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Accomplishments 
 

The objective of the project “Quantum Critical Behavior in Oxide Structures” was to 
advance the understanding of quantum criticality involving delocalized electrons in strongly 
correlated systems.  The project took advantage of the control afforded by oxide heterostructures 
and rationally design and manipulate quantum criticality.  Different types of interactions were 
introduced and led to an understanding of their relevance in driving quantum critical phenomena 
and in the promotion of emergent ordered states, thereby enabling the development of predictive 
theories.  Below we summarize the progress in this project over the first year of the project. 

A major focus of the experimental and theoretical work in the project was on two-
dimensional electron liquids in quantum well structures of type RTiO3/SrTiO3/RTiO3 (R = Gd or 
Sm), which contain a high mobile charge density in the SrTiO3 quantum well.  The RTiO3 are 
prototype Mott insulators.  These structures were used as a model system to explore questions such 
as the origins of quantum criticality, and associated phenomena (pseudogaps, non-Fermi liquid 
behavior,…) and their tunability in oxide heterostructures. 

Using molecular beam epitaxy (MBE), the Stemmer group grew two-dimensional electron 
liquids (2DELs) in quantum well structures of type RTiO3/SrTiO3/RTiO3 (R = Gd or Sm).  A major 
finding was that the transport data could be modeled using separate transport and Hall scattering 
rates, also known as “two-lifetime” behavior.  This framework gave a remarkably simple and 
general description of the temperature dependence of the Hall coefficient.  We showed that the 0-
K Hall coefficient diverged at a critical quantum well thickness, coinciding with a quantum phase 
transition.  We found that the Hall angle follows a T2 temperature dependence, even when the 
longitudinal resistance does not.  The clear separation the residuals supports the notion of distinct 
scattering rates in these systems, with different underlying physics that influences them.  The data 
pointed to fluctuations associated with an underlying quantum critical point (QCP), which are 
reflected in the 0-K Hall coefficient, as the origin of the two lifetime behavior.   

We also investigated the influence of disorder on the “two-lifetime” behavior.  Disorder can 
enhance the effects of electron correlations and give rise to non-Fermi liquid behavior.  Introducing 
controlled amounts of disorder can assist in elucidating the transport physics in correlated 
materials.  Disorder was introduced via planar growth defects normal to the quantum wells, which 
lead to strongly anisotropic transport properties.  Using angle-dependent sheet resistance and Hall 
measurements, the contributions of the defects and those of intrinsic scattering mechanisms to the 
transport properties and lifetime separation were determined.  The residuals in both the 
longitudinal resistance and Hall angle were found to depend on the relative orientations of the 
transport direction to the planar defects.  The Hall angle exhibited a robust T2 temperature 
dependence along all directions, whereas no simple power law could describe the temperature 
dependence of the longitudinal resistances.  Remarkably, the degree of the carrier lifetime 
separation, as manifested in the distinctly different temperature dependences and diverging 
residuals near a critical quantum well thickness, was completely insensitive to disorder.  We 
speculated that the robust T2 behavior of the Hall angle reflects a universal, underlying scattering 
rate. 

One of the key unknowns in driving and ultimately controlling quantum criticality is the 
nature of the order parameter.  To this end, the Wilson group focused on directly resolving the 
nature of the (magnetic) order parameter underlying the QCP of this system.  A major activity 
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centered on experimentally interrogating the role of the spin degree of freedom in quantum critical 
magnetotransport behavior.  All samples were grown by molecular beam epitaxy (MBE) in the 
Stemmer group.  

As a starting point, the Wilson group focused on the magnetization density of quantum well 
heterostructures.  Neutron reflectometry was used to directly resolve how magnetization density 
induced via the neighboring GdTiO3 is distributed across the quantum wells (where the electrons 
flow in charge transport).  The data showed that the entirety of the quantum well is magnetized at 
low temperatures and charge transport necessarily pushes through a volume of magnetic SrO.   

As a next step, the Wilson group explored the correlation between the onset of long-range 
magnetic order or incipient magnetic fluctuations and the appearance of transport phenomena 
coupled to quantum criticality.  Features of particular interest included the emergence of a 
pseudogap state, discovered by the Stemmer group, and divergent carrier mass near a critical 
quantum well thickness in SmTiO3/SrTiO3 heterostructures, as well as the underlying coupling 
between magnetism and octahedral distortions in GdTiO3/SrTiO3 heterostructures.   

The Wilson group performed low energy muon implantation measurements on an 
SmTiO3/SrTiO3 heterostructure, as well as on a pristine SmTiO3 film.  In these measurements, 
they were able to resolve the onset of antiferromagnetism in both the Ti and Sm sublattices within 
the isolated SmTiO3 film.  These are the first measurements able to detect magnetism within an 
ultrathin (~20 nm thick) SmTiO3 film—a lingering question given the reduced structural symmetry 
of the thin films relative to bulk crystals.  More importantly, the measurements of a 
SmTiO3/SrTiO3/SmTiO3 trilayer heterostructure revealed that an additional channel of spin 
freezing appears below T* ~ 20 K after both the Sm and Ti sublattices have ordered in the SmTiO3 
layers.  This new channel of freezing represents the onset of incipient antiferromagnetic order 
within the SrTiO3 quantum wells and it coincides with the prior observation of a pseudogap 
opening in this system.  The measurements connect the formation of the pseudogap state in high-
density SmTiO3/SrTiO3 quantum wells with emergence of antiferromagnetic correlations within 
the wells. More broadly, the work ties the pseudogap formation with previous observations of 
pseudogaps in carrier-tuned bulk Mott insulating systems such as high-Tc cuprates and manganites.  

