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the MI transition observed in this system based on modifi ca-
tions of Ni-O bond properties and corresponding changes 
in the carrier itinerancy involve charge ordering, [ 15 ]  orbital 
ordering, [ 4,7,16 ]  Mott behavior, [ 17 ]  and electronic bandwidth con-
trol in the charge-transfer conduction framework. [ 18 ]  In contrast 
to the other  Re NiO 3 , which undergo temperature-dependent MI 
transitions, LNO is a paramagnetic metal at all temperatures 
due to the large ionic radius of La that suppresses the Ni-O 
bond distortions. 

 Experimentally, various researchers have found that thin 
LNO fi lms undergo a MI transition as a function of thickness 
when the thickness is less than a critical value of 5 uc [ 9,10 ]  in 
thin fi lms and 3 uc for superlattices of LNO. [ 6  ,  16 ]  We fi nd sim-
ilar results for LNO grown using molecular beam epitaxy on 
LAO, an insulating substrate, with a critical thickness of 5 uc 
for vacuum-terminated fi lms and 3 uc for LNO/LAO superla-
ttices. The resistivity versus temperature behavior (Figure  1 a) 
exhibits insulating behavior in uncapped fi lms for fi lm thick-
nesses of 4 uc; for 5 uc and thicker fi lms, we observe metallic 
behavior (Figure  1 b). The dependence of the magnetic and elec-
tronic phases of the bulk nickelates on the atomic-scale struc-
tural properties of the Ni-O bond properties suggests a similar 
basis for the thickness-dependent MI transition. Proposals 
to explain the observed MI transition in thin fi lms and the 
reduced critical thickness for conductivity in superlattices [ 6,7,19 ]  
include interfacial constraints on octahedral connectivity, [ 20,21 ]  
disorder-driven localization, [ 9 ]  strain, [ 16,22 ]  and inter-layer perco-
lation. [ 23 ]  However, a systematic study of the structural evolu-
tion as a function of fi lm thickness to elucidate the correlation 
between structure and the thickness-dependent changes in con-
ductivity has not been reported. 

 To determine the atomic-scale structure of the fi lms with 
thicknesses ranging from 4 uc to 7 uc, we perform synchro-
tron x-ray crystal truncation rod (CTR) [ 24,25 ]  diffraction measure-
ments at the Advanced Photon Source. Layer-resolved structural 
details of the LNO fi lms with thicknesses ranging from 4 uc 
to 7 uc, including information about the Ni-O-Ni bond angles, 
are determined by measuring multiple CTRs for each thick-
ness. The CTRs are converted to real space structures using 
the coherent Bragg rod analysis (COBRA) technique, which is 
a direct phasing method to analyze the CTRs that enables con-
vergence on the real space structure without a priori knowledge 
of the deviations from the bulk of the fi lm and interfacial struc-
ture. [ 26 ]  The result is a three-dimensional electron density map 
(EDM) of the atomic structure. 

 An important structural feature we observe is a previously 
reported lattice polarization that develops in the surface layers 
of the fi lms. [ 5 ]  To determine the relation between the thick-
ness-dependent MI transition and this surface distortion, we 

  Rare-earth perovskite nickelates ( Re NiO 3 ) display complex 
electronic and magnetic behavior that arises from a strong 
interplay between atomic-scale structure and electronic correla-
tions on the Ni sites. [ 1,2 ]  Motivated by recent predictions that 
an electronic structure mimicking that of the high-temperature 
cuprate superconductors can be achieved in nickelates, [ 3,4 ]  
intensive theoretical and experimental research efforts have 
focused on controlling the energetic ordering of Ni d orbitals [ 5–8 ]  
and 2D conduction in nickelate heterostructures. This work 
has led to the realization of nickelate thin fi lm and multilay-
ered structures that exhibit interesting magnetic and electronic 
transitions, including metallic conduction in superlattices. [ 6,9–11 ]  
A consequence of this focus has been the discovery of an 
intriguing thickness-dependent metal-insulator (MI) transition 
in thin nickelate fi lms reminiscent of electronic and magnetic 
“dead layer” effects in other correlated complex oxide systems, 
such as the rare-earth vanadates, [ 12 ]  ruthenates [ 13 ]  and mangan-
ites [ 14 ]  whose properties are governed by the transition metal-
oxygen bond properties. To elucidate the microscopic basis for 
this phenomenon, we use a combination of synchrotron X-ray 
structural characterization, fi rst principles density functional 
theory (DFT), and transport measurements to quantify the 
atomic-scale distortions in nickelate thin fi lms. We show that 
the thickness-dependent MI transition in the nickelates is asso-
ciated with atomic-scale structural distortions that infl uence the 
Ni-O-Ni bond properties as a function of fi lm thickness. Based 
on this observation, we show that by capping an insulating 3 
uc LaNiO 3  (LNO) fi lm with the wide band gap insulator LaAlO 3  
(LAO), metallic behavior is induced in the 2D nickelate layer 
due to suppression of the surface distortions (see  Figure    1  ).  

