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Scientific Progress and Accomplishments 

The objective of the multidisciplinary university research initiative (MURI) “Emergent 
Phenomena at Mott Interfaces” was to establish new approaches to predict, understand 
and control the wealth of electronic, spin and collective mode excitations associated with 
Mott metal-insulator transitions at complex oxide interfaces.  Research focused on 
electronic and atomic structure and correlation physics of oxide interfaces comprised of 
perovskite titanates, rare earth nickelates, and vanadates.  Here we briefly summarize the 
main accomplishments.   

Thin Films and Interfaces in Rare Earth Nickelates 

The MURI focused on interfaces with Mott materials with only one electron or hole in 
either eg or t2g.  This configuration maximizes interpretability and quantum effects.  For 
the eg systems, we focused on the rare earth nickelates, RNiO3 (R = rare earth, i.e., La or 
Nd).  Ni3+ has a 3d7 configuration with a filled t2g band and one electron in the eg 
multiplet.  These orbitals show a strong hybridization with the adjacent oxygen 2p 
orbitals.  The overlap determines the bandwidth W, which is a critical parameter of the 
Mott transition, and can be tuned by film strain or interface proximity effects. 

Work in the Balents group involved a combination of fundamental theory and 
collaboration with experiment in modeling and interpreting measurements. The most 
significant two accomplishments included a spin density wave interpretation and theory 
of spin and charge order in the RNiO3 nickelates.  The work predicted the quenching of 
charge order in ultra-thin films, proving that in the more itinerant nickelates, the spin 
density wave is the driving instability.  The work on heterostructures led to some of the 
very first theoretical work on Weyl semimetals (which appear naturally in the theory of 
heterostructures of topological insulators) and their properties.  Collaborations with 
experimentalists in the MURI included modeling of transport and optical response of the 
nickelates, which showed that main features of the conductivity could be understood 
from a minimal two-band model of eg symmetry states, and their intra- and inter-band 
contributions.   

Experiments on RNiO3 nickelate thin films focused on unconventional (non-Fermi liquid) 
metallic behavior, metal-insulator transitions, and pseudogaps, and how these are 
influenced by film strain, film thickness, and orbital polarization that is tuned by these 
parameters.  One of the first sets of experiments concerned the electrical resistivity and 
magnetotransport of thin, epitaxial LaNiO3 films.  The Stemmer group, in collaboration 
with Allen and Balents, showed that d-band transport is inhibited as the layers progress 
from compression to tension.  Increasing tensile strain causes the film resistivity to 
increase, causing strong localization to appear below a critical thickness.  Optical 
conductivity by Allen of these films signal the approach to the quantum phase transition.  
The spectral weight in the Drude tail exposes a mass enhancement as large as 2-3 times 
the band mass and which depends on the compressive/tensile strain.  The strain 
dependent mass enhancement correlates with strain dependent electron-electron 
contribution to transport scattering.  A divergent mass is a signature of the Mott critical 
point. 
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The Palmstrøm group performed in-situ scanning tunneling spectroscopy of LaNiO3 
films grown by molecular beam epitaxy on Nb-doped SrTiO3 substrates.  The results 
show an observable gap in the density of states ranging in size from 200-400 meV for 
LaNiO3 films ≤5 unit cells thick, and a transition to a metallic density of states with a 
pseudo gap at a thickness of 7 unit cells.  The presence of an observable gap in the 
density of states is evidence that disorder and Anderson localization is not the source of 
the metal to insulator transition observed in thin films of LaNiO3.   

The Fadley group combined soft and hard x-ray photoemission with synchrotron 
radiation.  Using standing-wave photoemission, including tuning over strong core-level 
resonances, unique depth resolution for composition and electronic structure at buried 
interfaces are obtained.  For LaNiO3, the insulating state of ultrathin epitaxial LaNiO3 
thin films was detected by hard x-ray photoemission and also verified a suppression of 
near-Fermi level electronic states at the interface in a LaNiO3/SrTiO3 superlattice grown 
by the Stemmer group.  Soft- and hard- x-ray standing-wave angle-resolved 
photoemission were used to determine the depth-resolved composition and electronic 
structure of buried layers and interfaces in a LaNiO3/SrTiO3 superlattice.   

