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Nickelates are known for their metal to insulator transition (MIT) and an unusual magnetic 
ordering, occurring at T=TNéel. Here, we investigate thin films of SmNiO3 subjected to 
different levels of epitaxial strain. We find that the original bulk behavior (TNéel<TMI) is 
strongly affected by applying compressive strain to the films. For small compressive strains, 
a regime where TNéel=TMI is achieved, the paramagnetic insulating phase characteristic of the 
bulk compound is suppressed and the MIT becomes 1st order. Further increasing the in-plane 
compression of the SmNiO3 lattice leads to the stabilization of a single metallic paramagnetic 
phase.  
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Transition metal oxides (TMO) constitute the essential building blocks of novel functional 
devices due to their unique physical properties, which arise from the interplay of the TM 
orbitals and the surrounding oxygen network.1 
In the case of perovskite nickelates (RE-NiO3, RE=Rare Earth), except for RE=La, a metal to 
insulator transition (MIT) is observed as the temperature is reduced below T=TMI.

2,3 The MIT 
is controlled by the distortion of the unit cell (u.c.) with respect to an ideal cubic structure. 
The Ni-O-Ni angle (Φ) deviates from 180° and therefore tunes the hopping integral between 
the O 2p and Ni 3d orbitals, which in turn governs the effective bandwidth (W) of the 
system.4 Φ depends on the R radius or, equivalently, on the perovskite tolerance factor t.4,5 
Exploiting a variety of tools, such as chemical substitution,2,3,4 hydrostatic pressure5-7 and, in 
the case of thin films, epitaxial strain,8-10 it has been shown that TMI monotonically decreases 
as Φ approaches 180°, and eventually only the metallic phase is observed for sufficiently 
small structural distortion.5,7,10-12 
Concomitant to the MIT, a change of symmetry from the orthorhombic Pbnm to the 
monoclinic P21/n space group is reported.13 This symmetry lowering has been associated 
with the occurrence of a breathing distortion of the oxygen octahedra, establishing two 
inequivalent nickel sites.13,14,15,16 Finally, RE-NiO3 (RNOs) undergo a paramagnetic (PM) to 
antiferromagnetic (AFM) transition at T=TNéel. The AFM structure gives rise to a magnetic 
diffraction peak with the Bragg vector qBragg=(¼ ¼ ¼), in pseudo-cubic (pc) notation.2,3,17,18 
The magnetic phase seems to arise from the bond disproportionated insulating phase. 
Depending on R, the temperature of the Néel transition reveals two distinct regimes in the 
nickelate phase diagram. The members with R smaller than Nd display a 2nd order magnetic 
transition at TNéel<TMI, where the Néel temperature increases slightly with R.18 In contrast, for 
Nd and larger R, TNéel=TMI and the magnetic ordering shares the R dependence of the MIT 
and its 1st order character.2,17  
Most of the experimental work performed on thin films has been focused on the properties of 
RNO with TNéel=TMI, partly due to the difficulties in synthesizing compounds with a more 
distorted (R<Nd) structure.19 However, interest in more distorted RNO has been renewed by 
recent results,19-22 confirming their potential for both fundamental physics21 and applied 
research.22 Here, we investigate the properties of thin films of SmNiO3 (SNO), which in its 
bulk form has TMI=400 K and TNéel=225 K,3 and is representative of the RNO with TNéel<TMI. 
By selecting a variety of single crystal substrates, we impose different levels of epitaxial 
strain (εxx) to the films. We use transport measurements and Resonant Soft X-Ray Diffraction 
(XRD) to determine the onset of the MI and Néel transitions in the samples, as a function of 
the applied in-plane strain. A crossover from the TNéel<TMI to TNéel=TMI regime is observed as 
compressive strain is increased, eventually stabilizing a unique PM metallic phase. These 
findings are compared to the case of epitaxially strained thin films of NdNiO3 (NNO), which 
is representative of the RNO with TNéel=TMI, and summarized on a strain-temperature phase 
diagram.  
Coherently strained SNO epitaxial thin films were grown by off-axis radio frequency 
magnetron sputtering on a variety of [001]pc-oriented single crystal substrates, providing 
strain ranging from εxx=+1.9% to εxx=-2.3%. Optimal deposition conditions were found to be 
at a total pressure of 0.18 mbar with an oxygen/argon mixture of 1:3, and a substrate 
temperature of 460° C. Prior to deposition, all substrates were thermally treated to ensure 
atomically flat terraces and step-like morphology. The thickness of the films was about 25-
30u.c. in order to preserve the strain across the entire layer. Details of the structural 
parameters of the films are reported in Ref. 23.  
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FIG. 1	  Structural characterization of 30 u.c. strained SNO films. (a) Symmetric θ/2θ scans for films grown under 
different strains, demonstrating high crystallinity of the samples. (b) Reciprocal space map around the (-103)pc 
reflection for a film grown on LSAT: the intensity of the film reflection is mainly concentrated at the Qx 
coordinate of the substrate, showing that the films are fully strained to the substrate lattice even for high strain 
level (εxx = +1.9%). The axes correspond, respectively, to the h (Qx) and l (Qy) directions of reciprocal space. 
(c),(d) Typical atomic force microscopy images of SNO grown on top of (c) YAlO3, and (d) LaAlO3. 

