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Abstract

We report results of a study on the electronic states and valence band offset in the
heterostructures of the transition metal oxide LaNiO3 (LNO)/SrRuO3 (SRO) grown on (001) —
SrTiO3 (STO) substrates. X — ray photoelectron spectroscopy (XPS) data reveals the presence
of Ni** states in LNO layer that could develop a reduced bandwidth of O 2p and Ni 3d. Further
analysis of XPS data has confirmed that the presence of a valence band offset (VBO) and the
value of VBO is found to be + 0.02 eV and — 0.38 eV for the bilayers of STO/LaNiO3/SrRu0O3
(BL-1) and STO/SrRuO3/LaNiO; (BL-2), respectively. The distinct signs of VBO have been
noticed between the bilayers due to the relative shift of the valence band of the top layer with
respect to the bottom layer. Such band shift can lead to the charge transfer across the (3d-4d)
interface, which significantly modifies the global electronic transport and magnetic properties
of bilayers. A detailed discussion on the underlying physical phenomena of electrical transport

and magnetic responses triggered by the interface is also incorporated in this study.
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1. Introduction

Perovskite oxides are promising materials for investigations on their functionalities
towards new technological applications [1]. An immense variety of properties such as high
mobility of electron gas, ferromagnetism, and interface induced superconductivity etc. have
been explored in hetero-structures of perovskite oxide due to the deviation of ordering
parameters at their interfaces [2, 3]. These new properties are generated by the reconstruction
of electronic structures and manipulation of the degrees of freedom at/across the interface of

multilayers.

The magnetic response at the interface of heterostructures originate from underlying
magnetic phenomena such as anti-ferromagnetism, exchange bias, Dzyaloshinskii—-Moryia
coupling, Ruderman—Kittel-Kasuya—Yoshida (RKKY) interaction etc. [4, 5]. An interface
induced antiferromagnetic (AFM) ordering is noticed in the heterostructures of
Lao.7Sr03MnO3(LSMO)/SrRuO3(SRO) whereas the constituent layers individually exhibit
ferromagnetic ordering [6]. Such AFM ordering is further tuned while varying the thickness of
any one of the ferromagnetic (FM) layers. For example, studies on the thickness dependence
of magnetic interactions in [LSMO(=20uc)/SRO(n)]is superlattices showed that the AFM
interaction was weakened by increasing the thickness of the SRO layer [7]. Similar to many
perovskite oxides, LaNiO3 based multilayers significantly modifies their properties once the
materials are transformed to heterostructures [8]. Superlattices of [LaNiO3/LaMnO3] grown
along [111] orientation behaved like the ferromagnetic insulator double perovskite LaxMnNiOg
[9-11]. Magnetic frustration and spin glass behaviour are other features observed in LNO based
multilayers [12, 13]. In LSMO/LNO multilayers, oxygen vacancies, inter-diffusion of cation
and/or charge across the interface, variation of the valence state etc. modified the spin ordering
of LSMO layer such that the magnetic structure is accompanied by either a weak ferromagnetic

or spin glass behavior [13].

Based on first principle calculations and transport properties, Qiao et al [14]
demonstrated that the band structure of LaNiOs; (LNO) thin films was transformed into a
conducting metal from a semi-conducting behaviour when the ratio Ni**/Ni®" ratio is increased.
In addition, X-ray photoemission spectroscopy (XPS) results of Ni 3p core-level reported by
Saghayezhian et al. supported the role of Ni**/Ni?" ratio in restoring the metallic behaviour in

LNO thin films by changing the film thickness [15]. Moreover, the presence of Ni** leads to
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the magnetic ordering observed in very thin films. Such states of Ni** may be present in a
cluster of Ni** owing to the inevitable presence of oxygen vacancies in the LNO thin film. In
recent reports [16, 17], ferromagnetic behaviour has been found in paramagnetic metallic LNO
thin films with the polar metallic states where the states are controlled by the geometrically
constrained substrates. Thus, the magnetic response of LNO triggered the electron transport
between LNO and SrIrOs; (SIO) layers to exhibit the low temperature metal to insulator
transition in LNO/SIO heterostructure [18].