A second set of experiments concerned NdNiO3, which in bulk form shows a temperature 
induced metal-insulator transition.  This system proved to be especially fruitful for 
studies of the origins of unconventional metallic behavior.  Tunneling spectroscopy by 
Allen on samples by Stemmer of the electron states in Nd and La nickelate strongly 
suggest that the metal-insulator phase transition is quantum critical.  NdNiO3 exhibits a 
well-developed gap at low temperatures, with an energy scale that is in quantitative 
agreement with the transition temperature.  The behavior begs a comparison with 
tunneling experiments in superconductors.  LaNiO3 is metallic to the lowest temperatures 
but develops a pseudogap in the tunneling conductance with a width that is 
approximately the same as the gap in the insulating NdNiO3: it presages the development 
of the Mott insulating state.  The results point to both types of gaps arising from a 
common origin, namely, a quantum critical point associated with the T = 0 K metal-
insulator transition.  The results support theoretical models of the quantum phase 
transition in terms of spin and charge instabilities of an itinerant Fermi surface, as 
suggested by theory. 

The Stemmer group applied epitaxial strains to study the effect of suppressing the metal-
insulator transition in the rare earth nickelate NdNiO3. The results allowed insights into 
“bad metal” behavior that is found also in other strongly correlated systems. Accounting 
for resistivity saturation was key to correctly describe the electrical transport behavior. 
The resistivity saturation limit was found to be sensitive to strain, and this was interpreted 
in terms of the degree of eg orbital polarization, which is varied by the film strain. 
Accounting for saturation clarifies many aspects of the epitaxial strain-film thickness 
phase behavior and the quantum critical point in the RNiO3 system. In particular, an 
abrupt crossover between classic Landau Fermi liquid (LFL) and non-Fermi liquid (NFL) 
metallic regimes occurs with the suppression of the temperature-driven MIT. The 
metallic phase is a LFL in all cases where a robust MIT is present. The non Fermi liquids 
exponent was n ≈ 5/3, for all NFLs. We also clarified the conditions leading to Anderson 
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localization in this system, namely a second, disorder-driven MIT: it appears when the 0-
K resistivity approaches the saturation resistance. 

The relative roles of disorder and strong correlations are among the least understood in 
metal-insulator transitions.  Disorder due to defects can alter the extent of interactions 
between electrons leading to drastic modification of the insulator-metal transition 
properties.  The Ramanathan group studied the role of point defects in influencing the 
electronic properties of rare-earth nickelates. Thorough analysis of temperature-
dependent FTIR measurements were performed on epitaxial SmNiO3 films with varying 
oxygen content.  The measurements spanned the insulator-metal phase transition at 400 K, 
and they provided original insight into the mechanism of the phase transition in the rare-
earth nickelates. We showed that polaronic conduction in the metallic phase is derived 
from electrons coupling to the Ni-O stretching and bending mode phonons.  Analysis of 
the optical conductivity with extended Drude analysis revealed that the scattering rate and 
effective mass of SNO remain surprisingly constant across the phase transition.  In 
addition, we observe that the integrated spectral weight, which is a qualitative measure of 
free carrier density, tracks the temperature dependence of the conductivity from 
insulating to metallic phases quite well.  We also showed that increasing disorder 
(reduced oxygen content) has a similar effect on carrier density and conductivity as 
temperature.  We also showed that the surface of epitaxial oxides, while stable to ambient, 
can be chemically modified reversibly and repeatedly using AFM. 

