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Ultrathin Sm0.6Nd0.4NiO3-δ epitaxial films were deposited by pulsed laser deposition (PLD) 

onto LaAlO3 (LAO) single crystal substrates. The influence of growth oxygen pressure on the 

metal-insulator transition (MIT) was investigated. It was found that the MI transition 

temperature (TMI) of the films decreases remarkably with the decrease of the growth oxygen 

pressure, while the films’ strain state keeps almost the same. The increased oxygen vacancies 

induced by lower growth oxygen pressure, verified by x-ray photoelectron spectroscopy, seem 

to be the main cause of such phenomena. 

 

 

Introduction 

As a classical correlated system with metal-insulator transition 

(MIT), the perovskite nickelates (ReNiO3, Re is trivalent rare 

earth ion but not La) have attracted great interest due to the 

coupling of charge and magnetic orders in the insulating region, 

which suggests some of them might be magnetoelectric 

multiferroics 1-4. Bulk ReNiO3 is insulating monoclinic at low 

temperature, and transfers to metallic orthorhombic phase as 

temperature increases above the critical metal-insulator 

transition temperature (TMI). The change in resistivity around 

TMI can be 2-3 orders of magnitude across a narrow 

temperature window (~10 K) 5. And there are wide ranging of 

possible applications, from sensors, optoelectronic switches to 

memory 6. The MIT of these ReNiO3 can be tuned continuously 

by excitation such as pressure 7, electrical field 8, 9, 10, epitaxial 

strain 7, 11, 12, and nonstoichiometry 13. It is believed that these 

excitations distort the Ni-O-Ni angle from 180°, and therefore 

shift the MIT to a higher temperature 1. The ReNiO3 are hard to 

be synthesized in bulk because where the nickel must adopt the 

less stable Ni3+ oxidation state, which requires high oxygen 

pressure processing. However, it is relatively easy to fabricate 

ReNiO3 as epitaxial thin films at low pressure. The presence of 

unstable Ni3+ oxidation state implies the possibility of large 

oxygen nonstoichiometry in ReNiO3 thin films. Actually, the 

oxygen vacancies can greatly affect the structural, magnetic and 

transport properties of the ReNiO3
5, 14, 15. Although it seems that 

vacancies always increase the resistivity of the metallic state 

and make the MIT less sharp 16, it is still unclear whether the 

oxygen vacancies increase the TMI or leave it unaffected 17, 

because it is difficult to rule out the effect of strain from that of 

oxygen vacancy. For example, in NdNiO3 epitaxial films grown 

on SrTiO3, tensile strain in the film causes more oxygen 

vacancies and more flat MIT 18. 

From an electronic application viewpoint, the materials with 

sharp transition around room temperature are noteworthy 19. It 

is reported that Sm1-xNdxNiO3 films grown on NdGaO3 

substrate show a systematic change in TMI, from 199 K for x=1 

to 378 K for x=0 13, and the transition of Sm0.6Nd0.4NiO3 takes 

place near room temperature. In this letter, we report on the 

influence of growth oxygen pressure on the transport property 

of Sm0.6Nd0.4NiO3-δ (SNNO) ultrathin films. As far as possible 

to avoid the strain effect, we studied almost fully-strained 

SNNO films grown on LaAlO3 (LAO) substrates, where the 

lattice mismatch is only -0.4%. It is found that the TMI is 

remarkably decreased from 365 to 220 K, when the growth 

oxygen pressure varied from 25 to 10 Pa. Meanwhile the 

valence state of Ni is changed, whereas the crystal lattice of 

SNNO changes slightly. It is inferred that different growth 

oxygen pressure results in varied oxygen vacancy content in the 

film, and the transport properties are the joint effect of the 

changes of Ni valence, elongation of Ni-O bond length, 

bending of Ni-O-Ni angle and the formation of Ni3-δ-O2--Ni3+δ 

charge ordering. 