From all of the results from aforementioned studies, any change in the electronic
structure in a heterostructure significantly amplifies the charge transfer across the interface and
changes their magnetic properties. Though interface induced changes in physical properties
have been reported for different combination of 3d and 4d transition metal oxide
heterostructures, the underlying phenomena such as strain induced magnetism and
modification of concentration of electronic states in the oxide heterostructure still need to be
understood for engineered interfaces. Therefore, in this paper, we report the electrical and
magnetic properties of LaNiO3/SrRuOs bilayers on (001) STO substrate with altering stacks of
depositions. In addition, the significant role of the interface in modifying the valence states and

band structure of bilayers is also discussed in detail.
I1. Experimental details

Thin films of StTRuO3 (SRO) and LaNiO3; (LNO) were grown on (100)-oriented SrTiOs3
(STO) substrates by PLD techniques. A KrF laser source (wavelength of ~ 248 nm) was used
to create the ablation energy of 340 mJ with a repetition frequency of 2Hz. The deposition was
carried out under the following conditions: substrate temperature of 700°C and oxygen partial
pressure of 15 Pa. Subsequently, in-situ annealing process was carried out at the optimal
deposition temperature of 700°C. The bilayers were deposited altering the layers arrangement
with a fixed thickness i.e. STO/SRO (15 nm)/LNO (15 nm) and STO/LNO (15 nm)/SRO (15
nm); and the thickness SRO and LNO were 15 nm. The phase and purity of the grown hetero-
structures was confirmed by X-ray diffractometer with Cu-Ka as the radiation source (A ~
1.5405 A). Electrical transport behaviour was measured by using the physical property
measurement system (PPMS - Quantum design) by the van der Pauw method. Temperature
and field dependence of magnetic properties of the samples were investigated by using a
superconducting quantum interference device (SQUID - quantum design) magnetometer. The

element and valence states of the bilayers were measured by X-ray photoelectron spectroscopy



(XPS) with the source of Al K, X-ray radiation of 1486.8 eV (Thermo Scientific Escalab 250
Xi with 150 W).

III. Results and Discussion

A. Structural characterisation
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Fig.1: 6- 268 scan of BL -1, BL — 2, and individual layers of LNO and SRO films around the
(002) reflections.

Figure 1 shows X-ray patterns of STO/LNO/SRO (BL-1) and STO/SRO/LNO (BL-2)
bilayers along with the individual layers of SRO and LNO on STO substrates. Out of plane
lattice constants of BL-1 and BL-2 estimated from the reflections of (002) peaks were
3.817/3.945 A and 3.941/3.802 A, respectively. In the case of single layers, out of plane lattice
constants of individual layer of StRuOs and LaNiOs were 3.961 A and 3.832 A, respectively.
The SRO film encountered an in-plane compressive strain whereas LNO film experienced a
tensile strain by STO. With the introduction of an SRO layer between STO and LNO layers,
the lattice constant of LNO layer abruptly dropped due to the lattice mismatch between SRO
and LNO layers. However, the peak position of (002) for BL-2 bilayer was shifted to the higher
angle side which suggests the tensile nature of LNO film grown on SRO layer increased due

to the modifying octahedral structure of LNO layer. Similar to the case of BL-2, the BL-1



sample also exhibited a decrease in the lattice constant of the LNO layer, but the value was

higher than that of BL - 2.
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Fig. 2:Cross-sectional image of BL-1 bilayer films (@), high resolution TEM image of interface
between STO/LNO (b) and LNO/SRO (c), and FFT patterns of LNO and SRO layers (d).

In order to confirm the quality of the interfaces and crystal arrangements of bilayer
samples, we have recorded the cross-sectional transition electron microscopy (TEM) images
of the BL-1 sample. Figure 2(a) depicts a clear interface between the two layers without any
evidence for interatomic diffusion. Further, high resolution images of TEM are also shown in
Figs.2 (b) and (c) for the respective interfaces of STO/LNO and LNO/SRO. These images
provide further evidence for a clear atomically sharp interfaces with the epitaxial growth of
films along the (001) orientation. Fast Fourier transformation (FFT) patterns (Fig.2 (d))
indicate that the epitaxial growth of the LNO/SRO films is in the (001) direction along with
clear crystalline quality of the films.