Perovskite Titanates 

For the t2g Mott systems, the MURI focused on the titanates and vanadates, in which Ti3+ 
and V4+ have the 3d1 configuration, with one electron in t2g.  The series of RTiO3 with R 
= La, Pr, Nd, Sm, Y are prototypical Mott-Hubbard materials, with decreasing bandwidth 
W from La down to Y.  This is due to the progressive decrease in the Ti-O-Ti bond angle 
from ~ 157° in LaTiO3 to ~ 140° in YTiO3.  GdTiO3 shows ferromagnetism, whereas 
LaTiO3 and SmTiO3 show antiferromagnetism.  As discovered during this MURI project, 
when interfaced with the band insulator SrTiO3, a high-density, two dimensional electron 
liquid is formed.  In this MURI we showed that this electron liquid exhibits a plethora of 
strongly correlated phenomena that can be finely tuned by the heterostructure parameters. 

For example, the Stemmer group, in collaboration with the Goldhaber-Gordon and 
Allen groups, showed that ferromagnetism appears at low temperatures in the electron 
liquid confined in narrow quantum wells bound by GdTiO3, as evidenced by a hysteresis 
in the magnetoresistance.  The longitudinal and transverse magnetoresistance  are 
consistent with anisotropic magnetoresistance, and thus indicative of induced 
ferromagnetism in the SrTiO3 (a material that is paramagnetic in the bulk), rather than a 
nonequilibrium proximity effect.  Scaling the electron liquid to extreme limit of a 1-2 
SrO layers thickness embedded in GdTiO3 thermally activated transport is observed.  The 
Allen group used optical conductivity to show that it quantitatively agrees with 
predictions of small polaron transport.  The delta doping produces an extremely high, 
two-dimensional density, 7.3×1014 cm-2.  Unlike transport in randomly doped 3D Mott 
insulators, the delta-doped layer is potentially free of disorder and introduces a new arena 
in which to explore the effect of electron correlations, polaron transport and 
dimensionality.  
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The Fadley group used resonant angle-resolved photoemission to directly view the 
critical thickness for electron liquid formation in SrTiO3 embedded in GdTiO3, and 
standing-wave soft- and hard- x-ray photoemission to determine the energetic, spatial, 
and momentum character of the 2D electron liquid at a buried GdTiO3/SrTiO3 interfaces.   

Advanced first-principles methods, such as LDA+U and hybrid functionals by the Van 
de Walle group were used to address problems related to electronic structure, defects, 
doping, and band alignments in the titanate heterostructures.  The effects of strain on the 
energetic ordering and effective mass of the lowest conduction-band states in SrTiO3 
were explored. It was found that biaxial stress in the (001) or (110) planes results in the 
lowest-energy conduction-band state having significantly smaller electron mass in the in-
plane directions compared to the unstrained SrTiO3, suggesting that pseudomorphic 
growth is a promising route to increasing the electron mobility in epitaxial films.  
Another study (in collaboration with experiments by Stemmer) focused on the effects of 
incorporation of high concentrations of donor impurities on the lattice parameter. The 
observed increase in lattice parameter was attributed to two causes: impurity-size and 
electronic effects, and both were quantified.  Band alignments were calculated that aided 
in the interpretation of hard x-ray photoemission measurements by Fadley. 

Using complex oxides in nanoscale circuitry opens up the possibility of utilizing electron-
electron correlations to create novel functionality in devices, which were explored in the 
titanates by the Goldhaber-Gordon group.  Under this MURI, they developed a method 
to locally pattern carrier accumulation in the common complex oxide SrTiO3 and used it 
to create tunable lateral Josephson junctions in SrTiO3.  These junctions show two 
surprising characteristics: (i) They have ballistic single-mode transport as they are first 
opened up. (ii) This single-mode transport is spin-polarized (Fig. 1).  This is likely 
connected to the strong spin-orbit coupling in SrTiO3, and it may eventually help us 
understand the various measurements of apparently carrier-induced magnetism in SrTiO3, 
mentioned above.  The Goldhaber-Gordon group also developed a method to electrolyte 
gate using a barrier layer to achieve large carrier density modulations while preventing 
chemical reactions. They applied this approach to achieve high-mobility 2D electron 
system at surface of SrTiO3 (and now use it for a range of materials). 