 The strong coupling of the magnetic and electronic proper-
ties of the rare-earth nickelates to their atomic-scale structure is 
known to occur due to the sensitive dependence of the Ni  3d -O 
 2p  valence orbital hybridization on the geometry of the Ni-O 
bonding. Specifi c models that have been proposed to explain 
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compare the measured layer-resolved polarization of LNO fi lms 
with thicknesses ranging from 4 uc to 7 uc in  Figure    2  a. We 
fi nd that this surface polar distortion is independent of the fi lm 
thickness and is characterized by the relative displacement of 
the oxygen and cation z positions within both the NiO 2  and 
LaO (001) planes of the perovskite structure. The largest rela-
tive displacement, z  Ni - z  O  , is at the surface, with a magnitude 
of ∼0.3 Å, which decays to nearly zero after 3 uc towards the 
LNO-LAO interface (Figure  2 a), resulting in a net positive 
polarization of the LNO fi lms. The existence and direction of 

the polarization in these fi lms can be attributed to the non-zero 
charge of the alternating (LaO) +  and (NiO 2 ) −  layers in the [001] 
direction and the termination with a negatively charged (NiO 2 ) −  
layer, resulting in a counter-dipole. [ 25,27 ]  The decay of the polari-
zation within 3 uc is observed for all thicknesses of uncapped 
LNO fi lms and is consistent with electrostatic screening of 
the charged surface by a high density of mobile carriers in a 
polarizable ionic lattice. DFT-LDA calculations of the physical 
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 Figure 1.    Manipulating the metal-insulator transition in LaNiO 3 . 
(a) Resistivity versus temperature for uncapped 4 unit cell (uc) thick 
LaNiO 3  (LNO) fi lms (green) and a 3 uc LNO fi lm capped with 6 uc LaAlO 3  
(LAO) (blue) grown epitaxially on (001) LAO. Schematics illustrating: 
(b) metallic uncapped 5 uc LNO, (c) insulating uncapped 3 uc LNO, 
(d) addition of an insulating 6 uc LAO capping layer, and (e) recovery of 
metallic transport for 3 uc LNO capped with insulating LAO. The color 
scale on the right represents the conductivity.

 Figure 2.    Structural origin of the thickness-dependent metal insulator 
transition. (a) Layer-resolved comparison of measured results for Ni-O 
vertical polar displacements,  Z Ni - Z  o ,  for uncapped 4, 5, and 7 unit cell 
thick LaNiO 3  fi lms. The measured displacements for a 3 unit cell LaNiO 3  
fi lm capped with 6 unit cells of LaAlO 3  are shown (blue solid squares) 
for comparison. (b) Schematic of the measured average in-plane Ni-O-
Ni bond angle for 4, 5, and 7 unit cell thick uncapped LNO fi lms. Bond 
angles are exaggerated for clarity and include contributions from the 
polar distortions in (a) and octahedral tilts and rotations. The reduction 
in the Ni 3 d -O 2 p  orbital overlap with decreasing bond angle leads to 
increased resistivity.



1937

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

structure agree quantitatively with the observed polarization 
magnitude, their decay, and thickness dependence. [ 5,28 ]   

 To more precisely quantify the effects of the polar displace-
ments on the Ni-O bond properties, we fi t [ 29 ]  the measured data 
with a kinematic model of X-ray diffraction with a c(2 × 2) unit 
cell using the atomic coordinates extracted from the EDMs. The 
fi tted structures for the fi lms have GdFeO 3 -like octahedral rota-
tions with an  a − a − c −   rotation pattern in Glazer notation (i.e., 
along each axis, the octahedral rotations are out of phase). This 
rotational pattern is consistent with previous x-ray [ 20,22 ]  and elec-
tron diffraction studies [ 30 ]  of compressively strained LNO fi lms 
and superlattices. From the best-fi t structures for the 4, 5, and 
7 uc thick fi lms, we determine their respective layer-resolved 
Ni-O bond parameters, fi nding a systematic decrease in the 
average in-plane Ni-O-Ni angles with fi lm thickness (Figure  2 b). 
In contrast to structural studies on similar systems, [ 21,30 ]  which 
lack atomic-layer resolution of the surface layers, we fi nd that 
the polar distortions couple to octahedral rotations. [ 31 ]  