B. XPS results

Figure 3 displays the XPS spectra of Sr 3d — core level, and Sr, Ru and O for the SRO
layer as well as the BL-1 sample. The photoelectron spectrum of Sr was analyzed by
considering the individual photoemission spectrum recorded for 3d — core level elements in the
films. Here, the peak of Sr — 3d core level is split into a doublet of 3ds,, and 3d3/, positioned at
131 and 134 eV, respectively. These peaks originated from the spin orbit splitting with the
energy separation of 1.8 eV [19]. In the present samples, the peak separation has been found to
be 1.57 ¢V and 1.67 eV for SL — SRO and BL — 1, respectively. On one hand, the characteristic
peaks of Ru-4p, Sr-4s, Sr-4p, O-2p and Ru-4d are found in the spectrum at 48, 37, 18, 8 and 1



eV, respectively. The peak of Sr-4p splits into the 3/2 and "2 due to the orbital distortion. The
feature of Ru 4d resembles that of Ru*' in the SRO layer which predominantly affects the
metallic behavior of SRO [20]. Moreover, Ru** participated in the hybridisation with the O-2p

to carry the charge transport via the Ru — O chain.
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Fig.3: XPS spectra of Sr — 3d core level along with the fit of SRO film (@) and BL -1 (¢). (b)
and (d) are XPS data in the low binding energy region with core level ions of Sr, Ru and O

elements of SRO and BL - 1 samples, respectively.

The core-level XPS of Ru - 3p orbital is shown in Fig.S1 (supplementary information)
for both bilayers. The Ru - 3p orbital has a doublet of Ru - 3p32 and Ru - 3p12 peaks in both
bilayers. This splitting comes from the spin - orbit splitting and the value of spin - orbit splitting
is estimated to be 22.61 and 21.78 eV for BL -1 and BL -2, respectively. The full width at half
maxima (FWHM) of Ru - 3p3,» is estimated to be 5.42, 5.88 and 4.23 for BL -1, BL -2 and SL
- SRO samples, respectively. Such broadness of Ru 3ps» implies that the Ru atoms in both

bilayers have mixed oxidation states ranging from Ru*" to Ru®* [20].

On the other hand, the XPS spectrum recorded for the sample BL-2 is shown in Fig.4.
The spectrum contains contributions from the core element of La 3d that is split into 3ds and
3ds3» with a separation of 16.8 eV. The satellite peak of La 3d3» around 860 — 830 eV is
associated with the valence states of Ni*" and Ni** wherein the Ni features arise from the core

level of 2p32. The standard positions of Ni** and Ni*" are at 856.3 and 852.2 eV, and they are



located very close to La 3d3/2 core level. Therefore, it is difficult to analyze the profile of Ni
2p3n spectra due to the dominent La peak features. The intensity of the mixed state of La and
Ni in bilayer samples is reduced due to variation of either Ni**/ Ni** ratio or the electronic state
of Lanthanum. We analysed the lanthanum peak using peak fitting procedure. The binding
energies of La doublet are 834.5 eV and 851.41 eV with the energy difference of 16.83 eV, but
in the case of single LNO layer, the binding energies are 833.43 eV and 850.35 eV with the
separation of 16.92 eV. Here, spin orbit splitting (SOS) of La 3ds» and La 3d53, core levels
creates the separation of the peaks and the SOS value of bilayer sample (BL-2) is comparable
to the previous reports [21]. Moreover, the obtained positions of Ni 2p3/» are not accurate due
to the domination of La contribution. In addition, the contribution of Ni 2p1,> is noticed in the
single LNO layer at around 873 eV and it is shifted in the bilayer. Such a feature indicates that

the electronic states of Ni** are too sensitive to the strain induced by the buffer layer.
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Fig.4: (a) XPS spectra of the LaNiO3z and BL — 2 with the core level ions of La — 3d and Ni 2p

orbitals. (b) & (c): Ni—3p core level spectra of the LNO film and BL -2 along with the fit.

In order to overcome the complexity of mixed electronic states, the precise value of the
Ni**/Ni?" ratio is estimated through the Ni core level of 3ps» orbital. Though the relative
intensity of Ni 3p is much lower than the intensity of Ni 2p, the Ni 3p is not associated with
any other element. Thus the relative intensity ratio (RIR) is estimated by fitting Ni 3p peak and
the fitting is shown in Figs.4 (b) and (c). The calculated values of Ni**/Ni*" ratio are found to
be 0.25 and 0.2 for single LNO and BL-2, respectively. Here, the value of RIR for single LNO
is comparable to the theoretical value of spin — orbit splitting (SOS) [21]. Furthermore,
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presence of Ni’" states in the single layer possesses a larger ionic radius than the Ni** and
modifies the bond length of Ni— O. Moreover, the high value of RIR in the bilayer implies that
the metallic behaviour of LNO might be influenced by the strain of Ni - O. Therefore, the
overlap between the two bandwidths is reduced so that the metallic behaviour is weakened in

LNO layer.