A second major activity in the Wilson group concerned the exploration of the coupling 
between the octahedral tilts and ferrimagnetism within GdTiO3 layers.  As GdTiO3 is interfaced 
with SrTiO3, the TiO6 octahedral tilts at the interface are perturbed, and for thin GdTiO3 layers 
constrained within thicker SrTiO3 layers, these tilts are suppressed toward the undistorted lattice 
of SrTiO3.  As the tilts are relaxed within the GdTiO3 layers, the apparent magnetic moment (as 
seen via bulk magnetometry) associated with ferromagnetism is suppressed.  At the thin layer limit, 
previous magnetometry work was unable to resolve any ferrimagnetism in GdTiO3, suggesting 
that the magnetic moment of Ti is substantially renormalized when the GdTiO3 octahedral tilts are 
relaxed. Our work exploring this effect utilized polarized neutron reflectometry to uncover two 
key findings.  The first is that that this apparent suppression is due to the formation of magnetic 
deadlayers within the GdTiO3 films once interfaced with SrTiO3.  The second is that, once these 
deadlayers are accounted for, the ferrimagnetic moment of GdTiO3 was found to be unaffected by 
relaxed TiO6 tilts in thin GdTiO3 layers.  Curiously, this demonstrates that the magnetism is 
unaffected by the large modifications of the octahedral tilts, and presumably the t2g bandwidth, 
and suggests that our theoretical understanding of magnetism in this system should be revisited.   
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The theoretical efforts in the project (Balents group) focused on understanding the origin of 
quantum criticality in titanate heterostructures.  The experiments of the Stemmer and Wilson 
groups pointed to essential differences of the heterostructures involving GdTiO3 and SmTiO3 (in 
particular with respect to the magnetism and non-Fermi liquid behavior), which suggests that the 
nature of the Mott insulator is an important ingredient in the types of orders and quantum phase 
transitions which occur.  Pursuant to this idea, the Balents group constructed a minimal model of 
the Mott insulator to band insulator interface.  Crucially, in addition to the 2DEL induced by the 
polar discontinuity inside the band insulator (SrTiO3), the model takes into account the very high 
density (1 electron per Ti) of localized electrons inside the Mott material.  While these do not 
directly contribute to transport, they carry a large amount of entropy and can strongly influence 
magnetism and quantum criticality. 

The model can be solved in several regimes in a very controlled fashion, using both analytical 
approachs and the numerically exact method of Density Matrix Renormalization Group (DMRG).  
The main finding is that the proximity to the Mott layer strongly induces magnetism, which can 
be either ferromagnetic or antiferromagnetic, depending upon details of carrier density, band 
offset, etc.  The mechanism for these orderings is kinetic in nature: electrons which are coupled to 
the Mott layer move more coherently in a specific magnetic background.  Oxide heterostructures 
might in fact be the first experimental realization of this idea, which was first proposed (in a 
simpler and rather different context) many decades ago.  The model predicts a large range of 
ferromagnetism and competing antiferromagnetic states at lower electron density.   

Theoretical research in the Balents group also aimed developing a theoretical description of 
non-Fermi liquid behavior, especially transport, in strongly correlated metals, such as those arising 
at quantum critical points.  Specifically, they sought a description outside the usual weak-scattering 
approaches and distinct from Hertz-Millis-Moriya theory, which retains the quasiparticle basis and 
does not seem to apply to many experimental systems.  Furthermore, they sought to understand 
microscopically how all these phenomena arise from details of electronic orbitals, geometry, and 
Kanamuri interactions.  The main theoretical output was to develop a new approach to non-Fermi 
liquids starting from what is now called the Sachdev-Ye-Kitaev (SYK) model, which became the 
subject of intense study as a toy model in which gravity and black hole physics emerges from 
totally different microphysics: quantum mechanics of many fermions.  It has a very simple 
Hamiltonian involving very complicated interactions that create transitions from two “orbitals” 
(kl) to another two (ij) in pairs, amongst N total orbitals.  The SYK model is one of a very few 
solvable theoretical models for non-Fermi liquids, which makes it quite valuable.  The drawback 
of the SYK model is that it is “zero dimensional” — every electron in it interacts with every other 
one, and so there is no built-in locality to the problem.   

What the Balents group did was to string together these dots as super-atoms, connecting 
them by one-electron hopping.  In this model, there is a competition between the SYK interaction 
U and the hopping t.  For t<<U, we have a strongly correlated system.  It remains fully soluble in 
the large N limit and one can obtain a rich structure.  Briefly, at low temperatures and low energy, 
the system is a Fermi liquid.  This allows one to extract the parameters of the Fermi liquid theory: 
effective mass, Fermi liquid interactions, quasiparticle residue, etc.  However, at higher 
temperatures it is an incoherent metal, and displays properties that are a mixture of those of the 
pure SYK model and a regular metal.  Together, it is striking how many of the properties are 
similar to those of experimental correlated metals: 

Small coherence scale Ec = t2/U 
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Large effective mass (Sommerfeld coefficient) γ ~ m*/m ~ U/t 
Small quasiparticle weight Z ~ t/U 

T2 low-temperature resistivity with Kadowaki-Woods ratio A/γ2 = constant 
linear in temperature resistivity at high temperature 

linear in temperature thermal “resistivity” T/κ at high temperature 
Fermi liquid Lorenz number L = κ/(T σ) = π2/3 at low T 

non-Fermi liquid Lorenz number L = π2/8 at high T 
 