Experimental 

Thin film preparation 

Epitaxial SNNO thin films were deposited by pulsed laser 

deposition (PLD) using a KrF excimer laser (λ=248 nm, 
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Coherent Inc.) at pulse frequency of 5 Hz and power density of 

1 J/cm2. In order to minimize the strain effect, (001)-oriented 

LAO single crystal substrates (a=0.379 nm, PDF No. 85-0848) 

were used. A sintered stoichiometric SNNO tablet was used as 

the target. Before film growth, the chamber was pumped to a 

pressure on the order of 10-4 Pa, then backfilled with pure 

oxygen to 10, 20 and 25 Pa, respectively. During the deposition, 

the substrate was maintained at a temperature of 600°C (using 

resistance heating silk). After film growth, the samples were 

annealed in situ for 30 min before cooling down to room 

temperature at a rate of 5°C/min. The parameters were kept the 

same for different depositions to ensure the change in transition 

temperature is mainly caused by the change of growth oxygen 

pressure.  

Characterization 

The temperature-dependent resistance measurement of the films 

was carried out from 100 K to 400 K on a He-compression 

cryogenic device (ARS-2HW) with standard four-probe method. 

In order to obtain Ohmic contact, Au contacts were sputtered 

onto the top of the sample through a shadow mask. Thickness 

of films was estimated by X-ray reflectivity (XRR) at the beam 

line BL14B1 of Shanghai Synchrotron Radiation Facility 

(SSRF, λ=1.2398 Å). The crystalline quality and lattice 

parameters were measured by high resolution synchrotron X-

ray diffraction at U7B beam line of the National Synchrotron 

Radiation Laboratory (NSRL, λ=1.537 Å). To measure the in-

plane lattice parameters, grazing incidence X-ray diffraction 

(GIXRD) was performed on a four-circle diffractometer with a 

Ge (220) × 2 incident-beam monochromator (Rigaku SmartLab 

Film Version with an in-plane arm for GIXRD, Cu-Kα 

radiation). X-ray photoelectron spectroscopy (XPS) analyses 

were performed using an ESCALAB 250 system (Thermo 

Scientific). 
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Figure 1 XRR analysis of films deposited under 10 Pa, 20 Pa, and 25 Pa, 

respectively.  

Results and discussion 

The small angle x-ray reflection patterns of the samples 

deposited under 10 Pa, 20 Pa, and 25 Pa are shown in Fig. 1. 

All the x-ray reflection patterns show distinctive Kiessig 

fringes, and the corresponding thickness could be calculated 

according to the following Bragg equation modified for 

refraction index 20, 21 

( ) 2/1222 cndn θθλ −= ,                             (1) 

where, d is the film thickness, θn is the angle of the nth fringe, 

and θc is the critical angle for the film. The respective thickness 

of the films deposited under 10, 20 and 25 Pa are estimated to 

be 10, 10.5 and 7.8 nm, respectively, which are far less than the 

critical value for strain relaxation (about 47.5 nm, 125 u. c.). 

From the fringes, we can also qualitatively learn that the 

roughness of the film deposited under 10 Pa is smaller than that 

of the films deposited under 20 and 25 Pa. 

 

100 200 300 400

10
0

10
1

 10 Pa

 20 Pa

 25 Pa

 

 

R
/R

M
I

Temperature (K)

200 300 400
0.98

1

1.02

1.04

1.06

1.08

1.1

 

 

Temperature (K)

(a)

(b)

 

Figure 2 (a) SNNO films resistance as the function of temperature with different 

growth oxygen pressure. The resistance is normalized to its minimum value 

reached at TMI. (b) The larger version of the area outlined in black in (a). The 

arrows indicate the TMI. 

Fig. 2 (a) shows the temperature dependent resistance of the 

SNNO/LAO films in the temperature range of 100 K – 400 K. 