In addition to strengthening the analysis of the electronic structure, we have estimated the
change in the valence states of the bilayers with the depth profiling measurement from the
surface of bilayers towards the interior of the films. Here the Ar® etching process for both
bilayers was done systematically for etching time from Os to 75s. Figure 5 shows the plots of
etching time versus energy difference (AE) of spin orbit splitting of Ru 3p peak of BL-1 and
Ni**/Ni*" ratio of Ni- 3p peak of BL-2. These values are calculated from the XPS spectra of Ru
- 3p and Ni - 3p peaks for both bilayers. The fittings are shown in the supplementary Figure
S3. Here Ni**/Ni** ratio of BL-1 sample and AE values of BL-2 are excluded from the graph
due to the inaccuracy values of the intensity of signals from the bottom layer. The energy
separation (AE) of Ru - 3p implies that there is a negligible change found in the valence states
of BL-1 sample. However, the valence states ratio of Ni for BL-2 is decreased while increasing

the etching time so that the development of Ni*" states could be modified around the interface.
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Fig. 5: Plots of etching time dependent spin orbit splitting energy and Ni**/Ni** ratio for BL-
1, BL-2 samples.



For further understanding of the electronic structure of the bilayers, we iterated the band
structure of the bilayers to find the valence band offset which yields an indispensable evidence
for the functioning of the local oxide interface environment. The core level atoms in the bilayers

and the valence band offset are estimated by the Kraut’s equation [22, 23]
AEvsowm) = (Ecria-n- Ecrs-n) — [(Ecra— Evi)—Ecs— Evp)] (1)

Here AE corresponds to the VBO top layer relative to the bottom one. A and B represent the
layer of SRO and LNO for BL-1 and in the case of BL-2 sample, the labels are interchangeable.
The term Ecru-n — Ecres-1p 1s the energy difference between core level atoms of Ru - 3p and Ni
- 3p in SRO/LNO heterostructures. (Eccu— Evay ) - (EcL— Evp) 1s the energy difference
between core level and valence band maxima of top layer and bottom layer, respectively. The
valence band maximum of the bilayers as well as the single layers is determined by
extrapolating the linear part of the valence band spectrum edge to the baseline. These values
are found to be —1.23 eV and —1.32 eV for SL-SRO and BL-1, —0.78 ¢V and — 0.55 eV for SL
— LNO and BL — 2, respectively. The corresponding values of VBO have been estimated as +
0.02 eV and — 0.38 eV for BL-1 and BL-2, respectively. These are comparable to the previous
reports on LSMO/LNO and LMO/LNO hetero-structures [24]. The positive/negative sign of
VBO signifies that the relative change of valence band of the top layer is either enhances or

reduces the binding energy compared with the bottom layer.
C. Electronic transport properties

In order to understand the pivotal role played by the valence states on transport
behaviour of SRO and LNO thin films, we measured the electronic transport behaviour as a
function of temperature for the single layer and bilayers, and the curves are shown in Fig.6. BL
-1 shows metal to insulator transition around 150 K that is the significant feature of SRO layer.
However, the transition temperature of single SRO layer has been found at 160 K that is almost
comparable with the previous reports [25]. On the other hand, electron transport response of
single LNO layer and BL-2 exhibit metallic behaviour in the entire temperature scale. The
magnitude of resistivity of the BL-1 sample is much higher than that of the single SRO layer,
whereas, the values of resistivity of BL-2 samples drop to half the value for single layer LNO
sample. Such overall enhanced conductivity in BL — 2 may cause transfer of the charge carriers

across the interface.
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Fig.6: Temperature dependence of electrical resistivity for single layer and bilayer films.

The low temperature resistivity data of all the samples have been analysed by using the

relation [26, 27]

p(T)= po+pT" )

Here py and p; are the residual resistivity, temperature dependent resistivity coefficient,
respectively, and the value of 7 is in the range of 1 to 2 and the transport phenomenon originates
from the interaction of different charge entities. Results of fitting the data to Eq. (2) wherein
the exponent term is considered as free fitting parameter are shown in Fig.S3 (supplementary
information). In particular, the resistivity data of sample BL-1 is fitted with n = 1, the value
expected for electron — phonon scattering, whereas the exponent value is ~ 1.5 for the data of
single layered SRO film. The 7'+’ dependence could be attributed to the combination of electron
— phonon scattering (EPS) and electron — electron scattering (EES) mechanisms. On the other
hand, the data for single layer LNO is well described by the p (T) equation with the exponent
of n =1 but the values is around 1.5 for BL — 2 [27].

