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Study of the electronic phase transition with low dimensionality in SrVO 3 thin films

Transport and structural properties of ultrathin films of SrVO 3 (SVO) on SrTiO 3 (001) substrates have been investigated and correlations between Metal-Insulator Transition (MIT) and strain relaxation have been studied. Below a critical thickness, when the film is subjected to tensile strain, the resistivity of the films is increasing with decreasing film thickness. Transport properties evolve from metallic to strongly localized state in several monolayer thick films, showing the bandwidth W control of the Mott-Hubbard transition with the film thickness. Furthermore, a dimensional crossover from 3 Dimensions to 2 Dimensions has been studied by transport measurements. Using Quantum Corrections to the Conductivity (QCC), it is demonstrated that MIT is due to renormalized electron-electron interaction in this material. Finally, for films with the thickness below 6 nm, the confinement provides new effect in magnetotransport with apparition of weak antilocalization in ultrathin films.

Introduction

These last decades, transition metal perovskites have shown a wealth of novel and functional properties such as high T C superconductivity, colossal magnetoresistance and full spin polarization in conductors. In these strongly correlated electron materials, the physical properties are driven through the strong interplay between charge, spin, orbital and lattice degree of freedom. Among them, metallic SrVO 3 is a normal Fermi liquid and can be driven into a Mott insulator state by reducing its dimensionality and through strain engineering.

First synthesized in 1957 [1], Strontium Vanadate (SrVO 3-δ ) presents a cubic perovskite structure with a cell parameter a=3.843 Å for δ=0 and a=3.856 Å corresponding to δ=0.1 with a space group Pm-3m [2,3]. Moreover, physical properties of SrVO 3-δ have been widely studied [4][5][6]. This material presents a robust metallic behavior, independent of the oxygen stoichiometry content and an enhanced Pauli paramagnetic character, both for bulk and thin films.

Most recently, with first principles methods, a Metal-Insulator Transition (MIT) in SVO heterostructures has been predicted for 4-5 unit-cell thicknesses. Furthermore, the strontium vanadate in insulating state is expected to be a Mott insulator and ferromagnetic below this critical thickness [7].

According to the Mott-Hubbard theory [8], MIT is controlled by the ratio of the on-site Coulomb repulsion U and the electronic bandwidth W. In perovskites, the bandwidth is influenced by the overlapping of the 3d orbitals of the TM (TM: Transition Metal) with the oxygen 2p (O) orbitals, which is determined by the bond angle of O ions with TM ion and the TM-O bond length. Bandwidthcontrolled MIT (BC-MIT) of SVO has already been realized by chemical substitutions in Ca x Sr 1-x VO 3 : Ca substitution on the A site (Ca cation being smaller than Sr with the same valence) controls the bandwidth W and the strength of the electron correlation U/W without changing the band filling [9,10]. Indeed, the O-V-O angle is 180° in SVO and 160° for CaVO 3 and is very close to the angle of MIT. Another approach to control 3d-W is dimensional cross-over in ultrathin films that has been shown experimentally by photoemission spectroscopy [5,11]. In the work of Yoshimatsu et al. [5], the studies of the V3d states at Fermi energy (E F ) have evidenced the evolution of the electronic structure with the formation of a pseudo-gap at E F for thickness of 3-6 monolayers (ML) and the opening of a Mott-Hubbard gap at 2-3ML. The effective bandwidth W has been driven by the reduction of the effective coordination number at the interface and the surface.

In the present work we have studied the correlation between mechanical strain and electronic properties of the SVO heterostructures and the emergence of the MIT at dimensional cross-over by transport measurements.

Since transport properties in SVO have been mostly studied for metallic films, measurements of these properties for ultrathin films with thicknesses in the MIT range (from 2 to 15 unit-cells) represent an important issue to understand the origin of the MIT in this material. Similar studies have been realized for oxide perovskites such as LaNiO 3 [12,13] or SrRuO 3 [12,14] and give clue to understand the origin of the strong localization behavior of carriers for these materials.