 Both the polar and octahedral distortions are expected to 
strongly infl uence electronic transport by modifying the overlap 
of Ni  3d –O  2p  orbitals. This overlap is parameterized by the in-
plane Ni-O-Ni bond angle  θ  and Ni-O bond length  d ;  θ  and  d  
are both modifi ed by the two distortion modes. We estimate the 
changes in the bond overlap using a canonical tight binding 
approach. Given  θ  and  d  in the x-y plane, the transfer integral 
 t pd   between adjacent Ni  3d  and O  2p  orbitals is given by [ 18,32 ] 

 
t K

d
pd

ϕ
=

cos( )
,3.5
  

(1)
   

 where  ϕ  = (180- θ )/2 is the effective NiO 6  octahedral tilt angle, 
and the pre-factor  K  is determined from the  p-d  orbital cova-
lent hopping integral to be 13.7 eVÅ 3.5 . [ 32 ]  Larger values of  t pd   
imply a greater tendency towards metallic behavior. The bond 
overlap is approximately constant for each NiO 2  layer across 
fi lms, but the average value shows a systematic dependence on 
total fi lm thickness. The average values of  t pd   for the 4, 5, and 
7 uc fi lms are 1.28, 1.34 and 1.41 eV, respectively. For reference, 
we compare these average values for our fi lms with metallic 
bulk LNO [ 33 ]  ( t pd,bulk   = 1.36 eV) and bulk SmNiO 3  [ 34 ]  ( t pd,SmNiO3   = 
1.28 eV), which is insulating at room temperature. Based on 
these fi ndings, one thus expects to fi nd metallic behaviour for 
the 5 and 7 uc fi lms, and insulating behavior for the 4 uc fi lm, 
in agreement with experimental fi ndings. The critical  t pd   value 
is consistent with the energy scale of the charge transfer energy 
in bulk nickelates. [ 33 ]  

 As discussed above, the electronic bandwidth controls the 
MI transition. In the simplest models, where charge and/or 
orbital ordering opens a gap, widening of the bandwidth leads 
to melting of the insulating charge-ordered ground state. [ 33 ]  For 
insulating behavior that involves charge transfer, reducing the 
bandwidth of the Ni  e g   states reduces their overlap with the 
oxygen valence bands. Here too, a smaller bandwidth favors 
insulating behavior, where a charge-transfer gap opens between 
Ni  e g   and O  p  valence bands below a critical  t pd   value. [ 2,35 ]  

 These results reveal the quantitative structure-property rela-
tionship between polar, octahedral distortions and conductivity 
that drives the thickness-dependent MI transition in nickelate 
fi lms. The coupling of the polar distortion to conductivity may 

thus play a critical role in the tuning of the MI transition using 
an external electrostatic gate. [ 36 ]  Intrinsic thickness-dependent 
electronic and magnetic transitions are known to occur in other 
transition metal perovskite oxide systems including SrRuO 3 , [ 13 ]  
 Re VO 3 , [ 12 ]  and LaAlO 3 /SrTiO 3 , [ 25,27 ]  which possess similar fea-
tures: strong octahedral rotations and polar surfaces or inter-
faces. A plausible driving force of the phase transitions in these 
systems may be a strong coupling of polar surface/interface 
relaxations, which are driven by a minimization of the electro-
static free energy, to changes in transition metal-oxygen hybrid-
ization through octahedral rotations. [ 31 ]  

 We now show that capping the  insulating  LNO fi lms with 
another  insulating  material, LAO, can induce 2D metallicity. 
One clear prediction of our above fi ndings that correlate the sur-
face distortion and conductivity is that the suppression of these 
distortions should lead to the recovery of a metallic ground 
state. To test this prediction experimentally, we begin with an 
insulating 3 uc LNO fi lm and encapsulate the terminal (NiO 2 ) −  
layer with insulating LAO layers (Figure  1 c-1e): the LAO serves 
both to encase the LNO layers and also to suppress the polar 
fi eld from the charged top layer. Structural analysis of funda-
mental and superstructure CTRs ( Figure    3  a and Figure  3 b) 
reveals an absence of polar distortions in the embedded LNO 
layers (Figure  2 a) and bulklike Ni-O-Ni bond angles (162° for 
the LAO capped LNO, compared with 153° for the 4 uc-thick 
fi lm), in good agreement with recent measurements on nick-
elate superlattices. [ 20,21 ]  These results show directly that a bulk-
like structure can be recovered by structural coupling at the 
LNO/LAO interface which suppresses the polar distortion and 
octahedral rotations.  