 

Figure 1. Device properties. a, Schematic of the device, which is  submerged in ionic liquid. 
Cations are drawn to the sample by a positively charged electrode (not shown) that is also 
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Figure 1 | Device properties. a, Schematic of the device, which is
submerged in ionic liquid. Cations are drawn to the sample by a positively
charged electrode (not shown) that is also immersed in the liquid,
accumulating electrons at the exposed STO surface (lavender shading). The
top gate defines a channel of low electron density by spacing and screening
the cations. b, Scanning electron micrograph of a top gate of nominal length
60 nm (the device described in the text has length 50 nm). The scale
bar is 100 nm. The alumina dielectric laterally protrudes 5–10 nm (faint
edge around top gate). c, Electronic properties versus top gate
voltage VTG at 14 mK. Main panel: di�erential conductance at zero
source–drain bias. Insets: IV curves from the insulating, tunnelling, and
superconducting regimes.

agreement with KO-1. Furthermore, the saturating behaviour of1

ICRN is expected: the top gatemodulates the density in theweak link,2

which is largely independent of� in the banks. The above results are3

qualitatively insensitive to the exact definition of IC.4

IC decreases smoothly to zero in a magnetic field perpendicular5

to the plane (Fig. 2b).Were supercurrent flowing uniformly beneath6

the top gate, we would expect a Fraunhofer di�raction pattern27 for7

IC(H), with zeros every 20 mT. Instead, the magnetic field response8

mirrors the diminishing superconductivity in the bulk. We suggest9

that only a small fraction of the area under our top gate becomes10

conductive, even at high VTG.11

We next focus on the transition from tunnelling to12

superconducting behaviour. Figure 3a shows a waterfall plot13

of di�erential conductance versus source–drain voltage VSD at14

intermediate VTG, measured in a voltage-biased configuration with15

µ0H = 0.25 T to suppress superconductivity. The traces cluster16

slightly below 1 and 2 e2/h for zero bias, and near 1/2 and 3/2 e2/h17

for VSD ⇡ 200 µV. We estimate a series resistance ⇠2 k� ⌧ h/e218

(Supplementary Information), which would make the 1 and 2 e2/h19

quantization quite accurate. This quantization appears as plateaux20

in dI/dV as a function of VTG for VSD =0 (Fig. 3d), and the plateau21

features form a crossing structure in VSD–VTG space (Fig. 3b).22

These data strongly resemble measurements on ballistic quantum23

point contacts (QPCs) in clean 2D systems, where the zero-bias24

conductance is quantized to integer multiples of G0 = ge2/h for25

subband degeneracy g . The high-bias plateaux at half-integer26

multiples of G0 are well documented28, and arise when the27

number of subbands below the Fermi level di�ers by one between28

the two leads.29

The subbands seem to be non-degenerate (g =1) even for H =030

(Fig. 3d). Two spin-degenerate QPCs connected in series without31

phase coherence could mimic broken degeneracy in a single QPC,32
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Figure 2 | Tunable superconducting weak link. a, Di�erential resistance
versus top gate voltage and d.c. bias current Id.c.. A critical current IC is
clearly observed, and grows with increasing VTG. Right panel: VTG =3.2 V.
Lower panel: extracted IC and ICRN product, where RN is the normal-state
resistance measured at high Id.c.. ICRN saturates whereas IC continues to
grow with increasing VTG. b, Di�erential resistance versus applied
perpendicular magnetic field and Id.c.. IC is suppressed with increasing
magnetic field, but without a magnetic di�raction pattern.