The transport measurements carried out on our SVO thin films have shown appearance of MIT for ultrathin films. Theoretical models will be used in order to understand its origin which cannot be described using only phenomenological Mathiessen [15] equation of the resistivity , with n depending on the collision mechanism. The description of the evolution of conductivity which describes the quantum corrections to the Drude conductivity in disordered metals is designated as Quantum Corrections of the conductivity (QCC) [16]. Two main contributions are used to explain these QCC: i) the first one is the Renormalized Electron-Electron Interaction (REEI) and corresponds to the density of state correction at the Fermi energy level, ii) the second is the Weak Localization (WL) and corresponds to interference effect due to defects or impurities scattering. Lee and Ramakrishnan [16] have established that for a two-dimensional system (2D) both REEI and WL effects give a logarithmic temperature dependence of the conductivity:

( ) ( ) for WL, and 
( ) ( ) for REEI ( 1 
)
Where e is charge of the electron, h is the Planck's constant, is related to the transport mean free path is the Drude conductivity and p discriminates the main inelastic relaxation mechanism between electron-electron scattering ( ) or electron-phonon scattering ( ), term accounts for the scattering parameter of the Coulomb interaction and is the minimum experimental temperature [17].

Whereas In (3D):

( ) (2) 
different terms for WL and REEI account for the quantum correction to the resistivity and could be discriminated: WL effects correspond to the a 1 *T q/2 term (with q=2 for electron-electron interactions, q=3 for electron-phonon scattering), while REEI is related to the a 2 *T 1/2 term. Moreover, an additional term accounts for electron correlation effects in Fermi liquid description on the resistivity. 

Experimental

Results and discussions

Structural characterizations: out since it has been reported [18] that more accurate results are obtained in case of ultrathin films due to the signal intensity coming from substrate/film interference. These fits give access to both the thickness and out-of-plane lattice parameter which was extracted from the average of the fit around the (00l) reflections peak in order to minimize errors. The flatness of the film was confirmed by AFM topographic image as shown on the figure SI-1 for the SVO film of 3 nm. Terraces can be observed corresponding to the same morphology than the STO substrate. The rough mean square of the film is 0.2 nm.

For SVO thicker than 50 nm, the films are fully relaxed with an out-of-plane lattice parameter slightly bigger than the bulk (see SrVO 3 lattice parameter line on fig. 1a). As seen previously [3], this phenomenon can be explained by a small non-stoichiometry in oxygen (in between SrVO 3 and SrVO 2.9 [2]), resulting from the low oxygen pressure during the growth [19]. For thicknesses below 50 nm, the out-of-plane lattice parameter begins to decrease and shows the progressive influence of the tensile strain (-1.6%) imposed by the STO substrate. Due to small intensity of the X-Ray diffraction peaks for films thinner than 9 nm, RHEED has been used in order to extract the in-plane , where variations with film thickness can be observed. At the first steps of the growth (between 0 and 6 nm), an overshoot of the d_{110} interplanar distance is measured. This effect has already been observed in similar growth and is explained by the surface atom displacements due to the strong lattice relaxation via the formation of the dislocations [20,21]. Above the thickness of 6 nm, the in-plane lattice parameter seems to be more or less constant in the measurement uncertainty whereas slower relaxation of the out-of-plane lattice parameter is evidenced up to 50 nm (see fig1(a)).

Physical properties:

Fig. 2(a) presents the evolution of resistivity versus temperature for different sample thicknesses.

Films thicker than 50 nm are metallic and their resistivities are comparable. Below this thickness, down to 7 nm, resistivity continuously increases as the thickness is reduced although the films are metallic in the whole temperature range. Below 7nm and down to about 3 nm, an upturn appears on the curves at 10 K, 38 K and 85 K for 7 nm, 6 nm and 3 nm films, respectively. For films thinner than 1.5-2 nm an insulating behavior is found at all temperatures.