The electron — phonon constant (1) could be estimated from the fitted values of

resistivity curve for BL-1 by using the relation: 4 = 0.246(hwp)2 p1[14]. Here # is a reduced

Plank constant, w,, is plasma frequency and p,is fitting term of EPS. The plasma energy (hw,,)

of bilayer is calculated through Drude plasma frequency relation: i.e. (wp)z = (4/

3)e?Nr(vp)?, Np and vp are density of states and velocity of Fermi surface, respectively. By
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considering the values of charge concentration (n) and vy are 1.2x10%? cm™ and 2x107 cm/s
[28], the plasma energy and the value of A for BL-1 are estimated to be 1.5 eV and 0.17,
respectively. Similarly we have calculated the plasma energy and electron — phonon constant
for single LNO film. The values of iw, and A are comparable to the values for BL -1 sample
and to previously reported values for LNO thin films [29, 30]. Such a close value of SL - LNO
and BL - 1 suggest that the valence bands of SRO layer might be modified by the buffer layer
LNO.

Unlike the case for BL — 1, BL — 2 shows that the 77 dependence could govern the
localized spin fluctuations; with such contributions from Ni** ions [10]. A similar trend of 77~
dependent resistivity is often observed in LaNiOj3 due to the deficiency of oxygen induced Ni**
states [30]. The coefficient of 7/~ term correlates with the concentration of localized electrons
in LNO in accordance with the ref [31], in which the coefficient is also associated with the
magnetic terms such as spin - spin coupling constant (J) and spin (S) state. However, SRO
films have non — Fermi liquid (NFL) behaviour over the temperature range 50 — 140 K which
replicates the 77 dependence. The coefficient of 77~ term is 2.52 x 10 pQ - cm!* and it is
comparable to value of 2.98 x 10 uQ - cm'~ for SRO thin films [32]. These parameter values

are indicative of the underlying physical behaviour of both NFL and spin fluctuations.
D. Magnetic Properties

Figure 7(a) shows zero field cooled (ZFC) and field cooled (FC) magnetisation curves
measured as a function of temperature when a magnetic field of 5kOe is applied along the plane
of the films. Both bilayers exhibit ferromagnetic order at low temperatures. Magnetic transition
temperature of bilayers is determined from the temperature derivative of magnetisation versus
temperature curves and the transition temperature 7c are 148 K and 138 K for BL-1 and BL-2,
respectively. In the case of single SRO layer, the magnetisation data are shown in Fig.S4
(Supplementary information). The Tc¢ value of 140 K is comparable to the transition
temperature of bilayers. Besides, there is another transition at 116 and 112 K for BL-1 and BL-
2, respectively, which reveals the presence of spin glass behaviour in the present bilayer
samples [33, 34]. The FC curves of both samples show a bifurcation while decreasing the
temperature below Tc. The bifurcation of magnetisation curves suggests that the spin glass
behaviour is present in both bilayers. Such a spin glass behaviour may originate from the finite

size effect, slow domain growth and spin canting etc.[35, 36].
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For further understanding of the spin glass behaviour, measurements on the temperature
variation of the magnetisation were carried out in the presence of magnetic fields of 1kOe and
2kOe and the data are shown in Fig. 7(c) and (d). The blocking temperature gradually shifts
towards the low temperature region which suggest that the spin glass behaviour could be due

to the finite size effect.
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Fig.7: (a) Zero field cooled (ZFC) and field cooled (FC) magnetisation versus temperature data
for the bilayers for a magnetic field of 5kOes along the plane of the films. The inset shows
estimated dM/dT versus T. (b) The fit of FC curves to equation for the scaling theory and inset
of represents the fit of magnetisation data to Eq. (3).

The magnetic response of both bilayers show a dissimilar trend in the ZFC curves with
high magnetic moment for the BL-1 film than that of the BL-2 sample for decreasing
temperatures. Such variation might be due to the presence of interfacial interaction between

the SRO and LNO layers [37]. Otherwise, both bilayers are supposed to exhibit a unique
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magnetic behaviour like the SRO layer. Thus the magnetic interaction across the interface play
a key role in modifying the magnetic moment of Ru in the bilayer samples. In order to
understand the influence of the interface upon the magnetic moment of Ru, we employed the
scaling theory, i.e. M oc (T, - T)”, to analyse the spontaneous magnetization of bilayers
around transition temperature [38]. From the fitting, the value of exponent has been found to
be 0.34 and 0.39 for BL — 1 and BL-2, respectively. These values show that the magnetic
interaction of BL — 1 sample is 3D — Ising type and in the case of BL — 2, the magnetic ordering
is similar to the 3D — Heisenberg type ferro-magnets. On the other hand, in the case of itinerant
ferromagnetic case, the presence of thermally excited magnons as well as Stoner excitations
cause a reduction in the low temperature magnetization for increasing temperature. The FC

data of bilayers are fitted to the relation:
M = My(1— Ay, T*? — B T?) (3)