Figure 1 presents a typical ex situ characterization of the SNO films, exemplifying the quality 
of the samples. X-ray diffraction scans, reciprocal space mapping (Q-map) and topography 
images attest to the monocrytsalline and coherently strained structure of the films and their 
atomically flat surfaces. High quality NNO films were deposited and characterized with 
analogous methods, as reported in Refs. 12 and 23. 
The resistivity (ρ) of the strained SNO films is plotted as a function of temperature in Figure 
2. The film deposited on top of LaAlO3, which provides a negligible compressive strain 
(εxx=-0.1%), displays a MIT at 380 K. As in the bulk, no hysteresis is observed as the 
temperature is cycled back and forth between 4 K and 400 K. However, applying larger 
compressive strains dramatically affects the MIT. For εxx=-0.9 % (SNO/NdAlO3), TMI drops 
well below room temperature (TMI≈144 K) and ρ exhibits a hysteresis loop typical of a 1st 
order transition, with resistivity changes of over two orders of magnitude. For εxx=-2.3% 
(SNO/YAlO3), the insulating phase is completely suppressed and the film shows metallic 
behavior down to the lowest measured temperature (T=4 K).  
The gradual decrease of TMI for increasing negative strain indicates that the in-plane 
compression results in a broadening of the bandwidth of the system,24 suggesting that the 
SNO lattice accommodates the epitaxial constraint by reducing the Ni-O-Ni bending. Indeed, 
DFT calculations performed in order to determine the crystal structure of coherently strained 
SNO reveal that imposing a reduced in-plane lattice constant induces a straightening of the 
out-of-plane Ni-O-Ni angle (Φz) and leaves the in-plane Ni-O-Ni angle (Φxy) almost 
unaffected.23 Such behavior is reminiscent of the response of epitaxial NNO films to 
compressive strain8-10, 23 and of the bulk compounds to hydrostatic pressure,5-7 which also 
exhibit a gradual reduction of TMI as a consequence of a decreased degree of structural 
distortion. Thus, epitaxial strain is an efficient tool for tuning the RNO bandwidth, also for a 
member with R<Nd. Remarkably, the observed shift of the MIT is much larger than has been 
achieved by applying hydrostatic pressure on bulk SNO,6 highlighting the advantage of 
synthesizing RNO films for tuning of their functional properties. The crossover from a 2nd 
order to a 1st order MIT is even more striking, as no analogous change of the MIT character 
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has been reported by applying epitaxial strain to NNO. Here, for a relatively small amount of 
compression, SNO films suddenly display the transport properties of RNOs with R≥Nd. It is 
interesting to note that the room temperature resistivity of the most compressively strained 
SNO films (SNO/YAlO3) is unexpectedly larger than the resistivity of the metallic phase of 
the films subjected to smaller strain levels (Fig. 2). This result, that may apparently contradict 
the increase of the bandwidth predicted through DFT calculations, reveal that other more 
subtle effects should be taken into account. For example, a significant role can be played by 
the symmetry of the substrate, as the discrepancy is observed between the resistivity of the 
metallic phase of SNO films grown on LaAlO3, NdAlO3 (both rhombohedral) and films 
grown on YlAlO3 (orthorhombic). In addition, we suggest that other experimental factors, 
such as the quality of the substrates, could lead to different scattering rates at the 
film/substrate interface, therefore affecting the resistivity of the films. Finally, it is important 
to mention that LaNiO3 (only RNO with TMI=0 in bulk) is also the only member of the RNO 
family having a rhombohedral structure (space group R3c). Therefore, it would be interesting 
to study the structure of strained SNO and NNO films with TMI=0, and verify whether their 
structure is rhombohedral too.  