The resistance is normalized to its minimum value reached at 

the TMI. Fig. 2 (b) presents the zoom-in range around the 

transition points. It is obvious that all the SNNO films exhibit a 

clear MIT. The SNNO film deposited under 10 Pa has a fairly 

sharp MIT with TMI at 220 K. The SNNO films deposited under 

20 Pa and 25 Pa exhibit a smoother MIT with TMI at 320 K and 

356 K, respectively. It is clear that the decrease of deposition 

oxygen pressure strongly affects the MIT of the SNNO films, 

i.e., shifting the TMI to lower temperature. 
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Figure 3 (a) Reciprocal space map around ( 031 ) reflection for the 20 Pa 

sample. (b) High-resolution X-ray θ-2θ scans around the (002) reflection and (b) 

the corresponding rocking curves across the SNNO (002) peak. (d) Schematic 

illustration of in-plane GIXRD geometry and GIXRD results for a series of SNNO 

films. 

To verify whether the significant decrease of TMI is due to the 

change of crystalline quality and lattice parameters of the films, 

high resolution synchrotron radiation XRD was carried out at 

NSRL. The full range x-ray θ-2θ scans indicate the pure phase 

and highly orientation of the SNNO films (not shown here). 

Fig. 3 (a) shows a typical non-specular ( 031 ) reciprocal space 

map (RSM) of the film deposited under 20Pa oxygen pressure. 

The RSM shows that the in-plane lattice parameter of the film 

is almost equal to the lattice parameter of LAO substrate (the 

difference is far less than the theoretical value of 0.4%), 

indicating that the films are fully compressive strained to the 

LAO substrate. Fig. 3 (b) shows the fine θ-2θ scans around the 

(002) diffraction peak. The diffraction peaks of SNNO shift 

slightly toward higher angles as decrease of the oxygen 

pressure, indicating a slight decrease of the out-of-plane lattice 

parameters. In Fig. 4, the out-of-plane lattice parameters  

derived from these θ-2θ scans are presented, where the 

difference between the parameters is less than 0.1%. Please 

note that all the out-of-plane lattice parameters are little larger 

than the theoretical one for bulk SNNO (pseudocubic, ap is 

calculated to be 0.38 nm 13), which is consistent with the in-

plane compressive strain induced by the LAO substrate. Fig. 3 

(c) plotted the rocking curves with 2θ centred on the SNNO 

films (002) peak. The FWHM for the 25-Pa, 20-Pa and 10-Pa 

films are 0.044°±0.001°, 0.077°±0.002° and 0.091°±0.002°, 

corresponding lateral crystalline size of 449 nm, 256 nm, and 

217 nm, respectively. The presence of multi-peak in the rocking 

curve is due to the twinning nature of LAO substrate, which is a 

ubiquitous phenomenon for this substrate. To further 

investigate the evolution of the lattice parameters, GIXRD were 

performed to measure the in-plane lattice parameters. GIXRD 

geometry is illustrated in Figure 3 (d) and the angles were set to 

αi = αf = 0.297°, which corresponds to the critical angle of the 

film-air interface measured by XRR. GIXRD patterns along 

[h00] direction is shown in Fig. 3 (d), where only the (100) and 

(200) reflections of SNNO were observed. As numerically 

presented in Fig. 4, all the in-plane lattice parameters of these 

films are almost the same as that of the LAO substrate, which is 

consistent with the RSM result. The above structure analysis 

results indicate that the SNNO films deposited at varied oxygen 

pressure have almost the same strain status. Although there is 

still slight difference between the out-of-plane lattice 

parameters, such small lattice difference will not induce an 

obvious change in the metal-insulator transition, according to 

previous literatures 7, 11, 12. Therefore, it indicates that the 

change of film lattice constant (strain state) is not the major 

origination of the shift of TMI.  

 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

10 15 20 25
200

220

240

260

280

300

320

340

360

380
T

M
I (

K
)

Pressure (Pa)

0.378

0.379

0.383

0.384

L
at

ti
ce

 p
ar

am
et

er
 (

nm
)

Out-of-plane

In-plane

 

Figure 4 Film TMI and lattice parameters as a function of the growth oxygen 

pressure. 