Here Myis magnetic moment at zero K, Ay, and By represent the spin wave parameter and
stoner excitation, respectively [39]. These constants are extracted from the fitting and is shown
in the inset of Fig.7 (b). The values of Ag, have been found to be 2.31 x 10* and 2.88 x 10*
for BL-1 and BL- 2, respectively. Here, the exchange interaction J between two Ru*" ions is
directly proportional to A;f,/ 3 [40]. Thus, it is possible to extract the value of the exchange
interaction between ions as well as interface charge transfer. The exchange term can be
expressed in terms of spin (S) state and A, as: Ag, = (0.0587/8)(kg/JS)3/?. The values of
J are estimated to be 40 kp and 34 kg for BL-1 and BL-2, respectively. These values are much

higher than that of previous reports on SRO thin films [38]. The enhanced magnetic interaction

constant suggests that the charge transport can take place across the interface.
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Fig. 8: (a) Schematic representation for the local environment of the interface for both bilayers.
(b) Diagram showing the energy band of SRO/LNO interface along with the charge transfer

direction and a charge transfer gap appears due to the presence of Ni** ions.

Figure 8(a) shows a schematic representation of the local environment in SRO/LNO
bilayers. The sandwich layer in both bilayers is strongly influenced by the induced strain of
substrate as well as top layer. Here it is worth to mention that an abrupt change in the out - of
- plane lattice constants of LNO is due to the lattice strain in the LNO film. Moreover, the
presence of Ni*" states and the bond length of Ni - O further influence the nature of the
octahedral of NiOs. However, an equivalent value of out - of - plane lattice constants of SRO
in bilayers may be due to the robust nature of RuOg octahedral than that of LNO. In the present
bilayers, the overall magnetic and electrical responses are mainly dependent upon the

redistribution of electronic states of Ni 3d and Ru 4d ions at the interface.

In general, the electron affinity of Ru*" ions is lower than that of Ni** ions [41] so that
the 1, orbitals of Ru*" ions are higher above those of Ni*" ions. Moreover, at the interface, a
strong hybridisation occurs to form a network of Ru 4d — O 2p — Ni 3d. The valence states of
O - 2p at the interface need to adjust with the Fermi energy to get the equilibrium. Also, the
presence of Ni*" states implies that there is a chance of reduction in the degree of hybridization
between the bands of Ni — O in the network. Further, the relative motion of VBO suggests that
the e, states of Ru*" ions can modify to gain an electrons from either eg state of Ni*" or the 2,
states of Ru*". Subsequently, the oxygen between the two ions rearrange the states of e; orbital
of Ru with respect to e, orbitals of Ni [42]. Such a band reconstruction at the interface is shown

in Fig. 8(b). Here, two different colored regions of Ru 4d band refer to the electron occupying

14



12, states and empty e, states. Thus the charge transfer is the likely cause of the estimated
enhanced magnetic interaction terms in our calculations and RIR ratios of XPS results.
Furthermore, other e, orbitals of the neighbouring atoms of Ru initiate the double exchange
interaction that implies the formation of spin pinning region at the interface [43]. Thus, it seems
that the interfacial charge transfer of SRO/LNO can compete along with the bulk properties of

the individual layers.
IV. Conclusions

We have presented evidence for the vital roles of the interfaces in determining the
electrical and magnetic properties of LNO/SRO bilayer films with alternating stack
arrangement. The out - of- plane lattice constant of LNO layer in both bilayers are strongly
influenced by the strain, whereas the SRO layer has almost the same lattice constant value.
XPS results have shown plausible evidence to the existence of Ni** states at the interface. These
states can cause a charge transfer gap between the valence and conduction states. Moreover,
the electronic transport behaviour of the bilayers has shown an apparent modified metallic
behaviour. In addition, the bilayers show a distinct magnetic transition accompanied by a
bifurcation in the magnetization versus temperature data that is indicative of enhancement in
the effective magnetic interaction in the bilayers. Such enhancement in electrical and magnetic

interactions of SRO/LNO bilayers might be due to the charge transfer across the interfaces.
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