 
FIG. 2 Temperature dependence of resistivity for SNO films subjected to different degrees of strain. The dashed 
line indicates the TMI reported for bulk SNO.3  

By depositing SNO on LSAT (εxx=+1.9%, blue curve in Figure 2) we also investigate the 
impact of strain in the tensile regime. The MIT occurs at TMI=390K and is non-hysteretic, 
just as for SNO on LaAlO3. However, compared to other compressively strained SNO films, 
the transition is broader and the resistivity of the metallic phase is almost an order of 
magnitude higher. These observations can be ascribed to the creation of oxygen vacancies in 
the films as a mechanism to release the tensile strain, which has been extensively discussed in 
Ref. 25 and Ref. 26. This interpretation is supported by the anomalously large increase of the 
unit cell volume observed for the SNO film under tensile strain.23	  
In order to inspect the magnetic properties of the films, we performed resonant soft x-ray 
diffraction measurements at the RSXS endstation of the REIXS beamline at the Canadian 
Light Source (CLS).27 For a description of the experimental set-up see Ref. 23. We probed 
the presence of the (¼ ¼ ¼) Bragg reflection, corresponding to the AFM phase of the bulk 
compounds, in strained SNO and NNO films as the temperature was varied from 20K to 
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300K. Figure 3(a) illustrates the strong sharp peak detected in SNO/LaAlO3 at T=20K, 
corresponding to the mentioned qBragg, pointing to a 4 u.c periodic superstructure oriented 
along the [111]-axis in the low temperature phase of the sample. The diffraction peak 
resonates when the incoming beam energy is tuned to the Ni L2,3 and RE M4,5 edges, 
confirming that the signal originates from the RNO lattice. By changing the polarization of 
the incident beam, a strong dichroism between the σ and π component (black and red line in 
Figure 3(a)) is observed, as expected for diffraction of magnetic origin, where the σ-σ 
scattering channel is prohibited.28 Taking into account the resonant nature of the peak, the 
observed dichroic effect and the clear similarity to the bulk case, we can reasonably state that 
the detected Bragg reflection is of magnetic origin and is due to the AFM ground state of the 
SNO film. An analogous resonant peak was present in the low temperature insulating phase 
of SNO/NdAlO3

23 and NNO/LaAlO3 (Figure 3(c)). In contrast, no (¼ ¼ ¼) Bragg reflection 
was detected in the films showing only a metallic phase (SNO/YAlO3; NNO/NdAlO3), 
indicating that they remain paramagnetic over the considered temperature range. 
 

	  
FIG. 3	  Magnetic properties of the films characterized by resonant X-ray diffraction. (a) Rocking curve of the 
SNO/LaAlO3 film about qBragg=(¼ ¼ ¼), at T=20K, measured with π (red line) and σ (black line) linearly 
polarized light. (b) Temperature dependence of the peak intensity measured at the Ni L3 (red circles) and at the 
Sm M5 (pink diamonds) edge. (c) Rocking curve of NNO/LaAlO3 film around qBragg=(¼ ¼ ¼), at T=20K. (d) 
Rocking curve about qBragg=(¼ ¼ ¼) measured at the Sm M5 resonance. Bragg peak intensity of (e) 
SNO/NdAlO3, and (f) NNO/LaAlO3, measured at the Ni L3 edge, as the temperature was cycled up (red circles ) 
and down (blue squares). The vertical dashed lines indicate the TMI of the corresponding films. 
 