 The key result of this paper is shown in Figure  1 a, where 
we show temperature-dependent transport data for the LAO-
capped 3 uc LNO sample compared with an uncapped 4 uc 
fi lm. At room temperature, the resistivity of the capped sample 
is an order of magnitude lower than that of the 4 uc fi lm, indic-
ative of increased orbital overlap resulting from the absence of 
polar distortions. We observe metallic behavior for the capped 
samples as a function of temperature, in contrast to insulating 
behavior for the 4 uc fi lm, demonstrating the recovery of a 
metallic state. We note that the metallic behavior of the capped 
sample rules out inter-layer percolative effects as the cause of 
enhanced metallicity in nickelate superlattices. [ 23 ]  We also note 
that the absolute resistivity of the metallic capped sample is 
larger than the metallic uncapped 5 uc sample. The conduc-
tivity is a convolution of the bandwidth, which is controlled by 
the bond overlap parameters, and the charge carrier mean free 
path. The difference may be attributed to a decrease in the car-
rier mean free path in the capped sample. 

 The metallic conductivity of the capped sample is different 
in character from bulk LNO due to the 2D confi nement of the 
carriers. Below 25 K, we observe a transition to weakly insu-
lating transport behavior, characteristic of a 2D metal with 
fi nite disorder. [ 37 ]   Figure    4  a shows the sheet conductance for 
the bilayer sample and an [(LNO) 3 -(LAO) 5 ] x 20 superlattice as 
a function of ln( T ) below 25 K. Both structures exhibit a linear 
dependence with slopes of  pe 2 /πh  and  p  = 2, where the inelastic 
mean free path,  l in,   scales as  T −p/2  . [ 38 ]  We also perform magne-
toresistance (MR) measurements with a magnetic fi eld oriented 
perpendicular to the fi lm surface (Figure  4 b) which show a 
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negative MR characteristic of 2D weak localization (WL). [ 9,10,39 ]  
As previously observed, [ 9 ]  the MR is found to be isotropic with 
the fi eld direction, which is unexpected for weakly localized 2D 
metals, but has been observed in 2D metallic systems with spin 
fl uctuations. [ 6,9,40,41 ]  If the magnetic scattering from spin fl uc-
tuations enhances the negative MR, [ 40 ]  then we obtain a lower 
bound on  l in   that varies from ∼1.5 nm at 25 K to ∼10 nm at 3 K 
(Figure  4 c).  

 In summary, we determine structural parameters of nick-
elate heterostructures that are correlated with the MI transition 
in LNO fi lms and superlattices using synchrotron scattering 

and fi rst-principles theory. We identify polar distortions and 
octahedral rotations as the structural parameters controlling the 
MI transition through carrier band narrowing, in addition to 
a surface orbital polarization. [ 5 ]  The presence of a free surface 
enhances these structural distortions. By encapsulating the sur-
face with fully insulating spacer layers, we eliminate the polar 
distortions and restore bulk-like octahedral rotations, which in 
turn leads to a recovery of metallic conductivity in 2D nickelate 
systems. These results quantitatively relate the bonding geom-
etry with band parameters that are important inputs to theo-
retical models of electronic behavior. The observed structural 
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 Figure 4.    2D metallicity in LaNiO 3 . (a) Sheet conductance as a function of ln(T) for a capped 3 uc LNO fi lm (blue squares) and an [(LaNiO 3 ) 3 -(LaAlO 3 ) 5 ]
x 20 superlattice (red triangles) in the weakly insulating range T< 25 K. The slope of the linear fi t, indicated by the solid lines, is given by  pe 2 /π.,  The 
superlattice resistivity is normalized to the total thickness of the LaNiO 3  layers. (b) Magnetoconductance [ Δσ(H) = σ(H)-σ(H = 0) ] for increasing 
temperature in the range 2 K – 20 K for an [(LaNiO 3 ) 3 -(LaAlO 3 ) 5 ] x 20 superlattice. The solid lines represent best fi ts to the data from Eq. (S1) of the 
Supplementary material. The magnetic fi eld is parallel to the surface normal. (c) Inelastic scattering length plotted as a function of temperature for 
an [(LaNiO 3 ) 3 -(LaAlO 3 ) 5 ]x 20 superlattice, with a linear fi t to the data. Both axes are on a logarithmic scale. The values for  l inelastic   are obtained from 
the fi ts from (b).