as their resistances (h/2ne2, integer n) would simply add. But this 33

scenario would require nearly identical Fermi levels and dimensions 34

for both QPCs, as we observe only one set of QPC features (Fig. 3b). 35

The apparent broken degeneracy is more naturally explained by 36

ferromagnetism, which has been observed13–18 in LaAlO3/SrTiO3 37

and is expected by theory: in some models, mobile d-electrons 38

align their spins8,9, whereas in others itinerant electrons move 39

in the Zeeman field of localized, spin-polarized dxy electrons10–12. 40

Models that include a strong spin–orbit coupling21 alongside 41

ferromagnetism in a 1D STO system predict a helical wire, again 42

leading to an e2/h plateau11; our data cannot distinguish between 43

helical and spin-polarized pictures. Although we do not observe 44

hysteresis, the coercive field could be below the resolution of our 45

data (⇠5 mT), especially for small ferromagnetic patches9,16,17. Note 46

that zero-field broken degeneracy in a QPC has also been reported 47

in structures with an engineered in-plane electric field29, which is 48

absent in our device. 49

The QPC structure atH =0 (Fig. 3c) remains largely unchanged 50

from the µ0H = 0.25 T case, except for a slight splitting and 51

sharpening of resonances. For H = 0, however, two peaks emerge 52

near zero bias between 1.9 and 2.05V, and evolve into one peak 53

above 2.05V. We ascribe these peaks to a single superconductor– 54

normal (SN) interface; an SNS junction would give a large 55

superconducting peak at zero bias27. For this gate voltage range, 56

inelastic scattering probably transforms the junction into two 57

SN interfaces in series, with current flow shaped by the higher- 58
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immersed in the liquid,  accumulating electrons at the exposed SrTiO3 surface (lavender shading). 
The top gate defines a channel of low electron density by spacing and screening the cations. b, 
Scanning electron micrograph of a top gate of nominal length 60 nm. The scale bar is 100 nm. 
The alumina dielectric laterally protrudes 5–10 nm (faint  edge around top gate). c, Electronic 
properties versus top gate  voltage VTG at 14 mK. Main panel: differential conductance at zero  
source–drain bias. Insets: IV curves from the insulating, tunneling, and  superconducting regimes. 

 

Vanadates 

The vanadates CaVO3 and SrVO3 are metallic, with CaVO3 being closest to a Mott 
metal-insulator transition.  The Lu/Wolf groups used electron-beam deposition to study 
the Mott transitions in the vandates, in particular, dimensional confinement in the 
quantum well, chemical doping, and superlattice structures.  For example, vanadate films 
with thicknesses over 20 nm are metallic, following the T2 law corresponding to a Fermi 
liquid system. A temperature driven metal-insulator transition was induced in vanadate 
ultrathin films. The induced metal-insulator transition can be attributed to the 
dimensional crossover from a three-dimensional metal to a two-dimensional Mott 
insulator, as the resulting reduction in the effective bandwidth W opens a bandgap at the 
Fermi level. The magnetoresistance measurements also confirmed the metal-insulator 
transition is due to the electron-electron interactions other than disorder-induced 
localization.  B-site doping in SrVO3 with Ti4+ was investigated. The transport study 
revealed a temperature-driven metal-insulator transition. Films with higher vanadium 
concentration were metallic, and the ones with lower vanadium concentration were 
semiconducting following Mott’s variable range hopping mechanism. The mechanisms 
behind the observed metal-insulator transition are complicated due to completing effects 
among electron correlation, disorder, and percolation.  SrVO3/SrTiO3 (SVO/STO) 
superlattices showed a pronounced enhancement in the conductivity, which is a further 
indication of electronic phase separation in the vanadate ultrathin layers and can be 
described as percolation phenomena.  

The Parkin group investigated electric field induced metallization of insulating oxides as 
a means of exploring and creating novel electronic states.  However, the electric fields 
created by conventional field effect transistor devices are generally not sufficient to 
achieve the necessary carrier densities in correlated oxides.  Large electric fields from 
polar surfaces and electric double layers have been used to create emergent metallic, 
superconducting and magnetic states in insulating oxides.  However, the electric fields 
needed are so high that the possibility of atomic reconfigurations at the interface and 
motion of atoms and vacancies at and beyond the interface cannot be ruled out.  To 
address these issues, the Parkin group carried out a wide range of systematic studies on 
prototype titanates and vanadates.  The found clear evidence that the electrolyte gate 
induced suppression of the metal-insulator transition is largely due to the electric field 
induced formation of oxygen vacancies in the VO2 channel.  Electrolyte gating of VO2 
leads to the removal of oxygen from the top portion of the film and this oxygen is forced 
back into the film by reverse gating.  
 