For metallic films which correspond to thicknesses between 350 nm and 13 nm, resistivity shows a quadratic temperature dependence , (where A is related to electron-electron scattering and  0 is the background contribution due to static disorder [9]). This dependence is characteristic of Fermi liquid behavior in correlated electrons and is a common feature observed for several metallic oxide perovskites [6,9,[22][23][24][25]. As shown in fig. 2(b) for the 115 nm thick film, this model describes perfectly the data in the whole temperature range and parameter values are and . Table 1 summarizes the A and values corresponding to SVO metallic films for the various thicknesses. Our values for thin films in 13-350 nm thickness range are consistent with these reported for bulk SVO materials for which A is ranging from [9,22] to [6]. In the Fermi liquid model the residual resistivity leads to values between [9,22,26] and [6],

thus our values presented in table 1 are showing that the quality of our SVO films are comparable to SVO single crystal and thin films. Nevertheless, the ratio ⁄ <2 [27] is also indicating a slight non-stoichiometry in cation or oxygen and could explain the appearance of half-order streaks on the RHEED patterns (fig. 1b) [28].

When the film thickness is reduced to 7 nm, 6 nm and 3 nm, a low temperature upturn appears at different temperatures. For these films, the metallic part follows as well a T² law and the parameters  0 and A tend to increase with the decrease of the thickness (see table 1). able to describe the experimental data. However, the fit, obtained using the equation of 2D REEI mechanism, describes successfully the data as corresponding to the 3D model. Finally, for this thickness, although it is difficult to conclude on the dimensionality of the system, the main contribution to the resistivity upturn is the REEI mechanism.

Fig. 3(a) and its inset present the low temperature behavior of the resistivity versus temperature and the evolution of the sheet conductance as a function of ln(T) for a 3nm SVO film respectively. The 3D model calculated from the eq. ( 2) is plotted in fig. 3(a) and a very good agreement with the experimental data is observed. As for the 7 nm SVO thin film, the WL contribution tends to zero, therefore mainly the REEI contributes to the changes in transport properties. The inset of fig. 3(a) shows the 2D models for WL and REEI. In this case, REEI and WL (with p = 1) models agree with the data. However, for both of them, the fit deviates for temperature above 20 K (lnT = 3). As the temperature increases, an additional electron-phonon scattering effect explain the phenomena ( ) and a coexistence with the REEI 2D describes the results of the transport measurements.

For a 1.5-2 nm SVO thin film, (shown in fig. 2(a)), as the previous model failed, electron localization effect have been taken into account with a Mott Variable Range Hopping (VRH) model for the conductivity [29]. In this model (see eq. 3), electrons hop between localized states and is describing the system dimension ( ). T 0 is a physical parameter proportional to the density of states at Fermi energy E F and the localization length of the charge carriers.

[( ⁄ ) ]

(3) Fig. 3(b) presents the logarithm of sheet conductance as a function of 1/T 1/3 and the calculated model for a 2D system with ⁄ . Since a 3D fit (with ⁄ ) has shown less accuracy, we present here 2D system only. In the 2K -40K range, the agreement with the linear fit is excellent and results

in parameter values and . The values for are in the same order as VRH results for a 2 nm LaNiO 3 film reported by Scherwitzl et al. [13] with , the other parameter value being .

To go further in the interpretation of transport measurements, studies of the conduction mechanism have also been investigated by magnetoresistance (MR) measurements. The MR has been measured in perpendicular field for all the films and a positive magnetoresistance has been obtained. For example, MR of the 3nm thick film is shown in fig. 4(a) for different temperature and its magnitude is decreasing with increasing temperature. Moreover, MR for the 3 nm have been fitted using H² dependence and perfect superposition of the fit and the experimental data is obtained for high fields H>3T. These measurements are consistent with REEI and the dependency of H² is attributed to the Lorentz force. Furthermore, Hall measurements are shown on the figure 2c for the films with a thickness of 115 nm and 3 nm. In both cases, the carrier's type is electrons for all the temperature.

