electron systems on KTaO3
 30,44. We attribute this positive magnetoresistance to weak anti-

localization (WAL). The WAL occurs when the coherence length becomes larger than the elastic mean free 

path (𝑙𝜑 ≫ 𝑙𝑒𝑙) and, as a result, the self-crossing paths of charge carriers could interfere45–47. The Berry 

curvature in momentum space generates a π phase shift for closed trajectories, resulting in WAL. The phase 

shift occurs due to (pseudo)spin-momentum locking. A negative parabolic magnetoresistance emerges at 

higher temperature. The negative magnetoresistance is a signature of Kondo scattering48. The Cr 3d spins 

scatter the Ta 5d conduction electrons at the interface. The resistance upturn observed at ~15 K is another 

signature of Kondo scattering. A Kondo fit to the resistance upturn shows a very good agreement with the 

theory of Kondo scattering 49,50. The Kondo upturn is only obvious after the oxygen vacancies that are far 

from the interface are filled. The TiOx/KTaO3 heterostructures were also grown using MBE. The two-

dimensional electron gas at these interfaces do not show signatures of Kondo scattering and a transition 

from WAL to classical magnetoresistance response is observed with increasing temperature 

(Supplementary Information).The competition between WAL and Kondo scattering dominates the 

longitudinal magnetoresistance at low temperatures. The conductivity change with temperature and 

magnetic field is given by: 
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∆𝜎𝑥𝑥𝑇 (𝐵, 𝑇) = 𝑛𝑒𝜇 [ 1(1 + 𝜇2𝐵2) − 1] + ∆𝜎𝑥𝑥𝑊𝐴𝐿 + ∆𝜎𝑥𝑥𝐾𝑜𝑛𝑑𝑜 , 
where the longitudinal conductivity is obtained from 𝜎𝑥𝑥 = 𝜌𝑥𝑥 [𝜌𝑥𝑥2 + 𝜌𝑥𝑦2 ]⁄ . The first term represents the 

classical magnetoresistance response, ignoring the spin-orbit and Zeeman contributions, followed by WAL 

and Kondo responses, respectively.  

Next, we discuss the effect of Rashba spin-orbit coupling on the Kondo scattering at the LaCrO3/KTaO3 

interfaces. In the presence of spin-orbit coupling, the Cr 3d exhibits static spin correlations with the nonzero 

orbital angular momentum conduction electrons at the interface. The electron system derived from Ta 5d 

has roughly one order of magnitude larger spin-orbit interaction compared to Ti 3d. A resistance upturn 

also emerges at the LaCrO3/SrTiO3 interfaces at similar temperature range after oxygen anneal34. It is 

predicted that the Kondo temperature increases exponentially with Rashba spin-orbit coupling51. Here, the 

Kondo temperature shows a weak dependence to Rashba spin-orbit coupling. 

In summary, our experimental results, especially the temperature dependence of the longitudinal 

magnetoresistance, should be of interest for testing the different theoretical models that have been proposed 

and guiding future experiments for coupling of the electronic orders across the 3d/5d transition metal oxide 

interfaces13,18,52–54. We have shown high quality LaCrO3/KTaO3 heterostructures grown using a two-step 

MBE growth method. A two-dimensional electron system is formed due to a combination of polar 

discontinuity, at the LaCrO3/KTaO3 (100) interface, and oxygen vacancy formation (ns~1×14 cm-2). The 

proximity to Cr 3d introduces Kondo scattering events. The competition between WAL and Kondo 

scattering dominates the electronic transport at liquid helium temperature. Finally, it would be interesting 

to explore the interplay between the high spin-orbit coupling of KTaO3 and the proximitized magnetic 

fluctuations at the LaCrO3/(111)KTaO3 superconducting interfaces. 

See the supplementary material for the AFM and RHEED data, and the magnetoresistance of the 

TiOx/KTaO3 two-dimensional electron systems. 

Transport measurements were supported by NC-State University startup funds. Film growth was supported 

by the U.S. National Science Foundation under Grant No. NSF DMR-1751455. 
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Figure Captions 

Figure 1. Structural Characterization of LaCrO3/KTaO3 heterostructure. (a) and (b) are RHEED of 
the KTaO3 substrate prior to growth and LaCrO3(40u.c.s)/KTaO3 after the growth, respectively. (c) XRD 𝜃 − 2𝜃 scan along the 001 peak of the LaCrO3(40u.c.s)/KTaO3 heterostructure. 

Figure 2. Electronic transport of LaCrO3/KTaO3 heterostructure. (a) and (b) sheet resistance and Hall 
results of the LaCrO3 (20u.c.s)/KTaO3 heterostructure after growth. (c) and (d) sheet resistance and sheet 
carrier density of the LaCrO3(20u.c.s)/KTaO3 heterostructure with temperature after exposure to 
atmosphere. Inset: emergence of an upturn at 12 K.  

Figure 3. Magnetoresistance of LaCrO3/KTaO3. Longitudinal magnetoresistance of 
LaCrO3(20u.c.s)/KTaO3 with out-of-plane magnetic field at 3 K, 15 K, and 60 K.  
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