Figures 3(b),(e) show the evolution of the magnetic diffraction peak intensity as a function of 
temperature in the SNO films, as the photon energy was tuned to the Ni L3 edge. The 
intensity versus temperature curves were obtained by integrating rocking curve scans 
acquired at different temperatures, the blue (red) symbols corresponding to the cooling 
(heating) leg of the cycle. We define TNéel of the films as the temperature at which the 
diffraction intensity vanishes, determined by extrapolation. The temperature dependence of 
the magnetic peak intensity of SNO/LaAlO3 (Figure 3(b)) displays the typical behavior of  
the order parameter of a system with a 2nd order transition, developing at TNéel ≈ 200 K, fairly 
close to the value reported for bulk SNO.3 In the case of SNO/NdAlO3 (Figure3(e)), the 
intensity increases abruptly at TNéel≈140 K, matching the above reported TMI of the film. The 
measurements reveal that hysteresis is present between the heating and cooling parts of the 
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cycle, reproducing the corresponding ρ versus temperature curve (Figure 2) and pointing to a 
1st order character of the Néel transition. The 1st order character of the AFM ordering was 
observed in the NNO films as well (Figure 3(f)), confirming previously reported 
results.2,4,29,30 Figures 3(b),(d) present the temperature dependence of the (¼ ¼ ¼) reflection 
detected at the Sm M5 edge of SNO/LaAlO3. This measurement reveals that the ordering of 
the RE magnetic sublattice follows the polarization of the Ni moments (Figure 3(b)), bearing 
out its induced nature, as already observed in the bulk nickelate4 and in NNO thin films.29 
The same behavior at the RE resonance was reproduced in all the SNO and NNO films 
investigated.23  

 
FIG. 4	  Phase diagram of nickelates summarizing the evolution of TMI and TNéel of strained (a) NNO and (b) SNO 
films, compared to the bulk compounds (c). Solid lines are guides to the eye, and dashed lines represent the 
expected behavior for TNéel of SNO/LSAT (εxx= +1.9%) and NNO/DyScO3 (εxx=+3.6%). The x-axis of panel (a) 
and (b) goes from positive to negative values in order to facilitate the comparison with panel (c). The data for 
the bulk RNOs have been extracted from Ref. 3 and Ref. 12.  

From our observations, we can draw the following conclusions. First, the AFM phase only 
develops if an insulating phase of the RNO layer exists, that is, if electronic localization 
occurs. Compressive strain suppresses the PM insulating phase of SNO, suggesting that the 
Néel and MI transitions couple once the bandwidth is sufficiently broad to drive TMI below 
the intrinsic TNéel of the compound. Second, the 1st order behavior of the MIT occurs when 
TMI=TNéel, showing that the dynamic of the transitions is affected by the interplay of magnetic 
and charge fluctuations. Furthermore, the absence of any signature of magnetic ordering in 
the metallic phase of the samples, down to the lowest T measured (T=4 K), demonstrates that 
the magnetic coupling is effectively screened by the charges in this itinerant regime resulting 
in too weak magnetic interactions to allow for long range spin ordering.  
Figure 4 summarizes the evolution of the MI and Néel transitions of NNO and SNO films 
(first and second panel) as a function of strain, compared to the dependence on tolerance 
factor t observed for the bulk compounds. The phase diagram clearly illustrates that epitaxial 
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strain allows tuning the electronic properties of SNO films from the regime with TNéel<TMI to 
the case of TNéel=TMI, including the extreme case of TMI=TNéel=0 K. Thus the phase diagram 
of epitaxially strained SNO films is qualitatively the same as that of the bulk nickelates with 
different compositions, with biaxial strain playing the same role as the tolerance factor t. By 
contrast, the NNO films show a single electronic regime with TNéel=TMI. 

In conclusion, we have investigated the evolution of the electronic phases of strained 
nickelate thin films as a function of temperature and shown that, by exploiting epitaxial 
strain, we can control the MI and Néel transitions of SNO films. Our theoretical calculations 
show that compressive strain is accommodated by straightening the Ni-O-Ni angle, whereas 
tensile strain has been associated with an increased content of oxygen defects. By changing 
Φ, the bandwidth of the system is modified, leading to a continuous shift of the MIT from 
TMI=400 K down to TMI=0 K. Noticeably, the MIT of SNO films can be reduced by over 200 
K by applying just εxx=-0.9%. From resonant X-ray diffraction measurements, we have direct 
evidence of the as yet unreported AFM ordering in epitaxially strained SNO films, with an 
AFM structure akin to that of the bulk. The measurements reveal that the AFM transition 
only takes place in the insulating phase of the system, i.e. the detected TNéel is never above 
TMI, as already observed for the bulk compounds. The use of resonant excitation with soft X-
rays also allows us to distinguish the role played by the Ni and R magnetic moments in the 
evolution of the AFM phase, showing that the ordering is triggered by the polarization of the 
Ni spins.  
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