 Figure 3.    Recovery of a bulk-like structure. (a) Experimental fundamental [1,1,L] crystal truncation rod data (blue circles) and fi ts for an LaNiO 3  fi lm 
capped with 6 uc of LaAlO 3 . Clear fi nite thickness oscillations are observed in addition to the fi lm Bragg peaks. (b) Measured [0.5 0.5 1,5] superstruc-
ture refl ections (blue circles) and associated fi ts (red line). (c) Atomic structure positions obtained from converged fi ts in (a) and (b), showing the top 
two LNO layers in a capped 3 unit cell sample. (d) Model structure of the top two layers of an uncapped 4 unit cell LNO fi lm, with polar vertical Ni-O 
displacements that are absent in the capped structure shown in (c). The horizontal red and gray lines in (c) and (d) indicate the vertical coordinates 
of the O and Ni sublattices in the top NiO 2  planes, respectively.
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distortions have recently been shown to play a critical role in 
breaking the orbital degeneracy in this system. [ 5 ]  The ability 
to tune these parameters, as demonstrated here, will lead to a 
deeper understanding of electronic behavior in broad classes 
of materials, including layered 2D electronic systems, such as 
chalcogenides [ 42 ]  and other related complex oxide systems, such 
as iridates and vanadates.   

 Experimental Section 
 Capped and uncapped LNO thin fi lms are grown on LAO (100) 
substrates using oxygen-plasma assisted molecular beam epitaxy, 
producing an in-plane compressive lattice strain of ∼1% compared 
with bulk LNO. A growth rate of 1 uc/minute is used at a substrate 
temperature of 590 °C. During growth, refl ection high energy electron 
diffraction is used to monitor the crystallinity of the sample surface and 
fi lm thickness. The samples are cooled in situ in an oxygen plasma, 
followed by an  ex situ  anneal in fl owing oxygen at 600 °C for 6 hours 
to ensure oxygen stoichiometry. Atomic force microscope images reveal 
smooth surfaces. Typical fi lms have ∼1 Å root-mean-square roughness 
and well defi ned steps with unit cell height and ∼180 nm width. The 
Ni 3+  oxidation state of the fi lms and superlattices is confi rmed by x-ray 
absorption (XAS) measurements at the Ni  L  edge carried out at the U4B 
beamline at the National Synchrotron Light Source (NSLS). 

 Room temperature synchrotron diffraction measurements are 
performed at the XOR 33ID beamline at the Advanced Photon Source 
and the X22 beamline at NSLS. During the measurements, the samples 
are mounted in an evacuated Be-dome chamber pumped to 10 −5  Torr to 
avoid X-ray beam-induced sample damage. Surface diffraction intensities 
are measured along the LAO pseudocubic crystal truncation rods using 
either an X-ray energy of 16.0 keV (λ = 0.77 Å) or 8.2 keV. The diffracted 
intensity along the crystal truncation rods [ 24 ]  of the substrate is measured 
using a solid state area detector at 300 K for each sample along crystal 
truncation rods for integer Miller index  h,k  values, where −3 <  h  and  k  < 3. 

 For electrical transport, DC electrical resistivity and Hall effect 
measurements are carried out using Van der Pauw and four point 
confi gurations with sputtered Au contacts in a shielded cryostat over a 
temperature range of 1.5–300 K. Magnetic fi elds up to 5 T are used to 
obtain magneto-transport data. 

 For theoretical calculations, density functional theory (DFT) is used 
to calculate the ground state structure of thin fi lms of (001) LNO on 
LAO substrates and (001) LNO/LAO superlattices, starting with initially 
non-polar structures. In the thin fi lm calculations, periodic copies along 
the  z  direction are separated by a large vacuum gap of ∼20 Å to simulate 
isolated surfaces. In all calculations, the in-plane ( x  and  y ) directions 
of the simulation cells are subject to periodic boundary conditions and 
fi xed to the theoretical lattice constant of LAO at 3.71 Angstroms (2% 
smaller than the experimental value). Further technical details of the 
simulations are found in the Supplementary material. [ 28 ]   
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