Another hypothesis is that the pressure-induced oxygen 

vacancy is the cause of the change of TMI. According to reports 

in the literatures, oxygen vacancies will often expand the out-

of-plane lattice parameter in thin films 22-25, which is slightly 

different with our measurement. Fig. 5 schematically shows the 

oxygen vacancies effect on the lattice parameters in a 

compressively strained thin film. For a perovskite ABO3 

epitaxial thin film below critical thickness, the BO6 octahedron 

can distort to relax the strain varied with increasing oxygen 

vacancies in a way of keeping the in-plane lattice parameter and 

stretching the out-of-plane lattice parameter 25-28. However, the 

octahedral rotation should also be considered for oxygen-

vacancy induced anisotropic crystal field in ReNiO3. Oxygen 

vacancies appearing in the film will result in an anisotropic 

local coordination around Ni, which will boost the NiO6 

octahedral rotation commonly appearing in perovskite ReNiO3. 

As a result, such octahedral rotation will change the Ni-O-Ni 

bond angle and slightly decrease the lattice constants. A little 

exaggerated schematic diagram of this effect is plotted in Fig. 5 

(b). In our case, considering octahedral distortion and rotation, 

as well as the good lattice-match between the SNNO film and 

LAO substrate, the slightly increased lattice constant with the 

increase of growth oxygen pressure is reasonable.  
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Figure 5 (a) Schematic diagram of oxygen vacancies effect on the lattice 

parameters in a compressive strained thin film. (b) Out-of-plane lattice 

parameter decrease with the Ni-O-Ni bond angle reduction. 

In order to sustain the charge neutrality, oxygen vacancies in 

the film will be compensated by a change of the oxidation state 

of the nickel cation, from Ni3+ to Ni2+ 29. The Ni 2p3/2 XPS 

spectra of films deposited at 10 Pa, 20 Pa and 25 Pa are shown 

in Fig. 6. The appearance of Ni2+ peak proves the existence of 

oxygen vacancy in the film. Although XPS result cannot be 

used to quantitatively determine the ion ration in the film, the 

measured Ni2+/Ni3+ ratios for our 10Pa-, 20Pa-, 25Pa- samples 

are 0.29±0.01, 0.24±0.01, and 0.23±0.01, respectively, 

indicating the trend that more oxygen vacancy was induced at 

low growth oxygen pressure. In this study, oxygen vacancies 

decrease the TMI of ReNiO3, which is consistent with Ref 30 

and 31. However, the detailed mechanism is still not clear as 

stated in Ref 1. In addition, it is generally accepted that charge 

disproportionation at the Ni site in the form of Ni3+δ-O2--Ni3-δ 

contributes to the insulating state of ReNiO3 
32-36, which 

encourage us to suggest that it’s harder to form the Ni3+δ-O2--

Ni3-δ charge order when more oxygen vacancies appear in the 

ReNiO3 films and therefore keeps the films in metallic state. 
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Figure 6 Ni 2p3/2 XPS spectra of (a) 10 Pa, (b) 20 Pa and (c) 25 Pa SNNO/LAO 

films. The peaks associated with Ni
2+

 and Ni
3+

 are indicated. 

Conclusions 

In summary, ultrathin coherently epitaxial Sm0.6Nd0.4NiO3 

films were fabricated on (001) LaAlO3 by PLD under various 

growth oxygen pressure. It was found that the TMI of the SNNO 

films remarkably decreases with the decrease of the growth 

oxygen pressure, while the strain state varied slightly. The XPS 

results indicate that oxygen vacancies induced by lower growth 

oxygen pressure seem to be the main cause of such phenomena. 

This work rules out the strain effect from the complicated 

factors affecting the MIT of ReNiO3 film.  
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