For the 115 nm thick film, the carrier concentration is 3.10 22 cm -3 whereas for the 3 nm thick film the carrier concentration is half this value. Furthermore for the thick film, the carrier concentration stays constant whereas for the thin film, the carrier concentration tends to decrease with the decrease of the temperature. In both case the electron mobility slightly increases as the temperature decreases with a small decrease below 25K for the 3 nm thick film. Interestingly, it is possible to differentiate the localization and interactions effects from the Hall coefficient R H . Whereas the Hall coefficient (R H )

(n = 1 / (R H * e)) (with n the carrier density and e the charge of the electron), R H is constant for the localization effect and was found to increase logarithmically at a rate equal to twice that of the resistivity at low temperature [16]. We observe a decrease of the carrier density with the decrease of the temperature which invalids the dependency of R H for localization effect. Thus, this behavior associate with the positive magnetoresistance observed for the thin film, we conclude that the main mechanism responsible for the MIT induced in SVO ultrathin films is electron-electron interactions other than weak localization.

For lower magnetic field and low temperature (see fig. 4a), an additional effect with a quick rise in MR is observed (which is not observed for films thicker than 7nm). This behavior can be understood taking into account the weak antilocalization (WAL) effect. WAL is observed in systems with strong spin-orbit coupling, where WAL originates from the destructive interference of coherently backscattered conduction electrons due to spin rotations. This effect has been observed in topological insulators [30], LAO/STO [31] and GaAs/GaAlAs heterostructures. The magnetoconductance ( ( ) ( )) has been calculated and plotted in units of ⁄ for strength W. The decrease of W can be explained by the decrease of the effective coordination number with the thickness due to the lack of neighboring V ions at the interface and the surface.

These results are confirming the study of SVO by Photo-Emission Spectroscopy (PES) [5] which evidenced the critical evolution of electronic state for V3d with a pseudo-gap formation for ultrathin films. Furthermore, a secondary parameter should also be taken into account because the limit for the samples with pure metallic behavior is very close to the thickness at which a strong relaxation occurs, as highlighted by RHEED analysis and discussed above in this paper (see fig 1b). With the appearance of the MIT below this thickness, strain has influence on material properties, i.e. the electronic properties of SVO similar to the effects demonstrated for LaNiO 3 thin films [34] and will be discussed in the next paragraph.

Discussion toward a coherent model for MIT in SVO thin films:

In this work, we have demonstrated that MIT is controlled by confinement of the system.

Furthermore, structural considerations are also important in these ultrathin films, where we observed a strong relaxation of the film at very low thickness which changes significantly the physical properties.

In our case, the electronic bandwidth W is controlled by the tensile strain and modifies the O-V-O bond angle as well as the V-O stretching. By comparing structural measurements and transport properties, we observe an important correlation. As the film is fully relaxed above 50nm, the resistivity is metallic. Below 50 nm, tensile strain applied on the film is increasing with the thickness reduction and induces a tetragonal distortion of the film related to an increase of the resistivity.

Finally, when the films are highly strained by the substrates below 7nm, minimum of resistivity appears in the film. From the structural point of view, different phenomena can take place due to the influence of the stress on the perovskite: for example, tilt of the octahedra, octahedral deformation, or orbital reconstruction can be observed [35,36]. Furthermore, 2D crossover with thickness is related to the reduction of the effective coordination number at the interface and the surface.

Indeed, in our system two interfaces break the translation symmetry through the film thickness and change the chemical bond covalence. As calculated by Density Functional Theory (DFT) [36], the interface STO-SVO tends to induce an orbital reconstruction. The hybridizations of the d xz and d yz orbitals of Ti and V along the z axis are of lower energy and should be formed. On the contrary, at the interface of V with the surface, hopping in vertical direction is reduced and d xy is reinforced.

Moreover, confinement effect for films below 7nm leads to new properties associated with the apparition of spin-orbit coupling. This is in perfect agreement with the studies by Local-Density Approximation (LDA)+U approach [7] which have shown that tetragonal strain and spin-orbit coupling controlled the strong interaction effects with orbital ordering. Indeed, novel and complex behaviors can be observed at heterointerfaces and low dimensional systems and detailed structural analysis with synchrotron or ultraSTEM may contribute to understand the interplay between structure and electronic properties and the role of the strain on the film properties in order to control or induce new properties of low dimensional SVO based systems and superlattices at the vicinity of Mott type-MIT [37][38][39].

Summary

In summary, transport properties in ultrathin SVO films present a thickness-induced MIT with a crossover from 3D to 2D calculated from QCC and VRH models. Correlations with in-plane and out-ofplane structural stress evolutions show the existence of a 7 nm relaxation thickness corresponding to the metallic state limit. A detailed investigation of conductivity mechanisms permits to demonstrate that REEI mechanism is responsible for the upturn of the resistivity. WAL effect also appears for low SVO thickness due to strong spin-orbit coupling and a mechanism of electron-electron collisions in 2D system is shown from the temperature dependence of inelastic scattering length. Table 1. 

SrVO 3

 3 thin films were grown on TiO 2 -terminated (100) SrTiO 3 (STO) substrates by Pulsed Laser Deposition (PLD) in 5*10 -6 Torr oxygen pressure at 710°C. A 248 nm wavelength KrF excimer laser was employed with a repetition rate of 1 Hz and a fluency of 250 mJ. During the growth, surface structure was characterized by Reflection High-Energy Electron Diffraction (RHEED) and the film thickness was measured with ex-situ X-Ray Reflectivity (XRR) and Laue oscillations. Structural relaxation of thin films has been observed through the measurements of both in-plane and out-ofplane lattice parameter. The latter was measured by X-Ray Diffraction (XRD) in ϴ-2ϴ configuration. Topography and roughness of the films have been investigated by atomic force microscopy (AFM) (Bruker Dimension 3100) in tapping mode using commercial tips with 300 kHz resonant frequency and 40 N/m spring constant. Transport properties were measured using four in-line aluminium pad contact geometry and van der Pauw method in a Physical Properties Measurement System (PPMS) in the 2K-300K temperature range.
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 1 Fig.1(a) shows the evolution of the out-of-plane lattice parameter of thin films versus thickness. Film

  lattice parameter along [110] and [100] directions. The inset to fig. 1(b) shows a RHEED pattern recorded during the growth. The d_{110} interplanar distance versus film thickness was extracted from these RHEED patterns during the growth and is presented in the fig. 1(b)
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 2 Fig. 2(d) presents the low-temperature behavior of the resistivity for the 7 nm SVO film and the
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the 3 nm and 1.5 nm sample as shown in fig. 4(b) and 5(b), respectively. These magnetoconductance curves have been fitted using Hikami, Larkin and Nagaoka [32] equation in 2D, where in the limit of strong spin-orbit coupling H so >>H in :

Here is the digamma function and ( ) with the inelastic mean free path.

In the equation ( 4), we used a AH² parameter to take into account the effect of Lorentz force at strong magnetic fields. The fitting parameter is an indication of the dominant effect between WL, for , and Weak Anti-Localization (WAL), for . The data were successfully fitted and the values for are 0.001 for 3 nm and 0.004 for 1.5 nm corresponding to WAL effect at low magnetic fields. Interestingly, for the film of 1.5nm (see fig 5a), at temperatures 2K and 3K, a competition of negative and positive magnetoresistance is observed showing contribution of weak localization when the spin-orbit coupling is of the same order than the inelastic mean free path Hso ≈ Hin [31]. The temperature dependences of the inelastic scattering lengths l in for the 3 nm and 1.5 nm sample have been extracted from the eq. 4 and are shown in fig. 4(c) and 5(c) respectively. T -p/2 with p=1 variation is obtained for the 3 nm film which corresponds to an electron-electron collision mechanism (p=3 dependency is expected for electron-phonon collision) [33]. A small deviation from T -1/2 is observed for the 1.5 nm SVO film which can be attributed to the presence of negative magnetoresistance. Nevertheless, for both these samples, l in is greater than the film thickness in the whole temperature range, hence we can conclude on a 2D regime at least for the inelastic mean free path even at thickness of 3nm.

In summary, a minimum of resistivity in the SVO transport properties appear for thicknesses below 7 nm and used of QCC models has evidenced that mainly REEI contribution is responsible for the upturn of the resistivity. This mechanism is due to a decrease of the state density at Fermi Energy level which leads to the formation of a gap and localization of charge carriers. In these thicknesses,